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On the electronic structure of some mono- and bisoxazolines
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He(I) photoelectron (PE) spectra of 2-methyl-4,5-dihydro-1,3-oxazole 1, 4-(tert-butyl)-2-{[4-(tert-butyl)-4,5-dihydro-
1,3-oxazol-2-yl]methyl}-4,5-dihydro-1,3-oxazole 2, 4-(tert-butyl)-2-{1-[4-(tert-butyl)-4,5-dihydro-1,3-oxazol-2-yl]-
1-methylethyl}-4,5-dihydro-1,3-oxazole 3, 4-phenyl-2-[(4-phenyl-4,5-dihydro-1,3-oxazol-2-yl)methyl]-4,5-dihydro-
1,3-oxazole 4, 2-[1-methyl-1-(4-phenyl-4,5-dihydro-1,3-oxazol-2-yl)ethyl]-4-phenyl-4,5-dihydro-1,3-oxazole 5, 2-(4-
isopropyl-4,5-dihydro-1,3-oxazol-2-yl)phenol 6, N-phenyl-N-[2-(4-phenyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl]amine
7, N-methyl-N-[2-(4-phenyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl]amine 8, N,N-diphenyl-N-[2-(4-phenyl-4,5-dihydro-
1,3-oxazol-2-yl)phenyl]amine 9, and N-[2-(4-isopropyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl]-N,N-diphenylamine 10
have been recorded and their valence electronic structures analysed using quantum chemical ab initio and/or PM3
calculations. Also, a discussion of IR, UV spectra and a correlation of 13C NMR chemical shifts with total atomic
charges are presented.

Introduction
Chiral oxazoline ligands are ubiquitous in organometallic com-
plexes, which catalyse various asymmetric reactions. They can
act as mono-, bi- or tridentate 1,4- or 1,5-nitrogen ligands,
depending on the number of oxazoline rings, alone or in com-
bination with other heteroatom-containing units present in the
chiral polydentate ligand. Such 1,5-N,X-ligands can be repre-
sented by the general formulae I–III. It is important to note

that the bidentate ligand comprises either a conjugated 4π sys-
tem, as in II, or such conjugation takes place upon enolization
into enamine form. This form is possible for III if R� = H.

Among the most explored catalytic complexes with chiral
ligands are those with Cu() that catalyse enantioselective
cyclopropanation of alkenes 1–4 and other carbon–carbon bond
forming reactions,5,6 Rh() complexes which catalyse allyl-
ation of aldehydes,7 Pd() complexes that catalyse allylic
substitution,8–14 Ir() complexes for asymmetric Wacker-type
cyclization,15 Ru() 16 and Ti() complexes 17 that catalyse
hydrogenation of inactivated alkenes.

Enantioselectivity of organometallic ligands is determined
by the chiral topology of the catalytic complex, whereas the
electronic structure is of utmost importance for completion of
the catalytic cycle. Catalytic efficacy of chiral complexes with
nitrogen ligands is generally determined by their dynamic
stability. In particular it depends on the ability of the central
metal atom to change its coordination number and its oxidation
state, and on the relative stability of the catalyst–product vs.
catalyst–reactant complex. The latter properties are mainly
determined by the stereoelectronic characteristics of the ligand;
in particular by the electron-donating ability of the coordinated
nitrogen atom.

In order to obtain more information about the stereo-
electronic structure of chiral oxazolines which form an import-

ant class of 1,5-dinitrogen ligands, we initiated a study of the
electronic structures of mono- (1,18 6–10 19) and bis-oxazolines
(2–5) 18 by PE spectroscopy in combination with ab initio 6-
31G* (for 1–3) and/or semiempirical PM3 quantum-chemical
calculations 20 (for 1–10). We have also taken into consideration
the information provided by UV and 13C-NMR spectra.

Experimental
The He(I) PE spectra were recorded on a Vacuum Generators
UV-G3 photoelectron spectometer 21 with a spectral resolution
of 25 meV, measured as the full width at half maximum
(FWHM) of the Ar� 2P3/2 calibration line. The sample inlet tem-
peratures required to generate sufficient sample vapour pressure
were 25, 80, 80, 180, 150, 80, 170, 130, 180 and 130 �C for 1–10
respectively. The energy scale was calibrated by addition of a
small amount of Xe to the sample gas flow.

