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Dependent Density Functional Theory Calculation of the Optical

Rotation: The Absolute Configuration of (—)-Sphaeropsidone and
(—)-Episphaeropsidone Revised

Benedetta MennucéiMichele Claps, Antonio Evidente® and Carlo Rosini#*

Dipartimento di Chimica e Chimica Industriale, Umrsita di Pisa, via Risorgimento 35, 56100 Pisa,
Italy, Dipartimento di Chimica, Uniersita della Basilicata,vzia N. Sauro, 85, 85100 Potenza, Italy, and
Dipartimento di Scienze del Suolo, della Pianta, del’Ambiente e delle Produzioni Animalietdita di

Napoli Federico Il,sia Universita 100, 80055 Portici, Italy

carlo.rosini@unibas.it
Receied April 17, 2007

600 -
400 - .
e
300 = r“::;’\ ;
> 3
200 - N v
. A
e -
100 - R A .
T ,==—__—_‘_ - N
1 . BN
~
Y
qm{ —*+—Gas —=—PCM —2a- Bxp ~
& -~
-~
-200 1 T
~a

-300 -

- s’f & j & _g‘g \ﬁf

&

The optical rotatory power of some natural cyclohexene oxides, suctt)ash@loxone,l, (+)-epiepoformine2,
(+)-epoformine 3, (+)-epoxidonepb, (—)-sphaeropsidoné, (—)-episphaeropsidon&, and the synthetic compound
(+)-epitheobroxided, has been calculated by means of the TDDFT/B3LYP method using the 6-31G(d) and aug-
cc-pVDZ basis sets, both in the gas phase and in solution by means of the polarizable continuum model. For compounds
1 and2, which possess high (about 300 units) optical rotations, gas-phase calculations with the smaller basis set are
able to reproduce the experimental values both in sign and order of magnitude. By contrast, a larger basis set is
required to satisfactorily simulate the OR valuess@nd4, which show smaller (about 100 units or less) rotations.

The inclusion of the solvent effects is different for different compoundsifand?2, it leads to a better agreement
between experiment and prediction, while 8snd4, the presence of hydrogen bonding groups makes the application

of continuum solvation models less satisfactory. For the flexible sySteime absolute configuration could not be
determined using gas-phase calculations and the smaller basis set, but both inclusion of solvent and larger basis set
effects are compulsory. It is noteworthy that calculations both in the gas phase and in the solvent lead to a positive
rotatory power for the laevorotatory natural compouBdmd?7 if the ACs reported in the literature are employed

to do the theoretical prediction. This strongly indicates that the ACs previously assigned to these compounds in the
literature are not correct and that the TDDFT prediction of OR values has become by now a practicable tool for AC
assignments.

Introduction experimental parameter to label an optically active compound.
) ) o The reason for such an interest is clear: these calculations could
The past few years have witnessed an increasing interest forprovide a practical solution to one of the most important

the quantum-mechanical calculation of the optical rotatory power proplems of the structural organic chemistry, a reliable (and
at the sodium D liné;* [o]p, that is, the most common

(1) The general theory of the optical rotatory power is given by: (a)

T Universitadi Pisa.
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possibly easy) determination of the molecular absolute config- CHART 1
uration. The determination of absolute configuration from a
comparison of experimental data and theoretical predictions
requires that the simulated values are fully reliable in sign and
order of magnitude. Since the seminal pagesere the very
first OR calculations using the Hartre€ock/small basis set g
approach were carried out, many studies have been done at o

different levels of theory to set up methods which couple (4. (2r 3R 45)-chaloxone, 1
reliability and accuracy to a reasonable computational effort (see
ref 3 for recent reviews). From this point of view, the impressive
and rigorous investigations of Stephens and co-wofkease
demonstrated that TDDFT calculations with the B3LYP hybrid
functional and extended basis sets (i.e., aug-cc-pVDZ or higher)
give completely reliable results (with an acceptable computa-
tional effort) in reproducing experimental optical rotation of at
least 100 deg [dm g/cfirl. However, considering that the (H)~(2R 3R 4R)-epoformin, 3 (+)~(15,25,3R,4S)-epitheobroxide, 4
computational complexity of the available methods rapidly
increases with the dimension of the system, it is easy to see
that a theoretical analysis of the chiroptical properties of large
molecules such as some natural products, for instance, can
become impossible using the common desktop computers. In
addition, the computer time is not the only important parameter

to be taken into account; at least in some instances, the memory
requirement could be so high, even for a medium size organic
molecule adopting a large basis set, to make the calculation

not feasible at all. The only possible alternative when one wants y,co
to treat big systems and possesses only a desktop computer is
using small basis sets (e.g., 6-31G(d)). For a few years, we have
been engagédn a research project aimed at showing that, at

least under certain circumstances, small basis set calculations

of chiroptical properties provide reliable results. With this paper, (-)-(2R 3R 4S)-sphacropsidone, 6 (-)-(2R, 3R 4R)-episphaeropsidone, 7
we intend to further verify the reliability of this computational

approach in the determination of the absolute configuration. To
this end, we studied the series of compounds reported in Chart
1. They belong to a family of highly oxygenated cyclohexane-

(2) (a) Polavarapu, P. IMol. Phys.1997 91, 551-554. (b) Polavarapu,
P. L. Tetrahedron: Asymmetr§997 8, 3397-3401. (c) Polavarapu, P.

L.; Chakraborty, D. K.J. Am. Chem. Socl998 120, 6160-6164. (d) based metabolites, mainly epoxides, that have been isolated from
Kondru, R. K.; Lim, S.; Wipf, P.; Beratan, D. NChirality 1997, 9, 469 bacteria, fungi, higher plants, and molluscs. These compounds
gC?l 2(22)5_02”2"6;'% If&\é\:iupfhpié ‘_33;??% PE-;SA grn-ghggiéﬁggggg possess a variety of biological activities (which range from
282 2247-2250. P e IRL T antifungal, antibacterial, antitumor, phytotoxic, and enzyme
(3) (@) Polavarapu, P. LChirality 2002 14, 768-781. (b) Pecul, M.; inhibition6~13), and for this reason, they have been the subject

Ruud, K. Adv. Quantum Chem200§ 50, 185-227. (c) Crawford, T. D. of several structural and synthetic studigs:2 So a study aimed

Th’fﬂkﬂé&g@@ﬁgﬁajﬂa-zpzrfs'ch M. 3. Deviin, F. 3. StephensJp. J. &t calculating their optical rotatory power to reliably assign the

Phys. Chem. £00Q 104, 1039-1046. (b) Stephens, P. J.; Devlin, F. J.;

Cheeseman, J. R.; Frisch, M. J.; Mennucci, B.; Tomasit,elrahedron: (6) Nakamori, K.; Matsuura, H.; Yoshihara, A.; Ichihara, A.; Koda, Y.
Asymmetry2000 11, 2443-2448. (c) Stephens, P. J.; Devlin, F. J.; Phytochemistry1994 35, 835-839.

Cheeseman, J. R.; Frisch, M.Jl Phys. Chem. 2001, 105, 5356-5371. (7) Scott, A. J.; Zamir, L.; Phillips, J. T.; Yalpani, MBioorg. Chem.
(d) Stephens, P. J.; Devlin, F. J.; Cheeseman, J. R.; Frisch, Ghidality 1973 2, 124-139.

