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ABSTRACT 

 

Seven undescribed hydroxylated cassane-type furanoditerpenoids were isolated from 

pupal cases formed from the secretion/excretion of the larvae of the wild bruchid seed 

beetle Sulcobruchus sauteri in infested Caesalpinia decapetala seeds, and their 

structures were elucidated by interpreting their spectra. The hydroxylated 

furanoditerpenoids found in the pupal cases were not present in the seeds of the host 

plant. Caesalacetal and caesaljapin obtained from the intact seeds exhibited larvicidal 

activity against the larvae of Aedes albopictus, while the hydroxylated 

furanoditerpenoids isolated from the pupal cases were inactive. The larvae of S. sauteri 

are proposed to detoxify larvicidal diterpenoids that occur in the seeds of the host plant 

by regiospecific hydroxylation. 
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1. Introduction  

The seeds of Caesalpinia decapetala (Roth) Alston (Leguminosae: synonym 

Caesalpinia decapetala var. japonica, with the common Japanese name 'jaketsuibara') 

have been used as an insecticide, an antidiarrheal agent, and a febrifuge for malarial 

fever in oriental traditional medicine (Namikoshi et al., 1987). The seeds have been 

reported to contain cassane-type furanoditerpenoids, such as caesaljaponin A (1) 

(Kamikawa et al., 2015). The seed-eating larvae of the wild bruchid beetle 

Sulcobruchus sauteri specifically infest the seeds of C. decapetala, feed on their 

cotyledon, and produce pupal cases (Fig. 1) prior to pupation, using secretion/excretion 

products inside the seeds (Watanabe, 1985). In the course of our investigations into 

biologically active compounds involved in the relationship between the seed-eating 

larvae of the bruchid beetle and its host plant, we isolated seven undescribed 

hydroxylated furanoditerpenoids from the MeOH extracts of the pupal cases produced 

by S. sauteri. In this paper we report our investigations into the structures and larvicidal 

activities of the furanoditerpenoids isolated from the intact seeds of C. decapetala and 

the pupal cases produced by the bruchid beetle S. sauteri. 

 

2. Results and Discussion  

The intact seeds of C. decapetala and the pupal cases produced by the larvae 

of the bruchid beetle S. sauteri inside the infested seeds (Fig. 1) were extracted with 

MeOH. Each of the concentrated MeOH extracts was suspended in water and 

successively partitioned with hexane and EtOAc. Each EtOAc-soluble portion was 

subjected to analysis by HPLC with photodiode-array detection (HPLC-PDA) (Fig. 2). 

The EtOAc-soluble fraction of the intact seeds showed the presence of relatively apolar 

components (Fig. 2A), which were identified as caesaljaponin A (1), caesaljaponin B (2) 

(Kamikawa et al., 2015), caesalacetal (3) (Kamikawa et al., 2016a), and caesaljapin (4) 
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(Ogawa et al., 1992; Kamikawa et al., 2016a) based on comparisons of their 

spectroscopic data with those of authentic samples after isolation by silica gel column 

chromatography (CC), while HPLC analysis of the EtOAc-soluble portion derived from 

the pupal cases revealed the presence of several major polar components (Fig. 2B). This 

portion was subjected to octadecylsilyl (ODS) CC followed by purification by ODS or 

silica gel CC to afford compounds 5–11 (Fig. 3). 

Compound 5 was isolated as a colorless oil with an optical rotation, [a]D, of 

–28˚ (c 0.04, MeOH). Positive-ion HRESIFTMS revealed an [M+Na]+ ion peak at m/z 

413.1570 (calcd for C21H26O7Na+, 413.1571), consistent with the molecular formula 

C21H26O7 (nine degrees of unsaturation). IR-absorption bands at 3396, 1760, and 1724 

cm–1 implied the presence of hydroxyl, g-lactone, and ester functionalities. The 1H NMR 

spectrum exhibited a pair of doublets at dH 6.46 (1H, d, J = 1.8 Hz, H-15) and 7.36 (1H, 

d, J = 1.8 Hz, H-16), indicating the presence of a 1,2-disubstituted furan ring, which 

was supported by a UV absorption maximum at 216 nm (log e 4.02) as well as IR 

absorption bands at 1507 and 1456 cm–1 (Jiang et al., 2002; Ochieng et al., 2012; 

Kamikawa et al., 2015, 2016a, 2016b). The 13C NMR and DEPT spectra, as well as 

HSQC spectrum, revealed the presence of 21 carbon signals that correspond to three 

methyl groups (including a methoxy carbon), five methylenes, three methines 

(including an oxygenated carbon), six quaternary carbons (including two oxygenated 

carbons), and two carbonyl carbons, in addition to the four sp2 carbon atoms at dC 148.6 

(C-12, s), 122.4 (C-13, s), 109.1 (C-15, d), and 143.1 (C-16, d) of the 1,2-disubstituted 

furan ring. The 1H–1H COSY and HSQC spectra established the presence of four partial 

structures (C-1/C-2/C-3, C-5/C-6/C-7, C-9/C-11, and C-15/C-16), as shown in Fig. 4. 

