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Abstract 'H and '>C NMR chemical shifts of coumarin
derivatives have been determined using first principles
approaches with and without accounting for the effects of
the solvent and compared to experiment in order to assess
their reliability. Good linear relationships are obtained
between theory and experiment, which allows correcting
the calculated values for systematic errors. This is par-
ticularly the case when using the PCM scheme to model
the solvent effects because the ¢ values larger than
150 ppm are more difficult to reproduce. The final accu-
racy of the method amounts to about 1 ppm for '>C and
0.05 ppm for 'H.
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1 Introduction

Ab initio calculations have become valuable tools to help
in interpreting NMR spectra as well as in deducing from
these spectra information on the electronic structure of
molecules [1-5] and polymers [6, 7]. In particular, density
functional theory (DFT) schemes offer a good compromise
between computational cost and reliability and therefore
present the potential to assist in assigning experimental
spectra. Indeed, the errors on the chemical shifts are often
systematic in nature and they can be corrected using linear
scaling procedures [8-10]. In the case of 'H chemical
shifts, Rablen et al. [9] determined the linear scaling
parameters for a collection of exchange-correlation (XC)
functionals combined with different atomic basis sets and
found that the root-mean-square error on the so-predicted
chemical shifts in comparison with solution experimental
values can be as small as 0.15 ppm. More recent investi-
gations on Cl containing systems and PVC chains have
confirmed this high performance, at least, as far as dis-
tinction is made between chemically different atoms [7,
10]. So, DFT has been broadly employed for simulating
NMR spectra [9-26]. Among these, DFT calculations
helped in (1) determining the configuration of passifloricin
A [11], (2) re-interpreting the '"H NMR spectra of the E and
Z isomers of alkyl phenyl ketone phenylhydrazones [12],
and (3) in reassigning the structure of hexacyclinol to a
diepoxide [22]. On the other hand, substantial methodo-
logical efforts have been made to estimate chemical shifts
with high accuracy, accounting therefore for electron cor-
relation, solvent, ro-vibrational, and temperature effects
[1-5]. Nevertheless, such schemes are still nowadays
restricted to rather small compounds.

In the course of the investigations on fluoroionophores by
some of us [27-30], we have initiated a joint experimental—
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theoretical collaboration aiming first at interpreting NMR
spectra. Our interest in fluoroionophores finds its origin in
their ability to highlight selectively the complexation of ions
via a modification of their photophysical properties [31, 32]
and in their performance to detect a large range of analytes
such as alkaline and alkalino-earth cations, heavy and tran-
sition metals, protons, and anions. Like for photochromic
compounds [33-35], in addition to the characterization of
their optical properties, fluoroionophores are often subjected
to the detailed NMR characterization.

In particular, fluoroionophores based on the coumarin-
343 (C343) fluorescent unit are the subject of intense
investigation. In this paper, we first assess the performance of
DFT methods and atomic basis sets to predict the 'H and '*C
NMR chemical shifts of coumarin derivatives (Fig. 1) by
comparing theoretical values to experiment. In particular,
this assessment extends our previous investigations dealing
with PVC segments to aromatic systems. For reasons
described above, this validation step is carried out by com-
parison with experiment rather than with results obtained
using highly elaborated methods and it results in linear
regressions equations that will be used when investigating
other compounds.

In the second step, the efficiency of this approach is
exemplified (Fig. 1) on coumarin-343 diethylamide (C343-

dea, 3), coumarin-343-crown (C343-crown, 4), and cou-
marin-343-dibenzocrown (C343-dibenzocrown, 5). The
paper is organized as follows. The experimental aspects are
described in Sect. 2 while Sect. 3 presents the computa-
tional procedure. Then, the results are given and analyzed
in Sect. 4 before conclusions are drawn in Sect. 5.

2 Experimental aspects

The syntheses of C343-dea [30], C343-crown [27], and
C343-dibenzocrown [29] have already been described.
Additional NMR spectra were recorded at a temperature of
20.0 £ 0.1 °C in deuterated acetonitrile on a BRUKER
Avance 500 spectrometer installed at UCL. The concen-
trations of solutions were 10~> M for the '>C NMR spectra
and 107> M for the 'H NMR spectra. Larger concentra-
tions were employed for '*C NMR because it is less sen-
sitive than 'H NMR. 2D "H-'H and 'H-"C NMR spectra
were also recorded to attribute the peaks.

