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A B S T R A C T   

Tetrapleura tetraptera is a medicinal plant used in East and West Africa to treat inflammation and related diseases. 
From the stem bark of the plant, three previously undescribed flavan-3-ol derivatives named (2R,3S)-3,3′,5′,7- 
tetrahydroxy-4′-methoxyflavane (1), (2R,3S)-3′,5′,7-trihydroxy-4′-methoxyflavane-3-O-β-D-glucopyranoside (2), 
and (2R,3S,4S)-3,3′,4,5′,7-pentahydroxy-4′-methoxyflavane (3) were isolated with three known analogues. The 
structural elucidation of the compounds was performed based on NMR spectroscopy and HRMS data analyses. 
The absolute configurations around the stereogenic carbons were determined using Circular Dichroism (ECD) 
and density functional theory (DFT) calculations. The cytotoxicity of the isolated compounds was tested using 
resazurin reduction assay. Compound 1 was moderately active against both recalcitrant leukemia cell lines with 
IC50 values of 21.90 μM towards CCRF-CEM and 50.80 towards CEM/ADR5000. Similar level of activity was 
observed for compound 3 against CCRF-CEM cell line, IC50 = 35.50 μM. All the tested compounds were not 
cytotoxic compared with the standard drug, doxorubicin, with IC50 values of 0.0075 against CCRF-CEM and 
24.30 μM against CEM/ADR5000.   

1. Introduction 

There is continued interest in Tetrapleura tetraptera due to its food 
and pharmacological importance. T. tetraptera (family Fabaceae) is an 
African medicinal plant well distributed in Uganda, Ghana, Tanzania, 
and Nigeria [1]. It is a tree of 6–30 m; smooth or rough bark; leaves with 
5–7 pairs of pinnae, opposite or alternate; puberulous beneath; 
yellowish or pinkish flowers; and glossy dark brown fruit [2]. Aidan – 
the local name for the fruit of T. tetraptera among the Yoruba speaking 
ethnic group of Nigeria - is employed locally in the treatment of in-
flammations, arthritis, hypertension, microbial infections, and diabetes 
[1]. From the ethnopharmacology point of view, T. tetraptera has been 
reported to show hypoglycemic, anti-inflammatory, and cytotoxic ac-
tivities [3,4]. Kuete and colleagues reported the cytotoxicity of the 
methanolic extract of T. tetraptera fruits against human pancreatic 

(MiaPaCa-2) and leukemia (CCRF-CEM and CEM/ADR5000) cancer cell 
lines [5]. In another study, the methanolic extract of T. tetraptera fruits 
showed anticancer activity against breast cancer subpanel and leukemia 
cells lines [6]. More recently, Aikins and collaborators reported the 
antiproliferative activity of the methanolic extract of T. tetraptera fruits 
against leukemia (Jurkat) and breast cancer (MCF-7) cell lines [7]. They 
further investigated the chemical composition of each extract and 
identified alkaloids, phenolic compounds, and terpenoids as active in-
gredients [7]. Recent phytochemical studies indicated the isolation of 
triterpene saponins of the oleanane series from its seeds and minor 
constituents including flavonoids and phenolic compounds [4]. 

All these bioactivities of the plant interested us to do phytochemical 
investigation. From the stem bark of this plant, we have isolated three 
new flavanols together with three known compounds. The cytotoxicity 
of the compounds was evaluated against two cancer cell lines, CCRF- 
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CEM and CEM/ADR5000. 

2. Results and discussion 

The methanolic extract of the stem bark of T. tetraptera was subjected 
to absorption and size exclusion chromatography (Sephadex LH-20) 
followed by multistep semi-preparative HPLC to afford six compounds 
(1–6) (Fig. 1). The known compounds were identified as 4′-O-methyl-
robinetinidol 3′-O-β-D-glucopyranoside (4) [8], flemicoumarin A (5) 
[9], and reflevone (6) [10]. The structural elucidations of the new 
compounds are described below. 

