
Crystal Structure of Garciniaphenone and Evidences on the Relationship
between Keto –Enol Tautomerism and Configuration
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Garciniaphenone (¼ rel-(1R,5R,7R)-3-benzoyl-4-hydroxy-8,8-dimethyl-1,7-bis(3-methylbut-2-en-1-
yl)bicyclo[3.3.1]non-3-ene-2,9-dione; 1), a novel natural product, was isolated from a hexane extract of
Garcinia brasiliensis fruits. The crystal structure of 1 as well as the selected geometrical and
configurational features were compared with those of known related polyprenylated benzophenones.
Garciniaphenone is the first representative of polyprenylated benzophenones without a prenyl
substituent at C(5). Notably, the absence of a 5-prenyl substituent has an impact on the molecular
geometry. The tautomeric form of 1 in the solid state was readily established by a residual-electronic-
density map generated by means of a difference Fourier analysis, and there is an entirely delocalized six-
membered chelate ring encompassing the keto – enol moiety. The configuration at C(7) was used to
rationalize the nature of the keto – enol tautomeric form within 1. The intermolecular array in the
network is maintained by nonclassical intermolecular H-bonds.

Introduction. – Garcinia brasiliensis (Mart.) Planch. andTriana, (Syn. Rheedia
brasiliensis), commonly known as BbacupariC, is used in Brazil as traditional medicine
for the treatment of urinary diseases and several types of tumors [1]. Garcinia or
Rheedia is the most abundant genus of the Guttiferae family, and it is known to be rich
in oxygenated and prenylated phenol derivatives [2], including xanthones [3],
flavonoids [4], phenolic acids [5], and benzophenones [6]. Previous researchers have
reported the presence of various biflavonoids including volkensiflavone and fukugetina
[7], as well as of prenylated xanthones in MeOH extracts of G. brasiliensis roots [2].
Polyprenylated benzophenones are biologically active compounds and common

metabolites from the Guttiferae family. Some of them, as for instance guttiferone A
(¼ rel-(1R,5R,7R,8S)-3-(3,4-dihydroxybenzoyl)-4-hydroxy-8-methyl-1,5,7-tris(3-meth-
ylbut-2-en-1-yl)-8-(4-methylpent-3-en-1-yl)bicyclo[3.3.1]non-3-ene-2,9-dione), were
isolated from Symphonia globulifera, Garcinia livingstonei, Garcinia ovalifolia, and
Clusia rosea as HIV-inhibitory compounds [8]. Consequently, numerous studies have
screened such substances to uncover a range of pharmacological properties in various
biological systems. As a result, it is agreed that polyprenylated benzophenones also
possess radical-scavenging properties, inhibit iNOS and COX-2 expression in colon
carcinoma, induce apoptosis, and can act as antiulcer, antioxidant, trypanocidal [9 – 13],
anti-inflammatory [14], and antitumoral agents [15]. Another natural polyprenylated
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benzophenone, 7-epiclusianone (¼ rel-(1R,5R,7R)-3-benzoyl-4-hydroxy-8,8-dimethyl-
1,5,7-tris(3-methylbut-2-en-1-yl)bicyclo[3.3.1]non-3-ene-2,9-dione; 2), presents vascu-
lar effects on the rat aorta [16] and anti-HIV activity [17].
Three prenylated benzophenones obtained from hexane and EtOH extracts from

fruits and seeds of Garcinia brasiliensis were purified by column chromatography and
prep. TLC. The focus of this article is centered on a compound named garciniaphenone
(1), a previously undescribed natural product that is present only in the fruit (Scheme).
The two other compounds, 7-epiclusianone (2 ; Scheme) [18] and guttiferone A [8],
have already been extracted from other plants of the same family and can also be
obtained fromG. brasiliensis seeds. In contrast to guttiferone A, which is found only in
the seeds (isolated from the EtOH extract, see [20]), compound 2 constitutes the major
secondary metabolite extracted from the fruits of this species. The crystal structures of
compound 2 [18] and guttiferone A [19] [20] are known.