3 Computational procedure

Ground state molecular geometries were determined at the
DFT level using the hybrid B3ALYP exchange-correlation
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Fig. 1 Sketch of coumarin (1), coumarin-6H (2), coumarin-343 diethylamide (3), coumarin-343-crown (4), coumarin-343-dibenzocrown (5).
The backbone atom numbering is provided to help defining the torsion angles
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(XC) functional and the 6-311G(d) basis set with a tight
convergence threshold on the residual forces on the atoms of
1.5 x 107> Hartree/Bohr or Hartree/radian. The NMR
chemical shifts (J5, A = '3C or 'H) were calculated as the
differences of isotropic shielding constants (¢) with respect
to the TMS reference (0o = orms — 0a). To reduce the
systematic method-related errors, the same method was
employed for both the coumarin-based compounds and
TMS, for the geometry optimization as well as for the
evaluation of the shielding tensor. These tensor elements
and chemical shifts were evaluated adopting the coupled-
perturbed Kohn-Sham procedure together with the GIAO
[36, 37] approach to ensure origin-independence. Such
procedure was employed using the HF approach, DFT with
the B3ALYP and mPWIPW91 exchange-correlation (XC)
functionals as well as at the Mgller-Plesset second-order
perturbation theory level (MP2). The choice of these two
hybrid XC functionals is dictated by their usually good
performance while it is interesting to study the impact of
different percentages of HF exchange (20% for B3LYP and
25% for mPW1PWO1). The following list of rather extended
atomic basis sets was used: 6-3114+G(2d,p), cc-pVDZ,
cc-pVTZ, aug-cc-pVDZ, and aug-cc-pVTZ. To account for
solvent (acetonitrile) effects, the standard Polarizable Con-
tinuum Model (PCM) [38—40] was employed within the
Integral Equation Formalism (IEF). Moreover, when a
molecule can adopt several stable conformations, their rel-
ative populations at a specific temperature have been
determined using the Maxwell-Boltzmann (MB) distribu-
tion scheme and the reported chemical shifts are average
quantities considering the so-called populations. All calcu-
lations were performed using the Gaussian 03 program [41].

4 Results and discussion
4.1 Geometrical structures

In their ground state, coumarin presents a single stable
conformation whereas there are two for coumarin-6H,
seven for C343-dea, six for C343-crown, and just one for
the less flexible C343-dibenzocrown. The important torsion
angles are listed in Table 1.

For coumarin-6H, the two non-aromatic six-membered
rings of both conformers display a pseudo-chair confor-
mation while their relative positions with respect to the
mean molecular plane are inverted between the two con-
formers. At 298.15 K, their corresponding populations
according to the MB scheme are in the 68:32 ratio for gas
phase while 58:42 when considering the solvent effects
using the PCM model. For C343-dea, the conformers differ
by the orientations of the amide function and of the flexible
ethyl branches on the N atom. As a consequence, several

conformers present very similar energies and are influ-
enced by the PCM treatment of the solvent effects. Indeed,
the relative populations of conformers a—-g goes from
21:21:20:19:8:8:3 without solvent to 15:13:16:14:16:17:9
upon including solvent effects. The conformers come in
pairs, except for compound g. Structures a-b and c-d
differ only by the position of one of the ethyl branches of
the claw, while conformers e—f are symmetric with respect
to the plane of the molecule. For C343-crown, six con-
formers contribute to the MB distribution at 298.15 K and
they differ by the relative position of the crown moiety as
well as of the amide CO group with respect to the plane of
the coumarin moiety. The relative populations of con-
formers a—f are in the 61:24:8:5:1:1 ratio without solvent
(47:27:9:6:6:5 with solvent effects). For compound 5, there
is only one stable conformer as a result of the rigidification
of the crown moiety by the two phenyl rings.

4.2 3C chemical shifts

The theoretical values of '>C § of compounds 1 and 2
obtained using different methods described in the previous
section are listed in Table 2 and are compared to the
experimental values recorded for solutions in acetonitrile.
Except for a few values obtained at the MP2 level, if
the solvent effects are not taken into account, the theoreti-
cal predictions overestimate the experimental '*C § values.
Moreover, the differences between theory and experiment do
not present a completely systematic trend and therefore,
none of these methods can be concluded being much
superior to the others. In particular, contrary to Cl-containing
molecules [10], the largest overestimations are not
necessarily associated with the largest chemical shifts, even
if the trend is globally followed. When going from coumarin
to coumarin-6H, these trends remain for analogous C
atoms whereas some J values can change by up to
10-15 ppm as a result of steric and electronic effects of the
additional rings.

