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Carbon and proton NMR spectra of several substituted 5SH-pyrido[3,2-a]-, 5H-pyrido[2,3-a]phenoxazin-5-ones and
3 H-phenoxazin-3-one derivatives have been assigned, and the experimental chemical shifts have been compared with
the results of density functional calculations employing large basis sets. Solvent effects were explored by means of the
polarizable continuum method (PCM), while the (limited) side-chain flexibility of the compounds has been addressed
by Boltzmann averaging of the computed spectral parameters over different conformational minima. Overall, the
calculated shifts reproduce well the experiment results; thus, the computational procedure represents a feasible and
useful complement to multidimensional NMR experiments in the assignment process.

Introduction

Phenoxazinones, benzo and pyridophenoxazinones are linear
and angular heterocyclic scaffolds containing the iminoquinone
moiety responsible for their redox properties.'

The first phenoxazinone colouring matters discovered in
nature were the ommochromes, a class of photosensitive
pigments occurring in arthropods, cephalopods and other
invertebrates. The structure of the closely related ommins,?
which constitute the red-violet fraction of cephalopod eye
pigments, is still unknown today.

A number of natural and synthetic antiproliferative com-
pounds also contain the phenoxazinone ring system: indeed, it
has been shown that the antineoplastic activity is correlated
with the ability of the planar heterocyclic moiety to inter-
calate into double-stranded DNA. In the actinomycins,* an
important family of antibiotics produced by actinomycetes, the
phenoxazinone skeleton is linked to two pentapeptide chains,
while meridine and neoamphimedine® contain this pharmaco-
phoric moiety within a polycondensed system.

The pH sensitivity of such well known dyestuffs as orceyn
and litmus provides evidence of the high electron mobility in
the phenoxazinone ring, and of the large influence exerted by
substituent groups on the electronic distribution.

The recent®’ discovery of a novel class of powerful anti-
tumor intercalating phenoxazinone derivatives rekindled the
interest for this system, which is involved in an array of bio-
chemical roles ranging from the photochemical response of
vision pigments® to the production of DNA-damaging radicals
by antiproliferative drugs.*

Pursuing our investigation on the NMR characterization
of compounds structurally related to the ommochromes,” we
have now assigned both the proton and the carbon spectra of
several new SH-pyrido[3,2-a]phenoxazin-5-one, 5H-pyrido-
[2,3-a]phenoxazin-5-one and 3 H-phenoxazin-3-one derivatives.
Since, to the best of our knowledge, no other report has been

+ Electronic supplementary information (ESI) available: 'H and “C
NMR data for compounds 1-17. See http://www.rsc.org/suppdata/ob/
b4/b401147¢/
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published after ours,” we felt that further NMR data could be
useful for a better characterization of this class of compounds.

The strong substituent sensitivity of the spectra prompted us
to use quantum mechanical calculations of chemical shifts to
support and integrate the usual NMR assignment protocol.
However, the series proved to be a good test case for this pro-
cedure for other reasons as well. In the first place, the size
of the compounds is such that accurate quantum-mechanical
methods, while not trivial, are still applicable. On the other
hand, the complex chemical nature of the substituted hetero-
cyclic systems makes the use of alternative chemical shift calcu-
lation procedures that rely on empirical correlations far from
appealing. While several of the compounds examined exhibit a
certain conformational flexibility, this is basically limited to the
possibility of different side-chain orientations, and the number
of significant conformers is still quite limited. Therefore, exten-
sive conformational explorations, which may easily become a
bottleneck in a chemical shift calculation procedure on flexible
compounds, were not an issue in this series.

Chemical shift calculations produced estimates for all nuclei:
however, the discussion will concentrate on *C, since carbon
chemical shifts are spread over a much larger spectral window
than protons, and are therefore less sensitive to small absolute
errors in the computed magnetic shielding. Moreover, carbon
chemical shifts are particularly amenable to a Density Func-
tional Theory treatment,'®! an approach of much higher
computational efficiency than alternative (e.g MP2) correlated
methods.

To explore the influence of solvation on the chemical shifts
we employed the Polarizable Continuum Method (PCM),
which allows accurate and effective computation of solvent
effects on a variety of spectral parameters (for a recent review,
see ref. 12).

