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ABSTRACT: Our recent investigation on the antiviral activities against tobacco mosaic virus (TMV) of phenanthroindolizidine
alkaloid analogues preliminarily revealed that the basic skeleton and substitution pattern at the C13a position of the molecule,
which are closely related to the spatial arrangement of the molecule, have great effects on the biological activity. To further study
the in-depth influence of spatial configuration and three-dimensional (3D) conformation of the molecules on their anti-TMV
activities and related structure—activity relationship (SAR), a series of D-ring opened derivatives 3, 4, Sa—S5j, 6, and 7, chiral 13a-
and/or 14-substituted phenanthroindolizidine analogues 10—12 and 18—20, and their enantiomers ent-10—ent-12 and ent-18—
ent-20 were synthesized and evaluated for their anti-TMV activities. Bioassay results showed that most of the chiral
phenanthroindolizidines displayed good to excellent in vivo anti-TMV activity. Among these compounds, ent-11 showed more
potent activity than Ningnanmycin (one of the most successful commercial antiviral agents), thus emerging as a potential
inhibitor of the plant virus. Further SARs were also discussed for the first time under the chiral scenario, demonstrating that both
spatial configuration and 3D conformation of the molecules are crucial for keeping high anti-TMV activity.
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Tabacco mosaic virus (TMV), the first virus that had ever been HC™ Y NFio T N 2
discovered and purified, has been known for over 1 century, %0 OH & HO  OH
dating back to Benjerinck’s description of mosaic disease of L

. . . Ribavirin
tobacco as a contagium vivum fluidum and the modern usage of
the term “virus”.! It is known that more than 125 individual OMe

species of 9 plant families (such as tobacco, pepper, cucumber,
tomato, many ornamental flowers, etc.) can be infected by
TMV.” TMV is the most persistent plant virus known, which
can survive in dry plant debris for as long as 100 years;
therefore, it is very difficult to control once plants have been
infected. TMV causes serious damage worldwide, and the
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economic loss each year is up to U.S. $100 million.

Ningnanmycin (Figure 1), displaying 56.0% inhibitory effect Figure 1. Chemical structures of Ningnanmycin, ribavirin, and
at 500 ug mL™}, is almost the most effective commercially representative phenanthroindolizidine alkaloids.
available anti-plant virus agent. Ribavirin (Figure 1), another
plant virus inhibitor, is widely used, and its inhibitory effect is decompose, and specific to a target species, have a unique mode
always less than 50% at 500 yg mL™'. Because TMV causes of action, etc.'"'” Phenanthroindolizidine alkaloids are a small
large economic loss every year and commercial plant virucides class of pentacyclic natural products,"* which possess a range of
could always not show a satisfactory inhibitory effect (usually biological activities, such as anticancer, anti-inflammatory,
30—60%), the development of novel and more potent antiplant antiamoebic, antilupus effects, etc.'*™'® Ten years ago, our
virus agents is very appealing. Consequently, as a result of their group initiated a project aiming at seeking natural biologically
known antiviral activities, some chemicals, such as pyrazole active compounds as alternatives to synthetic chemicals and
derivatives,” nucleotides,” a-aminophosphonate derivatives,6 3- first found that the alcohol extract of Cynanchum k%”“"‘"’ii
acetonyl-3-hydroxyoxindole,” triazolyl compounds,® oxidized showed a moderate inhibitory effect against TMV." (R)-
polyamines,” and substituted phenylureas,'’ have been
investigated extensively. However, few of them have been Received: December 26, 2015
successfully developed and applied in agriculture. Revised:  February 17, 2016
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Figure 2. Design of the targeted molecules based on spatial configuration and 3D conformation and modification.

Antofine was then proven to be the main active compound
(Figure 1). Mechanism studies against TMV indicated that, as a
result of the favorable interaction with the origin of TMV RNA
(oriRNA), antofine exhibits its antiviral activity by binding to
oriRNA and interfering with virus assembly initiation.”’
Distinguished from the common 13a-H phenanthroindolizidine
alkaloids, hypoestestatin 1 (Figure 1) possesses a methyl group
at the C13a position.”' Since its discovery in 1984, several other
13a-methyl-phenanthroindolizidine alkaloids were subsequently
reported.””** However, in comparison to their 13a-H counter-
parts, these structurally novel 13a-substituted antofine ana-
logues were rarely investigated.

