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ABSTRACT.-A series of 23 Amaryllidaceae isoquinoline alkaloids and related synthetic 
analogues were isolated or synthesized and subsequently evaluated in cell culture against the 
RNA-containing tlaviviruses (Japanese encephalitis, yellow fever, and dengue viruses), 
bunyaviruses (Punta Toro, sandfly fever, and Rift Valley fever viruses), alphavirus (Venezuelan 
equine encephalomyelitis virus), lentivirus (human immunodeficiency virus-type 1) and the 
DNA-containing vaccinia virus. Narciclasine 111, lycoricidine 121, pancratistatin 141, 7- 
deoxypancratistatin 151, and acetates 6-8, isonarciclasine [la], cisdihydronarciclasine 114a1, 
tramdihydronarciclasine I15a1, their 7-deoxy analogues 13b15b, lycorines 16 and 17, and 
pretazettine 1181 exhibited consistent in vitro activity against all three bviviruses and against 
the bunyaviruses, Punta Tor0 and Rift Valley fever virus. Activity against sandfly fever virus 
was only observed with 7deoxy analogues. In most cases, however, selectivity of the active com- 
pounds was low, with toxicity in uninfected cells (TC,,) occurring at concentrations within 10- 
fold that of the viral inhibitory concentrations (IC,,). No activity was observed against human 
immunodeficiency virus-type 1, Venezuelan equine encephalomyelitis virus, or vaccinia vi- 
ruses. Pancratistatin [4] and its 7deoxy analogue 5 were evaluated in two murine Japanese en- 
cephalitis mouse models (differing in viral dose challenge, among other factors). In two experi- 
ments (low LD,, viral challenge, variant I), prophylactic administration of4  at 4 and 6 mg/kg/ 
day (2% EtOWsaline, sc, once daily for 7 days, day - 1 to +5) increased swiva l  ofJapanese- 
encephalitis-virus-infected mice to 100% and 90%, respectively. In the same model, 
prophylactic administration of 5 at 40 mglkglday in hydroxypropylcellulose (sc, once daily for 7 
days, day - 1 to + 5) increased survival of Japanese-encephalitis-virus-infected mice to 80%. In 
a second variant (high LD,, viral challenge), administration of4  at 6 mglkglday (ip, twice daily 
for 9 days, day - 1 to +7) resulted in a 50% survival rate. In all cases, there was no survival in 
the diluent-treated control mice. Thus, 4 and 5 demonstrated activity in mice infected with 
Japanese encephalitis virus but only at near toxic concentrations. To our knowledge, however, 
this represents a rare demonstration of chemotherapeutic efficacy (by a substance other than an 
interferon inducer) in a Japanese-encephalitis-virus-infected mouse model. 

Numerous chemotherapeutic agents have their origins in terrestrial plant and 
marine organism sources (1-3). For example, plants of the Amaryllidaceae have yielded 
over 100 different alkaloids with diverse biological properties (2). The medicinal prop- 

'This paper was presented in part at the 4th Chemical Congress of North America, New York, NY, 
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erties of extracts from the daffodil Narcissuspoeticus L. were known to the Greek physi- 
cian Hippocrates of Cos as early as 300 B.C. and to the Romans ofthe first century A.D. 
Over the past two decades, a number ofpotentially important constituents of this fam- 
ily have been identified as isocarbostyrils, such as narciclasine 117 {whose extraction and 
antimitotic properties have been described by Ceriotti (4)7, lycoricidine (7-deoxynar- 
ciclasine) {21, pancratistatin (5-7) 141, and the alkaloids lycorine {161, pseudolycorine 
117, and pretazettine {18}. Pancratistatin 147 and 7-deoxynarciclasine 121 have been 
isolated from the bulbs of Hawaiian Pancratium littorale Jacq. and Zephyrantha grandi- 
$ora and their structures elucidated (7). Considerable efforts (8,9) have recently culmi- 
nated in the total synthesis of racemic pancratistatin by Danishefsky and Lee (8). trans- 
Dihydronarciclasine E15a1, the principal antiviral and cytostatic constituent of the 
Chinese medicinal plant Zephyrantha candiub, has also been recently isolated (10). The 
numbered ring structure for compounds including 1, 2, and 4 is depicted in Figure 1. 

Biological properties, syntheses, and mechanisms of action (if known) of the narci- 
clasine- and lycorine-type Amaryllidaceae alkaloids have been summarized (2, 3, 1 1- 
15). For example, lycorine 1167 was found to be responsible for the antiviral activity of 
leaf and root extracts of the Amaryllidaceae plant Cliuia miniata Regel against Herpes 
simplex, Semliki forest, polio, Coxsackie, and measles viruses in Vero cells (16). Such 
biosynthetic products exert their biological activities mainly by inhibiting protein syn- 
thesis at the step of peptide bond formation. A recent study of the effect of lycorine on 
viral protein formation in poliovirus-infected HeLa cells serves as a useful illustration 
( 17). Pseudolycorine E177 and pretazettine {187 similarly inhibit protein synthesis and 
have manifested activity against murine Rauscher leukemia virus and neurotropic RNA 
viruses (18). While some reports (19) describe the antiviral properties of crude extracts 
containing the isocarbostyril-type compounds against neurotropic RNA viral infec- 
tions in mice with Japanese encephalitis virus and lymphocytic choriomeningitis 
(LCM) virus (20-22), to our knowledge no systematic study has been undertaken to 
evaluate the antiviral (RNA) activities of the pure, naturally occurring compounds and 
synthetic derivatives. Structure-activity studies have been limited by the synthetic 
strategies required. 

A group of RNA viruses belonging to the families Flaviviridae, Bunyaviridae, and 
Togaviridae cause hemorrhagic, encephalitic, or febrile disease throughout large areas 
of the world (23). Vaccines exist to control some flavivirus diseases (24-26); however, 
with the exception of interferon and its inducer poly (ICLC), a nuclease-resistant com- 
plex of polyriboinosinic-polyribocytidylic acid, poly- 1-lysine, and carboxymethyl- 
cellulose, (27), no specific antiviral chemotherapeutic agents have demonstrated effi- 
cacy against flaviviral infections (28). Ribavirin, l-(P-D-ribofuranosyl)- 1,2,4-triazole- 
3-carboxamide, already approved for therapy against respiratory syncytial virus in chil- 
dren, has shown efficacy against some bunyavirus infections (29,30). Our preliminary 
evaluation of certain Amaryllzs constituents gave antiviral screening data that indicated 

FIGURE 1. Numbered narciclasine/pancratistatin ring structure. 
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the presence of in vitro activities against Flaviviridae and Bunyaviridae. In order to ex- 
plore this lead, compounds 1-18 have been obtained and their antiviral (RNA)ac- 
tivities evaluated both in vitro and in appropriate available animal models. 

RESULTS AND DISCUSSION 

CHEMISTRY.--Compounds 1-18 used in this study were either synthesized, iso- 
lated from natural sources, or furnished for testing as acknowledged (see Experimental). 