The connectivity between C-3 and C-5 through C-4 was determined on the basis of 

HMBC correlations from H3-19 to C-3, C-4 and C-5. The connectivities between the 

remaining partial structures were deduced by analysis of the HMBC spectroscopic data, 
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which included key correlations from H-1 to C-5, C-10, and C-20, from H-7 to C-8, 

from H2-11 to C-8, C-12, and C-13, from H-15 to C-12, from H-16 to C-13, and from 

H3-17 to C-8, C-13, and C-14, which resulted in the cassane-type furanoditerpene 

skeleton in 5 (Fig. 4). The HMBC correlations from H3-19 and the methoxy protons at 

dH 3.70 (H3-21) to the carbonyl carbon at dC 178.5 (C-18) established that the 

methoxycarbonyl group is attached to C-4. Since the presence of the furan ring, the A–C 

rings, and two carbonyl groups account for eight of the nine degrees of unsaturation, 

compound 5 must have a lactone ring, which is supported by the IR absorption band at 

1760 cm–1. The chemical shifts of C-8 (dC 88.5) and C-20 (dC 180.5) indicated the 

presence of a g–lactone moiety bridged between C-8 and C-10. The chemical shifts of 

H-2/C-2 (dH 4.22 and dC 63.8) and C-14 (dC 70.1) indicated that C-2 and C-14 bear 

hydroxyl groups. All other HMBC correlations supported the overall structure of 5, as 

shown in Fig. 4. The relative configuration of 5 was established by coupling-constant 

analyses and NOESY data (Fig. 5). NOESY correlations between H-9 and both H-5 and 

H-7a indicated that these protons were all axial and a-oriented. On the other hand, the 

NOESY correlation between H-2 and Me-19 indicated that the hydroxyl group at C-2 

and Me-19 were a- and b-oriented, respectively. The equatorial and a-orientation of 

2-OH was supported by the large vicinal coupling constant of 11.9 Hz between H-2 and 

both H-1a and H-3a. The NOESY correlation between H-7b and Me-17 indicated that 

Me-17 was b-oriented, which was supported by the other NOESY correlation between 

H-15 and Me-17. The absolute configuration of 5 was determined by comparison of the 

experimentally acquired electronic circular dichroism (ECD) spectrum of 5 with that 

calculated using the time-dependent density functional theory (TDDFT) method. 

Compound 5 exhibited positive Cotton effects (CEs) at 190 nm (De +2.01) and 247 nm 

(De +0.42), and a negative CE at 216 nm (De –2.86), which were in good agreement 

with those calculated for the 2S-configured model (Fig. 6). Consequently, the structure 
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of 5 was established as shown in Fig. 3. The compound was named caesalsauteolide. 

Compound 6 was obtained as a colorless oil with an optical rotation, [a]D, of 

+8˚ (c 0.1, MeOH). Negative-ion HRESIFTMS analysis revealed an [M–H]– ion peak at 

m/z 375.1817 (calcd for C21H27O6–, 375.1813), consistent with the molecular formula 

C21H28O6. The NMR spectra of 6 were almost identical to those of caesaljapin (4) 

(Ogawa et al., 1992; Kamikawa et al., 2016a) except for the presence of additional 

oxygenated methine signals at dH 4.19 (m) and dC 65.2 (CH), which indicated the 

presence of a new hydroxyl group. Analyses of the 1H–1H COSY and HSQC spectra 

revealed the additional hydroxyl group to be located at C-2 (Fig. 4). The a-orientation 

of the 2-OH was evidenced by the large 3JH1a-H2 (11.7 Hz) and 3JH2-H3a (12.2 Hz) 

coupling constants. All other HMBC and NOESY correlations supported the overall  

structure and relative configuration of 6, as shown in Figs. 4 and 5. The ECD spectrum 

of compound 6 exhibited a positive CE at 216 nm (De +2.67), which was similar to that 

of caesaljapin (4) (De218 +8.89) (Kamikawa et al., 2016a). As it had been reported that 

the CE attributed to the p–p* transition of a furan chromophore in such a 

furanoditerpenoid is mainly affected by the chirality of C-14 (Wu et al., 2014), the 

absolute configuration at C-14 in 6 was assigned to be R. Consequently, the structure of 

6 was established as shown in Fig. 3. The compound was named 2-hydroxycaesaljapin. 

Compound 7 was obtained as a colorless oil with an optical rotation, [a]D, of 

+3˚ (c 0.2, MeOH). Negative-ion HRESIFTMS revealed an [M–H]– ion peak at m/z 

391.1765 (calcd for C21H27O7–, 391.1762), consistent with the molecular formula 

C21H28O7, which differs from that of 2-hydroxycaesaljapin (6) by one oxygen atom. 

