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ABSTRACT

This work reveals the calculation methods in characterizing 1H and 13C NMR chemical
shifts of xanthone derivatives, α-mangostin, γ-mangostin and garcinone D. The calculated chemical
shifts were computed at WP04, WC04 and B3LYP density functional levels with the 6-311+G(2d,p)
basis set. The calculation values for both 1H and 13C chemical shifts fitted well with experimental
values. The performance of the WP04, WC04 and B3LYP functional for 1H and 13C chemical
shift prediction is compared to other methods as the plot of absolute errors in the chemical shift
prediction. An analysis of errors in 1H chemical shift as a function of the experimental chemical
shift values indicates that there are more accurate in the downfield region for both WP04 and
B3LYP. The errors show the large significant error in the upfield region for 1H chemical shift.
The linear regression comparisons of theoretical and experimental 1H and 13C chemical shift data
are also reported in this work. It is found that WP04, WC04 and B3LYP have shown the
regression slopes and intercepts most near unity for α-mangostin, γ-mangostin and garcinone D.
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Introduction
Mangosteen, Garcinia mangostana L., is a tropical fruit that is grown in hot, humid

climates of Southeast Asia. Today, it has been found that mangosteen contain the compounds
known as prenalated xanthone [1,2]. Previous works have suggested that xanthones have
anti-cancer effects in test tube study. The molecular structures of prenylated xanthones can be
identified using Nuclear Magnetic Resonance (NMR) spectroscopy. Its observation can lead to
precious information about molecular geometries.

Recently many calculation models [3-6] have been developed and assisted in the
interpretation of the experimental chemical shifts. It has been well known that the use of ab initio
calculations is one of the methods could be used to support the interpretation and assignment of
NMR spectra.

Miranda et al. [3] investigated the NMR properties based on ab initio and DFT
calculations of two naturally occurring xanthones:1,5-dihydroxy-2,3-dimethoxyxanthone and
1-hydroxy-5-methoxy-2,3-methylenedioxyxanthone. NMR properties were calculated at HF and
hybrid DFT/HF method, utilizing B3LYP with the 6-31G(d,p) basis set. It is found that the
calculated NMR chemical shifts fitted very well to experimental values, except for the hydroxyl
proton, because of the hydrogen bonding. Cramer et al. [4-6] have developed two hybrid
generalized-gradient approximation density functionals, WC04 and WP04, to predicted 13C and
1H chemical shifts. It is reported that the WC04 and WP04 models provide results more accurate
than those from equivalent B3LYP calculation. For 13C chemical shifts, WC04 is more accurate
than WP04.

We are interested in the structures of xanthones derivatives which are isolated from
the fruit hulls of Garcinia mangostana L., α-mangostin, γ-mangostin, and garcinone D (Figure 1).
The structures of these compounds have been examined experimentally using 1H and 13C NMR
techniques [1]. In this work we are interested in computing the chemical shifts of α-mangostin,
γ-mangostin and garcinone D. The predicted 1H and 13C chemical shifts of α-mangostin,
γ-mangostin and garcinone D were examined theoretically using WP04, WC04 and B3LYP
methods and will be compared with the available experimental data.
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α-mangostin γ-mangostin Garcinone D

Figure 1 A set of prenylated xanthones, α-mangostin, γ-mangostin and garcinone D investi-
gated in the study.

Materials and Methods
A set of conformers of α-mangostin, γ-mangostin and garcinone D (Figure 2) in gas

phase were fully optimized at the Hartree-Fock level with a heteroatom-polarized valence-double-zeta
basis set (HF/MIDI!). The ten most stable conformers for each molecule are selected for further
study. We examined using three hybrid generalized-gradient approximation density functional,
WP04, WC04, and B3LYP for predicting 1H and 13C chemical shifts. For each optimized
geometries, 1H and 13C chemical shifts were computed relative to TMS using the gauge including
atomic orbital (GIAO) formalism and the basis set 6-311+G(2d,p). Isotropic atomic chemical
shifts σ in units of ppm were computed as differences between atomic isotropic shielding in
solutes and corresponding reference atoms in tetramethylsilane (TMS) for each family. When
more than a single conformer is considered, σ values are reported as an average value of
conformers. Theoretical chemical shift data were evaluated relative to experiment based on
linear correlation (R2) in order to assess the ability of the various approaches. The calculations
were carried out with Gaussian 03 [7].
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c) garcinone D

Figure 2 A model for each conformer of a) α-mangostin, b) γ-mangostin and c) garcinone D
is different in geometries of groups of the atoms highlighted.