2002 14, 288-296. (e) Mennucci, B.; Tomasi, J.; Cammi, J. R.; Cheeseman, (8) Nagasawa, H.; Suzuki, A.; Tamura,Agric. Biol. Chem1978 42,

J. R.; Frisch, M. J.; Devlin, F. J.; Gabriel, S.; Stephens, R. Lhem. 1303-1304.

Phys. A2002 106 6102-6113. (f) Stephens, P. J.; Devlin, F. J.; Cheeseman, (9) (a) Ichihara, A.; Kobayashi, M.; Oda, K.; SakamuraT8trahedron

J. R.; Frisch, M. J.; Rosini, @rg. Lett.2002 4, 4595-4598. (g) Stephens, 1979 35, 2861-2866. (b) Muhlenfeld, A.; Achenbach, Phytochemistry
P. J.; Devlin, F. J.; Cheeseman, J. R.; Frisch, M. J.; Bortolini, O.; Besse, P. 1988 27, 3853-3855. (c) Zhao, W.-M.; Qin, G.-W.; Jiang, T.-Y.; Li, W.-
Chirality 2003 15, S57-S64. (h) Stephens, P. J.; McCann, D. M.; Butkus, X.; Scott, L.; Snyder, J. KTetrahedron1996 38, 1237312380. (d)

E.; Stoncius, S.; Cheeseman, J. R.; Frisch, M. Drg. Chem2004 69, Garlaschelli, G.; Magistrali, E.; Vidari, G.; Zuffardi, Qetrahedron Lett.
1948-1958. (i) Stephens, P. J.; McCann, D. M.; Devlin, F. J.; Cheeseman, 1995 36, 5633-5636.
J. R.; Frisch, M. JJ. Am. Chem. So2004 126, 7514-7521. (j) McCann, (10) Ichihara, A.; Kimura, R.; Oda, K.; Moriyasu, K.; SakamuraAgric.

D. M.; Stephens, P. J.; Cheeseman, JJ.FOrg. Chem2004 69, 8709. (k) Biol. Chem.1982 46, 1879-1883.
Stephens, P. J.; McCann, D. M.; Devlin, F. J.; Flood, T. C.; Butkus, E.; (11) Kamikubo, T.; Ogasawara, Retrahedron Lett1995 36, 1685~

Stoncius, S.; Cheeseman, J. R.Org. Chem2005 70, 3903-3913. (I) 1688.
Stephens, P. J.; McCann, D. M.; Cheeseman, J. R.; Frisch, Ghithlity (12) (a) Ichihara, A.Synthesisl987 207—222. (b) Gautier, E. C. L,;
2005 17 (Suppl.), S52-S64. Lewis, N. J.; McKillop, A.; Taylor, R. J. KTetrahedron Lett1994 35,

(5) (a) Giorgio, E.; Minichino, C.; Viglione, R. G.; Zanasi, R.; Rosini,  8759-8760. (c) Graham, A. E.; Taylor, R. J. K. Chem. Soc., Perkin
C. J. Org. Chem2003 68, 5186-5192. (b) Giorgio, E.; Viglione, R. G.; Trans. 11997 1087. (d) Graham, A. E.; McKerrecher, D.; Davies, D. H.;

Zanasi, R.; Rosini, CChem. Phys. LetR003 376, 452-456. (c) Giorgio, Taylor, R. J. K.Tetrahedron Lett1996 37, 7445-7448. (e) Kamikubo,
E.; Viglione, R. G.; Rosini, CTetrahedron: Asymmetr3004 15, 1979~ T.; Hiroya, K.; Ogasawara, KTetrahedron Lett1996 37, 499-502. (f)
1786. (d) Giorgio, E.; Viglione, R. G.; Zanasi, R.; Rosini,Am. Chem. Lilian, A.; Macdonald, G.; Kapfer, Y.; Lewis, N. J.; Taylor, R. J. K.
Soc.2004 126, 12968-12976. (e) Giorgio, E.; Tanaka, K.; Ding, W.; Tetrahedron Lett1996 37, 6619-6622. (g) Wipf, P.; Kim, Y.J. Org.
Krishnamurthy, G.; Pitts, K.; Ellestad, G. A.; Rosini, C.; BerovaBiborg. Chem.1994 59, 3518-3519. (h) Kapfer, Y.; Lewis, N. J.; Macdonald, G.;
Med. Chem2005 13, 5072-5079. Taylor, R. J. K.Tetrahedron Lett1996 37, 2101-2104.
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absolute configuration is certainly of interest. In addition, such SPARTANO2 softwaré® using the methods of molecular
compounds are the ideal candidates to further test the simplifiedmechanics (MMFF94s force field) and retaining only the
protocol we have proposed for the quantum-mechanical calcula-structures differing by 2 kcal/mol in energy or less. All of the
tion of the optical rotatory power. The absolute configuration resulting geometries have been fully optimized at the DFT/
of moleculesl—5 has been firmly established (vide infra) so B3LYP/6-31G(d) level both in gas phase and in the selected
they can work very well as test-case studies. Moreover, all of solvent; for selected molecules, B3LYP/aug-cc-pVDZ optimiza-
them present (with the only exception 4f quite high values tions have been also done as benchmarks. In all cases, the free
of optical rotation; following the already cited analysis per- energy values at = 298 K have been employed to calculate
formed by Stephens,this fact should guarantee a reliable the population of each conformer, using the Boltzmann statistics.
reproduction of the experimentad], values, at least with a  The calculations of the optical rotatory power have been carried
B3LYP/aug-cc-pVDZ calculation. All of the compounds also out at the TDDFT/B3LYP/6-31G(d) or aug-cc-pVDZ level both
possess amfB-unsaturated ketone chromophore, that is, a in gas phase and in solution. The theoretical values of optical
chromophore with intense Cotton effects in the-i$Vv region rotation (to be compared with the experimental ones) have been
due to valence shell transitiofit is thus reasonable to assume obtained as weighted averages on the Boltzmann populations
that the optical rotations at the sodium D line are dominated by calculated in the gas phase or in the selected solvent. Rotational
these low-energy Cotton effects, so our simplified treatfent strength calculations have been carried out at the TDDFT/
should be applied t&—5. However, in this paper, we will treat  B3LYP/6-31G(d) and TDDFT/B3LYP/aug-cc-pVDZ levels in
1-5 with the small basis set approach and, thanks to their small the gas phase both in velocity and in length formalism for the
size, we will also perform more sophisticated calculations, and first 30 states. The simulated ECD spectra have been obtained
thus we will able to compare the results obtained with the two using overlapping Gaussian functions with a widtts= 0.15
approaches: a substantial equivalence of the results will eV, according to ref 5e. All of the calculations for solvated
constitute another probe of the correctness of the simplified systems have been obtained using the IEFPCM with molecular
treatment. Considering that all of the above molecules contain cavities built in terms of interlocking spheres centered on all
hydroxyl groups and the experimental]f values have been  the atoms constituting the solute= 2.04 A,Ro = 1.824 A,
measured in hydroxylated polar solvents as methanol andRy = 1.44 A). Only in the case of C{ CH,, and CH groups
ethanol, the effects of the environment on the optical rotation we have used a single sphere centered on the carbon atom (with
could be relevant, and as a consequence, an analysis based amdii equal to 2.4 A for ChHand 2.28 A for CH and CH).

values calculated in the gas phase could be not correct, rendering All of the QM calculations have been carried out using the
the configurational assignment ambiguous. So another importantGaussian03 packagéand the results obtained are reported in
issue of this paper will be a study of the solvent effects on both the following sections, one for each compound.

