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Density functional theory (DFT) calculations of sodium b line specific rotation and of vibrational
circular dichroism (VCD) have been used to assign the absolute configuration of a recently prepared
(1S,4R)-norcamphor-derived furyl hydroperoxide, (+)-3, introduced as a stereoselective oxidant.
Both approaches give the same absolute configuration to the newly generated stereogenic carbon at
position 2, i.e., (15,25,4R)-(+)-3, thus providing a confident assignment in a case made difficult by
the large conformational flexibility and the small difference between the computed optical rotations
of the two possible diastereoisomers. Although the computed IR absorption spectra of (1.5,25,4R)-3
and (1S,2R,4R)-3 are practically indistinguishable, a number of significant differences in the VCD
spectra of these two nonmirror-image isomers can be observed, which allows the structural
identification of the synthesized compound. This is clearly shown here for the first time.

Introduction

The use of optically pure tertiary alkyl hydroperoxides as
stereoselective oxidants has received increasing interest in
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recent years. However, few examples have appeared’
because of the lack of general synthetic approaches to these
types of compounds in optically pure form and their intrinsic
limited chemical stability.> These compounds have been
obtained by using horseradish peroxidase mediated reduc-
tive kinetic resolution of racemic secondary alkyl hydroper-
oxides® or by using compounds from the chiral pool as initial
building blocks for their synthesis. The only example of a
tertiary enantiopure hydroperoxide TADOOH (Scheme 1),
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SCHEME 1. Optically Pure Tertiary Alkyl Hydroperoxides
and Alcohol
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synthesized from (—)-TADDOL, proved to be the best reagent
in various stereoselective oxidative processes,'® thus confirm-
ing that the highest level of asymmetric induction can be
achieved with the most stable tertiary hydroperoxides.*

On the basis of our interest in metal-catalyzed asymmetric
oxidations, we have recently developed a simple two-step
synthesis of a tertiary furyl hydroperoxide 1 (Scheme 1) employ-
ing (R)-camphor as a readily available starting compound.’

Unlike TADOOH, where the same stereogenic carbon
centers are present in the (—)-TADDOL alcohol used as the
chiral source for the synthesis, in our case, the carbon bearing
the hydroperoxyl group is a newly generated stereogenic center
in 1 whose absolute configuration (AC) was determined by
NOESY experiments on the corresponding alcohol 2, obtained
after reduction of oxidant 1.° Absolute configurations of
secondary alkyl hydroperoxides have been previously deter-
mined after reduction of the hydroperoxide to the correspond-
ing alcohol, which was properly derivatized and then analyzed
by exciton-coupled circular dichroism.” No direct determina-
tions of the absolute configurations of enantiopure tertiary
alkyl hydroperoxides have been reported up to now by experi-
mental methods. Using a theoretical method, we have pro-
posed a straightforward determination of the absolute
configurations of 1 and 2 by time-dependent density functional
theory (TDDFT) calculations of the optical rotation (OR).®

With the hope of improving the reactivity of the sterically
crowded oxidant 1 and to enlarge the access to a variety of
tertiary enantiopure hydroperoxides of this type, we have
recently prepared a less hindered hydroperoxide 3 (see
Scheme 2).°

Furyl alcohol 5 was efficiently obtained via furyllithium
addition to (4)-norcamphor 4,'® and according to the litera-
ture,'! the formation of the endo diastereoisomer of 5 would
have occurred thanks to the attack of the organometallic
reagent exclusively from the less sterically demanding exo-
face of the ketone. The hydroperoxidation of alcohol 5
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furnished exclusively a single diastereoisomer of hydroper-
oxide 3 in high yield, having a positive optical rotation in
both CHCl; (4-36.4, ¢ = 1.00) and hexane (+36.9, ¢ = 1.00).

On the grounds of literature precedents concerning the
reactivity of 2-substituted norbornyl cation intermediates in
nucleophilic substitutions,’'? epimerization at carbon 2 of
the bicyclic framework of alcohol 5 is expected to occur
during the oxidation. Actually, the inverted absolute config-
uration at carbon 2 of 3 with respect to 5 was indirectly
established after the reduction to alcohol by comparison of
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SCHEME 2. Synthetic Route to Norcamphor-Derived Furyl Hydroperoxide
Amberlyst-15
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SCHEME 3. Absolute Configurations for Which Optical TABLE 1.  Dihedral Angles, Relative Energies, Relative Free Energies,

Rotation and VCD Have Been Calculated

“0—O~p

exo-3 endo-3

NMR data and the optical rotation of the new alcohol 6 with
those of compound 5. Moreover, in order to confirm that the
2-substituted norbornyl cation intermediate was involved in
the reaction, 6 was reacted under the same conditions with
hydrogen peroxide. Spectroscopic data and the optical rota-
tion of the hydroperoxide recovered matched those pre-
viously determined for compound 3, thus confirming our
hypothesis.