This difference suggested that compound 7 contains an additional hydroxyl group. The 

NMR spectra of 7 were almost identical to those of 6 except for the absence of the C-7 

methylene signals and the presence of additional oxymethine signals at dH 3.51 (td, J = 

10.7 and 4.9 Hz) and dC 72.3 (CH). The 1H–1H COSY and HMBC spectra indicated that 
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compound 7 is a 7-hydroxylated derivative of 6 (Fig. 4). The large 1H coupling constant 

of 10.7 Hz between H-7 and both H-6b and H-8 is evidence of the equatorial and 

b-orientation of the 7-OH. All other HMBC and NOESY correlations supported the 

overall structure and relative configuration of 7, as shown in Figs. 4 and 5. Compound 7 

exhibited a positive CE at 215 nm (De +2.60) in its ECD spectrum, which is similar to 

those of 6 (De216 +2.67) and caesaljapin (4) (De218 +8.89) (Kamikawa et al., 2016a). 

Therefore, the absolute configuration of C-14 in 7 was determined to be the same as 4 

and 6. Consequently, the structure of 7 was established as shown in Fig. 3. The 

compound was named 2,7-dihydroxycaesaljapin. 

Compound 8 was obtained as a colorless oil with an optical rotation, [a]D, of 

+19˚ (c 0.004, MeOH). Positive-ion HRESIFTMS revealed an [M+Na]+ ion peak at m/z 

399.1778 (calcd for C21H28O6Na+, 399.1778), consistent with the molecular formula 

C21H28O6. The NMR spectra of 8 were almost identical with those of caesalacetal (3) 

(Kamikawa et al., 2016a), except for the presence of additional oxygenated methine 

signals at dH 4.21 and dC 65.6. These observations indicated that compound 8 contains 

an additional hydroxyl group, which is attached to C-2 on the basis of the 1H–1H COSY, 

HSQC, and HMBC spectra (Fig. 4). The a-orientation of the 2-OH was verified by the 

large 3JH1a-H2 (11.0 Hz) and 3JH2-H3a (12.2 Hz) coupling constants and an NOE 

correlation between H-2 and Me-19 (Fig. 5). All other HMBC and NOESY correlations 

supported the overall structure and relative configuration of 8, as shown in Figs. 4 and 5. 

Compound 8 exhibited a positive CE at 219 nm (De +1.72) in its ECD spectrum, which 

is associated with the p–p* transition of the furan chromophore, in good agreement with 

that of caesalacetal (3) (De218 +5.62) (Kamikawa et al., 2016a). As it had been reported 

that the CE of 3 is mainly determined by the chirality on C-14 (Wu et al., 2014; 

Kamikawa et al., 2016a), the absolute configuration at C-14 in 8 was assigned to be R. 

Consequently, the structure of 8 was established as shown in Fig. 3. The compound was 
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named 2-hydroxycaesalacetal. 

Compound 9 was obtained as a colorless oil with an optical rotation, [a]D, of 

–6˚ (c 0.2, MeOH). Positive-ion HRESIFTMS revealed an [M+Na]+ ion peak at m/z 

399.1779 (calcd for C21H28O6Na+, 399.1778), consistent with the molecular formula 

C21H28O6. The NMR spectra were similar to those of caesalpinista A (12) (Yang et al., 

2009; Kamikawa et al., 2016b), except for the absence of signals for C-2 and C-17, and 

the presence of signals that correspond to an oxymethine at dH 3.81 (m, H-2) and at dC 

64.4 (C-2), and an exocyclic double bond at dH 5.05 (d, J = 2.1 Hz, H-17a), dH 4.78 (d, J 

= 2.1 Hz, H-17b), dC 144.2 (C-14), and dC 103.7 (C-17). These observations indicated 

that compound 9 is a D14,17-2-hydroxy derivative of caesalpinista A (12), which was 

supported by 1H–1H COSY and HMBC spectra (Fig. 4). The a-orientation of the 2-OH 

was verified by the large 3JH1a-H2 (12.2 Hz) and 3JH2-H3a (11.9 Hz) coupling constants 

and an NOE correlation between H-2 and Me-19 (Fig. 5). The 1H NMR signal 

corresponding to H-6 was a broad singlet, indicating that H-6 and 6-OH occupy 

equatorial and axial positions, respectively. All other HMBC and NOESY correlations 

supported the overall structure and relative configuration of 9, as shown in Figs. 4 and 5. 

The absolute configuration of 9 was determined by comparing the experimental ECD 

spectrum of 9 with that calculated by TDDFT method. The observed ECD spectrum 

(De204 –4.05, De224 +4.46) of 9 was in good agreement with that calculated for the 

2R-configured model (Fig. 6). Consequently, the structure of 9 was established as 

shown in Fig. 3. The compound was named caesalsauterol. 