Although some of the differences between calculations
and experiment are partly not systematic, the linear
regressions are characterized by rather large correlation
coefficients (R > 0.99). In fact, two approaches were
adopted in these linear fits. First, all C atoms were consid-
ered in the fit; second, only the sp? C atoms. In this way,
distinction is made between aromatic and non-aromatic C
atoms while distinctions were made between C atoms
bearing different numbers of Cl atoms in Ref. [10]. The
respective parameters are listed in Table 3 for the different
levels of approximation. Since with both XC functionals,
the slope (b) is close to one and the intercept at the origin (a)
is negative, in average, the overestimation of the sp2 B¢
chemical shifts is a constant amounting to about 4 ppm. On
the other hand, at the HF level, the intercept is positive
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Table 1 Relative conformer energies (without zero-point corrections, kJ/mol), MB population ratios (in parentheses), and selected torsion
angles 0 (in degrees) for coumarin-6H, C343-dea, C343-crown, and C343-dibenzocrown as determined at the PCM/B3LYP/6-311G(d) level of

approximation
Conformers Coumarin-6H
AE (%) O4-5-15-14 0s.15-14-13 0s5.6.N-13 0g.7-10-11 07.10-11-12
a 0.0 (58) —157.3 —49.7 11.5 160.4 46.7
b 0.8 (42) 146.4 56.5 7.5 150.8 53.6
C343-dea
AE (%) 05.1-16:n 01-16-N-17 016-N-17-18 01-16:N-10 016-N-19-20
a 0.2 (15) —138.1 179.9 —81.3 14.6 —122.7
b 0.6 (13) —138.9 —179.7 79.8 14.9 —125.7
c 0.2 (16) 137.1 —14.6 123.0 —179.7 81.7
d 0.4 (14) 137.8 179.5 —80.2 —15.0 125.9
e 0.1 (16) —133.6 —177.8 86.3 9.7 89.1
f 0.0 (17) 133.2 178.2 —87.1 -9.1 —88.2
g 1.6 (9) 133.6 —6.1 —124.1 169.9 81.4
C343-crown
AE (%) 05.1-16:n 01-16-N-17 016-N-17-18 01-16-N-26 016-N-26-25
a 0.0 (47) 81.7 178.1 74.5 7.8 —110.8
b 1.4 (27) 124.4 169.7 75.8 —0.1 —123.6
c 4.2 (9) —138.2 179.1 75.8 15.9 —123.7
d 5.0 (6) —130.9 4.7 110.0 —170.2 —78.5
e 5.1 (6) —136.4 176.4 81.6 12.6 —123.6
f 5.8 (5) —68.7 —-23.6 120.8 172.9 —68.4
C343-dibenzocrown
AE (%) 02-1-16:8 01-16-N-17 016-N-17-18 01-16-N-26 016-N-26-25
a 0.0 (100) —142.0 177.8 74.3 20.3 —127.3

while the slope is much smaller than unity, illustrating the
impact of the lack of electron correlation. When considering
all C atoms, the conclusions are partly different because for
the sp® '*C atoms theory underestimates the variation of &
values (b < 1). Representing the relationship between
experimental and theoretical results (Fig. 2) further shows
that theory is misleading in estimating the  values for
the most deshielded sp2 C atoms. In addition, as seen
from the coumarin-6H results, the MP2 estimates are poorer
than the DFT values because the errors are much less sys-
tematic, leading to inversions in the relative amplitudes of
the chemical shifts. This cannot be related to an approxi-
mate MB distribution because there is only one stable
conformer for this compound. In terms of atomic basis set
choice, the performance of the 6-3114+G(2d,p) basis set is
not improved when using the sequence of cc-pVXZ and aug-
cc-PVXZ basis sets (X = D, T). Using the linear regression
parameters, the B3LYP/6-3114-G(2d,p) approach leads to a
corrected mean absolute error (CMAE) of 1.49 and
1.63 ppm with Eqgs. 1 and 2, respectively, in comparison
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with 4.41 and 4.78 ppm when no correction is performed.
Smaller CMAE values (1.45 and 1.52 ppm) characterize the
use of the mPWI1PW91 XC functional whereas the HF
method presents larger CMAEs (2.53 and 2.36 ppm).
Looking for improving these estimates (and MAEs),
solvent effects were considered in the evaluation of the
chemical shifts (Tables 2, 3; Fig. 2) while using the
geometries optimized without solvent effects. Indeed,
additional geometry optimizations with the PCM scheme
have shown that the geometrical changes are negligible, as
are the corresponding changes in the MB distributions.
With respect to the calculations in gas phase, one
observes that: (1) the DFT as well as the MP2 approaches
still overestimate experiment systematically, (2) the R
coefficients at the DFT level increase slightly, getting even
closer to one, (3) considering the sp® C atoms, the slopes
get smaller than one by as much as 6-7% while the
intercepts reduce to about 2 ppm at the DFT level, (4) MP2
results for coumarin are of similar accuracy to those cal-
culated using DFT, and (5) although the MAE values get
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Table 2 Theoretical [HF, B3LYP, mPWI1PW91, and MP2 methods using the 6-311+G(2d,p) basis set] and experimental (in acetonitrile) 3¢
chemical shifts (in ppm) for coumarin and coumarin-6H

