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Abstract
The title molecule has been synthesised and the low temperature NMR spectrum recorded in CDCl3. The spectrum shows that four
conformers lie within 0.08 eV at 210 K. We show that an accurate conformation analysis can be obtained with a full and consistent use of
the DFT (B3LYP) and PCM methods. If the polarised StuttgarteDresden basis and a PCM cavity with individual spheres on the hydrogen atoms
are used, if the thermal and PCM non-electrostatic contributions are taken into account, and if a demanding convergence is achieved, then the
rms error on the energy differences amounts to 0.002 eV. The 6-31þg(d) basis is larger and yields a larger rms error: 0.006 eV.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

DFT (Density Functional Theory) and PCM (Polarised
Continuum Medium) methods are widely used in the literature
for conformation analysis of molecules, but in a wide range of
ways. Many authors perform geometry optimisations in the
vacuum and single point PCM calculations for solvation
effects,1 most authors define their cavity within the United
Atoms frame, including the hydrogens in spheres centered on
the heavy atoms to which they are bound, but some authors
also define the cavity with a unique sphere.2,3 Most authors
use the gaussian basis sets of the Pople family4 but with large
variations in the choice of diffuse and polarisation functions,
and contraction scheme. Results are only in ‘reasonable’
agreement with experiments, so that the question remains
whether or not quantum chemistry can accurately interpret
organic chemistry in solution.
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In the present work we systematically investigate the main
parameters of the PCM method, applied to the conformation
analysis of the title molecule oxazolidin-5-one, which is a rather
large molecule (44 atoms) and displays four conformers in less
than 0.1 eV. We show that an excellent agreement with mea-
surements can be obtained with the DFT and PCM methods,
if the dielectric cavity and the gaussian basis set are carefully
chosen, and if a demanding convergence of the DFT calculation
is achieved.

Most tertiary aromatic amides 1 (Fig. 1) are not planar, and
even moderate steric hindrance forces a dihedral angle of 90� on
the AreCO bond.5 Depending on substitution pattern (such as
Figure 1. Tertiary amides (1) and the choice of the present work (2).
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AsB), the two perpendicular conformers about the AreCO
bond are enantiomeric, and with a sufficiently slow rate of rota-
tion about this bond, the conformers can be atropisomeric.6e8

For simple amides 1 bearing achiral substituents A, B, R1 and
R2, the rate of rotation about the AreCO bond is also the rate
of enantiomerisation. When the amide bears chiral substituents
A, B, R1 or R2, the conformers about AreCO are diastereoiso-
meric and at equilibrium they are not necessary equally popu-
lated. These properties have been elegantly exploited by
Clayden9e13 and other groups14e17 in asymmetric synthesis.

For amides bearing chiral substituents A, B, R1 or R2 four
conformers can be observed by 1H NMR at low temperature.
These conformers interconvert by rotation about their AreCO
(named M/P conformers) and CeN bond (named cis/trans
conformers). The cis/trans conformers can be assigned by
using the following property: signals of N-substituents cis to
O are shifted downfield relative to those of N-substituents
cis to the aromatic ring.6 But there is no empirical means to
assign the M/P conformers.

We are currently interested in oxazolidin-5-one 2 (Fig. 1),
which actually displays four conformers in 1H NMR at low
temperature. Hereafter the four conformers will be called
a (P cis conformer), b (M cis conformer), c (P trans con-
former) and d (M trans conformer). The four conformers are
shown in Figure 2.
Figure 2. S-3-(1-Naphthoyl)-4-isopropyl-2,2-dimethyloxazolidin-5-one: the

four conformers.
2. Results and discussion

2.1. Computational method

In the PCM method18e20 the solute is imbedded in a cavity
of a continuum medium fully characterised by its dielectric
constant. This cavity is currently obtained through fusing
spheres centered on nuclei and then tesselised with the help
of little planar tesseras.21 The radii of the spheres are essential
parameters of the method, for which several choices can be
made. In this work we use the van der Waals radii of the
atoms, which have been evaluated in the frame of the Univer-
sal Force Field (UFF).22 In all cases the cavity is enlarged
with additional small spheres, which gives a smoother cavity
surface and eliminates the dielectric from regions where the
solvent is unlikely to penetrate.

We have investigated the following possibilities of the
method:

1. Use of spheres centered on every atom, including H (true
UFF cavity), or inclusion of H atoms in a (larger) sphere
centered on the heavy atom (C, N) to which it is bound,
as proposed by the United Atom Topological Model
(UATM)23 (UAeUFF cavity).

2. Inclusion of the PCM non-electrostatic terms (cavitation,
dispersion, Pauli repulsion).

3. Convergence of the PCM energies towards the tesselation:
we will use the values 0.1 and 0.2 Å2 for the average value
of the tessera surface.