Narciclasine E l ]  and lycorine [16] were obtained by extraction of the bulbs ofNm- 
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cissus incompurubilis (3 1). Syntheses have been reported for (+)-lycoricidine (32,33), for 
racemic lycorine (34-38), and pancratistatin (8) as well as for the isonarciclasines 13a 
and 13b (3941) .  An elegant, highly-convergent synthesis of racemic lycorine has 
been reported (42) based in part upon synthetic strategy described by Stork and Mor- 
gans (43). For this study, 7-deoxynarciclasine [2] (lycoricidine) and pancratistatin [4] 
were isolated from P. littorule (7). No specific synthesis of narciclasine has appeared but 
techniques used for isolating pancratistatin (8) were very effective. Lycoricidine triace- 
tate 131, lycoricidine monoacetate 161, lycoricidine triacetate [8], and their hydroxy 
analogues 10-12 were synthesized by methods initially described by Ohta and Kimoto 
(44) and subsequently modified by Ugarkar et al. (45). 7-Deoxypancratistatin {5] 
(44,46) and triol 9 were obtained by synthesis from intermediates 10 and 12. Acetyla- 
tion of 5 with Ac,O and 4-dimethylaminopyridine (DMAP) gave tetraacetate 7 (44). 

Isonarciclasine [13a] cis-dihydronarciclasine [14a], and trans-dihydronarciclasine 
[15a] were obtained from narciclasine by catalytic hydrogenation on Adam's catalyst, 
as described by Mondon and Krohn (47) with modifications described herein. The dou- 
ble bond-isomerized, sparingly soluble product, isonarciclasine [13a], was isolated 
when pyridine was used in place of dimethylformamide as solvent. The mixture of cis- 
and trans-dihydronarciclasines 14a and 15a, prqsent in the pyridine filtrate, was 
acetylated with Ac,O to afford a mixture of the tethcetates 1 k  and 15c. Purification 
by cc on Si gel and removal of the acetate protecting groups (3 1) by heating with 2 N 
aqueous Ba(OH), solution gave the pure cis- and trunsdihydronarciclasines. The trans- 
dihydronarciclasine was also isolated from Z. cundidz ( lo). When 7-deoxynarciclasine 
121 was treated by a similar hydrogenatiodacetylation procedure, 7deoxyisonarci- 
clasine {13b] and the 7-deoxy-cis- and trans-dihydronarciclasines 14b and 15b were 
obtained from triacetates 14d and 15d. The enantiospecific total synthesis of transdi- 
hydrolycoricidine {15b] was recently reported (48). The spectroscopic properties of the 
synthetic analogues have been established by 300 MHz and 2D (COSY) n m r  spectros- 
copy (see Experimental). 

ANTIVIRAL A~TIVITY. --In vitro studier.-The isolated alkaloids narciclasine [l], 
7-deoxynarciclasine [2], pancratistatin [4], lycorines 16 and 17, and pretazettine E181 
and synthesized analogues 3, 5-15 were evaluated to determine their in vitro inhibi- 
tory properties against the RNA-containing Baviviruses {Japanese encephalitis (JE), 
yellow fever (YF), and dengue type 4 viruses}; bunyaviruses [Punta Tor0 (PT), sandfly 
fever-Sicilian (SF), and Rift Valley fever (RVF) viruses]; the alphavirus (family To- 
gaviridae), Venezuelan equine encephalomyelitis WEE) virus, the lentivirus, human 
immunodeficiency virus type 1 (HIV- l), and the DNA-containing vaccinia virus 0. 
The antiviral assays used determine the 50% inhibition (IC5,) of virus-induced 
cytopathic effect by an M'IT assay (53,54) except for dengue and RVF viruses, where 
activity was determined by a plaque reduction assay (50,5 1,55). The concentration of 
test compound that was cytotoxic to 50% of uninfected cells (TC,,) was also deter- 
mined, as was the ratio of these two values, expressed as a therapeutic index (TI). 

In general, antiviral activity was consistently observed against the flaviviruses 
tested (JE, YF, dengue-4) and to a slightly lesser degree against the bunyaviruses (PT, 
SF, RVF). The IC,,, TC50, and TI data are summarized in Tables 1 and 2. All com- 
pounds tested had anti-flavivirus activity except lycoricidine triacetate [3] (which could 
be considered a prodrug of 2), triol 9, alcohols 10-12, and 7-deoxyisonarciclasine 
{lgb] (vs. JE virus). Generally, however, the selectivity ofthe agents was low. Toxicity 
in uninfected cells (TC50) generally occurred at concentrations within 10-fold (or less) 
that of the viral inhibitory concentration (IC5,). Exceptions included the mono- and 
triacetates 6 and 8, which could be considered precursors of 7deoxypancratistatin 151. 
No activity was observed against VEE, "-1, or W (data not shown). 
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Japanese Encephalitis" 

TC,,' IC,: TI,, 

0.031 0.008 4.08 
0.27 0.056 4.9 

0.092 0.022 4.2 
2.8 0.48 5.9 

10.8 3.3 3.3 
2020 724 2.8 

16.4 4.5 3.6 
2000 inactive 
> 100 inactive 

630 inactive 
> 100 inactive 

> 100 inactive 

>1.0 inactive 

1.5 0.72 2.1 

4.9 0.96 5.1 
62.5 12.7 4.9 
29.0 8.1 3.5 

0.025 0.004 5.6 
0.22 0.039 5.6 
2.7 0.33 8.2 
1.4 0.28 5.0 
2.3 0.60 3.8 

Compound 

1 . . . .  
2 . . . .  
3 . . . .  
4 . . . .  
5 . . . .  
6 . . . .  
7 . . . .  
8 . . . .  
9 . . . .  
10 . . . .  
11 . . . .  
12 . . . .  
1% . . .  
13b . . . 
14a . . . 
14b . . . 
14c . . .  
15a . . . 
15b . . . 
16 . . . .  
17 . . . .  
18 . . . .  

Virus 

Yellow Fever' 

TC50 IC,, TI5, 

0.037 0.006 6.1 
0.29 0.053 5.6 

0.079 0.016 4.9 
2.6 0.4 6.6 

21.0 4.8 4.3 
> lo00  262 3.8 

8.3 2.2 3.8 

>1.0 inactive 

1800 inactive 
> 100 inactive 

500 inactive 
> 100 inactive 

0.90 0.22 4.1 
23.8 5.7 4.2 

5.2 1.3 3.9 
64.0 

9:6 
6.6 

97.0 
0.027 <0.003 >8.5 
0.28 0.037 7.5 
2.04 0.28 7.3 
1.3 0.35 3.7 
2.8 0.50 5.6 

d 

TABLE 1. Antiviral Activity In Vitro Against Flavivinws: Japanese Encephalitis, 
Yellow Fever and Dengue-Type 4. 

~engue-4b 
~~ ~ 

TC50 "50 

0.06 0.015 
0.25 0.059 

>25 inactive 
0.5 0.063 
2.5 0.67 

50.0 1.5 
not tested 

100 <5.0 
not tested 
not tested 
not tested 
not tested 

50.0 8.5 
>5.0 2.5 
25.0 4.4 

not tested 
0.063 0.015 
2.5 0.5 
2.5 0.24 
1.0 0.39 

5.0 0.27 

not tested 

4.0 
4.2 

8.0 
3.7 

33.3 

>20.0 

18.5 
5.9 

>2.0 
5.7 

4.2 
5.0 

10.4 
2.6 

TC,, and IC,, obtained by MlT assay. 
bIC,, measured by plaque reduction; TC,, measured by cytopathic effect. 
'In uglml. 
dViral cytopathic effect reduced 2 5 4 9 %  only. 