the geometry and the optical rotation. Such effects will be (+)-Chaloxone, 1.This compound has been first isolated
accounted for using a continuum solvation model, namely, the ,m ‘the fungusChalara microsporaand its absolute config-
integral equation formalism version of the polarizable continuum |, -+ assignéd by comparing the sign of the 330 nm Cotton
model (IEFPCMY=In this framework, the solvent s represented gffect with that of the same band in other, structurally related
as a polarizable continuum dielectric and the solute is assume‘jcompounds having known configuration. It shows an optical
to be embedded in a molecular cavity of proper shape and tati0n value of+271 in ethanol. Following the protocol
dimension within such a dielectric. By introducing an apparent yescriped at the beginning of this section, five stable conformers

surface charge distribution on the cavity surface represe_ntin_g have been found in the gas phase: the structure, relative free
the response of the solvent to the presence of the solute, it will energies, and populations are reported in Figure 1.

be possible to quantify solvent-induced changes both in the .
: . : The energy (and the structure) of these different conformers
solute geometry and its optical rotatory povi&in conclusion, depends on the relative disposition of th@©Me and—OH

this paper will be organized as follows: (i) Compourids5,
- } ) : b groups. In the most populated conformer (67%), the hydrogen
which have safe absolute configuration will be first analyzed. atoms of the—OH group and that linked to C(4) are in anti

Their optical rotation will be calculated in the gas phase, by . h o
the small and extended basis set approach. The calculations wiIIrE|at'9nSh'p’ and th.e ”.‘e‘hy' group 6OMe is cﬁrected Fov.vard
he vinyl hydrogen; this should reduce possible steric interac-

be repeated in the presence of the solvent to study the role playe ions. A change in the orientation of the methoxy group produces

by the environment. (ii) Once evaluated, the importance of all - - L
of the issues quoted above, moleci8emd?, the configuration a significant reduction of the population: when the methyl group

of which cannot be considered safe (vide infra), will be
considered to verify the assignment reported in the literature. _ (16) SPARTAN ‘02 Wavefunction Inc., 18401 Von Karman Avenue,
Suite 370, Irvine, CA 92612, 2002; http://www.wavefun.com/.
(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
Results and Discussion M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
The calculations in this investigation have been carried out D- Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

’ : M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
following the protocol described below. The structures to be ochterski, J'; Petersson, G. A.; Ayala, P. Y.: Cui, Q.; Morokuma, K.; Malick

used as starting geometries in the QM optimizations have beenD. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

created by means of a conformational analysis with the Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

(13) Barros, M. T.; Maycock, C. D.; Ventura, M. B. Org. Chem1997, W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
62, 3984-3988. M.; Replogle, E. S.; Pople, J. &aussian 03Gaussian, Inc.: Pittsburgh,

(14) Gawrdski, J. K. Tetrahedron1982 38, 3—26. PA, 2003.

(15) (a) Cances, E.; Mennucci, B.; TomasiJJChem. Physl997 107, (18) (a) Fex, T.; Wickberg, BActa Chem. Scand. B981, 35, 97—98.
3032-3041. (b) Tomasi, J.; Mennucci, B.; Cammi, €hem. Re. 2005 (b) Shen, B.; Whittle, Y. G.; Gould, S. J.; Kesler, D. A. Org. Chem.
105, 2999-3094. 199Q 55, 4422-4426.
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FIGURE 1. B3LYP/6-31G(d) structures, relative free energies (kcal/mol), and populations of the most stable conformR@RMIRchaloxone
in the gas phase. Values in brackets refer to B3LYP/aug-cc-pVDZ calculations.

TABLE 1. Values of [o]p for Each Conformer of
(2R,3R,49)-Chaloxone in the Gas Phase and the Corresponding
Averaged Values Obtained Using the Boltzmann Populations

TABLE 2. B3LYP/6-31G(d) Relative Free Energies with Respect
to the Most Stable Conformer (kcal/mol) and Corresponding
Populations and Jo]p for (2R,3R,45)-Chaloxone in MethanoP

Reported in Figure 12

conformer AG  %pop []p/6-31G(d)  [p]p/aug-cc-pVDZ
6-31G(d)// aug-cc-pvDz// aug-cc-pvDz//

) ) o 1 0.0 70.0 +304 (+15) +308 (+27)
conformer 6-31G(d) 6-31G(d) aug-cc-pvDZ 5 240 12 +690 (~4) +707 (-7)
1 +264 +243 +251 3 0.87 16.0 +398 (+23) +385 (+26)
2 +722 +759 +750 4 1.02 124 +246 (+31) +268 (+41)
3 +324 +305 +309 5 312 04 +756 (+2) +769 (—4)
4 +187 +198 +201 <average - - +318 +322
5 +741 +797 +785 .
<average +378 +372 +333 aThe [a]p values (deg [dm g/cfh~1) are obtained at TDDFT/B3LYP/

6-31G(d) and aug-cc-pVDZ levels (in parenthesis, the percent variations
aAll values are in deg [dm g/cfir (X//Y means that the X level of with respect to gas-phase values are reported).
calculation has been used far][using the geometries and populations

obtained at the Y level).

(2R,3R,4S). This conclusion is confirmed by the fact that each
conformer is dextrorotatory so any possible inaccuracy in
is close to the carbonyl moiety, the population reduces to only evaluating the population of each conformer does not affect the
22% at B3LYP/6-31G(d) and to 12% with the larger basis set. sign of the total rotation. In order to definitely check the
It is also interesting to note that the disposition of the G+ reliability of these results with respect to the experiments, we
C(4)—H moiety is quite important, as it can be easily appreciated have repeated the conformational analysis and the calculation
comparing the populations of conformers 1 and 3. We can now of OR including the solvent effects through the IEFPCM
calculate the optical rotation; in Table 1, we report the OR approach briefly described in the Introduction. In Table 2, we
calculated at the TDDFT/B3LYP/6-31G(d) and aug-cc-pVDZ  report the results obtained for the same five conformers shown
levels for each conformer and the corresponding values weightedin Table 1 (due to the low sensitivity of the gas-phase
on the Boltzmann populations reported in Figure 1. populations on the basis set, only B3LYP/6-31G(d) geometries/
As it can be seen from the table, the total averaged value populations have been used).
obtained at the 6-31G(d) levet-878) reproduces both the sign By comparing the results of Tables 1 and 2, we can see that
and the order of magnitude of the experimental vatt2q1 in the presence of the solvent induces significant changes in the
methanol) even if the quantitative agreement is not good (the relative stability of the conformers. In particular, conformer 2
theoretical figure is by far larger, 100 units, than the experi- is largely destabilized with respect to the gas phase in favor of
mental value). In the same table, the results obtained with the conformers 3 and 4. This result can be explained looking at the
larger basis set are also reported. These lead to total averagedifferences among the conformers’ electronic distributions:
values of+372 using the 6-31G(d) geometry/populations and using the simplified but effective description represented by the
+333 using the aug-cc-pVDZ geometry/populations, showing dipole moments, we see that conformer 2 presents the smallest
that, for this system, the effect of the quality of the basis set is dipole moment (about 1.3 Debye), while conformers 3 and 4
not important both on the values of the property and on the present the largest ones (6.5 and 6.0 Debye, respectively). These
average. We can then conclude that, even if numerically values correlate well with the solvent-induced changes in the
speaking the agreement is not so good, for chaloxone theBoltzmann populations. By contrast, conformer 1 remains the
calculations confirm the literature assignment, namety)/ ( most populated one exactly as in gas phase even if its dipole

J. Org. ChemVol. 72, No. 18, 2007 6683
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FIGURE 2. B3LYP/6-31G(d) relative free energies (kcal/mol) and populations of the three most stable conform&8R#G-epiepoformin in
the gas phase.

