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Sapinofuranones A and B, Two New 2(3H)-Dihydrofuranones Produced by
Sphaeropsis sapinea, a Common Pathogen of Conifers'
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Two new 5-substituted dihydrofuranones, named sapinofuranones A and B (1 and 2), were isolated from
liquid cultures of Sphaeropsis sapinea, a phytopathogenic fungus causing a wide range of disease symptoms
on conifers. A fungal strain isolated from Cupressus macrocarpa produced both 1 and 2 at concentrations
higher than those produced by the strain isolated from Cupressus sempervirens. Bioassay of 1 and 2
gave epinasty and brown discoloration on petioles of tomato leaves, sapwood stain on inner cortical tissues
of the stem of cypress seedlings, and yellowing and needle blight on pine seedlings. Compounds 1 and 2
were characterized, using spectroscopic and chemical methods, as two new 4-[(2Z,4E)-1-hydroxy-2,4-
hexadienyl]butan-4-olides, which are epimers at C-1 of the side chain. The absolute stereochemistry of
this chiral center, determined by application of the Mosher’'s method, proved to be S and R in 1 and 2,

respectively.

The taxonomy of Sphaeropsis sapinea (Fr.:Fr.) Dyko &
Sutton (Sphaeropsidales), an opportunistic pathogen of
more than 30 species of Pinus in 25 countries,! has been
the subject of considerable confusion and conflicting re-
ports. The pathogen occurs in coniferous forests throughout
the world and has been associated with significant eco-
nomic damage in exotic plantations in New Zealand,
Australia, and South Africa.23 S. sapinea also occurs in the
central and eastern United States causing severe damage
on both native and introduced species. In Michigan, Min-
nesota, and Wisconsin, two morphotypes of the pathogen
were recognized.* Isolates of the A morphotype were
aggressive on both red pine and jack pine, but B morpho-
type isolates caused severe symptoms only on jack pine.®
More recently, confirmation of two distinct populations of
S. sapinea in the North Central United States was carried
out by random amplified polymorphic DNA markers (RAP-
Ds).6 These observations opened a reconsideration of the
nature of the host—pathogen interaction.

To contribute to understanding their physiology we have
undertaken a study on the production and identification
of secondary metabolites produced by Sphaeropsis and
Diplodia species. Usually species belonging to the order of
Sphaeropsidales produce in vivo and in vitro toxic sub-
stances.” Furthermore, on the basis of the metabolic
behavior of the fungi, the metabolites can be used to better
characterize biologically S. sapinea f. sp. cupressi from
some strains of S. sapinea isolated from infected cypress
trees.

Recently, morphological, physiological, pathogenic, and
epidemiological studies on S. sapinea, S. sapinea f. sp.
cupressi, and Diplodia mutila suggested that great mor-
phological and physiological variability exists among dif-
ferent isolates of the fungal taxa examined.®® This paper
describes the isolation and chemical and biological char-
acterization of the main toxic metabolites produced by three
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strains of S. sapinea, isolated from infected cypress trees,
which proved to be chemically different from those pro-
duced in vitro by S. sapinea f. sp. cupressi and D. mutila
isolated from the same host plants.

Results and Discussion

Organic extracts of culture filtrates of all isolates of S.
sapinea showing a high phytotoxic activity on both the host
and non-host plants were purified by a combination of
column and TLC chromatography to give two main me-
tabolites (1 and 2), named sapinofuranones A and B. Strain
D-50, isolated from C. macrocarpa, produced in vitro a
concentration of both sapinofuranones (1, 63.3 mg/L; 2, 20
mg/L) higher than those recovered from strains D-54 (1,
16.7 mg/L; 2, 8.3 mg/L) and D-55 (1, 9.3 mg/L; 2, 6.3 mg/L)
isolated from C. sempervirens.

