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Ab initio calculations of the optical rotatory power of the natural cytokine modulator cytoxazone 1
and its trans-diastereomer 2, as well as the structural isomers cis-3 and trans-4 isocytoxazones,
have been performed at four different wavelengths (589, 546, 435, and 405 nm) by Density
Functional Theory. The calculation of ORD curves provides a reliable method for the assignment
of absolute configuration of these conformationally flexible molecules. The absolute configurations
of isocytoxazones has been established as (+)-(4R,5S)-cis-3 and (+)-(4S,5S)-trans-4.

Introduction

The cytoxazone (-)-1, (-)-(4R,5R)-cis-5-hydroxymethyl-
4-(4-methoxyphenyl)-1,3-oxazolidin-2-one, an immuno-
supressant agent produced by Streptomyces sp., is a novel
cytokine modulator, which interferes with the cytokine
IL-4, IL-10 and IgG production by selective inhibition of
the signaling pathway of TH2 cells.1 The imbalance of
cytokine production gives rise to a wide variety of

immunological disorders, i.e., allergy, progressive lym-
phoproliferation, and severe immunodeficiency.

The cis configuration of (-)-1 was assigned by Osada
et al.1 on the basis of X-ray and NMR analysis, while the
absolute configuration was first tentatively determined
by comparison of the CD spectrum of (-)-1 with that of
a similar analog, (S)- and (R)-4-phenyl-2-oxazolidinone,
which lacks hydroxymethyl and methoxy moieties of 1.1b
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Cytoxazone (-)-1 was subsequently synthesized by Na-
kata and co-workers employing the Sharpless asymmetric
dihydroxylation of p-methoxy cinnamic derivative as a
key step, thus establishing its absolute configuration.2a

Recently, some of us reported the chemoenzymatic syn-
thesis of optically active stereoisomers of cytoxazone 1
and trans-cytoxazone 2;2b further synthetic methods have
also successfully yielded 1 and 2.2c-k

Positive biological results obtained with (-)-cytoxazone
1 led to the syntheses of two additional structural isomers
of 1, cis-isocytoxazone 3 and trans-isocytoxazone 4. They
were synthesized as a mixture of (()-cis-3 and (()-trans-4
stereoisomers, which were then separated by chiral
HPLC.3 The cis and trans configurations of 3 and 4,
respectively, were determined on the basis of proton
NMR spectra. Namely, while the 3JH4H5 of the cis isomer
was 8.5 Hz, that of the trans isomer was a smaller value
of 5.7 Hz.3 However, a careful and detailed analysis of
the CD spectra of 3 and 4 to assign their absolute
configuration was not carried out,3 so this problem
remained open.

The aim of the present paper is to assign the absolute
configuration of 3 and 4. We will employ a new and
interesting method, the ab initio calculation of optical
rotation:4-14 in particular we will predict the Optical
Rotatory Dispersion (ORD) curve, since it has been

clearly shown that the configurational assignment based
on a comparison of predicted/experimental OR values at
several wavelength is certainly more reliable than a
comparison made at the single wavelength.15 Because
nowadays spectropolarimeters are not so common in
chemical laboratories, preventing the routine measure-

(2) (a) Sakamoto, Y.; Shiraishi, A.; Seonhee, J.; Nakata, T. Tetra-
hedron Lett. 1999, 40, 4203. (b) Hamersak, Z.; Ljubovic, E.; Mercep,
M.; Mesic, M.; Sunjic, V. Synthesis 2001, 13, 1989. (c) Miyata, O.;
Koizumi, T.; Asai, H.; Iba, R.; Naito, T. Tetrahedron 2004, 60, 3893.
(d) Miyata, O.; Asai. H.; Naito, T. Synlett 1999, 12, 1915. (e) Mori, K.;
Seki, M. Eur. J. Org. Chem. 1999, 2965. (f) Madhan, A.; Ravi Kumar
A.; Venkateswara Rao, B. Tetrahedron: Asymmetry 2001, 12, 2009.
(g) Ravi Kumar, A.; Bhaskar, G.; Madhan, A.; Venkateswara Rao, B.
Synth. Commun. 2003, 33, 2907. (h) Davies, S. G.; Hughes, D. G.;
Nicholson, R. L.; Smith, A. D.; Wright, A. J. Org. Biomol. Chem. 2004,
2, 1549. (i) Carda, M.; Gonzalez, F.; Sanchez, R.; Marco, J. A.
Tetrahedron: Asymmetry 2002, 13, 1005. (i) Carter, P. H.; LaPorte, J.
R.; Scherle, P. A.; Decicco, C. P. Bioorg. Med. Chem. Lett. 2003, 13,
1237. (j) Milicevic, S.; Matovic, R.; Saicic, R. N. Tetrahedron Lett. 2004,
45, 955. (k) Park, J. N.; Ko, S. Y.; Koh, H. Y. Tetrahedron Lett. 2000,
41, 5553.

(3) Hamersak, Z.; Sepac, D.; Ziher, D.; Sunjic, V. Synthesis 2003, 3,
375.

