
1618 J. Med. Chem. 1992, 36,1618-1623 

3-0-Alkylascorbic Acids as Free Radical Quenchers. 3. Protective Effect on 
Coronary Occlusion-Reperfusion Induced Arrhythmias in Anesthetized Rats 

Yasunori Nihro,* Satoshi Sogawa, Akihiro Izumi,' Akihiro Sasamori,* Tadamitsu Sudo,f Tokutaro Miki,f 

Hitoshi Matsumoto, and Toshio Satoh 

Faculty of Pharmaceutical Science, Tokushima Bunri University, Yamashiro-Cho, Tokushima 770, Japan, and Drug Creating 
Laboratories, Nippon Hypox Laboratory Inc., 9420 Nanbu, Nanbu-Cyo, Minamikoma-Gun, Yamanashi 409-22, Japan. 
Received September 25,1991 

Structural modification of ascorbic acid by substitution of the 3-hydroxy group with lipophilic moieties has allowed 
the development of agents for treating reperfusion injury. These ascorbic acid derivatives inhibited lipid peroxidation, 
and some of them also reduced coronary reperfusion-induced arrhythmias in anesthetized rats. We found that 
3-0-[(dodecylcarbonyl)methyl]ascorbic acid (8) was protective against reperfusion injury without directly influencing 
hemodynamics. 2-O-Octadecylascorbic acid (19) and 5,6-O-dodecylideneascorbic acid (15) also exhibited a marked 
effect on reperfusion injury, but significantly reduced the arterial blood pressure and heart rate in rats. 

Introduction 
Better treatments for reperfusion disturbances need to 

be developed for use after angioplasty, thrombolytic 
therapy, or coronary bypass graft surgery in patients with 
myocardial infarction.1 Many investigators have detailed 
the possible mechanisms of reperfusion injury, and Bolli 
stated that among the numerous mechanisms proposed for 
myocardial stunning (which is a manifestation of reper
fusion injury), there appeared to be plausible (1) generation 
of oxygen radicals, (2) calcium overload, and (3) excita
tion-contraction uncoupling.2 

It has been reported that calcium antagonists,3 adre
noceptor antagonists,3 prostaglandin Elt

4 prostacyclin,38 

active oxygen species scavengers,5 antioxidants,6 adenine 
nucleotide translocase modulators,7 and Na+-H+ exchange 
inhibitors8 are effective in experimental modes of reper
fusion injury. It has been clear that active oxygen species 
production and the generation of free radicals participate 
in the development or exacerbation of reperfusion injury 
in the heart, kidneys, liver, and brain,9 since Granger et 
al. proposed that the reperfusion disturbances were am
plified by oxidative stress.10 

In fact, combined treatment with superoxide dismutase 
and urokinase-like plasminogen activator have enhanced 
myocardial salvage in a canine coronary thrombosis mod
el.11 Kato et al. have reported that 2-O-octadecylascorbic 
acid (19; CV-3611) reduced the myocardial lesions induced 
by ischemia and reperfusion in rats.12 On that basis, we 
prepared several 3-O-alkylascorbic acids and then evalu
ated their antioxidant activities. These compounds, typ
ified by 3-0-[(decylcarbonyl)methyl]ascorbic acid (8; HX-
0112) were found to be strong chain-breaking antioxidants 
with a high affinity for biomembranes,13 suggesting that 
some lipophilic ascorbic acid derivatives could be beneficial 
for protection against reperfusion injury. 

In this report, we describe the effect of 3-O-alkylascorbic 
acids and the known lipophilic ascorbic acid derivatives 
(15,u 18,16 1912) on arrhythmias induced by coronary oc-
clusion-reperfusion in anesthetized rats, as well as the 
structure-activity relationships and the related pharma
cological effects of these lipophilic ascorbic acids. 
Results 

Chemistry. The routes of synthesis of the ascorbic acid 
derivatives listed in Table I are summarized in Scheme I. 
The compounds 1-14 were prepared as described in our 
previous report.13* Initially, 5,6-O-isopropylideneascorbic 
acid (20) was reacted with alkyl halides in NaHC03/ 
DMSO, yielding 3-0-alkyl-5,6-0-isopropylideneascorbic 

f Nippon Hypox Laboratory. 
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acids la-14a that gave compounds 1-14 after acid hy
drolysis. 

(1) (a) Goldberg, S.; Greenspon, A. J.; Urban, P. L.; Muza, B.; 
Berger, B.; Walinsky, P.; Maroko, P. R. Reperfusion Arrhyth
mia: A Marker of Restoration of Antegrade Flow During In-
tracoronary Thrombolysis for Acute Myocardial Infarction. 
Am. Heart J. 1983,105, 26. (b) Braunwald, E.; Kloner, R. A. 
The Stunned Myocardium: Prolonged, Postischemic Ventri
cular Dysfunction. Circulation 1982,66,1146. (c) Bulkley, B.; 
Hutchins, G. M. Myocardial Consequences of Coronary Artery 
Bypass Graft Surgery. Circulation 1977, 56 (6) 906. 

(2) Bolli, R. Mechanism of Myocardial "Stunning". Circulation 
1990, 82, 723. 

(3) (a) Manning, A. S.; Hearse, D. J. Reperfusion-induced Ar
rhythmias: Mechanisms and Prevention. Mol. Cell. Cardiol. 
1984,16, 497. (b) Opie, L. H.; Coetzee, W. A.; Dennis, S. C; 
Thandroyen, F. T. A Potential Role of Calcium Ions in Early 
Ischemic and Reperfusion Arrhythmias: Ann. N. Y. Acad. Sci. 
1988, 522, 464. 