e i TABLE 3. Values of [o]p Obtained at TDDFT/B3LYP/6-31G(d)
moment (3.9 Debye) is significantly smaller than thse _of and aug-cc-pvDZ Levels for Each Conformer of
conformers 3 and 4. This clearly shows that the minimization (R 3R 4s)-Epiepoformin in the Gas Phase and the Corresponding
of the steric interactions in this conformer remains the leading Averaged Values Obtained Using the Boltzmann Populations
force even in polar solvents. Analyzing the effects of the solvent Reported in Figure 2 (values are in deg [dm g/crf{ )

on the optical rotatory power, we note that the largest percent conformer 6-31G(d) aug-cc-pVDZ
variations with respect to gas-phase values are on the most polar— 1293 1082
conformers 3 and 4 and on the most stable conformer 1. These 2 4354 +349
solvent effects on the relative stabilities of the various conform- 3 +189 +211
ers together with the parallel effects on the optical rotation of ~average +292 +283

each conformer finally lead to averaged values+®18 and
+322 using the smaller or the larger basis set, respectively, or, TABLE 4. B3LYP/6-31G(d) Relative Free Energies with Respect
in other words, to a 16 and 13% diminution of the OR with to the Most Stable Conformer (kcal/mol) and Corresponding
respect to gas-phase calculations toward a better agreement witfoPulations and f]o for (2R,3R,4S)-Epiepoformin in Ethanol®

the experiment. conformer AG  %pop []o/6-31G(d)  plo/aug-cc-pVDZ
(+)-Epiepoformine, 2. (+)-Epiepoformin,2, was purified 1 000 623  +326+11) +331 (+18)
by Nagasawa and co-workers in 187&m the culture filtrate 2 078 168  +413(17) +103 (16)
of an unidentified fungus isolated from a diseased leaf and 3 065 209  +232(+23) +269 (+28)
<average - - +321 +330

showed marked inhibition activity against the germination of
lettuce seeds, and it has been the subject of several synthetic 2The [o]p values (deg [dm g/cAi?) are obtained at TDDFT/B3LYP/
attemptst!9 |t shows an optical rotation value 6£315 in 6-31G(d) and aug-cc-pVDZ levels (in parenthesis, the percent variations
ethanolid Following the protocol described at the beginning Wth 'espect to gas-phase values are reported).
of this section, three stable conformers have been found in the
gas phase: the structure, relative free energies, and populationyalue which is dextrorotatory. As done before for chaloxone,
are reported in Figure 2 (from now, if not explicitly said, only ~@lso for epiepoformine, we have repeated the conformational
B3LYP/6-31G(d) geometries/populations will be considered). and the OR analysis by including IEFPCM solvent effects. The
In conformer 1, the hydrogen atom of theOH group is in results obtained are reported in Table 4.
anti relationship with the hydrogen atom linked to C(4). In By looking first at the solvent-induced changes on the
conformers 2 and 3, the same hydrogen atoms are in a similarBoltzmann populations, we observe a net increase for both
gauche situation; therefore, they possess similar structure andconformers 2 and 3. Once again, these changes correlate well
energy. The calculation of the OR with the DFT/B3LYP method With the dipole moments (5.2 and 4.9 Debye with respect to
and the 6-31G(d) or aug-cc-pVDZ basis set level affords the 2.7 Debye of conformer 1). Regarding the solvent effect on the

results collected in Table 3. OR, for all conformers, we observe an increase ranging from
The final averaged value obtained using the 6-31G(d) basis 11 to 28%. This increase is reflected in the final average values
set is in very good agreement with the experimental 6r84,5. of +321 and+330 with the smaller and the larger basis sets,

This agreement confirms the literature assignment fo)- respectively. These values if compared with the parallel ones
epiepoformin: {)/(2R,3R,49). The calculations repeated using ~calculated for the isolated compounds show once more that the
the higher quality aug-cc-pVDZ basis set lead to very similar inclusion of solvent effect, even if not large (around 10 and
results (-283). As in the case of+)-chaloxone, also for ~ 17%, re_spectlvely), does not change the qua_lllt_atlve analysis
epiepoformin, the effect of the quality of the basis set on the (confirming the dextrorotatory character), but it increases the
calculated OR of each conformer (and the final one) is quantltatlve agreement with experlment. A further confirmation
negligible. A last comment, here, as for).chaloxone, all of of the reliability of this assignment has been obtained by the
the conformers are dextrorotatory, which guarantees an averagenalysis of the effects of OH rotation. We have performed a
relaxed scan of the OH rotation (starting from conformer 1 and
(19) (a) Tachihara, T.; Kitahara, Tetrahedror2003 59, 1773-1780. using a 20 step in the dihedral angle), and for each value of the
(Tb) Ol;]aré\urr?z,olgé gginl]gfé;.igféga?h)itg, N.; Iw'\a}lge%wa’\.l;l T, Nall(kactanti), M. angle, we have calculated the OR (using the 6-31G(d) basis
etrahedro , . (C) barros, M. [I.; Maycock, C. D.; . H H H i
Ventura, M. R.Chem-—Eur. J.2000 6, 3991-3996. (d} Carreno, M. C.. set); the_results obtained (reported in Figure 1 of the Support|_ng
Merino, E.; Ribagorda, M.; Somoza, A.; Urbano, @rg. Lett. 2005 7, Information) show that such a rotation does not change the sign
1419-1422. of [a]p, which remains positive for all angles, and it does not
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a relaxed scan of the OH rotation in the solvated system. The

J results obtained for the relative energy and the OR (both
43 calculated using the 6-31G(d) basis set) are reported in Figure

'y 2 of the Supporting Information. Here we only note that the
OR values dramatically change not only in the magnitude but

: also in the sign by rotating the OH group. This is not unexpected
J\ as here, contrary to epiepoformine, there is a direct interaction
9 of the OH with the epoxydic group. However, by repeating the
J average on the complete rotation, we obtain a final value of
+45 which is quite close to that obtained considering only the
most stable conformerH38, at the same level of calculation).
FIGURE 3. Structure of the most stable conformer oR@R4R)- This analysis seems to show that, when in the presence of
epoformine in the gas phase. intramolecular H-bonds which could be largely affected by the
presence of protic solvents, the description obtained using a
affect the value +321) obtained by considering the three continuum model cannot be complete, but specific setute

minima only. solvent effects should be explicitly included to get an accurate
(+)-Epoformine, 3. This compound is a natural product agreement with experiments.
isolated from the culture broth &enicillum claiiforme, which (+)-Epitheobroxide, 4. This compound is not a natural

possesses antibiotic and cytotoxic properties (see ref 20). Itsproduct; it is an epimer of the naturat)-theobroxide, which
absolute configuration has been established by chemical syn-however presents a very small rotation]d —6 in ethanol3c
thesig® and therefore itsd]p value is+109 in ethanof? For Of course, this fact makes our simplified approach to the
this compound, only one conformer has been found in the gascalculation of the optical rotation impossible, so in order to have
phase (Figure 3). another case study, we shifted our interest towgrdnd we
(2R,3R,4R)-Epoformine presents only one conformer because named it {+)-epitheobroxide. This compound has been synthe-
in this structure it is possible to have the—&(4)-O—H sized by Barros and co-workers and shows an OR value higher
fragment in an anti relationship, which, as we noted above, than that of ¢-)-theobroxide, §]p +48 in ethanok® We found
represents a particularly favorable disposition and, at the samethree possible conformers in the gas phase, and the structures,
time, to have an intramolecular hydrogen bond between the OH relative energies, and populations are reported in Figure 4.
on C(4) and the oxygen atom of the epoxide moiety. Using this  conformer 1 is the most stable because, in this structure, it
structure, the OR calculation (TDDFT/B3LYP/6-31G(d) level) g possible to have the hydrogen atom of th&H group and
gives+50, that is, a value which corresponds in sign and order tnat jinked to C(4) in an anti relationship and, simultaneously,
of magnitude to the experimentabp. This result can be {5 form an intramolecular hydrogen bond between t#@H
assumed as a further confirmation of the configurational grqyp on C(1) and the oxirane oxygen. Conformer 2 possesses
assignment (i.e. )/(2R 3R 4R)), even if the numerical agree-  pigher energy because, even if the intramolecular hydrogen bond
ment with experiments is not particularly satisfactory. The use js”maintained, the fragment HO—C(4)—H is in a gauche
the extended basis set (aug-cc-pVDZ) gives an OR 86, a relationship. The energy of conformer 3 is even higher because
value which is in very good agreement with the experiment. o the H-O—C(4)—H fragment is in an eclipsed relationship.
We can thus conclude the analysis saying that if the experimentaIUSmg the above described geometries, the OR calculation

OR is not at least of the order of 100 units the use of an eXtended(TDDFT/BSLYP/6-31G(d) and aug-cc-pVDZ level) gives the
basis set is imperative, as indicated by Stephens and co-wérkers.resmtS reported in Table 5.