We have studied the chemical structure of compound 1 by IR, 1H-, 13C-, and 2D-
NMR, and MS experiments [21]. The NMR spectra of 1 revealed a behavior similar to
that of related benzophenones [8], i.e., a keto-enol equilibrium involving the enolizable
2,4-dione system, thus giving rise to 1H-NMR signals of two OH groups from the
tautomers 1a and 1b, present in solution (Scheme). Therefore, the identification of the
tautomer present in the solid state was pursued through X-ray diffraction methods,

Scheme. a) Keto –Enol Tautomers of Garciniaphenone (1) in CDCl3 Solution [21] Showing the same
Atom Numbering (arbitrary) as for the XRD Structure Representation (Fig. 1). b) The Major Tautomeric

Form of 7-Epiclusianone (2) and Clusianone (3) in the Solid State
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enabling comparison with solution-state assignments. The X-ray diffraction analysis of
1 was successful, allowing the unambiguous determination of its structure. Further-
more, ab initio calculations (6-31G**) were carried out. For this purpose, the XRD
structures of 1 and clusianone (3 ; Scheme), an analogous polyprenylated benzophe-
none [22], were used as a starting point for comparative theoretical measurements.

Results and Discussion. – In the HPLC analysis, benzophenones 1 and 2 showed the
retention times (tR) 16.08� 0.13 and 17.94� 0.06 min, respectively, the peaks exhibiting
each a subtle asymmetric shoulder on the tail, which is ascribed to the presence of two
keto – enol tautomers [6]. In the chromatograms of samples from the hexane extract of
G. brasiliensis fruits, a few peaks were present. At the retention times of compounds 1
and 2, no signal other than chemical background was observed. A linear relationship
between the peak-area ratios and dilution concentrations ranging from 0.5 to 40 mg/l
was confirmed by the mean correlation coefficients of 0.999� 0.001 for 1 and 0.998�
0.008 for 2. The linear equations for 1 and 2 were y¼ (0.015� 0.002)x� 0.015� 0.008
and y¼ (0.012� 0.002)xþ 0.016� 0.011, respectively. With these equations and the
peak-area ratios obtained from the analyses of the hexane-extract samples, we found
25� 2 mg of 1 and 263� 40 mg of 2 per g of hexane extract, confirming that the
tetraprenylated benzophenone 2 is a major compound in G. brasiliensis fruits.
With regard to XRD analysis, the ORTEP-3 [23] representation of garciniaphenone

(1; Fig. 1) shows the absence of a prenyl group at C(5) in comparison with 2. Unusually,
1 is the first polyprenylated benzophenone in its class lacking a C(5) prenyl substituent.
The configuration at C(7) is the same in benzophenones 1 and 2, the prenyl-group
atoms (C(24) to C(28)) laying above the plane passing through atoms C(1), C(5), and
C(7) in an axial orientation. This configurational feature causes other similarities
between these two structures: the occurrence of the C(10)¼O(2)/C(4)�O(1)�H
tautomer in the solid state and the spatial orientation of the Bz group on the
C(3)�C(10) bond axis. The axial prenyl moiety approaches the C(25)¼C(26) and
C(2)¼O(3) groups, generating an intramolecular distance between the centroid of
C(25)¼C(26) and O(3) of 3.455(3) N in 1 and of 3.734(4) N in 2 [18]. Thus in both
cases, the closeness between these groups hinders the binding of C(2)¼O(3) to the H-
atom deviating the covalent H-bond to O(1), which forms the O(1)�H group.
Therefore, the molecular stabilization occurs by an O(1)�H ···O(2) H-bond that
causes the rotation of the C(3)�C(10) axis. This influence of the C(7) configuration is
apparent when considering clusianone (3) [22], the epimer of compound 2, for which
the benzoyl group is rotated about 1808 around the C(3)�C(10) axis in comparison
with structures 1 and 2. In this case, the equatorial orientation of the C(24)�C(28)
prenyl group (below the C(1)�C(5)�C(7) plane) keeps the C(25)¼C(26) moiety
remote from the C(2)¼O(3) group (distance of 5.321 N between the C(25)¼C(26)
centroid and O(3)). Thereby, the covalent O�H bond occurs at O(3) that is not
sterically hindered, in contrast to structures 1 and 2. Subsequently, the benzoyl group is
rotated to stabilize the structure via the O(3)�H ···O(2) H-bond.
We also performed ab initio calculations in search for theoretical data that could be

correlated to structural features established by XRD analysis. Analyzing the quantum-
chemical values of the overall energy content E, the HOMO, LUMO, and HOMO–
LUMO gap energies, and the dipole moment (m) of compounds 1 and 3 (Table 1),
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Fig. 1. ORTEP View of compounds 1 and 2 [18]. Arbitrary atom numbering; 50% probability ellipsoids.
Doubly dotted lines represent either the intramolecular H-bond or the contact between the

C(25)¼C(26) centroid and O(3). The C�H H-atoms are omitted for clarity.

