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ABSTRACT

An unprecedented macrocyclic dimeric diterpene containing a C2 symmetry axis was isolated from Acacia schaffneri. This compound, named
schaffnerine, was characterized as (5S,7S,8R,9R,10S,17S,50S,70S,80R,90R,100S,170S)-7,8:7,170:16,17:17,70:70,80:160,170-hexaepoxy-7,8-seco-70,80-
seco-dicassa-13,130-diene (1) from its spectroscopic data. Comparison of its experimental vibrational circular dichroism spectrum with that
calculated using density functional theory, at the B3LYP/DGDZVP level, assigned its preferred conformation and absolute configuration. The latter
was confirmed by evaluation of the Flack and Hooft parameters obtained after single-crystal X-ray diffraction analysis.

Acacia schaffneri (Leguminosae) is a tree that grows
abundantly in some states of Mexico where it bears the
popular names of “huizache” and “huizache chino”.1 This
species serves as supply of firewood, andbuildingmaterials
for rural constructions, and it is traditionally used to alle-
viate stomach pain and toothache.2 A. schaffneri has been
the source of three seco-oxacassane diterpenes,3 which are
rare in nature; only five of them and two derivatives are
known to date.3�5 During our search for new metabolites

of this tree,we isolated from theCHCl3 extracts of its aerial
parts an unusual dimeric diterpene that was named schaff-
nerine (1) (Figure 1).
Its structure, containing a novel 12-membered hetero-

cyclic ring with a C2 symmetry axis, was determined
from its physical and spectroscopic data, its relative stereo-
chemistry was secured by single-crystal X-ray diffraction
analysis, and its absolute configuration and conformation
were accomplished by comparison of the vibrational cir-
cular dichroism (VCD) spectra with that obtained using
density functional theory (DFT) calculations. In addition,
evaluation of Flack and Hooft X-ray parameters was
useful to reinforce the absolute configuration of 1.
Systematic columnchromatography fractionationof the

CHCl3 extracts of the aerial parts of Acacia schaffneri,
collected from the municipality of Zempoala, in Hidalgo
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State, M�exico, during March 2009, led to the isolation
of schaffnerine (1),6 in addition to known 7,8-seco-7,8-
oxacassa-13,15-dien-7,17-diol, (�)-7,8-seco-7,8-oxacassa-
13,15-dien-7-ol,3 and other known compounds (see Sup-
porting Information), which were identified by NMR
spectroscopic analyses including 1Dand2D in comparison
with published data. The 1HNMR spectrumof 1 (Table 1)
showed two signals owing to acetal hydrogens at δH 5.70
(br s,H-17) and 5.26 (dd, J=10.4, 5.2Hz,H-7), amethine
geminal to oxygen at δH 4.52 (br d, J=8.0 Hz, H-8), and

an ABXY system due to the protons of the C-16 methylene
geminal to oxygen at δH 3.82 (td, J= 11.5, 3.9 Hz, H-16β)
and 3.66 (ddd, J = 11.5, 6.6, 1.1 Hz, H-16R) coupled with
the hydrogens of the C-15 methylene at δH 2.37 and 1.70.
This last assignment was confirmed by the 1H�1H COSY
experiment. Moreover, signals for three tertiary methyl
groups were observed at δH 0.88 (Me-20), 0.85 (Me-19),
and 0.87 (Me-18). In the 13C andAPTNMR spectra, 20 sig-
nalswere observed, fromwhich twowere assigned to quater-
nary vinyl carbons at δC 135.8 (C-13) and 129.6 (C-14), two
toacetal carbons atδC94.9 (C-7) and88.4 (C-17), andone to
a methine carbon bearing an oxygen atom at 67.2 (C-8).
At this point, the data suggested the substance under

study may be a diterpene-type metabolite. However, a
peculiar correlation between the signal at δH 5.26, attrib-
uted to the acetal proton H-7, and the signal at δC 88.4
assigned to the acetal carbon C-17 (actually C-170),

Figure 1. Structure of schaffnerine (1) isolated from Acacia
schaffneri.

Figure 2. Comparison between the X-ray (top) and the DFT
B3LYP/DGDZVP minimum energy (bottom) structures of 1.