(4) Simpson, P. T.; Mickelson, J.; Fantone, J. C; Gallacher, K. P.; 
Lucchesi, B. R. Reduction of Experimental Canine Myocardial 
Infarct Size With Prostaglandin E^ Inhibition of Neutrophil 
Migration and Activation. J. Pharmacol. Exp. Ther. 1988,244 
(2), 619. 

(5) McCord, J. M. Superoxide Radical: A Likely Link Between 
Reperfusion Injury and Inflammation. Adv. Free Radical Biol. 
Med. 1986, 2, 325. 
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Table I. Effects of Ascorbic Acid Derivatives and Verapamil on Lipid Peroxidation in Rat Liver Microsomes and Coronary 
Reperfusion-Induced Arrythmias in Anesthetized Rats 

compd 
no. R 

lipid peroxidation: 
% inhibn° 

dose,0 

mg/kg (iv) 
arrhythmias times 

(VF + VT)6 

1 
2" 
3" 
4" 
5" 

6" 
7" 
8" 
9" 
l C 

11 

12 
13 
14 

15« 
16 
17 
1* 
19« 
verapamil 

3-O-Alkylascorbic Acid 
(i) ra-alkyl group 

3-0-CH2CH3 
3-0-(CH2)9CH3 
3-0-(CH2)nCH3 
3-0-(CH2)13CH3 
3-0-(CH2)17CH3 

(ii) 0-ketoalkyl group 
3-0-CH2CO(CH2)7CH3 
3-0-CH2CO(CH2)9CH3 
3-0-CH2CO(CH2)„CH3 
S-O-CHijCCNCH^CH;, 
3-0-CH2CO(CH2)16CH3 

(iii) (n-alkoxycarbonyl)methyl group 
3-0-CH2COO(CH2)17CH3 

(iv) phenacyl group 
3-O-phenacyl 
3-0-(4'-butylphenacyl) 
3-0- (4'-octylphenacyl) 

2 ± 2 (78 ± 3)c 

93 ±3"* 
91 ±2* 
78 ±3* 
45±2 d 

64 ± 2 " 
88±4 d 

85 ± 3 " 
65 ±3d 

43 ± 2d 

30 ± 3 

1 ± 2 
82 ± 3 
8 8 ± 2 

Miscellaneous Lipophilic Ascorbic Acid Derivatives 
5,6-O-dodecylidene 89 ± 3 
3-0-CH2COCH3, 5,6-O-dodecylidene 44 ± 2 
3-0-CH2COCH3, 6-O-palmitoyl 53 ± 3 
6-O-palmitoyl 80 ± 2 
2-0-(CH2)17CH3 88 ± 3" 

(37 ± 3)c 

30 
1 

10 
10 
30 

10 
1 
1 

30 
10 

30 

30 
30 
10 

1 
10 
10 
3 
0.1 
0.3 

591 ± 5 
291 ± 88* 
49 ± 20** 

352 ±88 
447 ±96 

433 ± 157 
205 ± 91* 
185 ± 36** 
445 ± 137 
521 ± 71 

413 ± 89 

429 ± 60 
325 ±90 
461 ± 82 

186 ± 31** 
478 ±50 
353 ± 88 
414 ± 89 
238 ± 119* 
121 ± 57** 

" Malondialdehyde production under control conditions was 11.9 ± 0.4 nmol/mg protein (n = 10), being induced by ADP/Fe3+ including 
NADPH. All mean ± SD inhibition % values (n = 3-6) were determined, at 10"6 M, except for verapamil (10"4 M, see footnote c). "The 
intervals of ventricular tachycardia (VT) and ventricular fibrillation (VF) were measured and summed to give the total duration of ar
rhythmia within 600 s, mean ± SE. cIn the control group (vehicle), the range of times from each experiment (n = 8) was 565 ± 21 s. Each 
rat (n • 3-6) was treated iv with the compound 2 min before coronary occlusion. Significantly different from vehicle at p < 0.01 (**), p < 
0.05 (*). dSeerefl3a. eSeerefl4. 'See ref 15. *Seerefl2. 

5,6-O-Dodecylideneascorbic acid (15) was prepared from 
ascorbic acid and reacted with dodecanal in the presence 

(6) Petty, M. A.; Dow, J.; Grisar, J. M.; Jong, W. Effect of a Car-
dioselective o-Tocopherol Analogue on Reperfusion Injury in 
Rats Induced by Myocardial Ischemia. Eur. J. Pharmacol. 
1991,192, 383. 

(7) Subramanian, R.; Plehn, S.; Nooman, J.; Schmidt, M.; Shug, 
A. L. Free Radical-Mediated Damage During Myocardium 
Ischemia and Reperfusion and Protection by Carnitine Esters. 
Z. Kardiol. 1987, 76 (Suppl. 5), 41. 

(8) Meng, H.; Pierce, G. W. Involvement of Sodium in the Pro
tective Effect of 5-(N,N-Dimethyl)-Amiloride on Ischemia-
Reperfusion Injury in Isolated Rat Ventricular Wall. J. 
Pharmacol. Exp. Ther. 1991,256 (3), 1094. 