Although the absolute configuration of the newly generated
stereogenic carbon at position 2 of the norcamphor skeleton of
compound 3 could be guessed, on the basis of literature
precedents and experimental findings, a more reliable AC
assignment is required. Therefore, the goal of this work is to
provide a confident assignment of the absolute configuration of
the tertiary hydroperoxide (+)-3, thus providing a solid basis for
the stereocontrol observed in the synthetic sequence reported in
Scheme 2. This has been accomplished using TDDFT calcula-
tions of optical rotations'® and DFT calculations of vibrational
circular dichroism (VCD) spectra.'*

To date, successful examples of the concerted use of
transparent spectral region optical rotation and electronic
circular dichroism (ECD) have been reported for the AC
determination of bicyclo[3.3.1]nonane diones'' and [3,]-
(1,4)barrelenophanedicarbonitrile.'™ On the other hand,
owing to its high reliability, VCD is frequently used as a
stand-alone tool for the configurational and conformational
analysis of chiral molecules in solution. A representative set
of examples is given in ref 14j,14l—r,t—x. Neverthe-
less, there are situations where the simultaneous use of more
than one chiroptical method is recommended.'> Our objec-
tive here is to find out which of two possible diastereoiso-
mers results from the synthetic route in Scheme 2, i.e.,
whether (+)-3 is the exo or the endo diastereoisomer shown
in Scheme 3.

Here, the prefix exo or endo refers to the orientation of
the hydroperoxyl group with respect to the norcamphor
bridge, which means that exo-3 corresponds to (1S5,2S,4R)-
3 and endo-3 to (1S,2R,4R)-3. Since diastereoisomers
have independent chiroptical properties, we have used two

(15) Polavarapu, P. L. Chirality 2008, 20, 664.

and Percentage Equilibrium Populations of the Most Stable B3LYP/
6-31G** Conformers of exo-3“

conformer o g y AE AG %P
a —144.7 —62.7 —-859  0.07 000 312
b -98.3 169.2 80.6  0.00 0.11 26.1
c 42.7 169.3 85.6  0.58 0.15 242
d 62.6 —539 —76.6  0.67 059 11.5
e —90.6 171.1 —120.5 1.79 1.49 2.5
f 49.8 172.9 —1259 232 1.70 1.8
g —86.1 —61.3 1099 236 1.79 1.5
h 344 —68.6 107.7  2.23 1.95 1.2

“Dihedral angles in degrees are defined as a = CIC2CO, =
C1C200 and y = C200H; see Scheme 3 for atom numbering. Relative
energies and relative free energies in kcal/mol. Percentage equili-
brium populations have been computed using relative free energies
and Boltzmann statistics at 298 K, including the zero-point energy
correction.

independent chiroptical methods (OR and VCD) to deter-
mine the AC of (+)-3.

For the optical rotation, according to the literature
and from our previous experience in determining the AC of
closely related compounds,® a good compromise between
accuracy and cost of the calculations can be obtained at the
TDDFT/B3LYP level of theory using the polarizability
consistent Sadlej (Sadlej-pVTZ) basis set'® of London’s
gauge-included atomic orbitals (GIAOs). This choice of
basis set might seem unusual, but we should recall that
London orbitals, which allow the calculation of origin
independent optical rotations, do not guarantee a negligible
basis set dependence. One way to reduce the basis set
dependence, and also improve the accuracy of the computed
optical rotations, is to use a basis set designed to provide
optimum molecular electric polarizabilities.® The Sadlej-
pVTZ basis set is of this type and provides optical rotations
as accurate as those obtained by using much larger basis
sets.!” On the other hand, as previously reported,' " "tu
DFT calculations of VCD spectra are best carried out using
the B3PW91 and the B3LYP density functionals in conjunc-
tion with the TZ2P basis set of GIAOs. Furthermore, since 3
is a highly conformationally flexible molecule, conforma-
tional analysis is necessary in order to determine the lowest
energy conformers. In the following sections we report
OR and VCD predictions based on the specified protocols
of calculation, using populations obtained at the B3LYP/
6-31G** level, as in ref 8, and the B3PW91/TZ2P and
B3LYP/TZ2P levels, as in ref 14j,141—r,t,u. The concerted

13h.j.k

(16) (a) Sadlej, A. J. Collect. Czech. Chem. Commun. 1988, 53, 1995. (b)
Sadlej, A. J. Theor. Chim. Acta 1991, 79, 123.

