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a b s t r a c t

Phomaketals A (1) and B (2), two tropolonic meroterpenoids with the unprecedented pentacyclic skele-

tons, were isolated from the solid-substrate fermentation cultures of a eupC overexpressed mutant strain

of the fungus Phoma sp., together with a biogenetically related secondary metabolite pughiinin B (3),

and the known one noreupenifeldin B (4). The structures of 1–3 were elucidated primarily by nuclear

magnetic resonance (NMR) experiments. The absolute configurations of 1 and 2 were assigned by elec-

tronic circular dichroism calculations and the calculated NMR with DP4+ analysis, while that of 3 was

established by single-crystal X-ray diffraction analysis using Cu Kα radiation. Biogenetically, phomaketals

A (1) and B (2) could be derived from the hypothetical tropolonic sesquiterpene intermediates neose-

tophomone B (6) and 9-R-neosetophomone B (6′), respectively, via different reactions cascades. Com-

pound 1 showed antiproliferative effect only against the SUPB15 cells, with an 50% inhibitory concentra-

tion (IC50) value of 4.85 μmol/L, while the co-isolated known meroterpenoid 4 displayed potent effects

against three tumor cell lines, SUPB15, EL4, and H9, showing IC50 values of 0.36–27.08 μmol/L.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tropolonic sesquiterpenes are a class of meroterpenoids de-

rived from the polyketide tropolone including its rearranged prod-

ucts, and the terpenoid humulene via intermolecular hetero–

Diels–Alder reactions [1–13]. Tropolonic sesquiterpenoids can gen-

erally be grouped into three major categories based on the

presence of tropolone(s) [1–6], its rearranged product(s) [4–8],

or both as the polyketide counterparts of the structures [6,9–

12]. Notable examples of unique tropolonic sesquiterpenes co-

isolated with eupenifeldin have been reported from the species

of Phoma, Neosetophoma, and Phomopsis [6,10–12], in which the

tropolone moiety in eupenifeldin was replaced by furan-2(5H)-

one, 3a,7a-dihydro-2H-furo[3,2-b]pyran-2,5(3H)–dione, and 3a,6a-

dihydro-4H-cyclopenta[b]furan-4-one, respectively. Due to their di-

verse structure characteristics, and profound biological effects [1–

18], tropolonic sesquiterpenoids have attracted much attention

from synthetic chemists and biochemists [19–28].
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Our prior chemical investigation of a strain of Phoma sp., iso-

lated from a soil sample from the Qinghai-Tibetan plateau, Ti-

bet, People’s Republic of China, has afforded a variety of bioactive

tropolonic sesquiterpenes with unique structural features [10,11].

Recently, we identified the biosynthetic gene cluster (BGC) respon-

sible for the biosynthesis of eupenifeldin (eup) in Phoma sp., and

confirmed that the oxidase EupC, highly homologous to TropC [22],

catalyzed formation of the tropolone skeleton [25]. Since overex-

pression of key genes in BGCs has been demonstrated to be an

effective approach to genetically manipulate the production of nat-

ural products, and to effectively expand structural diversities [29–

31], oxidative modification of tropolone unit is expected to produce

a variety of ring-contracted and other rearranged congeners. Based

on this consideration, the strain Phoma sp. eupCOE was prepared

by overexpressing eupC in the wild-type (WT) strain of Phoma sp.

The high-performance liquid chromatography (HPLC) fingerprint of

the crude extract of Phoma sp. eupCOE revealed the presence of

metabolites that were different from those produced by the WT

strain (Fig. S1 in Supporting information). Further chemical investi-

gations of this extract led to the isolation of two unique tropolonic

meroterpenoids that have been named phomaketals A and B, a

new biogenetically related analogue pughiinin B (1–3; Fig. 1), and
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Fig. 1. Chemical structures of compounds 1–4.

Fig. 2. Key 1H–1H COSY and HMBC correlations of 1–3.

the known noreupenifeldin B (4) [6]. Details of the isolation, struc-

ture elucidation, cytotoxicity evaluation, and putative biogenesis of

these compounds are reported herein.

Phomaketal A (1) was assigned the molecular formula C31H42O6

(11 degrees of unsaturation) based on its high-resolution electro-

spray ionization mass spectroscopy (HRESIMS) and nuclear mag-

netic resonance (NMR) data (Table S1 in Supporting information).