(9) (a) Werns, S. W.; Shea, M. J.; Lucchesi, B. R. Free Radicals 
and Myocardial Injury: Pharmacologic Implications. Circu
lation 1986, 74,1. (b) Tribble, D. L.; Yee Aw, T.; Jones, D. P. 
The Pathophysiological Significance of Lipid Peroxidation in 
Oxidative Cell Injury. Hepatology 1987, 7, 377. (c) Itoh, T.; 
Kawakami, M.; Yamaguchi, Y.; Shimizu, S.; Nakamura, M. 
Effect of Allopurinol on Ischemia and Reperfusion-Induced 
Cerebral Injury in Spontaneously Hypertensive Rats. Stroke 
1986,17 (6), 1284. (d) Paller, M. S.; Hoidal, J. R.; Ferris, T. 
F. Oxygen Free Radicals in Ischemic Acute Renal Failure in 
the Rat J. Clin. Invest. 1984, 74,1156. 

(10) Granger, D. W.; Rutili, G.; McCord, J. M. Superoxide Radicals 
in Feline Intestinal Ischemia. Gastroenterology 1981,81, 22. 

(11) Fincke, V.; Schneider, J.; Friderichs, E.; Giertz, H.; Flohe, L. 
Enhanced Myocardial Salvage by Combined Treatment with 
Recombinant Single-chain Urokinase-type Plasminogen Acti
vator and Recombinant Human Superoxide Dismutase in a 
Canine Coronary Thrombosis Model. Arzeim. Forsch. 1988, 
38 (1), 138. 

(12) Kato, K.; Terao, S.; Shimamoto, N.; Hirata, M. Studies on 
Scavengers of Active Oxygen Species. 1. Synthesis and Bio
logical Activity of 2-O-Alkylascorbic Acids. J. Med. Chem. 
1988, 31, 793. 

Table II. Effects of Ascorbic Acid Derivatives and Verapamil on 
Coronary Reperfusion-Induced Arrythmias in Anesthetized Rats" 

compound 
vehicle 
2 
8 

15 
19 

verapamil 

dose (po), 
mg/kg 

30 
10 
30 

100 
30 
10 

100 
10 

VF +VT, 
n = 5-10, mean ± SE) 

518.6 ± 41.3 
283.6 ± 129.3 
378.2 ± 61.4 
313.3 ± 81.7* 
85.4 ± 28.9** 

420.8 ± 109.9 
413.2 ± 56.9 
39.4 ± 12.3** 
56.7 ±50.8*° 

° Each rat was treated po with the compound at 1 h before cor
onary occlusion. Significant difference from the vehicle control at 
p < 0.05 (*), p < 0.01 (**). bn = 3. 

of p-toluenesulfonic acid according to the method of 
Bharucha.14 The resulting compound 15 was alkylated as 
described above to give 3-0-acetonyl-5,6-0-dodecylidene-
ascorbic acid (16). 

3-0-Acetonyl-5,6-0-isopropylideneascorbic acid13a was 
protected with benzyl bromide, and then the acetal group 

(13) (a) Nihro, Y.; Miyataka, H.; Sudo, T.; Matsumoto, H.; Satoh, 
T. 3-0-Alkylascorbic Acids as Free Radical Quenchers; Syn
thesis and Inhibitory Effect on Lipid Peroxidation. J. Med. 
Chem. 1991,34 (7), 2152. (b) Nihro, Y.; Sogawa, S.; Sudo, T.; 
Miki, T.; Matsumoto, H.; Satoh, T. 3-O-Alkylascorbic Acids as 
Free Radical Quenchers (II): Inhibitory Effects on Some Lipid 
Peroxidation Models. Chem. Pharm. Bull. 1991,39 (7), 1731. 

(14) Bharucha, K. R.; Cross, C. K.; Rubin, J. J. Long-Chain Acetals 
of Ascorbic and Erythorbic Acids as Antinitrosamine Agents. 
J. Agric. Food Chem. 1980, 28, 1274. 

(15) Tanaka, H.; Yamamoto, R. Pharmaceutical Studies on Ascor
bic Acid Derivatives I. Syntheses of Esters of Ascorbic Acid 
and Their Physicochemical Properties. Yakugaku Zasshi 
1966, 86 (5), 376. 



1620 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 9 Nihro et al. 

Table III. Antirrhythmic and Hemodynamic Effects of Compounds 8, 15, 19, and Verapamil in Anesthetized Rats" 

subject (route) 8 15 19 verapamil 
1. 

2. 
(a) 

(b) 

efficacy against: 
reperfusion (iv) 
arrhythmia (po) 
effective dose6 

effect on hemodynamics: 
changes in arterial blood pressure (iv) 

changes in heart rate (iv) 

>1 mg/kg 
>30 mg/kg 

dose,'' A mmHg* 
10, -5.0 ± 1.7 
30, -17.7 ± 3.5* 
dose/* A beats/min' 
10, -8.3 ± 8.3 
30, -35.0 ± 8.7* 

>1 mg/kg 
30 mg/kg 19%c 

dose,'' A mmHg* 
1, -7.0 ± 1.5 
3, -30.3 ± 2.9** 
dose,'' A beats/mine 

1, -10.3 ± 3.2 
3, -75.0 ± 13.2** 

>0.1 mg/kg 
10 mg/kg 20%c 

100 mg/kg 92%**' 

dose,'' A mmHg' 
0.1, -10.0 ± 2.9 
0.3, -35.3 ± 2.3** 
dose,'' A beats/min' 
0.1, -10.0 ± 5.8 
0.3, -55.0 ± 11.5** 

>0.3 mg/kg 
10 mg/kg 87%' 

dose,d A mmHg" 
0.3, -46.7 ± 3.3** 

dose,'' A beats/min' 
0.3, -70.0 ± 17.3** 

effective dose ratio: 
antiarrhythmic dose/hemodynamic effect dose 30 

"Statistically significant when compared with vehicle, (*) p < 0.05, (**) p < 0.01. 6Minimum effective dose. See Tables I and II. 
'Percent inhibition. ''Dose iv mg/kg. 'Mean ±SE, n = 3-4. 

