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Pyriculins A and B, two monosubstituted hex-4-ene-2,3-diols and other
phytotoxic metabolites produced by Pyricularia grisea isolated from

buffelgrass (Cenchrus ciliaris)
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Abstract: Pyricularia grisea has been identified as a foliar pathogen on buffelgrass (Cenchrus ciliaris) in North America and

was studied as a potential source of phytotoxins for buffelgrass control. Two monosubstituted hex-4-ene-2,3-diols, nhamed
pyriculins A and B, were isolated from its culture filtrate organic extract together with (10S,11S)-(-)-epipyriculol, trans-3,4-
dihydro-3,4,8-trihydroxy-1(2H)-napthalenone and (4S)-(+)-isosclerone. Pyriculins A and B were characterized by
spectroscopic (essentially NMR, HRESIMS) and chemical methods as (4E)-1-(4-hydroxy-1,3-dihydroisobenzofuran-1-
yh)hex-4-ene-2,3-diols. The relative and absolute configuration of these compounds was determined by a combination of
spectroscopic (NMR, CD) and computational tools.When bioassayed in a buffelgrass coleoptile and radicle elongation test,
(10S,11S)-(-)-epipyriculol proved to be the most toxic compound. Seed germination was much reduced and slowed with
respect to the control and radicles failed to elongate. All five compounds delayed germination, but only (10S,11S)-(-)-
epipyriculol was able to prevent radicle development of buffelgrass seedlings. It had no effect on coleoptile elongation, while

the other four compounds caused significantly increased coleoptile development relative to the control.
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Introduction

Cenchrus ciliaris L. (syn. Pennisetum ciliare L.), also
known as buffelgrass or African foxtail grass, was introduced in
northwestern Mexico and southwestern United States during the
1950's as a forage plant for cattle.” Its fast growth, resistance to
heavy grazing, drought tolerance and forage value promoted its
exponential growth as an important pasture grass in many semi-
arid regions of the world including Texas.?® Unfortunately,
buffelgrass started to spread into undisturbed natural areas and
since the 1980’s it has become one of the most serious invaders
in some parts of its introduced range.*® Particularly dramatic is
the situation in the Sonoran Desert of southern Arizona,”"!
where it has infested thousands of acres of public and private
lands, including Saguaro National Park and the Coronado and
Tonto National Forests. Buffelgrass invasion has negatively
influenced native vegetation through competition for water,
nutrients and space, and it has also caused an increased in fire
frequency.'? At present, the only weapons available to deal with
buffelgrass invasion into natural ecosystems are broad-spectrum
herbicides (e.g., glyphosate) and physical removal with hand
tools."® The use of synthetic pesticides may select for resistance
in target plants, and their residues in agricultural products can
have long term risks for human and animal health. Phytotoxins
produced by weed pathogenic fungi present an efficient
alternative for the design of natural and potentially safe
herbicides to be used in innovative biocontrol strategies.'* For
example, different phytotoxic metabolites were isolated from
Pyrenophora semeniperda, a potential biocontrol agent for the
weed Bromus tectorum, and their potential herbicidal activity was
evaluated.'>"® Three foliar pathogens (Cochliobolus australiensis,
Nigrospora sphaerica and Pyricularia grisea) that are potential
sources of candidate phytotoxins for buffelgrass control have
been identified on buffelgrass in its North American range.

Recently, from the culture filtrate of one of these pathogens,
Cochliobolus australiensis, a new phytotoxin, named cochliotoxin,
was isolated together with the known compounds radicinin,
radicinol and their 3-epimers. Cochliotoxin showed strong
phytotoxicity when bioassayed in a buffelgrass coleoptile
elongation test and by leaf puncture bioassay against the host

weed.?® A second buffelgrass foliar pathogen is Pyricularia
grisea (teleomorph Magnaporthe grisea), which is now
considered to be distinct from the rice blast pathogen M. oryzae.
It is known from a broad spectrum of warm season grass hosts.
It is the only foliar pathogen that has been recorded to reach
epidemic levels that severely damage buffelgrass in the field.?"??
An epidemic blight disease caused by this organism in Texas
during a series of unusual weather years prompted a search for
a blight-resistant buffelgrass strain.2®> This generalist pathogen
exists in nature as a series of host-specific taxa and is known to
include strains that produce host-specific phytotoxins, notably on
crabgrass (Digitaria sanguinalis).?*
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TABLE 1 'H NMR data of 1 and 2 recorded in acetone-ds at 600 MHz*®

