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ABSTRACT

A nor-caryophyllane derivative, artarborol, has been isolated from wormwood ( Artemisia arborescens ) and its stereostructure established by
using a combination of chemical derivatization, NMR data, molecular modeling, and quantum-mechanical calculations. In particular, comparison

of experimental 13C NMR data with a Boltzmann-weighed average of ~ 13C NMR chemical shifts, calculated by ab initio DFT method, supported
the stereochemical assignment.

Tree wormwood (Artemisia arborescers, Asteraceae, The high concentration (ca. 0.5% each) and crystal state
Anthemidae) is an aromatic evergreen shrub endemic to theof these compounds made it possible to develop an expedited
Mediterranean ared. arborescenss a prolific producer of isolation procedure that also affordednar-sesquiterpene
bitter sesquiterpene lactones but interest in this plant has saalcohol as a major nonlactonic constituent. We have named
far mainly focused on its essential oil, a major source of this compound artarboroBf and detail here the elucidation
chamazulene and a potent antiherpetic agémithe frame of its unusual constitution and stereostructure, based on the
of a research project aimed at investigating the molecular concurrence of NMR data and ab initio quantum-mechanical
basis for the taste properties of sesquiterpene lactones, wesalculations. Although apparently a deceptively simple
have recently undertaken the chemical investigation of a problem, the configurational assignment of artarborol high-

Sardinian chemotype @&&. arborescenshat was identified lights some important pitfalls in the translation of NMR data
as a good source of the bitter guaianolides arboresdin (  in configurational terms, and our approach to solve them
and matricin (2} might have general relevance.

8 Universita di Napoli.

T Universita del Piemonte Orientale. (2) Bates, R. B.; Cekan, Z.; Prochazka, V.; Herout"étrahedron Lett.

(1) Sinico, C.; De Logu A,; Lai, F.; Valenti, D.; Manconi, M.; Loy, G.; 1963,17, 1127—1130.
Bonsignore, L.; Fadda, A. MEur. J. Pharm. Biopharm2005,59, 161— (3) Goethers, S.; Imming, P.; Pawlitzki, G.; Hempel, Banta Med.
168. 2001,67, 292—294 and references cited therein.

10.1021/0l070803s CCC: $37.00  © 2007 American Chemical Society
Published on Web 05/10/2007



The aerial parts ofA. arborescensvere extracted with
acetone at room temperature to afford a black gum, which
was next partitioned between water and EtOAc. The organic
phase was chromatographed over a silica column using a
gradient solvent of increasing polarity. A fraction eluting with
hexane/EtOAc 7:3 was further purified by normal-phase
HPLC (eluent: hexane/EtOAc 65:35) to give artarbo®l (
0.05%) as a colorless amorphous solid.

Figure 1. COSY and key HMBC and ROESY correlations detected
for artarborol (3).

structure of artarborol3). In particular, the methyl protons
resonating avy 1.10 (C-12) were coupled to C-3 and to
two oxygenated carbons {®1.2, CH;oc 58.3, C), whose
relatively high-field resonances are typical of the epoxide
The molecular formula of artarborol (3),14£1240,, de- ring. The CH-13 and CH-14 methyls were mutually coupled
duced on the basis of HR-EIMS, implied the presence of and both coupled to carbons & 43.9 (CH), 36.9 (CH),
three unsaturation degrees. A preliminary inspection of the and 32.9 (C). Integration of these HMBC correlations in the
13C NMR spectrum of3 (CsDe, Table 1), whose highest framework of the proton spin system identified by the COSY
experiments implied the presence of fused cyclobutane and
cyclononane ringmor-Caryophyllane derivatives, as artar-
borol (3, are very rare in nature and, to our knowledge, only
four members of this class have been reported sb6 far.
Five out of the fourteen carbons of artarborol are stereo-

Table 1. 'H NMR and!3C NMR Data for Artarborol 8)
Recorded in @Dg at 700 MHz for'H and 175 MHz forl3C

carbon no. oH (mult., J in Hz) 0C (mult.) genic, and their location on a medium-size ring makes the
1 1.81 (t, 9.5) 43.9 (CH) configurational issue challenging, also because in natural
2a 1.37 (td, 14.5, 3.5, 3.5) 28.1 (CHa) caryophyllanes both the cis and the trans junction of rings
2b 1.12 (overlapped) adjacent to the nine-membered core are pos8ible.
3a 1.94(td, 13.0,3.5, 3.5) 403 (CHy) The 2D ROESY experiment was instrumental to reduce
3b 0.96 (dt, 13.0, 13.0, 3.5) . . :
4 58.3 (C) the number of possible sterecisomers (Figure 1). Indeed, the
5 3.10 (dd, 9.0, 5.0) 61.2 (CH) ROESY gross-peak between the epox'ide. protodas.10
6a 2.16 (m) 25.1 (CHy) and the signal aby 0.96 (H-3b) clearly indicated the trans
6b 1.22 (overlapped) junction of the epoxide ring. Analogously, the trans junction
7a 1.62 (m) 30.8 (CHyp) between the carbocyclic rings was deduced by cross-peaks
7b 1.20 (overlapped) of the two methyls at C-11: the methyl &t 0.86 showed
2 322 Egd gg ig; Ej Egg; spatial coupling with H-9 &y 1.68), while the methyl
1 ’ & 0, 2 ’ resonating aty 0.91 was coupled to the signal & 1.81
0 1.47 (d, 9.5) 36.9 (CHy) . X
11 32.9(C) (H-1). A further reduction of the number of stereocisomers
12 1.10 (s) 16.5 (CHj) was accomplished by application of the modified Mosher’s
13 0.86 (s) 22.5 (CHs) method to assess the absolute configuration atsa-8o
14 0.91 (s) 29.7 (CHa) aliquots of artarborol3) were dissolved in dry pyridine and