Although a structure—activity relationship (SAR) study on
13a-H antofine analogues has been investigated exten-
sively,”*™>® the previous research was only limited to
substitution effects on the phenanthryl ring and precursors en
route to these natural products or analogues, mainly as a result
of the underdevelopment of the synthetic methodology about
these alkaloids. However, a simple modification of the
phenanthryl ring of the pentacyclic structure of phenanthroin-
dolizidine alkaloid can only adjust its electronic or steric
property but does not have much influence on its spatial
configuration and three-dimensional (3D) conformation. In
fact, the latter factors play a more important role in adjusting
the delicate interaction between the specific molecule and the
target and, thus, are more essential for the investigation of in-
depth SARs. Toward this goal, we initially designed and
synthesized two types of structurally novel antofine analogues,
which changed the size of the D ring or the arrangement of D/
E rings from the mother pentacyclic phenanthroindolizidine
significantly. Bioassay results demonstrated for the first time
that the original spatial arrangement of phenanthroindolizidines
was not optimal for these alkaloids to keep high activities.”’
Inspired by the unique structure of the 13a-methyl-phenan-
throindolizidine alkaloid hypoestestatins 1 and 2 (Figure 1), we
then introduced a series of functional groups at the bridgehead
of the D/E ring of phenanthroindolizidine alkaloids, largely
varying their 3D conformation from their 13a-H counterparts.
Antivirus activity results showed that some of the C-13a-
substituted derivatives were indeed much more potent than
antofine.’ Therefore, these results demonstrated that further
studies based on this line was in demand.
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To further systematically investigate the in-depth influence of
spatial configuration and 3D conformation of phenanthroindo-
lizidine alkaloids on the antiviral activities (Figure 2), a series of
D-ring opened 13a-substituted alkaloid analouges and chiral
13a- and/or 14-substituted alkaloids were designed, synthe-
sized, and evaluated for their antiviral activity against TMV.
The SAR study of these compounds was also discussed for the
first time under the chiral scenario.

B MATERIALS AND METHODS

Chemicals. Reagents, such as proline, di-tert-butyl dicarbonate,
trifluoroacetyl chloride, acetyl chloride, trimethylacetyl chloride,
benzoyl chloride, ethyl carbonochloridate, benzyl carbonochloridate,
benzyl carbonochloridate, 4-methylbenzene-1-sulfonyl chloride, meth-
yl iodide, benzyl bromide, thionyl chloride, bromine, triethylamine,
and potassium carbonate, were purchased from Tianjin Reagents 6th
Company and used directly without further purification. Sodium, tert-
butryl lithium, lithium diisopropylamide, lithium aluminum hydride,
and lithium triethylborohydride were purchased from Alfa Aesar and
used as received. All anhydrous solvents, such as tetrahydrofuran
(THF), dichloromethane (DCM), and dimethylformamide (DMF),
purchased from Tianjin Reagents 6th Company, were dried and
purified according to standard techniques just before use. Other
solvents, such as methanol, ethanol, petroleum ether, and ethyl acetate,
were purchased from Tianjin Reagents 6th Company and used directly
without further purification.

Instruments. High-resolution mass spectra (HRMS) were
recorded on Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS, Ionspec, 7.0 T). Melting points were
determined on an X-4 binocular microscope melting point apparatus
and were uncorrected.

1-tert-Butyl-2-methyl-2-((3,6,7-trimethoxyphenanthren-9-
yl)methyl)pyrrolidine-1,2-dicarboxylate (3). To a solution of i-
Pr,NH (0.9 g, 9.0 mmol) in THF (10 mL) was added n-BuLi (4.3 mL,
2.2 M in hexane, 9.5 mL) dropwise at —78 °C under Ar. After 10 min,
a solution of compound 2 (2.06 g, 9.0 mmol) in THF (10 mL) was
added dropwise. The reaction was warmed to —30 °C and stirred at
this temperature for 30 min, and then a solution of compound 1 (2.16
g, 6.0 mmol) in THF (100 mL) was added. The reaction was stirred at
room temperature for 3 h and then was quenched with aqueous
saturated ammonium chloride (100 mL). After separation, the aqueous
phase was extracted with ethyl acetate (EA) (100 mL X 2). Combined
organic layers were evaporated in vacuo, and the residue was purified
by column chromatography on silica gel, giving compound 3 (2.8 g,
92%) as a white solid, with a melting point (mp) of 73-75 °C.
Because of the existence of two kinetically distinct conformations of
compound 3, two sets of nuclear magnetic resonance (NMR) were
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Figure 3. Synthetic route of D-ring opened phenanthroindolizidine alkaloid analogues.