Atoms Theory, in vacuo Theory, in acetonitrile (PCM) Experiment
HF B3LYP mPWIPW9l  MP2 HF B3LYP mPWIPW91l  MP2
Coumarin
C, 118.22 (1.01)  122.54 (5.33) 122.15 (4.94) 121.27 (4.06) 114.88 (—2.33) 120.87 (3.66)  120.57 (3.36) 121.07 (3.86) 117.21
C, 153.71 (9.23)  149.01 (4.53) 148.47 (3.99) 141.35(—3.13) 16091 (16.43) 154.74 (10.26) 154.14 (9.66) 147.39 (2.91) 144.48
Cs 121.75 (1.94)  125.71 (5.90) 124.02 (4.21) 124.08 (4.27) 122.19 (2.38) 126.48 (6.67)  124.69 (4.88) 126.17 (6.36) 119.81
Cy 135.98 (6.86)  132.81 (3.69) 132.39 (3.27) 126.15 (—2.97) 138.74 (9.62) 13533 (6.21)  134.90 (5.78) 130.23 (1.11) 129.12
Cs 126.16 (0.90)  128.05 (2.79) 127.35 (2.09) 126.54 (1.28) 128.27 (3.01) 130.72 (5.46)  130.06 (4.80) 131.51 (6.25) 125.26
Ce 141.50 (8.92)  137.20 (4.62) 136.74 (4.16) 129.76 (—2.82) 143.83 (11.25) 139.60 (7.02)  139.20 (6.62) 132.57 (—0.01) 132.58
C; 121.91 (4.58)  122.10 (4.77) 121.56 (4.23) 121.05 (3.72) 121.46 (4.13) 122.41 (5.08)  121.89 (4.56) 121.97 (4.64) 117.33
Cg 164.67 (9.85)  164.54 (9.72) 162.86 (8.04) 159.84 (5.02) 164.19 (9.37) 164.01 (9.19)  162.30 (7.48) 159.74 (4.92) 154.82
Cy 166.65 (5.41)  163.46 (2.22) 162.29 (1.05) 158.86 (—2.38) 172.03 (10.79) 168.12 (6.88)  166.82 (5.58) 165.77 (4.53) 161.24
Coumarin-6H
C, 114.27 (5.29)  114.00 (5.02) 113.66 (4.68) 105.24 (—=3.74) 110.60 (1.62)  110.44 (1.46) 108.98
C, 157.00 (11.37) 148.16 (2.53) 147.95 (2.32) 163.66 (18.03)  152.97 (7.34)  152.81 (7.18) 145.63
C; 114.16 (4.90)  115.83 (6.57) 114.09 (4.83) 108.00 (—1.26) 115.80 (6.54)  113.93 (4.67) 109.26
Cy 138.15 (11.62) 131.87 (5.34) 131.29 (4.76) 138.97 (12.44)  133.09 (6.56)  132.56 (6.03) 126.53
Cs 122.29 (2.50)  122.08 (2.29) 120.47 (0.68) 120.52 (0.73) 126.20 (6.41)  124.52 (4.73) 119.79
Ce 159.64 (12.27) 151.78 (4.41) 150.59 (3.22) 161.31 (13.94) 153.54 (6.17)  152.83 (5.46) 147.37
C, 114.12 (6.66)  113.09 (5.63) 111.59 (4.13) 109.09 (1.63) 113.40 (5.94)  111.84 (4.38) 107.46
Cg 166.44 (13.37) 162.32 (9.25) 160.74 (7.67) 163.42 (10.35) 161.38 (8.31)  159.78 (6.71) 153.07
Cy 170.16 (7.01)  164.54 (1.39) 163.34 (0.19) 173.46 (10.31)  169.17 (6.02)  167.80 (4.65) 163.15
Cio 24.42 (1.87) 24.40 (1.85)  23.12 (0.57) 19.92 (—2.63) 24.52 (1.97) 23.22 (0.67) 22.55
Cyy 26.30 (4.63) 25.19 (3.52)  23.51 (1.84) 22.02 (0.35) 24.81 (3.14) 23.13 (1.46) 21.67
C, 51.82 (0.87) 53.60 (2.65)  51.89 (0.94) 46.33 (—4.62)  53.29 (2.34) 51.61 (0.66) 50.95
Cis 52.18 (1.69) 53.55(3.06) 51.88 (1.39) 46.63 (—3.86)  53.40 (2.91) 51.76 (1.27) 50.49
Ciy 27.29 (6.06) 26.21 (4.98)  24.49 (3.26) 22.94 (1.71) 26.00 (4.77) 24.28 (3.05) 21.23
Cis 31.44 (3.02) 32.24 (3.82)  30.73 (2.31) 26.32 (—2.10)  32.25 (3.83) 30.75 (2.33) 28.42
MAE all 591 441 3.29 6.22 5.60 4.48
CMAE all 2.53 1.49 1.45 3.63 1.09 0.98
MAE sp* 6.87 4.78 3.81 7.89 6.41 5.44
CMAE sp* 2.36 1.63 1.52 2.85 1.12 0.94

