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Abstract: In this paper, both Hartree—Fock (HF) and density functional theory (DFT) methods have been
used to make ab initio calculations of the optical rotatory power of selected molecules at several wavelengths;
that is, part of the optical rotatory dispersion (ORD) curve has been predicted. This approach constitutes
a new, simple, and reliable method to assign the molecular absolute configuration, at least for rigid molecules
such as those studied in the present work. In fact, in this way, it is possible to overcome the difficulties
connected to some relevant cases, in particular that of (—)-3-pinene, for which even a very high-level (DFT/
B3LYP/6-311++G(2d,2p)) calculation affords the wrong sign of the optical rotation at 633 nm. On the
contrary, the predicted ORD curve, even using small basis sets, reproduces (below 400 nm) the experimental
trend well, allowing for the correct configurational assignment. This result clearly shows that to have a
reliable configurational assignment the comparison between experimental and predicted rotation values
must be carried out at different wavelengths and not at a single frequency. The reason for this is that
working at wavelengths approaching the absorption maximum the [o], values become larger and their
prediction becomes more reliable. Coupling the use of an inexpensive instrument (a polarimeter working
at a few wavelengths) with the use of a DFT-calculation package can also allow the experimental organic
chemist to arrive, quickly and reliably, at the assignment of the molecular absolute configuration.

Introduction through the calculation of the optical parameferwhich is
Thanks to recent progress in computational methods, the abdirectly connected to the trace of the frequency-dependent

initio prediction of optical rotation (OR) is now possidie’ electric dipole-magnetic dipole polarizability tenggf, that is

and therefore, the theoretical assignment of the molecular

absolute configuration (AC) could be carried out, taking into 1.34229x 10—4&72(”2 +2)

account that, for instance, the OR at the sodium D line, that is, [a], = M
the most common parameter to label optically active compounds,
can be reliably calculated. According to the general théo#, f=-— iTr[G'(w)]
the OR is obtained as the specific rotatiody| for each angular 3
frequencyw = 2nv = 21c/A = 2ncy of the incident radiation,
T Universitadegli Studi della Basilicata. G “ﬂ(w) N h 2/([0)'#““[@' mﬁlou
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where the specific rotation is in unit of deg[dm(gRin?, B is
in boht, the radiation wavenumber is in ci nis the refractive
index of the mediumM is the molar mass in g/motp; is the
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transition frequency from ground stg@ o excited statéj[] i method to assign the molecular absolute configuration. However,
andr are the electric and magnetic dipole operators, respec-the HF/small basis set approach does not work projéidy a
tively. simple molecule that fulfils the criterion reported above, that

It is recognized by some authétsa’dthat at the sodium D IS, (+)-camphor, because the wrong sign of OR is predicted by
line 8 is, in general, a small quantity because two of the diagonal & HF/small basis set treatment. In addition, a recent Sapgr
components o6’ almost cancel the third one. As a consequence, Vaccaro et al. pointed out that even a very accurate treatment
even small changes in the electronic distribution may produce can fail: this is the case of)-s-pinene, for which a DFT/
rather large contributions to the OR computed value. Such B3LYP/6-311++G(2d,2p) calculation affords 21 (at 633 nm),
changes may be induced by several factors, for example, thebut the experimental value, in the gas phase;18. These facts
choice of basis set, electron correlation, solvent effect, equili- throw some doubts on the reliability of these calculations.
brium geometry, vibrational contributions, and the effect of dis- Therefore, in this paper, we approached the problems related
persion passing from a static to a dynamic approach. All of to the OR calculation of these and other molecules to understand
these effects have been deeply explored and found to be verywhen we can trust the ab initio prediction of the OR to solve
significant and also sometimes cooperate to give fortuitous one of the most important problems of organic stereochemistry,
cancellation of errorx3ac4b4c7a7iCyrrently, there seems to  that is, the assignment of the absolute configuratfoin
be a general agreement on the computational requirements needsummary, the present paper is organized as follows. First, we
ed for reliable OR prediction®,3¢4a7hat is, the use of a dy- ~ Sshow that a reliable calculation of the optical rotary power at
namic method together with a proper treatment of the electron the sodium D line (i.e., far from the absorption region of the
correlation and the use of large basis sets containing diffuse most common organic molecules) is a difficult task, taking into
functions. Within these respects, the recently introduced cavity account the smaliness of thé value (the parameter that
ring-down polarimetry (CRDI3"for probing, with unprecedent-  determines the sign and magnitude af;). One way to have
ed sensitivity, the circular birefringence and circular dichroism larger (and more easily predictabjgyalues is to approach the
in the gas phase marks the beginning of a new era of OR absorption region of the molecule under investigation: this
measurements and possibly of absolute configuration assign-clearly suggests that the calculation of the optical rotation at
ments, as almost homogeneous comparison between experiseveral wavelengths (instead of at a single frequency) and the
mental and theoretical results can now be done, for example,comparison with the corresponding experimental data certainly
the case of9)-propylene oxidé! Furthermore, we have recently ~ constitute a safer way to assign the absolute configuration. This
showri2 that even HF/small basis set (for example, a HF/6-31G*) conclusion is not new: Sjoberg and co-workers shded
calculations can be employed for a reliable calculation of OR experimentally, as early as 1955, that a comparison of chiroptical
(at least in the cases of highly unsaturated and/or aromatic mole-data made on several wavelengths affords a more reliable answer
cules possessing low-lying Cotton effects, determining the OR than a comparison at a single wavelength, as far as the
at the sodium D line in sign and order of magnitude). The numer- configurational assignment is concerned. However, such crite-
ical agreement between predicted and experimental values isfion did not find a systematic application in the field of AC
poorer with respect to the above-quoted calculatigriga.7b assignment by the ab initio calculation of OR: only the AC of
but the sign and order of magnitude of OR are correctly repro- (—)-2,8,9-trihydroxy-3,4-dihydro42-anthracen-1-one has been
duced. In addition, this simplified treatment can also be applied assigned just doing the calculatirat three different wave-
to the case of large molecules, which cannot be dealt with usinglengths. So, in the second section of this paper, for the first
extended basis sets, but these are the real target of interest fofime, a systematic use of the prediction of ORD curves and
experimental chemists. All of these considerations clearly their comparison with experimental data for AC assignments
strengthen the expectation that such calculations, affording awill be made. To this end, we shall not only employ the DFT/
correct value of the optical rotatory power, constitute a reliable B3LYP method, which, following Stephens and co-work&rs,