(4) The general theory of the optical rotatory power is given by (a)
Rosenfeld, L. Z. Phys. 1928, 52, 161. (b) Condon, E. U. Rev. Mod. Phys.
1937, 9, 432. (c) Buckingham, A. D. Adv. Chem. Phys. 1967, 12, 107.

(5) (a) Polavarapu, P. L. Mol. Phys. 1997, 91, 551. (b) Polavarapu,
P. L. Tetrahedron: Asymmetry 1997, 8, 3397. (c) Polavarapu, P. L.;
Chakraborty, D. K. J. Am. Chem. Soc. 1998, 120, 6160. (d) Polavarapu,
P. L.; Zhao, C. Chem. Phys. Lett. 1998, 296, 105. (e) Polavarapu, P. L.;
Chakraborty, D. K. Chem. Phys. 1999, 240, 1. (f) Polavarapu, P. L.;
Zhao, C. J. Am. Chem. Soc. 1999, 121, 246. (g) Polavarapu, P. L.;
Chakraborty, D. K.; Ruud, K. Chem. Phys. Lett. 2000, 319, 595. (h)
Polavarapu, P. L. Chirality, 2002, 14, 768. (i) Polavarapu, P. L. Angew.
Chem., Int. Ed. 2002, 41, 4544. (j) Polavarapu, P. L.; Petrovic, A.; Wang,
F. Chirality 2003, 15, 143.

(6) (a) Kondru, R. K.; Lim, S.; Wipf, P.; Beratan, D. N. Chirality
1997, 9, 469. (b) Kondru, R. K.; Wipf, P.; Beratan, D. N. J. Am. Chem.
Soc. 1998, 120, 2204. (c) Kondru, R. K.; Wipf, P.; Beratan, D. N. Science
1998, 282, 2247. (d) Kondru, R. K.; Wipf, P.; Beratan, D. N. J. Phys.
Chem. A 1999, 103, 6603. (e) Kondru, R. K.; Chen, C. H.; Curran, D.
P.; Beratan, D. N.; Wipf, P. Tetrahedron: Asymmetry 1999, 10, 4143.
(f) Kondru, R. K.; Beratan, D. N.; Friestad, G. K.; Smith, A. B., III;
Wipf, P. Org. Lett. 2000, 2, 1509. (g) Ribe, S.; Kondru, R. K.; Beratan,
D. N.; Wipf, P. J. Am. Chem. Soc. 2000, 122, 4608. (h) Specht K. M.;
Nam, J.; Ho, D. M.; Berova, N.; Kondru, R. K.; Beratan, D.; Wipf, P.;
Pascal, R. A.; Kahne, D. J. Am. Chem. Soc., 2001, 123, 8961. (i) Perry,
T. L.; Dickerson, A.; Khan, A. A.; Kondru, R. K.; Beratan, D.; Wipf, P.;
Kelly, M.; Hamann, M. T. Tetrahedron 2001, 57, 1483.

(7) (a) Cheeseman, J. R.; Frisch, M. J.; Devlin, F. J.; Stephens, P.
J. J. Phys. Chem. A 2000, 104, 1039. (b) Stephens, P. J.; Devlin, F. J.;
Cheeseman, J. R.; Frisch, M. J.; Mennucci, B.; Tomasi, J. Tetrahe-
dron: Asymmetry 2000, 11, 2443. (c) Stephens, P. J.; Devlin, F. J.;
Cheeseman, J. R.; Frisch, M. J. J. Phys. Chem. A 2001, 105, 5356. (d)
Stephens, P. J.; Devlin, F. J.; Cheeseman, J. R.; Frisch, M. J. Chirality
2002, 14, 288. (e) Mennucci, B.; Tomasi, J.; Cammi, J. R.; Cheeseman,
J. R.; Frisch, M. J.; Devlin, F. J.; Gabriel, S.; Stephens, P. J. J. Chem.
Phys. A 2002, 106, 6102. (f) Stephens, P. J.; Devlin, F. J.; Cheeseman,
J. R.; Frisch, M. J.; Rosini, C. Org. Lett. 2002, 4, 4595. (g) Stephens,
P. J.; Devlin, F. J.; Cheeseman, J. R.; Frisch, M. J.; Bortolini, O.; Besse,
P. Chirality 2002, 14, 288. (h) Stephens, P. J.; Devlin, F. J.; Cheeseman,
J. R.; Frisch, M. J.; Bortolini, O.; Besse, P. Chirality 2003, 15, S57. (i)
Stephens, P. J.; McCann, D. M.; Butkus, E.; Stoncius, S.; Cheesman,
J. R.; Frisch, M. J. J. Org. Chem., 2004, 69, 1948.

(8) A possible cause of this solvent effect is most likely related to
the presence of the carbamate NH and/or OH groups which in trans-2
are participating in hydrogen bonding with THF solvent. The 1H NMR
of 2 in CD3CN showed the amide proton at 6.0 ppm and the hydroxy
proton at 3.2 ppm (see Supporting Information). When measured in
THF-d5, these protons shifted to the down shielded field, namely, the
amide proton at 6.9 ppm and two distinct hydroxyl protons at 4.4 and
4.7 ppms (ratio of 1.7:1), respectively, while the chemical shifts of other
protons of trans-2 remained more or less unchanged. The downfield
shifts of carbamate NH and observed two values for OH protons in
THF clearly indicate a solvation of 2 by THF, giving rise to at least
two different solution species.