4. Origin of the harmonic frequencies, calculated in the
vacuum or in the cavity.

5. Convergence threshold of the DFT calculations.

All the quantum calculations have been performed with the
B3LYP functional and basis sets of two origins: the ‘Stuttgarte
Dresden’ (pSDD) core pseudopotentials and polarised basis set,
and ‘Pople’ basis sets. Details are given in Section 5.1.

The ratio of pi, abundance of conformer i over pa, abun-
dance of conformer a is related to the Gibbs free enthalpies
G and temperature T through the Boltzmann formula.24 Since
G and the Helmoltz free energy F only differ through PV, and
since PDV is usually fully negligible in solvation processes,25

the formula may be written with free energies:

pi

pa

¼ e�
Fi�Fa

kT ð1Þ

Conformation analysis can only be validated if the NMR
spectrum is interpreted. For this reason we first present the cal-
culation of the chemical shifts. The calculations have been
done at the molecular geometries obtained with the UFF
dielectric cavity and pSDD gaussian basis set, which will be
justified in Section 2.4.

2.2. Chemical shifts

Part of the 1H NMR spectrum of compound 2 in CDCl3 at
210 K (signals corresponding to H4) is reproduced in Figure 3.
This spectrum has been recorded at 210 K, which is the lowest
temperature possible with liquid CDCl3. The temperature un-
certainty is 0.1 K. According to the argument of Clayden6 the
two largest peaks (on the right part of the spectrum) may be
attributed to the cis conformers (a and b) and the two smallest
peaks (left part of the spectrum) may be attributed to the trans
conformers (c and d). Investigation of temperature effects has



Figure 3. H4 part of the NMR spectrum in CDCl3 at 210 K.
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shown that at about 290 K the coalescence of the a and b peaks
on one side, and of the c and d peaks on the other side, is
achieved. Complete coalescence of the four peaks has been
obtained at about 320 K. Some exchange between the con-
formers at 210 K cannot be excluded, but we think that it is
very slow. The chemical shifts are given relative to tetra-
methylsilane (TMS), with the usual sign convention:

drel ¼ dTMS
abs � dabs ð2Þ

These chemical shifts have been calculated with the GIAO
(Gauge Invariant Atomic Orbitals) method26 and the 6-31g(d,p)
and 6-311þg(2d,p) basis sets. We use two basis sets because it
has been noted in the literature27,28 that the calculated values
of H chemical shifts are sensitive to the basis. The results
for the four conformers, relative to the TMS value are given
in Table 1 for the two basis sets. Absolute values for the
TMS are 31.69 ppm (6-31g(d,p) basis) and 31.81 ppm
(6-311þg(2d,p) basis). These results call for the following
comments:
Table 1

Calculated and measured values of the NMR chemical shifts (in parts per mil-

lion, relative to TMS) of H4 in CDCl3 for the four conformers and measured

values of the peak surfaces

Origin c

(P trans)

d

(M trans)

a

(P cis)

b

(M cis)

TMS

Shift 6-31g(d,p) 4.88 4.72 4.38 3.99 0

Shift 6-311þg(2d,p) 5.07 4.92 4.57 4.14 0

Shift Exp. 4.99 4.84 4.45 3.91 0

Peak surface Exp. 7.1 1.2 100 55.8 d

NBO charge 6-311þg(2d,p) 0.251 0.249 0.241 0.243 0.226
1. Basis effects are present, but not larger than 0.2 ppm. This is
exactly the error noted in the literature27 for protons shifts in
another class of molecules. Since the c�d measured differ-
ence amounts to 0.15 ppm we must say that the interpreta-
tion of the NMR spectrum is not completely under control.
Nevertheless the basis effect does not change the c>d>a>b
order of the chemical shifts, so that we may consider that
this order yields a plausible interpretation of the spectrum.

2. Since this interpretation will be confirmed in the next
sections by conformation analysis, we here admit it and
deduce from peak surfaces the following order: a<b<c<d
of increasing energies.

3. The two highest peaks are attributed to the cis conformers
(a and b) and the two smallest peaks to the trans conformers
(c and d), so that our prediction, based on the analogy with
Clayden compounds6 is confirmed by the calculation.

4. The calculation also enables M/P discrimination. It can be
seen that in both cis and trans case the P conformers
(a and c) resonate at lower fields than the M conformers
(b and d, respectively).

5. It is worth noting that the cisetrans identification can be
predicted with the help of atomic charges, and that the
MeP identification cannot. In Table 1 we give the NBO
(Natural Bond Orbitals) charges29 of hydrogen H4 of
the conformers and of the hydrogens of TMS. If we
round up these charges to two figures, we get the follow-
ing decreasing charges: qtrans (0.25)>qcis (0.24)>qTMS

(0.23) in good correlation with the decreasing chemical
shifts. Unfortunately the charges are too close to each
other to help MeP discrimination as can be seen on the
cis case.