(17) Giorgio, E.; Rosini, C.; Viglione, R. G.; Zanasi, R. Chem. Phys. Lett.
2003, 376, 452.
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TABLE 2.
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Dihedral Angles, Relative Energies, Relative Free Energies, and Percentage Equilibrium Populations Obtained after Reoptimization at the
B3PW91/TZ2P and the B3LYP/TZ2P Levels of Theory of the Most Stable Conformers of exo-3“

B3PW91/TZ2P B3LYP/TZ2P
conformer o p y AE AG %P o g y AE AG %P
[ 49.4 169.6 89.5 0.00 0.00 41.4 49.8 169.6 93.4 0.00 0.00 41.0
a —149.8 —62.5 —86.9 0.05 0.28 25.8 —150.5 —62.2 -91.0 0.15 0.37 21.9
b —102.4 170.6 80.7 0.07 0.53 16.9 —101.7 169.7 84.1 0.13 0.57 15.7
d 37.0 —63.7 —94.6 0.76 0.82 10.4 38.5 —62.7 —95.8 0.67 0.63 14.1
f 53.0 174.9 —117.8 1.88 1.78 2.1 51.8 174.8 —121.4 1.73 1.63 2.6
g —152.4 —66.2 110.9 2.02 2.03 1.3 —153.0 —66.2 114.3 1.95 1.87 1.7
e —-97.4 173.5 —114.5 2.15 2.09 1.2 —94.7 173.0 —117.4 1.87 1.88 1.7
h 36.3 —69.2 105.4 2.13 2.25 0.9 359 —69.3 108.4 2.00 2.06 1.3

“See Table 1 for definitions.

TABLE 3.  Dihedral Angles, Relative Energies, Relative Free Energies,
and Percentage Equilibrium Populations of the Most Stable B3LYP/
6-31G** Conformers of endo-3“

conformer a g y AE AG %P
a 146.6 59.9 86.7 0.00 0.00 45.6
b 17.3 60.3 82.4 0.34 0.61 16.3
c —45.8 —171.8 —88.3 1.02 0.61 16.3
d 95.3 —171.6 —80.7 0.43 0.74 13.0
e 157.2 65.2 —115.4 2.04 1.52 3.5
f 44.8 62.4 —117.2 2.16 1.80 22
g 84.6 —173.6 118.4 2.19 2.14 1.2
h —55.0 —176.5 123.4 2.74 2.25 1.0
i 176.9 —163.4 —76.1 1.84 2.31 0.9

“See Table 1 for definitions.

application of these two chiroptical techniques will allow us
to determine the AC of (+)-3.

Methods

1. Experimental Section. Specific rotations of (4)-3, obtained
according to Scheme 2, have been measured at the sodium p line
and room temperature in CHCl; and hexane solutions of
increasing dilution, on a JASCO DIP-1000 digital polarimeter.
The IR spectrum of a CCly solution of (+)-3 at a concentration
of 0.15 M was obtained using a Thermo Nicolet Nexus 670
FTIR spectrometer at a resolution of 1 cm” ! the baseline was
the solvent spectrum. The VCD spectrum of a CCly solution of
(+)-3ataconcentration of 0.15 M was obtained using a Bomem/
BioTools ChirallR FTIR spectrometer at a resolution of
4 cm™'. The baseline of the VCD spectrum of (+)-3 was the
VCD spectrum of (4)-3. A KBr cell of path length 597 um was
used to measure both the IR and VCD spectra.

2. Computational Methods. For both diastereoisomers in
Scheme 3 we did the following: (i) conformational analysis with
respect to the orientations of the furyl and OOH groups, using
the molecular mechanics force field MMFF94 and the Monte
Carlo searching method; (ii) geometry reoptimization and
vibrational frequency calculation of each of the conformers
found in the previous step at the B3LYP /6-31G** level, with
the elimination of duplicate conformations and those that were
not true potential energy minima, i.e., retaining only those
conformers characterized by having all real harmonic vibra-
tional frequencies; (iii) for each of the conformers obtained in
step (ii), geometry reoptimization and vibrational frequency
calculation at the higher B3PW91/TZ2P and B3LYP/TZ2P
levels of theory; then, only for those conformers having a non-
negligible population, (iv) TDDFT calculations'? of the optical
rotations at 589.3 nm, using both the B3LYP and the B3PW91
functionals with the Sadlej-pVTZ basis set of GIAOs and using
the previously determined optimized geometries and popula-
tions; (v) DFT calculations'* of the IR and VCD spectra using
the B3LYP and the B3PW91 functionals in conjunction with the
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TZ2P basis set of GIAOs. Step (i) was accomplished using
Spartan 02,'8 whereas steps (ii)—(v) were carried out using
Gaussian 03." Solvent effects were not included in either the
geometry optimizations or the chiroptical property calculations.

Results

For conformationally flexibile molecules, the prediction of
an observable chiroptical property requires, in general, aver-
aging over the contributions of the populated molecular con-
formations. Consequently, the AC determination increases in
complexity. The computed optical rotation [o]; at each optical
wavelength 4 of a flexible molecule!¥-*mP-rs

o], = in[ah,i

where [a];; is the optical rotation for the ith conformation,
whose fractional equilibrium population is x;. Likewise, the
computed VCD spectrum (and the IR spectrum as well)' ¥ is
determined as the sum of the individual conformer spectra,
each one weighted by the fractional equilibrium population Xx;
of the corresponding conformer. As a result, the conforma-
tionally averaged properties are sensitive to both the accuracy
of the calculation for each individual conformation and to the
conformer populations.