has to be considered as the method of choice but also describe
(4) (a) Grimme, SChem. Phys. Let2001, 339, 380. (b) Grimme, S.; Furche, the results of the corresponding HF computations to try to
géhmgécnhsi-l.slH(gLﬁg,]'G%Tﬁrsélitl}etz%ggzliés%ggz(ld) © (,f/rlg‘l}g“rg /?.';' understand the reasons of its failure. As it will be clear later,
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‘é"“ékﬁgﬁ;_/aFigdfgggaghggéc-? Menzel, H.; Yufit, D. S.; Howard, J. A frequency of the resonance, following a protocol first introduced
(5) Autschbach, J.; Patchkovski, S.; Ziegler, T.; Van Gisbergen, S. J. A; by Polavarapdf which assumes the infinite-lifetime approxima-
®) ?a";e,{/ﬁrl‘gsr: TE J\,J\;ibcerlgf‘“k_Pg‘_?’f/zggcza&)%?g%'Phys_ Chem. £00Q 104 tion. The calculation of the ORD in the resonant frequency

5959. (b) Muller, T.; Wiberg, K. B.; Vaccaro, P. H.; Cheeseman, J. R.; region has been presented by Ruud €ef ahly this year.
Frisch, M. JJ. Opt. Soc. Am. BR002 19, 125. (c) Wiberg, K. B.; Vaccaro,

P. H.; Cheeseman, J. B. Am. Chem. So2003 125 1888. (d) Wiberg, Results and Discussion

K. B.; Wang, Y.; Vaccaro, P. H.; Cheeseman, J. R.; Trucks, G.; Frisch, M. . . . i

J.J. Phys. Chem. 2004 108 32. Smallness off3. In this section, we will start showing that
(7) (a) Ruud, K.; Taylor, P. R.; Astrand, Bhem. Phys. Let2001, 337, 217. the accurate calculation is really a difficult task when

(b) Ruud, K.; Helgaker, TChem. Phys. Let2002 352 533. (c) Ruud, . dl y . .

K.; Astrand, P.-O.; Taylor, P. R. Comput. Methods Sci. Eng003 3, 7. carried out at wavelengths far from the absorption region,

(d) Ruud, K.; Stephens, P. J.; Devlin, F. J.; Taylor, P. R.; Cheeseman, J. i
R Frisch, M. J.Chem. Phys. Lete003 373 606, (&) Pecul. M. R, whereas the OR values predicted at wavelengths that approach

K.; Rizzo, A.; Helgaker, TJ. Phys. Chem. 2004 108 4269. (f) Norman,

P.; Ruud, K.; Helgaker, TJ. Chem. Phys. 2004 120, 5027. (13) Two very recent examples of assignment of absolute configuration by the

(8) Rosenfeld, L. ZPhys.1928 52, 161. ab initio calculation of §]p are: (a) Takeshi, K.; Miyako, F.; Toshiyuki,

(9) Condon, E. URev. Mod. Phys.1937, 9, 432. H.; Tominari, C.; Junko, N.; Yukio, O.; Satoshi, i&hem. Pharm. Bull.
(10) Buckingham, A. DAdv. Chem. Phys1967 12, 107. 2003 51, 20. (b) Vogensen, S. B.; Greenwood, J. R.; Varmin, A. R.; Brehm,
(11) Giorgio, E.; Viglione, R. G.; Zanasi, R.; Rosini, Chem. Phys. Let2003 L.; Pickering, D. S.; Nielsen, B.; Liljefors, T.; Clausen, R. P.; Johansen,

376, 452. T. N.; Krogsgaard-Larsen, ®rg. Biomol. Chem2004 2, 206.
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Table 1.
molecule method w16 0 1G), w 1G, B [odo
H20; (¢ = 120) HF —1.138 0.198 0.891 0.016 18.4
B3LYP —1.201 0.387 0.960 —0.049 —55.3
(+)-propylene oxide HF —0.754 —0.736 1.447 0.014 9.5
B3LYP —0.820 —0.812 1.587 0.015 10.2
(—)-dimethylallene HF 5.949 —3.259 —2.066 —0.208 —118.2
B3LYP 5.850 —4.687 —0.438 —0.241 —137.0
(+)-camphor HF 0.408 2.925 —3.450 0.039 9.8
B3LYP 0.240 4.891 —5.847 0.239 60.6
(—)-Troeger’s base HF —60.688 91.855 —31.037 —0.043 —6.7
B3LYP —72.442 116.468 —37.053 —2.324 —358.9

0 =25 L Jojaismmo
A )—3hgowjé/( ey

the absorption region are more likely to be reliable. Therefore,
the calculation of OR at several wavelengths that approach the
absorption region could afford a configurational assignment that
is safer than that obtained through a prediction at a single Now, assuming an approximation introduced in the past to
frequency. Usually, in reporting OR calculations, little attention compute several kinds of second-order molecular propéfties,
is devoted to the diagonal component of 1Bt (see refs 3a  which consists of choosing an average excitation enérgy
and 7d for a few exceptions), and almost exclusively [results for all states, the last expression can be rewritten as

are given. At the sodium D line, quite frequently, two of tAe 47 1
diagonal components almost cancel the third one, and as a p0) ~ ———» AM|aljEH|m|0D
consequence, error propagation may produce a serious effect 3h Aw?f=

ending with a quite large relative error ¢h To illustrate this
point we compare in Table 1 the HF and DFT/B3LYP diagonal
components and the average value of the! G' tensor,
computed at 589.3 nm, adopting the fairly good Sadlej polar-
izability consistent basis sét,for some test molecules. Obvi-
ously, neither of the two methods provides exact solutions, but
some indications about the effect of changing the electron
distribution can be clearly seen.

