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DFT-NMR studies of thaigranatins
A–E and granatumin L isolated from Xylocarpus
granatum†

Attila Mándi, a Jun Wu*b and Tibor Kurtán *a

TDDFT-ECD calculations were utilized to explain the mirror image or different ECD spectra of previously

reported homochiral natural products thaigranatins A–E and granatumin L, the simple comparison of

which would result in a wrong stereochemical conclusion. The configurational assignment was

confirmed independently and geometrical parameters of the chromophores governing the ECD spectra

were identified in the structurally related natural products by analyzing the ECD spectra and geometries

of the low-energy computed conformers obtained by different methods. Different conformations of the

furan-2-yl-d-lactone subunit were found responsible for the mirror image ECD spectra of the

homochiral thaigranatins C–E. Two DFT 13C NMR chemical shift calculation methods and DP4+ analysis

were performed on the C-6 epimers of thaigranatin D, which together with the ECD calculation, could

determine the absolute configuration of C-6 as (R).
Introduction

Due to the low sample amount requirement and efficient
reproduction of the experimental electronic circular dichroism
(ECD) spectra by time-dependent density functional theory ECD
(TDDFT-ECD) calculations, ECD is considered the most widely
applied microscale chiroptical method for the congurational
assignment of natural products (NPs) containing chromo-
phores with absorbance in the UV-vis spectral range.1–3 For
structurally related NPs, the simple comparison of experimental
ECD spectra is oen utilized to determine the absolute cong-
uration (AC) if it was determined for one of the derivatives. For
instance, the C-3 AC of pseudoanguillosporin B (C), an iso-
chroman derivative with a 6-hydroxyhept-1-yl side-chain at C-3,
was determined by comparing the ECD spectrum with that of
the co-isolated pseudoanguillosporin A (B) containing only a C-
3 heptyl substituent (Fig. 1).4 The remote C-60 chirality center of
C was far from the isochroman chromophore and it had prac-
tically no contribution to the ECD prole, which justied the
comparison of the ECD spectra of B and C. The absolute
conguration of B was conrmed by the solution TDDFT-ECD
calculation approach applied for the truncated model
compound A, containing only a C-3 methyl group.4 Although
chiroptical data of homochiral related derivatives are oen
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similar, a subtle change in the planar structure or substitution
pattern may result in rather different5–8 or nearly opposite ECD
spectra or optical rotation.9–13 TDDFT-ECD calculations of
structurally related NPs having markedly different ECD spectra
were found useful to interpret the differences.

For instance, the pyridine alkaloids penipyridones C (D) and
F (E) had the same chromophoric system and absolute cong-
uration but E had an additional N-2-hydroxyethyl group, which
resulted in near mirror image ECD spectra and oppositely
signed specic rotation (Fig. 1).10 TDDFT-ECD calculations and
analysis of the low-energy conformers revealed that in the
presence of the achiral N-2-hydroxyethyl substituent, the addi-
tional 15-OH group formed an intramolecular hydrogen bond
with the 7-OH, which changed the relative orientation of the
phenyl and g-pyridone chromophores.10 The replacement of
oxygen heteroatom with sulfur in the benzene-condensed spiro
derivatives F and G containing benzo[1,4]oxazin-3-one and
benzo[1,4]thiazin-3-one chromophores resulted in signicantly
different ECD spectra with mirror image transitions in the high-
wavelength region, although the computed conformers had very
similar geometries (Fig. 1).9

Aaquinolone I (H) and aniduquinolone A (I) shared a very
similar substituted 4-aryl-3,4-dihydroquinolin-2(1H)-one chro-
mophore but in the presence of the 5-OH group in the peri
position of I, the C-4 phenyl group adopted an axial orientation,
while in H, having a hydrogen atom in the peri position, the C-4
aryl group preferred the equatorial orientation in all the low-
energy computed conformers (Fig. 1).6,7 Due to the different
conformations of the condensed heterocycles, the ECD spectra
of H and I were fairly different and comparison of ECDs could
not be used to determine the AC ofH.7 Psammaplysins A (J) and
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Examples on the comparison of ECD spectra of structurally
related derivatives.