observed. For NMR data, see the Supporting Information. HRMS
caled for C,0H3NO, (M + Na)*, $§32.2306; found, 532.2310.
Methyl-2-((3,6,7-trimethoxyphenanthren-9-yl)methyl)-
pyrrolidine-2-carboxylate (4). To a solution of compound 3 (4.0 g,
7.86 mmol) in MeOH (200 mL) was added aqueous HCI (12 M, 3
mL). The reaction was heated at reflux for 2 h, and then the solvent
was evaporated in vacuo. To the residue was added water (200 mL)
and aqueous NaOH to pH 14, and the resulting solution was extracted
with DCM (80 mL X 3). Combined organic layers were washed with
brine, dried over Na,SO,, filtered, and evaporated to give compound 4
(32 g, 94%) as a white solid, with a mp of 162—163 °C. For NMR
data, see the Supporting Information. HRMS [matrix-assisted laser
desorption/ionization (MALDI)] m/z caled for C,,H,sNOg (M +
H)*, 410.1962; found, 410.1965.
Methyl-1-(2,2,2-trifluoroacetyl)-2-((3,6,7-trimethoxyphe-
nanthren-9-yl)methyl)pyrrolidine-2-carboxylate (5a). To a
solution of compound 4 (0.41 g, 1.0 mmol) and 4-dimethylaminopyr-
idine (DMAP) (0.15 g, 1.2 mmol) in DCM (40 mL) was added a
solution of trifluoroacetic anhydride (TFAA) (0.20 g, 1.1 mmol) in
DCM (10 mL) dropwise at room temperature. After 2 h, the reaction
mixture was washed with diluted aqueous HCI, water, and brine. After
the solution was dried over Na,SO,, it was evaporated and the
resulting residue was purified by column chromatography on silica gel
to give compound Sa (0.46 g, 92%) as a white solid, with a mp of
174—175 °C. For NMR data, see the Supporting Information. HRMS
(MALDI) m/z caled for C,sH,cFsNOgNa (M + Na)*, 528.1604;
found, 528.1603.
Methyl-1-acetyl-2-((3,6,7-trimethoxyphenanthren-9-yl)-
methyl)pyrrolidine-2-carboxylate (5b). Compound Sb was
obtained using a synthetic procedure similar to that of compound
Sa as a white solid (85%), with a mp of 208—210 °C. For NMR data,
see the Supporting Information. HRMS (MALDI) m/z caled for
CysH,0NOGNa (M + Na)*, 474.1887; found, 474.1895.
Methyl-1-pivaloyl-2-((3,6,7-trimethoxyphenanthren-9-yl)-
methyl)pyrrolidine-2-carboxylate (5c¢). Compound Sc was
obtained using a synthetic procedure similar to that of compound
5a as a white solid (92%), with a mp of 188—189 °C. For NMR data,
see the Supporting Information. HRMS (MALDI) m/z caled for
CooHysNOGNa (M + Na)*, 516.2357; found, 516.2350.
Methyl-1-benzoyl-2-((3,6,7-trimethoxyphenanthren-9-yl)-
methyl)pyrrolidine-2-carboxylate (5d). Compound Sd was
obtained using a synthetic procedure similar to that of compound
5a as a white solid (90%), with a mp of 204—206 °C. For NMR data,
see the Supporting Information. HRMS (MALDI) m/z caled for
C3H;;NOgNa (M + Na)*, 536.2044; found, 536.2042.
1-Ethyl-2-methyl-2-((3,6,7-trimethoxyphenanthren-9-yl)-
methyl)pyrrolidine-1,2-dicarboxylate (5e). Compound Se was
obtained using a synthetic procedure similar to that of compound Sa
as a white solid (92%), with a mp of 129—131 °C. For NMR data, see
the Supporting Information. HRMS (MALDI) m/z caled for
C,HyNO,Na (M + Na)*, 504.1993; found, 504.1996.
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1-Benzyl-2-methyl-2-((3,6,7-trimethoxyphenanthren-9-yl)-
methyl)pyrrolidine-1,2-dicarboxylate (5f). Compound Sf was
obtained using a synthetic procedure similar to that of compound
Sa as a white solid (90%), with a mp of 153—155 °C. For NMR data,
see the Supporting Information. HRMS (MALDI) m/z caled for
Cy,H3;3NO;Na (M + Na)*, 566.2149; found, 566.2149.