The electronic structure calculations were performed by the
MOPAC 7.0 program package using a PM3 model Hamil-
tonian and the GAUSSIAN94 program package.20

NMR spectra were recorded in CDCl3 and CD3OD on a
Varian XL-300 GEM spectrometer using TMS as internal
standard.

UV spectra were recorded on a Philips PU 8730 UV/VIS
spectrometer (in MeOH and/or CCl4).

Compounds 1–5 were purchased from a commercial source
(Aldrich), and 6–10 were prepared and purified as described in
ref. 19.

Results and discussion
The common constituent of all the studied compounds is an
oxazoline moiety and we have therefore measured and analysed
the photoelectron spectrum of 2-methyl-4,5-dihydro-1,3-
oxazole 1 (Fig. 1) which can thus serve as a reference molecule.
In the low energy region of its spectrum (<12 eV) two band
systems appear with vertical ionization energies at 9.45 and
10.23 eV. According to PM3 and ab initio 6-31G* calculations,
the first ionization energy should be ascribed to a πC��N ioniz-
ation (1 HOMO) (see Table 1), whereas the second system has
its origin in electron ionization from a nitrogen lone-pair orbital
(1 SHOMO). The measured energy splitting, ∆E1,2, amounts to
0.78 eV; which is more consistent with PM3 (0.77 eV) than with
ab initio 6-31G* (1.46 eV) results (Table 1).
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The resolved vibrational fine structure [ν̃CN = 1200 ± 80 cm�1]
in the first band can be considered as an experimental confirm-
ation of such an assignment, since it can be attributed to the
C–N stretching mode. It is interesting to note that in PE spectra
of many acyclic and cyclic imines, both with exo- 22 and endo-
cyclic C��N bonds in heterocyclic rings,23 the band with the
lowest ionization energy is ascribed to electron ejection from an
nN rather than a πC��N orbital. The assignment of the first ioniz-
ation energy in 1 to πC��N electron ejection, is a crucial argument
for the present interpretation of the PE spectra of both sym-
metric (2–5) and unsymmetric (6–10) oxazolines.

Bisoxazolines

The low energy region of the PE spectra of the C2-symmetric
bisoxazolines 2–5 is shown in Fig. 2. Special attention is paid to
bands corresponding to ionization energies below ~12 eV, since
the coordinating ability in their metal complexes is expected to
correlate with the lowest ionization energies.24 The assignment
is again based on ab initio 6-31G* and/or semiempirical PM3
calculations together with the earlier assignments for 1.

The general appearance of the PE spectrum of 2 resembles

Fig. 1 He(I) PE spectrum of 1.

Table 1 Vertical ionization energies (Ei/eV) and orbital energies (PM3
and ab initio 6-31G*) for highest occupied levels for 1

�εi /eV

Ei/eV PM3 ab initio 6-31G*

9.45 [1200 ± 80 cm�1]
10.23
12.5

9.89 πCN

10.66 nN

12.36 πOCN

13.46 nO

10.055 πCN

11.515 nN

13.758 nO

13.883 πOCN

that of 1 except for the absence of resolved vibrational structure
in the first band. Both ab initio and semiempirical PM3 calcu-
lations predict that the first Franck–Condon (FC) envelope of 2
results from two overlapping, nearly degenerate bands of πC��N,
and the second band arises from two linear combinations of nN

parentage (Table 2, and orbital diagrams below). This overlap
can explain the absence of fine structure in the first band of 2.

It also implies that the two πC��N and two nN orbitals mix only
negligibly, being too far apart energetically for significant
through-bond (TB) interaction, and not being spatially aligned
for through-space (TS) interactions.25 Both the energy differ-
ences between the maxima of the two lowest ionization energy

Fig. 2 He(I) PE spectra of 2–5.
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FC envelopes (0.78 and 0.70 eV, in 2 and 1, respectively),
and the corresponding band widths are almost the same, thus
supporting the proposed degeneracy of these systems.26

The structure of 2 suggests the presence of tautomeric forms,
2a and 2b, which differ in the location of a hydrogen atom and
in the possibility for 4π conjugation in 2b, Scheme 1. However,

the PE spectrum reveals the structure of bisoxazoline 2a to be
the preferred tautomer in the gas phase.