Fig. 2 Structures of thaigranatins A–E (1–5) and granatumin L (6)
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B (K), rst representatives of the psammaplysin alkaloid family,
differed in the additional C-19 benzylic hydroxyl group of K,
which implied a C-19 chirality center in the side-chain of K
(Fig. 1).14 Regardless this benzylic chirality center, the experi-
mental ECD spectra of J and K were found near identical, which
conrmed that the side-chain with an aryl ether chromophore
had negligible contribution to the ECD spectra. Thus a trun-
cated model compound could be utilized for the ECD calcula-
tions of J, which reduced the number of conformers and
enabled the congurational assignment of J.14 The above
examples may justify to explore the structural and chiroptical
background for the different ECD proles of structurally related
derivatives by ECD calculations, which would allow us avoiding
wrong congurational assignments for analogous derivatives.

Thaigranatins A–E (1–5), limonoid derivatives containing
a pentacyclic skeleton with a furan-3-yl substituent at the d-
This journal is © The Royal Society of Chemistry 2020
lactone ring E, have been recently isolated together with the
previously described granatumin L15 (6) from the seeds of the
Thai Xylocarpus granatum and reported by Ren et al. (Fig. 2).16

Related limonoids with the same skeleton have been isolated
recently from Xylocarpus granatum,17–20 Xylocarpus moluccen-
sis,21,22 Chisocheton ceramicus23 and Chisocheton erythrocarpus.24

Limonoids were suggested to have even potent inhibitory
activity against SARS-CoV-2 by in silico docking studies.25 Since
limonoids exhibit a wide range of bioactivities such as antiviral,
anticancer activity and they are potential endogenous regulators
in the nervous system, they have also attracted considerable
synthetic interest.26

The AC of thaigranatin A (1) was elucidated by single crystal
X-ray analysis, while those of 2 and 6 were determined on the
basis of their similar ECD spectra to that of thaigranatin A (1).16

The experimental solution ECD spectra of 1 and 6 were quite
similar, while that of 2 had a broad positive ECD band with
a maximum at 217 nm, which were missing from those of 1 and
6. The ECD spectra of 3–5 were signicantly different from the
others, which did not enable to utilize the simple comparison of
the ECD spectra for the congurational assignment. Moreover,
the ECD spectrum of 5 was found near mirror image of those of
3 and 4, which is quite puzzling considering their analogous
structure with minor structural differences (Fig. 3). The abso-
lute congurations of 3–5 were proposed on the basis of the
common biosynthetic origin with thaigranatin A (1).16 In this
isolated from Xylocarpus granatum.16

RSC Adv., 2020, 10, 32216–32224 | 32217
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Fig. 3 Comparison of the experimental ECD spectra of 3–5 in MeCN. Fig. 4 Experimental ECD spectrum of 1 in MeCN compared with the
Boltzmann-weighted PBE0/TZVP PCM/MeCN ECD spectrum of
(1R,2S,3R,4S,5S,6R,9S,10R,13R,14S,17R)-1. Level of optimization: CAM-
B3LYP/TZVP PCM/MeCN. Bars represent the rotatory strength values
of the lowest-energy conformer. Experimental ECD spectrum of 1was
reproduced with permission from ref. 16.
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work, we utilized TDDFT-ECD calculations of 1–6 with different
combinations of methods to explain the ECD spectral differ-
ences of 1–6 and the mirror image ECD spectra of 3–5. This
approach was tested whether it is suitable to prove the proposed
homochirality of 1–6 and thus it can provide an independent
congurational assignment for 3–5. Furthermore, the AC of C-6
in the side-chain of 4 remained undetermined.16 In this work we
applied DFT-NMR 13C chemical shi calculations of the C-6
epimers to elucidate the AC of this chirality center.27–29