Results
α-mangostin

All calculations used HF/MIDI! geometries. The 1H chemical shifts for α-mangostin
were computed at WP04/6-311+G(2d,p) and B3LYP/6-311+G(2d,p). And the 13C chemical
shifts were computed at WC04/6-311+G(2d,p) and B3LYP/6-311+G(2d,p). The chemical
shifts over a set of conformers were averaged and compared to experimental 1H and 13C NMR
data (Table 1). The atomic labels related to the structure of α-mangostin represent the position
of proton and carbon which are considered. The performance of the optimized WP04, WC04
and B3LYP functional for 1H and 13C chemical shift prediction is compared to other methods
as shown in the plot of absolute errors in the chemical shift prediction (Figures 3 and 4). From
the comparison of 1H NMR chemical shifts, it is found that the calculation values obtained from
WP04, and B3LYP are in good agreements with experimental values, except for hydroxyl
proton. They are accurate to within 0.2 ppm for chemical shift less than 4 ppm. For 13C NMR
chemical shifts, the accuracies for both methods are within 12 ppm.

a) α-mangostin b) γ-mangostin
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Table 1 Chemical shift prediction of α-mangostin calculated from (method)/6-311+G(2d,p)//
HF/MIDI!.

Atomic 1H (δ) 13C (δ)

label WP04 B3LYP experiment[1] WC04 B3LYP experiment[1]

1 12.86 13.07 13.71 162.16 167.02 159.8

2 103.07 116.59 109.6

3 160.47 165.13 162.3

4 5.71 5.81 6.33 80.35 92.06 92.2

4a 155.65 160.15 154.1

5 6.16 6.29 6.78 90.70 101.68 101.8

6 154.84 160.88 154.6

7 134.12 148.35 143.3

7OMe 3.60 3.76 3.68 54.11 61.28 60.1

8 142.58 147.87 136.3

8a 102.59 116.57 109.8

9 179.91 184.08 181.29

10a 154.70 160.79 156.9

11 3.29 3.37 3.2 20.14 25.28 20.9

12 5.72 6.01 5.15 119.73 127.14 122.4

13 129.69 140.46 130.3

14 1.79 1.89 1.71 17.10 19.17 17.67

15 1.55 1.64 1.6 26.47 28.24 25.54

16 4.16 4.28 3.99 23.88 30.27 25.4

17 5.45 5.70 5.15 119.38 128.37 123.6

18 131.41 141.12 130.3

19 1.54 1.63 1.75 17.85 19.69 17.97

20 1.80 1.89 1.6 26.57 28.39 25.69
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Figure 3 Absolute errors in 12 1H chemical shift predictions for WP04 (triangles) and B3LYP
(diamond) as a function of chemical shift.

Figure 4 Absolute errors in 23 13C chemical shift predictions for WC04 (triangles) and B3LYP
(diamonds) as a function of chemical shift.

An analysis of errors in 1H chemical shift as a function of the experimental chemical
shift values indicates that the optimized functionals are more accurate especially in the downfield
region. The errors show the large significant error in the upfield region. The calculation results
show the similarity of the chemical shift at WP04 and B3LYP calculation. For 13C, the errors
are in various ranges over an observed region. Overall the calculated absolute values are
within the range of about 16% and 13% compared to the experimental results for 1H and 13C
respectively. We also have compared the results with the calculated values taken from the global
minimum energy conformer. It is interesting to note that the average chemical shift values
are similar to the chemical shift values calculated from the global minima structure.
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The linear regression comparisons of theoretical and experimental 1H and 13C chemical
shift data are represented in Figures 5 and 6. It is found that WP04, B3LYP and WC04 have
shown the regression slopes and intercepts close to a unity for 1H and 13C. From the plot between
the predicted versus observed 1H chemical shift, R2 equals to 0.9893 and 0.9860 for WP04 and
B3LYP, respectively. The better linear relationships are shown in the plot between the
predicted versus observed 13C chemical shift. The R2 value for WC04 is 0.9915 and for B3LYP
is 0.9954.