Table IV. Effect of Ascorbic Acid Derivatives and Verapamil on Atrial Rate and Contractility in Isolated Guinea Pig Right Atria" 
% inhibition (mean ± SE) 

vehicle 
concn (mg/mL) 
8 
13 
14 
18 
19 
concn (mg/mL) 
verapamil 

0.5 ± 0.2 
0.03 

12.9 ± 2.5* 
8.8 ± 1.2* 
-0.4 ± 0.4 
-2.6 ± 1.4 
-1.8 ± 1.2 

0.003 
37.9 ± 3.0** 

atrial rate 

0.7 ± 0.3 
0.1 

14.6 ± 1.8* 
17.0 ± 2.0* 
-0.9 ± 0.4 
-6.2 ± 1.6* 
-6.0 ± 1.7* 

0.01 
63.06 

0.96 

0.3 
13.0* 
25.66 

0.3* 
-10.96 

-13.6" 
0.03 
1006 

8.9 ± 1.6 
0.03 

25.0 ± 2.3** 
36.2 ± 2.0** 
15.8 ± 1.7* 
3.7 ± 1.2 

-10.7 ± 1.3** 
0.003 

49.9 ± 3.2** 

atrial contractility 

12.2 ± 1.8 
0.1 

30.2 ± 2.9** 
52.8 ± 2.6** 
33.5 ± 2.9** 

3.7 ± 1.1 
-16.7 ± 1.0* 

0.01 
77.8* 

12.2" 
0.3 

41.36 

67.16 

45.06 

19.2» 
-39.9* 
0.03 
1006 

"Significantly different from vehicle at (*) p < 0.05, (**) p < 0.01. Each test n = 2-4. bn = 2. 

was removed by acid hydrolysis. The resulting 2-0-
benzyl-3-O-acetonylascorbic acid (22) was acylated with 
palmitoyl chloride and then catalytically reduced to yield 
compound 17. 

Pharmacology. The effects of 19 ascorbic acid deriv
atives (1-19) and verapamil on lipid peroxidation of rat 
liver microsomes by FeCl3-ADP in the presence of NAD-
PH were studied. Peroxides were determined as malon-
dialdehyde by Ohkawa's method.16 As shown in Table 
I, compounds 2,3,7,8,13-15,18, and 19 exhibited strong 
inhibitory effects on lipid peroxidation. Verapamil also 
demonstrated significant inhibition, although its activity 
was lower than that of the ascorbic acid derivatives. 

The effects of these compounds on coronary reperfusion 
arrhythmias (ventricular tachycardia (VT) + ventricular 
fibrillation (VF)) were studied in anesthetized rats.17 The 
left anterior descending artery was ligated for 5 min, and 
the duration of VF and VT was determined following re
perfusion for 10 min. Each rat was treated with the test 
compounds before arterial occlusion (2 min before for iv 
and 1 h before for po administration). Compounds 2, 3, 
7, 8, 15, and 19, which exhibited a potent effect against 
lipid peroxidation, as well as verapamil, greatly reduced 
the VF + VT intervals as compared with vehicle alone 
(control) as shown in Table I. Compounds 13,14, and 18, 
however, did not affect postreperfusion arrhythmias al
though they were also strong inhibitors of lipid per
oxidation. All weak inhibitors of lipid peroxidation (except 
verapamil) were also ineffective. Compound 8 exhibited 
the strongest protective effect of the 3-O-alkylascorbic acid 

(16) Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for Lipid Peroxides in 
Animal Tissues by Thiobarbituric Acid Reaction. Anal. Bio-
chem. 1979, 95, 351. 

(17) Kane, K. A.; Parratt, J. R.; Williams, F. M. An Investigation 
into the Characteristics of Reperfusion-Induced Arrhythmias 
in the Anaesthetized Rat and Their Susceptibility to Antiar
rhythmic Agents. Br. J. Pharmacol. 1984, 82, 349. 

analogues on reperfusion injury, the lowest effective dose 
being 1 mg/kg iv or 30 mg/kg po (Tables I and II). For 
compounds 2,15,19, and verapamil, the iv dose was 1,1, 
0.1, and 0.3 mg/kg, respectively, but compound 2 and 15 
had no effect at 30 mg/kg po. 

The effects of these compounds on hemodynamics were 
investigated in anesthetized rats. Electrocardiograms and 
arterial blood pressure (ABP) were monitored in the an
esthetized rats given compound 19, verapamil (both >0.3 
mg/kg iv), or compound 15 (>3 mg/kg iv). Compound 15, 
19, and verapamil strongly influenced the hemodynamics 
to reduce heart rate and ABP in rats, but compound 8 had 
no effect up to 30 mg/kg iv, as shown in Table III. The 
other compounds 2,3, and 7, effective against reperfusion 
arrhythmias, also significantly reduced ABP in anesthe
tized rats when administered at doses beyond the range 
of 3-10 mg/kg iv (data not shown). 

The effects of compounds 8,13,14,18,19, and verapamil 
on the atrial rate and atrial contraction were investigated 
in isolated guinea pig right atria. Verapamil inhibited the 
atrial rate and atrial contractility at 0.003 mg/mL while 
the ascorbic acid derivatives had no influence at higher 
concentrations (Table IV). 