The pattern of in-vitro activity exhibited against all flaviviruses was not observed 
against the three bunyaviruses. Most of the compounds 1-18 inhibited PT and RVF 
viruses but generally with low selectivity. Pancratistatin (41 failed to reduce the viral 
cytopathic effect by 50% against PT virus. Acetate precursors 3 and 7, triol 9, and al- 
cohols 10-12 were inactive against R W  and PT viruses. Less activity was observed 
against SF virus. Only 7-deoxynarciclasine [2], 7-deoxypancratistatin [5],7-deoxy-cz.r- 
dihydronarciclasine {14b), and pretazettine 1181 showed marginal activity 
(T15,<4.5). It is of interest to note that of the four compounds exhibiting activity 
against SF virus, all lack the C-7 hydroxy group. 

Further structure/activity correlations are also evident. Whereas narciclasine [l} 
and its 7-deoxy analogue 2 were the most toxic to host cells of any compounds in this 
series (in addition to pancratistatin [4} and the trans-dihydro analogues 15a and 15b) ,  
shifting of the double bond from the C- 1 4 -  10b position of the C-ring to the C- 1Ob-C- 
4a position (isonarciclasines 1% and 13b) increased the TC50 values by 24-200-fold. 
This change is reflected in the fact that isonarciclasine [l%} exhibited the highest 
selectivity (TI50) against dengue virus of any of the unacetylated compounds. Similarly, 
the presence of a cis-fused C ring (14a-1k) in place ofa trans-fused C ring (15a-15~) 
resulted in decreases in toxicity (increased TC50) by factors of 200-280. The presence or 
absence of a 7-hydroxy substituent was also manifested in the TC,, values. 
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Compound 

1 . . . . . 
2 . . . . . 
3 . . . . . 
4 . . . . . 
5 . . . . . 
6 . . . . . 
7 . . . . . 
8 . . . . . 
9 . . . . .  
10 . . . . . 
11 . . . . . 
12 . . . . . 
1% . . . .  
13b . . . . 
14a . . . . 
14b . . . . 
14c . . . . 
15a . . . . 
15b . . . . 
16 . . . . , 

17 . . . . . 
18 . . . . . 

TC,, and 
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Rift Valley Fever and Sandfly Fwer-Sicilian. 

Virus 

Punta Toro' Rift Valley Feverb Sandfly Fever-Sicilian' 

TC,,' IC,: TI,, TC,, IC50 TC50 "50 

0.029 0.0074 3.9 0.022 inactive 0.028 inactive 
0.27 0.042 6.3 0.83 0.15 5.5 0.26 0.058 4.5 

>1.0 inactive C2.5 inactive >1.0 inactive 
0.5 0.16 3.1 0.13 inactive 0.10 

2.9 0.66 4.3 21.5 5.1 4.3 4.5 1.7 2.7 
9.6 4.7 2.1 24.0 5.5 4.4 5.2 inactive 

>320 inactive >250 inactive >320 inactive 
10.6 2.5 4.2 C250 inactive 2 1.5 inactive 

1200 inactive >250 inactive >320 inactive 
>loo inactive <250 inactive > 100 inactive 

500 inactive C250 inactive >320 inactive 
>320 inactive 250 inactive >320 inactive 

1.4 0.28 5.1 25.0 3.3 7.6 0.72 inactive 
26.2 7.2 3.7 50.0 10.0 5.0 17.6 inactive 

8.0 2.2 3.6 5.0 1.4 3.6 8.0 
68.0 14.0 4.8 not tested 73.0 25 3:O 
77.0 12.0 6.4 not tested 21 

d 

d d 

d 

0.026 0.008 3.3 not tested 0.027 inactive 
0.34 0.057 5.9 0.5 0.25 2.0 0.25 inactive 
2.3 0.50 4.6 5.0 0.93 5.4 1.4 inactive 
2.3 0.60 3.9 3.8 0.63 6.0 2.5 inactive 
2.3 0.61 3.7 10.0 2.9 3.5 2.5 0.82 3.0 

IC,, obtained by M'IT assay. 

Wol. 5 5 ,  No. 11 

When comparing pancratistatin 147 with its 7-deoxy analogue 5 (and similarly nar- 
ciclasine (17 with lycoricidine {27), host cell toxicity (TC50) was reduced by 8-32-fold 
when the 7-hydroxy substituent was replaced by hydrogen. Successive esterification of 
the hydroxy groups and C- 1 4 - 4  (compounds 5-8) also served to increase the TC50 val- 
ues with increasing esterification. Finally, the effects of C-ring hydroxylation on antivi- 
ral ef6cacy were ascertained by comparing triol 9, diol 11, and mono-hydroxy 12 with 
7-deoxypancratistatin 157. Only the latter compound 5 showed any antiviral activity. 
Thus, if one disregards the configurational change of the C-3 hydroxy group in 5 and 9, 
then the presence of a hydroxy group at C-4 becomes necessary for antiviral activity. 

In-vivo studjar.-Pancratistatin 141 and its 7-deoxy analogue 5 were evaluated in 
one or both of the variants of the murine JE virus models described (see Experimental). 
In variant I (low viral dose challenge model, ~ L D ~ o ) ,  prophylactic administration of 7- 
deoxypancratistatin 151 in hydroxypropylcellulose (HPC) at 40 mg/kg/day (sc, once 
daily for 7 days, day - 1 to + 5 )  significantly (P = 3.6 X increased survival to 
80% in virus-infected mice compared to the diluent-treated control animals (0% survi- 
val). At 20 mg/kg/day, an increase in survival rate to 60% and a prolonged average day 
of death (ADD) were observed while a dose of 10 mg/kg/day was ineffective in reducing 
mortality or increasing the ADD. Toxicity control animals receiving 40 mg/kg/day lost 
weight during the treatment period; no toxicity was observed at lower doses (see Table 
3). Thus, prophylaxis with 7-deoxypancratistatin partially protected against JE viral 
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Dose 
(mglkglday) 

Treatment 

infections in mice. However, efficacy was primarily observed at dose levels approaching 
toxicity. Pancratistatin (41 exhibited similar results. Prophylactic administration of a 
2% EtOH saline solution of pancratistatin with variant I (Table 3 )  at 4 mg/kg/day (2% 
EtOH saline, sc, once daily for 7 days, day - 1 to + 5 )  resulted in 100% survival ofJE- 
virus-infected mice as compared to the diluent-treated controls (0% survival). At 6 mg/ 
kg/day, pancratistatin was toxic to 60% of the uninfected mice while a dose of 2 mg/kg/ 
day did not significantly reduce JE virus-induced mortality. However, it did prolong 
the ADD. In a second experiment using the same model, 4 was administered at 6 mg/ 
kg/day and significantly increased survival (to 90%) in JE-virus-challenged mice com- 
pared to the diluent treated controls (0% survival). No mortality occurred in the 
toxicity control animals. At 4 mg/kg/day, survival was reduced to 30%, while the 2 
mg/kg/day dose level had no significant effect on the JE viral challenge. 