As a rule, for all cases, two diagonal tensor components are
positive (or negative), almost cancelling the third one, giving a
relatively small3. Going from HF to DFT/B3LYP, the following
can be observed: (i) a sign changefofdespite a substantial
agreement between tensor components, as in the simple case
H,0,; (ii) a good coincidence of the results, as in propylene
oxide; and (iii) a fortuitous agreement of the predicted optical
rotations because a large discrepancy between some of the tens

The sum on the rhs of the above equation is vanishing because
of Kuhn’s sum rule for the rotatory strength%0Of course 3 is

not totally vanishing because the approximation of the average
excitation energy is a quite crude one. However, this justifies
the smallness of, especially for the static limit, that is, far
from resonance. Hence, one way to obtain more religble
values, that is, smaller relative errors, would be to get far away
from the static limit and, even better, makiag approach a
transition frequency, for example the first one. Obviously, the
smaller the denominator in the equation givjfgs, the larger

the absolute value of all three diagonal componentS’ofill

t%e; simultaneously, the latter will not have the tendency to cancel
0 )

out when summed together, and then the magnitude \oill
increase as observed. This suggests computing the OR dispersion
curves, or at least the OR at several wavelengths, to appreciate
e trend of the results, which is opposite for two enantiomers.

components exists, as in the case of-fimethylallene. For . . .
. To this end, the adopted method of calculation should provide
(+)-camphor, the ratio between HF and DFT/B3LYP tensor ' PR . provide,
. . at least, the correct sign of the rotational strength associated
components is as large as 1.7, whereas the ratio between the

- . ) with the first Cotton effect. This is a less difficult task than the
OR predictions is much larger ). The case of)-Troeger's OR calculation at a single wavelength because even the HF
base is quite instructive: the agreement between HF and DFT/ g 9

NN method usually gives the correct answer. However, it should
B3LYP tensor components is within 22% on average, whereas be mentioned that the HF transition frequencies are very often
the DFT/B3LYP optical rotation is more than 50 times larger g y

largely shifted toward high energy’” and, as a consequence
than the HF value. 9ely . rahig T d ’
L . . the HF OR dispersion curves are blue shifted by an amount
Taking into account the previous theoretical works on OR ; .
g . . . that can be as large as 100 nm even when adopting large basis
determinatior?,"” there is nothing new about the comparison sets. However, the approach discussed in the following is general
between HF and DFT/B3LYP results; here, we would remark '

. o . nd can be employed at any level of theory; in particular, small
that to obtain accurate OR predictions time-dependent correlatedzaSiS set DET/B3LYP OR dispersion curves could be very useful

methods and high-quality (at least aug-cc-pVDZ) basis sets are.

required mainly because of the smallnesgofiue to the near in the case of large organic molecules. So, in the following
d . y o . . discussion, we shall use this approach to carry out ab initio
cancellation of theG' diagonal components. This fact is so

. Iculations of OR ingle fr ncies and of ORD curv
general that it deserves to be justified in some way. From the calculations of OR at single frequencies and of O curves

definitions of 8 andG’ one has for some selected molecules.
Synthesis, Measurements, and CalculationsThe test

molecules chosen (Table 2) are all rigid systems (to avoid

(15) (a) Sadlej, A. Xollect. Czech. Chem. Commui988 53, 1995. (b) Sadlej,
A. J. Theor. Chim. Actal 991, 79, 123.

(16) (a) Karplus, K.; Das, T. Rl. Chem. Physl1961, 34, 1683. (b) Pople, J. A.
J. Chem. Physl1962 37, 53.

(17) Diedrich, C.; Grimme, SJ. Phys. Chem. 2003 107, 2524.

Blo) = ﬂz;ﬂ@lﬁ JENyley @)
3hfz a)jz —w

and within the static limit¢ = 0)
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Table 2. 20000 - ORD spectra for 1a
1a |
1b 15000 [ ~o- HF/6-31G*
o 10000 I : — Experimental
. 5000 : —+ B3LYP/6-31G*
(-)-ver enone ) (-)-4-methylverbenene [a] 0 = :
i\')*"i’e*Trz'me‘hy"b'cyc'°[3'1 A ()2,6,6-Trimethyl-4-methylene- 3 _
ept-3-en-2-one bicyclo[3.1.1]hept-2-ene -5000 - : A
[o]p exp. (hexane) : - 180 [o]p exp. (hexane) : - 40 : :
HF/ 6-31G* 1-144 " ) -10000 - {
. ) HF/ 6-31G :-105 i y x 10
B3LYP/6-31G*  :-251 B3LYP/6:31G* - - 121 -15000 -
-20000 - . , . . . ' . .
2a 2b 250 300 350 400 450 500 550 600 650 A (nm)
Figure 1. Experimental ) and predicted®, HF/6-31G*; a, B3LYP/6-
(e} 31G*) ORD curves foda. The experimental ORD curve has been measured

(-)-fenchone
(-)-1,3,3-Trimethyl-bicyclo[2.2.1]
heptan-2-one

[olp exp. (hexane) : - 44
HF/6-31G* 1-67
B3LYP/ 6-31G* :-85

3a

(0]
(+)- camphor
(+)-1,7,7-Trimethyl-bicyclo[2.2.1]
heptan-2-one
[odp exp. (hexane) : + 59
HF/ 6-31G* :-6
B3LYP/ 6-31G* 1+ 23

