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Fungicidal Sesquiterpene Dialdehyde Cinnamates from
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Bioactivity-directed separation of a foliage extract from the New Zealand shrub Pseudowintera axillaris
led to a compound with fungicidal activity against the plant pathogen Phytophthora infestans. This
was identified as a new sesquiterpene dialdehyde cinnamate named paxidal. Two 6-hydroxy
derivatives were present at lower levels in the extract. A further nine derivatives were synthesized
from these natural products for a structure—activity study against a range of important food crop
pathogens. The cinnamate group was important for fungicidal effects, and protection of the dialdehyde
as a dimethyl acetal gave more potent, broader spectrum activity.
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INTRODUCTION Table 1. 3C NMR Data for Paxidal (3) and Related Compounds

4-144

Modern agriculture relies on effective control of fungal
diseases to increase crop yield and quality and consequently aom 3 4 5 6 7 8 9 10 11 12 13 14
increase crop valuel]. No single fungicide can be used for all 805 810 798 788 87.7 793 789 790 781 788 782 821
disease situations, and the widespread use of fungicides care 36.0 357 364 400 345 368 37.0 367 387 37.3 387 37.2
selct for ungiide-resisiant ptfoged (Therstore, hete s 3 28 25 50 28 B4 =5 61 1 %1 %5 45 24
a need for safer and more cost-effective fungicides which are ; 448 492 539 443 449 445 547 546 541 57.8 507 455
easier to use and provide better performance against resistang 259 646 647 261 260 246 656 653 653 194.8 73.8 24.4
pathogens. During screening of New Zealand plants for biologi- 7 150.8 148.0 150.4 151.7 150.9 119.9 121.4 121.8 122.8 121.8 118.8 126.8

I tive natural or t n extract from foli £ 8 140.3 140.3 139.1 139.5 140.7 136.8 139.3 138.9 137.5 142.7 138.6 137.2
cF:)a y;c 'et atu a.”p.Od#C gﬁ? extrac t'fo (lnagtg .? 56.7 56.8 56.2 57.3 57.6 546 545 538 538 549 539 512

Seudowintera axiflansshowed in vivo antitungal activity 4o 429 42.1 441 438 443 300 428 426 437 451 436 410
against the plant pathogéthytophthora infestan@HYTIN). 11 200.4 199.8 199.7 203.4 200.7 106.9 107.0 106.6 106.5 107.1 106.6 62.7
P. axillaris (J. R. et G. Forst.) Dandy (family Winteraceae) is 12
a shrub found in forests throughout the North Island and the s

192.5 193.1 192.3 193.0 192.8 103.6 103.4 103.4 103.3 102.9 103.4 66.9
14 179 179 176 179 181 150 178 17.7 180 175 181 178

107.9 110.5 108.4 107.3 107.1 106.3 107.3 107.3 107.1 111.1 107.1 106.4
northwestern South Island of New Zealadyl (t is one of three 15 106 137 109 82 93 76 87 85 79 95 79 90

species in this endemic gends.(The more commoR. colorata v 166.1 166.1 165.9 1655 165.6 171.7 1655 166.6
contains polygodial¥) and 9-deoxymuzigadia®j (6, 7), which 2 17711741173 11871186 308 1181 1182
h tifungal activity, in particular against the human - ol e 163 T 0 P P
ave antiiungs 1y, p g 4 134.1 134.0 1340 134.3 134.3 1404 134.1 134.2
pathogenCandida albicans(8). However, an extract oP. 5+9'  128.9 128.9 128.9 128.7 129.0 1285 129.0 128.2
axillaris had no activity againgt. albicansand did not contain ~ 6+8 1284 1283 1283 127.7 1280 128.2 128.0 1289
130.6 130.7 130.7 130.0 130.3 126.2 1305 1305

any .detectable polygodial (7)..Th.ere are no other published LOMe 560 564 552 562 65 56.2
studies of the chemistry d?. axillaris. 120Me 538 543 544 56.4 547 54.9
We now report the bioactivity-directed isolation of a new 1/60Me 565 54.4
sesquiterpene dialdehyde cinnamatas the fungicidal com-
pound inP. axillaris. Two 6-hydroxy-derivatived and5 were
present at lower levels in the extract. A further nine derivatives
6—14 were synthesized from these natural products for a
structure-activity study against important food crop pathogens.

@In CDCls, chemical shift in ppm.

