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Abstract

We combined different models of solvation and density functional theory calculations to study the magnetic properties of
uracil in the liquid dimethyl sulfoxide environment. Special attention was paid to the effect of weak hydrogen bonds forma-
tion. In uracil, C=0 groups act as hydrogen acceptors while N-H is hydrogen donor. The influence in the intramolecular
coupling involving the acceptor and donor sites in uracil is perceptible. The ! J(C,0) and ' J(N,H) coupling constants decrease
by ca. 1.5 Hz and 2.3 Hz, respectively. This behavior depends on the nature of the hydrogen-bonding interaction and cannot
be neglected. The best agreement between theory and experiment for the magnetic shielding was obtained using long-range
or dispersion corrected exchange-correlation functional such as LC-BLYP, B97D, and @B97XD. In the particular case of
uracil, we concluded that the most important contribution to the calculated magnetic shielding for C—H:--O interactions

comes from electrostatic contributions.

Keywords Magnetic shielding - Spin—spin coupling - QM/MM methods - Solvent effects - Hydrogen bonds - DFT

methods - Dispersion correction - Long-range interactions

1 Introduction

A hydrogen bond is normally defined as an X—H:*"Y inter-
action, where X and Y might be some electronegative ele-
ments such as N, O, or F [1]. These conventional structures
have importance in many biological processes, stabilizing,
for instance, the DNA double helix pattern, determining the
three-dimensional structure of folded proteins and enzymes,
besides being responsible for the unique characteristic of
water.
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A conventional X—H--"Y bond is experimentally charac-
terized by an increase in the X—H bond and a lowering of
the frequency of its vibrational stretching modes. However,
Trudeau and co-workers [2] established a new baseline for
such intermolecular interactions presenting the possibility
of the formation of unconventional bonds between solute
and solvent molecules. Such structures show C-H:-'Y (Y
= x, N, O, F) conformation, and in contrast to the common
hydrogen bonds, they are remarkable by a lowering in the
C-H bond and an enlargement in its corresponding stretch-
ing frequencies.

The discovery of these new interactions has a direct
impact on organic chemistry, where methyl groups are
abundant. For these reasons, many efforts were made in an
attempt to understand the nature of such interactions. In this
sense, significant contributions were made by Hobza [3-7]
and Scheiner [8—11], who have studied the origins of the
so-called improper C—H blue shift, as well as the role of
the unconventional hydrogen bonds in structural chemistry
[12,13].

Despite the advances in the field, for a long time, the
existence of unconventional C—H:-*O bonds were seen
as a challenge for Nuclear Magnetic Resonance (NMR),
which is one of the most popular techniques for structural
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characterization used in organic chemistry. From the 'H,
13C, and "N NMR parameters, it is possible to obtain use-
ful information about the molecular structure. However,
these elements are not very sensitive to the environment
when compared to 70O [14], which would be a logical
alternative as a structural probe. However, in opposition
to the convenience of being a common element in organic
compounds, oxygen has particularities that prevent its
use in NMR, and the characterization of unconventional
C-H:--O bonds. Perhaps the major one is the low natural
abundance (0.037%) of 70, the only one with nonzero
nuclear spin. Nevertheless, modern instrumentation com-
bined with a smart choice of experimental setup (solvent,
pulse reception time, temperature, and concentration)
could provide spectra with good resolution for a variety
of organic compounds [15].

Once the experimental barriers were overcome, the next
step would be to learn how to model such interactions. As
most experiments are made in solution, molecular mode-
ling techniques that account for the solute—solvent interac-
tions gain special importance. Interesting results have been
obtained combining clusters models to continuum solvent
approaches [16, 17]. However, the use of clusters does not
include the statistical description necessary for character-
izing a liquid system. Another important aspect in NMR is
the electronic solute polarization due to solvent. As it was
previously discussed, the solute polarization changes the
coordination number of solvent molecules around the sol-
ute [18-21]. These changes in the chemical environment
have influence on NMR spectra, so the inclusion of the
solute-polarization effects is necessary, especially in the
case of electronegative compounds as nitrogen and oxygen
atoms, since they are susceptible to hydrogen bonds.