The four conformers are present with the following peak
surfaces: 100.0, 55.8�0.1, 7.1�0.3 and 1.2�0.1, where the
errors have been deduced from a series of 10 independent
integrations. The peak surfaces enable the evaluation of the
conformer energetics with the help of formula 1: if the zero
energy is set on conformer a, we get the following relative
energies: b: 0.01056�0.00003 eV, c: 0.048�0.001 eV, d:
0.080�0.0015 eV. It can be seen that the four conformers lie
within 0.080 eV, and that the uncertainty on the energy differ-
ences amount to 0.0015 eV, or less. The temperature uncer-
tainty (0.1 K) has no significant consequences. Reproducing
these energies is a challenge for quantum chemistry in
solution.

2.3. Conformation analysis in the vacuum

In this section we consider the electronic energies Eel and
the electronic and nuclear (vibrational and rotational) free
energies Ftot of the conformers at T¼210 K:

FtotðTÞ ¼ EelþEvibðTÞ � TSvibðTÞ � TSrotðTÞ ð3Þ

where the nuclear thermal energies Evib and entropies Svib and
Srot are given by standard statistical thermodynamics of the
harmonic oscillator and free rotator.24 Since we are only inter-
ested in relative stabilities, we do not consider the translation
and rotational thermal energies, and translational entropies
neither, which exactly cancel out when energy differences
are calculated.

The electronic energies, partial and total free energies are
given in Table 2. All the vibration frequencies are real (not



Table 2

Absolute values (H) and relative values (eV) of electronic energies, partial

(electronic and vibrational) and total (electronic, vibrational and rotational)

free energies of the four conformers in vacuum

a b c d

Eel �178.59706602 �178.59640056 �178.59410769 �178.59214166

Felvib �178.238878 �178.238155 �178.235955 �178.234313

Ftot �178.250371 �178.249616 �178.247478 �178.245801

Eel 0 0.0181 0.0805 0.1340

Felvib 0 0.0197 0.0795 0.1242

Ftot 0 0.0205 0.0787 0.1244

Grel (exp.) 0 0.0106 0.0480 0.0800
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shown), this proves that the calculated structures are true min-
imas. Structural quantities, dihedral angles and dipole moments
are given in Table 3. From Tables 2 and 3 the following com-
ments can be made:

1. Conformer a is the most stable, the energy order is
a<b<c<d. The four conformers lie within 0.13 eV.

2. It can be seen that the dipole moment of c and d is much
larger (5.3 D) than that of a and b (3.4 D). A stabilisation
of c and d can be expected in solution, therefore.

3. Vibrational and rotational contributions are small (but
perceptible), and do not modify the stability order. Both
nuclear contributions tend to destabilise b and to stabilise
c and d, relative to a.

4. The values of the C(Me)NC(O)O dihedral angle show that
in a and b the CO bond lies almost perfectly within the
five-membered ring. We have also checked that in these
cases the N atom displays three coplanar bonds. Both fea-
tures are in agreement with simple ideas about maximum
conjugation of the CO p bond and the lone pair of the
(sp2) N atom.

5. The values of the same dihedral angle show that in the c
and d cases this conjugation is decreased. This feature
goes along with an N atom, which is a little pyramidalised.

6. The values of the CArHArC(O)N dihedral angle show that
in every case the naphthyl group is twisted, as can be ex-
pected from steric hindrance of the isopropyl and dimethyl
groups.

We emphasise that the four conformers have their four
smallest frequencies between 30 and 60 cm�1. The smallest
frequency is that of the internal rotation of the naphthyl group
about the CArC(O) bond.
Table 3

Characteristic dihedral angles (degrees) and dipole moment (Debye) of the

different conformers in vacuum and in CDCl3 in the UFF cavity

Condition Quantity a b c d

In vacuum CAr(H)CArC(O)N 62.29 �117.42 58.23 �110.43

C(Me)NC(O)O 12.05 10.59 �148.02 �153.97

Dipole moment 3.40 3.37 5.36 5.30

In CDCl3 CAr(H)CArC(O)N 64.80 �115.95 61.98 �106.54

C(Me)NC(O)O 11.79 10.29 �151.97 �157.64

Dipole moment 4.0276 4.0280 6.70 6.59
2.4. PCM energies

In this section we discuss the PCM energies of optimised
structures, given by:

Epcm ¼ Eel
pcm þEnon el

pcm ð4Þ

where Eel
pcm is the electrostatic energy of the molecule in the

field of the polarised solvent and Enon el
pcm gathers non-electro-

static contributions: cavitation,30,23 dispersion31,32 and Pauli
repulsion33 energies. As stated in the introduction we use the
simple UAeUFF cavity, with spheres defined only on heavy
atoms, and the more sophisticated UFF cavity, with spheres
on every atom, including H. We use the dielectric constant
of CDCl3 (4.6734) and tesseras with an area value of 0.2 and
0.1 Å2 in average. The basic radii of the spheres are the
ones of the UFF model.22