When assayed on host and non-host plants, 1 and 2
showed more toxic activity on inner bark tissues than on
external ones. Phytotoxicity was observed both on herba-
ceous non-host plants such as tomato, and on host plants
such as cypress and pine. Symptoms appeared on severed
twigs of the cypress and pine species or on cuttings of the
herbaceous plants, after toxin absorption and after injection
of a toxic solution into the cortical tissues of 2-year-old pine
and 3-year-old cypress trees. Browning or yellowing was
observed on severed twigs of cypress and pine, respectively.
Sapwood-stain-like symptoms were observed on young
active zone wood contiguous to cambium of cypress seed-
lings, while a severe withering of needles appeared on
2-year old pine seedlings. Tomato plants were also affected
by both compounds: epinasty and brown discoloration
appeared on petiols and leaves.

As deduced from HREIMS, 1 had a molecular formula
of CioH1403. From this it was possible to deduce the
presence of four unsaturations or rings. IR bands typical
of y-lactone and diene groups were observed together with
that of at least one hydroxy group.1® A conjugated diene
system was indicated by a characteristic UV absorption
maximum at 228 nm.!! These structural features were
consistent with the signal patterns observed in 'H and 13C
NMR spectra (Table 1). The IH NMR spectrum showed four
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Table 1. H and 13C NMR Spectral Data of Sapinofuranones A and B (1 and 2)2

10 2
C o 1Hs J (Hz) 5 146 J (Hz)
1 177.4 (s) 177.0 (s)
2 28.5 () 2.60 (m) 28.4 (1) 2.61 (m)
2.50 2.52
3 21.4 (1) 2.20 (m) 23.7 (1) 2.22 (m)
2.09 (m)
4 82.2 (d) 4.51 (dt) (7.2,3.1) 82.8 (d) 4.45 (dt) (7.1,5.5)
5 68.7 (d) 4.88 (dd) (8.4,3.1) 70.1 (d) 4.80 (dd) (10.2, 5.5)
6 123.7 (d) 5.20 (dd) (11.0, 8.4) 123.2 (d) 5.31 (dd) (11.0, 10.2)
7 133.1 (d) 6.15 (dd) (11.2, 11.0) 133.0 (d) 6.19 (dd) (11.8, 11.0)
8 126.0 (d) 6.30 (ddq) (13.7,11.2, 1.8) 126.0 (d) 6.36 (br dd) (13.8, 11.8)
9 133.8 (d) 5.82 (dq) (13.7, 6.8) 134.0 (d) 5.86 (dq) (13.8,6.7)
10 18.3 (q) 1.80 (dd) (6.8, 1.8) 18.4 (q) 1.82 (dd) (6.7,1.3)

a The chemical shifts are in 0 values (ppm) from TMS. P 2D tH—1H (COSY) and 2D 3C—1H (HMQC) NMR experiments delineated the
correlations of all protons and the corresponding carbons. ¢ Multiplicities determined by DEPT spectra.

signals typical of olefinic protons belonging to trans- and
cis-disubstituted double bonds of a diene system.?? In
particular, the doublet of double quartets at 6 6.30 (H-8)
was coupled in the COSY spectrum,’® with H-9 of the trans-
disubstituted double bond (6 5.82) being also coupled with
a terminal methyl group (CHs-10), which resonated at ¢
1.80 with typical cis-allylic coupling to H-8.12 The latter
also correlated with H-7 of the cis-disubstituted double
bond resonating at ¢ 6.15, which in turn was coupled with
H-6 appearing at ¢ 5.20. The multiplicity of H-6 was due
to further coupling with the H-5 of an adjacent secondary
hydroxylated carbon. This resonated at 6 4.88 and was also
coupled with H-4 of another oxygenated secondary carbon,
which in turn appeared at ¢ 4.51 and was finally coupled
with the protons of an adjacent methylene group (CH5-3).
The methylene protons resonated as complex systems at o
2.60 and 2.50, being further coupled with the protons of
another adjacent methylene group (CH,-2) appearing as a
very complex system centered at 6 2.20. The chemical shifts
of the protons of the two methylene groups as well as that
of H-4 were in good agreement with the values reported
for y-lactone derivatives.’?2 The presence of this partial
structure in 1 was consistent with two residual unsatura-
tions calculated considering the diene system and the very
typical y-lactone shift at 6 177.4 (C-1)14 observed in its 13C
NMR spectrum for the carbonyl group. As also expected
13C-chemical shifts measured for the hydroxylated second-
ary carbon closing the butanolide ring (C-4) and the two
methylene groups (C-2 and C-3) agreed with the values
reported for y-lactone derivatives.** In addition to the four
doublets typical of the carbons of the diene system, the 13C
NMR spectrum also showed those of the other secondary
hydroxylated carbon (C-5) and the methyl group (C-10) at
0 68.7 and 18.3, respectively.