From the point of view of quantum chemistry, density
functional theory (DFT) [22, 23] has been frequently
employed due to its satisfactory cost performance. How-
ever, a systematic account of dispersion forces, lacking in
the most conventional exchange-correlation functionals,
remains a challenge. Since dispersive interactions may
significantly contribute to several molecular properties,
efforts have been made to address these limitations, giv-
ing rise to new exchange-correlation functionals [24-26].
Improved functionals have been used to study vibrational
frequencies [27-30], ionization [31] and binding energies
[32-34]. Although these recent advances allowed treating
the weak C-H:-'Y structures, the effects of weak interac-
tions on specific molecular properties such as the NMR
constants remain unclear.

Within these context, uracil is an interesting exam-
ple because of its biological importance [35-37]. This
nucleobase pairs with adenine in ribonucleic acid, and
its derivatives are often used as pharmacological agents
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[37]. In water solvent, uracil makes a strong O—H, Oy
bond. Experimental works report, in aqueous environment,
shielding constants of 55.5 ppm and — 13.5 ppm, respec-
tively, for O1 and O2 (labels are shown in Fig. 1 [38].
Now, in dimethyl sulfoxyde (DMSO), the oxygen atoms
of uracil interact with the solvent by a weak and uncon-
ventional C—Hpyq0 +-*Oy hydrogen bond, which changes
significantly the 7O shielding constants to 35.0 ppm and
— 46.5 ppm [39], in comparison with the in-water results.
This clearly indicates that the nature of the hydrogen bond
interaction has strong influence on the 'O magnetic con-
stants. This demands theoretical attention and is the sub-
ject of the present investigation.

In this work, we study the NMR constants of uracil
in DMSO solution. We include the electronic polariza-
tion of the solute using an iterative process, successfully
used before [18-21]. Next, we analyze the influence of the
unconventional C—H:--O bonds on uracil NMR constants.
DFT functionals were combined with different models
of solvation to describe environmental effects. Contrary
to possible expectations, our results indicate that disper-
sion forces are not fundamental in the NMR parameters
of unconventional C—H:---O bonds in uracil, but the use of
long-range corrected DFT functionals provided a better
understanding of the experimental results. We have con-
sidered not only the chemical shielding parameters but
also the spin—spin coupling constants. This includes the
important intermolecular couplings involved in the hydro-
gen bonds. The solvent effects on the spin—spin couplings
are found to be mild but to depend on the donor and accep-
tor character of the solute—solvent hydrogen bond. As we
will discuss, the ""J(Hpy50,0y) coupling constant across
unconventional HBs are two orders of magnitude smaller
than conventional 'J(H;,Oppso) coupling. Shielding and
spin—spin coupling constants related to unconventional and
weak C—H:--O interactions are mainly affected by electro-
static interaction.

2.76 A

Fig.1 One of the 100 bonded structures sampled from MC simula-
tions used in the quantum mechanical calculations
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2 Computational details

To generate solute—solvent configurations we used Metrop-
olis Monte Carlo simulations. All simulations were per-
formed using the DICE [40] code in the NpT ensemble
at 1 atm, 398 K and in a cubic box composed by 1 uracil
and 500 DMSO molecules. These configurations are sam-
pled for the subsequent quantum mechanics calculations
following the sequential quantum mechanics/molecular
mechanics methodology (S-QM/MM) [41, 42]. The inter-
molecular interaction is described by the Lennard-Jones
(LJ) plus Coulomb potential. For uracil, we adopted the
LJ parameters of the OPLS force field [43]. The charges
were obtained after the solute polarization [18-21] calcu-
lated using CHELPG fittings [44] of the molecular poten-
tial at MP2/aug-cc-pVTZ level of theory. For DMSO, we
adopted the all-atom force field proposed by Zhang et al.
[45]. The MC simulations were performed in two stages: a
thermalization followed by a production stage of 12 x 107
MC steps in thermodynamic equilibrium. More details
about the MC simulations can be obtained from our pre-
vious works [41, 42]. The iterative scheme to obtain the
solute polarization is also described in detail [46]. Uracil
and DMSO geometries were both obtained at MP2/aug-
cc-pVTZ level of theory.