In order to improve the quality of the computational results with

) . . The comparison of the final averaged valde8(Q using the
experimental data, another aspect to analyze, besides the basis - . ;
set, is the presence of the solvent. In the previous analyses ong 31G(d) basis set) with the experimental o) shows that

chaloxone and epiepoformine, we have found that including calculations reproduce both sign and order of magnitude]ef [

solvent effects through the IEFPCM approach does not Changeeven if overestimating the experimental value. This result,

the qualitative analysis obtained for the isolated systems but it Zowgl\éir’tﬁ:r:e‘cl’gltliObnesﬁ&g'/(ziéeg?%zz%;v:?}c}ggtpgosornﬂ:ﬁg for
leads to a better quantitative agreement with experiment. By ’ : '

repeating the same strategy also for epoformine, we observet@s€ of ¢)-chaloxone, each conformer is dextrorotatory and

i the valle ofdly @ educed 0£36 and 160 using the % " SUSrage veue il teman of e same son even
small or the extended basis set, respectively. These values ar%ccurate calculations upsirl? the aua-cc-oVDZ basis éet are
obtained considering only one stable conformer (the same found ) 9 g-cep ’

for the isolated system). In this case, the IEFPCM results lead reported in the. same table, It is interesting to note that_ for th?s
to a worse agreement with the expérimemtl()g) To try to compound an important effect of the quality of the basis set is

explain such a deviation, we can consider the nature of the found: there is a significant reduction of the OR of the most

conformer characterized by an intramolecular hydrogen bond populated conformers and thus a significant reduction of the

between the-OH on C(4) and the oxygen atom of the epoxide final average _value; which now bet_:omdeg?, In e>_<ce||ent (and
moiety. The presence of a polar and protic solvent such asperhaps fortuitous!) agreement with the experiment. To check

ethanol in fact can significantly affect such an intramolecular the reliability of this_resul_t, we r_lave repeated the conformational
interaction in favor of an intermolecular one. An indirect and the OR analysis by including IEFPCM solvent effects. The

evidence of this possible effect can be obtained by considering results obtaln_ed are reported in Tab!e 6.
By comparing the results reported in Tables 5 and 6, we note
(20) Barros, M. T.; Maycock, C. D.; Ventura, M. Retrahedron1999 that the solvent-induced variations adg of the thrge conform-
55, 3233-3244. ers are larger than those observed for the previous compounds
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FIGURE 4. B3LYP/6-31G(d) relative free energies (kcal/mol) and populations of the most stable conforme®2Bf33,4R)-epitheobroxide in
the gas phase.

TABLE 5. Values of [o]p Obtained at TDDFT/B3LYP/6-31G(d) and later confirmed by syntheg’.It shows pp +93 in
and aug-cc-pVDZ Levels for Each Conformer of methanol. Our protocol for conformational analysis provides

(1S,2R,3S,4R)-Epitheobroxide in the Gas Phase and the ; : . -
Corresponding Averaged Values Obtained Using the Boltzmann five stable conformers in the gas phase: the structure, relative

Populations Reported in Figure 4 (values are in deg [dm g/cfi™?) energies, and populations are reported in Figure 5. '
In all of the conformers, an intramolecular hydrogen bonding

conformer 6-316() aug-ccpvVDz between the-OH group at C(4) and the oxirane O atom is
% ;ﬁi ;Tég present. However, in the two most stable structures, it is
3 +17 iy accompanied by another intramolecular hydrogen bonding
<average +80 +47 between the-CH,OH moiety and the carbonyl group. This

second stabilizing interaction is completely lacking in conform-

TABLE 6. B3LYP/6-31G(d) Relative Free Energies with Respect ers 3, 4, and 5, which are much less populated. We can now

to the Most Stable Conformer (kcal/mol) and the Corresponding calculate the optical rotation. In Table 7, we report the values
Boltzmann Populations for (1S,2R,3S,4R)-Epitheobroxide in of OR obtained (at TDDFT/B3LYP/6-31G(d) and aug-cc-pVDZ
Ethanol® level) for each conformer and the OR values weighted on the
conformer  AG  %pop  []o/6-31G(d)  []o/aug-cc-pVDZ Boltzmann populations. Due to the change of sign @fp[
1 000 719  191(+15) 60 (436) passing from one conformer to the other, for this compoun_d,
2 103 126  +160 (+29) +132 (+32) the effects of geometry and population can become quite
3 091 155  +34(+100) +33 (+719) important; we have thus preferred to check the validity of the
<average  — - +91 +65 B3LYP/6-31G(d) description with the larger basis set. The
aThe [o]p values (deg [dm g/cAil) obtained at TDDFT/B3LYP/6- results are reported in Table 8 in brackets.
31G(d) and aug-cc-pVDZ levels (in parenthesis, the percent variations with  The data reported in Table 7 show that, for this compound,
respect to the gas-phase values are reported). the most stable conformer is laevorotatory, while the remaining

ones are dextrorotatory. The final averaged value (6-31G(d)

(for conformer 3, we observe values that are 2 and 8 times pasis set) is ther-16, a number which represents only 20% of
larger). We note that these effects are mainly due to solvent-the experimental value and is opposite in sign to it. Clearly,
induced geometry changes, in fact by recomputilp in the one cannot draw conclusions about a configurational assignment
gas phase, but using the geometries optimized in solution, wein these conditions. The calculations have been then repeated
obtain +91, +-152, and+23 (using the small basis set) for at TDDFT/B3LYP/aug-cc-pVDZ levels, and the results are
conformers 1, 2, and 3, respectively, which are very close to reported in the same table. The quality of the basis set has a
the values reported in Table 6. When we pass from the single significant effect not only on the properties but also on the
conformers to averaged values, the OR in solution becer8és geometries/populations. Keeping fixed the geometries of the
and+65 using the small and extended basis set, respectively.conformers (and their populations), the OR of the most stable
These values, when compared with the corresponding ones forconformer, still negative, is slightly reduced and that of the other
the isolated system, give a final14 and+38% increase, but  conformers is increased, so the final resuftl() is a positive
they do not change the configurational assignment. We note rotation (as the experimental one), but it still represents a small
that this compound, exactly asR3R,4R)-epoformine, presents  fraction (12%) of the experimental value. By allowing geometry
an intramolecular H-bond which could be significantly perturbed relaxation, we observe an increase of the OR in all conformers
by the presence of a protic solvent such as ethanol. As (less negative for conformer 1 and more positive for the others).
commented before, this specific solutsolvent interaction  This effect when combined with the new populations (see Figure
cannot be completely taken into account by a continuum model, 5) leads to an average value-667, that is, in the direction of
and thus it is not unexpected that IEFPCM calculations do not @ better agreement with experiments both in sign and in
improve the agreement with experiments. magnitude. . _

(+)-Epoxidone, 5.(+)-Epoxydon was first isolated by Closse The sensitivity of thef)-epomdone gas-phgse calculatlons
and co-workers in 1966 as a compound showing antimitotic (Table 7) suggests that, in the case of a erX|bI(_e molecule Ilkt_e
activity. Its absolute configuration was assigned by the same the present one, neglecting the solvent effect is a too drastic

authors by means of an empirical analysis of the CD spectrum @Pproximation. To check this, we have repeated the analysis
using IEFPCM. The results obtained both for the populations

(21) Closse, A.; Mauli, R.; Sigg, H. PMelv. Chim. Actal966 49, 204~
213. (22) Mehta, G.; Islam, KTetrahedron Lett2004 45, 7683-7687.
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FIGURE 5. B3LYP/6-31G(d) relative free energies (kcal/mol) and populations of the most stable conformelRs3& 4R)-epoxydon in the gas
phase. Values in brackets refer to B3LYP/aug-cc-pVDZ calculations.