(9) (a) Grimme, S. Chem. Phys. Lett. 2001, 339, 380. (b) Grimme,
S.; Furche, F.; Ahlrichs, R. Chem. Phys. Lett. 2002, 361, 321. (c)
Grimme, S.; Bahlmann, H.; Haufe, G. Chirality 2002, 14, 793. (d) De
Meijere, A.; Khlebnikov, A. F.; Kozhushkov, S. I.; Kostikov, R. R.;
Schreiner, P. R.; Wittkopp, A.; Rinderspacher, C.; Menzel, H.; Yufit,
D. S.; Howard, J. A. K. Chem. Eur. J. 2002, 8, 828. (e) Rinderspacher,
C.; Schreiner, P. R. J. Phys. Chem. A 2004, 108, 2867.

(10) Autschbach, J.; Patchkovski, S.; Ziegler, T.; Van Gisbergen, S.
J. A.; Baerends, E. J. J. Chem. Phys. 2002, 117, 581.

(11) (a) Muller, T.; Wiberg, K. B.; Vaccaro, P. H. J. Phys. Chem. A
2000, 104, 5959. (b) Muller, T.; Wiberg, K. B.; Vaccaro, P. H.;
Cheeseman, J. R.; Frisch, M. J. J. Opt. Soc. Am. B 2002, 19, 125. (c)
Wiberg, K. B.; Vaccaro, P. H.; Cheeseman, J. R. J. Am. Chem. Soc.
2003, 125, 1888. (d) Wiberg, K. B.; Wang, Y.; Vaccaro, P. H.,
Cheeseman, J. R.; Trucks, G.; Frisch, M. J. J. Phys. Chem. A 2004,
108, 32.

(12) (a) Ruud, K.; Taylor, P. R.; Astrand, P. Chem. Phys. Lett. 2001,
337, 217. (b) Ruud, K.; Helgaker, T. Chem. Phys. Lett. 2002, 352, 533.
(c) Ruud, K.; Åstrand, P-O.; Taylor, P. R. J. Comput. Methods Sci. Eng.
2003, 3, 7. (d) Ruud, K.; Stephens, P. J.; Devlin, F. J.; Taylor, P. R.;
Cheeseman, J. R.; Frisch, M. J. Chem. Phys. Lett. 2003, 373, 606. (e)
Pecul, M.; Ruud, K.; Rizzo, A.; Helgaker, T. J. Phys. Chem. A 2004,
108, 4269. (f) Norman, P.; Ruud, K.; Helgaker, T. J. Chem. Phys. A
2004, 120, 5027.
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ments of continuous ORD curves, we shall use [R] values
obtained at some different wavelengths measured by a
simple digital polarimeter equipped with both Na and
Hg lamps. In this way it will be possible to measure the
optical rotatory power at four different wavelengths:
589.3 (sodium D line), 546, 435, and 405 nm, so we can
compare these values with those predicted by ab initio
calculations. Our work is organized as follows: (i) Our
original approach16 will be further tested using the known
compounds 1 and 2. This test is required because in the
present investigation we are dealing with flexible mol-
ecules, while in the previous paper only rigid systems
have been treated. Therefore we have to check if our ORD
method can cope well with the problems related to the
conformational mobility. We have to introduce an extra
step, namely, a systematic conformational search of all
the possible conformers. (ii) This modified approach will
be then applied to assign the absolute configuration of
the flexible and unknown 3 and 4.

Results and Discussion

Only the [R]D value in methanol has been reported for
cis-cytoxazone 1.2 As shown in Figure 1, the optical
rotation (OR) at four different wavelengths (589, 546,
435, and 405 nm) were measured in methanol, as well
in THF and acetonitrile. Since cis-cytoxazone 1 is a
flexible molecule existing as a mixture of conformers, the
solvent effect is expected to play an important role.
Generally, hydrocarbons such as hexane are considered
the best solvents for comparison between experimental
and calculated properties of isolated molecules.7c Unfor-
tunately, 1 is soluble neither in hydrocarbons nor in
chlorinated solvents such as CH2Cl2 or CHCl3. Therefore,

in addition to methanol, a protic and polar (ε ) 32.63)
solvent, the ORD data were measured in other solvents
of different characteristics; i.e., acetonitrile as an aprotic
polar (ε ) 36.64) solvent and THF as an aprotic apolar
(ε ) 7.58) solvent.

Figure 1 shows that the nature of the solvent has
almost no effect on the OR values at all four wave-
lengths: the ORD values in THF and methanol are
almost the same, while they are slightly higher in CH3-
CN, the largest difference being ca. 20%. Importantly,
the similarity in the sign, magnitude and trend of the
ORD curves in all three solvents justified the comparison
of experimental data with the theoretically predicted
values in vacuo.