O 4a

¥

(+)-nopinone
(+)-6,6-Dimethyl-bicyclo[3.1.1]
heptan-2-one

[o]lp exp. (hexane) : +7

HF/ 6-31G* T+
B3LYP/ 6-31G* (+13

(-)-methylenefenchone
(-)-1,3,3-Trimethyl-2-methylene-
bicyclo[2.2.1]heptane

[olp exp. (hexane) : - 68

HF/ 6-31G* :-85
B3LYP/ 6-31G* 1-99

3b

(-)-methylenecamphor
(-)-1,7,7-Trimethyl-2-methylene-
bicyclo[2.2.1]heptane

[olp exp. (hexane) : - 36

HF/ 6-31G* :-57
B3LYP/ 6-31G* :-50
4b
(-)-B-pinene

(-)-6,6-Dimethyl-2-methylene-
bicyclo[3.1.1]heptane
[olp exp. (hexane) : - 15

HF/6-31G* -5
B3LYP/ 6-31G* 1+ 27
B3LYP/ Sadlej 1+ 25

(-)-Troeger's base
(-)-2,8-Dimethyl-6H,12H-5,11-methano-

5

e (@et

dibenzo[b,f][1,5]diazocine
[alp exp. (hexane) : - 267 (- 287 %)
N HF/ 6-31G*

1+ 134
HF/ aug-cc-pvDZ  : + 559
B3LYP/6-31G* :-165

difficulties coming from the conformational flexibility) having
known absolute configuration. Furthermore, it is interesting to
note that compound$a—4a are ketones, andb—4b are the

corresponding olefins. So, we have pair of molecuéesn(db)
where different chromophores are inserted in the same chiralpointed out that both time-dependent HF and DFT methods
backbone. In addition, in the case of non-comercially available adopted here are not suitable for making predictions in cor-

molecules (such asb, 2b, and 3b), they have been obtained
from the corresponding ketonelg 2a and 3a). The

in hexane.

synthesis of £)-3b has been carried out by Wittig olefination
starting from commercial#)-3a1® For the synthesis of~)-

1b and (-)-2b, we used the same procedure starting, respectively,
from commercial {)-1a and ()-2a All the [a]p values
reported in Table 2 have been measured in hexane solution at
c ~ 1 g/100 mL, which is the concentration mostly used by
experimental organic chemists (in the case -6§-6 only the
concentration is 0.6 g/100 mL): the solvent choice has been
made taking into account that hexane is the best scivemt
compare experimental values and the calculated results for the
isolated molecule. For the same reason, all of the ORD spectra
have also been measured in hexane solution. Our analysis starts
considering verbenonga and corresponding dierkb.

It is noteworthy that to the best of our knowleddé is
reported for the first time in an optically active form. We have
chosen these two molecules on the basis of the reasoning that
they are both rigid, have the same chiral skeleton, and differ
only in the nature of chromophoric system,§-unsaturated
ketone inla and a conjugated diene itb). In addition, for
both of these compounds, the optical rotatory power at 589.3
nm is determined in sign and order of magnitude by low-lying
Cotton effects (i.e., they belong to case &)$0 for them, an
HF/small basis set treatment should afford the correct value of
OR. Table 2 clearly shows that the optical rotatory power is
correctly calculated in sign and order of magnitude also in the
case oflb, which possesses a low OR value. The calculated
ORD curves (HF and DFT/B3LYP, small basis set, together
with the experimental ones in hexane)lafand1b are reported
in Figures 1 and 2, respectively. The experimental ORD curve
of lapresents a clearly negative Cotton effect centered3&0
nm, whereas fotlb, only a negative plain curve is measured
down to 250 nm. It is quite easy to note that the experimental
trend is correctly reproduced by the calculations. However, an
important aspect must be pointed out: the HF result gives an
ORD curve that is substantially blue shifted with respect to the
experimental one, whereas the DFT/B3LYP result is much
better. This it is quite evident fata. The behavior of the HF
curve is in agreement with the intrinsic features of this
uncorrelated method, which usually provides electronic excita-
tion energies at shorter wavelengtfisvioreover, it should be

(18) Money, T.; Palme, M. HTetrahedron: Asymmetr§993 4, 2363.
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[l 6000 - — x10
- ( HF/6-31G* x 100)
-200 4000 -
. A N ORD spectra for 3a
400 2000 \\
-600 —o—HF/B-31G* \\ T
— Experimental [C(] 0 A .
-B00 / —— B3LYP/6-31G* ®—a—so0e—9
-1000 |/ -2000 : e
/ ORD spectra for 1b ¥ - :Ffs.:.”G |
-1200 - i ; — Experimental
-4000 T |~ B3LYP/6-31G*
-1400 4 T . ; . | . i

300 350 400 450 500 550 600 650 A(nm) -6000 o

. . 200 250 300 350 400 450 500 550 600 650 A
Figure 2. Experimental ) and predicted®, HF/6-31G*; Ao, B3LYP/6- ) ] i (nm)
31G*) ORD curves fotlb. The experimental ORD curve has been measured Figure 5. Experimental {-) and predicted®, HF/6-31G*; A, B3LYP/6-

in hexane. 31G*) ORD curves foBa The experimental ORD curve has been measured
in hexane.
9000 -
ORD spectra for 2a [@] o
et
6000 T =
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| | — Experimental 200 |
3000 : 1|L —4— B3LYP/6-31G*
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L
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Figure 3. Experimental ) and predicted®, HF/6-31G*; o, B3LYP/6- ) ) ) A (nm)
31G*) ORD curves foPa. The experimental ORD curve has been measured Figure 6. Experimental ) and predicted®, HF/6-31G*; &, B3LYP/6-

in hexane. 31G*) ORD curves foBb. The experimental ORD curve has been measured
in hexane.
[a] o .
200 = basis set level, both using the HF and DFT/B3LYP methods.
Again, the Cotton effect daat 300 nm is very well reproduced
-400 - by DFT/B3LYP calculation, whereas the HF method, even if it
600 - e HF/631G* gives the correct negative Cotton effect, provides a considerable
— Experimental blue shift (Figure 3). It is also noteworthy that the experimental
-800 4 B3LYP/6-31G* ORD curve of2b is very well reproduced both at the DFT/
-1000 B3LYP and HF level (Figure 4).
1200 { ORD spectra for 2b Also in the case 08b, everything is working very well: OR
at 589 nm (Table 2), HF/ORD and DFT/ORD as reported in
-1400 Figure 6. This result is not surprising, taking into account that
-1600 . . 3b is a case a) molecule as well. The case3afis really
250 300 350 400 450 500 550 600 650 X (nm) interesting; in fact, as we discussed in the Introduction, only a
Figure 4. Experimental ¢) and predicted®, HF/6-31G*; o, B3LYP/6- DFT approach (even with a small basis set) provitigise