On the basis of these findings and considering the
molecular formula of CjoH;403, sapinofuranone A (1)
proved to be a new 5-substituted-dihydro-2(3H)furanone
bearing a 1-hydroxy-2,4-hexadienyl side chain at C-4. This
structure was supported by HREIMS of 1, which showed
fragmentations typical of a substituted y-lactone derivative
having a hydroxy group.t?1> The molecular ion [M]* at m/z
182, losing, in succession, H,O and Me, generated ions at
m/z 164 (C1oH120,) and 149; while alternative loss of the
side chain (CsHgO;) produced the ion (base peak) at m/z
85. The hydroxylated hexadienyl side chain generated the
ion at m/z 97 (CgHy0,), which, by loss of H,O, yielded m/z
79.

The structure of 1 was further confirmed by preparation
of its corresponding 5-O-acetyl derivative (3). The 'H NMR
of 3 differed from that of 1 only in the downfield shift (Ao
0.96) of H-5, which appeared as a multiplet, being over-

Table 2. H and '3C NMR Data of the (R)-(+)- and
(S)-(—)-a-Methoxy-a-trifluorophenylacetate (MTPA) Esters of
Sapinofuranone A (4 and 5) and B (6 and 7)2

compound Ph OCH3 H-4 H-5 H-6
4b 7.50-7.36 m 354s 456dt 6.19dd 5.17dd
5b 751-7.36 m 350s 4.62dt 6.12dd 5.01dd
6° 7.50-7.40m 356s 4.62dt 590md 5.07 dd
7° 7.54-7.40m 355s 458dt 5.93md 5.30dd

a Chemical shifts are in ¢ values (ppm) from TMS. b¢ The other
proton resonances were very close to those of 1 and 2, respectively.
¢J (Hz) 4, 5: 3,4=7.3; 4,5=3.2; 5,6=9.5; 6.7=10.2; 6,7: 3,4=7.2;
4,5=6.0; 5,6=10.2; 6,7=11.1. 9 This signal overlapped that of
H-9.

lapped with the signal of H-9 (6 5.84), and in the acetyl
singlet at 6 2.07. Its EIMS showed the expected molecular
ion [M]* at m/z 224 and ions generated by consecutive
losses of CH,CO and the side chain (C¢HgO;) (m/z 182 and
85). Alternative loss of HOAc from the molecular ion
produced the ion at m/z 164. Moreover, the acetylated side
chain yielded a significant ion at m/z 139, which, by
consecutive losses of CH,CO and H,O, generated ions at
m/z 97 (base peak) and 79, respectively. Therefore, sapi-
nofuranone A is 4-[(2Z,4E)-1-hydroxy-2,4-hexadienyl]bu-
tan-4-olide (1).

Sapinofuranone B (2) showed the same molecular for-
mula, C1oH1403, and gave 'H NMR, 13C NMR, HREIMS,
IR, and UV spectra very similar to those of 1, indicating
that 1 and 2 were isomers. Compounds 1 and 2 gave
different optical rotations and different chromatographic
behaviors in two solvent systems. Therefore, it was hy-
pothesized that 2 was a diastereomer of 1. Comparison of
the coupling constants of 1 and 2, showed that the
couplings (J45 = 3.1 and Js¢ = 8.4 Hz and J,5 = 5.5 and
Jse = 10.2 Hz) between H-5 and both H-6 and H-4 in 1
and 2, respectively, were the only substantial differences.
These differences indicated that 2 was the C-5 epimer of
1.