The effects of compounds 2-9 and 19 on the production 
of active oxygen species were investigated in peritoneal 
exudate macrophages obtained from male Wistar rates by 
the intraperitoneal injection of liquid paraffin. The active 
oxygen species production, most of which was actually 
superoxide anion because the consumption of NADH was 
almost completely inhibited (>95%) by adding superoxide 
dismutase to the exudate macrophages, was determined 
by the NADH-LDH method.18 Compound 8 had no effect 
on active oxygen species production, although compound 
19 and its regioisomer compound 5 significantly inhibited 

(18) Oyanagui, Y. Inhibition of Superoxide Anion Production in 
Macrophages by Anti-Inflammatory Drugs. Biochem. Phar
macol. 1976, 25, 1473. 
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Table V. Effect of Various Compounds 2-9 and 19 on the 
Production of Active Oxygen Species by Rat Peritoneal Exudate 
Macrophages 

ound no. 
2 
3 
4 
5 
6 
7 
8 
9 

19 

R 
3-0-(CH2)9CH3 

3-0-(CH2)„CH8 
3-0-(CH2)l3CH3 
3-0-(CH2)17CH3 
3-0-CH2CO(CHu)7CH3 
3-0-CH2CO(CH2)„CH3 
3-0-CH2CO(CH2)uCH3 
3-0-CH2CO(CH2)13CH3 
2-0-(CH2)17CH3 

inhibition (%)' 
15.9 ± 4.2 
38.7 ± 6.7» 
40.7 ± 7.4* 
53.3 ± 6.3** 
4.9 ± 2.5 

11.1 ± 4.5 
6.3 ± 3.9 

36.8 ± 6.2* 
87.0 ± 7.1** 

"Mean ± SE value (re = 4-6) at 1 x 10"4 M. Final cell number 
was (2-3) x 106 cells/mL. Control group (re = 12), NADH 32.3 ± 
3.4 nmol/mL was oxidized for 10 min; blank group (re = 12) with
out cells, NADH 7.5 ± 1.8 nmol/mL, respectively. Significantly 
different from control, (*) p < 0.05, (**) p < 0.01. 

the production of active oxygen species, as did compounds 
3 and 4 (Table V). 
Discussion 

We previously reported that lipophilic ascorbic acids 2, 
3, 7, and 8, as well as compound 19 with nearly equal 
hydrophobicity, strongly inhibited microsomal lipid per
oxidation to a similar extent, whereas compounds 5 and 
10 with higher hydrophobicity had decreased activity 
against lipid peroxidation.13 

In the present study, lipophilic ascorbic acid derivatives 
13,14,15, and 18 exhibited strong inhibitory effects, equal 
to those of compounds 2, 3, 7, 8, and 19, on lipid per
oxidation. However compounds 13 and 14 (bearing a 4'-
alkylphenacyl group at the 3-position) and compound 18 
(acylated with a palmitoyl group at the 6-position) did not 
reduce reperfusion arrhythmias. The latter compound 
would have been promptly metabolized in vivo, but we do 
not understand the cause of the lack of effectiveness of 
3-0-(4'-alkyl)phenacylascorbic acids 13 and 14 regardless 
of their strength as antioxidants. Verapamil inhibits the 
rate and strength of atrial contraction,19 so we investigated 
the inhibitory activity of compounds 8,13,14,18, and 19 
on these parameters in isolated guinea pig right atria. 
However, the weak effects of the ascorbic acid derivatives 
on these atrial properties did not explain the unexpected 
results for compounds 13 and 14 in the reperfusion injury 
test Thus, the phenacyl group is not a suitable substituent 
for compounds to protect against reperfusion injury, al
though the cause so far remains unclear. 

The significantly active compounds 2, 3, 7, and 8 pro
tecting against reperfusion injury were selected by 
screening for the optimal length of the aliphatic alkyl 
chain. When the compounds 1-11 underwent the lipid 
peroxidation test (in vitro) and the reperfusion injury test 
(in vivo), significant activity in vivo corresponded with the 
maximal activity in vitro. 

It has been proposed that the production of active ox
ygen species by neutrophils and macrophages is concerned 
with reperfusion injury.20 Compounds 3-5 and 19 bearing 
a long n-alkyl chain (>C12) inhibited the production of 
superoxide anion by peritoneal exudate macrophages, but 
compounds 6-8 bearing a 0-ketoalkyl chain were ineffective 
in preventing the production of superoxide anion. How
ever, there was no relationship between this activity and 

(19) Soward, A. L.; Vanhaleweyk, G. L.; Serruys, P. W. The Hae-
modynamic Effects of Nifedipine, Verapamil and Diltiazem in 
Patients with Coronary Artery Disease. A Review. Drugs 
1986, 32 (1), 66. 

(20) Lucchesi, B. R. Leukocytes and Ischemia-Induced Myocardial 
Injury. Am. Rev. Pharmacol. Toxicol. 1986, 25, 1473. 

that of the antiarrhythmic effect of these compounds. 
Compounds 15 and 19 exhibited a strong protective 

effect against reperfusion injury, and these compounds 
strongly reduced ABP and heart rate in anesthetized rats 
at lower doses than compound 8. Compound 19 also had 
strong hemodynamic effects which were equal to those of 
verapamil, although at a low concentration it did not in
fluence atrial rate and contractility in the isolated atrial 
preparation. The marked protective effect of compound 
19 against reperfusion injury may have been due to in
hibition of lipid peroxidation plus its potent hemodynamic 
actions. Since compound 8 did not influence atrial con
tractility, atrial rate, and superoxide production had little 
influence on hemodynamics, the protective effect of this 
compound against reperfusion injury would appear to be 
dependent on the potency of its antioxidant effect on lipid 
membranes. Additionally, compound 8 has been shown 
to reduce myocardial infarct size in dogs and to be effective 
against renal damage in rats, both of the animal models 
involving occlusion-reperfusion.21 Chain-breaking anti
oxidants are now proposed as a new class of agents for 
treating reperfusion injury while not directly affecting 
hemodynamics.22 Compound 8 was more specific against 
reperfusion-induced arrhythmias and in its effects on the 
cardiovascular system than the other effective ascorbic acid 
derivatives. 