Analysis of its NMR data revealed the presence of seven methyl

groups with one O-methyl, six methylene units, three methines

including one oxygenated, 10 olefinic/aromatic carbons with four

protonated ones, four sp3 quaternary carbons (three oxygenated

carbons including one with double oxygenation at δC 103.8), and

an α,β-unsaturated ketone carbon at 204.6 ppm. These data ac-

counted for all of the NMR resonances of 1 except for two unob-

served exchangeable protons, and required 1 to be a pentacyclic

compound. Interpretation of the 1H and 13C NMR spectroscopic

data for 1 revealed the presence of the same tetrahydrohumu-

lene moiety, a dihydro-2H-pyran unit, and a tetrasubstituted aryl

ring, corresponding to fragments C–E, respectively, as those typi-

cally found in the known compound phomanolide A [10], but the

remaining portion was significantly different, warranting a detailed

two-dimensional (2D) NMR analysis. Analysis of the 1H–1H corre-

lation spectroscopy (COSY) NMR data of 1 (Fig. 2) defined three

isolated spin-systems of C-2–C-4, C-6–C-16 (via C-7), and C-9–C-

24 (via C-10 and C-11), HMBC correlations from H3–12 to C-1, C-

2, and C-11, H3–13 and H3–14 to C-4, C-5, and C-6, H3–15 to C-

7, C-8 and C-9, and from H-6a and H2–16 to C-8 established the

11-membered humulene unit (C), and a tetrasubstituted aryl ring

(E), as confirmed by the heteronuclear multiple-bond correlation

(HMBC) cross-peaks from H-19 to C-17, C-18, and C-20, H-21 to C-

17, C-22, and C-23, and from H3–23 to C-17, C-21, and C-22. While

Fig. 3. Key NOESY correlations of 1–3.

those correlations of H-16a with C-6, C-7, and C-8, and of H-16b

with C-8, C-17, and C-18, plus the chemical shift values for C-8 (δC
79.7) and C-18 (δC 154.6) indicated that C-8 and C-18 are both at-

tached to the same oxygen atom to form a dihydro-2H-pyran ring

(D). In turn, correlations from H2–24 to C-11, C-25, and C-26, H3–

30 to C-25, C-28, and C-29, and from H2–27 to C-25 (δC 135.6),

C-26, C-28 (δC 204.6), and C-29 (δC 167.5) established a cyclopen-

tenone ring with an α,β-unsaturated ketone moiety (C-25–C-28

via C-29), and a methyl group located at C-29, completing the 2-

methylcyclopent-2-en-1-one moiety (A), which was connected to

C-11 of humulene unit (C) via C-24. The HMBC correlations from

H-9 and H3–31 to C-26, as well as the chemical shift value for C-

9 (δC 70.1) and the doubly-oxygenated nature of C-26 (δC 103.8),

suggested that the two C-26 attached oxygen atoms were individ-

ually connected to C-9 and C-31 to form an oxepane moiety (B)

in 1. The HMBC correlations (Table S2 in Supporting information)

from the exchangeable proton at 4.59ppm to C-1, C-2, and C-11,

and from that at 8.96ppm to C-19, C-20, and C-21, located the two

free hydroxy groups at C-1 and C-20, respectively. Collectively, the

gross structure of 1 was tentatively assigned as shown.

The relative configuration of 1 was deduced by analysis of

the 1H–1H coupling constants and nuclear Overhauser effect spec-

troscopy (NOESY) data (Fig. 3). The C-3/C-4 olefin was assigned

the E-geometry based on the large J value of 16.2Hz observed for

H-3/H-4. The large trans-diaxial type J values of 15.0 and 12.0Hz

for H-7/H-6a and H-11/H-24a, respectively, revealed their axial ori-

entations [10]. NOESY correlation of H3–30 and H-24b revealed

the Z-geometry for C-25/C-29 olefin. Correlation of H3–15 with

H-7 indicated that these protons are on the same face of the

ring system, whereas those of H-9 with H-6a, H-24a, and H3–

31 and of H3–12 with H-24a placed them on the opposite face

of the molecule. The absolute configuration of 1 was deduced by

comparison of the experimental and simulated electronic circular

dichroism (ECD) spectra (Fig. 4) generated by time-dependent den-

sity functional theory (TDDFT) for the (1S,7R,8S,9S,11S,26S)−1 (1a)

and (1R,7S,8R,9R,11R,26R)−1 (1b) enantiomers [32]. The MMFF94

conformational search followed by B3LYP/6–31G(d) TDDFT reopti-

mization afforded seven lowest energy conformers for 1a (Table

S5 in Supporting information). The overall calculated ECD spec-

tra of 1a and 1b were then generated by Boltzmann weighting of

each conformer. The experimental ECD curve of 1 nearly identical

to the calculated ECD spectrum of 1a, suggesting that 1 has the

1S,7R,8S,9S,11S,26S absolute configuration.