Table 1. Values of some Quantum-Chemical Properties Calculated for Compounds 1 and 3

E [Hartree] EHOMO [eV] ELUMO [eV] EHOMO�LUMO gap [eV] m [Debye]

1 � 1379.06 � 8.74 1.95 10.69 2.81
3 � 1573.17 � 8.81 1.93 10.78 1.54



reveals that all values, except for the dipole moment, are similar for the two
benzophenones. The difference between the m values of 1 and 3 is expected, taking into
account that 1 is devoid of a prenyl group at C(5).
The benzene ring of 1 has bond angles and distances in agreement with the

expected ones (mean C�C distance 1.37(3) N and mean C�C�C angle 120.0(16)8),
the individual values for angles and distances being highly similar. This ring, as
expected, is planar, and the largest deviation from the least-squares plane through the
six ring C-atoms is 0.031(7) N for C(14) (r.m.s. deviation of fitted atoms¼ 0.0185 N).
The C(10)¼O(2) group is nonconjugated with the benzene ring due to the reduced
planarity between these groups, as shown by the deviation of � 0.830(7) N of O(2)
from the ring least-squares plane and by the torsional angle of 43.7(3)8 between
C(10)¼O(2) and the aromatic plane. On the other hand, the C(10)¼O(2) group
participates in a electronically delocalized six-membered chelate ring formed by
O(2)�C(10)�C(3)�C(4)�O(1)�H, which is almost entirely planar, the highest
deviation of C(10) from the least-squares plane formed by these six atoms being
� 0.043(3) N (r.m.s. deviation of fitted atoms¼ 0.0466 N). This result arises from the
aromatic character of the chelate ring, which is stabilized by a resonance-assisted H-
bond (RAHB) [24]. In this kind of H-bond, the multiple neighboring p-bonds are
electronically delocalized, leading to an increase of the H-bonding strength by
cooperativity [25]. Moreover, some researchers believe that RAHB-stabilized
structures are aromatic [26] [27], supporting our above-mentioned idea that was
proposed based on geometrical parameters.
The intramolecular geometry in the chelate moiety, as well as the geometry of the

entire molecule 1, was analyzed with MOGUL [28], which confirmed the delocalized
resonance character of the chelate ring by the variations in the valence angles and bond
distances (Tables 2 and 3). The bonds C(3)�C(10) (1.425(4) N) and C(4)�O(1)
(1.285(3) N) are markedly shorter than the corresponding average query values
(1.48(3) and 1.32(3) N, resp.), whereas the bond C(10)¼O(2) (1.270(4) N) is longer
than the value 1.22(2) N averaged over 2995 structures similar to 1 found by MOGUL
in the Cambridge Structural Database (CSD) [29]. These deviations from the most
common bond-distance values are consistent with a complete electronic delocalization
within the O(2)�C(10)�C(3)�C(4)�O(1)�Hmoiety that in solution leads to the two
tautomers 1a and 1b (Scheme). Thus, the C(3)�C(10) and C(4)�O(1) single bonds
possess double-bond character, and the C(10)¼O(2) double bond has single-bond
character. Furthermore, the H-bond to O(2) of C(10)¼O(2) in the hybrid resonance
structure is also suggested by the enlargement of the C(3)�C(10)�C(11) angle, which
supports the C(10)¼O(2) group. This angle (124.3(3)8) is greater than the correspond-
ing average angle around a carbonyl group C�C(¼O)�C (120(2)8). In turn, the
adjoining angle O(2)�C(10)�C(11) is contracted (116.6(3)8 vs. the mean value of
120(2)8 in the CSD). The intramolecular H-bond O(1)�H ···O(2) also disturbs the
valence angles within the hybrid keto – enol ring system. The close proximity of
C(10)¼O(2) and C(4)�O(1) due to the intramolecular H-bond, as shown by the
relatively short intramolecular O(1) ··· O(2) distance (2.409 (4) N, cf. Table 4), distorts
the C(3)�C(10) bond towards the centroid of the chelate ring. As expected for this
independent displacement, it does not influence the O(2)�C(10)�C(3) angle
(119.0(3)8 for 1 vs. an average of 119(2)8 for 161 1-like entries in the CSD), whereas

Helvetica Chimica Acta – Vol. 91 (2008) 1317



Helvetica Chimica Acta – Vol. 91 (2008)1318

Table 2. Bond Lengths [N] of Compound 1 Determined by XRD (query value) and MOGUL
Intramolecular Analysis. For atom numbering, see Scheme and Fig. 1.