In variant I1 (high viral challenge model, 100 LD,,), prophylactic administration 
of pancratistatin (Table 4) at 2 -8  mg/kg/day, (ip, twice daily for 9 days, day - 1 to +7) 
resulted in only 50% survival at the 6 mg/kg/day dose as compared to 0% survival in 
the diluent-treated mice. While this represents a significant increase in the number of 
survivors, there was no significant increase in the mean time to death of the non-surviv- 
ing animals, although the value corresponding to the 8 mg/kg dose approached signifi- 
cance. 

Wt. change Uninfected Infected ADD+SD 
(Day +7) (No. dead/tocal) ( N o .  d d t o t a l )  (days) 

Pancratistatin . . . . . . 

Untreated . . . . . . . 
2%EtOH/saline . . . . 

8 1.5 215 7/10 12.9 2 0.5 
6 1.3 115 5/10' 11.8+0.1 
5 1.4 115 7/10 10.4 f 0.5 
4 1.8 01 5 919 12.3 
3 2.1 015 9/10 12.6 
2 2.8 015 9/ 10 12.6 

2 .7  0110 10/10 11.5 
1.8 0110 10110 12.6 

Insolubility of pancratistatin in aqueous media and limited bioavailability may be 
partially responsible for poor reproducibility of pharmacokinetics which may have pro- 
duced the variable in vivo test results. Differences between the two murine models in- 
clude age of mice, administration routes of drug, and v i m ,  as well as schedule and the 
LD,, of viral challenge. We did not determine which of these differences accounted for 
the experimental variations. However, these results are significant in that they repre- 
sent one of the few example of chemotherapy of JE viral infections in animal systems. 
(One earlier study (20) describes the effects of narcissidine, 4-methoxypseudolycorine 
(22), derived from Narcissus tazetta, on JE virus-infected mice, which had prolonged 
survival times, but there were no significant differences in mortality of treated versus 
control animals. 1 Further syntheses and evaluations of additional analogues are under- 
way in an effort to broaden the therapeutic margin between efficacy and toxicity. 

CONCLUSIONS.-we found that a series of naturally occurring or synthetic 
Amaryllidaceae alkaloids 1-18 related to narciclasine and lycorine possess antiviral 
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efficacy with accompanying low selectivity in vitro against three flaviviruses, JE, YF, 
and dengue viruses; against the bunyaviruses, PT and RVF viruses; and, to a lesser 
extent, against SF virus. We found prophylactic efficacy of pancratistatin and 7-deoxy- 
pancratistatin in JE-virus-infected mice; however, chemotherapeutic doses bordered on 
toxic doses. Therefore, further structure/activity-guided synthetic studies will be pur- 
sued in an effort to produce a more effective compound with less toxicity. 

EXPERIMENTAL 
GENERAL EXPERIMENTAL PROCEDURES.-AII solvents were distilled before use, dried when neces- 

sary, and all chemicals were reagent grade. Evaporations were conducted at bath temperatures 530" with a 
Biichi rotary evaporator under water aspirator or mechanical oil pump vacuum. Melting points were deter- 
mined with a Thomas Hoover capillary apparatus and are uncorrected. Microanalyses were performed by 
Atlantic Microlab, Inc., Atlanta, GA. Results agreed within 20.4% of theory. The 'H-nmr and 13C-nmr 
spectra were recorded on a Varian XL200 spectrometer with ADVANCE data system operating at 200 
MHz and 50.3 MHz, respectively. Additional 'H-nmr spectra were recorded on a Nicolet NT300WB 
spectrometer with 1280 data system operating at 300 MHz. Standard Varian COSY determined proton- 
proton connectivity. Mass spectral data were obtained by employing an MAT 3 12 mass spectrometer. 
Chemical shifts are expressed in ppm and referenced to TMS ('H nmr) or DMSO at 39.7 ppm (I3C nmr). Ir 
spectra were recorded by a Perkin-Elmer Model 13 10 spectrophotometer as Nujol mulls or KBr pellets. 
TIC was performed on Woelm F Si gel sheets (254366) with detection of products under a short 
wavelength uv lamp andor spraying with 40% methanolic H2S04 and charring. 

Pseudolycorine 117 and pretazettine [IS] were obtained from both the National Cancer Institute 
and the University of Hawaii. Narciclasine 111, lycoricidine 121, pancratistatin (41, and lycorine 116) were 
obtained by isolation (7,3 1). Lycoricidine analogues 3 , 6 , 8 , 1 0 , 1 1 ,  and 1 2  were prepared by Schubert's 
modification (45) of the earlier procedure of Ohta and Kimoto (44). Isonarciclasine [13a}, cis- and trans-di- 
hydronarciclasines 14a and 15a, and their respective tetraacetates 14c and 15c were synthesized from 
narciclasine according to procedures described by Mondon and Krohn (3941, 47). 

4aH-r, I H-trans,ZH-cis, 3H-trans,4H-trans, I ObH-trans-I ,2,3,4-Tetrabydroxy-8,9-metbylenedzoxy- 
1,2,3,4,4a,1Ob-hexahydto-6(5H)-pheMnthridone(7-dooxyprnrratistatin)[5].--0sO4( 100 mg, 0.39 mmol) 
was added to a solution ofN-methylmorpholine-N-oxide (2.2 g, 19 mmol) dissolved in t-BuOH (25 ml), 
Me2C0 (25 ml), and H,O (20 ml), and the mixture was stirred for 10 min. A warm solution of racemic in- 
termediate (45) 10 (4 g, 11 mmol) in t-BuOWMe,CO (200 ml each) was added over 5 min. The mixture was 
stirred for 24 h at 25", at which point tlc [CHC13-MeOH (6: I)] indicated ca. 60% reaction. Additional 
Os04 (50 mg, 0.195 mmol) and N-methyl-morpholine-N-oxide (500 mg) were added. After 24 h (95% 
completion), the solvents were removed in vacuo at 35". Trituration of the residue with EtOH (25 ml), re- 
moval of solvent in vacuo, a second treatment with EtOH (25 ml), and filtration gave the l-(2'-tetrahy- 
dropyranyloxy)-2,3,4-trihydroxy analogue as a pale-yellow solid, 3.6 g (82%), mp 222-224'. Without 
further purification, the tetrahydropyranyl group was removed by heating at reflux a mixture of the pyranyl 
ether(3.4g, 8.6mmol)andp-toluenesulfonicacidmonohydrate(200mg)inEtOH(150ml)for 3 h. Cool- 
ing to O", filtration, concentration of the filtrate in vacuo, and a second cooling and filtration gave two crops 
of tetraol5. Recrystallizations from HOAc followed by H 2 0  gave 1.5 1 g (57%) of alcohol 5 as an analyti- 
cally pure, off-white amorphous powder, mp 308" (dec) [lit. (44) mp 30507. Nmr and ir spectral data 
agreed with literature values (44). 