This conclusion was in agreement with the opposite
absolute configuration determined at C-5 for both metabo-
lites using Mosher’s method.1617 Sapinofuranone A (1) was
converted to the diastereomeric (R)-(+)-a-methoxy-a-tri-
fluorophenylacetate (MTPA) (4) and the (S)-(—)-MTPA (5)
esters; accurate *H NMR studies were carried out on both
derivatives. Comparison of the IH NMR data of 4 with
those of 5 (Table 2) showed a downfield shift (Ad 0.16) of
H-6 along with an upfield shift (Ad 0.06) of H-4. These data,
in conjunction with the literature data,'®” allowed assign-
ment of the S-configuration at C-5 in 1. Whereas, compar-
ing the 'H NMR data of the (R)-(+)-MTPA (6) and (S)-(—)-
MTPA (7) esters (Table 2) obtained from 2, an upfield shift
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(A6 0.23) of H-6 along with a downfield shift (A6 0.04) of
H-4 was observed. On the basis of the same reference
data’®17 it was possible to assign the R-configuration at
C-5 in 2, which is opposite to that of 1 and therefore in
agreement with their epimeric nature as found by the
inspection of their NMR data.

2
N s/ N\
[o] Cc .
/ \ 7 6 H
H /C C\
H H
1R;=0OH, Ry=H 4 R{=0-A-(+)-MTPA*, Ry=H
2 Ry=H, R,=OH 5 R=0-5-(-)-MTPA*, Ry=H
3 R;=OAc, R,=H 6 Ry=H, Ry=0-R-(+)-MTPA*

7Ry=H, Ry=0-5-(-)-MTPA*

CF;
*MTPA=Ph—C—CO

OCH,

The butanolide nature of 1 and 2 is rare in natural
products.® These compounds are closely related to buteno-
lides and tetronic acids, which are well known as plant,
fungal, and lichen metabolites that also exhibit interesting
biological activities.® Among these are the seiridins, which
are the 3,4-dialkylbutenolides isolated from culture filtrates
of three species of Seiridium that produce canker disease
on cypress.?°

Experimental Section

General Experimental Procedures. Optical rotations
were measured in CDCI; on a Perkin—Elmer 243B polarim-
eter; IR and UV spectra were determined neat and in MeOH,
respectively, on a Perkin—Elmer IR FT-1720X spectrometer
and a Perkin—Elmer Lamda 3B spectrophotometer. *H and
13C NMR were recorded at 500 or 250 and at 125 or 62.5 MHz,
respectively, in CDCls;, on DRX 500 and AM 250 Bruker
spectrometers. The same solvent was used as internal stan-
dard. Carbon multiplicities were determined by DEPT spec-
tra.’* DEPT, COSY-45, HMQC,* and HMBC? NMR experi-
ments were performed using Bruker microprograms. EIMS
and HREIMS were taken at 70 eV on a Fisons Trio-2000 and
a Fisons ProSpec spectrometer, respectively. Analytical and
preparative TLC were performed on Si gel (Merck, Kieselgel,
60 F2s4, 0.25 and 0.50 mm, respectively) or on reversed-phase
(Whatman, KC18 F4, 0.20 mm) plates; the spots were
visualized by exposure to UV and/or by spraying with 10% H,-
SO, in MeOH and then with 5% phosphomolybdic acid in
MeOH, followed by heating at 110 °C for 10 min. Column
chromatography was performed on Si gel (Merck, Kieselgel,
60, 0.063—0.20 mm).

Fungal Isolates. The S. sapinea strains used in this study
were collected from Cupressus species from various locations
in the Apulia region of southern of Italy. Isolate D-50 was
obtained from infected cortical tissues of C. macrocarpa
Hartw., whereas isolates D-54 and D-55 were from C. sem-
pervirens L. Each culture originated from a single conidium.
Each isolate was grown on potato—sucrose (2%)—agar medium
(PSA) in Petri dishes and then transferred to slants containing
the same substrate, at 25 °C for 2 weeks. Monoconidial isolates
(numbered: D-50, D-54, and D-55, respectively) were main-
tained at 5 °C in the fungal collection of the “Dipartimento di
Patologia Vegetale, Universita di Bari,” Italy.