Number Mean Query value Number Mean Query value

C(1)�C(2) 7 1.51(1) 1.527(4) C(12)�C(13) 10000 1.38(2) 1.395(10)
C(2)�C(3) 103 1.44(2) 1.472(4) C(13)�C(14) 10000 1.37(3) 1.29(2)
C(3)�C(4) 18 1.39(2) 1.405(4) C(14)�C(15) 10000 1.37(2) 1.426(16)
C(4)�C(5) 2 1.52(1) 1.497(4) C(15)�C(16) 10000 1.38(2) 1.374(6)
C(5)�C(8) 7 1.55(1) 1.545(4) C(11)�C(16) 10000 1.38(1) 1.362(8)
C(7)�C(8) 22 1.54(1) 1.545(4) C(24)�C(25) 171 1.49(2) 1.497(4)
C(6)�C(7) 271 1.53(1) 1.530(4) C(25)�C(26) 361 1.31(3) 1.319(5)
C(1)�C(6) 59 1.53(1) 1.516(4) C(26)�C(27) 1140 1.49(3) 1.500(5)
C(1)�C(9) 15 1.53(1) 1.492(4) C(26)�C(28) 1140 1.49(3) 1.480(6)
C(1)�C(19) 76 1.55(4) 1.525(4) C(19)�C(20) 152 1.49(3) 1.485(5)
C(3)�C(10) 161 1.48(3) 1.425(4) C(20)�C(21) 361 1.31(3) 1.309(5)
C(5)�C(9) 9 1.51(1) 1.495(4) C(21)�C(22) 1140 1.49(3) 1.458(6)
C(8)�C(17) 3573 1.52(3) 1.516(4) C(21)�C(23) 1140 1.49(3) 1.494(6)
C(8)�C(18) 3573 1.52(3) 1.537(4) O(1)�C(4) 105 1.32(3) 1.285(3)
C(7)�C(24) 24 1.54(1) 1.503(4) O(2)�C(10) 2995 1.22(2) 1.270(4)
C(10)�C(11) 915 1.48(3) 1.471(5) O(3)�C(2) 1225 1.21(2) 1.203(3)
C(11)�C(12) 10000 1.38(1) 1.358(7) O(4)�C(9) 1247 1.20(2) 1.203(4)

Table 3. Bond Angles [8] of Compound 1 Determined by XRD (query value) and MOGUL Intra-
molecular Analysis. For atom numbering, see Scheme and Fig. 1.

Number Mean Query
value

Number Mean Query
value

C(1)�C(2)�C(3) 19 119(2) 118.0(2) C(9)�C(1)�C(19) 27 108(2) 113.9(3)
C(1)�C(6)�C(7) 7 114(1) 117.5(2) C(10)�C(11)�C(12) 1762 120(2) 119.4(5)
C(1)�C(9)�C(5) 16 116(2) 113.5(3) C(10)�C(11)�C(16) 1762 120(2) 120.6(4)
C(1)�C(19)�C(20) 27 113(2) 112.3(3) C(11)�C(12)�C(13) 10000 120(1) 117.7(8)
C(2)�C(1)�C(6) 15 108(1) 108.4(2) C(11)�C(16)�C(15) 10000 120(1) 122.4(7)
C(2)�C(1)�C(9) 23 111(3) 110.3(2) C(12)�C(11)�C(16) 10000 118(1) 119.8(5)
C(2)�C(1)�C(19) 9 109(2) 109.4(2) C(12)�C(13)�C(14) 10000 120(1) 123.3(11)
C(2)�C(3)�C(4) 15 120(1) 118.4(2) C(13)�C(14)�C(15) 10000 120(2) 120.1(7)
C(2)�C(3)�C(10) 15 119(3) 123.0(2) C(14)�C(15)�C(16) 10000 120(1) 116.3(9)
C(3)�C(4)�C(5) 15 119(4) 122.3(2) C(17)�C(8)�C(18) 510 107(1) 106.9(3)
C(3)�C(10)�C(11) 147 120(2) 124.3(3) C(24)�C(25)�C(26) 26 128(2) 126.9(3)
C(4)�C(3)�C(10) 15 121(2) 117.9(2) C(25)�C(26)�C(27) 722 122(3) 120.1(4)
C(4)�C(5)�C(8) 2 113.7(2) 116.7(3) C(25)�C(26)�C(28) 722 122(3) 124.8(4)
C(4)�C(5)�C(9) 68 107(3) 107.2(2) C(27)�C(26)�C(28) 570 114(2) 115.0(4)
C(5)�C(8)�C(7) 24 107(2) 110.9(2) C(19)�C(20)�C(21) 73 128(4) 127.3(4)
C(5)�C(8)�C(17) 14 109(2) 109.3(2) C(20)�C(21)�C(22) 722 122(3) 121.7(4)
C(5)�C(8)�C(18) 14 109(2) 107.3(3) C(20)�C(21)�C(23) 722 122(3) 122.7(4)
C(8)�C(5)�C(9) 149 110(2) 108.2(2) C(22)�C(21)�C(23) 570 114(2) 115.5(4)
C(8)�C(7)�C(6) 4 110(1) 112.0(2) O(1)�C(4)�C(3) 18 122(1) 122.0(3)
C(8)�C(7)�C(24) 6 115(1) 113.7(2) O(1)�C(4)�C(5) 18 113(3) 115.7(2)
C(7)�C(8)�C(17) 44 109(2) 114.0(3) O(2)�C(10)�C(3) 161 119(2) 119.0(3)
C(7)�C(8)�C(18) 44 109(2) 108.1(3) O(2)�C(10)�C(11) 915 120(2) 116.6(3)
C(7)�C(24)�C(25) 18 114(3) 113.1(3) O(3)�C(2)�C(1) 7 119(2) 119.0(2)
C(6)�C(1)�C(9) 33 107(2) 105.7(2) O(3)�C(2)�C(3) 103 123(2) 123.0(3)
C(6)�C(1)�C(19) 7 111(1) 109.0(2) O(4)�C(9)�C(1) 15 121(1) 124.9(3)
C(6)�C(7)�C(24) 7 109(1) 114.3(2) O(4)�C(9)�C(5) 9 123(1) 121.6(3)