TABLE 7. Values of [o]p for Each Conformer of _ to check the reliability of these results by analyzing the effects
(2R,3R,4R)-Epoxidon in the Gas Phase and the Corresponding of possible internal rotations. Here are the two groups which
Averaged Values Obtained Using the Boltzmann Populations . .
Reported in Figure 5 should be analyzed, OH and @BPH. Assuming a similar
631GW)]  augoopvbZl  augcopvDzl behavior with the analogous system without the,OH (i.e.,
conformer 6-31G(d) 6-31G(d) aug-cc-pvDZ epoform_lne_)_, the effects o_f the (C4)OH rotation shoulql nc_)t lead
1 o7 59 3 to any significant change in the average value. What is different
> 4130 1919 1910 here, however, is the possibility for the @BH to rotate. In
3 +14 159 163 Figure 6, we report the results obtained for the relative energy
4 +113 +107 +119 and the OR (both calculated using the 6-31G(d) basis set) in a
5 +29 +71 +86 relaxed scan. We note that such a scan has been obtained starting
<average —16 +11 +57

from conformer 1 and using a 20 step in the dihedral angle
aValues are in deg [dm g/cfit® (X//Y means that the X level of (HO)CCCB6CS.

calculation has been used far][using the geometries and populations .
obtained at the Y level). ilusing the g pop As it can be seen from the graph, conformers 2 and 3 are at

the minimum of quite flat wells, while the corresponding well
for the most stable conformer 1 is steeper. This means that an
average on a range of dihedral angles centered on the value
corresponding to the minima is required. By doing this, we
determine that the resulting OR becomieB4, but by consider-

ing only the values of the three minima, we ge8. By taking

into account this variation in the total average (including also
conformers 4 and 5), we get a final OR #220. Due to the
significant effects that the basis set has on the OR value of this
compound, we have repeated the scanodf [using the large
basis set, and we have obtained a final valu¢-88 (the results

of the scan are reported in Figure 3 of the Supporting

and the OR of the five conformers are reported in Table 8. As
before, the geometries of all of the conformers have been
reoptimized in solution.

As it can be seen, the final averaged values are significantly .
different from the corresponding ones obtained for the isolated
system. Now positived]p values are obtained also using the
small basis set, and with the larger basis set a better quantitative
agreement with experiments is found. Such an improvement is
determined by the combination of two effects, namely, the
solvent effect on the relative stability of the various conformers
(and thus on their weight in the average), and the solvent effect - ) /
on the pJp of each conformer. Let us first analyze the effect Information). This result when compared tg the experimental
of the solvent on the relative stability of the conformers. Valué of+93 shows that anytime conformational changes lead
Conformer 1 remains the most stable, but all of the others to important variations in the absolute value and in the sign of
become closer to it. We note that only conformer 1 has a [a]p it is compulsory to perform a detailed analysis of these
negative f]o, and thus the final positive average value can be €ffécts combined with those due to the solvent.
correlated to the larger contribution of the other conformers.  The results of the calculations described above clearly
Indeed, this is the dominant effect as the percent variations of demonstrate that, for this class of compounds, the theoretical
the [o]p values of all the conformers are negative; that is, the prediction of p]p can be a practical method for a reliable
direct effect of the solvent on the OR, if not combined with a configurational assignment. So we decided to approach the
proper population analysis, would have led in the opposite problem of the configurational assignment ef){sphaeropsi-
direction, for example, to a worse agreement with experiments. done, 6, and ()-episphaeropsidone/. As a preliminary
As done before for other compounds, also here it is important comment, we note that their structural determination was
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TABLE 8. Relative Free Energies with Respect to the Most Stable Conformer (kcal/mol) and Corresponding Populations and]p for

(2R,3R,4R)-Epoxidon in Methanol?

6-31G(d)// aug-cc-pvDz// aug-cc-pvDZ//
conformer AG % pop 6-31G(d) 6-31G(d) aug-cc-pvVDZ
1 0.00 [0.00] 31.1[26.5] —85 (—13) —88(-2) —36 (—16)
2 0.37[0.11] 16.5[22.0] +113 (—13) +193 (-12) +166 (—18)
3 0.23[0.22] 21.1[18.2] +8 (—46) +54 (—9) +58 (—8)
4 0.22[0.30] 21.4[16.0] +37 (—67) +51 (—52) +71 (—40)
5 0.68 [0.25] 9.9[17.3] +19 (—36) +50 (—29) +67 (—22)
<average - - +4 +32 +61

aIn brackets we report the aug-cc-pVDZ values and in parentheses,

the percent variations with respect to gas-phase. X//Y means that the X level of

calculation has been used fax][whereas geometries and populations obtained at Y level.

200 4

o N DU
1001 )‘/ ™ ‘) f?\“\i
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(o], = A s z’” 2 A%
]
50 \'\/ \\/ ‘
) : Conformer 1: AG=0.0 [0.0] Conformer 2 : AG=0.47 [0.20]
100 68.9% [58.5%)] 31.1% [41.5%]
-150 -
FIGURE 7. B3LY/6-31G(d) relative free energies (kcal/mol) and
populations of the most stable conformers d®,@R,49-sphaeropsidone
404 in the gas phase. Values in brackets refer to aug-cc-pVDZ calculations.
3.5
30 In the most stable conformer, there is an intramolecular
' hydrogen bond between theOH on C(4) and the oxirane
a3 2957 oxygen, with the HO—C(4)—H fragment in an anti disposition
g 2.0 CONFOR 3 and the methyl group of the methoxy substituent toward the
g 15 CONFOR 2 vinyl hydrogen. This orientation of the two groups is maintained
104 in conformer 2, but there is a different intramolecular hydrogen
' » bonding between the-OH at C(4) and the methoxy oxygen,
057 /- CONFOR 1 and this causes a gauche disposition of theQ+C(4)—H
00 - - y - fragment determining higher energy for this structure.
0 60 120 180 240 300

FIGURE 6. Relative free energies (kcal/mol) and]} values (deg
[dm g/cn¥]) of (2R,3R4R)-epoxidon in methanol with respect to
rotation of the—CH,OH group. All quantities have been obtained
performing a relaxed scan at the B3LYP/6-31G(d) level of the OH
rotation using a 20 step in the angle.

obtained® only by an empirical analysis of the CD spectrum;