31G*) ORD curves fob. The experimental ORD curve has been measured correct OR value at 589 nm: these results are collected in the
in hexane. Table 2. Of course, the ORD curve calculated within a DFT
respondence to an electronic resonance; in fact, the calculationscheme (Figure 5) reproduces very well the experimental data.
of the ORD in the resonant frequency region has been madeHowever, even the HF/small basis set ORD curve gives a trend
possible by Ruud et &l only this year. Therefore, we limit our  very similar to the experimental one, the only difference being
discussion to only the portion of ORD curve that approaches that at wavelengths longer than 409 nm the predicted and the
the resonance. experimental curve are opposite in sign, in agreement with the
The same comments, about rotatory power and ORD calcula-discussion about the smallness ffar from the resonance,
tions, can be made in the case2afand2b, that is, a saturated  previously given. This means that the calculation of the optical
ketone and a simple olefin, which again, belong to case a butrotation in a range of wavelengths, that is, a part of an ORD
have much simpler chromophores and lower OR values thancurve, when compared to the experimental one, constitutes a
la The values of OR are collected in Table 2, and the ORD safer tool for configurational assignment. At this stage some
curves are reported in Figures 3 and 4, respectively. The datacomments are needed: first of all, a calculation using a small
in Table 2 clearly show that thex]p values of2a and2b are basis set guarantees a fast answer, so it is certainly more
correctly reproduced (sign and order of magnitude) at a small convenient to repeat such a calculation several times to obtain
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at least a short ORD curve rather than to do a prediction at a 8000 -
single frequency but using an extended basis set. In fact, > x30

S . ) . 6000 - | ( HF/6-31G* x 300)
considering that the computational complexity of the available \
methods is proportional at least to the 4th power of the basis 4000 T o ‘
set size, it is easy to see that sixteen 6-31G* basis set 2000 ] \ RD spectra for 4a
calculations take the same amount of time as a single aug-cc- s ™

pVDZ basis set calculation, with the former basis set being @] ¢ -
roughly half the size of the latter. In addition, the computer :
time is not the only parameter to take into account; that is, the 2000 i —o-HF/8-31G*

memory requirement could be so high, even for a medium-size 4000 ﬂ_:gﬁ';“;;’:fg,

organic molecule adopting a large basis set, to make the

calculation not feasible at all, at least on a desktop PC. Second, -6000 oo o

the ORD HF/small basis set calculation ar){camphor affords . 200 ?50 300 350 400 4_50 500 550 600 f‘r’n » (nm)

the right answer because we penetate n therCoton effect, S04 7. Exbernena € suesreeede wEobiona B
and clearly in this range, the OR values are determined by this;, pexane.

CD band only; in other words even+f-camphor becomes a

true case a) molecule. This could suggest the real trick to do [o] 4000 > %20

reliable OR calculations: using wavelengths that are sufficiently

near to a Cotton effect so that the sum in the Rosenfeld eq 1 is ::F’fe'?m‘

. g 3000 - xperimental
dominated by a single term and the problem of the smallness \ —+ B3LYP6-31G*
of f is overcome, see the discussion about the smallness of the 2500 7 ! = B3LYP/Sadlej
B parameter given previously. This is particularly true in this 2000
case, where we are dealing with a valence-shell Cotton effect 1500
(because of an-az* transition), and thus, even the use of a 1000

6-31G* basis set is sufficient (the calculated rotational strength
for the n—z* transition of 3a at HF/6-31G* level is+1.8 x

1049 (erg esu cm/Gauss) versus an experimental value2od 07
x 10749), Third, now we can understand why the OR calculation 500 '
at 589.3 nm is wrong with the HF/6-31G* approach: the use 250 300 350 400 450 500 550 600 650 A (nm)

of this basis set, although it is sufficient to give the right sign Figure 8. Experimental {-) and predicted®, HF/6-31G*; 4, B3LYP/6-
of the 290 nm CD band, places this Cotton effect at about 250 31G*; ¢, B3LYP/Sadlej) ORD curves foth. The experimental ORD curve

L. . . . has b dinh .
nm; that is, it is blue shifted, with respect to the experimental as been measured in hexane

CD band, about 40 nm. This means that its positive contribution nsidering that London and non-London calculations afford
to the [o]p value can be overcome by a negative contribution ,egictions that are opposite in sign. Most importantly, even
coming from shorter wavelength CD bands. By contrast, the o DFT/B3LYP/6-31%++G(2d,2p) calculation affords the
DFT method places this Cotton effect in the right position on wrong answer (at = 633 nm, the calculated value4s21 and