the angle C(2)�C(3)�C(10) is relaxed (123.0(2)8 vs. 119(3)8) and the angle
C(4)�C(3)�C(10) is constrained (117.9(2)8 vs. 121(2)8).
In guttiferone A, a benzophenone structurally related to compound 1, which carries

a 3-(3,4-dihydroxybenzoyl) instead of the 3-benzoyl group, and which is present in the
G. brasiliensis seeds, the OH group in 4-position of the aromatic ring allows a further
electron delocalization within the 4-HO�C6H3(OH)�C(11)�C(10)�O(2) moiety
that enhances the electron density at O(2) [20]. Thus, O(2) rather than O(1) is
covalently bonded to the H-atom, and the keto – enol tautomer with the
C(10)�O(2)�H/C(4)¼O(1) structure was found to contribute most to the solid state
of guttiferone A, in contrast to the prevailant tautomer with the C(10)¼O(2)/
C(4)�O(1)�H moiety determined here in the crystal structure of 1.
In the bicyclic system of 1, the six-membered rings C(5)�C(8)�C(7)�

C(6)�C(1)�C(9) and C(1)�C(2)�C(3)�C(4)�C(5)�C(9) adopt a chair and
distorted half-chair conformation, respectively. The bond length C(5)�C(8) is
1.545(4) N. This value is shorter than the corresponding C(5)�C(8) distance of 3
(1.603 N) [22] and 2 [18]. The reduced C(5)�C(8) bond length in 1 is explained by the
reduced steric congestion at C(5) due to the absence of the 5-prenyl substituent, as
compared to 2 and 3. Additionally, the absence of the 5-prenyl group is also responsible
for the opening of the O(4)�C(9)�C(1) angle (124.9(3)8 vs. the query mean value
121(1)8). Indeed, the bulky 5-prenyl group sterically repulses the C(9)¼O(4) group in
the direction of the C(1)�C(9) bond spatial domain, thereby contracting the
O(4)�C(9)�C(1) angle and opening the O(4)�C(9)�C(5) angle. A slight closing
of the O(4)�C(9)�C(5) angle in 1was also verified byMOGUL [28] (121.6(3)8 vs. the
query mean value 123(1)8).
The chelate ring in 1 is stabilized through the intramolecular H-bond O(1)�H ···

O(2) responsible for the Bz group rotation (Fig. 1, Table 4). It is important to
emphasize that the noncovalent O(2) ·· · H(1) bond can be considered as an unusual
covalent O�H bond since it belongs to a RAHB in a six-membered chelate ring. As to
the intermolecular geometry, compound 1 exhibits four nonclassical intermolecular H-
bonds. Two of them, the C(14)�H ···O(3) H-bond between the benzene ring and the
adjacent C(2)¼O(3) and the C(6)�Hb ···O(2) H-bond between C(6) of the bicyclic
moiety and C(10)¼O(2) belonging to Bz moiety, stabilize the molecules along the [100]
direction in a stacking mode, forming an infinite ribbon in this direction (Fig. 2). The
intermolecular C(25)�H ···O(4) H-bond between the sp2-hybridized C(25) of the
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Table 4. H-Bonding Length [N] and Angles [8] of Compound 1. The symbols BDC and BAC mean H-atom
donor and acceptor, resp. For atom numbering, see Scheme and Fig. 1