Compound 10 was obtained as a colorless oil with an optical rotation, [a]D, of  

–15˚ (c 0.09, MeOH). Positive-ion HRESIFTMS revealed an [M+Na]+ ion peak at m/z 

441.1884 (calcd for C23H30O7Na+, 441.1884), consistent with the molecular formula 

C23H30O7, which differs from that of compound 9 by 42 amu (C2H2O); this difference 

corresponds to the mass of an acetyl group. The NMR spectra were very similar to those 
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of compound 9, except for the presence of additional signals at dH 2.04 (3H, s), dC 171.8 

(CO), and dC 21.6 (CH3), which supported the presence of an additional acetyl group in 

10. The significant downfield shift (+1.13 ppm) of H-6 in 10, compared with the 

corresponding proton in 9, indicated that the additional acetyloxy group is at C-6. The 

1H–1H COSY correlations and HMBCs shown in Fig. 4 supported the proposed 

structure of 10. The relative configuration of 10 was confirmed by analyzing the 

coupling constants and NOESY data (Fig. 5). The 1H NMR spectrum of 10 exhibited a 

broad singlet for H-6, which indicates that H-6 and 6-AcO occupy equatorial and axial 

positions, respectively. The ECD spectrum of compound 10 exhibited a negative CE at 

205 nm (De –3.97) and a positive CE at 224 nm (De +9.50), which were in good 

agreement with the CEs of compound 9, indicating that the absolute configurations of 

both compounds are the same. Consequently, the structure of 10 was established as 

shown in Fig. 3. The compound was named 6-acetylcaesalsauterol. 

Compound 11 was obtained as a colorless oil with an optical rotation, [a]D, of 

–5˚ (c 0.2, MeOH). Positive-ion HRESIFTMS exhibited an [M+Na]+ ion peak at m/z 

401.1568 (calcd for C20H26O7Na+, 401.1571), which is consistent with the molecular 

formula C20H26O7. The NMR spectra of 11 were very similar to those of 9, except for 

the lack of signals attributable to the exocyclic double bond and the appearance of a 

ketone carbonyl signal at dC 198.5 (C-14). The 1H–1H COSY correlations and HMBCs 

shown in Fig. 4 indicated that compound 11 is a 14-keto derivative of 9. The relative 

configuration of 11 was confirmed by analyzing the coupling constants and NOESY 

data (Fig. 5). Because of their biogenetic relationships, the absolute configuration of 11 

was considered to be the same as that of 9. Consequently, the structure of 11 was 

established as shown in Fig. 3. The compound was named norcaesalsauterol. 

Compounds 1–11 were evaluated for their larvicidal activities against the 

larvae of Aedes albopictus. Caesalacetal (3) and caesaljapin (4) isolated from the intact 
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seeds exhibited larvicidal activities with LC50 values of 3 and 9 μg/ml, respectively, 

while compounds 1, 2, and 5–11 were inactive. 

As the hydroxylated diterpenoids 5–11 were not detected in the intact seeds of 

C. decapetala, 5–11 are postulated to be metabolic products of the seed constituents, 

caesaljaponin A (1), caesaljaponin B (2), caesalacetal (3), and caesaljapin (4), by the 

bruchid seed beetle S. sauteri. Possible metabolic pathways for 5–11 are suggested in 

Scheme 1. Caesaljapin (4) is possibly hydroxylated to afford 2-hydroxycaesaljapin (6), 

which in turn is further hydroxylated to yield 2,7-dihydroxycaesaljapin (7). 

Hydroxylation of the C-8 and C-14 positions of 6, followed by lactonization between 

the 20-carboxyl and 8-hydroxyl groups should produce caesalsauteolide (5). It has been 

known that cytochrome P450 monooxygenases (P450s) of herbivorous insects mediate 

the hydroxylation of plant toxins to detoxify them (Scott et al., 1998; Schuler, 2011). It 

has also been reported that the methyl-substituted carbon center undergoes inversion of 

the configuration during the hydroxylation reaction by P450s (Jiang et al., 2006; Ortiz 

de Montellano, 2010). When P450s react with 6, the abstraction of hydrogen at the C-14 

position may occur to generate a radical intermediate. By binding of oxygen on the 

a-face of the radical intermediate, inversion of the configuration of C-14 could occur. 

Hydroxylation of the C-2 position of caesalacetal (3) affords 2-hydroxycaesalacetal (8), 

while dehydration of the 14-hydroxyl group and hydrolysis of the 20-acetyl group, as 

well as hydroxylation of the C-2 of caesaljaponin A (1) and/or caesaljaponin B (2), may 

afford 6-acetylcaesalsauterol (10), which, in turn is hydrolyzed to form caesalsauterol 

(9). Norcaesalsauterol (11) is thought to be produced by the oxidative cleavage of the 

exocyclic double bond between C-14 and C-17 of 9. 

 

3. Conclusions 

Seven undescribed hydroxylated cassane-type furanoditerpenoids were isolated 
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from the pupal cases formed from the secretion/excretion products of the larvae of the 

wild bruchid seed beetle Sulcobruchus sauteri in infested seeds of C. decapetala. The 

structures of these compounds were elucidated by spectral interpretation. Although 

many furanoditerpenoids have been isolated from Fabaceae plants (Dickson et al., 2011; 

Maurya et al., 2012), 2-hydroxylated furanoditerpenoids are rare among them. 