Figure 3. Vibrational spectra of 1. (a) Experimental VCD in
CDCl3, (b) calculated VCD at the B3LYP/DGDZVP level, using
anH = 0.981, (c) experimental IR in CDCl3, and (d) calculated
IR at the B3LYP/DGDZVP level, using anH= 0.981.
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Hern�andez, J. D.; Rom�an-Marı́n, L. U.; Joseph-Nathan, P. J. Nat. Prod.
2007, 70, 1167–1172.
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observed in the gHMBC spectrum, allowed us to assume
the compound had a dimeric structure. Table 1 shows the
complete 1H and 13C NMR assignments, which were
achieved with the aid of two-dimensional techniques in-
cluding gCOSY, gHSQC, and gHMBC.
Its HRESI/APCIMS analysis showed [MþNa]þ atm/z

659.4281 (calculated 659.4282 for C40H60O6þNaþ), con-
firming the presence of a dimeric compound. The optical
activity data of this new natural molecule showed a le-
vorotatory value of [R]D �99 (c 0.9, CHCl3) in agreement
with those of monomeric seco-oxacassanes.3

The absolute configuration of 1 was established using
vibrational circular dichroism (VCD) spectroscopy (see
Supporting Information). A molecular model of 1 was
subjected to a conformational search following previously
described procedures.3,7 A selection within 10 kcal/mol
afforded 14 conformers. Single point DFT calculations
with the B3LYP/6-31G(d) level, and narrowing the energy
window to a 5 kcal/mol range, left only four conformers
with variations in the C(1)�C(2)�C(3)�C(4)�C(5)�
C(10) and C(10)�C(20)�C(30)�C(40)�C(50)�C(100) six-
membered rings. Geometry optimization of the four

Table 1. 13C (100 MHz), 1H (400 MHz), COSY, and HMBC NMR Data for 1 in CDCl3
a

no. δC δH, mult (J in Hz) COSY (H f H) HMBC (H f C)

1R 40.7 0.94, ddd (13.0, 13.0, 3.6) 1β, 2R, 2β
1β 1.94, ddd (13.0, 4.4, 1.7) 1R, 2R, 2β
2R 18.7 1.40, m 1R, 1β, 2β, 3R 1, 3

2β 1.47, tt (13.4, 2.9) 2R, 1R, 3R 10

3R 41.6 1.14, td (12.3, 3.4) 2β, 3β, 19
3β 1.43, m 3R 5

4 34.3 �
5 47.6 1.28, d (8.7) 6R, 6β 4, 6, 7, 10, 18, 19, 20

6R 31.4 1.65, dd (15.4, 5.2) 5, 6β, 7 4, 5, 7, 10

6β 1.87, ddd (15.4, 10.4, 8.7) 5, 6R, 7 4, 5, 7

7 94.9 5.26, dd (10.4, 5.2) 6R, 6β, 8 8, 170

8 67.2 4.52, br d (8.0) 9, 12R, 12β, 15R, 15β 13, 14

9 56.4 1.21, m 8, 11R, 11β 8, 10, 11, 12, 20

10 39.0 �
11R 21.2 1.76, ddd (12.6, 4.0, 2.3) 11β 8, 12, 13

11β 1.30, td (12.6, 4.4), 11R 9

12R 31.8 2.09, br t (14.4) 11R, 11β, 12β
12β 1.83, ddd (14.4, 3.9, 2.4) 11β, 12R 13, 14

13 135.8 �
14 129.6 �
15R 30.2 2.37, br ddd (16.4, 12.1, 7.3) 8, 15β, 16R, 16β, 17 13, 14, 16

15β 1.70, br dt (16.4, 1.9) 8, 15R, 16R, 16β, 17 13, 14

16R 56.2 3.66, ddd (11.5, 6.6, 1.1) 15R, 15β, 16β 15, 17, 13

16β 3.82, td (11.5, 3.9) 15R, 15β, 16R 17

17 88.4 5.70, br s 8, 12R, 12β, 15R, 15β, 16β 70, 13, 14, 16
18 33.0 0.87, s 3, 4, 5, 19

19 22.3 0.85, s 3R 3, 4, 5, 18

20 15.5 0.88, s 1, 5, 9, 10

aChemical shifts are given for half of the molecule because of its 2-fold rotational symmetry.

Table 2. Relative Energies and Conformational Populations of 1

conf. ΔEMMFF
a PMMFF

b ΔEDFT
c PDFT

d ΔGOPT
e POPT

f

1a 0.00 65.0 0.00 98.8 0.00 93.6

1b 0.65 21.7 2.63 1.2 1.59 6.4

1c 0.94 13.3 4.92 � � �
1d 5.27 � 4.92 � � �

aMolecular mechanics energies relative to 1a with EMMFF =
83.65 kcal/mol. bPopulation in%, calculated from the MMFF energies
according to ΔEMMFF ≈ �RT ln K. c Single point B3LYP/6-31G(d)
energies relative to 1a with E6‑31G(d) = �1 262 354.37 kcal/mol. dPopu-
lation in % calculated from B3LYP/6-31G(d) energies according to
ΔE6‑31G(d)≈�RT lnK. eGibbs free energies relative to1awithGDGDZVP=
�1 261 933.74 kcal/mol. fPopulation in % calculated from Gibbs free
energies according to ΔG = �RT ln K.
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structures using the DFT B3LYP/DGDZVP level of
theory,8 as implemented in the Gaussian 03 program,9

and calculation of the harmonic vibrational frequencies
yielded one main conformer for the dimeric diterpene 1.
Table 2 summarizes the thermochemical data for the

conformational analysis of 1, which shows the energy results
of the refinement procedure that led to the main conformer
1a, accounting for 93.6% of the population (Figure 2). The
VCD frequencies of the global minimum 1a were calculated
and plotted using Lorentzian bandshapes and bandwidths of
6 cm�1. Figure 3 provides a comparison between the theore-
tical and experimental VCD spectra of 1, which shows a
remarkable agreement. Quantitative evaluation of this con-
cordance was done using the CompareVOA algorithm.10