Semi-synthetic derivatives obtained by the derivatization of
granatumin L (6) showed potent human immunodeciency
virus 1 (HIV-1) and inuenza A virus (IAV) inhibitory activities,
which may also justify to explore relationship between stereo-
chemistry and characteristic ECD features and to determine
solution geometries and conrm the absolute conguration.16
Fig. 5 Overlapped geometries and selected torsional angles of the six
lowest-energy conformers of (1R,2S,3R,4S,5S,6R,9S,10R,13R,14S,17R)-
1. Level of optimization: CAM-B3LYP/TZVP PCM/MeCN.
Results and discussion

Thaigranatin A (1) had a saturated d-lactone chromophore with
a C-17 furan-3-yl substituent, an a,b-unsaturated ester moiety
(C-32 to C-35), an isolated ester (C-7) and a double bond (D8,30)
chromophore. In the ECD spectrum of 1, an intense negative
ECD band could be observed below 200 nm with a at negative
plateau up to 270 nm. Since the absolute conguration was
determined by single crystal X-ray diffraction analysis,16 the
ECD calculation of 1 was utilized to validate the applied DFT/
TDDFT methods. The initial 29 Merck Molecular Force Field
(MMFF) conformers of (1R,2S,3R,4S,5S,6R,9S,10R,13R,14S,17R)-
1 were re-optimized at the B3LYP/6-31+G(d,p), the CAM-B3LYP/
TZVP30,31 PCM/MeCN and the SOGGA11-X/TZVP32,33 SMD/MeCN
levels, separately. ECD spectra computed at various levels for
the low-energy conformers over 1% Boltzmann population (15,
15 and 17 conformers, respectively) reproduced well the exper-
imental ECD spectrum (Fig. 4). Since the CAM-B3LYP/TZVP
PCM/MeCN and the SOGGA11-X/TZVP SMD/MeCN levels gave
almost the same ECD results, only the rst two levels were
applied for the other derivatives in the DFT re-optimization
step.

In all the CAM-B3LYP/TZVP PCM/MeCN conformers of 1, the
C-17 furan-3-yl group adopted an equatorial arrangement with
syn coplanar orientation of the 17-H and C-21 atoms (u17-H,C-17,C-
32218 | RSC Adv., 2020, 10, 32216–32224
20,C-21 ¼ �10.2�) and the 14-H had axial orientation. The d-
lactone ring had a distorted half-chair conformation with the C-
13 being out of plane, while the other ve atoms located in
nearly one plane. The geometry of the low-energy conformers
differed in the relative arrangements of the C-5 and C-3
substituents by rotation along the C-6 to C-7 and C-32 to C-33
sigma bonds (Fig. 5). In the lowest-energy conformer (conf A),
the C-32 carbonyl oxygen was syn coplanar with the C-33 methyl
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Overlapped geometries of the five lowest-energy CAM-B3LYP/
TZVP PCM/MeCN conformers of (1R,2S,3R,4S,5S,9S,10R,13R,14S,17R)-
2.
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group (uO],C-32,C-33,C-36 ¼ �0.1�, s-trans conformation), while
the C-5 had a gauche orientation with the C-7 carbonyl oxygen
(uC-5,C-6,C-7,]O¼ 42.2�). Conformers A and D differed only in the
arrangements of the C-1 hydroxyl proton and they had identical
computed ECD spectra (Fig. 6). Positive rotatory strength values
were computed above 200 nm as shown in Fig. 4 but these were
overcompensated by the negative ones. Conformers C and F had
also positive computed transitions above 200 nm with larger
intensity than those of conformers A and D manifesting in
a positive CE (Fig. 6), and their geometries also differed only in
the orientation of the 1-OH proton. Similarly to conformers A
and D, conformers C and F had syn coplanar arrangement of the
C-32 carbonyl oxygen (s-trans enone) and the C-33 methyl group
but the C-5 had gauche orientation with the C-7 methoxy oxygen
(uC-5,C-6,C-7,]O ¼ �137.4�). The positive CEs of conformers A, C,
D, F were cancelled by the strong negative CEs of conformers B
and E, in which the C-32 carbonyl oxygen was anti periplanar
with the C-33 methyl group (uO],C-32,C-33,C-36 ¼ �178.4�, s-cis
enone). Thus the rotation along the C-32 to C-33 bond of the
a,b-unsaturated ester moiety and around the C-6 to C-7 bond
was mostly responsible for the differences in the ECD spectra of
the low-energy conformers of 1.