Production, Extraction, and Purification of Sapino-
furanones. Isolates D-50, D-54, and D-55 of S. sapinea were
grown in stationary culture in 1-L Roux flasks containing 150
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mL of a modified Czapek medium with 2% corn meal (pH 5.7).
Each flask was seeded with 5 mL of a suspension of three
culture tubes (10-day-old cultures) in 50 mL of sterile medium.
The flasks were incubated at 25 °C for 30 days in the dark. At
harvest, the mycelium mat was removed by filtration on
Myracloth (Calbiochem). The culture filtrates (3 L each; D-50,
pH 6.0; D-54, pH 6.3, and D-55, pH 7.0) were acidified to pH
4 with 2 M of HCI and extracted with EtOAc (4 x 1.5L). The
combined organic extracts were dried (Na,SO,4) and evaporated
under reduced pressure to give red-brown oil residues (D-50,
942 mg; D-54, 458 mg, and D-55, 1060 mg) having high
phytotoxic activity. TLC analysis on Si gel, eluent CHCI;—i-
PrOH (95:5), of these showed a main metabolite at R¢ 0.44.
The crude residue (942 mg) from the D-50 isolate was chro-
matographed by column chromatography eluted with the same
solvent system to afford 13 fractions, of which 1, 2, 5, 7, and
9—12 showed phytotoxic activity. The residue (361 mg) from
fraction 5, containing the major metabolite, was a mixture of
two metabolites by TLC on Si gel and reversed-phase, using
petroleum ether—Me,CO (7:3) and H,O—EtOH (7:3) as solvent
systems, respectively. The latter was separated by preparative
reversed-phase TLC, eluent H,O—EtOH (7:3), to give sapino-
furanones A (1, 190 mg, 63.3 mg/L) and B (2, 60 mg, 20 mg/
L), respectively, both homogeneous oils [Rr 0.44, 0.47, and 0.43
and R;0.44, 0.34, and 0.48, by Si gel and reversed-phase TLC,
eluent systems CHCI;—i-PrOH (95:5), petroleum ether—Me-
CO (7:3), and H,O—EtOH (7:3), respectively]. When the same
procedure was applied to the organic crude extract (0.458 and
1.060 g) of culture filtrates of isolates D-54 and D-55, 1 and 2
were obtained at lower concentrations (16.7 and 8.3 mg/L and
9.3 and 6.3 mg/L, respectively) in comparison to the isolate D-50.

Sapinofuranone A (1): colorless oil; [0]*°5 +65.2° (¢ 1.3);
UV Amax NM (log €) 228 (4.16); IR vmax 3415, 1762, 1655 cm™1;
'H and *C NMR, see Tables 1. HMBC correlations H-2/C-1,
C-4; H-2'/C-1, C-4; H-3/ C-1, C-4, C-5; H-3'/ C-1, C-4, C-5; H-6/
C-7, C-8; H-7/C-5, C-9; H-8/C-10; H-9/ C-6, C-7, C-8; H-10/C-
6, C-8, C-9. HREIMS m/z (rel int.) 182 [M]* (3), 167 (0.5),
164.0827 (calcd for C1oH1,0,, 164.0837) (42) [M — H,0]*, 149
(5), 97.0670 (calcd for CgHgO;, 97.0653) (85) [CeHoO1 (side
chain)]*, 85 (100), 79 (14).

Sapinofuranone B (2): colorless oil; [a]?°» —18.9° (c 0.57);
UV Amax NM (log €) 226 (4.13); IR vmax 3447, 1773, 1654 cm™;
IH and *C NMR, see Tables 1. HREIMS m/z (rel int.) 182 [M]*
(0.2), 167 (0.3), 164.0849 (calcd for C1oH120,, 164.0837) (42)
[M — H,0]*, 149 (1), 97 (100), 85 (61), 79 (14).

5-O-Acetylsapinofuranone A (3): sapinofuranone A (1, 6
mg) was acetylated with pyridine (300 xL) and Ac,O (300 uL)
at room temperature overnight. The oily residue, left by the
reaction workup, was purified by preparative TLC on Si gel
(petroleum ether—Me,CO, 7:3) to give 3 as a homogeneous
compound (7 mg): UV Amax NmM (log €) 228 (4.15); IR vmax 1776,
1736, 1654 cm™1; 'H NMR differed from that of 1 in the
following signal systems 6 5.84 (2H, m, H-5 and H-9), 2.07
(3H, s, MeCO); EIMS m/z (rel int.) 224 [M]* (2), 182 (3), 164
(5), 153 (12), 139 (24), 97 (100), 85 (99), 79 (23).