Methyl-1-(methylsulfonyl)-2-((3,6,7-trimethoxyphenanth-
ren-9-yl)methyl)pyrrolidine-2-carboxylate (5g). Compound Sg
was obtained using a synthetic procedure similar to that of compound
Sa as a white solid (88%), with a mp of 169—171 °C. For NMR data,
see the Supporting Information. HRMS (MALDI) m/z caled for
CysH,oNO,SNa (M + Na)*, §10.1557; found, 510.1555.
Methyl-1-tosyl-2-((3,6,7-trimethoxyphenanthren-9-yl)-
methyl)pyrrolidine-2-carboxylate (5h). Compound Sh was
obtained using a synthetic procedure similar to that of compound
Sa as a white solid (88%), with a mp of 205—206 °C. For NMR data,
see the Supporting Information. HRMS (MALDI) m/z caled for
Cy1Hy;NO,SNa (M + Na)*, 586.1870; found, 586.1863.
Methyl-1-methyl-2-((3,6,7-trimethoxyphenanthren-9-yl)-
methyl)pyrrolidine-2-carboxylate (5i). To a solution of compound
4 (0.37 g, 0.91 mmol) and aqueous formic aldehyde (30%, 0.15 mL)
in MeOH (40 mL) was added NaBH,;CN (0.12 g, 1.9 mmol). The
reaction was stirred at room temperature for 4 h and then quenched
with saturated aqueous amonium chloride (50 mL). The solution was
extracted with DCM (30 mL X 3), and the combined organic layers
were washed with brine, dried over Na,SO,, filtered, and evaporated.
The resulting residue was purified by column chromatography on silica
gel to give compound Si (0.37 g, 94%) as a white solid, with a mp of
108—110 °C. For NMR data, see the Supporting Information. HRMS
(MALDI) m/z caled for C,H,oNONa (M + Na)*, 446.1937; found,
446.1941.
Methyl-1-benzyl-2-((3,6,7-trimethoxyphenanthren-9-yl)-
methyl)pyrrolidine-2-carboxylate (5j). Compound Sj was ob-
tained using a synthetic procedure similar to that of compound Si as a
white solid (89%), with a mp of 110—112 °C. For NMR data, see the
Supporting Information. HRMS (MALDI) m/z caled for
C3Hy;NONa (M + Na)?, 522.2251; found, 522.2256.
tert-Butyl-2-(hydroxymethyl)-2-((3,6,7-trimethoxyphenanth-
ren-9-yl)methyl)pyrrolidine-1-carboxylate (6). To a suspension
of LiAlH,, (85 mg, 2.2 mmol) in THF (100 mL) at —78 °C was added
compound 3 (0.94 g, 1.85 mmol) in one portion. The reaction was
stirred at —20 °C for 2 h and then quenched with saturated aqueous
ammonium chloride. The solvent was evaporated in vacuo, and the
resulting residue was dissolved in DCM, which was washed with water
and brine. After the solution was dried over Na,SO,, filtered, and
evaporated, the resulting residue was purified by column chromatog-
raphy on silica gel to give compound 6 (0.81 g, 92%), with a mp of
178—180 °C. For NMR data, see the Supporting Information. HRMS
(MALDI) m/z caled for C,gH3sNOGNa (M + Na)*, 504.2357; found,
504.2359.
tert-Butyl-2-(methoxymethyl)-2-((3,6,7-trimethoxyphe-
nanthren-9-yl)methyl)pyrrolidine-1-carboxylate (7). To a sol-
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ution of compound 6 (0.47 g, 0.98 mmol) and BF;-Et,O (0.01 mL) in
DCM (20 mL) was added a solution of CH,N, in ether until the
starting material was comsumed completely, which was monited by
thin-layer chromatography (TLC). After the reaction was completed,
the reaction was quenched with acetic acid. The reaction mixture was
then washed with water and brine, dried over Na,SO,, filtered, and
evaporated, and the resulting residue was purified by column
chromatography on silica gel to give compound 7 (0.36 g, 73%),
with a mp of 129—130 °C. For NMR data, see the Supporting
Information. HRMS (MALDI) m/z caled for C,yH;;NOgNa (M +
Na)*, 518.2513; found, 518.2507.