Results and discussion

In order to assign the *C-NMR signals we started with a com-
plete assignment of the "TH-NMR spectrum, obtained from 1D
and 2D experiments (TOCSY, COSY, NOESY); carbon signals
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were then attributed by means of one-bond and long-range
'"H-C heterocorrelated 2D-NMR spectra (HMQC and
HMBC).

To the best of our knowledge, the only previous study on the
13C NMR spectra of 3H-phenoxazin-3-one derivatives dates
back from 1985."3 In this report the '*C assignments were based
on comparison with *C data of analogous compounds, and
were correlated with semiempirical CNDO/2 charge density
calculations; however, the assignments of C-5a and C-10a of
compound 1 are swapped with respect to our calculations.

Among the other 3H-phenoxazin-3-one derivatives (2-7)
(Scheme 1), only the *C NMR spectrum of compound 4 has
already been described," but again the reported data do not
exactly match with our experimental and computed assign-
ments. In particular, discrepancies were found for the chemical
shifts of C-2, C-5a and C-10a: while two of the resonances
reported, at 0 149.4 and 143.3 ppm, were also present in our
spectra (at 6 149.0 and 143.4 ppm), a signal reported as 147.9
ppm did not occur at all in our *C spectrum, where instead a
resonance at 137.2 ppm appeared. Even surmising the presence
of a misprint, the assignments we determined for C-2, C-5a and
C-10a are still at variance with those of ref. 13, since we find
C10a at lower field, followed by C5a and C2: this order corre-
sponds to that observed for the closely related compounds 2
and 3.
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R,=CHy; R,=R,=R,=H
R,=CHy R, =R, =H; R,=CH,
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Scheme 1 Chemical formulae and atom numbering of compounds
1-18.

Compounds 5, 7 and 9, which carry an acyl substituent at
both positions 1 and 9, were examined in order to facilitate the
spectral assignment of the natural product 8, which is available
in minute amount.

Carbon and proton isotropic shielding constants were calcu-
lated at the Density Functional Theory (DFT) level within the
Gauge-Including Atomic Orbitals (GIAO) ansatz.'* Several
recent investigations '*** have shown that this approach is best
applied to compute relative shieldings, i.e. chemical shifts: in
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consideration of the highly conjugated nature of the systems at
hand, we chose as reference compound the benzene molecule
(experimental chemical shifts in CDCl;: oy 7.339, o 128.36
ppm ™).

For all DFT calculations, we adopted the PBEO density
functional,®® which has proven particularly reliable for the
prediction of magnetic properties,'** with the rather large
6-311+G(d,p) basis set (see ref. 10 for a general discussion of
basis sets). Geometry optimizations were also carried out at the
DFT (PBEO) level, using the smaller 6-31G(d) basis set.

While it is well known that most hybrid functionals (includ-
ing PBEO) perform quite similarly in geometry optimization,*
the choice of the 6-31G(d) basis set was tested on the parent
phenoxazone (1). When the optimization was repeated with
two larger basis sets, 6-31+G(d) and 6-31+G(d,p), the result-
ing structures were very close to that obtained at the PBEO/
6-31G(d) level, with all-atoms root mean square deviations
(RMSD) of just 0.003 and 0.002 A, respectively. Thus, the
relatively small size of the 6-31G(d) basis set does not seem to
introduce any significant geometrical bias.

In principle, further insight into the quality of the computed
geometries can be gained by comparison with experimental
(e.g X-ray diffraction) data. Several structures containing the
phenoxazinone ring system are present in the Cambridge Struc-
tural Database.?®* However, most of them belong to actinomycin
derivatives, i.e. they carry two cyclized peptides linked through
carboxamide groups to positions 1 and 9 of the heterocyclic
skeleton. A complete ab initio calculation on such large sys-
tems, at the same level adopted for our compounds, would be
extremely expensive; on the other hand, the influence of the
bulky, conjugated substituents on ring geometry would be quite
difficult to reproduce in a simplified model.