Chirality

184 (Jin Hz)
position lwasaki et al. (acetone
ds)
1 5.03dd (J=12.2, J=2.1) 5.02 (2H, br. s)
4.93d (J=12.2)
4 6.67 d (J=7.7) 6.68 (1H, d, J=8.0)¢
5 711t (J=7.7) 7.12 (1H, t, J=8.0)
6 6.67 d (J=7.7) 6.68 (1H, d, J=8.0)¢
8 5.40 ddd (J=9.7, J=2.5, J=2.1) 5.42 (1H, t, J=6.0)
9 1.84 ddd (J=14.5, J=9.8, J=2.5) 1.80 (2H, q, J=6.0, 4.0)
1.76 ddd (J=14.5, J=9.7, J=2.2)
10 3.83ddd (J=9.8,J=3.8, J=2.2) 3.7-4.1 (1H, m)
11 3.97 dd (J=6.4, J=3.8) 3.7-4.1 (1H, m)
12 5.57 br dd° (J=15.4, J=6.4) 5.52 (1H, q, J=15.0, 6.0)
13 5.68 dq (J=15.4, J=6.3) 5.75 (1H, o, J=15.0, 6.0)
14 1.66 br d° (J=6.3) 1.73 (3H, d, J=6.0)

2 34 (Jin Hz)
lwasaki et al. (acetone ds)

5.08 dd (J =12.0)
4.97 d (J =12.0)

5.10 (1H, d, J=12.5)
4.97 (1H, d, J=12.5)

6.75d (J=7.5) 6.67 (1H, d, J=8.0)
712t (J=7.5) 7.10 (1H, t, J=8.0)
6.75d (J=7.5) 6.90 (1H, d, J=8.0)

5.38 dd (J=8.4, J=4.6)
2.03 ddd (J=14.6, J=4.6, J=3.6)

5.20-5.50 (1H, diffused q)
1.97 (1H, s, J=13.0, 4.0, 4.0)

1.77 ddd (J=14.6, J=9.0, J=8.4) 1.77 (1H)
3.84 ddd (J=9.0, J=3.7,J=3.6) 3.7 (1H, m)
3.97 dd (J=6.1, J=3.7) 3.7 (1H, m)

5.60 brdd® (J=15.4, J=6.1)
5.71dq (J=15.4, J=6.3)
1.67 brd° (J=6.3)

5.55 (1H, g, J=15.0, 5.0)
5.77 (1H, o, J=15.0, 5.0)
1.70 (3H, d, J=5.0)

@ The chemical shifts are in § values (ppm) from TMS. ° The multiplicity of the signal and the coupling constants reported were measured by
double resonance 'H NMR spectra. ° These protons were also long range coupled (J<1 Hz).¢ These signals were overlapped.

It therefore seems logical to investigate whether strains
from buffelgrass also produce phytotoxins with some degree of
selective action.

This manuscript reports on the isolation and chemical and
biological characterization of two monosubstituted hex-4-ene-
2,3-diols, named pyriculins A and B (1 and 2; Fig. 1) together
with  (10S,118)-(-)-epipyriculol,??7  trans-3,4-dihydro-3,4,8-
trinydroxy-1(2H)-napthalenone?®?® and (4S)-(+)-isosclerone30-3
(3, 4 and 5, respectively; Fig. 1).

Materials and Methods
GENERAL EXPERIMENTAL PROCEDURES

Optical rotations were measured in solution on a Jasco P-1010
digital polarimeter (Japan, Tokyo); IR spectra were recorded as
glassy film on a Perkin-Elmer (Waltham, Massachusetts, USA)
Spectrum One FT-IR spectrometer; UV spectra were recorded in
MeOH or acetonitrile solutions on a Perkin-Elmer Lambda 25
UV/Vis spectrophotometer and a Jasco V-650 spectrophotomer;
ECD spectra were recorded on a Jasco J-715
spectropolarimeter, in acetonitrile solutions and quartz cells with
0.01-0.05 cm path-length. '"H and ®C NMR spectra were
recorded at 600, 500 and 400, and at 150, 125 and 100 MHz,
respectively, in CDCl;, CD3sOD or acetone-ds on Varian (Palo
Alto, California, USA) and Bruker (Karlsruhe, Germany)
spectrometers. The same solvent was used as an internal
standard. Carbon multiplicites were determined by DEPT
spectra.®® DEPT, COSY-45, HSQC, HMBC and NOESY
experiments®® were performed using Bruker or Varian
microprograms. HRESIMS and ESI spectra were recorded on
Shimadzu (Kyoto, Japan) LCMS-IT-TOF Mass Spectrometer and
Agilent (Milan, Italy) 6230 Accurate-Mass TOF LC/MS
instruments. Analytical and preparative TLC were performed on
silica gel (Kieselgel 60, F2s4, 0.25 and 0.5 mm respectively;
Merck, Darmstadt, Germany) or on reverse phase (KC18 Fys4,
0.20 mm; Whatman, Maidstone, UK) plates; the spots were
visualized by exposure to UV light and/or iodine vapors and/or
by spraying first with 10% H»>SO. in MeOH, and then with 5%
phosphomolybdic acid in EtOH followed by heating at 110 °C for
10 min. CC: silica gel (Merck, Kieselgel 60, 0.063-0.200 mm).

FUNGAL STRAIN

The P. grisesa strain used in this study (SNM22) was isolated
from diseased buffelgrass tissue collected in Saguaro National
Monument, Arizona, USA in autumn 2014.