The NMR calculations use different solvation models.
The simple model including only the electrostatic part of the
solute—solvent uses the averaged solvent electrostatic con-
figuration (ASEC) [47]. The solvent effects on the calculated
nuclear magnetic constants were accounted for by consider-
ing both continuum and discrete models of solvent. For the
continuum approach, we used the polarizable continuum
model (PCM) within the integral equation formalism (IEF-
PCM) [48]. Three different models were used as discrete
solvent approaches. First, the ASEC model (aforementioned)
where the solvent molecules are treated only as simple point
charges, and next a micro-hydration shell (HB) including
explicitly the water molecules that are involved in hydrogen
bonds, as illustrated in Fig. 1. In the third model, explicit
hydrogen-bonded DMSO molecules are supplemented by
an electrostatic embedding (HB + PC) composed of all
the remaining solvent molecules treated as simple point
charges. This third model (HB + PC) includes electrostatic
bulk effects. While ASEC includes only electrostatic interac-
tions, the HB + PC includes additional contribution such as
dispersion interaction of the solute and the nearest solvent
molecules. The HB corresponds to all hydrogen-bonded
solute—solvent structures sampled from MC simulations. In
this case, the results were obtained as averages over 100
snapshots.

To identify the hydrogen bonds, we used both
geometrical and energetic criteria [49-51]. The

geometrical criterion is obtained from the radial dis-
tribution function and the energetic one from the pair-
wise energy interaction [51]. Hence, we use here
FKopute - Ypmso) < 40A E < —4.0 kcal/mol and 6
[X—(YH)] < 40.0°. Using these criteria, only 10% of the
MC structures analyzed showed the absence of hydrogen
bonds, whereas 42% and 48% of these configurations pre-
sented one and two solute—solvent bonds, respectively. O1
participates in 80% of the bonds, while O2 in 58%. Non-
conventional hydrogen bonds are more weak interactions.
This has direct consequence in the geometric parameters
of the hydrogen bond. Figure 1 shows one of these struc-
tures sampled from our MC simulations and defines the
labels for uracil atoms. Analyzing this liquid structure,
it can be noted that the bonds lengths (O, ***Hpmso)
~ 2.8 A are 60% larger than conventional r(H,;,. -**Opmso)
length, confirming that improper hydrogen bonds are
weaker interactions.

The quantum mechanical calculations were carried out
using the Gaussian 09 [52] and DALTON [53] programs
and used different DFT exchange correlations. A very large
selection of functional has been adopted. We have used more
conventional hybrid models (B3LYP [54, 55], BLYP [54,
55], X3LYP [56], B3PWO1 [54, 57], and mPW1PWO1 [58]),
long-range corrected (CAM-B3LYP [59] and LC-BLYP
[60]), pure MO6L [61], dispersion-corrected (wB97XD
[24] and B97D [25]) and semi-empirical GGA-type func-
tionals (KT2 [62] and KT3 [63]). The shielding constants
were obtained using the Pople 6-3114++G(d,p) basis set
[64—66] within the gauge-independent atomic orbital [67]
method. For the spin—spin coupling constants, we used the
specially designed aug-pcJ-1 [68] basis set. Finally, the
experimental chemical shifts § were converted to chemical
shielding scale by using the Wasylishen and Bryce relation
(o =287.5ppm — ) [69].