Looking at the Table 9, one can note that, using the small
basis set, a theoretical value-685 is obtained, a number which
is of the same order of magnitude as the experimental one
(—130) but with opposite sign. It is important to observe that
both the conformers possess positive ORs, so the final result
can only be a positive optical rotatory power, independent of
the conformer distribution, in contrast to the experiment. By
repeating the calculation to a higher level of the theory, we

that is, the CD spectra of these two compounds were simply gptain again that the conformers are both dextrorotatory, and
compared to those of other similar compounds having known the theoretical value is now-140 (or+146 if the scaling is

absolute configuration. In other words, these data were neitherggone using the aug-cc-pVDZ geometries/populations), that is,
analyzed nor simulated by safe theoretical methods: as suchgimost the same as the experimental one, but with the opposite
the results of this investigation are arguable. In addition, looking sjgn. These results indicate then that the absolute configuration

at the structures of Chart 1, one immediately observe(thptl
and (—)-7 showwvery similar ORvalues but with opposite signs,
even if they possess the same absolute stereochemigtiy

assigned in the literature and used in the calculatiordf [s
not correct. However, to confirm this conclusion, we decided
to repeat these OR calculations taking into account the solvent

fact looks quite surprising, so we decided to reinvestigate the effect. Exactly as in gas phase, also in solution there are two

OR of these two compounds.
(—)-Sphaeropsidone, 6.(—)-6 has been isolatéd from

stable conformers, namely, those previously indicated as
conformers 1 and 2 and characterized by internal H-bonds. The

Sphaeropsis sapinea fungal pathogen which causes stem and OR results obtained for such structures are reported in Table

branch canker of the Italian cypresSupressus sempsrens
L.). It possesseso]lp = —130 in methanol. Two different
conformers have been found in the gas phase-f)f§ which

are reported in Figure 7, together with the relative Boltzmann

10 (due to the small effect of the basis set on the geometries/
population shown in gas phase, here only the 6-31G(d)
description has been used).

As it can be seen, the two conformers become almost

populations: both 6-31G(d) and aug-cc-pVDZ results are shown. isoenergetic (with conformer 2 only slightly more stable). A

(23) Evidente, A.; Sparapano, L.; Fierro, O.; Bruno, G.; Giordano, F.;
Motta, A. Phytochemistry1998 48, 1139-1143.
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Information), however, has shown that these two minima are
separated by a relatively high barrier which prevents a free OH
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TABLE 9. Values of [a]p for Each Conformer of 4000 -
(2R,3R,45)-Sphaeropsidone in the Gas Phase and the Corresponding
Averaged Values Obtained Using the Boltzmann Populations 3500 § -- - a--- CONF1 6-31G(d)
Reported in Figure 72 [
3000 4 —— CONF2 6-31G(d)
6-31G(d)// aug-cc-pvDz// aug-cc-pvDzZ// \
conformer 6-31G(d) 6-31G(d) aug-cc-pVDZ 2500 3 - ==X~ - - CONF1 aug-cc-pVDZ
; zEm —— ez
<average +85 +140 +146

aValues are in deg [dm g/cfit® (X//Y means that the X level of
calculation has been used far][using the geometries and populations
obtained at the Y level).

TABLE 10. Relative Free Energies with Respect to the Most
Stable Conformer (kcal/mol) and Corresponding Populations and
[a]p for Each Conformer of (2R,3R,4S)-Sphaeropsidone in

Methanol 365 415 485 515 565 615 665
conformer  AG  %pop  [u]o/6-31G(d)  Ro/aug-cc-pVDZ FIGURE 8. ORD of the two conformers of-)-6 in the 360-700
1 006 47.4 +67 (-32) +135 (—15) nm wavelength range.

2 0.00 526  +20(-63) +69 (-27) )
<average  — - +43 +101 10 ] A

a 1 g v
aValues of fi]p (deg [dm g/crd] 1) are obtained at TDDFT/B3LYP/ g1 PR a)
6-31G(d) and aug-cc-pVDZ levels (in parentheses, the percent variations 1 n |

with respect to gas-phase values are reported). 3 1 ! ".

rotation. In addition, the two wells are quite steep (in fact, even o F—— )

small changes in the OHO distances can significantly weaken Z fb ‘@/ dm =

the stabilizing H-bond interaction). For all of these reasons, we 2] f’

can safely limit the average to the two minima obtaining a final = o/

OR value of+43 and+101 with the small and the larger basis 8] s g

set, respectively. Here, as in the case of)-e€poformine, 10 -

intramolecular H-bonds are present and thus we expect that
IEFPCM results could not account for the complete solvent 1 F b)
effects: the agreement with the experimental figures is in fact
not improved with respect to the values calculated in the gas
phase. However, what it is important to stress here is that the
conclusion that the absolute configuration found in the literature

a
] i
] .
29 o \
is not correct is still valid. Actually, this conclusion is based 0 f\ /—\
7

on the OR calculation at a single wavelength, 589 nm. As it

)

i o Jes 260 Zs 30 33g” 380 386 410 436
has been recently pointed ditoften the calculated electronic a \-.1 Jf'
transition wavelengths do not match those observed experimen- 5 AN /
tally. Then the observed OR at 589 nm should not be compared . N S
to that calculated at 589 nm, but such a comparison should be ] -
done at a wavelength that is shifted according to the difference 10

between calculated and observed electronic transition wave-gigure 9. (a) Comparison of the predicted ECD spectrum at the
length (i.e., the wavelength correction). The wavelength cor- TDDFT/B3LYP/6-31G(d) level in the length (red line) and velocity
rection is difficult to determine, so to avoid this problem, the (blue line) formalism with the experimental ECD spectrum ©j-6.

OR can be calculated at different wavelengths in the nonresonant(b) Comparison of the predicted ECD spectrum at the TDDFT/B3LYP/
region (ORD data). If the calculated ORD is a monosignate aug-cc-pvbDZ level in the length (blue line) formalism with the
curve, the wavelength correction becomes irrelevant for compar- XPerimental ECD spectrum of §-6.

ing the sign of OR at 589 nm. As can be seen clearly from reported in Figure 9; it shows a strong negative Cotton effect
Figure 8, the predicted ORD curve for)-6is actually always (A€ ca. —9) centered at about 320 nm followed by an even
positive between 700 and 365 (i.e., monosignate). Therefore, Stronger Qe ca.+11) positive Cotton effect centered at about
we can conclude that we do not need any wavelength correction260 nm.

for the comparison between predicted and experimental OR  These two bands are related to thesrt (R band) andr—s*
values. This means that the sign of OR calculated assuming(K band) of thea,5-unsaturated carbonyl chromophore, respec-
the literature AC of {)-6 is really positive. This fact clearly ~tively, the chiroptical properties of which have been discussed
supports our conclusion on the incorrectness of the literature in detail by Gawronski? The signs of the Cotton effects related

AC assignment. to these two transitions have been correlated to the sense of the
Further support of the above conclusion comes from the helicity of the inherently dissymmetric enone chromophore; for
analysis of the experimental ECD spectrum )46, which is atrans-enone chromophore having a negative twist, the R band
is positive while the K band is negativélt is important to
(24) Polavarapu, P. L. Phys. Chem. 2005 109, 7013-7023;Chirality note that both of the conformers of )-6 reported in Figure 7

2006 18, 348-356. show a negative torsional angle of thans-enone chromophore,
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) 4000 -
3000 -
9 —e—6-31G(d)
2500 - —8—aug-cc-pVDZ
J
2000 -
1500 -
FIGURE 10. The most stable conformer of RBR,49)-episphaerop-
sidone in the gas phase. 000 -
N . 500
and therefore, they should give rise, following the above rule, o
to a sequence of positive R band followed by a negative Kband . . . . . -
while the experimental ECD spectrum 6f)-6 is in a mirror 365 415 465 515 565 615 665

image relationship. This clearly means that the helicity of the
enone chromophore of{)-6 is opposite to that of the structures FIGURE 11. ORD of (—)-7 in the 366-700 nm wavelength range.
reported in Figure 7; this is a consequence of the fact that the
ACs of the stereocenters of the above structures are opposite to
the experimental one. In Figure 9 is also a comparison between
the experimental ECD spectrum and those calculated at both
TDDFT/B3LYP/6-31G(d) and TDDFT/aug-cc-pVDZ levels.
The calculated curves are both opposite in sign to the experi-
mental one; that is, between 350 and 300 nm, a negative Cotton
effect is observed followed by a second one between 300 and