EXTRACTION AND PURIFICATION

The strain of P. grisea was grown on PDB (potato dextrose
broth) culture at laboratory temperature by inoculating 3 L of

sterile broth in 1 L Erlenmeyer flasks with fragments of mycelial
mat produced on PDA (potato dextrose agar) and incubating in
shaker culture for 14 days. Mycelium was then removed from the
medium by centrifugation and filtering, and the resulting filtrates
were lyophilized and frozen at =20 °C. The lyophilized culture
filtrate (3 L) was dissolved in distilled H,O (1/10 of its original
volume, pH 8), and then extracted with EtOAc (3 x 300 ml). The
organic extracts were combined, dehydrated with anhydrous
Na,SO, and evaporated under reduced pressure, yielding a
brown oil (212.8 mg). This oil was purified by CC eluted with
CHCI3/i-PrOH (9:1, viv), yielding eleven groups of homogeneous
fractions. The residue of the third fraction (11.7 mg) was further
purified by TLC on silica gel eluted with CHCIs/i-PrOH (9:1, v/v)
yielding epi-pyriculol (3, 7.79 mg, Rr0.57, Fig.1) and isosclerone
(5, 1.19 mg, Rr 0.66, Figure 1) as amorphous solids. The
residue of the fourth (10.4 mg) and fifth (24.1 mg) fractions were
combined and further purified by TLC on reverse phase, eluent
MeOH/HO (6:4, v/v), yielding pyriculin B (2, 8.2 mg, Rr 0.40,
Figure 1) as an oily homogeneous compound. The residue of the
seventh fraction (29.7 mg) was further purified by TLC eluted two
times with petroleum ether/Me,CO (6.5:3.5, v/v) obtaining a
white amorphous solid named pyriculin A (1, 7.76 mg, Rr 0.44,
Figure 1), and ftrans-3,4-dihydro-3,4,8-trihydroxy-1(2H)-
napthalenone (4, 2.5 mg, Rr0.56, Fig. 1) as an amorphous solid.

Pyriculin A (1)

[]®p -8.6 (¢ 0.07 in EtOH); 'H and '*C NMR see Table 1 and 2;
IR: vmax = 3338, 1599, 1468, 1375, 1282 cm™"; UV-vis (MeOH):
Amax (log €) = 270 (3.40), 278 (3.36) nm; HRMS (ESI, m/z): [M +
Na]* calcd for C14H1gNaOy, 273.1103; found, 273.1111.

Pyriculin B (2)

[0]*p +3.8 (¢ 0.03 in EtOH); 'H and '*C NMR see Table 1 and
2; IR: vmax = 3339, 1599, 1469, 1375, 1294 cm™"; UV-vis (MeOH):
Amax (log €) 270 (3.41), 278 (3.38) nm; HRMS (ESI, m/z): [M +
Na]* calcd for C14H1sNaOs4, 273.1103; found, 273.1106.

(10S,11S)-(-)-Epipyriculol (3)

[a]?®p -31.2 (¢ 0.07 in CHClIs) [lit.?%: [a]?%p -31 (¢ 0.41 in CHCI5)];
'"H NMR spectrum was very similar to that previously
described;?5?” ESIMS (m/z): 287 [M + K]*, 271 [M + Na]*.

trans-3,4,8-Trihydroxy-3,4-dihydronaphthalen-1(2H)-one (4)
[0]?% -41.8 (¢ 0.02 in MeOH) [Iit.2% [o]%p -36.0 in MeOH]; 'H
NMR spectrum was very similar to that previously described;?%-2°
ESIMS (m/z): 217 [M + NaJ*, 195 [M + HJ*.

(4S)-(+)-isosclerone (5)
[a% +16.8 (¢ 0.01 in CHCl) [lit™ [o]% +24.5 (c 0.14 in
CHCI3)]; "H NMR spectrum was very similar to that previously



described;® ESIMS (m/z): 217 [M + K]*, 201 [M + NaJ*, 179 [M +
HJ*.

2-Phenyl-1,3,2-dioxaborolane of pyriculin A (1a)

A solution of 1 (approx. 1.5 mg, 6 umol) in acetone-ds (0.5 mL)
was treated with phenylboronic acid 0.5 M in acetone-ds (25 pL,
12 umol). The progress of the derivatization reaction was
monitored by 'H NMR, which showed essentially complete
consumption of 1 within 90 min at r.t. The mixture was directly
characterized by NMR while ECD spectra were recorded in
acetonitrile.

'"H NMR (600 MHz, acetone- ds): 1.71 (br d, J = 7.0 Hz, 3H, H-
14), 2.03-2.10 (m, 2H, H-9), 4.96 (ddd, J = 2.5, 7.8, 10.7 Hz, 1H,
H-11),4.99 (br d, J = 12.7 Hz, 1H, H-1A), 5.07 (dd, J = 3, 12 Hz,
1H, H-1B), 5.08 (br t, J = 10 Hz, 1H, H-10), 5.45 (br d, J = 9.8 Hz,
1H, H-8), 5.63 (ddq, 15.2, 7.8, 1.6 Hz, 1H, H-12), 5.83 (dq, 15.2,
7.0 Hz, 1H, H-13),6.75(d, J=7.9, 1H, H-4),6.77 (d, J = 7.9, 1H,
H-6), 712 (t, J=7.9, 1H, H-5), 7.34 (t, J = 7.6, 1H, H-4"), 7.41 (t,
J =76, 2H, H-3', H-5), 7.83 (d, J = 7.6, 2H, H-2', H-6).
Additional peaks were detected in the region 7.3-7.9 ppm due to
residual phenylboronic acid. No residual peaks of unreacted 1
were detected.