Caesalacetal (3) and caesaljapin (4) that occur in these seeds exhibited larvicidal 

activities, while the hydroxylated furanoditerpenoids 5–11 obtained from the pupal 

cases were inactive. The hydroxylated furanoditerpenoids 5–11 were detected only in 

the pupal cases and were not present in the intact seeds of C. decapetala. These findings 

suggest that the larvae of the bruchid beetle S. sauteri detoxify larvicidal 

furanoditerpenoids, such as caesalacetal (3) and caesaljapin (4) that occur in the seeds of 

the host plant by regiospecific hydroxylation. The ability of the larvae of S. sauteri to 

hydroxylate these larvicidal constituents is believed to be one reason for the 

host-specificity of the bruchid beetle. 

 

4. Experimental 

4.1. General experimental procedures 

Optical rotations were measured on a JASCO P-2200 polarimeter. IR spectra were 

recorded using a JASCO FT/IR-6300 spectrometer. UV spectra were obtained using a 

JASCO V-630 spectrometer. ECD spectra were measured using a JASCO J-725 

spectropolarimeter. NMR spectra were acquired using a JEOL A400 spectrometer (400 

MHz for 1H, 100 MHz for 13C). 1H and 13C NMR chemical shifts were referenced to 

residual solvent peaks: dH 3.30 (residual CHD2OD) and dC 49.0 for CD3OD. HRESIMS 

were carried out using a Thermo Fisher Scientific LTQ Orbitrap XL mass spectrometer 

at the Natural Science Center for Basic Research and Development (N-BARD), 

Hiroshima University. Column chromatography (CC) was performed using silica gel 60 
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(40 – 63 µm, Merck). Thin layer chromatography (TLC) was performed using 

pre-coated silica gel 60 F254 plates (Merck). High-performance liquid chromatography 

(HPLC)-photodiode array (PDA) analyses were performed with an Inertsil ODS-3 

column (150 x 4.6 mm i.d., 5 μm) on a JASCO LC-2000 instrument equipped with a 

JASCO MD-2015 multiwavelength detector. The solvents, (A) CH3CN and (B) 1% 

AcOH, were used as the mobile phase in the following gradient elution: 0–5 min, 60% 

A; 5–45 min, 60–80% A; 45–55 min 80–100% A with a flow rate of 0.6 ml/min.  

 

4.2. Plant and insect materials 

The seeds were collected from the tree of Caesalpinia decapetala (Roth) Alston 

(Leguminosae) which grows naturally on the river side (coordinates 34.5917° N, 

132.7815° E) in Hiroshima Prefecture, Japan in November 2015 (dry season) and 

identified as described in the literature (Kamikawa et al., 2015, 2016b). The seeds were 

kept in plastic cases until adults of Sulcobruchus sauteri (Chrysomelidae, Bruchinae) 

emerged from infested seeds. Empty pupal cases were harvested after adult emergence. 

The seeds from which no adult has emerged were considered as intact seeds. Voucher 

specimens of the intact seed of C. decapetala (registry number HUM-PL-00004), the 

infested seed (registry number HUM-PL-00005), and S. sauteri (registry number 

HUM-Ins-0004264) have been deposited at the Hiroshima University Museum, Japan. 

 

4.3. Extraction and isolation  

The intact seeds (31 g) of C. decapetala were cut into small pieces and 

extracted with MeOH. The concentrated MeOH extract was subjected to ODS CC 

eluted with MeOH–H2O (0:100 to 100:0) to yield nine fractions A to I. Fraction F 

(MeOH–H2O, 6:4) (12 mg) was purified by silica gel CC with acetone–hexane (0:100 to 

100:0) to afford caesaljaponin B (2) (6 mg). Fraction G (MeOH–H2O, 7:3) (13 mg) was 
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purified by silica gel CC with acetone–hexane (0:100 to 100:0) to afford caesaljaponin 

A (1) (4 mg). Fraction H (MeOH–H2O, 8:2) (77 mg) was purified by silica gel CC with 

acetone–hexane (0:100 to 100:0) to afford caesalacetal (3) (4 mg), and caesaljapin (4) 

(13 mg). 

The pupal cases (4.5 g) extracted with MeOH (50 ml) at room temperature for 

2 days. The concentrated MeOH extract (518 mg), after being suspended with H2O, was 

sequentially partitioned with hexane and EtOAc. The EtOAc-soluble portion (406 mg) 

was subjected to ODS CC eluted with MeOH–H2O (0:100 to 100:0) to yield eleven 

fractions J to T. Fraction K (MeOH–H2O, 1:19) (4 mg) was purified by ODS CC with 

CH3CN–H2O (0:100 to 100:0) to afford 11 (1 mg). Fraction L (MeOH–H2O, 1:9) (4 mg) 

was purified by ODS CC with CH3CN–H2O (0:100 to 100:0) to afford 7 (2 mg). 