4aH-r, I H-trans,2H-cis,3H-trans, 4H-trans, IObH-trans-l,2,3,4-Tetruacetoxy-8,9-metbylenedioxy- 
I ,2,3,4,4a, lOb-hexahydto-~5H)-pheMnt~i~~ (7-&xypancratistatin-l,2,3,4-tetraaetate) [n.-A solu- 
tion of the 1-(2'-tetrahydropyranyloxy)-2,3,4-trihydroxy analogue prepared above (3.4 g, 9.5 mmol) and 
p-toluenesulfonic acid monohydrate (500 mg) in EtOH (300 ml) was heated at reflux for 12 h. T h e  volume 
was reduced in vacuo to 40 ml, and the mixture was cooled. The resulting product was collected by filtra- 
tion, dissolved in Ac20 (200 ml) containing DMAP (400 mg), and heated at reflux for 10 h. Ac20 was re- 
moved by distillation under reduced pressure followed by co-evapration with EtOH (2 X 50 ml). The 
solid residue was recrystallized from Me2C0 (200 ml) yielding 2.1 g (5 1%) ofacetate 7, mp 306" [lit. (44) 
mp 300q. Nmr and ir spectral data agreed with literature values (44). 

4aH-r, IH-trans,2H-cis,3H-cis, IObH-trans-1 ,2,3-Tribydtoxy-8,9-metby~enedioxy-l, 2,3,4,4a,  1 Ob- 
hexrrbydro-6(5H)-phnt~~~e 191.40, (12.5 mg, 0.048 mmol) was added to asolution ofN-methyl- 
morpholine-N-oxide (0.78 g, 6.6 mmol) in t-BuOH (2.4 ml), Me,CO (2.4 ml), and H 2 0  (1 ml). A soh- 
tion of olefin (44) 1 2  (1 g, 3.86 mmol) in 50% t-BuOWMe,CO was added over 5 min. The reaction mix- 
ture was stirred at 25" for 6 days until tlc [CHCI,-MeOH (6: 1)) showed complete disappearance ofstarting 
material 1 2 .  The solution was treated with charcoal, stirred for 3 hat 25", and filtered through Celite (pre- 
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pared in aqueous Me,CO), and the solvent was removed in vacuo. Two recrystallizations from H,O gave 
620 mg (49%) of triol 9, mp 288-290'; 'H nmr (DMSO-dd 6 7.69 (s, l H ,  exchanges with D,O, NH), 
7.32 (s, l H ,  H-7, uncoupledinCOSY), 6.91 (s, IH,  H-10, coupled toH-lob),  6.06(AB,]=0.96Hz, 
2H, CH,O), 5.12, 4.87, 4.67 (d, /=  4.7, 3.3, 6.4 Hz, respectively, 1H each, exchange with D,O, 1- 
OH, 2-OH, 3-OH, respectively), 4.37 (d,]=2.5 Hz, l H ,  H-1, coupled to H-2, H-lob, 1-OH), 3.86 
(dd, l H ,  H-3, coupled to H-2, H-4), 3.8 1 (dd, overlapping partially with H-3, l H ,  H-2, coupled to H- 
I, H-3), 3.55 (dt , /= 12.4, 3.8 Hz, l H ,  H-4a, coupled to H-4, H-lob), 2.85 (dd,]= 12.6, 1.5 Hz, 
IH,  H-lob, coupled to H-10, H 4 a ,  H-l) ,  1.8 (dd,/,=j,=3.8 Hz, l H ,  H,-4), 1.7 (dd,/,= 11.7 
Hz, IH,  H,-4); I3Cnmr(tentativeassignments)6 164.04(C=O), 150.15, 145.63, 135.60, and 124.23 

(C-4b), 40.15 (C-lob), 33.89 (C-4). Anal. found C 57.25, H 5.19, N 4.74; CI4H,,No6 requires C 
57.34, H 5.16, N 4.78. 

7-DmxyisonarcicIasine [13b] and 7-deoxy-cis- and trans-dibydmnatrirlasine triaetates 14d and 1%-A 
solution of 7deoxynarciclasine 2 (1.02 g, 3.4 mmol) in a MeOH-EtOH (1: 1) (400 ml) was degassed with 
N, followed by addition of platinum oxide (57 mg). The mixture was hydrogenated at ambient tempera- 
ture and pressure for 24 h, producing a precipitate which was collected with catalyst by filtration through 
Celite. The residue was heated in pyridine and the solution filtered through Celite. Concentration of the 
filtrate in vacuo gave a dark brown solid (150 mg), which crystallized from pyridindhexane to give 7- 
deoxyisonarciclasine ( 3 9 4 1 )  I13bl: mp >300° (100 mg, 9.8%); ir (KBr) 3400, 3284, 3237, 1653, 
1629, 1590, 1487, 1472, 1460, 1064, 1042 cm-'; 'H nmr (DMSO-d,) 6 1.95, 1.99, 2.12 (br s, 1H 
each,OH),2.38(dd,]=16.2,6.5Hz, lH,H-l),2.94(dd,]=16.2,5.3, lH ,H- l ) , 3 .61 (dd , /=7 .6 ,  
3.3Hz, lH,H-3),4.00(dd,j=12.9,6.3Hz, lH,H-2),4.50(d,]=2.2Hz, lH,H-4) ,6 .16(brs ,2H,  
OCH,O), 7.1 (s, l H ,  H-7), 7.54 (s, lH ,  H-lo), 8.58(brs, 1, NH); I3C nmr(DMSO-d6)6 30.33 (C-1), 

120.71 (C-4a), 134.60 (C-6a, C-loa), 146.7 (C-8), 151.68 (C-9), 160.70 (C-6); eims m/z [MI+ 291 
(100%). 275 (20), 255 (32), 244 (20), 231 (281, 203 (55). 

T h e  original filtrate obtained after removing precipitate and catalyst was concentrated to dryness in 
vacuo and treated with Ac,O (7 ml)/pyridine (10 ml) at 60" for 6 h. Pyridine was removed by azeotropic 
distillation with MeOH and cyclohexane, and the residue was concentrated to dryness. Flash chromatog- 
raphy on a Si gel column and elution with CH,CI,-MeOH (99.4:0.6) followed by crystallization from 
Me,CO/hexane gave 150 mg (10%) of 7-deoxy-tranrdihydronarciclasine triacetate (40) [lSd]:  mp 148- 
149"; ir (KBr) 3420, 1757, 1661, 1502, 1474, 1462, 1245, 1224, 1190, 1061, 1038 an- ' ;  'H nrnr 
(CDCI,) 6 1.92 (m, l H ,  H-1), 2.08 (s, 3H, Ac), 2.13 (5, 3H, Me), 2.14 (s, 3H, Me), 2.48 (dt, d = 14.4, 
3.3Hz, l H , H - I ) ,  3.17(td,]=12.6,4.2Hz, lH,H-lOd,3.82(dd,/=12.6, 10.7Hz, lH,H-4a),  
5.18-5.45 (m, 3H, CHOCOCH,), 6.03 (s, 2H, OCH,O), 6.72 (5, IH,  H-lo), 6.94 (br s, l H ,  NH), 
7.52 (5, lH ,  H-7); eims m/z [MI+ 419 (40%), 360 (30), 297 (20), 255 (98), 239(100). Continuedelution 
of the column yielded a mixture of cis and trans triacetates 14d and 1M (374 mg, 26%) followed by pure 
7deoxy-cisdihydronarciclasine triacetate (40) El&], 440 mg (3 1%). Crystallization from Me,O/hexane 
gaveanamorphouspowder: mp 144-146";ir(NaCI)3300, 1750, 1671, 1481, 1467, 1371, 1246, 1231, 
1053, 1038,756cm-'; 'Hnrnr(CDCI3)6 1.80-2.30(m, lH ,  H-l) ,  2.01(s, 3H, Ac), 2.04(s, 3H,Ac), 
2.16(s,3H1Ac),  3.20(dt,]=14.7, 3 .8Hz,  lH,H-lOd,3.92(t,]=3.8Hz, lH,H-4a),5.20-5.56 
(m, 3H, CHOCOCH,), 6.02 (s, 2H, OCH,O), 6.24 (br s, l H ,  NH), 6.67 (s, l H ,  H- lo), 7.84 (s, lH ,  
H-7); eims m/z [MI+ 419 (15%), 299 (20), 257 (42), 239 (100). 