MATERIALS AND METHODS

General Experimental Procedures.All solvents were distilled
before use and were removed by rotary evaporation at temperatures
up to 35°C. Octadecyl-functionalized silica gel (C18) was used for
reversed-phase (RP) flash chromatography, and Merck silica gel 60,
200—400 mesh, 40—68m, was used for silica gel flash chromatog-
raphy. TLC was carried out using Merck DC-plastikfolien Kieselgel
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60 Fs4 first visualized with a UV lamp, and then by dipping in a

o
= vanillin solution (1% vanillin, 1% HSQO, in EtOH), and heating. Optical
ha rotations were measured on a Perkin-Elmer 241 polarimeter. Mass, UV,
s and IR spectra were recorded on Kratos MS-80, Shimadzu UV 240,
< . e and Perkin-Elmer 1600 FTIR instruments, respectively. NMR spectra
s 2 ©3 of CDCl; solutions at 25C were recorded at 500 or 300 MHz fti
N S and at 125 or 75 MHz for3C on Varian INOVA-500 or -300
%‘» ig’gggg%gggaagaggggg spectrometers. Chemical shifts are given in ppm on dhecale
T N C e N T s s referenced to solvent peaks: CHGit 7.25 andCDCI; at 77.0.
T N DR DR DSt BN e B - BN Conformational searching and molecular modeling methods are de-
= scribed by Hinkley et al. (9).
I < . Collection and Extraction. P. axillaris twigs and leaves were
St o = collected from the West coast of the South Island, New Zealand, in
— — —_ ey S~ . .
TNEBZ2EEs ®Sg8Ldmt o T January 1997 (collection code 970128-27) and from the Nelson region
2od0ns ZRLgdeggag 29y in March 1999 (990327-01). Voucher specimens are lodged in the Plant
Shddady SauwLe S HS ™ ™ Extracts Research Unit collection, Crop & Food Research.
© Antifungal Assays. Initial biological activity was detected with the
& = 5 - Phytophthora infestan@Bayer code PHYTIN, late tomato blight) in
S %‘"gg—gﬁ f’g‘f@'g'ggazf’g’g’g‘@@ vitro test (0), which was also used to evaluate chromatographic
5552 E ‘g’gg‘%"g’ggé’ﬁ 2 5% = E‘o’ fractions. For this assay, cultures of PHYTIN were maintained on rye
R PNPN PN RSP B I NN IRCNCS I seed broth. Assays for growth inhibition were conducted using liquid
& = . minimal media. Conidia were harvested by flooding a culture plate
N g"c} . . with assay medium and scraping with a sterile cell lifter. The conidial
dls2Eels jg.‘g TR TS ST suspension was then filtered through two layers of sterile cheesecloth
5988382 I~88353 23 and sterile glass wool to remove hyphal fragments that may be present.
MeddadaNy WA WLLao o3 3 The conidial suspensions were then adjusted to B0° conidia/mL
s @ o using a hemocytometer. Samples were tested for inhibition of fungal
© : g"o’» = growth in 96-well polystyrene microtiter plates, after dilution to desired
SlSEZelds OoS 385 S EEEaa concentrations in DMSO so that all wells received 2L50f DMSO.
gé’g?jé’g ggggg §§E§§§§§§§ Plates were inoculated by adding 200 of the conidial suspension.
SodaddadY LABLBLASANNSNN®® The incubation time was 72 h. Plates were evaluated for percent
& inhibition of fungal growth using a nephelometer (Nephelostar Galaxy,
5z BMG Labtechnologies, Offenburg, Germany).
olday o8 o s Samples were also evaluated for in vivo control of whole plant fungal
ECEE2sC 3508830 SSEEEED infections according to Ricks et al. (11). In these assays, extracts or
R R R EEE R EE R compounds were dissolved in acetone, with serial dilutions then made
WANNNSOWNWWI616 S C e in acetone to obtain desired concentrations: 6.25, 25, and 100 ppm
Se< . for pure compoundsTable 3). Final treatment volumes were obtained
SaY s wme L TT by adding 9 volumes of 0.05% aqueous Tween-20 or 0.01% Triton
© | BSEEEEESESTBEESBSSEEETD X-100, depending upon the pathogen. For each pathogen, host plants
5 § § § § f f § f § é § E § E § § § § § § § were grown from seed in a soilless peat-based potting mixture (Metro-
Mix) until the seedlings were 1020-cm tall. These plants were then
i,\ sprayed to runoff with the test compound. After 24 h, the test plants
|29 ceeecERY RN . were inoculated b_y spraying with an aqueous sporangia suspension of
P e e z fungus and kept in a dew chamber overnight. The plants were then
3833 3J3T2Igaezoe = transferred to the greenhouse until disease developed in the untreated
M AN AN AN NN~ MOOOOD T O o
. control plants. The pathogens and plants were the followRPigsmo-
"‘j b = s . para viticola (Bayer code PLASVI, grape downy mildew) on vines
R I e S 2 Taw o < (cultivar Carignane); PHYTIN on tomatoes (cultivar RutgePs)ccinia
g SSEESEEESSBEEER T graminis tritici (PUCCRT, wheat stem rus$eptoria tritici(SEPTTR,
= BRBASILHLIdIBIFZRI 3B " heat leaf spot), anBeptoria nodorunfLEPTNO, wheat glume blotch
5 i R BB R s i A R B »  Wwheat leaf spot), an8eptoria nodorund , wheat glume blotch)