COMPUTATIONAL SECTION

Molecular mechanics and preliminary DFT calculations were run
with Spartan16 (Wavefunction, Inc., Irvine CA, 2017), with
standard parameters and convergence criteria. DFT and TDDFT
calculations were run with Gaussian’16%* with default grids and
convergence criteria. Conformational searches were run with the
Monte Carlo algorithm implemented in Spartan16 using Merck
molecular force field (MMFF). The conformers thus obtained
were optimized with DFT first at ®B97X-D/6-31G(d) level and
then at the ©B97X-D/6-311G+(d,p) level. TDDFT calculations
were run with CAM-B3LYP functional and def2-SVP or def2-
TZVP basis set in vacuo. A second functional (B3LYP) was also
tested. Average ECD spectra were computed by weighting
component ECD spectra with Boltzmann factors at 300K
estimated from DFT internal energies. All conformers with
population > 1% at 300K were considered. ECD spectra were
generated using the program SpecDis,® using dipole-length
rotational strengths; the difference with dipole-velocity values
was negligible in all cases. Spin-spin coupling constants were
estimated by means of Karplus-type equations: the Haasnoot-de
Leeuw-Altona®® equation including the necessary chemical
groups for S3Juion11 and the 3J-vinyl coupling equation of
Garbish® for 3Ju11.m12 (the equations are provided in the
Supporting Information). The parameters for Garbish equations
were determined by running NMR-GIAO calculations on E-1-
methylpent-2-en-1-ol (as molecular model of the C10-C14 chain
in 1 and 2) run at B3LYP/pcJ-2 level,*® to evaluate the 3J-vinyl
spin-spin coupling as a function of the H-C-C-H dihedral angle.
The simulation included all conformers with population >0.1% at
300K. For each conformer, the 3J's were estimated with the
abovementioned equations, weighted with the respective
Boltzmann factor at 300K (from DFT internal energies) and then
averaged.

COLEOPTILE AND RADICLE ELONGATION BIOASSAY

Seeds of buffelgrass (Cenchrus ciliaris) were used for this assay.
Compound 1-5 were first dissolved in DMSO, and then brought
to a concentration of 5 x 10 M with distilled water (final DMSO
concentration 2%). For each compound, 250 uL of the solution
was pipetted into each of three 3.5-cm Petri dishes onto the
surface of one filter paper. For the control treatment the seeds
were incubated in 2% DMSO. Six buffelgrass seeds were
arranged onto the surface of each filter paper in a pattern that
made it possible to track individual seeds. Petri dishes were
sealed with parafilm to retard moisture loss and incubated at
25 °C with a 12:12 hour photoperiod. Germination, defined as
radicle emergence to >1 mm, was scored each day for 10 days,
and germination day was tracked individually for each seed.
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Three days after germination, the coleoptile and radicle length
for each seedling were recorded using electronic calipers. Seeds
that produced a coleoptile but no radicle were scored as
germinated but with a measured coleoptile length and a radicle
length of zero, whereas seeds that produced neither a radicle
nor a coleoptile were scored as ungerminated. Differential
effects of the compounds on germination time and coleoptile and
radicle length were evaluated using Ismeans separations from
analysis of variance (SAS Proc GLM) on log-transformed data.
Germination percentage was not replicated and was therefore
not subjected to statistical analysis.

Results and discussion

P. grisea was produced in liquid culture and the organic extract
obtained from the culture filtrate was purified as reported in detail
in the Experimental section; five metabolites were isolated.
Three of these compounds were identified, by comparing their
spectroscopic (IR, UV and 'H NMR spectra) data with those
previously reported in literature, as (10S,11S)-(-)-epipyriculol,
trans-3,4-dihydro-3,4,8-trihydroxy-1(2H)-napthalenone and (4S)-
isosclerone (3, 4 and 5, respectively, Fig. 1).25%2 Their
identification was confirmed by the ESIMS spectra and physical
(optical rotation) data. In fact, the ESIMS spectrum of 3 showed
the potassium [M + K]* and sodium [M + Na]* adduct ions at m/z
287 and 271. The optical rotation ([o]o®® = -31.2 (c=0.7 CHCl3)
was very similar to that reported in literature for the natural and
synthetic (10S)-isomer of pyriculol,?>2” named epipyriculol. The
ESIMS spectrum of 4 showed the sodium [M + Na]* adduct ion
and the protonated form [M + H]* at m/z 217 and 195,
respectively. The ESIMS spectrum of 5 showed the potassium
[M + K]* and sodium [M + Na]* clusters as well as the protonated
form [M + H]* at m/z 217, 201 and 179, respectively, while its
optical rotation ([a]p?® = +16.8° (c=0.1 CHCI3) was very similar to
that reported in literature for (4S)-isosclerone.®® Two additional
metabolites were isolated and named pyriculins A and B (1 and
2, Figure 1). The first inspection of the 'H and *C NMR spectra
of 1 and 2 carried out in CD3;0D showed that they were closely
related to each other and also to 3.