2.4.1. Uncertainty on the PCM energies
We first comment on the convergence of the calculations:

we have found that geometry optimisations with residual
forces smaller than 10�6 H Å�1 are difficult as soon as cavities
are used. This issue may be attributed to both the small fre-
quencies of the molecule (close to 30 cm�1) and the tessela-
tion of the cavity surface, which yields ripples on the
potential surface. We have ensured the smallest possible
values of the residual forces, with the help of the Berny35

and GDIIS (Generalised Direct Inversion in the Iterative
Subspace) algorithms.36 All the calculated structures are true
minimas, with only real vibration frequencies (not shown).

The PCM energies and residual rms (root mean square)
forces are given in Table 4, it can be seen that:

1. Full convergence (with residual forces smaller than
5.10�7 H Å�1) has been obtained in many cases.

2. In a few cases the residual force is larger, but much
smaller than 10�5 H Å�1

3. In one case only (finest UFF calculation of the b conformer),
the residual force reaches 10�5 H Å�1.

We have evaluated the consequences of these residual
forces with the help of a few fully converged calculations,
assuming that all the conformers have the same convergence
behaviour. The convergence route of these calculations is
graphically summarised in Figure 4, where energy deviations
from the final energy are given towards the corresponding
values of the residual force, along the sequence of iterations.
Figure 4 shows that for residual forces smaller than
5.10�6 H Å�1 energy deviations are negligible (<0.0005 eV),
and that for forces close to 10�5 H Å�1 they hardly reach
0.001 eV. This suggests that for the finest UFF calculation of
b, displaying the largest residual force, the uncertainty is
very probably smaller than 0.001 eV and the b�a energy
difference can be safely written as �0.0005 eV.

Figure 4 also shows that energy uncertainty rapidly increases
when the residual force increases, this shows that approximate
convergence can make accuracy discussions irrelevant. Thanks



Table 4

Absolute (H) and relative (eV) PCM energies in CDCl3, residual rms force (in H Å�1) at the convergence, influence of the spheres on H atoms and of the PCM

surface tesselation, average tessera area are in Å2 and rms errors in eV

PCM cavityþaverage tesserae area a b c d rms error

UAeUFF 0.2 Eabs �178.592295 �178.591177 �178.591356 �178.589709

rms force 0.000000 0.000001 0.000005 0.000001

Erel 0 0.0304 0.0255 0.0704 0.010

UFF 0.2 Eabs �178.584572 �178.584220 �178.582909 �178.581144

rms force 0.000002 0.000006 0.000005 0.000004

Erel 0 0.0096 0.0452 0.0933 0.005

UFF 0.1 Eabs �178.584569 �178.584264 �178.582952 �178.581187

rms force 0.000001 0.000010 0.000000 0.000000

Erel 0 0.0084 0.0440 0.0920 0.004

Exp. Grel 0 0.0106 0.0480 0.0800
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to our demanding convergence, our results enable an accuracy
discussion on the scale of the thousandth of eV, only the slight
b uncertainty must be kept in mind.

2.4.2. Results
We now define the rms error as:

rms¼ 1

3

" X
i¼b;c;d

�
ecalc

i � eexp
i

�2

#1=2

; with ecalc
i ¼ Ecalc

i �Ecalc
a

ð5Þ
It can be seen in Table 4 that the rms errors are small: be-

tween 0.004 and 0.010 eV according to the method used. It can
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Figure 4. Graphical representation of the convergence behaviour of fully con-

verged calculations: absolute value of the energy deviation towards residual

rms force.
be seen that these values are largely dominated by the errors
on c and d, this shows that the uncertainty on b (0.001 eV)
has no consequence, and that the rms errors of Table 4 are
significant.

Since we have seen in Section 2.3 that thermal contribu-
tions only slightly affect the results, we may compare these
results to experimental values. It can be seen that:

1. If the simple UAeUFF cavity is used the four conformers
lie within 0.070 eV, which is close to the NMR value
(0.080 eV). Nevertheless the b�a difference is obtained
too large and b is even obtained less stable than c.

2. Using the UFF cavity yields excellent results, with only
d a little too high.

3. If a finer tesselation of the surface is used (from 0.2 to
0.1 Å2), then all the energy differences are reduced by
only x0.001 eV.