The other compounds used for the bioassay were prepared
according to our recently develoged synthetic methods.>"**

Antiviral Biological Assay.”* The bioassays of in vitro and in vivo
anti-TMV activity were carried out on Nicotiana tabacum L. The upper
leaves of N. tabacum L. were first inoculated with TMV, then were
selected and ground in phosphate buffer, and then filtered through
double-layer pledget. The filtrate was centrifuged, treated with
polyethylene glycol (PEG) twice, and then centrifuged again. The
whole experiment was processed at 4 °C. The main difference of three
in vivo modes was as follows: For protective effects, the leaves were
first treated with a solution of specific compound and then were
inoculated with TMV. For the inactivation effect, the leave was directly
inoculated with TMV that has been treated with a solution of specific
compound. For the curative effect, the leaves were first inoculated with
TMV and then treated with a solution of specific compound.

2042

B RESULTS AND DISCUSSION

Chemistry. As shown in Figure 3, the synthesis of the D-
ring opened phenanthroindolizidine alkaloid analogues com-
menced with the coupling of two known com?ounds,
phenanthryl bromide 1 and proline derivative 2, giving
compound 3 in 92% vyield. Under acidic conditions, the
protecting group (Boc) of compound 3 was easily removed,
resulting in amine 4 in 94% yield. Compounds 5a—5j were
readily prepared from compound 4 via corresponding acylation,
sulfonylation, and alkylation reactions. Treatment of compound
3 with LiAlH, gave reduced compound 6, which was then
methylated using diazomethane as a methylation reagent. The
enantioselective synthesis of 13a-substituted phenanthroindoli-
zidine alkaloid analogues was shown in Figure 4.>' Using
phenanthryl bromide 1 and optical oxazolidinone 8 as starting
material, enantiopure compound 9 could be obtained as a single
diastereoisomer in good yield. Compound 9 was then
transformed to 13a-methylcarboxylate phenanthroindolizidine
10 via a sequential base-promoted ring opening of
oxazolidinone, followed by acid-promoted deprotection of the
2,2-disubstituted proline derivative and Pictet—Spengler
cyclization. Ester 10 was reduced by LiAlH, in a nearly
quantitative yield to give alcohol 11. After extensive screening
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of reaction conditions, the hydroxyl group of alcohol 11 could
be transformed to methyl, giving 13a-methyl antofine analogue
12 via a methanesulfonylation and superhydride reduction
consequence. Enantiopure 13a-methyl-14-substituted antofine
analogues were prepared as shown in Figure 5.> From the
treatment of the readily available phenanthryl alcohol 13 with
bromine in DCM at room temperature, dibromide compound
14 was obtained in 85% yield. The other part 16 needed for the
following alkylation was prepared from optical oxazolidinone
ent-8 through modified Seebach’s self-regeneration of stereo-
centers (SRS) strategy to introduce a methyl group, which was
followed by acid-promoted methylation and deprotection
sequences. The following coupling of compound 17 and
dibromide 14 was not so seemingly easy, because compound 16
was hygroscopic and dibromide 14 was liable to moisture. After
extensive screening of reaction conditions, including bases,
solvents, and reaction temperatures, the desired product 17
could be obtained in good yield when K,CO; (S equiv) was
employed as a base in refluxed mixed solvents (1:1 DCM/
DMF). Then, the key intermediate 17 was transformed to
pentacyclic compound 18 through the Parham cycloacylation
reaction. To achieve stereoselective reduction of ketone 18, a
variety of hydride reagents were examined. It was found that
when superhydride (LiEt;BH) was used as the reducing agent,
the best selectivity (8:2 19/20) was obtained. Using less steric
LiAlH, as a hydride source, the opposite selectivity was
observed.