é. . & on wheat (cultivar Yuma); an&rysiphe graminis tritici(ERYSGT,
S : § wheat powdery mildew) on wheat (cultivar Monon). Disease incidence
- oS Aﬁ,‘n\ o, Was measured relative to untreated control plants at 24-h post
Sl w oy o Ag SS_aa = 89 _ £ inoculation and, in some tests, at 96Trable 3). TheC. albicansassay
@ SESSESSL o ST ERESETZEEE 3  has been described previously (12).
- JROEARISBIINGIRREREY S Bioassay-Directed Isolation of Paxidal (3)Foliage (101 g) was
= BN aNaANTOOCHDBIBIO 1 S OGN~~~ = y . g g
© R Lg_ blended with EtOH (1.4 L), then filtered and evaporated to give a green
a2 5o . £  solid (11.3 g). This crude extract exhibited 100% mean disease control
] g g o TS £ of PHYTIN in vivo at 1000 ppm. A sample of the crude extract (4.1
E T BECEEc3ES 855 BSBooEEE g g) was dried onto C18 silica gel (8 g) and loaded onto a C18 column
o BYIHI=SIEINISNITARRS < (40 g). Then, 44 fractions were eluted with 21-mL volumes e®H
L2 WANNNO S~ dc s~~~ £ MeCN (L0, 9:1, 3:1, 1.1, 1:3, 1:9, and 0:1), 1:1 MeCN/CH@ind
g T < (_"; CHCl;. These were combined on the basis of similarity by TLC.
o S S5 =_® L 9g 2 Fractions eluted with EO/MeCN (9:1 and 3:1) exhibited 100% killing
| ~|ESSEEEEELSS BRSBTS EEE & of PHYTIN in vitro at 500 ppm.
= JIRBRILLELTREIAIIENERS © One active fraction (0.34 g) eluted with.®/MeCN (9:1) was dried
= &  ontosilica gel (0.7 g) and loaded onto a silica gel column (35 g). Then,
o e 2o © 40 column fractions were eluted with 30-mL volumes of cyclohexane/
21 2 g 53 LN . 2% 99 8 |  EtOAc (100—25% cyclohexane, in 5% steps). These fractions were
< SNNMwOoOo~odAdTd A A NDDbDDN A combined on the basis of TLC, and fractions eluted with 70%
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Table 3. Antifungal Activity of Paxidal (3) and Related Compounds Silica gel chromatography of the crude hydroxy paxidals witfr 10
4-14 against Crop Diseases in Vivo? 100% EtOAc in CHCI, gave initially pure 63-hydroxypaxidal (4, 177
mg) as a pale yellow gum:a]?; —2°, [0]?&770m—10°, [0]?&46nm—20°,
compound dose (ppm) LEPTNO PHYTIN PLASVI PUCCRT SEPTTR [0 284350m —90°, [01]?84050m —74° (C 0.2, CHCY); UV (MeOH) Amax (€)
279 (17 360) nm; IR (filmwmax 3464, 2960, 1708, 1686, 1636, 1173
2 122 1731/8 53/91/3 gé;g 8 S cm%; 1H and*3C NMR in Tables 1and2; EIMS m/z394.1769 (M,
0.1, calcd for G4H260s, 394.1780), 376.1681 (MH,0, 0.4, calcd for
4 100 73 1003  76/86  77/61 0 Ca4H2404, 376.1675), 131 (100).
4 25 0 8217 28/0 8/4 0 This was followed by pure®@-hydroxypaxidal (5, 72 mg) as a pale
4 6.25 0 7210 0/0 0/0 0 yeIIow gum: EX]ZSD +58°, [a]28577nm +50°, [(1]28545nm +47°, [(1]28435nm
+19°, [0]%105nm —21° (c 0.2, MeOH); UV (MeOH)Amax () 278
g 122 32 18‘1’ ?g ‘fg g (13 880) nm: IR (film)vmax 3444, 2960, 2870, 1710, 1686, 1636, 1171
5 6.25 3 72 2 2 0 cm % *H and*C NMR in Tables 1and2; EIMS m/z376.1682 (M-
H,0, 0.3, calcd for GH404, 376.1675), 131 (100).
6 100 60 28 24 0 0 Synthetic Derivatives.Diol (14). NaBH, (20 mg) was added to a
6 25 0 36 4 0 0 solution of paxidal (3) (50 mg) in absolute EtOH (2 mL) and left for
6 6.25 0 19 7 0 0 1 h. The solution was concentrated, then 10% HCI (2 mL) was added,
and resulting solution was extracted with EtOAc. The organic phase
7 100 20 98 70 2l 0 was washed, dried, and concentrated to give the crude diol. Column
; 22 25 58 6; 33 8 8 chromatography over silica gel, eluting with-1000% EtOAc in CH-
’ Cl, gave the pure dioll4, 24 mg, 48%) as a colorless gumu]{%
8 100 20 4 45T TIA9 0 167, [00%%77um 17, [00%hagnm —3°, [od*sgsnm —14°, [od®aosom —177
8 25 0 78/6 61/23 400 0 (c 0.2, CHCY); UV (MeOH) Amax (€) 280 (34 380) nm; IR (filmmax
8 6.25 0 47/0 710 4/0 0 3356, 2928, 1838, 1708, 1637, 1174 ¢ntH and’3C NMR in Tables
1and2; EIMS m/z364.2032 (M-H,0, 1, calcd for GsH»05 364.2038),
9 100 0 0 0 7 78 362.1873 (M-H,O-H,, 3, calcd for G4H2c05 362.1882), 131 (100).
9 25 0 0 0 4 33 Paxidal Dimethyl Acetalg). A solution of paxidal 8) (150 mg) in
9 6.25 0 0 0 0 43 MeOH (5 mL) was run through a column (2020 mm) of DOWEX
10 100 0 0 0 9 9% 50Wx8 (100—200 mesh, H ion-exchange resin (prewashed with
10 25 0 0 0 9 17 MeOH) to give the crude dimethyl acetal (172 mg). A sub-sample (50
10 6.25 0 0 0 4 0 mg) was chromatographed over silica gel eluted with 5% EtOAc in
CH.CI; to give the pure acetal (8, 38 mg, 78%) as a colorless gum:
110 100 0 0 0 0 11 [0]%5 —9°, [0]%&577nm—24°, [0]?Bsa6nm —38°, [0 4zs5nm —145°, [0]8405nm
12b 100 0 0 0 0 0 —171° (c 0.2, CHCY); UV (MeOH) Amax (€) 280 (13,220) nm; IR (film)
130 100 0 0 0 0 0 Vmax 2928, 1711, 1639, 1174 cry *H and**C NMR in Tables 1and
2; EIMS m/z392.2001 (M-CH3OH, 3, calcd for GsH2g04, 392.1983),
14 100 0 58 70 0 0 197 (100).
" o : B 2 : : 18-Hydroxydial (6). NaOH (0.5 g) in b0 (2 mL) was added to a