Application of such treatment allowed us to obtain the
optimal anharmonicity factor (anH = 0.981) and the IR
spectral similarity index SIR = 90.9%. The VCD spectral
similarity was SE = 94.0% for the correct enantiomer,
while that for the incorrect enantiomer was S�E = 3.7%,
affording a 100% confidence level for the absolute config-
uration determination.
A single crystal of 1 obtained from a diethyl ether solu-

tion was mounted on an X-ray diffractometer equipped with

graphitemonochromatedCuKR radiationanda large charge
coupled device detector, which allowed collecting the com-
plete sphere of data. Schafferine (1) crystallized in the triclinic
system, space group P1 (see Supporting Information). The
molecular structure (Figure 2) was solved by direct methods
and refined to a discrepancy index of 4.0%, which is a good
value considering compound 1 has 46 non-hydrogen atoms
(CCDC deposition number 952249). The complete sphere
data set11 was also used to calculate the Flack parameter,12

which for the enantiomer shown in Figure 2 was
x = �0.07(14), and the Hooft parameter,13 which was
y = �0.091(4). For the inverted structure, the Flack and
Hooft parameterswerex=1.03(14) andy=0.91(4), respec-
tively, fromwhere it follows the correct enantiomer is the one
depicted in Figure 2, in agreement with the VCD results.
Comparison of the DFT calculated minimum energy

conformation and that obtained from the X-ray analysis
revealed close similarity (Figure 2). Inbothcases, the1,3,7,9-
tetraoxacyclododecane macrocycle displayed a slightly dis-
torted [3333] conformation according to proposed nomen-
clature for cyclododecanes.14 The dihedral angles measured
in the molecular model and the torsion angles from the
X-ray structure are in good agreement with literature values
for cyclododecanes15 and 1,3,7,9-tetraoxacyclododecane16

existing in the [3333] conformation (Table 3).
The anti-inflammatory activity of 1 was studied by

measuring17 cyclooxygenase and inducible nitric oxide
synthase levels as well as in vitro production of tumor
necrosis factor alpha, showing no significant activity.
Cytotoxicity against HT-29 human colon, A-549 lung
and UACC-62 skin cancer cell lines was also examined,18

showing IC50 of 80, 62, and 76 μg/mL, respectively.
Compound 1 is a large molecule whose absolute config-

uration has been determined efficiently by VCD spectro-
scopy. Also, it is an interesting case of a natural molecule
having a C2 symmetry axis to be studied using Flack and
HooftX-rayparameters.Bothmethods consistently indicated
that the structure and absolute configuration of schaffnerine
(1) is (�)-(5S,7S,8R,9R,10S,17S,50S,70S,80R,90R,100S,170S)-
7,8:7,170:16,17:17,70:70,80:160,170-hexaepoxy-7,8-seco-70,80-
seco-dicassa-13,130-diene.
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and 2D NMR spectra, and X-ray and DFT atom co-
ordinates of 1. This material is available free of charge via
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Table 3. Dihedral or Torsion Angles for the 1,3,7,9-Tetraoxa-
cyclododecane Moiety of 1 and Comparison with Values for
Cyclododecanes and 1,3,7,9-Tetraoxacyclododecanes

compound D1 D2 D3 D4 D5 D6

1 (DFT)a,b �80 þ145 �50 �70 þ178 �75

1 (XR)b,c �76 þ147 �46 �76 þ177 �78

BCDPDd �68 þ158 �68 �69 þ162 �68

TOCDe �gauche anti �gauche �gauche anti �gauche

aMeasured in the minimum energy DFT B3LYP/DGDZVP mole-
cular model of 1. bD1 corresponds to [(O7�C7�O8�C8)þ (O70�C70�
O80�C80)]/2,D2 to [(C7�O8�C8�C14)þ (C70�O80�C80�C140)]/2,D3

to [(O8�C8�C14�C15) þ (O80�C80�C140�C150)]/2, D4 to [(C8�
C14�C15�O70) þ (C80�C140�C150�O7)]/2, D5 to [(C14�C15�O70�
C70) þ (C140�C150�O7�C7)]/2, and D6 to [(C15�O70�C70�O80) þ
(C150�O7�C7�O8)]/2. cAveraged torsion angles measured in the
X-ray diffraction structure of 1. dAveraged torsion angles measured in
a series of 33 N,N0-biscyclododecyl pyromellitic diimides.15 eEstimated
for 1,3,7,9-tetraoxacyclododecane.16
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