D�H ···A D�H H ···A D ···A D�H···A

O(1)�H ···O(2) 1.06(5) 1.40(6) 2.409(4) 156(5)
C(6)�Hb ···O(2)a) 0.97 2.60 3.515(4) 158
C(14)�H ···O(3)b) 0.93 2.53 3.414(8) 159
C(25)�H ···O(4)c) 0.93 2.74 3.632(5) 161
C(28)�Hc ···O(3) 0.96 2.57 3.351(5) 139

a) Symmetry: xþ 1, y, z. b) Symmetry: x� 1R2, � yþ 1R2, � z. c) Symmetry: � xþ 2, y� 1R2, � zþ 1R2



prenyl group at C(7) and C(9)¼O(4) gives rise to a molecular zigzag chain parallel to
the [010] direction (Fig. 3). Details of all intermolecular H-bonds interactions involved
in these networks are given in Table 4.

Conclusions. – The crystal structure of 1, the first representative without a C(5)
prenyl substituent in the class of polyprenylated benzophenones, was determined for
the first time, resulting in a correct characterization of the intra- and intermolecular
geometries. In the solid state of benzophenone 1, the C(10)¼O(2)/C(4)�O(1)�H
tautomer is present, which is the same type of tautomer as in the related natural
benzophenone 2 but is different from the C(10)�O(2)�H/C(4)¼O(1) tautomer type
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Fig. 2. Crystal packing view of compound 1 along the [100] direction. Doubly dotted lines represent H-
bonds. The H-atoms involved in the H-bonds are shown as spheres of arbitrary radii. Symmetry codes: i)

xþ 1R2 ; � yþ 1R2 ; � z ; ii) x� 1R2 ; � yþ 1R2 ; � z.



present in solid guttiferone A. Some changes in bond and torsional angles and bond
lengths are reported as a consequence of a delocalized six-membered chelate ring
encompassing O(2)�C(10)�C(3)�C(4)�O(1)�H and of the absence of a 5-prenyl
substituent in comparison with similar polyprenylated benzophenones. In addition, the
reason for the presence of different keto – enol tautomeric forms in the case of 1 and 3
in the solid state is most likely due to the different configuration at C(7).
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Experimental Part

Plant Extraction and Isolation of 1. Garcinia brasiliensis fruits were obtained from plants growing
naturally on the campus of the Federal University of ViÅosa (UFV), ViÅosa-MG, Brazil, and their
identity was confirmed by a botanist of UFV. The voucher specimen is deposited in the Horto Botânico of
UFV (registry No. VIC2604). Subsequently, the air-dried fruits were powdered, yielding ca. 1 kg of plant
material. After standing maceration with 3 l of hexane at r.t. for 7 d, the liquid layer was recovered by
filtration and the hexane evaporated at 458. The overall procedure was repeated five times on the same
batch of material to yield a total amount of 80 g of G. brasiliensis fruit hexane extract (GBFHE). The
GBFHEwas subjected to repeated column chromatography (CC) (silica gel (230 – 400mesh), 8� 100 cm
columns, hexane/AcOEt 100 :0! 0 :100 and AcOEt/EtOH 100 :0! 0 :100). The obtained 50 fractions
were grouped to GBFHE-1 (Frs. 1 – 6, 10 g, mixture of sesquiterpenes by GC/MS), GBFHE-2 (Frs. 7 –
20, 20 g, resinous orange material), and GBFHE-3 (Frs. 21 – 50, 30 g, complex mixture by GC/MS).
GBFHE-2 was washed with acetone to produce two subfractions, the insoluble GBFHE-2I (5 g of a
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Fig. 3. Crystal packing view of compound 1 along the [010] direction. Doubly dotted lines represent H-
bonds. The H-atoms involved in the H-bonds are shown as spheres of arbitrary radii. Symmetry codes: i)

� xþ 2; yþ 1R2 ; � zþ 1R2 ; ii) � xþ 2; y� 1R2 ; � zþ 1R2.



hydrocarbon mixture and the soluble GBFHE-2S. From GBFHE-2S, a yellow resinous material was
separated after solvent evaporation. GBFHE-2S was subjected to CC (SiO2) as described previously
[21], giving 26 fractions that were pooled into 5 main fractions:GBFHE-2S.1 – 5. Three recrystallizations
of GBFHE-2S.3 (1.8 g) in MeOH gave 7-epiclusianone (2 ; 1 g), identified by comparison with reported
data [18] [30].GBFHE-2S.4 (8.0 g) was resubjected to CC (SiO2) to give 20 fractions, which were pooled
into 7 main fractions:GBFHE-2S.4.A–G. Recrystallization ofGBFHE-2S.4.A –B fromMeOH (yielded
more 2 (1.0 g). GBFHE-2S.4.C was recrystallized twice from MeOH: garciniaphenone (1; 0.65 g).