1 had a molecular formula C14H1gO04 as deduced from its HRESI
MS spectrum and consistent with six hydrogen deficiencies. Its
IR spectrum showed bands typical of hydroxy, olefinic and
aromatic groups,®® while its UV spectrum exhibited absorption
maxima typical of compounds containing an aromatic ring.*°

OH o
“on
OH
4
OH O
OH

FIGURE 1 Structures of pyriculins A and B (1 and 2), (10S,11S)-(-)-
epipyriculol 3), trans-3,4-dihydro-3,4,8-trihydroxy-1(2H)-
napthalenone (4) and (4S)-(+)-isosclerone (5).



The '"H NMR spectrum of pyriculins A and B (1 and 2) was
also recorded in acetone-ds (Table 1) to increase the signal
resolution and to measure the 3Jun coupling constants more
accurately. The '"H NMR spectrum of pyriculin A (1) showed the
signal system of a disubstituted dihydrobenzofuran and those of
a monosubstituted hex-4-enediol. In particular, the triplet (J = 7.7
Hz) of H-5 resonated at 6 7.11 and was coupled in the COSY
spectrum® with the two adjacent protons (H-4 and H-6) which
appeared as two overlapped doublets (J = 7.7 Hz) at 6 6.67. The
same spectrum showed the signals of an oxygenated methylene
group (H2C-1) which resonated as a double doublet (J = 12.2
and 2.1 Hz) and doublet (J = 12.2 Hz) at §5.03 and 4.93,
respectively. In addition, a broad doublet (J = 8.9 Hz), due to the
proton of oxygenated secondary carbon (CH-8), was observed at
85.40. A series of double resonance spectra allowed us to
measure its coupling constants as well as those of the other
signals as reported in Table 1. Thus H-8, appearing as a doublet
of double doublets (J = 9.7, 2.5 and 2.1 Hz), was coupled in the
COSY spectrum® with the signals of the adjacent methylene
group (H2C-9) which resonated as two doublets of double
doublets (J = 14.5, 9.8 and 2.5 Hz and J= 14.5, 9.7 and 2.2 Hz)
at 8 1.84 and 1.76. These latter signals in turn coupled with the
proton (H-10) of a secondary hydroxylated carbon resonating as
a doublet of double doublets (J = 9.8, 3.8 and 2.2 Hz) at 6 3.83,
being also coupled with the proton (H-11) of the other adjacent
secondary hydroxylated carbon (C-11) appearing as double
doublet (J = 6.4 and 3.8 Hz) at § 3.97. In the COSY spectrum,
H-11 coupled with the olefinic proton H-12 resonating at 6 5.57
as broad double doublet (J = 15.4 and 6.4 Hz). H-12 was trans-
coupled (J = 15.4 Hz) with the other olefinic proton H-13
resonating as double quartet (J = 15.4 and 6.3 Hz) at & 5.68. H-
12 also coupled with a typical allylic constant (J < 1 Hz) with the
methyl at C-14, which resonated as broad doublet (J = 6.3) at &
1.66. The data of "*C NMR spectrum (Table 2) and the couplings
observed in the HSQC spectrum® allowed us to assign the
signals at 8 131.4, 129.9, 129.0, 114.6, 112.8, 82.4, 77.2, 72.3,
71.1, 40.2 and 17.9 to the protonated carbons C-13, C-5, C-12,
C-4, C-6, C-8, C-11, C-10, C-1, C-9 and C-11, respectively. The
quaternary aromatic carbons were also assigned on the basis of
the couplings observed in the HMBC spectrum.® In particular,
the couplings between C-2 with H»-1 and H-4, C-3 and C-7 both
with Hp-1, H-4 and H-5 allowed us to assign the signal at § 152.6,
145.5 and 125.9 to C-3, C-7 and C-2.4' Thus, the chemical shifts
were assigned to all the protons and corresponding carbons of 1
as reported in Table 2. Furthermore, the couplings observed in
the HMBC spectrum between C-8 with H2-9, H-10, H-6 and H-5
allowed us to identify C-8 as the connection carbon between the
dihydroisobenzofuranyl and the hexanediolyl moieties.

Thus, 1 was formulated as (4E)-1-(4-hydroxy-1,3-
dihydroisobenzofuran-1-yl)hex-4-ene-2,3-diol.

The structure assigned to 1 was further supported by the
other couplings observed in the HMBC (Table 2) and from the
data of its HRESI MS spectrum. This latter showed the dimeric
sodiated [2M + Na]* and the sodiated form [M + Na]* at m/z
523.2309 and 273.1106, respectively.