Experimental Section 
Chemistry. Column chromatography was carried out on a 

Kieselgel 60 column (70-230 mesh, Merck). Melting points were 
obtained with a micro melting point apparatus (Yanagimoto) and 
were uncorrected. NMR spectra were recorded on a JEOL FX-
90Q spectrometer (90 MHz), using Me4Si as an internal standard. 
All elemental analyses were found to be within ±0.4% of the 
calculated values. Compounds 2-11 and 19 were prepared as 
previously reported.134 

General Procedure for Obtaining the 3-O-Alkylascorbic 
Acids 1-14.13* 3-O-Ethylascorbic Acid (1). Sodium bicarbonate 
(2.52 g, 0.03 mol) was added to a solution of 5,6-O-iso-
propylideneascorbic acid23 (20,4.3 g, 0.02 mol) in 25 mL of DMSO. 
The mixture was stirred for 20 min and ethyl bromide (3.27 g, 
0.03 mol) was added. This mixture was stirred for 16 h at 50 °C 
and then diluted with water (50 mL), neutralized with 1 M HC1, 
and extracted with EtOAc. The organic layer was separated, 
washed with water, dried, and evaporated in vacuo. The residue 
was then washed with hexane to give the crude 3-0-ethyl-5,6-0-
isopropylideneascorbic acid (la). The residue was recrystallized 
from benzene to give 3.42 g of compound la (70%, mp 105-106 
°C). To compound la (3.0 g, 0.012 mol) in MeOH was added 2 
M HC1 (20 mL), and then the mixture was stirred for 3 h at 60 
°C. The mixture was concentrated to l/6 volume, neutralized with 
5% sodium bicarbonate, and extracted with EtOAc/IPA (9:1). 
The organic layer was separated, washed with water, dried, and 

(21) (a) Sasamori, A.; Izumi, A.; Sudo, T.; Miki, T.; Nihro, Y.; 
Matsumoto, H.; Satoh, T. Studies on the Medicinal Chemistry 
of 3-O-Alkylascorbic Acid Derivatives (4). Abstract of Papers, 
The 110th Annual Meeting of Pharmaceutical Society of Ja
pan, Sapporo, 1990, p 266. (b) Itoh, E.; Sasamori, A.; Naka-
mura, T.; Iwata, S.; Izumi, A.; Miki, T.; Nihro, Y.; Satoh, T. 
Effect of HX-0112 on Ischemia-Induced Acute Renal Failure 
in Rats. Abstract of Papers. The 111th Annual Meeting of 
Pharmaceutical Society of Japan, Tokyo, 1991, p 230. 

(22) (a) Lepran, I.; Lefer, A. M. Protective Actions of Propyl Gal-
late, a Lipoxygenase Inhibitor, on the Ischemic Myocardium. 
Circ. Shock 1985,15, 79. (b) Bolli, R.; Jerondi, M. O.; Patel, 
B. S.; Aruoma, O. I.; Haliwell, B.; Lai, E. K.; Mccay, P. B. 
Marked Reduction of Free Radical Generation and Contractile 
Dysfunction by Antioxidant Therapy Begun at the Time of 
Reperfusion. Circ. Res. 1989, 65 (3), 607. 

(23) Jung, M. E.; Shaw, T. J. Total Synthesis of (fl)-Glycemol 
Acetonide and the Antiepileptic and Hypotensive Drug {-)-y-
Amino-|8-hydroxybutyric Acid (GABUB): Use of Vitamin C as 
a Chiral Starting Material. J. Am. Chem. Soc. 1980,102,6304. 



1622 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 9 Nihro et al. 

evaporated in vacuo. Then the crude product was recrystallized 
from EtOAc to give 2.41 g of compound 1: yield 98%; mp 113-114 
°C; NMR (MeOH-d4) S 1.36 (3 H, t, 7 Hz), 3.69 (2 H, m), 3.90 
(1 H, m), 4.54 (2 H, q, 7 Hz), 4.75 (1 H, d, 1 Hz). Compounds 
11-14 were prepared according to this procedure, with silica gel 
column chromatography to purify their ketals. For compound 
11,12,13, and 14, the yield after alkylation was 50%, 45%, 55%, 
and 45%, respectively, while that after deprotection was 58%, 
70%,90%, and93%,respectively. Compound 11 (C^H^O^, mp 
113-114 °C. Compound 12 (C14H1407), mp 91-92 cC. Compound 
13 (C18H2207), mp 103 °C dec. Compound 14 (C^H^C^), mp 
128-130 °C. 