To judge the antiviral potency of the synthesized D-ring
opened phenanthrolizidine analogues 3, 4, 5a—5j, 6, and 7 and
chiral 13a- and/or 14-substituted phenanthroindolizidines
(10—12, 18—20, ent-10—ent-12, and ent-18—ent-20), ribavir-
in and Ningnanmycin, two successful commercial plant
virucides, were selected as the controls. To further investigate
the influence of the substitutions at the 13a position and in-
depth SARs under the chiral scenario, enantiopure 13a-H
phenanthroindolizidines (S)-antofine, (R)-antofine, and race-
mic 13-methyl antofine were also used for comparison, which
were prepared by our previously reported methods.”® The in
vitro and in vivo (under three models: protection, inactivation,
and curative effect) activities against TMV of phenanthroindo-
lizidine alkaloid analogues, ribavirin, and Ningnanmycin were
shown in Table 1.

The in vitro anti-TMV bioassay showed that most of the
synthesized compounds except for compounds 6 and 10
exhibited higher or comparable anti-TMV activity compared to
ribavirin at both high (500 ug mL™") and low (100 ug mL™")
concentrations. Importantly, almost half of the compounds
(e.g., 4, 5j, 11, 19, 20, ent-10, ent-11, ent-12, and ent-20)
exhibited a similar inhibitory effect against TMV with
Ningnanmycin, perhaps the most effective commercial plant
virucide. Because most of the synthesized antofine analogues
displayed distinguished in vitro antiviral activity against TMV,
further investigations of their antiviral activity in vivo were
deserved. Then, in vivo activities were assayed in three models
(protection, deactivation, and curative) (Table 1).

Further in vivo anti-TMV activities showed that these new
synthesized phenanthroindolizidine alkaloid analogues dis-
played a good to excellent inhibitory effect, which, in general,
exhibited the same trend to the in vitro activities. Especially,
compound ent-11 showed a much more potent inhibitory
effect against TMV than the most effective commercial virucide
Ningnanmycin. Interestingly, although compounds 11, 19, 20,
ent-10, ent-12, and ent-20 exhibited inferior activity at 500 pg
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Table 1. In Vitro and in Vivo Anti-TMV Activity of
Synthesized Compounds

o o
Conc. Inhibition rate (%)

Compd (ug/mL) InViro  Protection Inactivation  Curative
effect effect effect effect
500 333 363 37.4 3538
3 100 16.8 9.5 12.3 11.1
500 62.5 58.3 56.2 61
4 100 25.0 30.2 28.4 26.1
500 425 52.0 463 542
Sa 100 15.3 13.6 200 19.0
500 36.1 43.6 39.8 411
Sb 100 16.0 17.2 83 124
500 483 444 114 462
Se 100 19.5 15.1 16.9 16.3
500 50.0 53.1 47.8 496
5d 100 26.2 23.7 13.9 16.8
500 462 40.0 437 465
Se 100 231 13.5 221 19.7
500 471 425 42,0 483
St 100 25.0 12.3 18.5 18.0
500 448 387 36.5 414
58 100 217 10.0 15.8 11.0
500 418 452 168 432
Sh 100 20.2 232 217 205
. 500 343 40.0 37.8 426
Si 100 13.6 17.1 17.8 23.8
. 500 60.0 56.8 54.8 583
5i 100 26.3 305 28.1 26.1
500 312 334 357 39.0
6 100 0 0 0 76
500 46.3 46.1 44.0 43.7
7 100 204 24.8 25.8 214
10 500 324 40.0 34.7 353
100 0 10.3 0 0
1 500 58.9 55.2 56.3 54.8
100 25.0 23.6 20.0 214
2 500 40.0 48.3 42.1 45.0
100 19.7 18.4 15.8 16.9
18 500 424 41.6 46.7 44.4
100 18.6 15.8 15.1 20.0
19 500 61.4 55.8 58.3 57.2
100 37.6 30.0 32.6 30.3
20 500 543 59.3 55.7 60.4
100 359 36.3 30.0 33.0
ent-10 500 53.8 60.0 55.4 58.7
100 26.2 23.5 22.6 18.2
ent-11 500 85.3 78.1 80.1 88.4
100 52.5 48.3 58.4 67.8
ent-12 500 55.5 59.4 57.8 49.2
100 24.0 30.9 28.2 21.5
3 500 40.6 39.1 37.0 425
ent-1 100 22 17.1 142 19.3
ent-19 500 53.0 53.2 47.5 45.8
100 26.7 21.5 20.0 17.3
ent-20 500 63.8 65.2 62.4 55.7
100 333 42.6 38.5 28.6
500 60.2 51.1 55.5 56.4
(8)-antofine 100 30.5 37.2 267 284
500 65.8 55.7 58.0 62.5
(R)-antofine 100 304 323 294 334
500 47.1 454 41.3 43.6
13a-Me-antofine 24 29.8 17.5 237
Ribavirin 500 41.3 38.9 37.2 394
100 185 15.6 119 14.7
500 69.3 57.9 54.2 58.7
Ningnanmycin
100 26.8 384 20.0 23.1