Compound 1 was obtained as a white amorphous paste. The HRE-
SIMS showed a molecular ion peak at m/z 305.1021 [M + H]+ (calcd. 
For C16H17O6, 305.1019), which determined the molecular formula to 
be C16H16O6. The IR spectrum disclosed absorption bands due to O-H 
stretching (3354 cm− 1) and C=C aromatic (1623 and 1458 cm− 1). The 
flavan-3-ol scaffold was evident in this compound based on signals 
observed in the 1H NMR [(δH 4.66 (1H, d, J = 7.0 Hz, H-2), 4.02 (1H, td, 
J = 7.0, 4.9 Hz, H-3), 2.86 (1H, dd, J = 15.7, 4.9 Hz, H-4eq), and 2.69 
(1H, dd, J = 15.7, 7.6 Hz, H-4ax))] and 13C NMR [(δC 82.7 (C-2), 68.7 (C- 
3), and 32.6 (C-4))] spectra (Table 1) [9]. The aromatic proton signals δH 
6.87 (1H, d, J = 8.2 Hz), 6.36 (1H, dd, J = 8.2, 2.4 Hz), and 6.32 (1H, d, 
J = 2.4 Hz) assigned to H-5, H-6, and H-8, respectively of A-ring based 
on coupling constants and HMBC correlations. The aromatic singlet 
depicted at δH 6.87 (2H, H-2′/6′) together with the symmetric signals 
observed in the 13C NMR at δC 107.2 (C-2′/6′) and 151.7 (C-3′/5′) 
suggested a 3′,4′,5′-trisubstituted B-ring. In the non-aromatic region, 
signal of a methoxy substituent were observed at δH 3.81 [δC 60.7]. 
Downfield nature of this methoxy carbon compared to the normal value 
indicating that it was di-ortho substituted [11]. This allowed its position 
at C-4′ together with HMBC correlation of δH 3.81 with δC 136.4 (C-4′). 
The proton and carbon placement of B-ring was established with COSY 
and HMBC correlations. The COSY correlation H-2 with H-3 and H-3 
with H2–4 determined the connectivity sequence in the ring. In addition, 
HMBC correlations were observed between H-2 (δH 4.66) with carbons 
at δC 136.8 (C-1′) and 107.2 (C-2′/6′). 

The absolute configuration was determined by coupling constants 
and CD data (Fig. 2). The theoretical ECD value was performed using 
Density Functional Theory (DFT) and Time-Dependent Density Func-
tional Theory (TD-DFT) calculations. The calculations were performed 

using the B3LYP [12,13] functional together with Grimme's dispersion 
correction and 6–311++G** [14] basis set. The coupling constant be-
tween H-2 and H-3 (J2,3 = 7.0 Hz) was in good agreement with puerin D 
(J2,3–7.0 Hz) [15] indicating 2,3-trans axial relationship with a dihedral 
angle of 180◦, (2S,3R) or (2R,3S) arrangement. To resolve this pair of 
enantiomer, the ECD spectrum of compound 1 was generated and the 
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Fig. 1. Structures of compounds isolated from Tetrapleura tetraptera.  

Table 1 
13C (150 MHz) and 1H (600 MHz) NMR Spectroscopic Data of Compounds 1–3 in 
CD3OD.  

Positions 1 2 3 

δC δН (m, Hz) δC δН (m, Hz) δC δН (m, Hz) 

1       
2 82.7 4.66 d (7.0) 79.7 5.03 d (5.1) 78.1 4.85 

d (9.2) 
3 68.7 4.02 td 

(7.0, 4.9) 
75.9 4.28 q (5.1) 72.2 3.88 dd 

(9.2, 3.6) 
4 32.6 2.86 dd 

(15.7, 4.9) 
2.69 dd 
(15.7, 7.6) 

30.2 2.82 m 
2.83 m 

67.4 4.57 
d (3.6) 

5 131.3 6.87 d (8.2) 131.4 6.84 d (8.3) 132.4 7.15 
d (8.3) 

6 109.5 6.36 dd 
(8.2, 2.4) 

109.5 6.36 dd 
(8.3, 2.4) 

109.8 6.43 dd 
(8.3, 2.4) 