These results show that with the simple UAeUFF cavity
the b�c energy difference has the wrong sign, and that
providing the hydrogens with individual spheres restores the
right sign. This success can be reasonably related to the spe-
cific steric hindrance in our molecule. It can be seen in Fig-
ure 2 that the naphthyl fragment is critically facing three H
atoms of the isopropyl fragment (in a and b) and two H
atoms of the dimethyl fragment (in c and d). Our results
show that it is important to provide these H atoms with indi-
vidual spheres.
2.5. Thermal contributions

Nuclear movements generally contribute to conformation
energies because nuclear vibrations display ZPE (zero point
energy) and because several vibration and rotation states
may be accessible at the temperature of the experiment.
Both these effects may differ in the various conformers. In
this section all the energies are PCM energies, but we consider
two possible origins of the vibration frequencies:

1. Harmonic frequencies are calculated in the vacuum, at the
vacuum optimised geometry.



Table 5

Absolute (H) and relative (eV) free energies in CDCl3: influence of the origin of the harmonic frequencies, PCM or in vacuum, rms error is in eV

PCM cavityþav tess. area Harmonic analysis a b c d rms error

UA e UFF 0.2 Fabs UAeUFF 0.2 �178.246697 �178.245336 �178.245851 �178.244300

Vacuum �178.245600 �178.244393 �178.244726 �178.243369

Frel UAeUFF 0.2 0 0.0370 0.0230 0.0652 0.013

Vacuum 0 0.0328 0.0238 0.0607 0.013

UFF 0.2 Fabs UFF 0.2 �178.237631 �178.237292 �178.236057 �178.234528

Vacuum �178.237877 �178.237436 �178.236279 �178.234800

Frel UFF 0.2 0 0.0092 0.0428 0.0844 0.002

Vacuum 0 0.0120 0.0435 0.0837 0.002

UFF 0.1 Fabs UFF 0.1 �178.237313 �178.236986 �178.235659 �178.234264

Vacuum �178.237514 �178.237131 �178.235971 �178.234498

Frel UFF 0.1 0 0.0090 0.0450 0.0830 0.002

Vacuum 0 0.0105 0.0420 0.0821 0.002

Exp. Grel 0 0.0106 0.0480 0.0800
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2. They are calculated within the PCM method. Note that
theoretical arguments actually make these PCM frequen-
cies disputable.37

Results are given in Table 5. We have checked, like in
Section 2.4, that the small values of the rms errors are signif-
icant, despite the small uncertainty on b. The results of Table 5
call for the following comments:

1. As expected from Section 2.3 thermal contributions never
change the energetic order of the conformations. In partic-
ular the UAeUFF cavity still yields the wrong sign for the
b�c energy difference.

2. The best results are obtained with the UFF cavity, this con-
firms that providing hydrogen atoms with individual
spheres is more realistic.

3. If the UFF cavity is used, using a finer tesselation yields
the same value of the rms error. This confirms that our
tesselation has converged.

4. In all cases using PCM or vacuum frequencies yields the
same rms error. Nevertheless note that with PCM frequen-
cies the errors are more uniform (maximum error:
0.003 eV) than with vacuum frequencies (maximum error:
0.006 eV).

5. Comparison with Table 4 shows that thermal contribu-
tions, although small, actually do improve the results since
Table 6

Influence of the gaussian basis set: absolute (H) and relative values (eV) of the P

conformers, residual rms forces (H Å�1) and relative abundances at equilibrium at

Basis set a b

Eabs 6-31þg(d) �1017.158959 �1017.158

Erel d 0 0.017

rms force d 0.000009 0.000

Fabs d �1016.813152 �1016.812

Frel d 0 0.021

Grel Exp. 0 0.010

Abundance 6-31þg(d) 100 30.0

Abundance pSDD 100 51.1

Abundance Exp. 100 55.8
the rms error is reduced by a factor two. This is mainly due
to the d conformer.

6. The most striking result is the very small value of the UFF
rms error: 0.002 eV (0.05 kcal/mol). This error has the
same order of magnitude, though a little larger, as the error
we have deduced from NMR errors (at most 0.0015 eV).

Since the present results are clearly consistent with the
chemical shifts obtained in Section 2.2 we conclude that our
interpretation of the NMR spectrum is valid. Our results
show that the DFT and PCM methods yield free energies in ex-
cellent agreement with NMR measurements, under the condi-
tion that the sophisticated UFF cavity is used, with individual
spheres on hydrogens.

2.6. Influence of the gaussian basis set

2.6.1. Comparison with the 6-31þg(d) basis set
In the present work we have used the pSDD core pseudopo-

tential and basis,38 because of our experience of the general
good performance of this basis. Since most of the calculations
of the literature are done with basis sets of the Pople family4

we have also used the 6-31þg(d) basis for the purpose of
comparison. Results are given in Table 6.