The conformational flexibility of (+)-(4S,5S)-cytoxazone
1 resulting in a large number of different conformers
stems from the phenyl and hydroxymethyl moieties on
the oxazolidinone ring that can adopt axial and/or
equatorial orientations and also from the rotation around
the single bond of hydroxymethyl, phenyl, and methoxy
groups. The conformational distribution search was
performed by molecular mechanics calculations using the
MMFF94s force field by Spartan02 package.17 Details of
the conformational analysis are reported in the Compu-
tational Methods section. This resulted in a total of 23
different conformers for cytoxazone 1. All structures were
fully optimized at DFT/B3LYP/6-31G* level leading to
10 different conformations that differ from the most
stable one less than 2 kcal/mol. The most stable confor-
mation is shown in Figure 2.

The optical rotatory power at four different wave-
lengths (589.3, 546, 435, and 405 nm) for all found
conformers of (4S,5S)-cytoxazone 1 within the 2 kcal/mol
energy range has been calculated at the TDDFT/B3LYP/
6-31G* level using Gaussian03,18 and the results are
shown in Table 1.

The sign, the order of magnitude, and the uniform
trend in the experimental ORD curves (in all solvents),
which showed increased OR values at shorter wave-
length, have been correctly reproduced by the calcula-
tions, despite the fact that the predicted Boltzmann
average ORD values are twice higher than the experi-
mental ones: such difference may result from errors in

(13) (a) Giorgio, E.; Minichino, C.; Viglione, R. G.; Zanasi, R.; Rosini,
C. J. Org. Chem. 2003, 68, 5186. (b) Giorgio, E.; Viglione, R. G.; Zanasi,
R.; Rosini, C. Chem. Phys. Lett. 2003, 376, 452. (c) Giorgio, E.; Viglione,
R. G.; Rosini, C. Tetrahedron: Asymmetry 2004, 15, 1979.

(14) Tam, M. C.; Russ, N. J.; Crawford, T. D. J. Chem. Phys. 2004,
121, 3550.

(15) Very recent examples of assignment of absolute configuration
by the ab initio calculation of [R]D are: (a) Takeshi, K.; Miyako, F.;
Toshiyuki, H. Tominari, C.; Junko, N.; Yukio, O.; Satoshi, H. Chem.
Pharm. Bull. 2003, 51, 20. (b) Vogensen, S. B.; Greenwood, J. R.;
Varmin, A. R.; Brehm, L.; Pickering, D. S.; Nielsen, B.; Liljefors, T.;
Clausen, R. P.; Johansen, T. N.; Krogsgaard-Larsen, P. Org. Biomol.
Chem. 2004, 2, 206. (c) Giorgio, E.; Maddau, L.; Spanu, E.; Evidente,
A.; Rosini, C. J. Org. Chem., 2005, 70, 7. (d) Giorgio, E.; Parrinello,
N.; Caccamese, S.; Rosini, C. Org. Biomol. Chem. 2004, 2, 3602.

(16) Giorgio, E.; Viglione, R. G.; Zanasi, R.; Rosini, C. J. Am. Chem.
Soc. 2004, 126, 12968.

(17) SPARTAN ‘02; Wave Function Inc.: 18401 Von Karman
Avenue, Suite 370, Irvine, CA 92612, 2002; http://www.wavefun.com/

FIGURE 1. Experimental OR of (+)-1 in three different
solvents (c ≈ 0.1 g/100 mL).

FIGURE 2. The most stable conformation of (4S,5S)-1
optimized at the DFT/B3LYP/6-31G* level.
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the theoretical OR predictions of respective conformers
and/or from errors in the conformational distribution,
which could become more significant as in the present
case where several conformers are involved. However, it
is noteworthy that all conformers at the four wavelengths
shows positive OR except conformer 2, which shows a
small OR value of different sign. Thus, even large errors
in the conformer distributions cannot change the sign and
the trend of the calculated ORD curves, and therefore
they actually follow well that of experimentally found
dates for the known (+)-1 as (4S,5S).

We followed the same approach with trans-cytoxazone
2 as well. The [R] values measured in three different
solvents are shown in Figure 3.

As shown in Figure 3, a significant solvent effect
passing from longer to shorter wavelengths was noted:

[R] increases in THF while decreases in methanol and
acetonitrile.8 Moreover, the absolute values of optical
rotation are relatively small and this leads to further
difficulties.7c To avoid this solvent effect, (-)-trans-2 was
transformed into its methyl ether (-)-5 by treatment with
trimethyloxonium tetrafluoroborate in the presence of
2.6-di-tert-butylpyridine (Scheme 1).

The experimental OR values of 5 measured in THF,
methanol, and acetonitrile are shown in Figure 4. Dif-
ferent from 2, the methylated derivative 5 does not show
any significant solvent effect in going from longer to
shorter wavelengths; OR values decreased similarly in
all three solvents. We then performed the conformational
and ORD calculations of O-methyl derivative (-)-5 fol-
lowing a similar conformational search protocol applied
to cytoxazone 1, upon which the MMFF94s force field
provided 25 different conformers for the (4S,5R)-5. A full
optimization of these conformations at DFT/B3LYP/6-
31G* level led to 17 conformers within 2 kcal/mol. The
most stable conformation is shown in Figure 5.