This interpretation is confirmed by the PE spectrum of 3,
which is almost identical to 2 except for the expected inductive
shift towards lower ionization energies due to the presence of
methyl groups. Unlike 2, there is no possibility for imine–
enamine tautomerism in 3.

It is well known that the tautomeric equilibrium and hydro-
gen shifts could be strongly influenced by the polarity of the
surrounding medium.27 Therefore, NMR (both 1H and 13C) and
UV spectra have also been measured.

The 1H-NMR spectrum (in CDCl3) shows the presence of
CH2 in the bridge (δC(2)–CH2

= 3.35 for 2 and 3.56 for 4) and no

Scheme 1

Table 2 Vertical ionization energies (Ei/eV) and orbital energies for
highest occupied levels for 2–5 a

�εi/eV

Compound εi/eV PM3 ab initio 6-31G*

2

3

4

5

9.25

9.95

9.05

9.7

9.05

9.3

10.05

8.9

9.2

9.85

9.95 πCN

10.07 π�CN

10.63 nN � n�N

10.64 nN � n�N

9.92 πCN

9.93 π�CN

10.53 nN � n�N

10.56 nN � n�N

9.61 πs
b

9.66 πs
b�

9.79 πa
b

9.80 πa
b�

10.05 πCN � π�CN

10.18 πCN � π�CN

10.73 nN

10.76 n�N

9.60 πs
b

9.61 πs
b

9.76 πa
b

9.79 πa
b�

9.98 πCN � π�CN

10.15 πCN � π�CN

10.61 nN

10.69 n�N

9.893 πCN

10.103 π�CN

11.319 nN � n�N

11.431 nN � n�N

9.823 πCN

10.011 π�CN

11.216 nN � n�N

11.307 nN � n�N

a In the case of two identical substituents or constituent parts in the
molecule, the hyphenated MO corresponds to their less stable
combination.

Table 3 UV data for 1–3

Compound εmax/L mol�1 cm�1 λmax/nm

1 (MeOH)
2 (MeOH)

2 (CCl4)
3 (MeOH)

295
5275
976

1095
264

214
206
278
269
216

signal that might be attributed to C(2)–CH and NH groups.
13C-NMR spectra also show the presence of CH2 in the bridge
(δC(2)–CH2

= 28.06 for 2 and 28.00 for 4) and of N��C(2) [δC(2) =
161.55 for 2 and 162.98 for 4]. The quantitative 13C-NMR
spectrum of 2, recorded in CD3OD, shows the presence of
tautomer 2a only. Besides, because of the reduction in symmetry
on going from 2a to 2b, the number of signals in 13C-NMR
should increase, which was not observed. Thus, tautomer 2a is
evidently the dominant species in the gas phase as well as in
solution.

Comparison of UV spectra of 1–3 in solution gives some
interesting results (Table 3): the spectrum of 1 exhibits one
absorption band only, with εmax = 295 L mol�1 cm�1 at 214 nm,
which is tentatively assigned to a π*CN←πCN transition. In the
spectrum of 2, however, two bands were observed. The shorter-
wavelength electronic absorption at 206 nm has significantly
larger intensity as compared to 1: εmax = 5275 L mol�1 cm�1.
The additional absorption transition in the lower energy range,
λmax = 278 nm, is much weaker (εmax = 976 L mol�1 cm�1) (see
Table 3). The enhancement of the transition ascribed to a
π*CN←πCN transition could be rationalized by some kind of
intramolecular charge transfer (between the nN of one oxazol-
ine ring and the πC��N of the other),28–30 rather than by inter-
action with the solvent. The former effect is transmitted by the
high p-character of the partial anionic C-atom in the bridging
CH2-group, i.e. by a hyperconjugative effect. The additional
long-wavelength absorption could be the result of an electronic
transition attributed to the 2b tautomeric form which has a
π-conjugated system, giving rise to the bathochromic shift
relative to the π*CN←πCN transition of 2a. In nonpolar CCl4