7-Deoxy-trans-dibydmna~iclarine [15b] .-A mixture of 7-deoxy-transdihydronarciclasine triacetate 
[15d] (60 mg, 0.14 mmol) in MeOH (15 ml) and aqueous 1 M Ba(OH), solution (5 ml) was heated on a 
steam bath for 15 min, cooled to 25", saturated with solid CO,, stirred at 25'overnight, and filtered. The 
filtrate was evaporated to dryness, the residue was redissolved in MeOH, and the solution was filtered. The 
solvent was removed in vacuo and the residue crystallized from MeOH to give 35 mg (83.4%) of 7deoxy- 
rramdihydronarciclasine [lSb]: mp 320-322" [lit. (40) mp >300q; ir (KBr) 3555, 3491, 3454, 3427, 
1671, 1464, 1268, 1074, 1047, 1036 cm-'; 'H nrnr (DMSO-d6) 6 1.63 ( td , /= 13.0, 2.4 Hz, lH ,  H- 
I), 2 . 1 3 ( d t , j =  13.0, 3.0Hz, lH,H-1) ,  2.872(td,]= 12.0,3.6Hz, 1H,H-lob),  3.30(m, 1H,H-4a, 
signal flanked with H,O in DMSO), 3.705 (br s, 2H, 2 X OH), 3.869 (br s, l H ,  OH), 4.825 (br d, 
/=  3.3 Hz, lH ,  -CHOH), 4.940 (br d, /=  5.8 Hz, lH ,  -CHOH), 4.976 (br d, /=  3.4 Hz, lH ,  
-CHOH), 6.065 (br s, 2H, OCH,O), 6.924 (s, l H ,  H-lo),  6.930 (br s, lH ,  NH), 7.290 (s, lH ,  H-7); 
eims d z  [MI+ 293 (72%), 202 (loo), 189 (60). 

7-Deoxy-cis-dibydronarcirlasine [14b].-A solution of 7-deoxy-cis-dihydronarciclasine triacetate 
[14d] (440 mg, 1.05 mmol) in MeOH (50 ml) containing K,CO, (200 mg) was stirred at 25' for 2 hand 
filtered through a Sephadex LH-20 column. The column was eluted with CH,CI,-MeOH (3:2), and the 
product was crystallized from MeOH/Me,CO to give 7deoxy-risdihydronarciclasine 114bI (250 mg, 
81%)asanamorphouspowder: rnp >300°[lit. (40)mp >300q; ir(KBr) 3300, 1653, 1610, 1468, 1404, 

(aryl), 106.75 and 105.21 (C-7, C-IO), 101.34(CH,O), 72.13,68.03, and65.3O(C-l, C-2, C-3), 47.85 

66.02 (CH), 66.21 (CH), 71.74 (CH), 101.19 (C-7), 101.84 (CH,), 104.41 (C-lo), 106.11 (C-lob), 
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1387, 1357cm-'; 'Hnmr@MSO-d6)6 1.300(q,J= 12.5Hz, l H , H - l ) ,  1.685(dt,J= 12.5,4.0Hz, 
l H ,  H- l) ,  3.030 (dt, J =  12.5, 4 .0  Hz, l H ,  H-lob), 3.300 (m, IH,  HAa, signal flanked with H 2 0  in 
DMSO), 3.595 (t, J=3.6 Hz, lH, -CHOH), 3.638 (dd,J= 11.0, 4.5 Hz, l H ,  -CHOH), 3.929 (t, 
J = 3.0 Hz, l H ,  -CHOH), 4.400-5.100 (br s, 3H, 3 X OH), 6.040 (m, 2H, OCH20),  6.949 (s, IH,  H- 
lo), 7.231 (s, l H ,  H-7), 7.751 (br s, IH,  NH); eims m/z [w+ 293 (50%), 202 (45), 189 (18). 

IN-VITRO ANTIVIRAL AND CYTOTOXICIN AssAYs.-The in vitro antiviral and cytotoxic effects of 
a test compound were measured (49) either: (a) by observing inhibition of viral cytopathic effect (50-52) by 
using an MTT assay UE , YF, SF, PT, VEE, W, and HIV- 1 viruses (5 3,54)} or (b) by a general plaque re- 
duction assay [dengue virus (55), RVF virus (56)l. Compounds were evaluated for antiviral efficacy against 
the following viruses (viral strain): JE virus (Nakayama), YF virus (Ashibi), SF virus (Sicilian), PT virus 
(Adames), VEE virus (Trinidad donkey), W, (Lederle vaccine). All assays were carried out in Vero cells ex- 
cept for the use of MT-2 and CEM cells in the HN- 1 assay (53,54). Compounds to be assayed were dis- 
solved in DMSO and diluted with H,O to a final volume of 2% except for 1,2, M, lk, and 15~, which 
were solubilized in aqueous EtOH. 

A general plaque reduction assay (55,56) was used to test for antiviral activity of candidate com- 
pounds against dengue virus. Each drug to be tested was dissolved in appropriate diluent (DMSO or 
EtOH), brought to twice the highest concentration to be tested in cell culture maintainance medium 
(Hank's basal salt solution-Hepes containing 2% heat-inactivated fetal bovine serum, 100 U/ml penicil- 
lin, and 10 mg/ml streptomycin), and sterilized by filtration. Five twofold dilutions of 2 X drug were pre- 
pared in cell culture medium. For each drug, 12 wells of a 24-well plastic tissue culture plate containing 
confluent monolayer cultures of LLCMKZ cells were used. Six wells were infected by removing growth 
medium and adding 100 pl ofdengue 4 virus (Caribbean strain) containing 50-100 plaque-forming units 
(pfu). The remaining six wells received medium without virus. After adsorption for 1 h, 0 .5  ml each 2 X 
concentration of drug was added to duplicate (infected and control) welh. Medium without drug was 
added as a control. Cultures were then overlaid with 2.5% agarose in nutrient medium and incubated for 6 
days, at which time they were stained by adding 2 ml of 5% neutral red. Wells were decanted after 4 h ,  and 
plaques were counted. T h e  IC,, was determined as the concentration of drug-reducing plaques by 50% 
over the untreated control, while the minimum toxic concentration (MTC) was estimated visually by in- 
spection of uninfected drug-treated wells. 