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; illam, J. M.; Daniels,
A. 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.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma,
K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; 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. W.; Johnson, B. G.; Chen, W.; Wong, M.
W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A.
Gaussian 03; Gaussian, Inc.: Pittsburgh, PA, 2003; http://www.
gaussian.com/.

TABLE 1. Calculated OR Values for the Optimized
Conformations of (4S,5S)-1

(+)-(4S,5S)-
cytoxazone 1 ∆G

Boltzmann
populationa % [R]D [R]546 [R]435 [R]405

conformer 1 0.00 22.5 +89 +104 +171 +201
conformer 2b 0.05 20.6 +9 +8 -6 -18
conformer 3 0.15 17.3 +195 +232 +395 +472
conformer 4 0.28 14.1 +287 +341 +591 +712
conformer 5 0.61 8.0 +166 +198 +346 +418
conformer 6 0.87 5.1 +212 +253 +448 +544
conformer 7 0.90 4.9 +171 +204 +353 +425
conformer 8 1.12 3.4 +234 +280 +492 +596
conformer 9 1.36 2.3 +18 +20 +21 +17
conformer 10 1.49 1.8 +122 +144 +246 +295

Boltzmann average valuesc +139 +165 +279 +332
experimental OR in THF +61 +72 +125 +147
experimental OR in MeOH +67 +72 +123 +148
experimental OR in CH3CN +73 +82 +140 +169

a Obtained from ∆G values using Boltzmann statistics. b The
large difference is due only to the position of the methoxyphenyl
group. c Conformational average obtained from individual con-
former OR values and Boltzmann populations.

FIGURE 3. Experimental OR of (-)-2 in three different
solvents (c ≈ 0.1 g/100 mL).

FIGURE 4. Experimental OR of (-)-5 in three different
solvents (c ≈ 0.1 g/100 mL).

FIGURE 5. The most stable conformation of (4S,5R)-5 at the
DFT/B3LYP/6-31G* level.

SCHEME 1. O-Methylation of (-)-2
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The optical rotatory power at four different wave-
lengths (589.3, 546, 435, and 405 nm) for all optimized
conformations of (-)-(4S,5R)-5 within 2 kcal/mol were
calculated at the TDDFT/B3LYP/6-31G* level.

The results presented in Table 2 show that the
predicted Boltzmann average ORD values for (4S,5R)
absolute configuration of (-)-5 are in excellent agreement
with experimental data with respect to the sign, order
of magnitude, and trend of ORD curve in all three
solvents. The largest numerical difference of ca. 30%
between the calculated and experimental values is ob-
served only in the polar and protic solvent methanol.
Noteworthy, in going from 589 to 405 nm, the absolute
values of OR increase twice for both calculated and
experimental values. These findings clearly make the
current configurational assignment more reliable.7c,16

Altogether, the success in theoretical prediction of OR
of model compounds 1 and 2 with known absolute
configurations has justified undertaking a similar ap-
proach to (+)-cis-isocytoxazone 3 and (+)-trans-isocytox-
azone 4 for which no absolute configurational data exist.
The (4R,5S) absolute configuration for cis-isocytoxazone
3 and (4S,5S) for trans-isocytoxazone 4 have been arbi-
trary chosen for the calculation as shown below. The
experimental [R] values of 3 are shown in Figure 6.

Similar to the case of (+)-1, the OR values of cis-3
recorded at all four wavelengths are independent of the
nature of the solvent, the sign, magnitude and trend of

the ORD curves being almost the same in all solvents;
the largest difference is only ca. 20%.

The observed [R] values of (+)-trans-4 are shown in
Figure 7. Here the OR values are more sensitive to the
nature of the solvent, even though the optical rotations
are always positive and quite large. By MMFF94s force
field calculations, we found 12 different conformations
for (4R,5S)-cis-isocytoxazone 3 and 20 for (4S,5S) for
trans-isocytoxazone 4. All conformations have been fully
optimized at the DFT/B3LYP/6-31G* level; only 10 dif-
ferent conformations were found for both 3 and 4 within
2 kcal/mol. The most stable conformations for (4R,5S)-
cis-isocytoxazone 3 and for (4S,5S)-trans-isocytoxazone
4 are shown in Figure 8.

Similar to 1 and 5, the optical rotatory power of 3 and
4 were calculated for each of 10 conformers at four
different wavelengths at TDDFT/B3LYP/6-31G* level.