Compared to compound 1, 2 did not contain the conjugating
D33,34 double bond and the C-6 chirality center in the other side
chain and the experimental ECD spectrum had a strong nega-
tive CE below 210 nm and a weaker positive CE at 217 nm with
a positive plateau up to 260 nm. Compound 2 had 43 initial
MMFF conformers, the gas-phase and solvent model re-
optimizations of which yielded 6 and 10 low-energy
conformers over 1% Boltzmann-population. The rst ve low-
energy CAM-B3LYP/TZVP PCM/MeCN conformers had differ-
ences in the orientation of the C-3 ester group and the furan
ring while the lactone ring showed only marginal differences
(Fig. 7). The individual computed ECDs of these conformers
were similar but that of conformer E showed a signicant red
shi due to the opposite orientation of the furan ring (Fig. 8 and
S2†). This red shi of the minor conformers obviously
contributes to the high-wavelength positive shoulder of the
experimental ECD spectrum. Similarly to the conformers of 1,
Fig. 6 Experimental ECD spectrum of 1 in MeCN compared with the
PBE0/TZVP PCM/MeCN ECD spectra of the individual six lowest-
energy CAM-B3LYP/TZVP PCM/MeCN conformers of
(1R,2S,3R,4S,5S,6R,9S,10R,13R,14S,17R)-1.

This journal is © The Royal Society of Chemistry 2020
the d-lactone ring had a distorted half-chair conformation in the
low-energy conformers. The Boltzmann-weighted ECD spectra
computed at all the applied combinations reproduced well the
experimental spectrum including the positive CE and shoulder
(Fig. 9), which conrmed the
(1R,2S,3R,4S,5S,9S,10R,13R,14S,17R) absolute conguration of
2 and hence the homochirality with 1.16 The difference in the
experimental ECD spectra of 1 and 2 can be attributed to the
absence of the D33,34 double bond and the C-6 chirality center.

Compound 3 contained the same C-3 a,b-unsaturated ester
moiety as 1 but it missed the C-6 chirality center due to the
exchange of the 6-OH group with a hydrogen atom. Moreover,
the D8,30 double bond of 1 was shied to D8,14 position in 3 and
C-30 became a chirality center due to the presence of the sec-
hydroxyl group. Besides the intense negative CE below 211 nm,
the experimental ECD spectrum of 3 had a positive CE at
Fig. 8 Experimental ECD spectrum of 2 in MeCN compared with the
B3LYP/TZVP PCM/MeCN ECD spectra of the individual five lowest-
energy CAM-B3LYP/TZVP PCM/MeCN conformers of
(1R,2S,3R,4S,5S,9S,10R,13R,14S,17R)-2. Experimental ECD spectrum of
2 was reproduced with permission from ref. 16.

RSC Adv., 2020, 10, 32216–32224 | 32219
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Fig. 9 Experimental ECD spectrum of 2 in MeCN compared with the
Boltzmann-weighted B3LYP/TZVP PCM/MeCN ECD spectrum of
(1R,2S,3R,4S,5S,9S,10R,13R,14S,17R)-2. Level of optimization: CAM-
B3LYP/TZVP PCM/MeCN. Bars represent the rotatory strength values
of the lowest-energy conformer.

Fig. 11 Experimental ECD spectrum of 3 in MeCN compared with the
B3LYP/TZVP PCM/MeCN ECD spectra of the individual five lowest-
energy CAM-B3LYP/TZVP PCM/MeCN conformers of
(1R,2S,3R,4S,5S,9S,10R,13R,17R,30R)-3.
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220 nm accompanied with a at positive shoulder having
maximum at 286 nm.