a) WP04

b) B3LYP

Figure 5 The predicted vs. observed 1H chemical shift for a) WP04 (triangles) with
R2 = 0.9893 and for b) B3LYP (diamonds) with R2 = 0.9860.
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a) WC04

b) B3LYP

Figure 6 The predicted vs observed 13C chemical shift for a) WC04 (triangles) with
R2 = 0.9915 and for b) B3LYP (diamonds) with R2 = 0.9954.
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γ-mangostin and garcinone D
To further the use of WP04, WC04, and B3LYP methods in order to predict the

1H and 13C chemical shifts for a family of prenylated xanthones, we examined the calculated
1H and 13C chemical shift for a set of conformers of another two molecules, γ-mangostin
and garcinone D. The chemical shifts were computed at WP04/6-311+G(2d,p)//HF/MIDI! and
B3LYP/6-311+G(2d,p)//HF/MIDI! for 1H chemical shifts. The WC04/6-311+G(2d,p)//HF/MIDI!
and B3LYP/6-311+G(2d,p)//HF/MIDI! are used for computing 13C chemical shifts. The
chemical shifts over a set of conformers for γ-mangostin and garcinone D were averaged and
compared to their experimental 13C and 1H NMR data [1] which are shown in Tables 2 and 3,
respectively. The performance of the optimized WP04, B3LYP and WC04 functional for 1H
and 13C chemical shift prediction are represented in Figures 7 and 8 for γ-mangostin and Figures
11 and 12 for garcinone D. The linear regression comparisons of theoretical and experimental
1H and 13C chemical shift data for γ-mangostin (Figures 9 and 10) and garcinone D (Figures 13
and 14) are also shown here.

Table 2 Chemical shift prediction of γ-mangostin calculated from (method)/6-311+G(2d,p)//
HF/MIDI!.
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Atomic 1H (δ) 13C (δ)

label WP04 B3LYP experiment [1] WC04 B3LYP experiment [1]

1 12.86 13.08 13.88 162.31 173.00 159.8

2 103.10 122.59 109.3

3 160.47 170.97 162

4 5.70 5.79 6.31 80.05 97.73 92

4a 155.69 165.92 151.9

5 6.19 6.32 6.73 89.96 105.54 100.1

6 145.76 157.60 152.5

7 132.47 150.71 140.9

8 133.40 144.57 127.6

8a 103.77 123.01 109.9

9 180.77 190.95 181.6

9a 93.86 113.87 101.9

10a 150.64 163.27 154.2

11 3.29 3.37 3.2 20.22 31.28 20.9

12 5.72 6.01 5.16 119.67 133.10 122.6

13 129.52 146.16 130.3

14 1.77 1.88 1.71 17.06 24.94 17.71

15 1.53 1.62 1.6 26.43 34.14 25.51

16 4.27 4.42 4.02 23.21 35.26 25.3

17 5.85 6.13 5.16 118.50 132.97 123.7

18 131.35 147.40 130

19 1.56 1.65 1.75 26.67 34.41 18.09

20 1.85 1.95 1.6 17.37 25.49 25.65
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Figure 7 Absolute errors in 11 1H chemical shift predictions for WP04 (rectangulars) and
B3LYP (cycles) as a function of chemical shift.

Figure 8 Absolute errors in 23 13C chemical shift predictions for WC04 (rectangulars) and
B3LYP (cycles) as a function of chemical shift.
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a) WP04

b) B3LYP

Figure 9 The predicted vs observed 1H chemical shift for a) WP04 (rectangulars) with
R2 = 0.9850 and for b) B3LYP (cycles) with R2 = 0.9805.
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a) WC04

b) B3LYP

Figure 10 The predicted vs observed 13C chemical shift for a) WC04 (rectangulars) with
R2 = 0.9907 and for b) B3LYP (cycles) with R2 = 0.9943.
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Table 3 Chemical shift prediction of garcinone D calculated from (method)/6-311+G(2d,p)//
HF/MIDI!.