It can be seen that the 6-31þg(d) residual forces are smaller
than 10�5 and the rms error 0.006 eV. According to the
CM energies (E) and free energies with vacuum frequencies (F) of the four

210 K

c d rms error

303 �1017.157176 �1017.155257

9 0.0485 0.1007 0.007

005 0.000005 0.000000

360 �1016.811475 �1016.809698

6 0.0456 0.0940 0.006

6 0.0480 0.0800

7.9 0.55

9.0 0.98

7.1 1.2
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uncertainty discussion of the previous sections, we think that
this error value is significant. This value (0.006 eV) is signif-
icantly larger than that of our basis (0.002 eV). The largest
errors display the same tendency: 0.014 eV for 6-31þg(d)
(conformer d) and 0.006 eV for pSDD (conformer c). The con-
sequences of these errors are striking if abundances are consid-
ered: it can be seen in Table 6 that apart from conformer c,
which is slightly better described by the Pople basis,
6-31þg(d) abundances of conformers b and d are too small
by a factor almost two.

2.6.2. Test of the Pople basis sets
In Table 7 we compare the conformation analysis in the vac-

uum yielded by several Pople type basis sets. Note that our
pSDD basis has no p gaussian on hydrogens and one d gaussian
on heavy atoms, with exponent 0.8 taken in the Pople basis: the
comparison of Table 7 is fully significant, therefore. It can be
seen that:
Table 7

Energy differences in the vacuum and rms errors (eV) for various basis sets

Basis set a b c d rms error

6-31g(d) 0 0.0329 0.0883 0.1598 0.031

6-31þg(d) 0 0.0245 0.0847 0.1387 0.024

6-31þþg(d) 0 0.0235 0.0847 0.1361 0.023

6-311g(d) 0 0.0307 0.0881 0.1519 0.028

6-311þþg(d) 0 0.0237 0.0881 0.1371 0.024

pSDD 0 0.0181 0.0805 0.1340 0.021

Exp. 0 0.0106 0.0480 0.0800 d

Table 8

Different contributions to PCM energies: total and detailed non-electrostatic

contributions (eV), cavity volume (Å3), cavity surface (Å2) and relative free

energies (with vacuum harmonic analysis) without the PCM non-electrostatic

contributions (eV)

a b c d rms error

Enon el
pcm 0.663 0.651 0.644 0.644

Erep 0.047 0.046 0.048 0.046

Edisp �0.893 �0.887 �0.913 �0.898

Ecav 1.510 1.492 1.509 1.495

Cavity volume 414.80 414.29 406.04 407.73

Cavity surface 328.94 327.60 330.96 327.89

Fel
pcm;rel 0 0.0239 0.0632 0.1031 0.010
1. The difference between the pSDD and 6-31þg(d) rms
errors is 0.003 eV, very close to the difference of the
PCM values (0.004 eV). The present comparison of vac-
uum results is justified, therefore.

2. The 6-31g(d) basis is very poor (rms error: 0.03 eV).
3. 6-31g(d) and 6-311g(d) are close to one another (0.03 eV),

this shows that decontracting the basis is useless.
4. 6-31þg(d), 6-31þþg(d) and 6-311þþg(d) results are

close to one another (0.02 eV). This shows that adding dif-
fuse gaussians is necessary, and that one shell is sufficient.

The 6-31þg(d) is thus the best small basis of the Pople fam-
ily. We emphasise that the pSDD basis is much smaller (373
gaussians) than the 6-31þg(d) basis (479 gaussians). This
difference is slightly perceptible as long as energies are calcu-
lated, but doubles the computation time of frequencies. Our ba-
sis is thus smaller and significantly better than the smallest
diffuse Pople basis. We attribute this success to the core pseudo-
potentials, which enable a low cost, finer description of the va-
lence zone. Also the StuttgarteDresden basis sets are free from
the Pople constraint, of equal exponents for s and p primitives.
Grel exp. 0 0.0106 0.0480 0.0800
2.6.3. Structural test of a few basis sets: the formaldehyde
case

The pSDD and 6-31þg(d) structures of the four conformers
also display slight differences, for instance the 6-31þg(d)
value of the vacuum CO distance (1.232 Å) is a little larger
(by 0.007 Å) than the pSDD value (1.226 Å), and the
6-31þg(d) values of the dipole moments are regularly 0.3 D
smaller than the pSDD values.

Since exact values are not known for our molecule, we turn
to formaldehyde, for which accurate values have been ob-
tained, through inversion of rovibration data.39 According to
this work the CO bond length amounts to 1.2031 Å. We
have calculated this formaldehyde value with several currently
available basis sets: pSDD (1.2033 Å), 6-31þg(d) (1.2093 Å),
Dunning D95V (1.2411 Å), and augeccepvtz (1.2002 Å).
These results show that the pSDD value is in exceptional
agreement with the accurate value. The CH bond length
displays like tendencies, though less spectacular. If we now
consider the dipole moment, with measured value 2.332 D,34

we obtain pSDD (2.565 D), 6-31þg(d) (2.515 D), D95V
(2.759 D) and augeccepvtz (2.389 D). It can be seen that
pSDD and 6-31þg(d) yield similar values, although slightly
overestimated.