3 Results and discussion
3.1 Solute polarization

The results for the dipole moment after the solute electronic
polarization are shown in Table 1 and was obtained at the
MP2/aug-cc-pVTZ level of theory. For isolated uracil, we
obtained a dipole moment of 4.34 D [19]. This result is in
good agreement with the previous theoretical results of 4.39
D [70] but overestimates the experimental prediction of 3.87
D [71].

In DMSO, the iterative procedure converges to a dipole
moment of 5.34 D, an increase of 23%. For comparison,
Table 1 also shows the result in water using the same proce-
dure. As expected, the dipole moment in water is larger than
in DMSO, following the increase in polarity and dielectric
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Table 1 The uracil dipole moment (/D) in water and DMSO solvents calculated at MP2/aug-cc-pVTZ level of theory:

Isolated molecule DMSO Water
Calculated Experimental PCM Iterative PCM Iterative
4.34%,4.39 [70] 3.87[71] 6.02% 5.34% 6.03 [19] 6.36, 6.45 [19], and 7.01 [70]

PCM means the polarizable continuum model used within the integral equation formalism [48]

*This work

Table 2 The 7O magnetic shielding constants (¢/ppm) calculated for
uracil in DMSO using the 6-3114++G(d,p) basis set and different DFT
functionals

DFT o1 02
B3LYP 23.2 + 10 (22.1) —57.1+ 12 (—62.8)
X3LYP 233 + 1.0 (22.3) —57.1+12(—62.8)
B3PW91 26.1 + 1.0 (24.3) =542+ 1.2 (—60.4)
mPWI1PW91 27.6 + 1.0 (27.4) =520+ 1.0(—59.2)
BLYP 19.4 + 1.0 (19.3) —60.7 + 1.2 (— 64.8)
@B97XD 31.8 + 1.0 (29.8) —46.7 + 1.2 (—53.5)
BY7D 32.9 + 1.0 (31.8) —44.0 + 1.1 (—48.4)
CAM-B3LYP 29.0 + 1.0 (25.8) —-50.7 + 1.2 (—57.3)
LC-BLYP 34.8 + 1.1 (32.2) —459 4+ 1.3 (—54.3)
MO6L 557+ 0.8 (51.2) —13.1+ 1.0 (—32.3)
KT2 43.8 + 0.0 (43.8) -29.9 + 1.1 (—33.2)
KT3 45.1 £ 0.9 (45.1) —28.1+ 1.1(-312)
Exp. [39] 35.0 -46.5

Results obtained using HB + PC model are averaged over 100 con-
figurations. In parentheses, values obtained by using the electrostatic
ASEC model

constant. The PCM result shows a larger polarization in
DMSO but is unable to distinguish it from the results in
water. This pattern was also observed for the case of 5-fluo-
rouracil in acetonitrile [72]. The solute—solvent structures
obtained in the iterative procedure were used to calculate
the NMR parameters of solvated uracil.

3.2 70 magnetic shielding

The 70 shielding constants of uracil in DMSO have been
reported experimentally by Blicharska and Kupka [39] as
35.0 ppm for O1 and — 46.5 ppm for O2.

Table 2 shows the calculated values for the shielding
constants using twelve DFT functionals. For simplicity, we
consider only the performances of the HB + PC and ASEC
models, and the the role of the exchange and correlation
terms of the density functionals could be observed. As both
B97D and wB97XD functionals and the HB + PC model
include some dispersion interaction, one may suppose that
the good agreement with the experiment must be due to dis-
persion interactions dominating unconventional C—H---O
bonds. The B3LYP functional is probably the most popular
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exchange-correlation density functional used in quantum
chemistry and predicts 23.2 + 1.0 ppm and — 57.1 + 1.2
ppm for O1 and O2, respectively, which are the same results
obtained with the X3LYP functional. These functionals
differ only in the exchange term, which suggests that the
electronic correlation should be more relevant for shielding
constants. We confirm this statement, by using B3PW91 and
mPW1PWO91, which differ only by the exchange term. These
functionals present the values of 26.1 + 1.0 and 27.6 + 1.0
ppm for O1 and — 54.2 + 1.2 and — 52.0 + 1.0 ppm for O2.
So, the substitution of the exchange term does not affect
significantly the shielding constants.