solution of paxidal dimethyl acetaB) (172 mg) in DMSO (4 mL),
and the mixture was kept at 3& for 20 h. After cooling, the mixture
was diluted with HO (50 mL) and extracted with EtOAc (3 100
mL). The organic phase was washed witekCH(50 mL), dried, and
concentrated to give the crudgihydroxydial dimethyl acetal (83 mg).
This was then dissolved in acetone (4 mL) andOH(1 mL),
toluenesulfonic acid (10 mg) was added, and the mixture was left at
RT for 20 min. Saturated aqueous NaH{@0 mL) was added, and
the solution was extracted with EtOAc €320 mL). The organic phase
cyclohexane showed 100% killing of PHYTIN in vitro at 500 ppm. was washed with kO (20 mL), dried, and concentrated to give the
These active fractions were subjected to preparative RPLC (Lichrosphercrude dial. Column chromatography on silica gel eluting withl50%
100 RP-18 column, 0/MeCN 1:9 at 3 mL/min) to give paxidaB( EtOAc in CHCl, gave the pure 15-hydroxydial (6, 38 mg, 34% from
20 mg), characterized below. 8) as a colorless oil: o] %% 25°, [0]%%5770m 11°, [0]%8546nm 9°, [0]1%C4350m
Improved Isolation of Paxidal (3) plus 6-Hydroxypaxidals (4) —26°, [a]%405nm—4° (€ 0.2, CHCH); UV (MeOH) Amax (€) 227 (13 980)
and (5). Dried P. axillaris foliage (50 g) was crushed and shaken with  nm; IR (film) vimax 3460, 2872, 1714, 1682, 1644 ci'H and*C
CHCl; (200 mL) at room temperature overnight, then filtered, and the NMR in Tables 1 and 2; EIMS m/z 248.1410 (M, 1, calcd for
solvent evaporated to give a green gum (4.65 g). Flash vacuum CisH200s, 248.1412), 91 (100).
chromatography on silica gel 60H started with £, then elution 15-Methoxydial (7). A solution of A-hydroxydial (6) (35 mg) in
with 5 and 10% EtOAc in CkCl, gave crude paxidal (1.5 g), and  Mel (5 mL) containing silver oxide (10 mg) and 4-A molecular sieves
20—100% EtOAc in CHCI, gave crude mixed hydroxy paxidals (400 (10 mg) under N was sonicated for 15 s and then refluxed for 2 h.
mg). To remove the chlorophylls and carotenoids from these fractions, Filtration and evaporation gave a mixture of an acetal and the required
MeCN solutions were passed through short columns of RP C-18, to methyl ether, which was separated by column chromatography on silica
give the crude products as pale yellow oils. Column chromatography gel eluting with 6-20% EtOAc in CHCI; to give 15-methoxydial (7,
over silica gel on the crude paxidal fraction eluting with 5% EtOAc in 5 mg, 14%) as a colorless oil:a]?% 64°, [0]%%770m 57°, [0]%sa6nm
CH,Cl, gave paxidal mixed 10:1 with an unidentified dialdehyde as a 56°, [0]%4350m53°, [0t]?2405nm98° (C 0.2, CHC}); UV (MeOH) Amax (€)
pale yellow oil (0.96 g). Recrystallization from methanol gave pure 225 (14 400), 280 (3900) nm; IR (film)max 2934, 1715, 1682, 1096