5,6-O-Dodecylideneascorbic Acid (15).14 Ascorbic acid (13.8 
g, 0.078 mol), p-toluenesulfonic acid (1.2 g, 0.007 mol), and n-
dodecylaldehyde (4.05 g, 0.022 mol) were dissolved in di-
methylacetamide (60 mL) and stirred for 20 h at 60 °C. After 
cooling, ether and water (100 mL each) were added, and the 
mixture was vigorously shaken. The organic layer was separated, 
and the extraction procedure was repeated twice. The combined 
organic layers were washed with water, dried, and evaporated in 
vacuo. Hexane was added to the residue and reevaporated. The 
residue was then recrystallized from EtOAc/hexane to give 10.8 
g of compound 15: yield 40%; mp 130-131 °C (lit. 128-130 °C);14 

NMR (MeOH-d4) 6 0.89 (3 H, m), 1.28 (20 H, m), 3.90-4.27 (3 
H, m), 4.64 (1 H, m), 4.69 (1 H, d, 3 Hz). 

3-0-Acetonyl-5,6-0-dodecylideneascorbic Acid (16). So
dium bicarbonate (0.4 g, 0.005 mol) was added to a solution of 
compound 15 (1.70 g, 0.005 mol) in 20 mL of DMSO. The mixture 
was then stirred for 20 min, and chloroacetone (0.5 g, 0.0054 mol) 
was added. The mixture was subsequently stirred for 16 h at 50 
°C, diluted with water (100 mL), neutralized with 0.5 M HC1, and 
extracted with EtOAc. The organic layer was separated, washed 
with water, dried, and evaporated in vacuo. Then the residue 
was subjected to silica gel column chromatography and eluted 
with EtOAc/benzene to give 0.5 g of compound 16: yield 25% 
(C21H3A); mp 124-125 °C (recrystallized from EtOAc/hexane); 
NMR (MeOH-d4) 8 0.89 (3 H, m), 1.29 (20 H, m), 2.18 (3 H, s), 
3.89-4.28 (3 H, m), 4.79 (1 H, m + 1 H, d, 3 Hz), 5.07 (2 H, s). 

3-O-Acetonyl-6-0-palmitoylascorbic Acid (17). Benzyl 
bromide (2.05 g, 0.012 mol) and potassium carbonate (1.66 g, 0.012 
mol) were added to a solution of 3-0-acetonyl-5,6-0-iso-
propylideneascorbic acid (2.80 g, 0.012 mol)131 in 20 mL of DMSO. 
The mixture was stirred for 16 h at 50 °C, diluted with water (100 
mL), and extracted with EtOAc. Then the organic layer was 
separated, washed with water, dried, and evaporated in vacuo. 
The residue was subjected to silica gel column chromatography 
and eluted with EtOAc/hexane to give 2-0-benzyl-3-0-
acetonyl-5,6-0-isopropylideneascorbic acid (21,2.21 g, 57%). After 
removal of the protective group of compound 21 as described 
above, 2-O-benzyl-3-0-acetonylascorbic acid (22,1.92 g, 99%) was 
obtained. To a solution of compound 22 (1.90 g, 0.0067 mol) in 
CH2C12 (40 mL) triethylamine (0.70 g, 0.0079 mol) and palmitoyl 
chloride (2.00 g, 0.0073 mol) were added slowly at 4 °C. The 
mixture was stirred at 4 °C overnight and then evaporated to 1/3 

of the original volume. EtOAc (100 mL) and 0.5 M HC1 (50 mL) 
were added, and the mixture was shaken, after which it was 
extracted with EtOAc (100 mL X 2). The organic layer was 
separated, and the combined organic solution was then washed 
with 5% NaHC03 and water, dried, and evaporated in vacuo. 
Then the residue was dried in vacuo to give 2-0-benzyl-3-0-
acetonyl-6-O-palmitoylascorbic acid (2.20 g, 60%). To a solution 
of the benzylated compound (2.20 g, 0.0042 mol) in 40 mL of 
EtOAc was added 10% palladium charcoal (0.30 g), and the 
mixture was hydrogenated for 12 h at atmospheric pressure. The 
catalyst was removed by filtration, and the filtrate was concen
trated. Then the residue was recrystallized from EtOAc/hexane 
to give 1.40 g of compound 17: yield 77% (C25H4208); mp 97-98 
°C; NMR (DMSO-d6) S 0.86 (3 H, m), 1.24 (24 H, m), 2.11 (3 H, 
s), 2.32 (2 H, m), 4.06 (3 H, m), 4.82 (1 H, b s), 5.03 (2 H, m). 

Pharmacology. Preparation of a Microsomal Suspension. 
Wistar rats were fasted for 24 h and killed by exanguination under 
light anesthesia. Their livers were removed, excised, and hom
ogenized in cold 0.15 M KC1. The homogenate was then cen-
trifuged at 800Q? for 20 min, and the supernatant was recentri-
fuged at 10500# for 1 h to obtain the microsomal fraction. The 
pellet thus obtained was resuspended in fresh 0.15 M KC1, and 

the protein concentration was determined by the method of Lowry 
et al.24 

Measurement of Lipid Peroxidation. The assay system (1 
mL) consisted of 83.5 mM KC1 and 37.2 mM Tris-HCl buffer (pH 
7.4), the test compound in DMF (0.01 mL), 1 mM ADP, 10 pM 
FeCl3, the microsomal fraction (2.0 mg of protein), and 0.02 mM 
NADPH. Reaction mixtures were incubated at 37 °C for 20 min 
and then cooled on ice to terminate the reaction. Lipid peroxides 
generated were determined by the method of Ohkawa et al.16 In 
brief, 8.1% sodium dodecyl sulfate (0.2 mL), 20% AcOH con
taining 0.27 M HC1 adjusted to pH 3.5 with NaOH (1.5 mL), and 
0.8% thiobarbituric acid (1.5 mL) were added to the reaction 
mixture. The mixture was then heated at 95 °C for 20 min, and 
the reaction was stopped by cooling on ice. Thereafter, n-
BuOH/pyridine (15:1, 5.0 mL) was added with vigorous mixing. 
After centrifugation at 800g for 10 min, the organic layer was 
separated and the absorbance was measured at 532 nm. 