this absorption band in 2 is shifted to a lower wavelength
(λmax = 269 nm) but its intensity is not affected [εmax/L mol�1

cm�1 = 1095]. We believe the hypsochromic shift to be the
reason for the absence of a π*CN←πCN transition in CCl4, since
it appears below the 200 nm region. The UV spectrum therefore
indicates that structure 2b is also present in solution. Such an
interpretation is supported by the UV spectrum of 3. In the
spectrum of this compound where no tautomerization is pos-
sible, only a single absorption maximum of 264 L mol�1 cm�1 at
216 nm is present as was the case in 1. Because the conjugated
2b form is expected to absorb strongly its concentration in solu-
tion must be very small which would explain the observed
absorption behaviour. Moreover, the presence of this enamine
form cannot be determined in 13C- and 1H-NMR spectra, which
confirms a very high percentage of 2a tautomer present in
solution.

Recently Dianxun et al.31 proposed the existence of a linear
correlation between the lowest ionization energy (from PES)
and the chemical shift (from 13C-NMR) for the carbon atom in
the –N���C group of alkyl isocyanides. Other attempts to corre-
late chemical NMR δ shifts with the size of a molecule as well
as with the PES data are also known.32

We have not found an analogous relationship between the
first ionization energies and chemical shifts in compounds 1–3.
In all other bisoxazolines studied here, the strong overlap of
benzene ring ionizations in the low energy region of the PES
prevented the exact measurement of the lowest oxazoline ring
ionization energy from being obtained (see Table 2, Fig. 2). The
chemical shifts are related to electrons “belonging to individual
atoms”, whereas the ionization energies determined by PES are
related to electron distributions which are delocalized over all
atoms in the molecule, within the framework of Koopmans’
approximation.33 Therefore a good correlation can be expected
only if the ionization takes place from an orbital which is
localized (e.g. lone pair) on an atom whose chemical shift
is being correlated, or at least on the neighbouring atom. In
addition, the observation time scales in the two methods are
different: the NMR yields information about time averaged
mean conformations, whereas PES can provide insight into
momentary conformations.34
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In our attempt to find a connection between observed chem-
ical shift and charge densities within the molecule we have used
ab initio 6-31G* calculations for 1–3 in spite of the fact that
there is no unique way to apportion total electron (charge)
density amongst individual atoms in a molecule.35 Nonetheless
the population analysis can still provide valuable insights.36 The
values of 13C-NMR chemical shifts and corresponding ab initio
total atomic charges derived from a Mulliken population anal-
ysis for carbon atoms in 1–3 as assigned in the structural

Fig. 3 He(I) PE spectra of 6–10.

Table 4 Total atomic charges as derived by Mulliken population
analysis from ab initio 6-31G* for compounds 1–3, and corresponding
13C-NMR chemical shifts

Compound Total atomic charges, µ δµ

1
1
1
1
2
2
2
2
2
3
3
3
3
3

C(2)
C(4)
C(5)
CH3

C(2)
C(2)-C
C(4)
C(5)
C(4)-C
C(2)
C(2)-C
C(4)
C(5)
C(4)-C

0.618
�0.029
�0.183
�0.538

0.662
�0.446
�0.021
�0.013
�0.038

0.714
�0.201
�0.019
�0.011
�0.038

164.180
66.130
53.390
12.300

161.550
28.060
75.610
68.980
26.690

168.690
33.700
75.160
68.840
26.720

formula (Scheme 2) below are given in Table 4. They corre-
late quite well (r = 0.947, σ = 0.127, see Fig. 4).

In the PE spectra of 4 and 5 we have observed, in addition to
ionizations from πC��N and nN orbitals, other bands which gener-
ate final, complex FC envelopes (see Fig. 2, Table 2). According

Fig. 4 Correlation of Mulliken atomic charges obtained from ab initio
6-31G* calculations.