Of course the results depend on both the basis set and the
functional. The present formaldehyde results suggest that the
pSDD basis, coupled to the B3LYP functional, yields excellent
molecular geometries. This can explain the success of this
couple in conformational analysis.

3. Discussion

In this section we investigate two contributions, which are
not always taken into account in the literature.

3.1. Non-electrostatic PCM contributions

In Table 8 we give the individual contributions of cavita-
tion, Pauli repulsion and dispersion. It can be seen that if these
contributions are neglected (Fel

pcm;rel result), then the rms error
amounts to 0.01 eV. Such a value has dramatic consequences
on the conformer abundances. Table 8 shows that this effect
can be attributed to cavitation energy for a and d and to disper-
sion energy for c.
It is clear, intuitively, that soluteesolvent dispersion is
larger when the contact surface between them is larger. This
feature is supported by the theory,32,33 showing that the disper-
sion energy is an increasing function of the cavity surface. It
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can be seen in Table 8 that c displays the larger value of the
cavity surface.

Cavitation free energy is an increasing function of both
cavity volume30 and surface.23 It can be seen in Table 8 that
b and d display smaller values of both the cavity volume
and surface than a. This feature contributes to the stabilisation
of these conformers, relative to a. Note that c, displaying
a smaller volume and a larger cavity surface than a, is attrib-
uted the same cavitation free energy.

In summary the PCM non-electrostatic terms yield a little, but
significant, discrimination of the conformers. These terms can be
rationalised in terms of molecular volume and surface. Neglect
of these contributions deteriorates the conformation analysis.

3.2. Thermal effects

It has been shown in Section 2.5 that thermal vibrational
contributions have a slight but positive effect, dropping the
rms error from 0.004 to 0.002 eV. We have investigated the
following issues:

1. Since harmonic analysis is doubtfull for low frequency
modes we have dropped the six smallest modes, with a fre-
quency smaller than 100 cm�1, from the harmonic ana-
lysis. This procedure does modify the absolute free
energies, but leaves the final rms error unaffected.

2. We have also checked that using scaling factors, as pub-
lished for the B3LYP functional and the 6-31g(d) basis
set (0.9989 for the vibration enthalpy and 1.0015 for the
vibration entropy)40 does no affect the results.

3. We have found out that thermal analysis can be done indif-
ferently at the real temperature, 210 K or at 0 K. This means
that the improvement yielded by thermal analysis is only
due to vibrational ZPEs. Actual values of the ZPEs:
0.3660 H (conformers a, b and c) and 0.3658 H (conformer
d) show that d is slightly floppier than the other conformers.

As is well known harmonic analysis should always be done,
at least for minima characterisation. Our results show that it
also enables a better description of the d conformer.

4. Conclusion

The S-3-(1-naphthoyl)-4-isopropyl-2,2-dimethyloxazolidin-
5-one displays four conformers, a (P cis), b (M cis), c (P trans)
and d (M trans). The low temperature NMR spectrum in CDCl3
shows that these conformers lie within 0.08 eV at 210 K. Since
GIAO calculations of the chemical shifts only yield a plausible
interpretation of the spectrum, validation of this interpretation
requires an accurate conformation analysis. We have obtained
values of the free energies, which are fully consistent with
NMR data and with calculated chemical shifts with the follow-
ing protocol:

1. We use the UFF cavity, with spheres on every atom,
including hydrogens. Tesselation with 0.1 or 0.2 Å2 aver-
age area is sufficient.
2. We calculate energies with the B3LYP functional and the
StuttgarteDresden core pseudopotentials and polarised
basis set.

3. We ensure a demanding convergence of the DFT calcula-
tions with all residual forces smaller than 10�5 H Å�1.

4. We take non-electrostatic PCM contributions and thermal
contributions into account.

Within this protocol our rms error amounts to 0.002 eV
(0.05 kcal/mol), which is very small for a 44 atom molecule
in solution, and close to the experimental uncertainty. Devia-
tion from this protocol: use of Pople basis sets, use of united-
atom cavities, neglect of non-electrostatic terms and of thermal
contributions, lack of convergence of the DFT calculations, can
yield significant errors and even change the signs of the energy
differences.

5. Technical details

5.1. Computations

All the quantum calculations have been done with the DFT
method and the B3LYP functional,41 integrated on a very fine
grid including 99 radial shells and 590 angular points per shell
on each atom.42 All geometry optimisations have been per-
formed with the ‘StuttgarteDresden’ core pseudopotentials
and gaussian basis set (SDD),38 supplemented with polarisa-
tion d gaussians on C, N and O atoms (exponent 0.8, taken
from Ref. 4). This polarised SDD basis is referred to as
pSDD. Core pseudopotentials are an efficient tool for reducing
computation times: all the core electrons, in the present case
all 1s electrons of C, N and O atoms are dropped from the cal-
culation and their influence simulated by additional terms in
the hamiltonian operator.