The experimental and calculated data of 3 and 4 can
be analyzed as follows. The order of magnitude and the
trend of experimental ORD curves have been well
reproduced in the calculations by taking into account the
Boltzmann average values. In fact, the absolute value of
the specific rotation increases going from long to short
wavelengths for both experimental and calculated values.
Moreover, it should be noted that the sum of the highly
populated conformations (over 10% population for each
conformer) constitutes more than 75% of overall popula-
tion, i.e., conformers 1-4 for 3 and conformers 1-2 for
4, show the same sign and the same trend in the
calculated OR values. This indicates that the sign and
the trend of ORD calculated curves will not be affected

TABLE 2. Calculated OR Values for the Optimized
Conformers of (4S,5R)-5

(-)-(4S,5S)-5 ∆G
Boltzmann

populationa % [R]D [R]546 [R]435 [R]405

conformer 1 0.00 17.3 -52 -62 -109 -132
conformer 2 0.07 15.4 -102 -122 -218 -267
conformer 3 0.17 13.1 -100 -120 -214 -262
conformer 4 0.29 10.6 +7 +9 +17 +22
conformer 5 0.39 9.0 +59 +71 +130 +161
conformer 6 0.41 8.7 -47 -55 -87 -100
conformer 7 0.43 8.4 -7 -6 +3 +11
conformer 8 1.10 2.7 +198 +235 +408 +491
conformer 9 1.13 2.6 +117 +138 +233 +277
conformer 10 1.17 2.4 -48 -57 -98 -118
conformer 11 1.23 2.2 -7 -10 -27 -37
conformer 12 1.24 2.1 +34 +42 +79 +99
conformer 13 1.40 1.6 +219 +259 +437 +520
conformer 14 1.46 1.5 +210 +248 +413 +490
conformer 15 1.69 1.0 +20 +24 +36 +41
conformer 16 1.75 0.9 -198 -236 -416 -504
conformer 17 1.98 0.6 -185 -221 -387 -469

Boltzmann average valuesb -25 -29 -51 -62
experimental OR in THF -18 -23 -33 -37
experimental OR in MeOH -43 -49 -82 -96
experimental OR in CH3CN -27 -33 -52 -61

a Obtained from ∆G values using Boltzmann statistics. b Con-
formational average obtained from individual conformer OR values
and Boltzmann populations.

FIGURE 6. Experimental OR of (+)-3 in three different
solvents (c ≈ 0.1 g/100 mL).

FIGURE 7. Experimental OR of (+)-4 in three different
solvents (c ≈ 0.1 g/100 mL).
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by the less populated conformers. Some unavoidable
errors that occur in conformational energy calculation
therefore will not affect the final results, at least in
regard to the configurational assignment of (+)-cis-
isocytoxazone 3 and (+)-trans-isocytoxazone 4 as (4R,5S)
and (4S,5S), respectively.

As previously discussed,15,16 one of the main advan-
tages of the ab initio prediction of the ORD curve for

configurational assignments is the possibility to carry out
calculations at the TDDFT/B3LYP/6-31G* level, i.e., at
a small basis set level which ensures a small computa-
tional effort (vide infra). However, it was interesting to
compare such calculations with those employing more
extended basis sets. Thus, the OR calculations for
(4R,5S)-cis-3 were also performed at the TDDFT/B3LYP/
aug-cc-pVDZ level, i.e., employment of an extended basis
set, the use of which is strongly supported by Stephens
and co-workers.7c The results are shown in Table 5. It
immediately appears that the values provided by the two
different methods are quite similar except for conformers
5 and 8. In particular, similar OR values have been
obtained for the four lowest-energy conformers 1-4,
which provide 75% of the overall population. Conformers
5 and 8, which are predicted an opposite sign (12% of
the overall population), have also weak OR values. Thus
in the studied case, Boltzmann weighted OR values
calculated with a larger basis set are practically the same
as these predicted with a smaller basis set. Even though
such comparison has been exemplified by only one chiral
compound, the similarity in the results obtained by using
different basis sets is noteworthy: an ORD calculation
of a single conformer (4 wavelengths) requires 5 h at the
6-31G* level but the OR calculation at the single fre-
quency requires 2 days at the aug-cc-pVDZ level, using
the common desktop PC (see Computational Methods).

A final comment about the present ORD calculations
concerns the lack of clear evidence that the quality of ab
initio calculations at the sodium D line either improves
or remains the same when moving from longer to shorter
wavelengths. Therefore, in principle, the statistically
averaged discrepancies that have been evaluated of the
order of 30-40° dm-1 (g/mL)-1 at 589 nm by Stephens
and co-workers7c could become even larger. However, it
is important to note that a comparison between predic-
tion and experiment, carried out at several frequencies,
leads to a reliable configurational assignment even if the
numerical agreement at each frequency is not excellent,
because the prediction reproduces the experimental trend
of OR values as a frequency function.

Conclusions

In summary, the configurational correlation for cis-
isocytoxazone 3 and its trans isomer 4 has been estab-
lished for the first time as (+)-(4R,5S)-3 and (+)-(4S,5S)-

FIGURE 8. The most stable conformations of (a) (4R,5S)-cis-
isocytoxazone 3 and (b) (4S,5S)-trans-isocytoxazone 4 opti-
mized at the DFT/B3LYP/6-31G* level.