@Results are % disease inhibition after 24 h, except for some 24 h/96 h results.
LEPTNO = Septoria nodorum = glume blotch on wheat; PHYTIN = Phytophthora
infestans = late tomato blight; PLASVI = Plasmopara viticola = grape downy
mildew; PUCCRT = Puccinia graminis tritici = wheat stem rust; SEPTTR =
Septoria tritici = leaf spot on wheat. None of these compounds showed any activity
against Erysiphe graminis tritici = powdery mildew on wheat, at 100 ppm or lower.
bNo activity at lower levels.

paxidal (3) as an off-white crystalline solid: mp 12G@ (MeOH); cm™}; *H and*3C NMR in Tables 1and2; EIMS m/z262.1576 (M,
analysis found C 76.33, H 7.05,,481,60, requires C 76.19, H 6.88; 5, calcd for GeH2205 262.1569), 91 (100). This was followed by
[0]% +11°, [0]%%577am +0.3°, [0]%Bsa6nm —10°, [0]%8s35nm —81°, recovered compouné (15 mg).

[0]%81050m —74° (c 0.2, MeOH); UV (MeOH)Amax (€) 280 (18 270) 60.-Hydroxypaxidal Dimethyl AcetabBj. A solution of Gx-hydroxy-
nm; IR (film) vmax 1705, 1680, 1640, 1170 crh *H and**C NMR in paxidal (5) (48 mg) in MeOH (5 mL) was run through a column (20

Tables 1and2; EIMS m/z378 (M, 2), 350 (22), 247 (22), 230 (42), x 20 mm) of DOWEX 50Wk8 (100—200 mesh, H ion-exchange
202 (55), 187 (19), 173 (24), 131 (100), 103 (76), 91 (30), 77 (45). resin (pre-washed with MeOH) to give the crude dimethyl acetal.
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Purification by column chromatography over silica gel eluting with
increasing proportions of EtOAc in GBI, gave the pure 6a-
hydroxypaxidal dimethyl acetal (9, 41 mg, 80%) as a colorless oil:
[0 31°, [0]%5770m22°, [0] Bsaenm14°, [0]?84350m —57°, [0]*C405nm —69

(c 0.2, CHCH); UV (MeOH) Amax (€) 280 (18 040) nm; IR (film)vmax
3450, 2923, 1705, 1640, 1177 cin*H and**C NMR in Tables 1and

2; EIMS m/z408.1939 (M-CH30H, 3, calcd for GsH»¢05 408.1937),
131 (100).

Acetal (11). To a solution of the acetd)((32 mg) in DMSO (0.6
mL), aqueous NaOH (25%, 0.3 mL) was added, and the mixture was
left at 55°C for 20 h. After cooling, the reaction mixture was diluted
with H,O (30 mL) and extracted with EtOAc (8 50 mL). The organic
phase was washed with,8 (30 mL), dried, and concentrated to give
the acetal (11, 19 mg, 60%) as a colorless oil]?{p 112°, [0]%577nm
107°, [0]%8a6nm 110°, [0]?8435nm 107°, 0] %8405nm 133° (€ 0.2, CHCH);

UV (MeOH) Amax (€) 270 (2010) nm; IR (film)vmax 3460, 2896, 971 &

—1- 1 1 i . - . . .
cnr %, H and™*C NMR in Tables 1and2; EIMS m/2279.1603 (M Figure 1. Predicted most stable conformation of paxidal (3) from molecular

OCHs, 33, calcd for GeH:Os, 279.1596), 200 (100). . ( bl cont
Acetal (13). A solution of acetal (11) (19 mg) in Mel (5 mL) ?;itegg%fhc?glig key NOE interactions (Me14, Me15, and phenyl protons

containing silver oxide (10 mg) and 4-A molecular sieves (10 mg) under
N, was sonicated for 15 s and then refluxed for 2 h. Filtration and = )
evaporation gave the monomethyl ether, which was purified by column istic double bondH signals at 6.42 and 7.69 (both d, J 16 Hz),

.

chromatography on silica gel eluting with-@0% EtOAc in CHCI, and a’*C signal at 166.1 for the ester carbonyl (Tablearid

to give acetal 13,15 mg, 70%) as a colorless oiloJ?% 187°, [o]%&770m 2). Other NMR signalsTables 1and2) were very similar to
186°, [0]?5a6nm 199°, [0]?24350m 265°, [0]?205nm 327° (€ 0.2, CHCH); those reported for 9-deoxymuzigadial (2)3§, especially the
UV (MeOH) Amax (€) 280 (972) nm; IR (film)vmax 3370, 1640 cm; dialdehyde and exocyclic methylene signals. 2-D NMR studies