7 158.0  157.9  160.0 – 
8 103.6 6.32 d (2.4) 103.8 6.34 d (2.4) 103.3 6.29 

d (2.4) 
9 156.0  155.6  156.4  
10 112.4  112.3  115.8  
1′ 136.8  136.7  136.2  
2′/6′ 107.2 6.42 s 106.7 6.39 s 108.0 6.49 s 
3′/5′ 151.7  151.8  151.6  
4′ 136.4  136.3  136.6  
4′-OCH3 60.7 3.81 s 60.8 3.79 s 60.7 3.82 s 
1′ ′ 103.6 4.31 d (7.7)   
2′ ′ 75.0 3.14 t (8.0)   
3′ ′ 78.0 3.30 m   
4′ ′ 71.5 3.25 m   
5′ ′ 77.8 3.25 m   
6′ ′ 62.7 3.88 dd 

(11.7, 1.9)       
3.67 dd 
(11.7, 9.2)    

O.S. Ayoolu et al.                                                                                                                                                                                                                               
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results showed that 1 exhibited a negative Cotton effect around 280 nm 
indicating 2R,3S configuration [16]. The DFT calculated ECD spectrum 
of the structure with 2R,3S configuration is a good agreement with the 
experimental spectrum. Based on all these data, compound 1 was 
identified as (2R,3S)-3,3′,5′,7-tetrahydroxy-4′-methoxyflavane. 

Compound 2 was isolated as a white amorphous paste. The HRESIMS 
showed a peak at m/z 467.1554 [M + H]+ (calcd for C22H27O11, 
467.1548) corresponding to the molecular formula C22H26O11. The 
spectroscopic data of the aglycone moiety of compounds 1 and 2 were 
identical, indicating that this compound was a flavan-3-ol derivative as 
1. Comparison of its HRMS data with that of 1 showed a difference of 
162 Da, which is equivalent to a hexose monosaccharide moiety. The 1H 
NMR and the HSQC spectra revealed an anomeric signal at δH 4.31 (d, J 
= 7.7 Hz, H-1′ ′ and δC 101.9, C1”) together with a set of signals between 
δH 3.14–4.31 in 1H NMR and δC 62.7–78.0 in 13C NMR, firmly estab-
lished the presence of a β-D-glucopyranose [17]. The β- anomer was 
easily deduced from coupling constants values. Thus, the observed JH1′ ′, 

H2′ ′ 7.7 Hz is typical value for a β- anomer, whereas the value for an 
α-anomer is generally less than 3.0 Hz [18]. Furthermore, analysis of the 
HRMS indicated fragment ion at m/z 305.1020 [C16H17O6]+ due to loss 
of glucose. An HMBC correlation between the anomeric proton δH 4.31 
(H-1′ ′) with carbon at δC 75.9 confirmed the position of the sugar moiety 
at C-3. Four stereoisomers (2S,3S; 2R,3R; 2S,3R; 2R,3S) were analyzed 
for 2. By comparing the experimental and calculated ECD data, the 
(2R,3S) absolute configuration was suggested based on the negative 
Cotton effect (CE) observed at 280 nm (Fig. 3). Hence, the structure of 2 
was unambiguously elucidated as (2R,3S)-3′,5′,7-trihydroxy-4′- 
methoxyflavane-3-O-β-D-glucopyranoside. 

Compound 3 was isolated as a white amorphous paste with a mo-
lecular formula C16H16O7, which was determined from HRESIMS at m/z 
343.0786 [M + Na]+ (calcd for C16H16O7Na, 343.0788) and m/z 
303.0863 [M + H – H2O]+ (calcd for C16H15O6, 303.0863). Analysis of 
signals in the 1H NMR spectra [(δH 4.85 (1H, d, J = 9.2 Hz, H-2), 3.88 
(1H, dd, J = 9.2, 3.6 Hz, H-3), and 4.57 (1H, d, J = 3.6 Hz, H-4))] and 
13C [(δC 78.1 (C-2), 72.2 (C-3), and 67.4 (C-4))] indicated that com-
pound 3 possess a flavan-3,4-diols skeleton [19–21]. The NMR spectra of 
compound 3 showed the same substitution pattern in A and B-rings as of 
compounds 1 and 2. The notable difference being the presence of 
additional oxygen atom in the pyrone ring. This was further supported 
by HRMS which was 16 amu higher than 1, indicating the presence of an 
additional oxygen atom in 3. 1H-1H COSY correlation of H-2 with H-3 
and H-3 with H-4 confirms the connectivity sequence in the C-ring. 
Furthermore, HMBC correlations observed from δH 4.57 (H-3) to δC 78.1 