Fraction M (MeOH–H2O, 1:4) (5 mg) was purified by ODS CC with CH3CN–H2O 

(0:100 to 100:0) to afford 5 (2 mg). Fraction N (MeOH–H2O, 3:7) (5 mg) was purified 

by silica gel CC with acetone–hexane (0:100 to 100:0) to afford 9 (2 mg). Fraction O 

(MeOH–H2O, 2:3) (20 mg) was purified by silica gel CC with acetone–hexane (0:100 to 

100:0) to afford 8 (3 mg) and 10 (6 mg). Fraction P (MeOH–H2O, 1:1) (3 mg) was 

purified by ODS CC with CH3CN–H2O (0:100 to 100:0) to afford 6 (1 mg). 

 

4.4. Caesalsauteolide (5)  

Colorless oil; [a]D25 –28˚ (c 0.04, MeOH); UV (CH3CN) lmax (log e) 200 

(4.01), 216 (4.02) nm; ECD (CH3CN) lmax (De) 190 (+2.01), 216 (–2.86), 247 (+0.42); 

IR (film) nmax 3396, 1760, 1724, 1507, 1456 cm–1; 1H NMR, see Table 1; 13C NMR, see 

Table 2; (+)HRESIFTMS m/z 413.1570 [M+Na]+ (calcd for C21H26O7Na+, 413.1571). 

 

4.5. 2-Hydroxycaesaljapin (6)  
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Colorless oil; [a]D25 +8˚ (c 0.1, MeOH); UV (MeOH) lmax (log e) 217 (3.93) 

nm; ECD (MeOH)  lmax (De) 216 (+2.67); IR (film) nmax 3700–2800, 1723, 1650, 1507, 

1456 cm–1; 1H NMR, see Table 1; 13C NMR, see Table 2; (–)HRESIFTMS m/z 

375.1817 [M–H]– (calcd for C21H27O6–, 375.1813). 

 

4.6. 2,7-Dihydroxycaesaljapin (7)  

Colorless oil; [a]D25 +3˚ (c 0.2, MeOH); UV (MeOH) lmax (log e) 217 (4.11) 

nm; ECD (MeOH) lmax (De) 215 (+2.60); IR (film) nmax 3700–2800, 1715, 1652, 1507, 

1456 cm–1; 1H NMR, see Table 1; 13C NMR, see Table 2; (+)HRESIFTMS m/z 

391.1765 [M–H]– (calcd for C21H27O7–, 391.1762). 

  

4.7. 2-Hydroxycaesalacetal (8)  

Colorless oil; [a]D25 +19˚ (c 0.004, MeOH); UV (MeOH) lmax (log e) 214 (3.72) 

nm; ECD (MeOH) lmax (De) 219 (+1.72); IR (film) nmax 3391, 1723, 1646, 1506, 1456 

cm–1; 1H NMR, see Table 1; 13C NMR, see Table 2; (+)HRESIFTMS m/z 399.1778 

[M+Na]+ (calcd for C21H28O6Na+, 399.1778). 

 

4.8. Caesalsauterol (9)  

Colorless oil; [a]D25 –6˚ (c 0.2, MeOH); UV (CH3CN) lmax (log e) 209 (3.99), 

232 (3.93) nm; ECD (CH3CN) lmax (De) 204 (–4.05), 224 (+4.46); IR (film) nmax 3392, 

1716, 1651, 1507, 1457 cm–1; 1H NMR, see Table 1; 13C NMR, see Table 2; 

(+)HRESIFTMS m/z 399.1779 [M+Na]+ (calcd for C21H28O6Na+, 399.1778). 

 

4.9. 6-Acetylcaesalsauterol (10)  

Colorless oil; [a]D25 –15˚ (c 0.09, MeOH); UV (MeOH) lmax (log e) 210 (4.02), 

245sh (3.96) nm; ECD (MeOH) lmax (De) 205 (–3.97), 224 (+9.50); IR (film) nmax 3418, 
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1731, 1715, 1652, 1508, 1456 cm–1; 1H NMR, see Table 1; 13C NMR, see Table 2; 

(+)HRESIFTMS m/z 441.1884 [M+Na]+ (calcd for C23H30O7Na+, 441.1884). 

 

4.10. Norcaesalsauterol (11)  

Colorless oil; [a]D25 –5˚ (c 0.2, MeOH); UV (CH3CN) lmax (log e) 198 (4.43), 

217sh (3.97), 256 (3.84) nm; ECD (CH3CN) lmax (De) 202 (+11.01), 260 (–5.43), 306 

(+3.01); IR (film) nmax 3300, 1717, 1660, 1570, 1515, 1456 cm–1; 1H NMR, see Table 1; 

13C NMR, see Table 2; (+)HRESIFTMS m/z 401.1568 [M+Na]+ (calcd for C20H26O7Na+, 

401.1571). 