Scheme 2

Table 5 Vertical ionization energies (Ei/eV) and orbital energies for
highest occupied levels for 6–10 a

Compound Ei/eV �εi/eV (PM3)

6

7

8

9

10

8.3
8.95
9.75

10.15
7.23
8.6
8.8

9.1

10.45
7.35
8.53
9.0
9.38

9.8
10.1
7.05
8.6
8.8

9.0

9.12

10.25
7.07
8.6
8.8

9.3

10.2

9.04 πs
1

9.69 πa
1, πCN

10.64 πCN, πa
1

10.89 nN

8.68 πs
1

9.599 πs
2

9.74 πa
2

9.83 πa
1

9.93 πCN, πa
1

10.0 πCN, πa
1

10.07 πa
1, πCN

10.66 nN

9.08 πs
1

9.51 πs
2

9.68 πa
2

9.96 πCN, πa
1

10.04 πCN, πa
1

10.33 πs
1

10.52 nN

8.61 πs
1

9.52 πs
2

9.7 πa
2

9.72 πs
1, π

s
1�

9.77 πs
1�

9.81 πs
1�, π

s
1�

9.89 πCN, πa
1

9.89 πa
1

10.14 πCN, πa
1

10.6 nN

8.48 πs
1�

9.66 πs
1, π

s
1�

9.68 πa
1, π

a
1�

9.79 πs
1

9.84 πCN, πs
1

9.99 πs
1�, π

s
1

10.11 πa
1, πCN

10.52 nN

a πs
b, πa

b refer to symmetric and antisymmetric benzene orbitals from
phenyl substituents located at position 2 and 4 of oxazoline specified by
subscript 1 and 2, respectively. Subscripts 1� and 1� refer to additional
phenyl groups in the n-phenylamine substituent.
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to PM3 calculations the shoulders on the low energy side are
interpreted as “pure” ionizations from two πs and two πa MO of
both benzene rings which have energies comparable to πC��N

bisoxazoline orbitals. The broad ‘hump’ with a maximum at
10.05 eV is ascribed to ionization from both nN orbitals. The
effect of the additional two methyl groups in 5 is manifested by
inductive destabilization of the bands which is reminiscent of
the effect observed on going from 3 to 2.

Mono-oxazolines

The electronic structures of the substituted oxazolines 6–10
have been studied using PE spectroscopy (see Fig. 3) and PM3
MO calculations (Table 5). The low energy bands (7.05–7.36
eV) in compounds where oxazoline is connected to mono-,
di- or triphenylamine are attributed to molecular orbital(s) of
(n)-phenylamine origin (n = number of phenyl groups), whereas
the ionization of πCN and nN orbitals gives rise to bands at
considerably higher energies (~9–10 eV and slightly above 10
eV, respectively). This assignment is supported by the higher
ionization energy in 6 (8.3 eV), which has a phenol instead of
an (n)-phenylamine substituent. Such an interpretation is con-
sistent with the PE spectra of bisoxazolines where the bands
corresponding to πC��N ionizations appear at 9–9.3 eV and those
from nitrogen lone pair ionizations nN appear at 10 eV. The
scattering of points in Fig. 5 is small and is thus indicative of
a good linear correlation between experimental ionization
energies and PM3 calculations results (r = 0.96, σ = 0.22).

Conclusion
The electronic structure of some mono- and bisoxazolines has
been determined on the basis of photoelectron spectra and
quantum chemical calculations. The information provided by
UV and 1H- and 13C-NMR spectra was also considered.

According to PE spectra, 1H- and 13C-NMR spectra, the 2a
tautomeric form of bisoxazoline 2 is the dominant species in
the gas phase as well as in solution. UV spectra indicate only a
small amount of 2b to be present in solution.

The 13C-NMR chemical shifts of bisoxazolines 1–3 correlate
well with total atomic charges derived from Mulliken popu-
lation analysis based on ab initio 6-31G* calculations.

The lowest energy bands in 1–3 are assigned to πCN and to nN

orbital ionizations, whereas in phenol and (n)-phenylamine-
substituted monooxazolines 6–10 the same bands are attributed
to π orbitals of phenylamine or phenol origin.
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