From calculations performed in vacuo (in acetonitrile), the isotropic shielding constant of TMS, employed to define the chemical shifts amounts to 193.2, 183.3,
187.3, and 197.4 ppm (193.7, 183.9, 187.8, and 197.9 ppm) at the HF, B3LYP, mPWI1PWO91, and MP2 levels of approximation, respectively. In parentheses are
given the § differences between theory and experiment. MAE and CMAE are provided considering all C atoms or only the sp® C atoms

larger, the corrected MAE values reduce to about 1 ppm.
These main observations describe well the better agree-
ment sketched in Fig. 2, in particular for the C atoms
having ¢ values larger than 150 ppm. Note again that, from
calculations not detailed here, only negligible variations

are obtained when using other, often more extended, basis
sets [(aug-)cc-pVDZ and (aug-)cc-pVTZ].

Consequently, the following equations will be used in
Sect. 4.4 to estimate the experimental '>C chemical shifts
from the calculated ones:

all C) = —2.98 + 0.9872 x S[B3LYP/6—311 + G(2d, p)]
sp? C) = —4.15+0.9953 x J[B3LYP/6—311 + G(2d, p)]
all C) =—1.74 4+ 0.9658 x 6[B3LYP/6—311+G(2d, p) /IEFPCM(acetonitrile)]

sp* C) = 2.14 + 0.9383 x §[B3LYP/6—311+G(2d, p) /IEFPCM(acetonitrile)]
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Table 3 Linear regression parameters for all and for sp® C atoms
characterizing the relationship between the experimental (in aceto-
nitrile) and theoretical 3C chemical shifts of the coumarin and
coumarin-6H for different levels of approximation using the
6-311+G(2d.p) basis set

O(Exp) = a + b x o(Theor) a b R
In vacuo
All C atoms
HF —0.61 0.9532 0.9978
B3LYP, Eq. 1 —2.98 0.9872 0.9991
mPWI1PWI1 —1.36 0.9826 0.9920
sp* C atoms
HF 10.63 0.8743 0.9878
B3LYP, Eq. 2 —4.15 0.9953 0.9927
mPWI1PWI1 —3.85 1.0003 0.9937
In acetonitrile (PCM)
All C atoms
HF 6.75 0.8968 0.9956
B3LYP, Eq. 3 —1.74 0.9658 0.9995
mPWI1PWI1 —0.16 0.9614 0.9996
sp2 C atoms
HF 26.21 0.7614 0.9841
B3LYP, Eq. 4 2.14 0.9383 0.9969
mPWI1PWI1 2.51 0.9422 0.9973

R is the correlation coefficient

4.3 '"H chemical shifts

The same approach was adopted for the 'H chemical shifts.
Table 4 lists the "H 6 for different levels of approximation
and compares them to the experimental data recorded in
acetonitrile. The confrontation theory—experiment (see also
Fig. 3) highlights several trends: (1) in most cases, all
methods slightly overestimate the chemical shifts, except
for H, (and, at a lower extent, H;, and H;3; of coumarin-6H)
with the B3ALYP and MP2 levels of approximation, (2) all
Ad = dexp — Omeor are small, (3) there are, however,
inversions between the ¢ amplitudes for consecutive pro-
tons (see H, vs. Hg 0 values), and (4) contrary to the '°C 6,
the increase of Ad is almost proportional to the experi-
mental chemical shifts. Improvements in the 'H chemical
shifts were also sought by performing linear regressions
with or without distinguishing between the H atoms—or
rather the C atoms on which they are attached. Table 5
summarizes these results. Contrary to the '*C case, using
DFT, there are little differences when considering all pro-
tons or only those attached to sp”> C atoms: the intercept is
small and the slope close to one. Nevertheless, like for '*C,
the largest deviations with respect to the linear regression
are found for the largest deshieldings. Using the latter fitted
parameters, the B3LYP/6-3114-G(2d,p) approach leads to
corrected MAEs of 0.07 and 0.08 ppm with Eqgs. 5 and 6,
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Fig. 2 Relationships between the experimental (in acetonitrile) and
B3LYP/6-311+G(2d,p) 13C chemical shifts (in ppm) of coumarin
and coumarin-6H for all sp2 C atoms as determined with (bottom) and
without (fop) accounting for solvent effects within the PCM scheme

respectively, in comparison with 0.07 and 0.09 ppm with-
out linear regression. The improvement is almost negligi-
ble. Using mPW1PW91, the CMAE values are similar to the
B3LYP ones but the improvement over the MAEs is larger.
The MP2 values are not as accurate as the DFT results. By
comparing the results on '>C and 'H, it can also be con-
cluded that different functionals perform best for different
nuclei and that these relative performances can be tuned
upon using the linear relationship corrections.