Basic measurements and definitions used throughout these studies include: (a) Cellular toxic concen- 
traton 50% (TC,,), defined as the drug concentration (pglml) that reduces cell numbers and their 
metabolic activity by 50% as compared to the viability of uninfected control cells in duplicate test wells in 
the MTT assay; (b) Viral inhibitory concentration 50% (IC5,), defined as the drug concentration (pg/ml) at 
which 50% reduction ofviral cytopathic effect (CPE) is observed in triplicate test wells; (c) therapeutic (or 
antiviral) index (TI), a value proportional to the overall in vitro activity, calculated as a ratio of (TC5d 
IC>,). It is a single drug concentration measurement of the relative anticellular and antiviral effectiveness 
ofa compound during the same test and time period. All in vitro MTT assay results given represent an aver- 
age of 2-6 individual test results. 

IN VIVO sTuDrEs.-MurineJapanese encephalitis virus model, variant 1. Lmu LD,, viral cha[lenge.- 
Groups of 15 C57BV6 mice (VAF+, Charles River Laboratories), weighing 14 to 16 g,  were treated sc 
with phosphate-buffered saline (PBS) or drug once daily on a 7-day schedule with the first dose adminis- 
tered on the day (day - 1) preceding viral challenge. Ten of the 15 animals in each group were infected ip 
with 9 LD,, (adequate to produce 90-100° mortality in the diluent controls) ofJE virus (Beijing strain) 2 h 
after the second dose of compound was administered (day 0). Controls included untreated, uninfected 
mice; untreated, virus-infected mice; diluent-treated, virus-infected mice; and diluent-treated, uninfected 
mice. Pancratistatin was solubilized in EtOH and diluted in sterile saline to a final EtOH concentration of 
2%; 7-deoxypancratistatin was suspended in NCI-hydroxypropylcellulose, HPC. Compounds were pre- 
pared at concentrations appropriate for dosing at 0 .1  ml of compound per 10 g of body wt. Animals were 
monitored for 28 days post-virus infection. Body weights were recorded on days - 1 through 7, 14, and 
2 1. Weight change was determined as a measure of drug toxicity. The average day of death (ADD) and 
geometric mean time to death (GMTD) were calculated. An in vivo virus rating (VR) for each drug concen- 
tration was calculated by dividing theGMTD in treated animals by that in diluent-treated controls. The 
statistical significance ofdifferences in the mortality rates for the drug-treated, virus-infected animals com- 
pared to the diluent-treated, virus-infected animals was compared by Fishers' Exact test. Differences in the 
ADD for drug-treated, virus-infected animals compared to the diluent-treated, virus-infected animals 
were compared by Student's t-test. 

Variant 11. High LD,, viral rhaIlenge.4roups of 15 C57BI/6 mice WAF+, Charles River Laborato- 
ries) weighing 12-14 g were treated ip with PBS or drug twice daily on a %day schedule, with the first dose 
administered on the day (day - 1) preceding viral challenge. Ten of the 15 animals in each group were in- 
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fected sc with 100 LD,o ofJE virus (Beijing strain, adequate to produce 100% mortality in the diluent con- 
trols) 6 h afrer the second dose of compound was administered (day 0). Controls included untreated, unin- 
fected mice; untreated, virus-infected mice; diluent-treated virus-infected (and uninfected) mice. Animals 
were monitored for 28 days post-virus infection. Body weights were recorded on days - 1 through +7. 
Weight change was used as a measure of drug toxicity. 

ACKNOWLEDGMENTS 

This work was partially supported by the U.S. Army Medical Research and Development C o d  
(DAMD17-89-Z-902 I), for which we are grateful. In conducting the research dacribed in this report, the 
investigators adhered to the “Guide for the Care and Use of Laboratory Animals,” as promulgated by the 
Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, Na- 
tional Research Council. The facilities are fully accredited by the American Association for Accreditation of 
Laboratory Animal Care. The views of the author($ do not p u p r t  to reflect the positions of the Depart- 
ment of the Army or the Department of Defense. We  gratefully acknowledge the assistance of Drs. 
Matthew I. Suffness and Gordon M. Cragg (National Cancer Institute, Bethesda, MD) and Dr. Eiichi 
Fuwawa (University of Hawaii, Honolulu, Hawaii) for providing antitumor screening data and samples 
of pseudolycorine hydrochloride and pretazettine hydrochloride. Thanks are extended to Dr. S.B. Singh 
for assistance in some preliminary experiments. We  also gratefully acknowledge the assistance of Dr. 
Gwendolyn N.  Chmurny (Program Resources, Inc., NCI-FCRDC, Frederick, MD) for help in recording 
and interpretation of ’H- and ”C-nmr data. 

1. 

2. 

3.  
4 .  
5 .  
6.  

7. 

8.  
9 .  

10. 

1 1 .  

12. 
13. 
14. 
15 .  
16. 

17. 
18. 
19. 

20. 
21. 

22. 
23.  

24. 
25. 
26. 