the wavelength scale, and therefore now its contribution}g [ the experimental value is17); note that here, we are comparing
cannot be overcome by negative contributions coming from {ne theoretical prediction with an experimental value measured
higher energy CD bands. In addition, this basis set may introducej, gas phase, hence no solvent effects are present. We have
tremendous errors in reproducing the higher-energy Cotton cajculated the ORD curve ofb at DFT/B3LYP/Sadlej level
effects, so the sum in the Rosenfeld eq 1 provides a wrong reSU"-obtaining a curve which reproduces very well the experimental
In other words, at 589.3 nnfj is a very small number, its  ORD trend (Figure 8). We used the DFT/B3LYP method and
magnitude is smaller than the computation uncertainty, and its the Sadlej basis set because we repdttétat this approach
sign could be wrong, which actually happens. On the contrary, works very well for the OR calculation. It is interesting to note
near 290 nm, th&’ tensor is determined predominantly by a  that at 589.3 nm this method also gives the wrong result, and
strong contribution from the-nz* transition, and because the  only at wavelengths shorter than 400 nm, the sign of OR is
B value is a large number, its magnitude is larger than its correctly reproduced, pointing out again that the calculation of
computation uncertainty, and the sign is safely predicted. The an ORD spectrum affords the right configurational answer. It
cases ofla, (+)-nopinone, a saturated ketone, and corresponding is even more interesting and important to note that even an HF
alkenedb, (—)-B-pinene, are even more illustrative. In the case or DFT/B3LYP calculation using a small basis set (6-31G*)
of 4a, the experimental rotation is a small number (for this reproduces (Figure 8) the experimental shape (at least below
reason this molecule constitutes a difficult problem), and the 350 nm), confirming the power and reliability of ORD calcula-
numbers produced by HF/6-31G* calculations are even smaller tion for configurational assignments. It is important, at this stage,
(Table 2), so a clear answer cannot be given. The DFT to note that4b (and5, vide infra) in contrast to the previous
calculations are certainly better. However, the prediction (both 1a—4adoes not belong to the above-defined case a) molettles.
at the HF and DFT level) of the ORD curves eliminates any In fact, the CD spectrum of<)-3-pinene4b in the gas phase
doubt (Figure 7). Fodb, (Table 2) we have that the predicted shows!® between 220 and 170 nm, a sequence of positive/
B3LYP values both at the small (6-31G*) and large (Sadlej) negative bands, whereas in the hexane solution, only the positive
basis set level afforded the wrong sign. The correct (in sign) Cotton effect is measurable. As a consequence, the contribution
result obtained at the HF/6-31G* level is certainly fortuitous, of this Cotton effect to the OR at 589 nms170 versus an
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100000 - x 10 in the near-UV region) compound, by means of ab initio
0 / ORD spectra for § calculation of the optical rotatory power. The first step is
sooo0 | | H'. /J\ <50 measuring the experimental ORD curve in a_sunable range of
/ | ‘ ’ wavelengths and the second step is calculating the ORD curve
'. H ‘\oﬂ‘._._._. in the same range of frequencies by means of the DFT/B3LYP/
[] 0 A’i- \ = 6-31G* method. This approach will couple the better accuracy
| /’ T of the DFT method (with respect to the HF one) in terms of
-50000 - } | wavelength position of the individual Cotton effects, allowing
- HF/6-31G* a simple comparison with the experimental data, with the speed
-100000 - } :E:‘Ef;”gg‘fg, of the calculation, even if it is repeated several times.
150000 ~ Conclusions
200 250 300 350 400 450 500 550 600 650 A (nm) The main result of this investigation is that the calculation

Figure 9. Experimental {) and predicted, HF/6-31G*: &, B3LYP/6- of the OR repeategl at diﬁerept wavelengths (predictiop of the
31G*) ORD curves fob. The experimental ORD curve has been measured ORD curve) constitutes a reliable method for the assignment
in hexane. of the molecular absolute configuration. One could argue that
) o ) this approach strongly depends on the measurement of the ORD
experimental value of 15, indicating clearly that higher Cotton  cyrve, which nowadays is not so easy to obtain because modern
effects determine the sign ofu]o. Thus, the case of this  chiroptical spectroscopy is mainly based on circular dichroism.
molecule is deeply different from that @b and3b, for which However, it must be noticed that modern polarime¥eatiow
a very good agreement between the experimental and calculateg,s to make OR measurements at several wavelengths and thus,
values is found. In other words, although and3b belong to  he availability of OR values at some different wavelengths
class a) (see above) and for them even a simplified treatmenty, 4 pe a simple alternative to the measurement of a continuous
gives the correct answer, it could be possible to predict a lot of ORD spectrum. Moving at shorter wavelengths, we go nearer
difficulties for the OR calculation at 589 nm in the case 64 to absorption regions, which may guaranteé that we are
ﬁ-plnhen? €b) beclaustteg]cg:lljs Sett(ejrmmed (sign and magnitude) approaching a single Cotton effect with the consequent reduction
y shor e_r-_wave_eng ) ands. . of the contributions due to the other Cotton effects in the
An additional interesting comment can be made concerning Rosenfeld sum; this leads to a largérand, hence, a most
(—)-Troeger's basé. For this .compOL.md, the OR computation reliable predicted OR value. Another criticism could be that
by the DFT/B3LYP method gives satisfactory results (see Table one could attempt the AC assignment directly predicting the

2) yvhereas the HF calculation (even when using quite large CD spectrum itself. A CD calculation requires the introduction
basis sets, such as aug-cc-pvDZ) always produces the Wrongof a shape factor to compare the overall shape of the experi-
sign. For this reason, Stephens et al. pointed°dbat we can b P P P

trust only in OR calculations carried out by the DFT/B3LYP mental spectrum with the predicted one; often, this comparison
method. In a previous paper, we suggeStéat because-)- in not so easy because a large number of near-in-frequency and