Atomic 1H (δ) 13C (δ)

label WP04 B3LYP experiment [1] WC04 B3LYP experiment [1]
1 12.86 13.08 13.88 162.31 173.00 159.8

1 12.71 12.92 13.81 162.48 167.02 161.67

2 100.05 114.05 111.02

3 162.37 166.88 162.98

4 6.06 6.13 6.39 82.16 94.04 93.09

4a 156.11 160.66 155.69

5 6.60 6.7 6.80 91.45 102.16 102.48

6 155.32 160.63 157.4

7 133.35 147.36 144.41

7-Ome 3.64 3.78 3.84 55.24 62.56 61.59

8 141.84 147.34 140.06

8a 101.53 115.35 111.99

9 180.63 184.59 182.81

9a 92.04 106.84 103.59

10a 155.56 161.34 156.28

11 3.38 3.46 3.33 19.59 24.74 21.95

12 5.46 5.71 5.27 120.89 128.19 123.44

13 131.13 141.89 131.35

14 1.74 1.83 1.77 16.86 18.59 25.86

15 1.62 1.7 1.63 26.31 28.26 17.87

16 3.47 3.54 3.47 21.48 26.35 23.21

17 1.69 1.74 1.72 42.02 48.18 45.64

18 61.54 75.83 70.53

19 1.16 1.19 1.30 27.71 28.79 29.8

20 1.13 1.17 1.30 30.44 31.56 29.8
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Figure 11 Absolute errors in 12 1H chemical shift predictions for WP04 (diamonds) and
B3LYP (stars) as a function of chemical shift.

Figure 12 Absolute errors in 24 13C chemical shift predictions for WC04 (diamonds) and
B3LYP (stars) as a function of chemical shift.
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a) WP04

b) B3LYP

Figure 13 The predicted vs observed 1H chemical shift for a) WP04 (diamonds) with
R2 = 0.9968 and for b) B3LYP (diamonds) with R2 = 0.9957.
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a) WC04

b) B3LYP

Figure 14 The predicted vs observed 13C chemical shift for a) WC04 (diamonds) with
R2 = 0.9905 and for b) B3LYP (diamonds) with R2 = 0.9963.
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The calculated absolute values of 1H and 13C chemical shifts for both families
are shown in the same ranges as for α-mangostin. By comparison the calculating 1H shift for
both γ-mangostin and garcinone D with the experimental data, it is found that there are small
errors shown in a downfield for both WP04 and B3LYP calculation. For 13C chemical shifts, the
calculated values are similar for both obtained from WC04 and B3LYP methods. Table 4 shows
the linear regression for each method calculated over a set of α-mangostin, γ-mangostin and
garcinone D. The WP04, B3LYP and WC04 methods have shown the regression slopes and
intercepts most near unity for these three molecules.

Table 4 The linear regression for each method calculated over a set of α-mangostin, γ-mangostin
and garcinone D.

Method α-mangostin γ-mangostin garcinone D
1H 13C 1H 13C 1H 13C

WP04 0.9893 - 0.9850 - 0.9968 -

B3LYP 0.9860 0.9954 0.9805 0.9943 0.9957 0.9963

WC04 - 0.9915 - 0.9907 - 0.9905

Conclusion and Discussion
Density functional models can successfully aid in the assignment of 1H and 13C

chemical shifts for α-mangostin, γ-mangostin, and garcinone D. For 1H chemical shift, the WP04
model shows the accuracy in the prediction of the chemical shift the same as the B3LYP model.
For 13C chemical shift prediction, the B3LYP model shows the better results than the other.
However there are some differences in accuracy for these three models, the correlation
coefficients (R2) are in acceptable ranges. It is believed that these models can be used to predict
the 1H chemical shift of other prenylated xanthones.

Acknowledgements
I gratefully acknowledge Srinakharinwirot University for funding the research.



SWU Sci. J. Vol. 27 No. 1 (2011)84

References
1. Suksamrarn, S., Suwannapoch, N., Phakhodee, W., Thanuhiranlert, J., Ratananukul, P.,

Chimnoi, N., and Suksamrarn, A. 2003. Antimycobacterial Activity of Prenylated Xanthones
from the Fruits of Garcinia mangostana. Chemical & Pharmaceutical Bulletin 51(7):
857-859.