The molecular formula of phomaketal B (2) was determined to

be C29H38O6 (11 degrees of unsaturation) by its HRESIMS and the

NMR data (Table S1). The 1H and 13C NMR spectroscopic data of

2 revealed the presence of the same partial structure (rings C–E)

as that found in 1. However, resonances for the remaining por-

tion differed significantly from those of 1. Detailed analysis of the

2
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Fig. 4. Experimental ECD spectrum of 1 in MeOH and the calculated ECD spectra

of 1a and 1b enantiomers.

2D NMR data was performed to establish the different portion

of the structure. The HMBC cross-peaks from H-24a to C-25 and

from H3–29 to C-25, C-26, and C-27 led to the connection of C-

25 to C-24 and C-26, with the C-29 methyl group located at C-

26. Correlations from the olefinic proton H-27 to C-26 and C-28

(δC 170.6) indicating that the carboxylic carbon C-28 is allylic to

the C-26/C-27 olefin, establishing a 3-methylpent-2-enoate moi-

ety, which was located at C-11 based on the HMBC correlation

from H2–24 to C-11 and relevant 1H–1H COSY NMR data. In ad-

dition, the two exchangeable protons (δH 4.56 and 8.95, respec-

tively) presented in 2 were individually assigned to the free hy-

droxy groups attached to C-1 and C-20 by relevant HMBC corre-

lations (Table S2). Considering the unsaturation requirement, the

chemical shifts values for the C-9 oxymethine carbon (δC 75.7) and

C-28 carboxylic carbon (δC 170.6), plus the doubly oxygenated na-

ture of C-25 (δC 109.3), the two C-25 bonded oxygen atoms were

each connected to C-9 and C-28 by default to complete the 4-

methyl-1,6-dioxaspiro[4.5]dec–3-en-2-one moiety (A and B), even

though no additional evidence for these linkages was provided by

the HMBC data. Collectively, the gross structure of 2 was estab-

lished as shown.

The relative configuration of 2 was also proposed on the ba-

sis of the 1H–1H J values and NOESY data. The C-3/C-4 olefin was

assigned the E-geometry by the large J value observed for H-3/H-4

(15.6Hz). NOESY cross-peaks of H-7/H3–15/H-9/H-24a placed these

protons on the same face of molecule, while the large trans-diaxial

type J value of 13.2Hz for H-11/H-24a, and a NOESY cross-peak of

H-11/H3–12 revealed opposite orientation for these protons. Addi-

tional correlations of H3–29 with H-27 allowed assignment of the

Z-geometry for the C-26/C-27 olefin. The absolute configuration of

2 was proposed by comparison of the experimental and simulated

ECD spectra. The ECD spectra of four isomers (2a–d; Fig. 5) were

calculated to represent all the possible configurations, and the ex-

perimental ECD spectrum of 2 reasonably agreed with that calcu-

lated for 2c (Tables S6 and S7 in Supporting information), suggest-

ing the 1S,7R,8S,9R,11S,25R absolute configuration. To validate the

configuration of C-25, the 13C NMR chemical shifts of 2a and 2c

(Tables S8 and S9 in Supporting information), showing similar ECD

spectra, were calculated using the gage-including atomic orbitals

(GIAO) method [33]. The root-mean-square error (RMSE) between

experimental and the calculated 13C NMR data and the DP4+ prob-

ability analysis revealed 100% probability of the 25R-configuration

for 2c (Table S11 in Supporting information). And based on the

coefficient values, 2c was the best match (R2 =0.9965; Fig. S29

Fig. 5. Experimental ECD spectrum of 2 in MeOH and the calculated ECD spectra

of 2a–d.

Fig. 6. Thermal ellipsoid representation of 3 (the ellipsoid contour probability level

is 50%).

in Supporting information), supporting the absolute configuration

proposed for 2 by ECD calculations. Therefore, the absolute config-

uration of 2 was established as 1S,7R,8S,9R,11S,25R.

The molecular formula of pughiinin B (3) was established as

C24H32O4 by HRESIMS. Analysis of its 1H and 13C NMR spectro-

scopic data (Table S3 in Supporting information) revealed struc-

tural similarity to those of the known metabolite pughiinin A [7],

except that the chemical shift of C-19 (δC 108.7) was shifted signif-

icantly downfield to 152.9 ppm, and the resonances for C-20 and

attached hydroxy proton were replaced by those for an aldehyde

functionality (δH/δC 9.73/196.1) in 3. These observations were sup-

ported by the HMBC correlations of OH-19 with C-19 and C-20,

and of H-24 with C-19, C-20, and C-21, allowing assignment of the

gross structure of 3 as shown. The relative configuration of 3 was

deduced on the basis of the 1H–1H coupling constants and NOESY

data (Fig. 3), and was further confirmed by X-ray crystallography

using Cu Kα radiation (Fig. 6) (CCDC: 2239679), from which the

absolute configuration was determined to be 1S,9R,11S based on

the value of the Flack parameter, −0.04(4).