(C-2), and 72.2 (C-4). Likewise, the absolute configuration of 3 around 
the chiral centers was established using coupling constant observed 
between H-2 and H-3 in one hand and between H-3 and H-4 in the other 
hand. There are 8 possible stereoisomers (2S,3S,4S; 2S,3S,4R; 2S,3R,4R; 
2S,3R,4S; 2R,3R,4R; 2R,3R,4S; 2R,3S,4S, and 2R,3S,4R). A preliminary 
analysis of the CD spectrum of compound 3, displayed a slight negative 
cotton effect at 282 nm indicating a (2R) configuration. Further, a large 
(J2,3 = 9.0 Hz) and small (J3,4 = 3.6 Hz) coupling constants observed 
between signals for H-2/H-3 and H-4/H-3, respectively of the pyron ring 
(C-ring), implying the 2,3-trans-3,4-cis relative configurations [16]. The 
experimental ECD was also compared with the corresponding spectra of 
the 8 possible configurations (Fig. 4). Even though there is a baseline 
shift in the experimental spectrum, there is a good agreement with the 
calculated spectrum of the structure with the 2R,3S,4S configuration. 
Thus, compound 3 was elucidated as (2R,3S,4S)-3,3′,4,5′,7-pentahy-
droxy-4′-methoxyflavane. 

Since previous research work carried out in different part of 
T. tetraptera have showed considerable cytotoxicity against human 
cancer cell lines, the isolated compounds were tested for their 

Fig. 2. Experimental and calculated electronic circular dichroism (ECD) 
spectra for compound 1 in methanol (c 0.3). 

Fig. 3. Experimental and calculated electronic circular dichroism (ECD) 
spectra for compound 2 in Methanol (c 0.3). 

Fig. 4. Experimental and calculated electronic circular dichroism (ECD) 
spectra for compound 3 in Methanol (c 0.3). 
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cytotoxicity against leukemia cancer cell lines including drug-sensitive 
CCRF-CEM and its multidrug-resistant counterpart CEM/ADR5000 
(Table 2). The tested compounds except 1 and 3 were not cytotoxic up to 
100 μM. Compounds 1 and 3 demonstrates moderate activity against 
CCRF-CEM cell line with IC50 values of 21.90 and 35.10 μM, respec-
tively. CEM/ADR5000 was sensitive towards compound 1 (IC50 = 50.80 
μM), but resistant against 3 (IC50 > 100 μM), therefore it was considered 
as inactive. 

3. Experimental 

3.1. General experimental procedures 

Reversed phase semi-preparative HPLC was performed on Shimadzu 
LC-20AP pump equipped with DGU-20A5R degassing unit, a Shimadzu 
SPD-M20A detector, a Shimadzu SIL-20ACHT auto-sampler and a Phe-
nomenex Gemini C18 column (10 × 250 mm, 10 μm). Data were 
recorded and analyzed using LabSolutions software. For column chro-
matography, Silica gel 60 (0.063–0.2 mm, Macherey-Nagel) and 
Sephadex LH–20 (18–111 μm, GE Healthcare) were used as solid matrix. 
TLC was carried out on precoated silica gel 60 plates (0.20 mm). Com-
pounds were visualized under UV light and further by spraying with 
H2SO4–EtOH (1:9, v/v). All solvents used were of analytical grade. 

NMR experiments were recorded with a Bruker Avance III spec-
trometer operating at 600 and 150 MHz for 1H and 13C NMR, respec-
tively. Spectra referencing were done using the residual solvent peaks. 
Specific rotation was recorded in Kruss Optronic Polarimeter P8000-T. 
ECD spectra was recorded on a Jasco J-715 spectrometer. IR analyses 
were recorded on a Bruker Tensor 27 FT-IR Spectrometer using a diffuse 
reflection apparatus. High-resolution electrospray ionization mass 
spectrometry (HRESIMS) was carried out on a LTQ Orbitrap spectrom-
eter equipped with a HESI-II source. 