Since NMR chemical shifts bear witness of the electron
density close to nuclei, the use of core pseudopotentials is in
principle precluded. For this reason we have calculated the
chemical shifts with the 6-31g(d,p) and 6-311þg(2d,p) Pople
basis sets4 at the geometries optimised with the pSDD basis.

The Gaussian 03, Rev C02 package42 has been used
throughout this work and found efficient if some care is taken.
In particular, geometry optimisations and frequency calcula-
tions in solution have always been done in two separate steps.

Since inaccuracy of the energies has dramatic consequences
on the conformer abundances, we here specify the conversion
factors between Hartree, eV and Kelvin that we have used:
1 H¼27.211411 eV and 1 H¼11604.903524 K. These values
come from recent values of the fundamental constants, taken
from Ref. 43.

5.2. Materials

Reaction was conducted in oven dried glassware under an
atmosphere of dry argon gas. Acetone was purchased with
water <50 ppm. High temperature 1H NMR spectra were mea-
sured at 360 MHz using DMF-d7 as solvent. Chemical shifts
are reported in units to 0.01 ppm precision with coupling



1751M. Branca et al. / Tetrahedron 64 (2008) 1743e1752
constants reported to 0.1 Hz precision using internal dimethyl-
formamide (d 8.03, 2.92, 2.75 ppm) as an internal reference.
Multiplicities are reported as follows: s¼singlet, d¼doublet,
t¼triplet, q¼quartet, m¼multiplet, br s¼broad singlet. 13C
NMR spectra were measured at 90 MHz on a Bruker AC360
using DMF (d 163.15, 34.89, 29.76 ppm) as an internal refer-
ence. Infrared spectra were recorded as thin film on NaCl
plates using a PerkineElmer Spectrum One FTIR spectropho-
tometer. Mass spectra were measured on MAT 95S Finnigan-
Thermo spectrometer at the Institut de Chimie Moléculaire
d’Orsay (ICMMO) Mass Spectrometry Laboratory. Elemental
analysis has been performed at the ICSN 91198 Gif sur Yvette
Cedex, France.

To a stirred suspension of sodium L-valinate (2.00 g,
14.38 mmol) and oven dried 4 Å molecular sieves in extra-
dry acetone (40 mL) at 0 �C under argon atmosphere is slowly
added boron trifluoride etherate (100 mL, 0.82 mmol). The
mixture is stirred 5 min at 0 �C and 15 h at room temperature.
Then, 1-naphthoyl chloride (2.16 mL, 14.38 mmol) is added
and the reaction mixture is stirred for 2 h. The final mixture
is filtered through Celite and molecular sieves are washed
with ether (2�20 mL). Solvents are evaporated and the result-
ing solid is dried under high vacuum for 1 h. After dilution
in ether (60 mL) the organic layer is washed with a saturated
sodium hydrogenocarbonate solution (30 mL) and water
(30 mL). Solvents are evaporated to give the crude oxazolidi-
none 2 (3.91 g). Purification by flash chromatography (pen-
tane/ether 80:20) affords pure oxazolidinone 2 (3.28 g, 73%,
ee>99%) as a white powder.

Rf¼0.32 (pentane/ether 7:3); white crystals, mp¼112 �C;
[a]D

20 þ178 (c 1.00, CH2Cl2); 1H NMR (360 MHz, 373 K,
(CD3)2NCOD) d 0.67 (d, J¼7.0 Hz, 3H), 0.81 (d, J¼7.0 Hz,
3H), 1.47 (m, 1H), 1.92 (s, 3H), 1.96 (s, 3H), 4.57 (br s,
1H), 7.55e7.66 (m, 3H), 7.78e7.84 (m, 1H), 7.92e7.97 (m,
1H), 7.99e8.10 (m, 2H); 13C NMR (90 MHz, 353 K,
(CD3)2NCOD) d 15.9, 17.8, 26.0, 26.7, 30.6, 62.8, 97.2,
124.3, 124.8, 125.2, 126.7, 127.4, 128.8, 130.0, 130.1,
133.8, 134.3, 167.7, 169.2; IR (thin film): 1785, 1651, 1646,
1409, 1379, 1339, 1258, 784 cm�1; LRMS (ES): 334.1
[MþNa]þ, 645.3 [2MþNa]þ m/z; HRMS (ES): [MþNa]þ

calculated 334.1414, found 334.1416. Elemental analysis
calcd (%) for C19H21NO3 (311.4): C 73.29, H 6.80, N 4.50;
found: C 73.34, H 6.94, N 4.61.

5.3. Spectral measurements

Low temperature 1H NMR spectra were measured at
400 MHz on a Bruker Avance DRX 400 using CDCl3 as sol-
vent. Chemical shifts are reported in d units using residual chlo-
roform (d 7.27 ppm) as an internal reference. Low temperature
calibration was done with methanol at low temperature.44
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