Compound 4 was readily identified as noreupenifeldin B by

comparison of its optical rotation value, HRESIMS, and NMR data

3



C. Li, Y. Han, Y. Zhai et al. Chinese Chemical Letters 35 (2024) 109019

Scheme 1. Hypothetical biosynthetic pathways for 1–4.

Table 1

Cytotoxicity of compounds 1–4.

Compound

IC50 (μmol/L)

SUPB15 EL4 H9

1 4.85± 0.49 >100 >100

2 >100 >100 >100

3 >100 36.87±0.88 >100

4 27.08± 0.10 0.36± 0.03 4.37±0.58

Daunorubicina (18.38± 0.78)

× 10−3

(72.61± 0.46)

× 10−3

(272.20±1.17)

×10−3

a Positive control.

(Table S4 in Supporting information) with those reported [6,26].

Although its relative configuration was first assigned by NOESY

data [6], and later reported from other fungus [26], its abso-

lute configuration remained unassigned. To correlate biogenesis

of the co-isolated metabolites, it is necessary to assign its ab-

solute configuration, which was deduced in the current work by

comparison of the experimental and calculated ECD spectra for

(1S,7R,8S,9S,11S)−4 (4a) and (1R,7S,8R,9R,11R)−4 (4b) conformers

(Fig. S30 in Supporting information). The MMFF94 conformational

search and TDDFT reoptimization at the B3LYP/6–31G(d) basis set

level afforded two lowest energy conformers for 4a (Table S13

in Supporting information). The experimental ECD spectrum of

4 was nearly identical to that calculated for 4a, suggesting the

1S,7R,8S,9S,11S absolute configuration.

Compounds 1–4 were evaluated for antiproliferative effects

against three tumor cell lines, SUPB15 (human acute lympho-

cyte leukemia), EL4 (mouse lymphoma cells), and H9 (human

T lymphoma leukemia) (Table 1). Compound 1 showed activity

only against SUPB15 cells, with an 50% inhibitory concentration

(IC50) value of 4.85 μmol/L, 2 did not show detectable activity at

100μmol/L, 3 was active toward EL4 cells, with an IC50 value of

36.87μmol/L. Compound 4 displayed the expected activity against

all three tumor cell lines, with IC50 values of 0.36–27.08μmol/L,

while the positive control daunorubicin showed IC50 values of

18.38–272.20nmol/L.

Although several natural products showing partial structural

similarity to phomaketals A (1) and B (2) have been reported

[10–12], compounds 1 and 2 are new and unique additions of

the tropolonic meroterpenoid class of compounds possessing the

unprecedented pentacyclic skeletons. Compound 1 possesses a

unique 5/7/11/6/6 skeleton with the rare 2,3,4,5,8,8a-hexahydro-

7H-cyclopenta[b]oxepin-7-one moiety, with a thiophene isolated

from the plant Artemisia rupestris as the only precedent incorpo-

rating the same unit [34]. While compound 2 possesses an un-

precedented C-25-spirofused 5/6/11/6/6 pentacyclic core incorpo-

rating a rare 1,6-dioxaspiro[4.5]dec–3-en-2-one unit, with fungal

natural products sequoiamonacins A and B [35] and talaromyacins

A–C [36], and plant metabolites spirochensilides A and B [37] as

the precedents incorporating this moiety. To our knowledge, com-

pounds 1 and 2 are the first examples of oxidative modification

of the tropolone and pyran moieties (B) that are fused to the hu-

mulene (C) at C-9/C-11. Compound 3 is a new tropolonic meroter-

penoid with an aldehyde functionality, and its absolute configura-

tion was assigned for the first time by X-ray crystallography. In ad-

dition, the absolute configuration of the known noreupenifeldin B

(4) was proposed for the first time by ECD calculations. Biogenet-

ically, tropolone orthoquinone methide (b’) and humulenol (c and

c’) could be the biosynthetic precursors for 1–4 (Scheme 1), first

undergo a hetero Diels–Alder reaction to form the key interme-

diates neosetophomone B (6) [6,24] and 9-R-neosetophomone B

(6′), and followed by reactions including hetero–Diels–Alder reac-

tion, oxidative ring-contraction and –cleavage [4–6], rearrangement

[10–12], and lactonization via different routes to form 1–4 [22–28].

These results have further demonstrated the feasibility for genera-

tion of structurally unique and diverse tropolonic meroterpenoids

by manipulating the key biosynthetic genes.
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