Ae
I a)

0 5?3 320 350/380 410 440
/

220 nm, while the calculated spectra present a sequence of \ /
positive-negative bands in the same two regions. These results ‘\_ ;"
represent an independent validation of the conclusion that the \

AC reported in the literature for<)-6 is incorrect.
(—)-Episphaeropsidone, 7.The last compound studied in

this investigation is an epimer of-}-6, (—)-episphaeropsidone,

(—)-7, which has been isolated and characterized together with

MO MEGORN SO =aNwWEM

o

N
(—)-6 in ref 23 and presents both higher phythotoxic and \ b)

p
antimicrobial activities than=)-6. The optical rotation of{)- alh SN
episphaeropsidone 1240 in methanol. At both 6-31G(d) and N/
aug-cc-pVDZ levels of calculations, only one conformer has 1]
been found for (R,3R,4R)-episphaeropsidone in the gas phase, i .
and this is reported in Figure 10. 25,/ 2407766 oD NS M0 IS I} 41§ 440

Here, owing to the absolute configuration at C(4), the
intramolecular hydrogen bonding between the C(4) hydroxy al \ /
group and the oxirane oxygen is not possible, while there is \_ /
hydrogen bonding between the same hydroxy group and the ] \ /
methoxy oxygen. The TDDFT/B3LYP/6-31G(d) calculation of \
the OR of this structure affords311, a value which is of the
same order of magnitude, but opposite in sign, with respect to
the experimental one. Repetition of the calculation with the aug- FIGURE 12. (a) Comparison of the predicted ECD spectrum at the
cc-pVDZ basis set gives-325 and+343 using the 6-31G(d)  TDDFT/B3LYP/6-31G(d) level in the length (red line) and velocity
and aug-cc-pVDZ geometry, respectively, again values which (blue line) formalism with the experimental ECD spectrum ©)-(.
are of the same order of magnitude, but opposite in sign, with (?) Comparison of the predicted ECD spectrum at the TDDFT/B3LYP/

. e aug-cc-pVDZ level in the length (blue line) formalism with the
respect to the experimental one. The addition of the solvent experimental ECD spectrum of J-7.
effect does not modify these results, but it only changes the
OR value which passes t6328 and+343 with the small and Also in this case, the simulation of the analysis of the ECD
the larger basis sets, respectively. These data confirm thespectrum has been attempted. This spectrum is reported in Figure
previous conclusion that the configuration reported in the 12.
literature is not correct, as for sphaeropsidone. Also in this case, It shows a strong negative CD band at about 330 Amda.
the importance of the wavelength correction has been evaluated—9) followed by a stronger positive\¢ ca.+11) Cotton effect
Here as well the calculated ORD curve (between 700 and 365at 260 nm. Following the previous analysis done fe}-6, the
nm) (Figure 11) is always positive (i.e., monosignate). This above two bands are related to the R and K bands of the
ensures that the calculated OR at 589 nm is really positive for inherently dissymmetric enone chromophétén this case as
the AC reported in the literature, supporting our conclusion that well, thetrans-enone chromophore CD chirality rule prediéts
this assignment was incorrect. a positive torsion of the chromophore itself, while our calcula-

>

r
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tions, using the AC of<)-7 reported in the literature, provides  while the others are dextrorotatory. This leads to negative
an opposite (negative) twist of the same chromophore, thereforeaverage rotation with the small basis set. These results are
indicating that the ACs of the stereogenic centers -6f-7 obviously not useful for a safe assignment of the absolute
should be reversed. In the same Figure 12 is a comparisonconfiguration; the only way to solve the problem is to use a
between the experimental ECD spectrum and those calculatedarge basis set and to take into account solvent effects and
at both TDDFT/B3LYP/6-31G(d) and TDDFT/aug-cc-pVDZ internal—OH rotations. The second lesson we can thus learn is
levels; the two calculated curves are both opposite in sign with that, when different conformers are present with opposite optical
respect to the experimental one; that is, between 360 and 280rotations, the solvent effect cannot be neglected, and a very
nm, a negative Cotton effect is observed followed by a second, sophisticated analysis is absolutely required. However, from the
really intense one between 360 and 220 nm, while the calculatedexperimental organic chemist’s point of view, the most important
spectra present a sequence of positimegative bands in the  result concerns compounf@snd?. Here, any kind of prediction
same two regions. This result is an independent support to the(small or extended basis set, gas phase, or solvent calculation)

conclusion that the AC reported for-§-7 is incorrect. leads to an optical rotation which is of the right order of
magnitude, but opposite in sign, to the experimental one,
Concluding Remarks assuming the absolute configuration reported in the literature.

A parallel conclusion is obtained by considering calculated and
experimental ECD spectra. All of these evidences show that
the literature assignment is not correct. We would like to
conclude this paper with a last consideration. Since the first

) . . guantum-mechanical calculations of optical rotation, important
compoundsl and2, which show high (ca. 300 units) rotatory developments have been achieved both in the reliability and in

powers determined in sign and magnitude by the Iowest-energythe accuracy of the results, so, by now, these methods can even
Cotton effects, a simplified approach which uses a small basis help in correcting previoué Aé assign}nents

set seems to be able to correctly reproduce the sign and the
order of magnitude of the observed rotatory power. It is
interesting to note that, in the case bf the solvent effect
decreaseshe gas-phase OR value, while fayrit increaseghe
same figure, leading, in both the cases, to a better agreemen
with experiment. However, the absolute effect is rather limited Supporting Information Available: Relative free energies
+15%), and therefore, it does not change the assignment :

(()btained with gas-phase calculations. By contrast, in the case(kcaV mol) and OR values (deg [dm g/gjm) of (2R3RAY-

! . epiepoformine in ethanol with respect to rotation of the OH group.
of smaller rotations (100 units or Iess), as for compodhdad Relative energies (kcal/mol) and OR values (deg [dm &/chnof
4, the use of an extended basis set is needed in order to havgog 3R 4R)-epoformine in ethanol with respect to rotation of the

good experiment/simulation agreement. In addition, the presenceoH group. Aug-cc-pVDZ o values (deg [dm g/cArl) of

of conformers with intramolecular hydrogen bonding makes the (2R 3R 4R)-epoxidon in methanol with respect to rotation of the

use of a continuum model less satisfactory when in the presence—CH,OH group. Relative energies (kcal/mol) and OR values (deg

of protic solvents. In these cases, in fact, perturbations due to[dm g/cn?] 1) of (2R,3R4S)-sphaeropsidone in methanol with

competitive solute-solvent H-bonds should explicitly be in-  respect to rotation of the OH group. B3LYP/6-31G(d) optimized

cluded to get an accurate agreement with experiments. The cas§eometries of all the conformers of all the compounds in the gas

of (+)-epoxidone5, is particularly complex; while experiments phase and in solution. This material is available free of charge via
o : the Internet at http://pubs.acs.org.

show a positive rotation#93, ethanol), the gas-phase calcula-

tions predict that the most stable conformer is laevorotatory JO070806I

This investigation has demonstrated that the absolute con-
figuration of some important natural cyclohexene oxides such
as1l—4 can be safely assigned by TDDFT/B3LYP calculations
of the optical rotatory power at the sodium D line. For
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