1. Conformational Analysis. First, consider exo-3. The
Monte Carlo MMFF94 search finds 11 conformers (see
Table S1 of the Supporting Information), which are stable
with respect to changing both the searching method (Monte
Carlo or Systematic) and the starting temperature. All con-
formations survive the B3LYP/6-31G** geometry reoptimi-
zation; however a reordering in terms of relative stability
occurs (see Table S2 of the Supporting Information). Rela-
tive energy and free energy values (AE and AG) are less than

(18) Spartan 02; Wavefunction Inc., Irvine, CA.

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R. J.; Montgomery, A., Jr.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, 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, J. A. Gaussian 03, Gaussian, Inc.,
Pittsburgh, PA.
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TABLE 4. Dihedral Angles, Relative Energies, Relative Free Energies, And Percentage Equilibrium Populations Obtained after Reoptimization at the
B3PW91/TZ2P and the B3LYP/TZ2P Levels of Theory of the Most Stable Conformers of endo-3“
B3PWI1/TZ2P B3LYP/TZ2P

conformer o p y AE AG %P o p y AE AG %P
a 1553 59.7 88.0 0.00 0.00 55.7 156.2 59.6 92.9 0.00 0.00 51.6
c —54.7 —173.1 —91.6 0.89 0.54 22.2 —54.7 —173.1 —95.3 0.90 0.53 21.2
b 14.4 61.2 81.4 0.81 1.08 9.0 14.9 60.4 85.3 0.82 0.89 11.4
d 99.4 —173.4 =79.7 1.01 1.19 7.5 99.3 —172.5 —83.5 1.10 1.08 8.4
e 162.8 66.3 —103.7 1.98 1.69 3.2 162.8 66.2 —109.6 1.87 1.47 4.3
h —56.4 —179.0 113.9 2.71 2.34 1.1 —56.3 —178.8 118.4 2.59 2.14 1.4
f 30.7 64.4 —102.4 2.82 2.52 0.8 37.4 63.7 —108.7 2.50 2.26 1.1
g 90.5 —176.0 112.4 3.05 2.86 0.5 87.5 —1754 1159 2.78 2.61 0.6

“See Table 1 for definitions.

TABLE 5. Experimental Specific Rotations at 589.3 nm and Room
Temperature (24 °C) of 3 in Chloroform and Hexane Solutions of
Increasing Dilution”

hexane

+36.9(c = 1.00)
136.4(c = 0.72)
+36.7(c = 0.34)
+29.6(c = 0.10) +36.7(c = 0.13)
129.5(c = 0) 136.6(c = 0)

“In degrees[dm(g/cm?)]~'. Concentration ¢ is given in g/100 mL. The
values at infinite dilution (last row) have been obtained by linear
extrapolation.

chloroform
+36.4 (¢ = 1.00)

1+33.5(c = 0.71)
132.9(c = 0.34)

TABLE 6.  Optical Rotations in Degrees [dm(g/cm>)] " at 589.3 nm
Computed for the Most Populated Conformers of exo-3 at their B3LYP/
6-31G**, B3LYP/TZ2P, and B3PW91/TZ2P Equilibrium Geometries
Using Their Free Energy-Based Populations with the Sadlej-pVTZ Basis
Set and the Same Functionals

B3LYP/Sadlej- B3LYP/Sadlej- B3PWO1/Sadlej-
pVTZ//B3LYP/ pVTZ//B3LYP/ pVTZ//B3PWI1/
6-31G** TZ2P TZ2P

conformer [a]p; x;/[a]p; [olp; xi/[alp; [ops i [odp.
a —63.43 —19.82 —49.72 —10.89 —62.75 —16.19
b 24.03 6.28 34.16 5.36 38.71 6.54
c 13141 31.74 122.73  50.32 122.04  50.52
d 4.58 0.52 —59.16 —8.34 —60.91 —6.33

e —118.64 —2.99
f —17.67 —0.31 —12.87 —0.33 —17.35 —0.36

g 122.26 1.85

h 100.98 1.18
[adp = 18.45 [a]p = 36.12 [a]p = 34.18

or close to 2 kcal/mol for a subset comprising the first eight
conformations, which have been labeled a—h according to
increasing AG. Higher energy conformations have negli-
gible populations and can be ignored. Table 1 summarizes
the dihedral angles (a, f3, y), the relative energies (AE),
the relative free energies (AG), and the free energy-based
Boltzmann equilibrium populations at 298 K obtained at the
B3LYP/6-31G** level. In general, free energy derived popu-
lations are different from those obtained from energy alone
(see Supporting Information). However, to make a mean-
ingful comparison with experimental data obtained at room
temperature, free energy-based populations are to be pre-
ferred over those obtained from energy alone, and as a result,
the corresponding free energy derived chiroptical properties
should be considered to be the final predictions. Free energy-
based populations are used in this study. Nevertheless, one
should be aware that the free energy calculation is based on a