Troeger base presents a very intense, positive, low-lying CD opposite-in-sign transitions may derive. Therefore, such an

band that provides a strong-200), positive contribution to the ~ @PProach can be safely used only when the CD spectrum
optical rotation at 589.3 nm, it is absolutely required to have a Presents a well-defined, isolated Cotton effect, so the problem

correct description of the higher-energy Cotton effects, so a ©f the shape of the spectrum can be avoided; a representative
method that is more accurate than HF is needed. In Figure 9,6@S€ is that of the saturated ketones, which have a low-energy
we report the experimental ORD curve (hexane) together with 290-nm band well separated from other Cotton effédts the
those calculated by the DFT/B3LYP/6-31G* method: clearly Presentapproach, we have simply to compare a few numbers
a satisfactory reproduction of the experimental data is provided, (éxperimental and predicted OR, at different wavelengths),
at least down to 350 nm. At shorter wavelengths, the sequenceWhich, in addition, at least in the cases similar to those described
(—, +, —) of the Cotton effects is correctly reproduced, even if in this paper, are obtained in a reasonable time of calculation.
a blue shift of about 50 nm (of the predicted curve with respect One could also argue that in this paper we have treated only
to the experimental one) is observed. It is noteworthy that a rigid molecules. However, in principle, the same treatment can
simple HF/6-31G* computation reproduces the experimental be extended also to flexible molecules. Clearly, an accurate
ORD trend only below 300 nm. Here, the blue shift (of the conformational analysis is an absolute prerequisite and this step
calculated vs experimental curve) is more than 80 nm. The abovecan cost some more computational effort, even if no fundamental
results clearly show the limitations of ORD protocol at Hartree ~ reasons prevent its application to these systems. To conclude,
Fock level, and it seems that a DFT/B3LYP calculation at by coupling the use of an inexpensive instrument (a polarimeter
several wavelengths could be the method of choice to reach aworking at a few wavelengths) with the use of an ab initio DFT
reliable AC assignment, also within a small basis set scheme,calculation package, the experimental organic chemist will
which is necessary to deal with meditttarge size molecules,  arrive, quickly and reliably, at the assignment of the molecular
as the biological active ones, that is, the largest part of moleculesabsolute configuration.

having practical interest. We are now able to propose a simple
and reliable protocol to assign the molecular absolute config- (20) It is to be noticed that nowadays polarimeters working at a few discrete
uration of an organic unsaturated and/or aromatic (i.e., absorbing ‘é"ggﬁ;%gtzhssg(ﬁﬁg' 533, 871, 3@%@3’;} 405, 865, 334, 825, j%fé 302, 296,

ca.) price. Clearly, with such instrumentation, the problem posed by the
(19) Drake, A. F.; Mason, S. Retrahedronl977, 33, 937. (—)-p-pinene molecule can be easily solved.
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Computational Methods

All calculations have been carried out on a simple PC endowed with
a single PentiumlV 2.2-GHz processor. All geometries have been fully
optimized at DFT/B3LYP/6-31G* level using the Gaussian 98 package.
All of the geometries are real minima; no imaginary frequencies were
found.

All the OR calculations have been carried out by means of time-
dependent HF and DFT methods as available within Gaussian,
Dalton?? and Turbomol® packages. In particular, (i) all the OR
calculations at HF/6-31G* level have been carried out using London
orbitals (which ensure the origin independency of the results) as
implemented in the Dalton 1.2.1 package; (ii) all the OR calculations
at DFT/B3LYP/6-31G* level have been carried out using London
orbitals as implemented in the Gaussian 03 package; (iii) the OR
calculation at the DFT/B3LYP/Sadlej level has been carried out with
Turbomole 5.6 package. A reviewer noticed that the B3LYP functional
implemented in Turbomole is different from that of Gaussian03.
However, the differences between the functionals for properties in

57300-U (poly(dimethylsiloxane) (PDMS) phase) column. THF was
freshly distilled prior its use on sodium benzophenone ketyl and was
stored under nitrogen atmosphereButyllithium 2.5 M in hexane,<€)-
fenchone 2a), (+)-camphor 8a), (+)-nopinone 4a), (—)-6-pinene 4b)
(Aldrich products) and-{)-verbenonela) and (—)-Troeger’s bases)
(Fluka products) were used as purchased. Methyltriphenylphosphonium
bromide (Aldrich) was dried under vacuunr® h before its use.
(—)-4-Methylverbenene (1b).To a stirred solution of methyltriph-
enylphosphonium bromide (11.43 g, 32.02 mmol) in 80 mL of
anhydrous THF was added 14 mLmebutyllithium (2.5 M in hexane)
dropwise under a nitrogen atmosphere. The solution was warmed at
50 °C and stirred for 2h, obtaining a red coloration. At this point, to
the solution was added—{(-verbenone 1a) (3.02 g, 20.1 mmol)
dropwise in 20 mL of anhydrous THF. The obtained solution was stirred
under reflux for 24 h, cooled at room temperature, and then about half
of the volume of the solvent was removed under reduced pressure, and
50 mL of petroleum ether was added. The organic layer was washed
successively by 2 30 mL of water and 2x 30 mL of brine. The

general are small, although there are large differences in absolute®'9@nic layer was then dried over anhydrous;3@, filtered, and

energies. We remark that Turbomole has been used in this work only
in the case of the DFT/B3LYP/Sadlej calculation 4B, because
Gaussian03 gave convergence problems.

Experimental Section

General Procedures!H NMR and3C NMR spectra were recorded
in CDCl; on Varian-Inova 500H 500-MHz and**C 125-MHz) or
Bruker Aspect 300'H 300-MHz) spectrometers. UV and CD spectra

evaporated at reduced pressure. Chromatography on silica gel (eluent:
petroleum ether) of the crude residue gave, after evaporation of solvent
at reduced pressure, the crude product. After fractional distillation, we
recovered 1.85 g (62% yield) of pure)-1b as a colorless liquid o] %%

— 40 (¢ = 1; hexane)H NMR (500 MHz, CDC}): 6 0.84 (s, 3H);

1.37 (s, 3H); 1.47(d, 1H) = 9.0 Hz); 1.81 (s, 3H); 2.13 (t, 1Hl =

6.0 Hz); 2.53 (m, 1H); 2.61(t, 1H] = 5.5 Hz); 4.59 (s, 2H); 5.80
(s,1H).**C NMR (125 MHz, CDC¥): ¢ 22.0, 23.1, 26.4, 35.8, 43.8,

were recorded in hexane solution on a JASCO J-600 spectropolarimeter.4g 4, 51.5 104.6, 120.8, 148.7, 150.4 MS (Efjvz 148 (M*, 24),

Optical rotations were measured with a JASCO DIP-370 digital

133 (42), 106 (36), 105 (100), 103 (7), 79 (13), 77 (15). Anal. Calcd

polarimeter. ORD curves were recorded in hexane solution on a JASCOtor C,4H,¢ C, 89.12; H, 10.88. Found: C, 89.70: H, 10.30.