1H and*3C NMR in Tables 1and?2; EIMS m/z293.1753 (M-OCHs,
32, calcd for G/H2504 293.1757), 45 (100).
6-Ketopaxidal (12). PCC (X 10 mg) was added to a solution of

(Supporting Information), especially an HMBC correlation
between H1 and the ester carbonyl, showed that the cinnamate
the Ba-hydroxypaxidal acetal (28 mg) in dry @B, (3 mL) over 30 was linked to the sesquiterpene at C1. The relative stereochem-

min. The solution was put down a short column of silica, and 10% istry was proven by NOE interactions between axial prlotons
EtOAc in CHCl, eluted the pure ketond2, 17 mg, 61%) as a colorless ~ H1, H3, H5, and H9Kigure 1). The absolute stereochemistry
oil: [0]28 97°, [0]%5770m 89°, [0]%Bs46nm 86°, [00%4350m 17°, [0]%C4050m was assumed to be the same as that for polygodipkatd
—92°(c 0.2, CHC}); UV (MeOH) Amax (€) 280 (25 186) nm; IR (film) 9-deoxymuzigadial ) in P. colorata (7, 14), giving the
vmax 3370, 1705, 1673, 1640 crh *H and**C NMR in Tables 1and proposed structur8, a new compound for which we propose
2, EIMS m/z438.2034 (M, 1, calcd for GeHaoOs 438.2034), 131 (100).  the name paxidal.

Dihydrocinnamate (10). A solution of the acetd) ((17 mg) in
MeOH (4 mL) was stirred with Pd on C (5%, 5 mg) under an
atmosphere of kifor 2 h. The suspension was filtered through Celite
and evaporated to give the pure dihydrocinnamate (10, 16 mg, 97%)

The two other compounds isolated frétnaxillaris had NMR
spectra very similarTables 1and2) to that of paxidal ), and
MS showed them both to have one more oxygen tBiaBoth

as a colorless oil: ]2 82°, []2770m 75°, [0]Zsa6nm 73°, [00%435mm new compounds showed oxygenated methine signals (4.81/4.76
50°, [0]2400m 72° (C 0.2, CHCH); UV (MeOH) end adsorptiontH ppm) coupled to H5 and H7T@ble 2 and Supporting Informa-
and’3C NMR in Tables 1and2; EIMS m/z440.2203 (M-H, 1, calcd tion), indicating a 6-CHOH group. The minor compound showed
for CaeH3206 440.2199), 91 (100). a diaxial coupling of 9.5 Hz between H6 and H5 which, together
with NOE interactions between the H6 proton and Melb5,
RESULTS AND DISCUSSION showed this compound to be the--Biydroxypaxidal (5). The

other compound showed only a weak H85 coupling, and

foll Lo o ! - an NOE interaction between the H6 and one H13, so this is
oliage showed in vitro activity againgthytophthora infestans 64-hvd idal (4
(late blight of tomatoes and potatoes, PHYTIN) in high p-hydroxypaxidal (4). o
throughput screening. This activity was confirmed as interesting  Compounds3—5 are new examples of the rare muzigadial
when the extract exhibited 100% control of PHYTIN in vivo Skéleton and the first with oxygenation at C1 or &. (The
at 1000 ppm. The in vitro PHYTIN assay was used to direct Only examples of drimane dialdehydes oxygenated at C1 are
the isolation of the fungicidal compounds. Reversed-phase (RP)1/-p-coumaroyloxypolygodial (15) and a few simple derivatives,
Cis column chromatography followed by silica gel column |sQIated from three dlffererﬁ)nmysspemes (also in the family
chromatography gave an active fraction, which was subjected Winteraceae) (15—18). The NMR signals for H1 and C15f
to preparative RPLC to give the main active compo8ndhis (18) were similar to those for paxidaB(Tables 1and 2).
compound was of medium-to-low polarity, and it was found Drimane dialdehydes oxygenated at C6 are more common, but
that a chloroform extract of foliage gave a better yield3of ~ Nnone oxygenated at both C1 and C6 have been reported
(1.9 wt % of dry foliage). This also gave two related compounds, Previously (8).
4 (0.35%) andb (0.14%), showing even greater activity against ~ We have found that dialdehydésand 2 are quite unstable
PHYTIN than3 (see below). on storage, as have othel$), but compound8—5 were stable
The structure of3 was proven by a combination of NMR  under the same conditions. This may be due to steric congestion
experiments. Thé3C NMR spectrum Table 1) showed 22 around the C11 aldehyde, shown by molecular modekigu¢e
carbon signals, whereas the mass spectrum and elemental), which restricts access to this reactive center. There is a
composition suggested the molecular formulaHze0,4. This change in the average conformation about the C9 to C11 bond,
deficit was accounted for by the presence of two pairs of since the H9 to H11 couplings in compouridand?2 are about
equivalent carbons in a trans cinnamate group, shown by the4.5 Hz (7, 13), whereas the corresponding coupling8i5
aromatic signals of a monosubstituted benzene ring, character-are around 2 HzTable 2). The stability of these compounds

New Natural Products. An ethanol extract oP. axillaris
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o] features, especially H1 appearing at higher field than in the
cinnamate esters. Methylation of the highly hindered alcohol
0 (6) was achieved, albeit in a low yield, to give the methoxy
ether (7). Unfortunately all attempts to reduce the conjugated
7—8 double bond of paxidal (3) proved unsuccessful. Catalytic
hydrogenation gave complex mixtures with the aldehyde groups
and the side-chain double bond reduced, but with the 7—8
double bond intact. Dissolving metal reductions, and other 1,4-
reducing agents, also gave complex mixtures.