The only simple compounds of known three dimensional
structure appear to be 2-amino-3H-phenoxazin-3-one** and
2-amino-7-methoxy-3 H-phenoxazin-3-one.” Geometry opti-
mizations of these compounds at the usual PBE0/6-31G(d)
level resulted in an agreement with the experimental geometries
(RMSD over all bond lengths between heavy-atom of 0.017
and 0.014 A, respectively) that seems rather satisfactory,
especially if one considers that vibrational effects and, more
importantly, crystallographic contacts have not been taken into
account.

On the other hand, the effect of using different optimized
geometries on the computed shifts can be calculated directly.
When the PBEO0/6-311+G(d,p)//PBE0/6-31G(d) calculation
on phenoxazone 1 was repeated at the PBE0/6-31+G(d) and
PBE0/6-31+G(d,p) geometries, the RMSDs were 0.22 and
0.21 ppm on all carbon shifts, 0.0087 and 0.0088 ppm on all
proton shifts. Thus, it appears that the minor geometrical
differences related to the use of larger basis sets do not affect to
any significant extent the computed carbon and proton chem-
ical shifts: again, this supports our choice of the 6-31G(d) basis
set for geometry optimizations.

Next, we compared the performance of the PBEO functional
with that of the widely used B3LYP for the three parent ring
systems, i.e. compounds 1, 10 and 13. Table 1 shows that the
two functionals are essentially equivalent in the prediction
of proton shifts, while for carbon shifts the PBEO results are
slightly closer to the experiment, the difference being mostly
related to a better agreement for quaternary ring-junction
atoms. This is in line with the ability of PBEO to provide a
correct description for carbon atoms in different hybridization
states and in a large range of chemical environments.'"?

Table 2 shows that adoption of larger basis sets [6-311+G-
(2d,2p) and 6-311++G(2d,2p)] during the NMR calculations
does not significantly improve the agreement with the experi-
mental results.

As a rule, both geometry optimizations and chemical shift
calculations were carried out on the isolated molecule in vacuo.
However, in order to evaluate the influence that the solvent



Table 1 Comparison of the PBEO and B3LYP functionals in the prediction of chemical shifts, as judged by RMSDs between experimental and
computed shifts (ppm). All NMR calculations use the 6-311+G(d,p) basis set at the PBE0/6-31G(d) geometries

lH 13C
PBEO B3LYP PBEQ, all PBEQO, ring junction B3LYP, all B3LYP, ring junction
1 — — 1.35 1.20 1.44 1.72
10 0.18 0.18 1.16 0.86 1.35 1.48
13 0.23 0.22 1.36 1.33 1.44 1.66

Table 2 Basis set convergence in the prediction of chemical shifts, as judged by RMSDs between experimental and computed shifts (ppm).
All NMR calculations use the PBEO functional at the PBE0/6-31G(d) geometries

'H

13C

6-311+G(d.p) 6-311+G(2d.2p)

6-311++G(2d,2p)

6-311+G(d,p) 6-311+G(2d.2p) 6-311++G(2d,2p)

1 _ _ _
10 0.18 0.16 0.17
13 0.23 0.20 0.20

1.35 1.38 1.37
1.16 1.17 1.17
1.36 1.44 1.45

Table 3 Effect of PCM on the RMSD between experimental and
computed shifts (ppm)

lH 13C
Invacuo  Insolution (PCM)  Invacuo  In solution (PCM)
1 — — 1.35 1.22
10 0.18 0.12 1.16 1.15
13 0.23 0.14 1.36 0.93

medium (chloroform) can induce on the geometry and on the
computed chemical shifts, we examined again the three parent
ring systems, both in vacuo and in solution, using an advanced
version?® of the polarizable continuum model (PCM),” which
besides providing energies and electronic properties allows
geometry optimizations and force constant calculations. In the
PCM computations, the solvent is represented by a dielectric
medium, polarized by the presence of the solute, which in turn
exerts a reaction field on the solute charge distribution.?” The
method is described in detail elsewhere: here we shall just recall
that in this approach the solute is enclosed in a cavity, with the
relative dielectric constant taking a value of 1 within the cavity
(i.e. the in vacuo value), and the solvent bulk value outside
(4.9 for chloroform). The cavity is made up by the envelope of
spheres centered on solute atoms (or atomic groups); sphere
radii have been parameterized to reproduce the solvation free
energies of a number of organic and inorganic compounds;?®
for computational reasons, the cavity surface is subdivided
analytically into a pattern of small tiles (tesserae).