When accounting for the solvent effects using the PCM
scheme, the CMAE values go down to 0.05 ppm for both
B3LYP and mPW1PW91 XC functionals (Table 4) while,
in the aromatic '"H § range, the large chemical shifts
(0 ~ 8 ppm) are predicted with similar accuracy to the
small ones (6 ~ 6-7 ppm). This improvement towards
better modeling the real systems is however accompanied
by larger and positive deviations with respect to
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Table 4 Theoretical and experimental 'H chemical shifts (in ppm) for coumarin and coumarin-6H in acetonitrile

Atoms Theory, in vacuo Theory, in acetonitrile (PCM) Experiment
HF B3LYP mPWIPW91 MP2 HF B3LYP mPWI1PW91 MP2

Coumarin

H,; 6.32 (—0.05) 6.39 (0.02) 6.46 (0.09) 647 (0.10) 6.62 (0.25) 6.73 (0.36) 6.81 (0.44) 7.16 (0.79)  6.37

H, 8.05(0.21)  7.72 (=0.12) 7.79 (—0.05) 7.63 (—=0.21) 8.94 (1.10) 8.45 (0.61) 8.54 (0.70) 7.73 (—0.11) 7.84

Hy 7.84 (0.30)  7.62 (0.08) 7.71 (0.17)  7.61 (0.07) 8.46 (0.92) 8.16 (0.62) 827 (0.73) 7.32(-0.22) 7.54

Hs 7.42 (0.14) 739 (0.11) 747 (0.19) 7.58 (0.30) 7.89 (0.61)  7.84 (0.56) 7.94 (0.66) 7.96 (0.68)  7.28

He 8.00 (0.41) 7.74 (0.15) 7.84(0.25) 7.71(0.12)  8.47 (0.88)  8.17 (0.58) 8.28 (0.69) 7.90 (0.31) 7.59

H; 7.70 (0.39)  7.55(0.24) 7.62 (0.31) 7.74 (0.43) 7.98 (0.67) 7.85(0.54) 7.93 (0.62) 827 (0.96) 7.31

Coumarin-6H

H, 598 (0.11) 594 (0.07)  6.00 (0.13) 6.09 (0.22) 6.15(0.28) 6.23 (0.36) 5.87

H, 7.83 (0.28)  7.43 (—0.12) 7.51 (—0.04) 8.76 (1.21)  8.06 (0.51) 8.16 (0.61) 7.55

H, 7.34 (043) 7.03 (0.12)  7.11 (0.20) 7.97 (1.06)  7.49 (0.58) 7.60 (0.69) 6.91

Hjo 2.98 (0.20) 298 (0.20)  2.95 (0.17) 2.80 (0.02)  2.94 (0.16) 2.91 (0.13) 2.78

Hy, 1.92 (0.01)  1.95(0.04) 1.91 (0.00) 1.86 (—0.05) 2.00 (0.09) 1.97 (0.06) 1.91

H)» 3.10 (—0.15) 3.23 (—0.02) 3.19 (—0.06) 3.08 (—0.17) 3.39 (0.14) 3.36 (0.11) 3.25

Hi; 3.10 (—0.15) 3.23 (—0.02) 3.20 (—0.05) 3.07 (—0.18) 3.38 (0.13) 3.35 (0.10) 3.25

Hyy 1.98 (0.07) 193 (0.02) 1.88 (—0.03) 1.82 (—=0.09) 1.97 (0.06) 1.94 (0.03) 1.91

Hs 2.74 (0.02)  2.81 (0.09) 2.78 (0.06) 2.72 (0.00)  2.90 (0.18) 2.88 (0.16) 2.72

MAE all  0.18 0.07 0.10 0.49 0.37 0.41

CMAE all 0.11 0.07 0.06 0.17 0.06 0.05

MAE sp® 026 0.09 0.14 0.79 0.51 0.61

CMAE sp*> 0.10 0.08 0.08 0.12 0.05 0.05

From both calculations performed in vacuo and in acetonitrile, the TMS isotropic shielding constant amounts to 32.2, 31.9, 31.8, and 31.8 ppm at
the HF, B3LYP, mPW1PW91, and MP2 levels of approximation, respectively. In parentheses are given the ¢ differences between theory and
experiment. MAE and CMAE are provided considering all C atoms or only the sp® C atoms

experiment. Indeed, for the sp> C atoms, the MAE goes
from 0.09 (0.14) to 0.51 (0.61) ppm using the B3LYP
(mPWI1PWOI1) XC functional. This nicely demonstrates a
typical compensation of errors. Accounting for solvent
effects, large R values are associated with slopes of the
order of 0.85 and intercepts of 0.6 ppm. Similar conclu-
sions are obtained by employing more extended basis sets.
In conclusion, the CMAE values go down to 0.05 ppm,
which demonstrates the reliability of the approach.