Re-optimization of the initial 51 MMFF conformers of
(1R,2S,3R,4S,5S,9S,10R,13R,17R,30R)-3 resulted in 15 and 24
low-energy conformers over 1% Boltzmann-population in gas-
phase and solvent model calculations, respectively. In the rst
ve low-energy CAM-B3LYP/TZVP PCM/MeCN conformers,
there were only minor difference in orientations of the two side-
chains and the lactone ring (Fig. 10). Similarly to the lowest-
energy conformer of 1, the C-32 carbonyl oxygen of
conformers A–E was syn coplanar with the C-33 methyl group
(uO],C-32,C-33,C-36 ¼ 34.8–37.8� range for confs A–E, s-trans
enone) and the d-lactone ring had a distorted half-chair
conformation even with the sp2-hybridized C-14. For the rst
ve low-energy CAM-B3LYP/TZVP PCM/MeCN conformers, the
computed ECD spectra had similar prole for the main transi-
tions (Fig. 11). The different ECD proles of compounds 1 and 3
derived from the different distributions of conformers differing
in the C-3 side-chain conformation.

Boltzmann-weighted ECD spectra obtained at all combina-
tions of the applied levels reproduced well the two major tran-
sitions at 220 and 199 nm while underestimated the positive
Fig. 10 Overlapped geometries of the five lowest-energy CAM-
B3LYP/TZVP PCM/MeCN conformers of
(1R,2S,3R,4S,5S,9S,10R,13R,17R,30R)-3 (left: conformers A andD; right:
conformers B, C and E).

32220 | RSC Adv., 2020, 10, 32216–32224
shoulder at 286 nm (Fig. 12). Reproduction of the major tran-
sitions allowed verication of the absolute conguration of 3 as
(1R,2S,3R,4S,5S,9S,10R,13R,17R,30R).

Similarly to compound 1, 4 had a chirality center at C-6 and
the only difference from 1 was the position of the D8,14 double
bond. The absolute conguration of C-6 has not been deter-
mined independently in the original paper16 thus we used
TDDFT-ECD and 13C NMR DFT calculations of the C-6 epimers
to assign this chirality center.

Although chiroptical methods are usually applied for the
elucidation of absolute conguration and conformation by
exploiting the mirror image ECD prole of the enantiomers,
there are reports where they were utilized successfully to
distinguish diastereomers or more than two stereoisomers.34–38

MMFF conformational search of the epimeric
(1R,2S,3R,4S,5S,6R,9S,10R,13R,17R)-4 and
(1R,2S,3R,4S,5S,6S,9S,10R,13R,17R)-4 produced 39 and 120
conformers, respectively, in a 21 kJ mol�1 energy window
indicating considerable exibility difference between the two
Fig. 12 Experimental ECD spectrum of 3 in MeCN compared with the
Boltzmann-weighted B3LYP/TZVP PCM/MeCN ECD spectrum of
(1R,2S,3R,4S,5S,9S,10R,13R,17R,30R)-3. Level of optimization: CAM-
B3LYP/TZVP PCM/MeCN. Bars represent the rotatory strength values
of the lowest-energy conformer.

This journal is © The Royal Society of Chemistry 2020
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diastereomers. Aer DFT re-optimization, ECD spectra were
computed for 21/23 and 28/28 low-energy conformers in the gas-
phase and the solvent-model calculations, respectively, and
both epimers produced practically the same agreement with the
experimental ECD (Fig. 13, S5 and S7†). This results allow
verication of the absolute conguration of the core part as
(1R,2S,3R,4S,5S,9S,10R,13R,17R) but it did not allow deter-
mining the AC of C-6. The C-3 substituent had s-trans confor-
mation in most of the low-energy conformers (Fig. S4 and S6†).
The conguration of the C-6 chirality center had apparently only
minor contribution to the overall experimental ECD spectrum,
and thus DFT 13C NMR calculation was utilized to distinguish
the epimers.