Crystal Purity and Quantification of Garciniaphenone (¼ rel-(1R,5R,7R)-3-Benzoyl-4-hydroxy-8,8-
dimethyl-1,7-bis(3-methylbut-2-en-1-yl)bicyclo[3.3.1]non-3-ene-2,9-dione ; 1) and 7-Epiclusianone (¼
rel-(1R,5R,7R)-3-Benzoyl-4-hydroxy-8,8-dimethyl-1,5,7-tris(3-methylbut-2-en-1-yl)bicyclo[3.3.1]non-3-
ene-2,9-dione ; 2). To prepare suitable standards for chromatographic analysis, crystals of benzophenones
1 and 2 were weighed (11 and 12 mg, resp.) and dissolved in MeOH (10 ml) (1.1 and 1.2 g/l). These solns.
were diluted in MeOH/5% AcOH soln. (pH 3.84) 40 :60 (v/v ; HPLC initial mobile phase) to give
standard solns. containing 40.0, 20.0, 10.0, 5.0, and 0.5 mg/l. Three samples of 20 ml (loop capacity) of
each standard soln. were analyzed by HPLC (Shimadzu Corporation (Kyoto, Japan) apparatus, two LC-
10ATvp pumps, SPD-M10Avp diode array detector at 254 nm, C18 column (150 mm� 4.6 mm with 5 mm
particle size) protected by a compatible guard column; gradientMeOH/5%AcOH soln. (pH 3.84) 40 :60
(v/v)!MeOH within 10 min, flow rate 1.2 ml/min, 308). Prior to use, the mobile-phase solvents were
filtered under vacuum through a 0.45 mm Millipore filter (HAWP 01300) and degassed separately.
ClassVP-LC10 software was used both for data collection and acquisition. All HPLC plots of the
standard solns. of 1 and 2 showed only a single strong signal, the means and standard deviations of the
percent areas from all dilutions being 98.6� 1.1 and 99.8� 0.2%, resp. The purity of 1 and 2 was thus
considered suitable for an anal. standardization, and the standard solns. were used to generate calibration
curves.

The quantification of 1 and 2 in GBFHE extracts was carried out by HPLC in triplicate under the
same conditions as those employed in the HPLC analyses of the standard solns. (cf. above). The standard
curves were derived by linear-regression analysis of the peak-area ratios (analyte/internal standard) vs.
concentrations of the dilution, and the peak-area ratios of compounds 1 and 2 in the GBFHE samples
were interpolated in the generated calibration curves for quantification. Prior to injection, the GBFHE
sample (0.727, 0.689, and 0.750 g, resp.) was separately treated with MeOH (ca. 5 ml) at 408 during
10 min, the soln. quantitatively filtered through WhatmanI-41 filter paper, and the filtrate made up to
10 ml with MeOH. From this soln., a sample (25 ml) was diluted to a final volume of 10 ml with MeOH/
5% AcOH soln. (pH 3.84) 40 :60 (v/v). An internal standard ((2,4-dihydroxyphenyl)(2-hydroxyphe-
nyl)methanone) [31], 10 g/l in MeOH) was added (final concentration, 100 mg/l) to each final 10 ml of
calibration standard solns. and GBFHE-sample solns.