Pyriculin B (2) had the same molecular formula C14H1s04 of 1
as deduced from its HRESI MS and consistent with six hydrogen
deficiencies. As reported above its 'H and '*C NMR spectra
(Table 1 and 2) were close to those of 1 and consistent with the
bands typical of hydroxy group and aromatic rings observed in
its IR spectrum® as well as the absorption maxima exhibited in
the UV spectrum.*®In particular, the inspection of its 'H and 3C
NMR spectra showed the same signals of 1 except for the
downfield shift (A3 = 0.09) of H-94 as well as the different
multiplicity of H-8, which appeared to be a double doublet (J =
8.4 and 4.6 Hz) at 5 5.38 instead that the doublet of double
doublets observed in 1, as the coupling with H-1a was not
observed. These data suggested that 1 and 2 are stereoisomeric
at C-8. The investigation of its COSY, HSQC and HMBC
spectra allowed to assign the chemical shifts to all the protons
and the corresponding carbons, which are reported in Table 2,
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and to formulate 2 as (4E)-1-(4-hydroxy-1,3-
dihydroisobenzofuran-1-yl)hex-4-ene-2,3-diol.

This structure was supported by all the couplings observed in
the HMBC spectrum (Table 2) and from the data of its HRESI
MS spectrum which showed the dimeric sodiated [2M + Na]* and
the sodiated form [M + Na]* at m/z 523.2309 and 273.1106,
respectively.

The structures of 1 and 2 are similar to those reported in
literature for two compounds isolated in 1973 from the fungus
Pyricularia oryzae,*> which promoted root elongation of rice
seedlings at a concentration of 250 ppm. However, only partial
NMR data (Table 1) were reported and most J-coupling values
were missing or approximate. More importantly, the
stereochemistry of both compounds was not established except
for the relative configuration of the diol moiety, which was
assigned as erythro.*?> Therefore, we decided to undertake a full
stereochemical assignment of compounds 1 and 2. Because of
the molecular flexibility, it appeared clear that our collection of
NMR data had to be interpreted by means of accurate molecular
models.*345 By using a consolidated computational procedure,*
we ran a thorough conformational analysis with molecular
mechanics (Merck molecular force field), followed by geometry
optimizations with density functional theory (DFT) using the
®B97X-D functional*” first with 6-31G(d) and then with 6-
311+G(d,p) basis set. The computations were run on the four
possible diastereomers of compounds 1 and 2, namely the
erythro couple (8R,10R,11S) and (8S,10R,11S), and the threo
couple (8R,10R,11R) and (8S,10R,11R). We obtained for each
isomer a large set of low-energy structures with about 15
conformations having a population >1% at 300K in each case.
To assign the relative configuration of the three centers of
chirality, we looked at the 3Ju.4 spin-spin couplings involving H-
10, H-11 and H-12. We focused on the set of calculated dihedral
angles between H-10/H-11 and H-11/H-12, and applied the
appropriate Karplus-type equations, meaning the Haasnoot-de
Leeuw-Altona equation including the necessary chemical
groups®® for the 3Juio11 coupling, and the 3J-vinyl coupling
equation of Garbish** for the 3Ju11.112 coupling (the equations are
provided in the Supporting Information).

TABLE 2 "®C NMR data and HMBC of 1 and 2, recorded in MeOD at
500 MHz>

1 2
position &c® HMBC 8¢c° HMBC
711t H-4, H-6 715t H-4
2 1259 s Ho-1, H-4, 1259 s Ho-1, H-4, H-
H-5, H-6 5, H-6
1526 s Hz-1, H-4, 1526 s Hz-1, H-4, H-5
H-5
4 1146 d Hz-1, H-5, 114.9d Hx-1, H-5, H-6
H-6
5 129.9d H-4, H-6 130.1d
6 112.8 d Ho-1, H-4, 113.3d Hx-1, H-4, H-5
H-5
7 1455s 145.2's Hz-1, H-5, H-
6, H.-9
8 82.4d Hz-1, H-5, 84.2d H,-1, H-5, H-
H-6, H-9, 6, H>-9, H-10
H-10
9 40.2 t H-11 40.1t H-10, H-11
10 72.3d H2-9, H-11 73.6d H2-9, H-11
11 77.2d H2-9, H- 76.8d H,-9, H-10, H-
10, H-12, 12, H-13
H-13
12 129.0d H-11, Me- 129.3 d H-11, Me-14
14
13 131.4d H-10, H- 131.5d H-10, H-11,
11, Me-14 Me-14
14 179 q H-12,H-13 17.8¢q H-12, H-13

aThe chemical shifts are in § values (ppm) from TMS. 2D 'H, 'H
(COSY), and 2D '3C, 'H (HSQC) NMR experiments delineated the
correlations of all the protons and the corresponding carbons.
°Multiplicities were assigned by DEPT spectrum.