TABLE7. Optical Rotations in Degrees [dm(g/cm>)] ! at 589.3 nm
Computed for the Most Populated Conformers of endo-3 at Their B3LYP/
6-31G**, BILYP/TZ2P, and B3PW91/TZ2P Equilibrium Geometries
Using Their Free Energy-Based Populations with the Sadlej-pVTZ Basis
Set and the Same Functionals

B3LYP/Sadlej- B3LYP/Sadlej- B3PWO1/Sadlej-
pVTZ//B3LYP/ pVTZ//B3LYP/ pVTZ//B3PW91/
6-31G** TZ2P TZ2P
conformer [o]p; x;[olp; [o]p; xi[alp: [op;  xi[o]py
a 13531  61.66 137.32  70.86 142.06  79.13
b 36.09 5.89 40.53 4.62 43.94 3.95
c —80.01 —13.01 —76.67 —16.25 —86.21 —19.14
d 44.72 5.80 32.94 2.77 25.20 1.89
e —12.16 —0.43 —8.14 —0.35 —-9.85 —0.32
f —97.14 -—-2.11
g 195.55 2.40
h 55.04 0.56
i —43.59 —0.40
[odp = 60.36 [o]p = 61.64 [a]p = 65.52

number of further approximations, which could introduce
additional errors especially when low frequency vibrational
modes are present.

It is interesting to note (see Table S2 of the Supporting
Information) that, at this level of theory, conformer d has the
shortest distance between the H of the hydroperoxide and the
O of the furyl group, but it is not the most stable conformer;
three other conformers (a, b, and ¢) with H—O distances
outside the range of hydrogen bonding appear to have a
lower energy.

The molecular geometries of the eight conformations
(a—h), reported in Table 1, have been reoptimized using
the B3PWO91 and the B3LYP functionals in conjunction with
the larger TZ2P basis set. The results of these higher level
calculations are summarized in Table 2.

As can be observed, the two functionals are in good
agreement. The largest differences, ~4°, are in the dihedral
angles y. The population sequence is the same, although the
weights of conformers a(d) are predicted to be larger(smaller)
by the B3PW91 and B3LYP functionals, respectively. Con-
versely, comparing the relative energies, relative free ener-
gies, and populations with those obtained using B3LYP/
6-31G** (see Table 1), a number of significant differences
can be observed. In particular, conformer ¢ is now the most
stable, with an equilibrium population as large as 41%. The
basis set influence on relative free energies and populations is
also rather large for conformers a, b, and d. In going from
B3LYP/6-31G** to B3LYP/TZ2P the structures of the
conformations do not change radically except for conformer
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FIGURE 1. (a) IR absorption spectrum of (+)-3 in CCly; 0.15 M,
path length 597 um. (b) VCD spectrum of (+)-3 in CCly; 0.15 M,
path length 597 um.

d (dihedrals a and y change by ~24 and ~20°, respectively)
and conformer g (dihedral a changes by ~60°). As a con-
sequence, rather different chiroptical properties are expected
to result from these higher level equilibrium geometries and
populations compared to those obtained with the smaller
6-31G** basis set.

Now, consider the other possible diastereoisomer endo-3.
The Monte Carlo MMFF94 search finds 13 conformers (see
Table S4 of the Supporting Information). All of them survive
the B3LYP/6-31G** geometry reoptimization with some
reordering in terms of relative stability (see Table S5 of the
Supporting Information). Nine conformers have relative
energy values (AE and AG) less than or close to 2 kcal/mol.
They have been labeled from a to i as AG increases. Table 3
summarizes the dihedral angles, the relative energies, the
relative free energies, and the room-temperature equilibrium
populations obtained at the B3LYP/6-31G** level.

In this case also (see Table S5 of the Supporting
Information), the conformer having the shortest distance
between the H of the hydroperoxide and the O of the furyl
group, namely i, is not the most stable conformer.

The molecular geometries of the first eight conformations
(a—h), given in Table 3, have been reoptimized at the
B3PW91/TZ2P and the B3LYP/TZ2P levels of theory. The
results are summarized in Table 4.

As can be observed, the agreement between the two
functionals is rather satisfactory in this case too. The largest
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FIGURE 2. Comparison of the conformationally averaged
B3PWO91/TZ2P IR spectra of exo-3 (red) and endo-3 (blue) to the
experimental IR spectrum of (+)-3. Room-temperature equilibrium
populations were obtained from B3PWO91/TZ2P relative free
energies (Tables 2 and 4).

difference, ~7°, is in the dihedral angle a of conformer f. The
population sequence is the same with only minor differences,
as, for example, in the case of conformers a and b whose
weights are predicted to be slightly larger and smaller by the
B3PWO1 and the B3LYP functionals, respectively. In going
from B3LYP/6-31G** (see Table 3) to BALYP/TZ2P con-
formation a remains the most stable with a larger population
of 52%, while conformations b and ¢ are interchanged. Since
the structures of the conformations are similar, we do not
expect, in this case, large discrepancies in the calculated
chiroptical properties on passing from one set of equilibrium
geometries and populations to another.