 

4.11. ECD calculation 

 Theoretical ECD spectra were predicted from a standard calculation procedure 

(Bringmann et al., 2009) as follows: Conformational searches of 5 and 9 were 

performed with CONFLEX8 (Goto and Osawa, 1989, 1993; Goto et al., 2017) with 

MMFF94S (2010-12-04HG) as the force field on a commercially available PC 

(operating system: Windows 10 Pro for Workstations, CPU: Intel Xeon E5-1650 v4 

processor 3.60 GHz, RAM 32 GB). Appropriate conformers (population >1%) were 

further optimized with Gaussian09 software (Frisch et al., 2013) at the approximation 

level of B3LYP/6-31G(d) supposing no solvent on a PC (Operating System: CentOS a 

Linux, CPU: 12 Intel Xeon E5-2643 v3 processors 3.40 GHz, RAM 32 GB). The 

population of the obtained conformers were analysed by considering their Boltzmann 

distribution at 298 K based on their internal and vibrational energies. The dominant 

conformers (total population >90%) were subjected to time-dependent simulations with 

the basis set cc-pVDZ with the hybrid functional B3LYP supposing no solvent. For 

each conformer, the resultant rotational strengths were converted into Gaussian curves 

(bandwidth sigma = 3000 cm–1) and correctively summed to give the ECD spectrum. 
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4.12. Larvicidal assay 

Larvicidal activities were evaluated using a modification of the method 

reported by Meepagala et al. (2016). Five first instar larvae of Aedes albopictus, in 

deionized water (198 μl), were transferred the following day into 96-well plates. 

Isolated compounds were dissolved in MeOH and serially diluted to the required 

concentrations with MeOH. A 2-μl aliquot of the diluted sample solution in MeOH was 

added to each well with gently mixing. Larval mortalities were assessed 24 h after 

treatment. Larvae that exhibited no movement after agitation of the water with a pipet 

tip were deemed to be dead. Permethrin was used as a positive control (LC50 = 0.0005 

μg/ml), while deionized was the negative control. All experiments were performed in 

duplicate. 
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Table 1  
1H NMR spectroscopic data (dH, mult (J in Hz)) for 5–11 in CD3OD (400 MHz) 

 
 

No  5 6 7 8 9 10 11 
 1a 1.34 (t, 11.9) 0.91 (t, 11.7) 0.78 (t, 11.6) 1.11 (dd, 12.8, 11.0) 1.00 (t, 12.2) 0.83 (t, 11.9) 1.03 (t, 11.9) 
 1b 2.26 (dd, 11.9, 4.0) 2.75 (dd, 11.7, 3.4) 2.71 (m) 2.13 (dd, 12.8, 4.6) 2.27 (br d, 12.2) 2.87 (br d, 11.9) 2.31 (br d, 11.9) 
 2 4.22 (tt, 11.9, 4.0) 4.19 (m) 4.31 (m) 4.21 (dddd, 12.2, 

11.0, 4.6, 4.3) 
3.81 (m) 3.97 (tt, 11.9, 4.0) 3.85 (tt, 11.9, 3.7) 

 3a 1.60 (t, 11.9) 1.71 (t, 12.2) 1.68 (t, 11.9) 1.41 (t, 12.2) 1.68 (t, 11.9) 1.69 (t, 11.9) 1.70 (t, 11.9) 
 3b 1.93 (br d, 11.9) 1.82 (dd, 12.2, 4.9) 1.81 (br d, 11.9) 1.97 (dd, 12.2, 4.3) 1.84 (br d, 11.9) 1.86 (ddd, 11.9, 4.0, 

2.1) 
1.84 (br d, 11.9) 

 5 2.30 (dd, 13.1, 4.6) 1.89 (dd, 12.7, 3.4) 1.82 (dd, 12.5, 2.1) 1.81 (br s) 2.04 (br s) 2.12 (br s) 2.04 (br s) 
 6a 1.74 (dq, 13.1, 4.6) 1.08 (br d, 12.7) 1.29 (m) 4.51 (br d, 4.3) 3.90 (br s) 5.03 (br s) 3.90 (br s) 
 6b 1.51 (qd, 13.1, 4.3) 2.35 (qd, 12.7, 3.4) 2.68 (ddd, 12.5, 

11.6, 10.7) 
    

 7a 1.96 (td, 13.1, 4.6) 1.44 (tdd, 12.7, 10.7, 
4.9) 

3.51 (td, 10.7, 4.9) 1.78 (dd, 11.9, 5.8) 1.53 (br dd, 14.0, 
11.9) 

1.52 (br dd, 14.6, 
12.5, 2.7) 

1.45 (ddd, 14.6, 
12.5, 3.1) 

 7b 2.27 (m) 1.70 (m)   1.57 (t, 11.9) 2.31 (br d, 14.0) 2.39 (ddd, 15.0, 4.6, 
3.1) 

2.40 (ddd, 14.6, 4.3, 
3.7) 

 8  2.25 (m) 2.36 (ddd, 11.6, 
10.7, 4.6) 

1.89 (ddd, 11.9, 9.8, 
4.6) 

2.95 (br t, 11.9) 2.53 (br t, 12.5) 3.16 (td, 12.5, 4.3) 