As expected, introduction of the PCM affords a better
agreement between experimental and computed spectra, as
measured in terms of RMSD between chemical shifts (Table 3).
Overall, however, the computed solvent-induced shifts (Ad) are
rather small, reflecting the moderately polar character of the
solutes and the solvent used; therefore a generalized adoption
of the more expensive PCM model was deemed unnecessary in
the present case.

Fig. 1 shows the correlation between all computed and meas-
ured chemical shifts of 1, 10 and 13: a linear fitting has been
often used in the interpretation of such plots, and in a way the
introduction of two adjustable parameters is bound to make the
agreement between computed and measured shifts better. How-
ever, use of an appropriate reference compound for chemical
shift calculations makes this procedure unnecessary in the
current instance since the slopes of the plots in Fig. 1 are very
close to 1.

With the exception of the parent heterocyclic systems (1, 10
and 13), most of the compounds investigated can, at least in
principle, give rise to conformational equilibria among different

minima. The interconversion between different conformers
must be fast on the chemical shift time-scale, since a single
set of signals was invariably observed; under these conditions,
the observed spectrum is the population-weighted average of
the spectra of the individual conformers. Therefore, prior to
chemical shift calculation, a conformational exploration was
necessary. This was performed by means of unrestrained opti-
mizations, whereby the starting conformations were generated
by a systematic combination of the side-chain arrangements
expected on the base of chemical intuition. Thus, for example,
compound 6 was minimized starting from 10 different con-
formations, which were built up by combining 4 conformations
(2 slightly distorted s-cis and two slightly distorted s-trans
arrangements) for each of the two acetyl groups, and keeping
only one member of the resulting pairs of mirror-image starting
structures; the remaining two starting structures had both
acetyl groups perpendicular to the heterocyclic ring. Only in the
case of the larger compounds, for the sake of computational
efficiency, a preliminary conformational search was carried out
at the HF/3-21G level, and the resulting minima were reoptim-
ized afterwards at the usual PBE0/6-31G(d) level. At any rate,
when the exploration revealed the presence of several energetic-
ally close minima, spectral parameters were computed for each
of them, and eventually combined after Boltzmann weighting
to give an estimate of the average shifts. The relative energies of
the conformers which entered into the computation of the
Boltzmann factors were those of the PBEO0/6-311+G(d,p)//
PBE0/6-31G(d) calculation.

It may be worthwhile to examine in more detail the results for
compound 6, which was a problematic case in a couple of
respects. When computed with the usual protocol, the chemical
shifts of H-8 (8.56 ppm) and of C-9 (134.9) were unusually far
from the measured values of 7.67 and 139.8 ppm, respectively,
while the computed shift of C-8 was just fair (129.5 vs. 126.0
ppm). We reasoned that the torsion of the C-9 acetyl group out
of the average ring plane could affect these shieldings signifi-
cantly, and therefore carried out a relaxed geometry scan at the
PBE0/6-31G(d) level, with single point energies computed at
the PBE0/6-311+G(d,p) level. The results (Fig. 2), supported by
free minimizations starting from the scan geometries, show that
the single minimum (C-10-C-9-C carbonyl-C methyl dihedral
= —10°) found at the lower theory level is replaced at the higher
level by a double well, whereby the preferred acetyl con-
formation is about 45° out of the ring plane. When these
more accurate geometries were used for the chemical shift
calculation, the agreement with experiment was much better
(H-8 at 7.95 ppm, C-9 at 140.2 ppm, C-8 at 128.1 ppm). This
emphasizes the fact that stiff parameters (bond lengths and
valence angles) are well reproduced at the 6-31G(d) level,
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Fig. 1 Calculated versus experimental carbon shifts for the three
parent ring systems, compounds 1, 10 and 13, both in vacuo and in the
presence of a polarizable solvent model (PCM).

whereas in some cases soft parameters (torsions) may require a
deeper investigation by a larger basis set.