2. Optical Rotation. 2.1. Experimental Section. Specific
rotations of 3, obtained according to Scheme 2, have been
measured at the sodium b line and room temperature in
CHCI; and hexane solutions. The results are listed in Table 5.

Intrinsic rotations obtained by extrapolating the specific
rotations to infinite dilution are reported in the last row of
Table 5. As can be observed, dilution has a measurable effect
only for CHCI; solutions, which is likely to indicate the
presence of solute—solute interactions, i.e., aggregation.
Since the optical rotation at the highest concentration is very
similar for the two solvents, one can suppose that aggrega-
tion may also occur in hexane and that it is not removed by
dilution in this nonpolar solvent. However, since the varia-
tion in OR value is small, this indicates that, apart from
aggregation, the solvent has only a moderate effect.
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FIGURE 3. Comparison of the conformationally averaged B3PW91/
TZ2P VCD spectra of (15,25,4R)-3 (red) and (1S,2R,4R)-3 (blue) to
the experimental VCD spectrum of (+)-3. Room-temperature equili-
brium populations were obtained from B3PW91/TZ2P relative free
energies (Tables 2 and 4). Numbers are attached to bands of exo-3
which differ in sign and/or magnitude from those of endo-3 and which
can be assigned to corresponding bands in the experimental VCD
spectrum of (+)-3.

2.2. Calculations. The results obtained for exo-3 and endo-
3 are summarized in Tables 6 and 7, respectively. Additional
details can be found in the Supporting Information. In both
tables, the optical rotations at 589.3 nm are calculated for the
most populated conformers at their B3LYP/6-31G**,
B3PWO91/TZ2P, and B3LYP/TZ2P equilibrium geometries.
The OR of each individual conformation [a]p; is reported
along with its contribution x; [a]p; to the averaged optical
rotation, where x; is the free energy-based fractional popula-
tion of the conformer (see Tables 1—4).

For exo-3, it can be observed that the B3PW91/Sadlej-
pVTZ//B3PWO1/TZ2P and the B3LYP/Sadlej-pVTZ//
B3LYP/TZ2P rotations are very similar with the exception
of conformer a, whose optical rotation is ~13° higher with
the B3PW91 functional. In going from B3LYP/Sadlej-
pVTZ//B3LYP/6-31G** to B3LYP/Sadlej-pVTZ//B3LYP/
TZ2P the optical rotations of the conformations undergo
fairly large changes. This is particularly evident for confor-
mer d, whose optical rotation changes radically from ~+4 to
~—60, as a consequence of the different structure. At all
levels, the largest contribution is given by conformer ¢, which
is positive, the second important contribution is given by
conformer a, which is negative, and partially cancels those of
c and b. Since a is the most stable conformation at the
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FIGURE 4. Comparison of the conformationally averaged
B3LYP/TZ2P IR spectra of exo-3 (red) and endo-3 (blue) to the
experimental IR spectrum of (4)-3. Room-temperature equilibrium
populations were obtained from B3LYP/TZ2P relative free energies
(Tables 2 and 4).

B3LYP/6-31G** level and ¢ is the most stable conformer
at the higher B3PW91/TZ2P and B3LYP/TZ2P levels, the
cancellation of terms is more effective in the former case. The
final computed optical rotations of exo-3 are positive in all
cases. In particular, the B3PW91/Sadlej-pVTZ//B3PWI1/
TZ2P and the B3LYP/Sadlej-pVTZ//B3LYP/TZ2P predic-
tions are in good agreement, being +34.2 and +36.1, respec-
tively. As expected, the B3LYP/Sadlej-pVTZ//B3LYP/6-
31G** rotation, +18.5, is significantly different.

For endo-3, it can be observed that the B3PW91/Sadlej-
pVTZ//B3PWO91/TZ2P and B3LYP/Sadlej-pVTZ//B3LYP/
TZ2P rotations are very similar in this case too, with the
exception of conformer ¢ whose optical rotation is ~10°
higher with the B3PWO1 functional. In going from B3LYP/
Sadlej-pVTZ//B3LYP/6-31G** to B3LYP/Sadlej-pVTZ//
B3LYP/TZ2P the optical rotations of the conformations
undergo only minor changes, with the exception of confor-
mer d, whose optical rotation becomes ~12° smaller, as a
consequence of the different structure. At all levels, conformer a
is the most stable and provides by far the largest contribution to
the optical rotation. Conformers b—d give the only other
significant contributions, and since the optical rotation of ¢ is
negative and those of b and d are positive, some partial cancella-
tion occurs. As a result of the different populations and indivi-
dual OR values, conformers b—d have a net contribution to the
optical rotation of —1.3° (B3LYP/Sadlej-pVTZ//B3LYP/6-
31G**), —13.3° (B3PW91/Sadlej-pVTZ//B3PWI1/TZ2P), and
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FIGURE 5. Comparison of the conformationally averaged
B3LYP/TZ2P VCD spectra of (15,25,4R)-3 (red) and (1S,2R,4R)-
3 (blue) to the experimental VCD spectrum of (+)-3. Room-
temperature equilibrium populations were obtained from B3LYP/
TZ2P relative free energies (Tables 2 and 4). Numbers are attached
to bands of exo-3 which differ in sign and/or magnitude from those
of endo-3 and which can be assigned to corresponding bands in the
experimental VCD spectrum of (+)-3.