This dependency with respect to the correlation term is
better noted comparing the B3PW91 and B3LYP methods.
In comparison with the experimental data, it is clear that the
B3PW91 correlation functional improves the B3LYP results.

However, a better description is obtained after the inclu-
sion of different forms of long-range corrections. For
instance, the Coulomb attenuating method (CAM-B3LYP)
improves substantially the B3LYP description predicting
29.0 + 1.0 ppm and — 50.7 + 1.2 ppm, respectively, for
Ol and O2. And the simple BLYP method only matches
the experimental reports after the inclusion of long-range
corrections (LC-BLYP), which points out 34.8 + 1.1 and
—45.9 + 1.3 ppm for O1 and O2, and shows the importance
of long-range corrections for these properties.

The KT2 and KT3 functionals were developed for the
study of magnetic properties [62, 63]. Even so, they did not
show good performance. The MO6L functional produces
unsatisfactory results. A possible explanation is that this
exchange-correlation approximation was developed espe-
cially to deal with transition metals, inorganic, and organo-
metallic materials [61]. The results of Table 2 indicate the
importance of long-range and dispersion-corrected models
for describing the 7O shielding constants of uracil. The
best results are obtained with the LC-BLYP, wB97XD and
B97D models, but the KT2 and KT3 functionals also pro-
vide a faithful description of the phenomenon. This idea is
better realized in Fig. 2, which plots the relative shielding
(6pFT — Ocxp)- The smaller bars indicate better theory-exper-
iment accordance.

Now, we analyze the sole contribution of electrostatic
interaction. Table 2 also shows, in parentheses, the calcu-
lations including the electrostatic ASEC model where no



Theoretical Chemistry Accounts (2020) 139:155 Page50f10 155
Table3 7O magnetic shielding  Aiom  Gas PCM  ASEC  HB HB + PC (HB + PCM) Exp. [39] *
constants (o/ppm) calculated
for solvated uracil at BO7D/6- o(01) 152 427 31.8 192+0.8 32.9 + 1.0 (38.8 + 0.6) 35.0
311++G(d,p) level of theory Ao 275 16.6 4+08 17.7 + 1.0 (23.6 + 0.6) 19.8

% 180.9 109.2 26.3 116.4 (155.3) 130.3

o(02) -81.9 -31.9 —48.4 -60+0.9 —44+1.1(-289+05) -46.5

Ac -50 -33 -335 -379+1.1(—53+05) -354

% 61 403 40.9 46.3 (64.7) 43.1

The values of HB, HB + PC and HB + PCM are averages over 100 statistically uncorrelated configurations

sampled from the MC simulation

*The experimental estimation for Ac and % are in relation to the gas-phase values for the 7O shielding

constants

"PCM means the polarizable continuum model used within the integral equation formalism [48]
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Fig.2 The relative (oppr — 0.,) shielding constant calculated at

DFT/6-311++ G(d,p) level of theory. The minor barriers indicate
better agreement with the experiment

solvent molecule is explicitly considered but used as a sim-
ple point charge. The dispersion or long-range corrected
DFT-based methods show good agreement when applied
in the ASEC model. As an example, the calculations with
the B97D functional give a magnetic shielding constant of
31.8 ppm for Ol and — 48.4 ppm for O2, a minor decrease
compared to the values obtained with the HB 4+ PC model.
A similar conclusion is obtained using the LC-BLYP and
wB97XD functionals. However, we noted that the differ-
ence between the ASEC and HB + PC models is less pro-
nounced for O1 than for O2. The success of LC-BLYP and
CAM-B3LYP using the ASEC model indicates that inter-
molecular dispersion interaction is small, and the shielding
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Fig.3 The 7O shielding constants calculated for different solvation
models at B97D/6-311++G(d,p) level of theory

is dominated by the electrostatic interaction. Figure 3 shows
the evolution of the shielding constants as a function of the
iterative step and stresses the importance of the solute polar-
ization due to solvent. In addition, as we observed before,
ASEC and HB + PC present similar results, and both are
able to obtain good agreement with the experimental values.