J-810 spectropolarimeter equipped for ORD measurements. Column

chromatography was carried out with silica gel Merck 60280

mesh). Gas chromatographic analyses were carried out on a GC/MS,

Hewlett-Packard 5080 series I, MS detector HP 5971, with a Supelco

(21) Helgaker, T.; Jensen, H. J. Aa.; Joergensen, P.; Olsen, J.; Ruud, K.; Aagren
H.; Auer, A. A.; Bak, K. L.; Bakken, V.; Christiansen, O.; Coriani, S.;
Dahle, P.; Dalskov, E. K.; Enevoldsen, T.; Fernandez, B.; Haettig, C.; Hald,
K.; Halkier, A.; Heiberg, H.; Hettema, H.; Jonsson, D.; Kirpekar, S.;
Kobayashi, R.; Koch, H.; Mikkelsen, K. V.; Norman, P.; Packer, M. J.;
Pedersen, T. B.; Ruden, T. A.; Sanchez, A.; Saue, T.; Sauer, S. P. A,;
Schimmelpfennig, B.; Sylvester-Hvid, K. O.; Taylor, P. R.; Vahtras, O.
Dalton, release 1.2; 2001.

(22) (a) 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.; Millam, 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.Gaussian 98Gaussian,

Inc.: Pittsburgh, PA, 1998. (b)Frisch, M. J.; Trucks, G. W.; Schlegel, H.

B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.,

Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M; lyengar, S. S.;

Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;

Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda,

R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,

H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo,

C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A.

J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,

S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;

Piskorz, P.; Komaromi, |I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W_;

Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian

03, Gaussian, Inc.: Pittsburgh, PA, 2003.

Ahlrichs, R.; Bar, M.; Baron, H.-P.; Bauernschmitt, R.; Bocker, S.; Ehrig,

M.; Eichkorn, K.; Elliott, S.; Furche, F.; Haase, F.; Haser, M.; Horn, H.;

Hattig, C.; Huber, C.; Huniar, U.; Kattannek, M.; Kohn, A.; Kolmes, C.;

Kollwitz, M.; May, K.; Ochsenfeld, C.; @m, H.; Schafer, A.; Schneider,

U.; Treutler, O.; Arnim, M. v.; Weigend, F.; Weis, P.; Weiss, H.

TURBOMOLE version 5.6; Universitat Karlsruhe: Karlsruhe, Germany,

2002.

(23)

(—)-Methylenefenchone (2b)To a stirred solution of methyltriph-
enylphosphonium bromide (15.98 g, 44.73 mmol) in 80 mL of
anhydrous THF was added 19 mLrmebutyllithium (2.5 M in hexane)
dropwise under nitrogen atmosphere. The solution was warmed at 50
°C and stirred for 2 h, obtaining a red coloration. At this point, to the
'solution was added~)-fenchone 23) (4.27 g, 28.07 mmol) dropwise
in 20 mL of anhydrous THF. The obtained solution was stirred under
reflux for 30 h, cooled at room temperature, and then about half of the
volume of the solvent was removed under reduced pressure, and 50
mL of petroleum ether was added. The organic layer was washed
successively by 2 30 mL of water and 2x 30 mL of brine. The
organic layer was then dried over anhydrous,;$@;, filtered, and
evaporated under reduced pressure. Chromatography on silica gel
(eluent: petroleum ether) of the residue gave, after evaporation of
solvent at reduced pressure, the crude product. After fractional
distillation we recovered 2.78 g (66% yield) of pure){2b as a
colorless liquid. §]%" 68 (c = 1.08; hexane)H NMR (300
MHz, CDCL): 6 1.05 (s, 3H); 1.08 (s, 3H); 1.20 (s, 3H); 1.22 (d, 2H);
1.45 (m, 3H); 1.68 (t, 1H); 1.84 (s, 1H); 4.57 (s, 1H); 4.61 (s,1H). MS
(El): m/z 150 (My, 28), 135 (10), 121 (14), 107 (100), 91 (20), 79
(20), 67 (9), 41 (12). Anal. Calcd forHig C, 87.93; H, 12.07.
Found: C, 87.51; H, 12.49.

(—)-Methylenecamphor (3b).To a stirred solution of methyltriph-
enylphosphonium bromide, (15.95 g, 44.65 mmol) in 80 mL of
anhydrous THF was added 19 mLmebutyllithium (2.5 M in hexane)
dropwise under nitrogen atmosphere. The solution was warmed at 50
°C and stirred for 2h, obtaining a red coloration. At this point, to the
solution was addedH)-camphor 8a) (4.25 g, 27.8 mmol) dropwise
in 20 mL of anhydrous THF. The obtained solution was stirred under
reflux for 24 h, cooled at room temperature, and then about half of the
volume of the solvent was removed under reduced pressure, and 50
mL of petroleum ether was added. The organic layer was washed
successively by 2 30 mL of water and 2x 30 mL of brine. The
organic layer was then dried over anhydrous,3@, filtered, and
evaporated at atmospheric pressure (warning, the pr@usiblimes
easily). Finally, chromatography on silica gel (eluent: pentane) of the
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residue yielded, after evaporation of pentane at atmospheric pressurejs gratefully acknowledged. We warmly thank Professor Gio-
2.90 g (68% yield) oBb as a colorless solida]?% = — 36 (c = 0.96; vanni Natile, Dipartimento Farmaco-Chimico, UniversitdBari,
hexane).'H NMR (300 MHz, CDC}): 6 0.78 (s, 3H); 0.91 (s, 3H); Italy, for allowing us to use the Jasco 810 spectropolarimeter
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