mL™" compared to Ningnanmycin, they showed higher or
comparable inhibitory effect at 100 ug mL™". In other words,
these compounds could still keep very potent antiviral activities
even at a low concentration. Although most of the other
compounds showed less potent inhibitory effects than
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Ningnanmycin, they displayed better or at least comparable
activities than the other popular virucide ribavirin that was used
as a control.

SARs demonstrated that, although, as the controls, the
naturally occurring 13a-H phenanthrylindolizidine alkaloid (R)-
antofine showed comparable antiviral activities at both high and
low concentrations with its unnatural antipode (S)-antofine, all
of the synthesized 13a-substituted phenanthrylindolizidine
analogues ent-10, ent-11, and ent-12 exhibited more potent
antiviral effect than their corresponding configurationally
enantiomers 10, 11, and 12, respectively. These interesting
results obviously demonstrated that spatial configuration of the
molecules was very crucial for keeping high bioactivities and
introduction of suitable functional groups at the 13a position
could accelerate this trend. Both compounds 18 and ent-18
possessing a ketone group on the six-membered D ring, which
makes the D ring of the molecules more planar and, thus,
increases the molecular rigidity, were less effective than
compounds 12 and ent-12. After reduction of the ketones 18
and ent-18, the high rigidity of the molecule was released to
some extent and the resulting 13a-methyl-14-hydroxyl phenan-
throindolizidine analogues (19, 20, ent-19, and ent-20)
displayed higher inhibitory effect against TMV. However,
more interestingly, most of the D-ring opened analogues, which
became more flexible spatially, could also show comparable or
even higher (Sa and §j) anti-TMV activities than 13a-methyl
antofine. These results indicated that 3D conformation of
phenanthroindolizidine analogues was also an important factor
that can influence bioactivities. Another interesting observation
was that the hydroxyl group at either the 13a or 14 position was
helpful for keeping high biological activities; for example,
compounds 11, 19, 20, ent-11, ent-19, and ent-20 showed
more effective or at least a comparable inhibitory effect
compared to the 13a-methyl analogues 12 and ent-12, which
may suggest that a hydrogen-donating hydroxyl group at this
domain was favorable.

In summary, to explore the influence of spatial configuration
and 3D conformation of phenanthroindolizidine alkaloid
analogues on the activities, a series of D-ring opened
phenanthroindolizidine alkaloid analogues and chiral 13a-
and/or 14-substituted analogues were synthesized and
evaluated for their antiviral activities against TMV. The
bioassay results indicated that most of the chiral phenan-
throindolizidine analogues showed good to excellent in vivo
anti-TMV activity, among which compound 11 displayed a
more potent inhibitory effect than Ningnanmycin, thus
emerging as a potential inhibitor of the plant virus. An in-
depth SAR investigation showed that substitution patterns at
13a and/or 14 positions have a great effect on the anti-TMV
activity, demonstrating that spatial configuration is of
importance for keeping high activity. Molecular planarity and
rigidity of the D ring also greatly influence activity, showing
that 3D conformation is also very crucial for improving
bioactivity. Then, it is noteworthy that a hydrogen donor at the
13a or 14 position may be another essential factor for antiviral
investigation. Further investigations on structural optimization
and mode of action are currently underway in our laboratories.
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