allowed to react overnight with jRand (§-MTPA chloride,
affording the §)- and R)-MTPA esters3a and3b, respec-
signal resonated @t 71.4, excluded the presence of double tively. Analysis of theAd (S—R) values according to the
and triple bonds and, consequently, suggested a tricyclicMosher model (Figure 2) pointed to &configuration for
structure for artarborol. Th#d NMR spectrum of artarborol,  C-8 of 3.

recorded in €Ds at 700 MHz (Table 1), showed a number At this stage, only the four stereoisomérs D, shown in

of well resolved multiplets betweedy 0.96 and 3.40 and  Figure 3, remained as possible candidates. In principle, a
three methyl singlets &, 0.86, 0.91, and 1.10. Remarkably, further selection could be made by analyzing the pattern of

accurate inspection of a 2D NMR COSY spectrum revealed scalar coupling constants and/or of additional spatial cou-
that all the proton multiplets belonged to a single spin system
(Figure 1). After association of all the proton signals with  (4) Hikino, H.; Aota, K.; Takemoto, TChem. Pharm. Bull1969, 17,

i i i 13901394,
those of the directly linked carbons by analysis of the 2D (5) For example see: (a) Barrero, A. F.: Oltra, J. E.; Barragan, A.
HSQC spectrum, we turned our attention to the 2D HMBC  Tegrahedron Lett1990, 31, 4069—4072. (b) Doi, K.. Shibata, T.; Nara,
experiment (Figure 1). M.; Tsuboyama, S.; Sakurai, T.; Tsuboyama,Ghem. Lett1986, 653—

. . 656.
Inspectlon of theZ'S‘JH*C peaks exhibited by the three (6) Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, Bl. Am. Chem.

methyl protons proved to be sufficient to deduce the planar Soc.1991,113, 4092—4096.
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Figure 2. A6 (S—R) values (in ppm) for MTPA ester derivatives
of artarborol.

L - _
plings on the entire molecule. However, these data could il e i Cc2 i C3

not be translated in terms of configuration without a more Figure 4. Minimum energy conformations calculated for structures

detailed knowledge on the conformational features of the o (a1 and A2) andC (C1, C2, and C3) (see Figure 3).
stereoisomeré&—D.

conformations available for candidatAsand C (Figure 4)
proved that only minimum energy conformers for stereo-
isomerA (A1-A2) can be compatible with the above ROE
contact, and, consequently, structukewas assigned to
artarborol.

To support this stereochemical assignment, the recent
methodology based on a quantum-mechanical prediction of
13C NMR chemical shifts was employéd;omplementing
the computational analysis with ab initio calculations of
Figure 3. The four candidate structures for artarborol. electronic distribution. Sinc®C NMR chemical shifts are
spread over a large spectral window and are relatively
. ) insensitive to solvent shifts, the accurate predictiort*6f

To SOIV? this issue, th_ese mol_ecules were supjected 'ONMR chemical shifts is a good test to prove the compatibility
conformational search using the simulated annealing proce- ¢ o proposed structure with observed NMR data or to choose

dur? (Insightll So_ftv_var:ja chkatﬁe), obt_ammgfa se]E_ (I)(I among alternative structural hypotheses. As an interesting
conformations optimized using the consistent force fie example, the very recent reassignment of the structure of

(CF.F) and a _quasi-NevvterRap_hson minimization method hexacyclinol, based on prediction 8C NMR data alone,
until the maximum rms derivative was less than 0.001 kcal/ 14 pe cited Among the several computational possibili-

_mol. In t.his way, the resulting confprmers ,COUId be popled ties, the gauge including atomic orbitals (GIAO) calculation
into families and ranked on the basis of their conformational of 13C NMR chemical shifts by ab initio density functional
energy values. To simulate the same environment embeddinqheory (DFT) method using 6-31G(d) basis set has been
th_e mol_ecule during the NMR analysis, a distance-dependentround to give very good results with nonpolar compounds
dlelectnc_ constant set to the value of penzea@.e) was containing only spcarbon atom8.Artarborol (3) fits very
qsed durmg the caICL_JIat|ons. The resulting set of conforma- .o \yith these features and, consequently, the method could
tions was filtered taking gdvantage qf the very low value of be conveniently applied to predict ®%C NMR resonances.
‘;H‘B’H‘g (1.hs Hz), that pomtliedhto a d|hedrt<';1ll angle lnea(ij’ 90 However, since the macrocyclic ring system of artarborol is
fetwegn t ](case protons. All the reasfona Y populatec CON-yelatively flexible, the ab initio calculations had to be applied
ormat|ops or stereoisomes (3 con Ormers, Supportllng to the previously calculated minimum energy conformers:
Information) andD (2 conformers, Supporting Information) A9 ang A2 forA (which differ in a flip of the cyclobutane
exhibited a dihedral angle around E6@compatible with ring and consequent slight rotation of the C-8 to C-10