TABLE 3. Calculated OR Values for the Optimized
Conformers of cis-(4R,5S)-3

(4R,5S)-cis-
isocytoxazone 3 ∆G

Boltzmann
populationa % [R]D [R]546 [R]435 [R]405

conformer 1 0.00 22.0 +76 +91 +157 +189
conformer 2 0.06 20.1 +135 +159 +266 +315
conformer 3 0.13 17.7 +255 +303 +522 +627
conformer 4 0.20 15.7 +194 +232 +405 +498
conformer 5 0.55 8.7 +3 +3 +1 -1
conformer 6 0.84 5.3 +138 +165 +290 +352
conformer 7 0.88 5.0 -114 -138 -252 -310
conformer 8 1.10 3.5 -19 -23 -43 -53
conformer 9 1.75 1.2 -95 -115 -208 -256
conformer 10 1.93 0.9 +47 +56 +95 +113

Boltzmann average valuesb +120 +143 +244 +294
experimental OR in THF +99 +129 +204 +247
experimental OR in MeOH +108 +133 +222 +268
experimental OR in CH3CN +87 +115 +196 +240

a Obtained from ∆G values using Boltzmann statistics. b Con-
formational average obtained from individual conformer OR values
and Boltzmann populations.

TABLE 4. Calculated OR Values for the Optimized
Conformers of trans-(4S,5S)-4

(4S,5S)-trans-
isocytoxazone 4 ∆G

Boltzmann
populationa % [R]D [R]546 [R]435 [R]405

conformer 1 0.00 43.8 +58 +69 +121 +146
conformer 2 0.10 36.9 +16 +19 +26 +27
conformer 3 1.44 3.8 -25 -30 -56 -69
conformer 4 1.58 3.0 +32 +37 +71 +87
conformer 5 1.69 2.5 +11 +12 +20 +22
conformer 6 1.76 2.2 +51 +60 +96 +111
conformer 7 1.78 2.2 +32 +39 +71 +87
conformer 8 1.83 2.0 +103 +122 +211 +255
conformer 9 1.89 1.8 +251 +298 +514 +618
conformer 10 1.90 1.8 -43 -52 -93 -114

Boltzmann average valuesb +39 +47 +79 +93
experimental OR in THF +79 +104 +163 +196
experimental OR in MeOH +94 +132 +212 +256
experimental OR in CH3CN +145 +176 +300 +361

a Obtained from DG values using Boltzmann statistics. b Con-
formational average obtained from individual conformer OR values
and Boltzmann populations.

TABLE 5. Calculated [r]D Values for cis-(4R,5S)-3 at
TDDFT/B3LYP Level Using Two Different Basis Sets

(4R,5S)-cis-
isocytoxazone 3

Boltzmann
population %

[R]D
6-31G*

[R]D
aug-cc-pVDZ

conformer 1 22.0 +76 +69
conformer 2 20.1 +135 +116
conformer 3 17.7 +255 +235
conformer 4 15.7 +194 +192
conformer 5 8.7 +3 -17
conformer 6 5.3 +138 +121
conformer 7 5.0 -114 -89
conformer 8 3.5 -19 +4
conformer 9 1.2 -95 -100
conformer 10 0.9 +47 +50

Boltzmann average values +120 +111
experimental [R]D in THF +99
experimental [R]D in MeOH +108
experimental [R]D in CH3CN +87
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4, by using a new and practical approach based on the
ab initio calculation of the ORD spectra. Although this
result will be helpful in view of the potential therapeutic
use of these compounds, it also deserves interest from a
methodological point of view. In fact, these configura-
tional assignments are based on both experimental data
obtained quickly and simply with an inexpensive instru-
ment (a polarimeter working at a few different wave-
lengths) and on theoretical predictions that have been
made by a commercial quantum-chemical package, avail-
able at a moderate price for the chemical laboratories.
Measurements at different and relatively short wave-
lengths up to 405 nm allows one to obtain OR values
larger than that at 589 nm, thus making theoretical
predictions more reliable16 even with relatively low level
calculations.19 Specifically, a small computational effort
with a common desktop PC suffices. Furthermore, the
present results demonstrate that this theoretical ap-
proach could also be extended to flexible molecules,
provided that a careful conformational analysis is carried
out. If necessary, a simple derivatization, e.g., methyla-
tion of the hydroxyl group, can prevent undesirable
solvent effects on ORD, thus resulting in a reliable
absolute configurational assignment by OR calculations.

All of these features strongly indicate that the present
polarimetric method represents an attractive alternative
to Vibrational Circular Dichoism spectroscopy, which
recently is becoming a versatile tool for configurational
assignments20 but still suffers from some limitations. The
VCD measurements rely on an expensive instrument as
compared to the present method that uses the inexpen-
sive polarimeter found in all organic chemistry labora-
tories; VCD also requires a larger amount of samples,
i.e., several milligrams, and quite often both enantiomers
are necessary. This prevents VCD application when only
small or even minuscule amounts of sample is available,
e.g., natural product, whereas the ORD method needs
much less material. The work described in this paper was
performed on 1 mg of each compound. To conclude,
polarimetric measurements at several wavelengths below
the sodium D line, when coupled with an ab initio
calculation package, can allow for a straightforward
assignment of absolute configurations even in the hands
of the experimental organic chemists.