(R)-(+)-a-Methoxy-a-trifluorophenylacetate (MTPA)
Ester of Sapinofuranone A (4). (R)-(+)-MTPA-CI (20 ulL)
was added to sapinofuranone A (1, 9 mg), dissolved in dry
pyridine (200 x«L). The mixture was allowed to stand at room
temperature. After 1 h, the reaction was complete, and MeOH
was added. The pyridine was removed by a N, stream. The
residue was purified by preparative TLC on Si gel (petroleum
ether—Me,CO, 7:3) affording 4 as an oil (10.2 mg): UV Amax
nm (log €) 229 (4.18); IR vmax 1781, 1756, 1655, 1603 cm™; 'H
NMR is reported in Table 2; EIMS m/z (rel int.) 398 [M]" (11),
313 (13), 285 (4), 189 (100), 181 (21), 164 (99), 85 (99), 77 (99),
65 (40).

(S)-(—)-o-Methoxy-a-trifluorophenylacetate (MTPA) Es-
ter of Sapinofuranone A (5). (S)—(—)-MTPA-CI (20 uL) was
added to sapinofuranone A (1, 9 mg), dissolved in dry pyridine
(200 uL). The reaction was carried out under the same con-
ditions used for preparing 4 from 1. Purification of the crude
residue by preparative TLC on Si gel (petroleum ether—Me,-
CO, 7:3) yielded 5 as an oil (10.4 mg): UV, IR, and EIMS were
very similar to those of 4; 'H NMR is reported in Table 2.
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(R)-(+)-a-Methoxy-o-trifluorophenylacetate (MTPA)
Ester of Sapinofuranone B (6). The ester derivative 6 was
obtained from 2 (3.6 mg) as described for preparing 4 from 1.
The pure oil 6 (4.5 mg) had UV, IR, and EIMS very similar to
those of 4; 'H NMR is reported in Table 2.

(S)-(—)-o-Methoxy-a-trifluorophenylacetate (MTPA) Es-
ter of Sapinofuranone B (7). The ester derivative 7 was
obtained from 2 (3.2 mg) as described for preparing 5 from 1.
The pure oil 7 (3.2 mg) had UV, IR, and EIMS very similar to
that of 4; *H NMR is reported in Table 2.

Toxin Bioassays. Culture filtrates, their chromatographic
fractions, and pure substances were assayed for phytotoxicity
using severed twigs of cypress (C. sempervirens var. pyrami-
dalis, C. macrocarpa var. lambertiana, and C. arizonica) and
pine (Pinus halepensis L., P. radiata L.). For the experiments,
the apical parts of the twigs, approximately 12 cm long, were
used. The cuttings were taken from young cypress and pine
seedlings (3 years old and 2 years old, respectively) grown in
the greenhouse at 25—27 °C and 60—70% relative humidity.
During the bioassay, the severed twigs were maintained in a
growth chamber at relatively low relative humidity (60%),
temperature (23 °C), and light (150 mmol x m=2 x s™1). The
phytotoxicity of both 1 and 2 was also tested on a nonhost
herbaceous plant (tomato: Lycopersicon esculentum L. var.
Marmande). Seedlings of tomato were grown in a growth
chamber at 25 °C and 70—80% relative humidity exposed to a
luminous flux of 400 mmol x m=2 x s~* with a 12 h photope-
riod. Cuttings were taken from 21-day-old seedlings. The pure
substances were tested at concentrations of 0.1—0.2 mg x mL™?*
on cypress and pine and 0.05-0.1 mg x mL™! on tomato
cuttings, respectively. The toxicity of these solutions was
evaluated by placing the test plant parts (cypress and pine
cuttings for 96 h and tomato cuttings for 48 h) in the assay
solution (3 mL) and then transferring them to distilled H,O.
Symptoms developed within 2 days on tomato and within 21
days on cypress and pine. A solution of 1 and 2 (0.1 mg x mL™?)
was also injected into the cortical tissue of 3-year-old cypress
seedlings or into 2-year-old pine seedlings, at a distance of 25
cm from the apex.
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