The DFT-NMR methods were validated rst on compounds
1–3 and 6. The widely applied mPW1PW91/6-311+G(2d,p)//
B3LYP/6-31+G(d,p) level27,39 was tested on 1–3 and 6 giving good
agreement for most carbons (see ESI Tables S1–S4†). Then 13C
chemical shis were computed for the epimeric
(1R,2S,3R,4S,5S,6R,9S,10R,13R,17R)-4 and
(1R,2S,3R,4S,5S,6S,9S,10R,13R,17R)-4. The corrected mean
absolute error (CMAE)40 values were found rather similar (1.80
vs. 1.89) and the (6R) epimer appeared to be only slightly better
in average (see Table S5†). A strong indication could be
observed, however, for the C-5 carbon adjacent to the C-6
chirality center with more than 3 ppm difference suggesting
(6R) conguration. Application of the DP4+ statistical
method41,42 gave a 95.23% condence for the (6R) epimer which
is above the empirical limit suggested by the developers42 of the
method for a solid determination of relative conguration.

In order to conrm further this result, the mPW1PW91/6-
311+G(2d,p) SMD/CHCl3//mPW1PW91/6-311+G(2d,p) SMD/
CHCl3 level40 was also tested on 1. This method including
solvent model both at the DFT optimization and the NMR
calculation step was not recommended by the CHESHIRE
database,43 since it was developed from a very limited test
Fig. 13 Experimental ECD spectrum of 4 in MeCN compared with the
Boltzmann-weighted B3LYP/TZVP PCM/MeCN ECD spectrum of
(1R,2S,3R,4S,5S,6R,9S,10R,13R,17R)-4 (average of 23 conformers) and
the Boltzmann-weighted CAM-B3LYP/TZVP PCM/MeCN ECD spec-
trum of (1R,2S,3R,4S,5S,6S,9S,10R,13R,17R)-4 (average of 28
conformers). Level of optimization: CAM-B3LYP/TZVP PCM/MeCN.

This journal is © The Royal Society of Chemistry 2020
molecule set for a special case but we could apply it successfully
lately for a different type of natural product together with the
VCD and coupling constant results.44 The solvent model NMR
calculation of 1 gave similar results to those of the well-tested
mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p) combination
(see Table S6†). Thus it was also applied to the epimeric
(1R,2S,3R,4S,5S,6R,9S,10R,13R,17R)-4 and
(1R,2S,3R,4S,5S,6S,9S,10R,13R,17R)-4. CMAE values obtained at
this mPW1PW91/6-311+G(2d,p) SMD/CHCl3//mPW1PW91/6-
311+G(2d,p) SMD/CHCl3 combination for the two epimers were
found 1.69 for the (6R) and 1.96 for the (6S) diastereomer (see
Table S7†). The DP4+ analysis showed a 99.81% condence for
the (6R) epimer. The two 13C chemical shi DFT-NMR calcula-
tions produced the same conclusion for the AC of C-6 and
together with the TDDFT-ECD calculations allowed elucidating
the absolute conguration of 4 as
(1R,2S,3R,4S,5S,6R,9S,10R,13R,17R).

The structure of compound 5 contained a D8,9 double bond
instead of the D8,14 double bond of 3, while their rings A–C had
identical substitution pattern. Despite their closely related
structures, compound 5 had oppositely signed CEs to the cor-
responding ones of 3 and 4, which resulted in near mirror
image experimental ECD spectra. The geometrical background
for the mirror image ECD spectra of these homochiral deriva-
tives was explored by TDDFT-ECD calculations.

Re-optimization of the 120 MMFF conformers of
(1R,2S,3R,4S,5S,10S,13R,14R,17R,30R)-5 yielded 19 and 25 low-
energy conformers over 1% Boltzmann-population in the gas-
phase and the solvent model calculations, respectively. In all
the low-energy CAM-B3LYP/TZVP PCM/MeCN conformers, the
d-lactone ring adopted a distorted boat conformation with C-15
and C-17 being out of plane (Fig. 14). This conformation of the
d-lactone ring was different from the preferred half-chair
conformation of 1–4, and it was the reason of the mirror
image ECD curves. The ECD spectra computed for the low-
energy CAM-B3LYP/TZVP PCM/MeCN conformers reproduced
well the experimental ECD curve of 5 (Fig. 15 and S10†), which
conrmed that the geometries of the conformers were predicted
properly. Interestingly, the B3LYP/6-31+G(d,p) gas-phase re-
optimization provided different low-energy conformers, in
Fig. 14 Comparison of the lowest-energy CAM-B3LYP/TZVP PCM/
MeCN (12.7%) and B3LYP/6-31+G(d,p) gas-phase (10.8%) conformers
of (1R,2S,3R,4S,5S,10S,13R,14R,17R,30R)-5.