LITERATURE CITED 

G.R. Pettit, C.L. Herald, and C.R. Smith, “Biosynthetic Products for Cancer Chemotherapy,” 
Elsevier Scientific, Amsterdam, 1989, Vol. 6. 
S.F. Martin, in: “The Alkaloids.” Ed. by A. Brossi, Academic Press, New York, 1987, Vol. 30, pp. 
25 1-376, and references therein. 
B. W. Fox, Trans. R. Sor. Twp. Med. Hyg., 85, 22 (1991). 
G. Ceriotti, Natun, 213, 595 (1967). 
G.R. Pettit, V. Gaddamidi, and G.M. Cragg,]. Nut. Prod., 47, 1018 (1984). 
G.R. Pettit, V. Gaddamidi, G.M. Cragg, D.L. Herald, and Y. Sagawa,]. Chn. Soc., C h .  Cm- 
mun., 1693 (1984). 
G.R. Pettit, V. Gaddamidi, D.L. Herald, S.B. Singh, G.M. Cragg, J.M. Schmidt, F.E. Boerrwr, 
M. Williams and Y. Sagawa,]. Nat.  Prod., 49,995 (1986). 
S. Danishefsky and J.Y. Lee,]. Am. C h .  Sor., 111,4829 (1989). 
R.C. Thompson and J.A. Kallmerten, in: “Abstracts.” Div. ofOrg. Chem., 199th A.C.S. Meet- 
ing, Boston, Mass., April 22-27, 1990, Abstr. 234. 
G.R. Pettit, G.M. Cragg, S.B. Singh, J.A. Duke, and D.L. Doubek,]. Nat.  Prod., 53, 176 
(1990). 
M.I. Suffness and G.A. Cordell, in: “The Alkaloids.” Ed. by A. Brossi, Academic Press, New York, 
1985, Vol. 25, pp. 19f4-212. 
E. Fuwawa, H. Irie, D. Combs, and W. Wildman, Cbmotbcrapy, 26, 36 (1980). 
E. Furusawa, S. Furusawa, J. Lee, and S. Patanavanich, Cbmorberapy, 24, 259 (1978). 
A. Baet and D. Vasquez, Biocbim. BiopbyJ. A&, 518.95  (1978). 
A. Jimenet, A. Santos, G. Alonso, and D. Vasquez, Biorbim. BiopbyJ. A&, 425, 342 (1976). 
I .  Ieven, A.J. Vlietinck, D.A. Vanden Berghe, J. Totte, R. Dommisse, E. Esmans, and F. Alder- 
weireldt,]. Nut. Prod., 45, 564 (1982). 
R. Vrijsen, D. Vanden Berghe, A. Vlietinck, and A. Boeye,]. Biol. Chn., 261, 505 (1986). 
R.K.-Y. Zee-Cheng, S.-J. Yan, and C.C. Cheng,]. Med. C h . ,  21, 199 (1978). 
T.S. Papas, L. Sandhaus, M.A. Chirigos, and E. Fuwawa, B i o r h .  BiOPbyJ. Ru. Canun. ,  5 2 , 8 8  
(1973). 
E .  Furusawa and W. Cutting, Ann. N. Y. A d .  SO., 173, 668 (1970). 
E. Furusawa, S. Furusawa, S. Morimoto, and W. Cutting, Pm. SIX. Exp. Biol. Mcd., 136, 1168 
(197 1). 
T.H. Kinstle, W.C. Wildman, and C.L. Brown, Tctru&n Lrtt., 4659 (1966). 
J.W. Huggins, in: “AntiviralAgentsandViralDiseasesofMan.”Ed. byG.J. Galasso, R.J. Whit- 
ley, and T.C. Merigan, Raven Press, New York, 3rd ed., 1990, pp. 691-726. 
T.P. Monath, N. Engl. J .  Mcd., 319, 64 1 (1988). 
A.D.T. Barrett, Cumnt Opinion In Infaious DiScarLr, 3, 374 (1990). 
C.H. Hoke, A. Nisalak, N .  Sangawhipa, S. Jatansen, T. Laorakapongse, B.L. Innis, S. Kotch- 
asenee, J.B. Gingrich, J. Latendresse, K. Fukai, and D.S. Burke, N. Engl. /. Med., 319, 608 
(1988). 



November 19921 Gabrielsen et al.: Antiviral Isoquinoline Constituents 1581 

27. 

28. 
29. 

30. 
3 1. 
32. 
33. 
34. 

35. 
36. 
37. 

38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 

49. 

50. 

51. 

52. 
53. 

54. 

55. 
56. 

Raeiwd I 1  N& I991 

D.G. Harrington, D.E. Hilmas, M.R. Elwell, R.E. Whitmire, and E.L. Stephen, Am. J .  Trop. 
Med. Hyg., 26, 1191 (1977). 
F. J. Malinoski, S.E. Hasty, M.A. Ussery, and J.M. Dalrymple, Antiviral Res., 13, 139 (1990). 
R.W. Sidwell, G.R. Revankar, and R.K. Robins, in: “Viral Chemotherapy.” Ed. by D. Shugar, 
Pergamon Press, New York, 1985, Vol. 2, pp. 49-108. 
J.W. Huggins, Rcv. hf&. Dis. ,  11, S750 (1989). 
F. Pioui, C. Fuganti, R. Mondelli, and G. Ceriotri, Tetrahedron, 24, 11 19 (1968). 
H .  Paulsen and M. Stubbe, Tetrahcdmn Lett., 23, 3 17 1 (1982). 
H.  Padsenand M. Stubbe, LiebigsAnn. Chem., 535 (1983). 
T. Sano, N. Kashiwaba, J. Toda, Y. Tsuda, and H.  Irie, Heterqcles, 14, 1097 (1980)and references 
therein. 
S.F. Marcin and C. Tu, J .  Org. Chem., 46, 3763 (1981). 
S.F. Martin, C. Tu, M. Kim-, and S. Simonsen, J .  Org. Chem., 47, 3634 (1982). 
Y. Tsuda, T. Sano, J .  Taga, K. Isobe, J. Toda, S. Takagi, M. Yamaki, M. Murata, H .  Irie, and H .  
Tanaka, J .  Chem. Sw., Perkin Trans. 1 ,  1358 (1979). 
0. Moller, E.-M. Steinberg, and K. Torssell, Acta Chem. Scand., Ser. B . ,  32, 98 (1978). 
K. Krohn and A. Mondon, C h n .  B e . ,  109, 855 (1976). 
K. Isobe, J.I. Taga, and Y. Tsuda, Hetnwyrlcr, 9, 625 (1978). 
T. Okamoto, Y. Torii, and Y. Isogai, Chem. Phann. BUN., 16, 1860 (1968). 
R. Boeckrnan Jr., S. Goldsrein, and M. Waken, J .  Am. Chem. Sw., 110, 8250 (1988). 
G. Stork and D. J. Morgans Jr., J .  Am. Chem. Sw., 101, 7 110 (1979). 
S. Ohta and K. Kimoto, Chem. Phann. Bull.,  24, 2977 (1976). 
B.G. U g a r h ,  J. DaRe, and E.M. Schubert, Synthis,  7 15 (1987). 
V. VanRheenen, R.C. Kelly, and D.Y. Cha, Tetrahedron Lett., 1973 (1976). 
A. Mondon and K. Krohn, Chem. Ber., 108, 445 (1975). 
W.L. Brown and T. D u m ,  in: “Abstracts.” Division of Organic Chemistry, The Third Chemical 
Congress ofNorth America, Toronto, Canada, June 5-10, 1988, Abstract 124. 
K. Upadhya, J. DaRe, E.M. Schubert, G.N. Chmurny, and B. Gabrielsen, NucleosihNucleotih, 
9, 649 (1990). 
J.J. Kirsi, J.A. North, P.A. McKernan, B.K. Murray, P.G. Canonico, J .W. Huggins, P.C. 
Srivastava, and R.K. Robins, Antimimb. Agmts Chemother., 24, 353 (1983). 
J.J. Kirsi, P.A. McKernan, N.J. Burns 111, J.A. North, B.K. Murray, and R.K. Robins, Anti- 
mimb. Agmts Chemother., 26,466 (1984). 
R.W. Sidwell and J.H. Huffman, Appl. Mimbiol. ,  22, 797 (197 1). 
R. Pauwels, J. Balzarini, M. Baba, R. Snoeck, D. Schols, P. Herdewijn, J. Desmyter, and E. De- 
Clercq, J. Virol. Methods, 20, 309 (1988). 
O.S. Weislow, R. Kiser, D.L. Fine, J. Bade, R.H. Shoemaker, and M.R. Boyd, J .  Natl.  Cancer 
Inst., 81, 577 (1989). 
M.A. Ussery, S.E. Asian J .  Trop. Med. Pub/. Health, 12,436 (1981). 
J .W. Huggins, R.K. Robins, and P.G. Canonico, Antimirob. Agmts Chemother., 26, 476 (1984). 