Experimental Section
Optical Rotation Measurement. The optical rotation

measurements have been performed using a polarimeter
endowed with a Na and Hg lamp and interference filter at 589
nm (using the Na lamp) and at 546, 435 and 405 nm (using
the Hg lamp). In all solvents OR measurements have been
carried out at room temperature, the concentration of solutions
for 1-5 being about 0.1 gr/100 mL. which corresponds at about
0.0004 M, i.e., a value for which solute/solute interactions are
certainly not significant.5h,j

O-Methylated-(-)-(4S,5R)-cytoxazone (-)-5. A solution
of (-)-2 (3.2 mg, 14.3 mmol) and 2,6-di-tert-butylpyridine (41.1
mg, 4.8 mL, 215 mmol) in 2 mL of anhydrous CH2Cl2 was
added onto trymethyloxonium tetrafluoborate (21.2 mg, 143.3
mmol). After 24 h of stirring at room temperature, brine was
added and the product was extracted with CH2Cl2, washed
with brine and dried over Na2SO4. Solvent removal furnished
an oil that was purified by column chromatography (CH2Cl2/
MeOH 9:1) to give (-)-5 (3.2 mg, 94%) as a viscous colorless
oil. 1H NMR (300 MHz, CDCl3) δΗ: 3.45 (s, 3H), 3.60 (dd, J )
3.5, 11.0 Hz, 1H), 3.65 (dd, J ) 4.5, 11.0 Hz, 1H), 3.82 (s, 3H),
4.43 (ddd, J ) 3.5, 4.5, 8.5 Hz, 1H), 4.75 (d, J ) 6.5 Hz, 1H),
5.59 (s, 1H), 6.93 (d, J ) 9 Hz, 2H), 7.28 (d, J ) 9 Hz, 2H).
HRMS: calcd for C12H16NO4 238.1079, found 238.1063.

Computational Methods. All calculations have been car-
ried out on a simple PC endowed with a single PentiumIV 3.16
GHz processor. The preliminary conformational distribution
search has been performed by Spartan02 package17 using the
MMFF94s molecular mechanics force field.

The systematic search of all possible conformers has been
performed using molecular mechanics method considering the
degrees of freedom of system (i.e., different positions, axial or
equatorial, of both the phenyl and the hydroxymethyl moieties
on the rotation around the single bond of hydroxymethyl,
phenyl and methoxy groups). In particular, we took into
account different conformations in the five-membered ring,
because using default parameters it is not possible to consider
the flexibility in the five-membered ring. In other words, this
means that a lot (3888) of different starting structures differ
in the position of the flexible moieties. Each of them has been
optimized using the above quoted molecular mechanics method,
obtaining a limited number of the different real minima.The
real minimum energy conformers found by molecular mechan-
ics have been further fully optimized at the DFT/B3LYP/6-
31G* level as implemented in Gaussian03 package.18 Only the
conformers that differ from the most stable one by less than 2
kcal/mol have been taken into account, following a generally
accepted protocol.7h,i All conformers are real minima, no
imaginary frequencies have been found, and the free energy
values have been calculated and used for to get the Boltzmann
population of conformers at 298.15 K.

The optical rotation calculations at different wavelengths
have been carried out by means of time-dependent DFT
methods using the hybrid B3LYP functional and the 6-31G*
and aug-cc-pVDZ basis sets as available within Gaussian03.
London orbitals (which ensure the origin independency of the
results) have been used.
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TDDFT/B3LYP calculations tend to overestimate OR values at shorter
wavelengths;11c,d,14 it is possible that the individual conformer OR
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this effect. In other words, the above noticed small difference could
also result from some error cancellation. However, to assign the right
absolute configuration by ab initio calculation of the ORD curve the
use of the 6-31G* basis set is sufficient.16 All three referees of this
paper commented on the use of the DFT/B3LYP/6-31G* level of theory
to calculate the input geometries for the OR calculations. This choice
has been made considering that a large part (probably the largest part)
of the OR computations described in the literature employ geometries
obtained at this level of theory as a good compromise between accuracy
and computational efforts.

(20) (a) Stephens, P. J. In Encyclopedia of Spectroscopy and Spec-
trometry; Academic: London, 2000; pp 2415-2421. (b) Stephens, P.
J.; Devlin, F. J. Chirality, 2000, 12, 172-179.(c) Stephens, P. J. In
Computational Medicinal Chemistry for Drug Discovery; Bultinck, P.,
de Winter, H., Langenaecker, W., Tollenaere, J., Eds.; Dekker: New
York, 2003; Vol. 26, pp 699-725. (d) Naı́e, L. A.; Freedman, T. B. In
Circular Dichroism, Theory and Practice; Nakanishi, K., Berova, N.,
Woody, W., Eds.; Wiley: New York, 2000; p 97.

Configuration of Flexible Molecules by ORD Calculations

J. Org. Chem, Vol. 70, No. 17, 2005 6563