Effect on the Cardiovascular System of Anesthetized 
Rats. Experiments were performed in male Wistar rats that were 
anesthetized with sodium pentobarbital (60 mg/kg ip) and placed 
in the supine position. Blood pressure was measured at the 
femoral artery through a pressure transducer (Nippon Koden); 
the electrocardiogram was recorded from standard limb lead II, 
and heart rate was measured by an instantaneous beat-to-beat 
tachograph. Test compounds were suspended in saline containing 
1% olive oil and 1% Tween 80 and injected via the femoral vein. 
The heart rate and blood pressure were monitored for 10 min after 
the injection of each compound. 

Effect on Coronary Reperfusion-Induced Arrhythmias 
in Anesthetized Rats.17 Experiments were performed on ar
tificially ventilated supine male Wistar rats (350-450 g) an
esthetized with sodium pentobarbital (60 mg/kg ip). A thora
costomy was performed at the 5th left intercostal space, and the 
heart was supported in a pericardial cradle. The left anterior 
descending coronary artery was ligated for 5 min, followed by 
reperfusion for 10 min. During this period, the durations of 
ventricular tachycardia (VT) and ventricular fibrillation (VF) were 
measured and summed to give the total duration of arrythmia 
within 600 s. Rats were given the test compounds 2 min (iv) or 
1 h (po) before coronary occlusion. 

Effect on Isolated Guinea Pig Atria. Male Hartley guinea 
pigs (450-550 g) were killed by a blow to the head. The hearts 
were removed, and the right atria were carefully dissected. The 
atria were suspended with a load of 0.5 g and incubated at 37 °C 
in Tyrode's solution gassed with a mixture of 95% 0 2 + 5% C02. 
The atrial rate and contractile force were recorded on a polygraph, 
and the effects of the test compounds were monitored under 
spontaneously beating conditions after equilibration for at least 
30 min (until the rate did not vary by more than 5 beats/min). 

Preparation of Rat Peritoneal Exudate Macrophages.18 

Male Wistar rats (300-350 g) were injected ip with 30 mL of liquid 
paraffin oil and killed 3 days later. Cells were washed out from 
the peritoneal cavity with fresh Eagle's MEM (100 mL). Cells 
from three to five animals were centrifuged at 500g for 10 min 
at room temperature and then washed once with the same me
dium. Preparations containing numerous red cells were discarded. 
More than 90% of the cells thus obtained were viable macro
phages. 

Assay of Active Oxygen Species Production by Peritoneal 
Exudate Macrophages.18 The decrease in NADH absorption 
at 340 nm was recorded continuously at 37 °C with a Hitachi UV 
spectrophotometer. The assay system (3 mL) consisted of 125 
mM sodium phosphate buffer (pH 6.5), 0.08 mM EDTA, 1.2 units 
of LDH, 0.32 mM NADH, (2-3) X 106 macrophages, and the test 
compound in 0.03 mL of DMF. The reaction was started by the 
addition of NADH. Test compounds with no macrophages were 
used to obtain basal values for NADH oxidation, and the percent 
inhibition of oxidation was calculated from the following equation: 
(1 - [AA (macrophages + test compound) -

AA (test compound basal)]/[AA (macrophage control) -
AA (medium basal)]) X 100 

(24) Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randoll, R. J. 
Protein Measurement with the Folin Phenol Reagent. J. Biol. 
Chem. 1951, 193, 265. 
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where AA is the difference in absorption at 340 nm before and 
after the reaction. 
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The synthesis and antihypertensive activity of a series of novel 3-[(subtituted-carbonyl)amino]-2ff-l-benzopyran-4-ols, 
administered orally to spontaneously hypertensive rats, are described. Optimum activity in this series was observed 
for compounds with branched alkyl or branched alkylamino groups flanking the carbonyl or thiocarbonyl group 
(21,31-33), which were approximately equipotent to cromakalim. Replacement of the 4-hydroxyl group by hydrogen, 
methoxy, or amino in this series only led to a slight reduction in potency. These observations are in marked contrast 
to the structure-activity relationships previously found for the 4-amidobenzopyran-3-ols. The antihypertensive 
activity of representative compounds 15 and 33 was attenuated by preatreatment with glibenclamide, and thus these 
compounds may belong to the series of drugs which have been classified as potassium channel activators. 

Recently we have described several series of novel 
antihypertensive agents based on the 4-(2-oxopyrrolidin-
l-yl)-2ff-l-benzopyran-3-ol cromakalim (l),1"4 which has 
been shown to hyperpolarize the membrane potential of 
vascular smooth muscle cells5 via enhanced efflux of po
tassium ions6 through ATP-sensitive channels.7 The net 
effect of this process is to relax blood vessels and reduce 
blood pressure.8 

Since the discovery9 of cromakalim (1) a number of other 
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compounds such as pinacidil (2) and RP 49356 (3) have 
been reported10 to be potassium channel activators. Sev-

(10) Robertson, D. W.; Steinberg, M. I. Potassium Channel Open
ers: New Pharmacological Probes. Annual Reports in Med
icinal Chemistry; Allen, R. C, Ed.; Academic Press: San Di
ego, 1989; Vol. 24, 91-100. 
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