Another issue, apparently unrelated to the former, is the
computed chemical shift of the chlorine-bearing carbon, C-2,
which is off by as much as 8§ ppm (143.2 vs. the observed 135.0
ppm). An inaccurate torsion of the C-1 acetyl does not seem to
be the problem here: essentially the same acetyl geometry is
found at the PBE0/6-31G(d) and PBE0/6-311+G(d,p)//PBE0/
6-31G(d) level (Fig. 3); moreover, the influence of the C-1 acetyl
torsion on the computed C-2 chemical shift is rather small, and
values averaged over the potential energy well are only margin-
ally different from those computed on the most stable con-
former. As a matter of fact, even for the simple chlorobenzene
molecule the computed chemical shift of the C-1 carbon
(141.5 ppm) does not match very well the experimental value
(134.33 ppm, in CDC1,*), while the remaining carbon shifts are
reproduced to within 0.8 ppm. Introduction of the continuum
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Fig. 3 Relative energies and selected computed shifts versus C-1 acetyl
dihedral for compound 6.

solvent model, use of more accurate geometries [PCM/PBE0/
6-311+G(d,p)], and of larger bases during the shift calculation
[PCM/PBE0/6-311++G(2d,2p)] alleviated the problem, but
did not solve it; even at the MP2 level the C-1 chemical shift of
chlorobenzene is the least accurately predicted. It is interesting
to note that a similar, although much larger, difference between
computed and observed chemical shifts has been recently
reported for some bromobenzene derivatives,’ and has been
traced back to a relativistic electronic spin—orbit coupling,
which is obviously not taken into account during standard
DFT calculations. From a practical viewpoint, of course,
one can use the C-1 chemical shift of chlorobenzene itself as
the reference for chlorine-bearing carbons, and obtain a nice
agreement for the C-2 shift of compound 6 (136.0 ppm vs. the
observed 135.0 ppm).

Conclusions

Some more general considerations concerning the use of
ab initio chemical shift calculations for the assignment of NMR
spectra of organic molecules may be drawn from the present
results. In the first place, within a given class of compounds
(in our case, a series of related heterocyclic rings with different
substitutions), the agreement of computed carbon shifts with
experimental results is usually to within a couple of ppm’s. This
means that in favourable cases, i.e. when the separation of
the signals is sufficiently high with respect to this uncertainty,
the computed shifts can be used to assign an experimental
carbon spectrum without ambiguity; conversely, when groups
of carbon shifts fall very close to each other, the calculation



may not reproduce their correct ordering, so these cases should
be treated with caution. Overall, the situation is less favourable
for protons, where the reduced spectral dispersion makes even a
small (a couple of tenths of ppm) error comparatively signifi-
cant: however, interpretation of heterocorrelated spectra (and
thus proton assignment) is definitely easier when the set of
computed carbon and proton shifts is available. Using DFT
methodologies, and with appropriate choice of basis sets, a
single geometry optimization/shielding calculation on a mole-
cule of the size considered here is not unduly expensive, and is
definitely within the reach of the non specialist. Unfortunately,
the computational burden increases in proportion with the con-
formational flexibility of the compound; moreover, a direct
exploration of the conformational space in search of all signifi-
cant energy minima implies a certain dose of chemical intu-
ition, and overall the whole procedure is much less amenable
to standardization. In the case of compounds with much larger
flexibility than the ones considered here, alternative, more
expensive search algorithms need to be considered, and
recourse to semiempirical methods, or even classical force fields,
during this phase might become necessary. However, the pro-
cedure we adopted in the present study is already applicable as
such to provide significant aid in the assignment of the NMR
spectra of a large array of compounds of interest in synthetic
and natural products organic chemistry.

Experimental

NMR spectra were acquired on Bruker AC-270 and DRX-400
spectrometers, operating at 270 and 400 MHz proton Larmor
frequencies, respectively. Pulse programs for the homonuclear
(COSY, TOCSY and NOEST) and heteronuclear (HMQC and
HMBC) 2D experiments were taken from the standard Bruker
library. Quantum-mechanical calculations were performed with
the Gaussian package.”? Compounds 1-17 were prepared as
described.®’
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