2. Suksamrarn, S., Komutiban, O., Ratananukul, P., Chimnoi, N., Lartpornmatulee, N., and
Suksamrarn, A. 2006. Cytotoxic Prenylated Xanthones from the Young Fruit of Garcinia
mangostana. Chemical & Pharmaceutical Bulletin 54(3): 301-305.

3. Goncalves, N. S., Cristiano, R., Pizzolatti, M. G., and Miranda, F. S. 2005. Vibrational
Analysis and NMR Properties Based on ab Initio and DFT calculations of Two Naturally
Occurring Xanthones: 1,5-Dihydroxy-2,3-Dimethoxyxanthone and 1-Hydroxy-5-Methoxy-2,
3-Methylenedioxyxanthone. Journal of Molecular Structure 733: 53-61.

4. Wiitala, K. W., Al-Rashid, Z. F., Dvornikovs, V., Hoye, T. R., and Cramer, C. J. 2007.
Evaluation of Various DFT Protocols for Computing†1H and†13C Chemical Shifts to
Distinguish Stereoisomers: Diastereomeric 2-, 3-, and 4-Methylcyclohexanols as a Test Set.
Journal of Physical Organic Chemistry 20 (5): 345-354.

5. Wiitala, K. W., Hoye, T. R., and Cramer, C. J. 2006. Hybrid Density Functional Methods
Empirically Optimized for the Computation of 13C and 1H Chemical Shifts in Chloroform
Solution. Journal of Chemical Theory and Computation 2: 1085-1092.

6. Wiitala, K. W., Cramer, C. J., and Hoye, T. R. 2007. Comparison of Various Density
Functional Methods for Distinguishing Stereoisomers Based on computed†1H or†13C NMR
Chemical Shifts Using Diastereomeric Penam Beta-Lactams as a Test Set. Magnetic
Resonance in Chemistry†45 (10): 819-829.

7. Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J.
R., Montgomery, Jr., J. A., Vreven, T., Kudin, K. N., Burant, J. C., Millam, J. M., Iyengar,
S. S., Tomasi, J., Barone, V., Mennucci, B., Cossi, M., Scalmani, G., Rega, N., Petersson, G.
A., Nakatsuji, H., Hada, M., Ehara, M., Toyota, K., Fukuda, R., Hasegawa, J., Ishida, M.,
Nakajima, T., Honda, Y., Kitao, O., Nakai, H., Klene, M., Li, X., Knox, J. E., Hratchian, H.
P., Cross, J. B., Bakken, V., Adamo, C., Jaramillo, J., Gomperts, R., Stratmann, R. E.,
Yazyev, O., Austin, A. J., Cammi, R., Pomelli, C., Ochterski, J. W., Ayala, P. Y., Morokuma,
K., Voth, G. A., Salvador, P., Dannenberg, J. J., Zakrzewski, V. G., Dapprich, S., Daniels,
A. D., Strain, M. C., Farkas, O., Malick, D. K., Rabuck, A. D., Raghavachari, K., Foresman,
J. B., Ortiz, J. V., Cui, Q., Baboul, A. G., Clifford, S., Cioslowski, J., Stefanov, B. B., Liu,
G., Liashenko, A., Piskorz, P., Komaromi, I., Martin, R. L., Fox, D. J., Keith, T., Al-Laham,



«“√ “√«‘∑¬“»“ µ√å ¡»« ªï∑’Ë 27 ©∫—∫∑’Ë 1 (2554) 85

M. A., Peng, C. Y., Nanayakkara, A., Challacombe, M., Gill, P. M. W., Johnson, B., Chen,
W., Wong, M. W., Gonzalez, C., and Pople, J. A. 2004. Gaussian, Inc., Wallingford CT,
Gaussian 03, Revision†B.01.

‰¥â√—∫∫∑§«“¡«—π∑’Ë 1 µÿ≈“§¡ 2553
¬Õ¡√—∫µ’æ‘¡æå«—π∑’Ë 2 °ÿ¡¿“æ—π∏å 2554