3.2. Plant material 

The stem bark of Tetrapleura tetraptera was collected from the Uni-
versity herbarium of the University of Ibadan, Nigeria. The plant was 
identified by Mr. Odenwo of the Herbarium of the Forestry Research 
Institute of Nigeria where voucher specimen (FHI 11041) was deposited. 

3.3. Extraction and isolation 

Pulverized stem bark of T. tetraptera (5.0 kg) was extracted thrice at 
ambient temperature using methanol (3 × 12 L, 72 h each) with constant 
agitation. The extract was filtered through filter paper and concentrated 
to dryness under vacuum to yield 520 g (10.4% yield) of dark brown 
residue. About 450 g of the extract was suspended in 400 mL of 20% 
aqueous methanol and was sequentially and exhaustively partitioned 

with n – hexane (5 L, 3 times), dichloromethane (5 L, 3 times), and ethyl 
acetate (5 L, 4 times). The partitioned fractions were concentrated to 
dryness under reduced pressure. The EtOAc fraction (110 g) was 
adsorbed with 200 g of florisil and chromatographically separated using 
silica gel as stationary phase and mixture of cyclohexane-EtOAc (9: 1, 
8:2, and 1:1) followed by EtOAc-MeOH (10:0, 9:1, 8:2, and 7:3) as eluent 
affording seven fractions termed as Fr1–7 which were pooled based on 
their TLC and LC–MS profiles. 

Subfraction Fr4 (1.19 g) eluted with pure EtOAc was further purified 
with semi-preparative HPLC using a gradient elution of 1:1 up to 10:0 of 
methanol in water (+ 0.1% formic acid) at a flow rate of 4 mL/min over 
45 min to afford compounds 1 (4.2 mg, tR 10.9 min), 2 (2.2 mg, tR 10.2 
min), 3 (1.1 mg, tR 7.9 min), and 4 (0.9 mg, tR 9.5 min). Purification of 
subfraction Fr5 (2.6 g) obtained with EtOAc-MeOH (9:1 and 8:2) over 
silica column chromatography with EtOAc–MeOH (10:0, 9.5:0.5, 9:1, 
8.5:1.5, 1:1, and 0:10) yielded 11 minor fractions labelled Fr5A-K with 
different profiles on their LC – MS. Subfraction Fr5C (694.4 mg) was 
further purified with semi-preparative HPLC using a gradient elution of 
1:1 up to 10:0 of methanol in water (+ 0.1% formic acid) at a flow rate of 
4 mL/min over 25 min to yield compounds 5 (0.8 mg, tR 11.2 min), and 
6 (1,4 mg, tR 17.2 min). 

3.4. Spectroscopic data 

(2R,3S)-3,3′,5′,7-Tetrahydroxy-4′-methoxyflavane (1): Brown amor-
phous paste, LC-UV (MeOH-H2O [+ 0.1% HCOOH]) λmax 276 nm; [α]D

21 

-1.739 (c 0.330, CH3OH); IR (neat) νmax 3354, 1623, 1600, 1509, 1458, 
1355, 1155, 1037 cm− 1; 1H and 13C NMR data, see Table 1; HRESIMS m/ 
z 305.1021 [M + H]+ (calcd for C16H17O6, 305.1019). 

(2R,3S)-3′,5′,7-Trihydroxy-4′-methoxyflavane-3-O-β-D-glucopyrano-
side (2): Brown amorphous paste, LC-UV (MeOH-H2O [+ 0.1% 
HCOOH]) λmax 228 and 275 nm; [α]D

21 - 1.540 (c 0.330, CH3OH); IR 
(neat) νmax 3320, 1622, 1596, 1508, 1437, 1153, 1114, 1019 cm− 1; 1H 
and 13C NMR data, see Table 1; HRESIMS m/z 467.1554 [M + H]+ (calcd 
for C22H27O11, 467.1548). 