RSC Adv., 2020, 10, 32216–32224 | 32221
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Fig. 15 Experimental ECD spectrum of 5 in MeCN compared with the
Boltzmann-weighted CAM-B3LYP/TZVP PCM/MeCN ECD spectrum
of (1R,2S,3R,4S,5S,10S,13R,14R,17R,30R)-5 (level of optimization:
CAM-B3LYP/TZVP PCM/MeCN) and the lowest-energy BH&HLYP/
TZVP ECD spectrum of (1R,2S,3R,4S,5S,10S,13R,14R,17R,30R)-5 [level
of optimization: B3LYP/6-31+G(d,p)].

Fig. 17 Experimental ECD spectrum of 6 in MeCN compared with the
BH&HLYP/TZVP PCM/MeCN ECD spectra of the individual four
lowest-energy CAM-B3LYP/TZVP PCM/MeCN conformers of
(1R,2S,3R,4S,5S,9S,10R,13R,14S,17R)-6. Experimental ECD spectrum of
6 was reproduced with permission from ref. 16.
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which the d-lactone ring had the half-chair conformation
(Fig. 14) and the computed ECD gave mirror image agreement
with the two high-energy ECD transitions (Fig. 15 and S11†).
This result conrmed that the shi of the position of the double
bond in 3 and 5 (from D8,14 to D8,9) changed the preferred
conformation of the d-lactone ring from half-chair to boat,
which is manifested in near mirror ECD spectra, while the
corresponding chirality centers had identical absolute
conguration.

This is an instructive example how chiroptical properties of
structurally related compounds can differ and why it is impor-
tant to apply more than one functional in both the DFT opti-
mization and the ECD calculation steps.1,2,45,46 The solvent
model results reproduced the experimental ECD spectrum
allowing verication of the homochiral nature of 5 with the AC
of (1R,2S,3R,4S,5S,10S,13R,14R,17R,30R) despite its nearly
mirror image experimental ECD.

Compared to the structure of 1, compound 6 does not
contain the C-6 chirality center and since this center does not
have signicant contribution to the ECD spectrum, the
Fig. 16 Overlapped geometries and selected torsional angle of the
four lowest-energy conformers of
(1R,2S,3R,4S,5S,9S,10R,13R,14S,17R)-6. Level of optimization: CAM-
B3LYP/TZVP PCM/MeCN.

32222 | RSC Adv., 2020, 10, 32216–32224
experimental ECD spectra of 1 and 6 were very similar. The
initial 34 MMFF conformers of
(1R,2S,3R,4S,5S,9S,10R,13R,14S,17R)-6 were re-optimized at the
B3LYP/6-31+G(d,p) and the CAM-B3LYP/TZVP PCM/MeCN
levels resulting in 4 and 12 low-energy conformers, respec-
tively. The d-lactone ring adopted half-chair conformation in all
the low-energy CAM-B3LYP/TZVP PCM/MeCN conformers of 6,
while the a,b-unsaturated ester moiety had s-trans conforma-
tion in conformers A and C and s-cis in conformers B and D
(Fig. 16). The computed ECD spectra of conformers A and C had
a weak positive CE at 220 nm, which did not match the exper-
imental curve (Fig. 17). However, the intense negative computed
ECD bands of conformers B and D below 225 nm overrode the
positive CE of conformers A and C.14 The negative CEs of the
experimental ECD spectra below 220 nm are mainly determined
by the contribution of the higher-energy conformers B and D
containing an s-cis enone chromophore.