 9 2.58 (dd, 8.5, 7.9) 1.70 (m) 1.58 (m) 1.85 (m) 1.50 (m) 1.69 (m) 1.98 (dt, 12.5, 8.5) 
11a 2.84 (dd, 17.1, 7.9) 2.77 (dd, 16.6, 6.2) 2.75 (dd, 16.5, 5.8) 2.69 (dd, 16.5, 5.5) 2.85 (d, 8.2) 2.87 (dd, 16.8, 5.5) 3.09 (d, 8.5) 
11b 2.41 (dd, 17.1, 8.5) 2.19 (dd, 16.6, 10.9) 2.30 (dd, 16.5, 11.3) 2.32 (dd, 16.5, 10.7) 2.85 (d, 8.2) 2.95 (dd, 16.8, 11.0) 3.09 (d, 8.5) 
14  2.59 (qd, 7.3, 4.6) 3.04 (qd, 7.0, 4.6) 2.63 (dq, 7.0, 4.6)    
15 6.46 (d, 1.8) 6.17 (d, 1.8) 6.17 (d, 1.8) 6.20 (d, 1.8) 6.47 (d, 1.8) 6.47 (d, 1.8) 6.62 (d, 2.1) 
16 7.36 (d, 1.8) 7.21 (d, 1.8) 7.19 (d, 1.8) 7.25 (d, 1.8) 7.28 (d, 1.8) 7.27 (d, 1.8) 7.48 (d, 2.1) 
17a 1.48 (s) 0.98 (d, 7.3) 1.03 (d, 7.0) 1.02 (d, 7.0) 5.05 (d, 2.1) 5.10 (d, 2.1)  
17b     4.78 (d, 2.1) 4.77 (d, 2.1)  
19  1.22 (s) 1.12 (s) 1.19 (s) 1.47 (s) 1.61 (s) 1.39 (s) 1.60 (s) 
20a    5.22 (br s) 4.12 (d, 12.8) 4.14 (d, 12.8) 4.18 (d, 12.8) 
20b     3.78 (d, 12.8) 4.01 (d, 12.8) 3.85 (d, 12.8) 
21 3.70 (s) 3.68 (s) 3.68 (s) 3.68 (s) 3.71 (s) 3.70 (s) 3.70 (s) 
OAc      2.04 (s)  
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Table 2 

13C NMR spectroscopic data (dC) for 5–11 in CD3OD (100 MHz) 

 
 

No 5 6 7 8 9 10 11 
 1 37.6 46.0 46.9 38.7 47.8 43.6 46.6 
 2 63.8 65.2 65.6 65.6 64.4 64.7 64.3 
 3 46.0 46.1 46.3 43.5 47.7 47.5 47.8 
 4 49.9 49.9 49.7 46.0 50.4 49.9 50.3 
 5 44.8 51.2 48.2 55.2 52.0 50.4 52.1 
 6 23.8 24.0 33.3 78.8 68.4 72.1 68.1 
 7 29.9 31.4 72.3 37.2 40.2 36.3 37.1 
 8 88.5 36.8 44.2 38.3 35.1 33.7 43.9 
 9 52.3 44.9 44.1 46.5 53.8 53.7 53.9 
10 55.0 49.9 49.8 51.0 44.4 45.2 44.6 
11 21.8 25.2 25.5 25.9 23.9 24.9 24.5 
12 148.6 149.5 150.1 149.7 153.4 153.7 169.3 
13 122.4 123.9 123.3 124.4 120.1 119.7 120.7 
14 70.1 32.7 28.4 31.2 144.2 143.3 198.5 
15 109.1 110.5 110.6 110.6 107.3 107.2 107.1 
16 143.1 141.8 141.6 142.1 142.7 142.7 144.7 
17 22.7 17.4 16.9 17.2 103.7 104.4  
18 178.5 179.2 179.5 180.4 179.7 179.1 179.5 
19 16.8 16.9 17.1 19.6 20.0 19.9 20.0 
20 180.5 178.3 179.6 100.2 64.5 61.2 64.2 
21 52.9 52.6 52.6 52.6 52.9 52.9 52.9 
OAc      171.8  
      21.6  
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Fig. 1. Cross-section of an infested seed of C. decapetala.  
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Fig. 2.  Representative HPLC-PDA profiles of the EtOAc-soluble fractions of: (A) the 

intact seeds of C. decapetala and (B) the pupal cases produced by S. sauteri. Detection 

was performed at 230 nm. a, caesaljaponin B (2); b, caesaljaponin A (1); c, caesalacetal 

(3); d, caesaljapin (4); e, norcaesalsauterol (11); f, 2,7-dihydroxycaesaljapin (7); g, 

caesalsauteolide (5); h, caesalsauterol (9); i, 2-hydroxycaesalacetal (8); j, 

6-acetylcaesalsauterol (10); k, 2-hydroxycaesaljapin (6). 
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Fig. 3. The structures of compounds 1–12. 
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Fig. 4. 1H–1H COSY and key HMBC correlations for compounds 5–11. 
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Fig. 5. Key NOEs for compounds 5–11. 
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Fig. 6. Experimental (solid lines) and calculated (dashed lines) ECD spectra of 5 and 9. 
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Scheme 1. Possible metabolic pathways from the constituents 1–4 of the seeds of C. 

decapetala to compounds 5–11 by S. sauteri. 
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