the observ_ed value of the coup_lin_g const_ant and were carbons); C1, C2, and C3 f@ (also differing in a rotation
therefore discarded. The two remz_ammg_cand@ét@s_]dc ) of the C-8 to C-10 moiety) (Figure 4). Thus, each conforma-
differed only for the absolute configuration of epoxide ring tion was analyzed separately, the geometries were fully

carbons and involved stereogenic centers three carbons awaﬁptimized and then the NMR chemical shifts were calculated
from the system C-8/C-9/C-1, whose absolute configuration at the s:ame level with the GIAO option using the

has been concluded above. On the other hand, the ROESY
spectrum oB revealed an unexpected and remarkably intense  (7) Bitulco, G.; Bassarello, C.; Riccio, R.; Gomez-Paloma0kg. Lett.
spatial coupling between H-5 and H-1 (Figure 1), resulting 2004,6, 1025—-1028.

from a transannular proximity of these two protons, otherwise ~ (&) Rychnovsky, S. DOrg. Lett. 2006,8, 2895~ 2898,

. ) (9) Bifulco, G.; Gomez-Paloma, L.; Riccio, Retrahedron Lett2003,
separated by five carbon atoms. Analysis of the range of 44, 7137-7141.
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MPW1PW91/6-31G(d,p) DFT methééResuits obtained are [

collected in Supporting Information (Table S1).

Thermochemical calculations at the same ab initio level
in the harmonic approximation of the vibrational modes
allowed the evaluation of the standard Gibbs free energy for
all the conformers, at the NMR recording temperature of
298 K. Then, a Boltzmann weighted average'® NMR
chemical shifts for any given carbon atom of low-energy
conformers was calculated for each configuration, using the
ab initio standard free energies as weighting factbwll
these calculations were carried out using the Gaussian 03 1 2 3 a4 5 5 7 8 % 10 M o2 @ oM
program (see Supporting Information). The total CPU time
for each molecule was approximately 60 h using a computer Stereolsomer C
incorporating a Pentium-4 processor.

The experimental shifts were plotted against the calculated
shifts, and the least-squares fit values of slope, intercept, and
correlation factor () were determined (A: slope 0.9598, 4
intercept= 1.5986,r> = 0.9967. C: slope= 0.9308 intercept
= 2.9752,r> = 0.9713). To cancel any systematic error
present in the calculation, the calculated shifts for each
stereoisomer were corrected using the above slope and
intercept, obtaining a set of correct&C NMR shift. The ) _ ) )
difference plots reported in Figure 5 were determined by Fi9ure 5. Difference plots determined by subtracting corrected

. . . 2 chemical shifts from experimental chemical shifts forand C.
subtracting the corrected chemical shifts from the experi-
mental chemical shifts. For structure A, the average deviation
|Ad| was of 0.77 ppm and only one atom (C-10) showed a
difference around 2 ppm; conversely, for structure C the
average deviatiofAd| resulted to be of 2.11 ppm and four
atoms (C-3, C-6, C-7, C-12) showed a difference higher than
3 ppm. Therefore, the results of ab initio calculation fully
supported the previous assignment of structure A to artar-
borol. . ) ) existence of dynamic equilibria. Further applications of this

In conc_lu5|on, on thg basis of a series .of NMR data and approach will be reported in due course.
computational calculations, we have assigned the absolute
configuration to the five chiral carbons of artarbor8),( Acknowledgment. Financial support was provided by

validating this approach for medium-seized compounds, aM.|.U.R.-PRIN 2004 (Progetto Chemorecezione Gustativa).
“difficult” class of compounds for configurational assign-

ments. The full consistency between the spectroscopic Supporting Information Available: Experimental de-
analysis and the quantum-mechanical calculations validatestails, 1D and 2D NMR spectral data for artarborol, minimum
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chemical shifts as a screening tool for structural hypotheses.
In particular, the approach followed in the present paper
seems well suited for relatively flexible medium-sized
terpenoid skeleta like germacranes, humulanes and caryo-
phyllanes, where NOE interactions can be difficult to
translate into configurational assignments because of the

methodology based on ab initio prediction ¥C NMR energy conformations for stereoisomdssand D. This
material is available free of charge via the Internet at
(10) Adamo, C.; Barone, VJ. Chem. Phys1998,108, 664—675. http://pubs.acs.org.
(11) Barone, G.; Duca, D.; Silvestri, A.; Gomez-Paloma, L.; Riccio, R.;
Bifulco, G. Chem.—Eur. J2002,8, 3240—3245. OL070803S
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