The next series of derivatives were formed from the less
abundant but more active (see belova)-Bydroxypaxidal ).

i 14 R1 = Cinnamate First the dimethyl aceta® was formed using the same
3 R1 =Cinnamate, R6 = H . . L. .
4R1 = Cinnamate, R6 = B-OH ion-exchange resin conditions as before. Hydrolysis of the
5§ R1 = Cinnamate, R6 = a-OH cinnamate group by the same method as before gave the diol
6R1=H, R6=H . . i
7R1=Me, R6=H OH 11. Methylation led to a single monomethyl product, which was

shown to be the 6-methoxy produci3d) by an HMBC
correlation between C6 and one methoxy signal, plus the
downfield shift of the C6 signalliable 1). This regioselectivity
was explained by the much less hindered environment of C6.
Other attempts to differentiate between C1 and C6 led to the
formation of the 6-keto product (12), but this proved unstable
to the strongly basic conditions needed to hydrolyze the
cinnamate ester to take the route further. Variation in the
cinnamate group was achieved by catalytic hydrogenation of
11 R1 =H, R6 =0-OH dimethyl acetal to give the dihydrocinnamatel@), with no
13 R1 2 1 amate, Ko = ketone sign of reduction of the 78 double bond.

Figure 2. Fungicidal Activities. The natural product8—5 and syn-
thetic derivatives6—14 were tested in vivo against some

3-5and their different fungicidal activities (see below) encour- important food crop pathogenggble 3). In addition to the
aged us to synthesize derivatives of the natural products for activity of paxidal (3) against PHYTIN (late blight of tomatoes
testing. and potatoes),_ which was used to dir_e_ct its isolation, compound
Synthesis of Derivatives.The first set of derivatives was S Was also active againBlasmoparaviticola (PLASVI, grape
based on the most abundant paxic) probing the importance downy mildew). However, inhibition of both of these diseases
of the obvious functional groups, that is, the dialdehyde and fell off after 4 days Table 3).
cinnamate moieties. Reduction of the dialdehgde the diol This initial result prompted us to prepare and test synthetic
14 was readily achieved with sodium borohydride. Compound derivatives of paxidald), plus the co-occurring natural products
14 showed NMR signalsTables 1 and 2) around the diol ~ The natural 6-hydroxy compoundsand5 were more active
moiety similar to the corresponding signals in the naturally against PHYTIN and showed a broader spectrum of activity,
occurring diol derivative of polygodial (20). inhibiting Septoria nodoruniLEPTNO, glume blotch on wheat)
The dialdehyde functionality of paxidaB) was converted ~ @ndPuccinia graminis tritici(PUCCRT, wheat stem rustable
to a dimethyl acetal using ion-exchange resin. Only one major 3)- The synthetic paxidal derivatives and 14 also showed
diastereoisomes was formed, although four are possible. The interesting antifungal activitiesTable 3), so we synthesized
same treatment of polygodial) has been found to give two derivatives of 6a-hydroxypaxidal (5), the most active natural
dimethyl acetals, with the major product having both methoxy Product.
groupsa, and the minor product having &land 125(19). The Surprisingly, even though paxidal dimethyl acet8) bad
paxidal dimethyl aceta8, and the other dimethyl acetdls-13, shown a potency and spectrum of activity similar to thatef 6
all showed NOE interactions between H11 and Me15, suggest-hydroxypaxidal (5), 6a-hydroxypaxidal dimethyl acetd) (
ing 11o methoxy groups. No NOE interaction was observed showed a different spectrum of activity (Table 3). Compound
between H11 and H12, but molecular modeling suggested that9, and its dihydrocinnamate analogl@ were inactive against
these protons would be separated by over 3.5 A for either PHYTIN, LEPTNO, and PUCCRT, but were active against
geometry at C12. We propose 1Bwethoxy groups in dimethyl ~ Septoria tritici (SEPTTR, leaf spot on wheat). This change in
acetals8—13, on the basis of the similarity of odH NMR selectivity may be related to the greater stability of 6o-
data (Table 2) to that reported for the corresponding polygodial hydroxypaxidal dimethyl acetal (9) to mild acid hydrolysis,
11a,120-dimethyl acetal (19). We found that even the small compared to paxidal dimethyl acetd)( This was shown by
amount of acid present in some samples of deuteriochloroformthe greater stability of &-hydroxypaxidal dimethyl acetab}
was enough to cause hydrolysis of the ac8thhck to the free in deuteriochloroform, compared to paxidal dimethyl ace®al (
dialdehyde. Considering the potencies of the antifungal activities overall
Protection of the dialdehyde in dimethyl ace&hllowed (Table 3), some structureactivity relationships can be sug-
removal of the highly hindered cinnamate ester by hydrolysis gested. Substitution and orientation at C6 is important, with
under the relatively drastic conditions of heating a dimethyl- antifungal potencies in the following order:oéydroxy 5 >
sulfoxide solution with 25% potassium hydroxide to 56 6p-hydroxy4 > 6-deoxy3; and 6a-hydroxyd > 6-keto12. A
overnight. This gave thegthydroxy acetal, which was depro-  bulky and/or low polarity substituent at C1 is also important:
tected by mild acid hydrolysis to give thgg-hydroxydial (6). methoxy7 > cinnamate3 > hydroxy 6; and cinnamat® ~
The NMR spectra 06 (Tables 1and2) showed the expected dihydrocinnamatd0 > hydroxy11. The free dialdehyde is not