TABLE 3 Experimental and estimated 3Ju.14 spin-spin couplings.

compound source 3JH1O-H11 3JH11-H12
1 Exp 38 6.4
2 Exp 3.7 6.1
erythro (8R,10R,11S)  Calc 35 7.1
erythro (8S,10R,11S)  Calc 4.4 85
threo (8R,10R,11R) Calc 7.3 8.1
threo (8S,10R,11R) Calc 6.1 8.3

1.5 T T T T T T
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--------- Calculated for (8R,10R,118)
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FIGURE 2. Experimental ECD spectra of pyriculins A and B (1-2) in
acetonitrile and calculated ECD spectra for two possible isomers of 1
and 2 at CAM-B3LYP/def2-TZVP level as Boltzmann average over 8
DFT structures (optimized at ®B97X-D/6-311+G(d,p) level).
Calculated spectra plotted as sums of Gaussians with o= 0.25
exponential half-width; wavelength correction +30 nm; scaled by a
factor 5.

The estimation was run for the four possible isomers
including all DFT conformers with population >0.1% at 300K.

The estimated and experimental J-couplings are listed in Table 3.

While the values of 3Jy11.412 Were not helpful, those of 3Ju10.111
suggested the relative configuration of the diol moiety to be
erythro. We hoped that a whole set of C-H coupling constants
would allow us to better confirm the assignment.*® Therefore, we
ran J-modulated HMBC experiments on compound 1 to measure
the desired 23Jc.4 values; however, the only clearly measurable
coupling was 2Jcio-n11 = 8 Hz, while the second relevant 2Jc11.n10
was too small. The combination of one very large and one small
2Jc coupling for a 1,2-diol system is in accord with the erythro
configuration, provided that gauche conformers are largely
populated.*® This is indeed the case for our set of calculated
structures of erythro type, especially the (8R,10R,11S) one (anti
conformers amounted to only 11% of the conformational
ensemble).

Electronic circular dichroism (ECD) spectra were measured on
compounds 1 and 2 in acetonitrile solution (Fig. 2). The spectra
were both very weak and only one band could be measured with
sufficient accuracy. The ECD band between 250 and 285 nm
(negative for 1 and positive for 2) is allied with the 'L, transition
of the aromatic chromophore; the associated g-factor (Ae/e) was
= 10, well above the instrumental sensitivity. The opposite sign
of the 'L, band for compounds 1 and 2 offered the definite proof
that the two compounds had indeed opposite configuration at C-
8. In fact, this band is very diagnostic of the configuration of
aromatic compounds, and it is primarily sensitive to the chirality
of the fused heterocyclic ring.>® This was further demonstrated
by running ECD calculations by time-dependent DFT (TDDFT)
on DFT-optimized structures*® with (8R,10R,11S) and
(8S,10R,11S) configuration. The calculated spectra (CAM-
B3LYP/def2-TZVP level of -calculation, averaged over 8
conformers with population >1.5%) were the mirror image of
each other in the 'Ly-band region; the (8R,10R,11S) isomer led
to negative 'L, band, and the (8S,10R,11S) isomer to positive
one. Thus, the comparison between experimental and calculated

Chirality

spectra allowed us to assign the configuration at C-8 as (8R) for
1 and (8S) for 2.

FIGURE 3. Conversion of pyriculin A (1) in its phenyl dioxaborolane
(1a).

The assignment was essentially based on a single weak
ECD band, and an independent confirmation was desirable. We
tried to measure vibrational CD spectra (VCD), which were
however too weak because of the limited amount available of the
two compounds.

The combination of NMR and ECD results on compounds
1 and 2 led to the following conclusions: (a) compound 1 is (8R)
and compound 2 is (8S); (b) both compounds have relative
erythro configuration of the 1,2-diol moiety; (c) the absolute
configuration of the diol moiety is also the same (otherwise they
would be enantiomers). Unfortunately, ECD spectra were not
useful for assignment of absolute configurations at C-10 and C-
11. To establish this last piece of information, we resorted to
derivatization of compound 1 with phenylboronic acid to
transform it into the corresponding cyclic boronate diester or
dioxaborolane (1a, Fig. 3). In this way, we aimed at reducing the
conformational freedom and inserting a second phenyl
chromophore capable of giving exciton-coupled ECD spectra by
interacting with the preexisting chromophore 552

The dioxaborolane 1a was characterized by NMR ("H NMR,
COSY and ROESY) and ECD spectra. At the same time, two
possible isomers of 1a with (8R,10R,11S) and (8R,10S,11R)
configuration were modeled by molecular mechanics
conformational searches, DFT geometry optimizations (©B97X-
D/6-311+G(d,p) level), and TDDFT calculations (CAM-
B3LYP/def2-SVP level). In the NMR spectra of 1a, protons H-10
and H-11 were downfield shifted with respect to 1 and appeared
as a broad triplet at 6 5.06 and a well resolved doublet of double
doublets at § 4.96 (J = 10.7, 8.0 and 2.5 Hz), respectively.