—8.9° (B3LYP/Sadlej-pVTZ//B3LYP/TZ2P). The final [a]p
predictions for endo-3 are positive in all cases. The differences
in individual contributions are mitigated by the summation and
the final rotations are in good agreement, being +60.4°, +65.5°,
and +61.6° for B3LYP/Sadlej-pVTZ//B3LYP/6-31G**, B3-
PW91/Sadlej-pVTZ//B3PW91/TZ2P, and B3LYP/Sadlej-
pVTZ//B3LYP/TZ2P, respectively.

By comparing the experimental ORs in Table 5, i.e., +29.5
and +36.6 in CHCl; and hexane, with the most accurate
predictions reported in the last row of Tables 6 and 7, i.e.,
34—36 for exo-3 and 62—66 for endo-3, we can assign the AC
of (+)-3 as being that of exo0-3, i.e., (15,2S,4R). The optical
rotation for exo-3, obtained with the lower level B3LYP/6-
31G** set of geometries and populations, is not sufficiently
close to the experimental value to allow a reliable assignment
of the AC.

3. Vibrational Circular Dichroism. 3.1. Experimental Sec-
tion. The IR and VCD spectra of (+)-3 were measured using
a CCly solution of concentration 0.15 M in a cell of path
length 597 um. The baseline for the VCD spectrum of (+)-3
was the VCD spectrum of ()-3. The IR and VCD spectra in
the frequency range 1530—825 cm ™' are shown in Figure 1.

3.2. Calculations. In this section we provide a theoretical
analysis of the VCD spectrum of (+)-3. As a result, the
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FIGURE 6. Comparison of the conformationally averaged
B3PW91/TZ2P IR spectrum of exo-3 to the experimental IR
spectrum of (+)-3. Fractional equilibrium populations were ob-
tained from B3PWO91/TZ2P relative free energies (Table 2). Num-
bers are attached where the agreement is sufficiently good to assign
the experimental bands. Arrows indicate experimental bands due to
conformer a (see also Figure S1 of the Supporting Information).

absolute configuration of (+)-3 will be obtained. The IR
spectrum will also be analyzed in order to help assign the
experimental bands. The procedure we have followed is a
well established one.'* In particular, the method outlined in
ref 14u,14y has been used, according to which, for a con-
formationally flexible molecule, the computed VCD spec-
trum (and the IR spectrum as well) is determined as the sum
of the individual conformer spectra, each one weighted by
the fractional equilibrium population of the corresponding
conformer. Obviously, the resulting VCD spectrum is a
function of the configuration of the chiral centers, but it also
depends on the accuracy of both the calculated rotational
strengths of the fundamental vibrational transitions and the
predicted populations of the conformers. From previous
experience,Mj’l_“’Ll DFT calculations of VCD spectra are
best carried out using the B3PW91 and the B3LYP density
functionals in conjunction with the TZ2P basis set of GIAOs
for both the rotational strengths and the populations (see
Tables 2 and 4 of the conformational analysis section for the
latter).

For each conformer of exo-3 and endo-3 having a frac-
tional equilibrium population greater than ~0.015, the IR
and VCD spectra have been calculated at both levels of
theory. The conformationally averaged IR and VCD spectra
of exo-3 and endo-3 are superimposed and displayed in
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FIGURE 7. Comparison of the conformationally averaged
B3PW91/TZ2P VCD spectrum of (15,25,4R)-3 to the experimental
VCD spectrum of (+)-3. Fractional equilibrium populations were
obtained from B3PWO91/TZ2P relative free energies (Table 2).
Numbers are attached where the agreement is sufficiently good to
assign the experimental bands. Arrows indicate experimental bands
due to conformer a (see also Figure S2 of the Supporting
Information).

different colors together with the corresponding experimen-
tal spectra in Figures 2—35.