(2R,3S,4S)-3,3′,4,5′,7-Pentahydroxy-4′-methoxyflavane (3): Brown 
amorphous paste, LC-UV (MeOH-H2O [+ 0.1% HCOOH]) λmax 277 nm; 
[α]D

21 0.879 (c 0.330, CH3OH); IR (neat) νmax 3319, 1598, 1509, 1459, 
1357, 1195, 1163, 1120, 1035 cm− 1; 1H and 13C NMR data, see Table 1; 
HRESIMS m/z 343.0786 [M + Na]+ (calcd for C16H16O7Na, 343.0788), 
m/z 303.0863 [M + H – H2O]+ (calcd for C16H15O6, 303.0863). 

3.5. DFT calculations 

Density Functional Theory (DFT) and Time-Dependent Density 
Functional Theory (TD-DFT) calculations were performed using the 
B3LYP [12,13] functional together with Grimme's dispersion correction 
[22] and 6–311++G** [14] basis set. It has previously been demon-
strated that this method is sufficient enough to describe the molecular 
geometries and spectroscopic analysis of related organic compounds 
[23]. To mimic the environment, the integral equation formalism 
polarizable continuum model (IEFPCM) [24] with methanol solvent 
parameters was employed for all the conformational analysis, geometry 
optimizations, and ECD calculations. Conformational analysis was per-
formed for all the three compounds to identify the structures with the 
lowest energy on the potential energy surface. The optimized geometries 
were confirmed to be real minima on the potential energy surface with 
no imaginary frequencies by performing a normal-mode vibrational 
frequency analysis at the same level of theory. ECD calculations were 
performed at the same level of theory as the geometry optimizations. 
250 states were taken for TD-DFT calculations. The calculated ECD 
wavelengths were scaled by a scaling factor of 1.08 for better compar-
isons with the corresponding experimental spectra. All the calculations 
were performed using the Gaussian program package (version G16- 
A.03) [25]. 

Table 2 
Cytotoxicity of compounds 1–6, and doxorubicin as determined by the resazurin 
reduction assay.  

Compound CCRF-CEM CEM/ADR5000 Degree of resistancea 

IC50 in μM IC50 in μM 

1 21.90 ± 0.60 50.80 ± 12.00 2.31 
2 >100 >100 nd 
3 35.10 ± 8.90 >100 >2.8 
4 >100 >100 nd 
5 >100 >100 nd 
6 >100 >100 nd 
Doxorubicin 0.0075 ± 0.0006 24.3 ± 1.8 3240  

a The degree of resistance was calculated as the ratio of IC50 value in multi-
drug- resistant CEM/ADR5000 cells divided by the IC50 in sensitive CCRF-CEM 
cells. nd: not determined as no inhibitory concentration (IC50) was observed up 
to 100 μM. Each experiment was performed thrice independently with every six 
replicates. 
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3.6. Cytotoxicity assays 

Cell lines and cultures: Two leukemia cancer cell lines CCRF-CEM 
leukemia and CEM/ADR5000 were used. The cell lines were cultured 
under standard conditions (RPMI 1640 medium, 10% fetal calf serum, 
1% penicillin/streptomycin; Invitrogen, Eggenstein, Germany) in an 
incubator (SteriCult, Thermo Fisher Scientific GmbH, Dreieich, Ger-
many) at 37 ◦C and 5% CO2. The multidrug resistance phenotype of the 
CEM/ADR5000 cells has been maintained by treatment with 5 μg/mL 
doxorubicin from 24 h every other week. The experiments were per-
formed using cells in the logarithmic growth phase. The cell lines used in 
the current work, their origin, culturing, and resistance development 
were previously reported [26–28]. 

Resazurin reduction assay: The cytotoxic activity of compounds was 
evaluated using the resazurin reduction assay as described previously 
[29,30]. Cells were seeded in a density of 104 cells/well of 96 well plate 
and then treated with varying concentrations of compounds 1–6 (in 
DMSO), ranging from 10− 5 - 100 μM. Briefly, resazurin is reduced to its 
highly fluorescent metabolite resorufin by living cells, whereas dead 
cells lack the property of converting resazurin. The fluorescent signals 
emitted by viable cells were detected by Infinite M2000 reader (Tecan, 
Grailsheim, Germany). Each experiment was performed thrice inde-
pendently with every six replicates. IC50 values were calculated from 
dose-response curves using Microsoft excel. 
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