X-Ray Diffraction (XRD) Experiment1). A suitably shaped and sized clear single crystal of 1 was
selected for the XRD experiment. The intensity data were measured up to 56.248 in 2q with the crystal at
r.t. (293 K) and with graphite monochromated MoKa radiation (l 0.71073 N), by using the Enraf-
Nonius-Kappa-CCD diffractometer. The cell refinements were achieved with the Collect [32] and
Scalepack [33] softwares. The final cell parameters were obtained from all 20638 reflections. Data
integration and scaling were carried out with the Denzo-SMN and Scalepack [33] softwares. No
absorption correction was required due to a negligible absorption coefficient of 0.079 mm�1 for 1. The
structure was solved with SHELXS-97 [34] and refined with SHELXL-97 software [35]. The C- and O-
atoms were clearly solved, and full-matrix least-squares refinement of these atoms with anisotropic
thermal parameters was carried out. The CH H-atoms were positioned according to the configuration
and were refined with fixed individual displacement parameters (Uiso(H)¼ 1.2Ueq (Csp2) or 1.5Ueq (Csp3))
by means of a riding model with aromatic C�H bond length of 0.93 N, methyl C�H bond length of
0.96 N, methylene C�H bond length of 0.97 N, and methine C�H bond length of 0.98 N. The OH H-
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1) CCDC-667556 contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: þ 441223336033;
e-mail: deposit@ccdc.cam.ac.uk).



atom was located by difference Fourier analysis and was set as isotropic. For that, the positional
parameter of this H-atom was not constrained during refinements. Crystal, collection, and structure
refinement data are summarized in Table 5.

Tables 2 – 4 were generated by WinGX [36]. ORTEP-3 [23] and MERCURY [37] softwares were
used to prepare the crystal-data presentations. The molecular conformation and geometry were studied
by MOGUL [28], a knowledge base that processes a molecule submitted either manually or by another
computer program via an instruction-file interface and performs substructure searches typically involving
bond lengths and angles (including torsions) within the Cambridge Structural Database (CSD) [29].

In spite of 1 crystallizing in a noncentrosymmetric space group, the Flack parameter was not refined
during X-ray crystallographic analysis. Since the most electron-rich atom is O, which does not have an
anomalous scattering large enough (using MoKa radiation) to permit determination of the absolute
structure by X-ray diffraction, Friedel pairs were averaged before refinement. In addition, unusual Ueq
values were observed for C(14) and C(21) due to the presence of a slight static disorder involving the
aromatic atoms in the structure. In spite of this, we used the classical harmonic model based upon a
development of the atomic displacement parameters (ADP) with just one site instead of the split-
position model. It is important to comment that trial refinements were used with the split-atom approach.
However, since the extra disordered sites are very close together, high correlation and instable
refinements were observed applying the classical split-atom approach to the structural model. From a
statistical point of view, the one-site model is better than the split-atom one. The former model also
converges easier, which is probably due to lower correlations between the refined ADP and occupancy
parameters. Furthermore, high Ueq values of aromatic C-atoms are commonly reported for the related
benzophenones 2 [18] and 3 [22]. The same argument can be used to explain a larger than usual range of
Ueq values for H-atoms of 1 since they were refined with fixed individual displacement parameters
(Uiso(H)¼ 1.2Ueq(Csp2)).

Identification of 2. Compound 2 was identified by both its chromatographic and spectral data, which
were identical to those of 7-epiclusianone previously identified by both X-ray diffraction analysis and
spectroscopic measurements (UV, IR, NMR, and MS) [18] [30].

Molecular Calculations Starting from the XRD Structures of Compounds 1 and 3. The calculations
were performed with a two dual core 2-GHz Opteron processor PC computer running Fedora 7 Linux.
The quantum calculations were carried out in the gas phase by a full ab initio Hartree –Fockmethodology
with the 6-31G** basis implemented in the GAMESS-US code [38] [39]. As input, the geometries
determined by the XRD analysis were used without further optimization. The HOMO, LUMO, and the
dipole moments for each structure were calculated as implemented in the GAMESS-US program.
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Table 5. Crystallographic Data of Compound 1

Empirical formula C28H34O4 Absorption coefficient [mm�1] 0.079
Mr 434.55 F(000) 936
Crystal dimensions [mm] 0.1� 0.2� 0.4 q Range for data collection [8] 3.03 – 28.12
Temperature [K] 293(2) Index ranges �11� h� 11; � 18� k� 18;

� 22� l� 23
Wavelength [N] 0.71073 Reflections collected 20638
Crystal system orthorhombic Independent reflections 3110 [R(int)¼ 0.0407]
Space group P212121 Completeness to q¼ 28.128 94.2%
Unit cell parameters a [N] 8.9985(3) Refinement method Full-matrix least-squares on F 2

b [N] 14.4589(6) Data, restraints, parameters 3110, 0, 294
c [N] 18.4322(6) Goodness-of-fit on F 2 1.045
V [N3] 2398.2(1) Final R for I> 2s (I) R1¼ 0.0556

Z 4 R indices (all data) wR2¼ 0.1803
Dx (calc.) [Mg m�3] 1.204 D1 (max; min) [e N�3] 0.246; � 0.187
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