As can be observed, both functionals give results of
comparable accuracy overall: in some regions B3PWO1 is
better and in others B3LYP is better. Although differences
between predicted exo-3 and endo-3 IR spectra are not so
obvious at both levels of theory, the VCD spectra exhibit a
relatively large number of different bands. In particular,
differences observed in the B3PW91/TZ2P VCD spectra of
Figure 3 are rather significant, as many of the exo-3 bands,
which differ from those of endo-3 in sign and/or magnitude,
can be found in the experimental VCD spectrum. In Figure 3
numbers have been attached to those characteristic bands of
ex0-3 which match the experimental ones. As shown in
Figure 5, the same is found at the B3LYP/TZ2P level for a
slightly lower number of bands. This allows a fairly confident
assignment of the AC of (+)-3 as being that of exo-3, namely
(1S,2S,4R).

Therefore, we can now restrict our attention exclusively to
exo0-3, and as shown in Figures 6—9, the calculated IR and
VCD spectra of exo-3 enable us to assign most of the
experimental bands of (4)-3.

Of particular interest is the presence of bands in both the
IR and VCD spectra that can be attributed to individual
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FIGURE 8. Comparison of the conformationally averaged
B3LYP/TZ2P IR spectrum of exo-3 to the experimental IR spec-
trum of (+4)-3. Fractional equilibrium populations were obtained
from B3LYP/TZ2P relative free energies (Table2). Numbers are
attached where the agreement is sufficiently good to assign the
experimental bands. Arrows indicate experimental bands due to
conformer a (see also Figure S4 of the Supporting Information).

conformations. This occurs when one conformer displays
absorptions in regions relatively transparent to all other
conformations. In this particular case, band number 10 in
the IR spectrum and bands 7 and 20 in the VCD spectrum
can be associated with conformer a at both levels of theory.

The best assignment of the experimental VCD spectrum of
(+)-3, based on the DFT calculated VCD spectrum of
(1S,25,4R)-3, is shown in Figures 7 and 9. As a result, the
AC of 3is concluded to be (15,25,4R)-(+).

Discussion

Unlike enantiomeric pairs, diastereoisomers do not exhi-
bit mirror-image chiroptical properties; consequently, theo-
retical predictions must be carried out for both of them. Since
diastereoisomers have independent chiroptical properties,
we have carried out two independent calculations: (i)
TDDFT calculation of the optical rotations at 589.3 nm
and (ii)) DFT calculation of the VCD spectrum. The results
have been reported in the previous sections, using a common
set of equilibrium geometries and populations and employ-
ing computational protocols whose reliability have been
assessed in previous studies.®'#"!4Y

The intrinsic optical rotation at the sodium b line is +29.5
in chloroform and +36.6 in hexane; the most accurate
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FIGURE 9. Comparison of the conformationally averaged
B3LYP/TZ2P VCD spectrum of (15,25,4R)-3 to the experimental
VCD spectrum of (4)-3. Fractional equilibrium populations were
obtained from B3LYP/TZ2P relative free energies (Table 2). Num-
bers are attached where the agreement is sufficiently good to assign
the experimental bands. Arrows indicate experimental bands due to
conformer a (see also Figure S5 of the Supporting Information).

calculated rotations are in the range +34—36 for exo-3 and
4+62—66 for endo-3. The best agreement was obtained for
exo-3 using the higher level B3PW91/TZ2P and B3LYP/
TZ2P geometries and populations. Quantitatively, the dif-
ference between the experimental and calculated rotations
lies in the range 0.6—6.5° for exo-3 and 25—36° for endo-3.
This enables us to make an assignment that the absolute
configuration of (+)-3 is that of exo-3; i.e., (15,25,4R).
However, we cannot claim that this assignment is 100%
reliable, since our conclusion is based on a number of
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assumptions (for example, choice of calculational method
and basis set, neglect of solvent effects and vibrational
contributions, and type of populations used) each of which
could introduce serious errors. In order to deal with such not
easily known effects, a recent investigation,'*? regarding the
reliability of ACs determined by TDDFT calculations for
conformationally flexible molecules, has reported a statisti-
cally determined error bar of £ > 57.8°. Since this error bar is
greater than both of the differences between predicted and
experimental optical rotations for exo-3 and endo-3, our
assignment is somewhat unreliable.

A definitive answer is given by the comparison between
experimental and computed VCD spectra. VCD spectra
have been computed using the same functional and basis
set combinations used to obtain the final OR predictions, i.e.,
B3PWO91 and B3LYP in conjunction with the TZ2P basis set
of GIAOs. Although the computed IR absorption spectra of
exo-3 and endo-3 are practically indistinguishable, the pre-
dicted VCD spectra show a number of differences which
unequivocally identify the VCD spectrum of (4)-3 as being
that of exo-3, i.e., (15,25,4R)-3. Finally, several bands are
observed in the experimental IR and VCD spectra which can
be assigned to exo-3a, the second most populated conformer,
thus supporting the DFT conformational analysis of 3.

Particular care must be exercised when calculating equili-
brium geometries and populations. As clearly shown here,
the B3LYP/6-31G** combination does not provide geome-
tries and populations of sufficient accuracy. Our advice is to
use a higher level of theory based on either the B3PW91 or
the B3LYP density functional in conjunction with the TZ2P
basis set of GIAOs.
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