All combinations of the applied levels reproduced nicely the
experimental ECD spectrum (Fig. 18) allowing verication of the
Fig. 18 Experimental ECD spectrum of 6 in MeCN compared with the
Boltzmann-weighted BH&HLYP/TZVP PCM/MeCN ECD spectrum of
(1R,2S,3R,4S,5S,9S,10R,13R,14S,17R)-6. Level of optimization: CAM-
B3LYP/TZVP PCM/MeCN. Bars represent the rotatory strength values
of the lowest-energy conformer.

This journal is © The Royal Society of Chemistry 2020
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homochiral (1R,2S,3R,4S,5S,9S,10R,13R,14S,17R) AC proposed
on the similarity of the experimental ECD spectra of 1 and 6.16

Conclusions

TDDFT-ECD calculations of homochiral derivatives 1–6 with
different combinations of methods could explain differences in
the experimental ECD spectra, and geometries of structural
subunits could be correlated with characteristic ECD proles.
The calculations revealed that the boat conformation of the d-
lactone ring of 5 was responsible for the near mirror ECD
spectra compared to those of 3 and 4, the low-energy
conformers of which had half-chair conformation for the d-
lactone ring. The different conformations were induced by
different positions of the double bond (D8,14 or D8,9) in 3–5. The
s-cis or s-trans conformation of the planar a,b-unsaturated ester
chromophore was found responsible for spectral differences in
1–4 and 6, while the C-5 ester substituent and C-6 chirality
center did not have signicant contribution. The (6R) AC of
thaigranatin D (4) could be determined by the 13C NMR chem-
ical shi calculations of the C-6 epimers by two methods. The
results may contribute to understand better the geometrical
parameters governing the ECD spectra of these limonoids and
thus to use ECD more efficiently for their stereochemical
analysis.

Experimental
General information

Isolation and characterization of 1–6 was described in ref. 15
and 16. ECD spectra were measured on a Jasco J-810 spec-
tropolarimeter (JASCO Corporation, Tokyo, Japan) in MeCN.

Computational section

Mixed torsional/low-frequency mode conformational searches
were carried out by means of the Macromodel 10.8.011 soware
by using the Merck Molecular Force Field (MMFF) with an
implicit solvent model for CHCl3.47 Geometry reoptimizations
were carried out at the B3LYP/6-31+G(d,p) level in vacuo, the
CAM-B3LYP/TZVP level with the PCM solvent model for MeCN,
the mPW1PW91/6-311+G(2d,p)39 SMD/CHCl3 and the
SOGGA11-X/TZVP SMD/MeCN levels. TDDFT-ECD calculations
were run with various functionals (B3LYP, BH&HLYP, CAM-
B3LYP, and PBE0) and the TZVP basis set as implemented in
the Gaussian 09 package with the same or no solvent model as
in the preceding DFT optimization step.48 ECD spectra were
generated as sums of Gaussians with 3000–6000 cm�1 width at
half-height, using dipole-velocity-computed rotational strength
values.49 NMR calculations were performed at the mPW1PW91/
6-311+G(2d,p) and the mPW1PW91/6-311+G(2d,p) SMD/CHCl3
levels on the B3LYP/6-31+G(d,p) and the mPW1PW91/6-
311+G(2d,p) SMD/CHCl3 levels, respectively. Computed NMR
shi data were corrected with I ¼ 185.4855 and S ¼ �1.0306 in
the gas-phase27 and I¼ 187.9864 and S¼�1.0358 in the solvent
model calculations.40 Boltzmann distributions were estimated
from the B3LYP, CAM-B3LYP, mPW1PW91 and SOGGA11-X
This journal is © The Royal Society of Chemistry 2020
energies. The MOLEKEL soware package was used for visual-
ization of the results.50
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Sciences and the ÚNKP-19-4 New National Excellence Program
of the Ministry for Innovation and Technology. The Govern-
mental Information-Technology Development Agency (KIFÜ) is
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