Consequently, the following equations will be used in
Sect. 4.4 to estimate the experimental "H chemical shifts
from the calculated ones:

0(Exp, all H) = —0.04 + 0.9972 x 6[B3LYP/6—311+G(2d, p)] (5)
S(Exp, H attached to sp> C) = —0.05 4+ 0.9987 x §[B3LYP/6—311+G(2d,p)] (6)
S(Exp, all H) = 0.11 + 0.9174 x 8[B3LYP/6—311+G(2d, p) /IEFPCM(acetonitrile)] (7)
5(Exp, H attached to sp® C) = 0.60 + 0.8546 x §[B3LYP/6—311+G(2d, p)/IEFPCM(acetonitrile)] (8)

4.4 Application to coumarin-343 derivatives

These different linear regressions were then employed to
predict the 'C and 'H chemical shifts of the “sp®” atoms
of the C343-dea (3), C343-crown (4), and C343-dibenzo-
crown (5) compounds (Fig. 1). Therefore, the calculated
chemical shifts have been corrected using Eqs. 2 and 4 for
13C and Egs. 6 and 8 for 'H, respectively. The comparison
between the theoretical and experimental '*C and 'H NMR
chemical shifts is presented in Table 6. No matter which
correction equation is used (i.e. distinguishing or not
between the sp? and sp> atoms, considering or not

@ Springer
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Table 5 Linear regression parameters for all H atoms and for H
atoms attached to sp2 C atoms characterizing the relationship between
the experimental (in acetonitrile) and theoretical "H chemical shifts of
coumarin and coumarin-6H as a function of the level of approxima-
tion using the 6-3114-G(2d,p) basis set

O(Exp) = a + b x o(Theor) a b R
In vacuo
All H atoms
HF 0.17 0.9421 0.9984
B3LYP, Eq. 5 —0.04 0.9972 0.9990
mPWIPWI1 0.05 0.9738 0.9990
H atoms attached to sp? C atoms
HF 0.85 0.8521 0.9838
B3LYP, Eq. 6 —0.05 0.9987 0.9828
mPWI1PWI1 —0.03 0.9857 0.9820
In acetonitrile (PCM)
All H atoms
HF 0.54 0.8322 0.9968
B3LYP, Eq. 7 0.11 0.9174 0.9997
mPWI1PWI1 0.19 0.8961 0.9997
H atoms attached to sp2 C atoms
HF 1.95 0.6556 0.9766
B3LYP, Eq. 8 0.60 0.8546 0.9978
mPWI1PWI1 0.59 0.8455 0.9971

R is the correlation coefficient

explicitly the direct effects of the solvent), theory repro-
duces most of the features of the experimental spectra, i.e.
the chemical shift values and the differences of chemical
shifts between consecutive H or C atoms.

Nevertheless, among these chemical shifts, ¢ (13C,) and
0 (le) are difficult to estimate and, for compound 3, the
overestimations remain as large as 5.91 and 0.22 ppm,
respectively. To trace the possible origin of these dis-
crepancies, we looked at the ¢ values of the different
conformers. However, they vary little (maximum change of
2.0 and 0.1 ppm for '*C and 'H, respectively, like in the
case of the two conformers of compound 3) so that the
differences found between theory and experiment do not
originate from errors in the MB distribution. Moreover,
when the conformer energies for compound 3 are calcu-
lated at the MP2/6-311G(d) level of approximation, the
MAE is only reduced from 1.66 to 1.65 ppm whereas
(*3C,) changes by less than 0.2 ppm. Then, we investigated
the effect of modifying the 0,_.;6.0 angle by a step of 5°
around the equilibrium position. Again, the impact is small
(148.62 ppm for "*C and 7.77 ppm for 'H, which still gives
an overestimation of 5.79 and 0.21 ppm, respectively)
whereas the energy increases, which reduces the weight of
these conformations in the MB distribution. We have fur-
ther checked that these poor estimates are not connected to
the fact that the LYP correlation functional lacks equal spin
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Fig. 3 Relationships between the experimental (in acetonitrile) and
B3LYP/6-311+G(2d,p) 'H chemical shifts (in ppm) of coumarin
and coumarin-6H for H atoms attached to sp2 C atoms with (bottom)
and without (fop) accounting for solvent effects within the PCM
scheme

correlation and exaggerates opposite-spin correlation as
discussed by Filatov and Cremer [42]. This was achieved
by performing additional IEFPCM(acetonitrile)/B3PW91/
6-3114+G(2d,p) calculations for C343-dea but no
improvement was observed with respect to B3LYP. Thus,
the remaining differences come probably from specific
interactions with solvent molecules, including possible
interactions with water molecules present in acetonitrile.
Such large differences between the theoretical and exper-
imental values are also observed for compound 4, with
errors on & (°C,) and 6 ('H,) of 3.40 and 0.23 ppm,
respectively.