T T T T T
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©
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E —— Experimental for 1a
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) iy
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FIGURE 4 Experimental ECD spectrum of the phenyl dioxaborolane
of pyriculin A (1a) in acetonitrile (with two different cells) and
calculated ECD spectra for two possible isomers of 1a at CAM-
B3LYP/def2-SVP level as Boltzmann average over 10 DFT
structures (optimized at ©B97X-D/6-311+G(d,p) level). Calculated
spectra plotted as sums of Gaussians with 6= 0.2 exponential half-
width; wavelength correction +15 nm.
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FIGURE 5 Effect of five pure compounds isolated from P. grisea on
germination percentage, germination time, 3-day coleoptile length,
and 3-day radicle length in a buffelgrass seed bioassay. Error bars
represent standard error of the mean. For each response variable,
columns headed by the same letter are not significantly different at P
< 0.05 based on mean separation from analysis of variance on log-
transformed data. CON is the control.

The very large value for the spin-spin coupling 3Ju1oH11 =
10.7 Hz, and the strong NOE cross-peak seen in the ROESY
spectrum for H-10 and H-11, demonstrated that these two
hydrogens are cis-oriented in the dioxaborolane ring; similarly,
ROESY cross-peaks were detected between H-9 and both H-12
and H-13.

The relative erythro configuration of the diol moiety was
thus definitely proved. ROESY cross-peaks were also detected
between H-8 and both H-10 and H-11. When checked against
the calculated conformational ensembles, the related short
contacts were only evident for the (8R,10R,11S) isomer, but not
for the (8R,10S,11R) isomer (see structures in the Supporting
Information).

Finally, the experimental ECD spectrum of 1a in
acetonitrile was well reproduced by TDDFT calculations on the
(8R,10R,11S) isomer, while the spectrum calculated on the
(8R,10S,11R) isomer did not match the experiment (Fig. 4).

In conclusion, we could finally assign the full stereochemistry of
pyriculins A and B as (8R,10R,11S)-1 and (8S,10R,11S)-2,
respectively.

(10S,11S)-(-)-Epipyriculol (3) was isolated for the first time
as natural product in 199128 from Pyricularia oryzae and proved
to be phytotoxic when tested by rice leaf puncture bioassay.?
Compound 4 is a natural polyhydroxylated a-tetralone,® a
known metabolite implicated in the branched pathway of fungal
DHN-melanin biosynthesis, isolated from different
microorganisms.5% |t was first isolated from Pyricularia oryzae
in 19722 and was able to stunt the growth of rice seedlings at
high concentrations, but also to stimulate the growth of seedlings
at low concentrations after 24 h. Compound 4 was recently
isolated from the orchid-associated fungal strain Daldinia
eshscholtzii along with diverse aromatic polyketides and new
naphthalene derivatives.%®

(4S)-Isosclerone (5) is a known phytotoxic naphthalenone
pentaketide produced by different fungal and plant species. This
is the first time it has been isolated from the culture filtrate of the
fungus P.grisea. 5 is known to be produced by
Poaeacremonium alephilum and Phoemoniella chlamydospora
involved in the ESCA grapevine disease.® 5 is the enantiomer of
regiolone, the main phytotoxin isolated from Botrytis fabae, the
causal agent of chocolate spot disease of Vicia faba. The
relation between the absolute configuration of the two
compounds and their phytotoxic activity has been discussed.*

When 1-5 were assayed on buffelgrass in a coleoptile and
radicle elongation test, (10S,11S)-(-)-epipyriculol (3) was
demonstrated to be the most toxic compound (Fig. 5).
Germination was much reduced and also delayed relative to the
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control, and radicle development was almost completely
suppressed. All five compounds delayed seed germination
significantly relative to the control, and trans-3,4-dihydro-3,4,8-
trihnydroxy-1(2H)-napthalenone (4) also apparently reduced
germination percentage. For coleoptile length, 3 did not differ
from the control, while the other four compounds had
significantly greater coleoptile development than the control,
indicating a growth—stimulating effect. Pyriculin A (1) and 3 were
the only compounds to negatively affect the radicle, but 1 had
significantly less negative impact than 3 on radicle development.
The complexity of these results suggests a further investigation
to assay the different metabolites in mixture to evaluate their
synergism or additive action. Extracts from liquid culture filtrates
of different strains of this pathogen vary widely in their toxicity to
buffelgrass seedlings, possibly because different strains of the
fungus from buffelgrass produce these compounds in different
amounts. Effects vary from strong toxicity, as in the strain
selected here for chemical characterization, to a definite
stimulatory effect on radicle and/or coleoptile growth.

Conclusions

This manuscript reports on the isolation of two monosubstituted
hex-4-ene-2,3-diols, named pyriculins A and B (1 and 2),
(10S,11S)-(-)-epipyriculol, trans-3,4-dihydro-3,4,8-trihydroxy-
1(2H)-napthalenone and (4S)-(+)-isosclerone (3, 4 and 5) from
the culture filtrates of the fungus P. grisea. The full relative and
absolute stereochemistry of 1 and 2 was established for the first
time by a combination of spectroscopic and computational
techniques. Comparing the structures of 1, 2 and 3 and their
biological activities, the presence of the aldehyde group at C-2
and the unstauration at C-8 of 3 seems to play an important role
in imparting phytotoxicity.
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