8 R1=Cinnamate, R6 =H
9 R1=Cinnamate, R6 = 0-OH
10 R1 = Dihydrocinnamate, R6 = o-OH
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essential for antifungal activity: dimethyl ace&?¥ dialdehyde
3 > diol 14.

This last finding was surprising, since the general biological
activity of polygodial @) is ascribed to the unsaturated dialde-
hyde functionality and its reactivity toward biological nucleo-
philes 8). Given the sensitivity of the acetalto acid-catalyzed
hydrolysis (see above), the activity ®may be due to a sort of

plants. 1. Polygodial, an anti-candida agent freseudowintera
colorata. Planta Med.1982,44, 134—138.

(8) Jansen, B. J. M.; de Groot, A. Occurrence, biological activity
and synthesis of drimane sesquiterpendii®. Prod. Rep2004
21, 449—-477.

(9) Hinkley, S. F.; Perry, N. B.; Weavers, R. T. Confirmation of
structure and absolute stereochemistry of 9-epi-beta-caryophyl-
lene fromDacrydium cupressinunPhytochemistryl994, 35,

controlled release d8, that is,8 is a pro-drug, itself not very
active but slowly releasing the poteBt

Sesquiterpene dialdehydes suchlaare especially active
against the yeast§. albicansand Saccharomyces cereuvisiae.
However, cinnamate-substituted sesquiterpene dialdeldyces
showed no activity again&. albicansin a disk diffusion assay
in which compound4 and2 showed strong activity (all at 60

1489—1494.

(10) Adou, E.; Williams, R. B.; Schilling, J. K.; Malone, S.; Meyer,
J.; Wisse, J. H.; Frederik, D.; Koese, D.; Werkhoven, M. C. M,;
Snipes, C. E. Cytotoxic diterpenoids from two lianas from the
Suriname rainforesBioorg. Med. Chenm2005 13, 6009-6014.

(11) Ricks, M. J.; Dent, W. H.; Rogers, R. B.; Yao, C.; Nader, B. S.;
Miesel, J. L.; Fitzpatrick, G. M.; Meyer, K. G.; Niyaz, N. M.;

Morrison, I. M.; Gajewski, R. P. Preparation, compositions and

g/ disk). On the other hand, compouridand?2 are not active : ' ! ! P
use of heterocyclic aromatic amino acids as fungicide€AN

against PHYTIN, since an extract &f colorata rich in these } - . i

compounds (Bwas not active against this plant pathogen. There 333'1012237,3?3 1’20'8(1)\'\' Agrosciences LLC: PCT Int. Appl,

do not seem to be any other reports of sesquiterpene dialdehydes(lz) Lorimer. S. D.: Barns. G.: Evans. A. C.: Foster. L. M. May, B

being active against the important food crop pathogens studied oy N I S Cutc ' ond antimioro.

here @). Therefore the sesquiterpene dialdehyde cinnamate pax- bial activity of plants from New Zealand’s subantarctic islands.

idal (3) and its derivatives might be the basis of a new class of Phytomedicinel 996, 2, 327—333.

crop protection agents, if stability problems could be overcome. (13) Al-Said, M. S.; El-Khawaja, S. M.; El-Feraly, F. S.; Hufford,
C. D. 9-deoxy drimane sesquiterpenes fréamella winterana.
Phytochemistry1 990,29, 975—-977.

(14) Gerard, P. J.; Perry, N. B.; Ruf, L. D.; Foster, L. M. Antifeedant
and insecticidal activity of compounds frofseudowintera
colorata (Winteraceae) on the webbing clothes mofineola
bisselliella (Lepidoptera: Tineidae) and the Australian carpet

C. H.; Perry, N. B.; Tangney, R. S. Cytotoxicity and antimicro-
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