Moreover, comparing the results of Table 6 for the
different fluoroionophores, the variations of 6 when going
from the ‘In gas phase’ to the ‘In acetonitrile’ columns
present similar trends considering the three ligands, except
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Table 6 Theoretical (B3LYP/6-3114+G(2d,p)) versus experimental
13C and "H NMR chemical shifts (in ppm, with respect to TMS) for
the characteristic “spz” atoms of C343-dea, C343-crown, and C343-

dibenzocrown after accounting for linear regression corrections

Atoms Theory Experiment
In gas phase In acetonitrile (PCM)

C343-dea

C, 120.12 116.32 119.97

C, 149.20 148.74 142.83

Cs 110.16 109.56 108.22

Cy 126.73 126.37 126.58

Cs 118.56 122.06 119.97

Cs 146.45 147.01 147.60

C; 105.89 106.85 106.84

Cs 156.59 153.20 152.80

Co 159.12 158.57 160.37

Cie 167.19 166.05 166.66

MAE 1.77 1.66

H, 8.06 7.78 7.56

Hy 6.96 6.93 6.96

C343-crown

C 120.92 117.60 -

C, 146.83 147.21 143.81

C; 111.70 110.85 108.23

Cy 127.96 127.46 126.75

Cs 117.71 121.23 120.19

Cs 147.11 147.92 147.88

C,; 107.91 108.99 106.80

Cg 156.38 153.09 152.92

Co 158.71 158.61 160.34

Cie 169.02 167.83 167.91

MAE 2.03 1.33

H, 8.14 7.84 7.61

Hy 7.33 6.83 6.97

C343-dibenzocrown

C, 119.26 115.64

C, 149.40 149.05

C; 111.90 111.39

Cy 128.84 128.58

Cs 117.79 121.07

Cs 148.29 148.75

C; 108.26 108.85

Cg 157.45 154.03

Co 158.40 158.12

Cie 169.65 168.05

MAE - -

H, 8.24 7.95 7.61*

Hy 7.17 7.13 6.81%

* In CDCly

for the case of C, of C343-crown. In such a case, a small
increase is predicted instead of a small decrease obtained
with the other two ligands. This difference has been
attributed to the changes in the MB distribution of the
different conformers of C343-crown upon taking into
account the effects of the solvent (see Sect. 4.1) in com-
bination with their slightly different chemical shifts. This
has further been substantiated by comparing the chemical
shifts of similar conformations for the three fluoroiono-
phores, i.e. conformer ‘b’ of C343-dea with conformer ‘c’
of C343-crown (see Table 1). In this case, 5('>C,) of C343-
dea and C343-crown amount to 148.28 and 148.75 ppm
when the initial calculations do not account for the effects
of the solvent whereas after including these within the
PCM scheme, the 5(13C2) values are 147.73 and
148.44 ppm, respectively.

5 Conclusions and outlook

'H and "3C NMR chemical shifts of coumarin derivatives
have been determined using first principles approaches
with and without accounting for the effects of the solvent.
First, the calculated values for coumarin and coumarin-6H
have been compared to experiment in order to assess their
reliability. Good linear relationships are obtained between
theory and experiment, which allows correcting the cal-
culated values for systematic errors. This is particularly the
case when accounting for the effects of the solvent at the
PCM level because the J values larger than 150 ppm have
been shown to be more difficult to reproduce. Using DFT
and hybrid XC functionals (B3LYP and mPW1PW91), the
final accuracy of the method, estimated from the CMAE
values, amounts to about 1 ppm for '*C and 0.05 ppm for
"H. This calibration step extends our recent works dealing
with the chemical shifts of PVC chains and models [7, 10,
43, 44] to aromatic compounds. Though these corrections
might appear scientifically unsatisfactory, these are par-
ticularly useful for addressing problems of chemical
interest. Then, in order to illustrate the reliability of the
approach, the NMR signatures of coumarin-343 derivatives
have been evaluated using these linear correction schemes.
With the exception of the atoms in position 2 of the aro-
matic ring, good agreement with experiment is achieved.
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