The solvent effect (Ac) can be obtained taking the dif-
ference between the property calculated in solvent and in
vacuum conditions. For 7O, such properties are shown in
Table 3, and for simplicity, we only discuss the B97D/6-
311++G(d,p) results.

We could not find experimental reports for the !’O shield-
ing constants of uracil in vacuum. However, our theoretical
calculations estimate values of 15.2 ppm and — 81.9 ppm,
respectively, for O1 and O2 atomic sites. In DMSO solution,
Blicharska and Kupka [39] reported values of 35 ppm and
— 46.5 ppm, which indicates a tuning effect of up to 130%
for 6(0O1) and 43% for ¢(02).

Concerning the solvent models used, the PCM overes-
timates the experiment and predicts shielding constants
of 42.7 ppm on O1, and — 31.9 ppm for O2, respectively.
On the other hand, a discussion considering only the
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hydrogen-bonded solute—solvent molecules is unsatisfactory.
In fact, in contrast to PCM, the HB model underestimated
the experiment and predicts unreasonable values, 19.2 + 0.8
ppm for O1 and — 60 + 0.9 ppm for O2.

NMR shielding constants are suitably described combin-
ing explicit solute—solvent and electrostatic interactions [73].
For instance, Mennucci [16] and Cossi and Crescenzi [17]
have improved both, the HB and PCM results embedding
some solute—solvent hydrogen-bonded structures in a con-
tinuum environment (HB + PCM). By using this model, we
obtained the Ol shielding constant as 38.8 + 0.6 ppm, but a
less consistent value of — 28.9 + 0.5 ppm for O2. Very good
results were obtained with the HB 4+ PC model providing
the best agreement with the experimental values, 32.9 +
1.0 ppm and — 44.0 = 1.1 ppm for O1 and O2, respectively.
Good results were also obtained for the wB97XD functional,
which is corrected for dispersion forces, obtaining the values
of 31.8 + 1.0 ppm for O1 and — 46.7 + 1.2 ppm for O2 (see
Table 2).

These findings for uracil illustrate the relevance of 'O
NMR for the structural characterization of natural products
or biological compounds. For aprotical nitrogen systems
such as pyridine and pyrazines, o(N) suffers a reasonable
gas—solvent shift ranging from 10 to 30% [74]. Minor effects
(ca. 9%) are reported for protic nitrogen systems [21]. On the
other hand, with respect to the vacuum, our HB + PC solva-
tion model indicates a solvent effect of ca. 130% for ¢(O).
Therefore, 7O NMR parameters may be an excellent probe
to measure structural changes in the chemical environment.

3.3 Spin-spin coupling constants

Now, we will consider the indirect spin—spin constants J,
and for the atomic labels, refer to Fig. 1. The solvent effects
on intramolecular 'J(N1,H3), 'J(N2,H4), ' J(C3,01), and
1J(C4,02) coupling constants are of particular importance
because they are directly involved in solute—solvent hydro-
gen bond interactions. Whereas !J(N1,H3) and !J(N2,H4)
constants describe hydrogen-bond donor sites, 'J(C3,01)
and 'J(C4,02) are related to hydrogen-bond acceptors. Keal
and collaborators [75] have studied the !.J(N,H) and ' J(C,0)
constants and found good results for a variety of molecular
systems using the B97-2 and B97-3 functionals. Based on
their results, our calculations were carried out at B97D/aug-
pcl-1 level of theory using the HB + PC solvent model. The
results are organized in Table 4. The B97D functional can be
considered an improvement of the B97-2 and B97-3 methods
by partially including dispersion corrections.

In Table 4, we note that the effect of the solvents are
small, but systematic. For instance, for isolated uracil !/
(N1,H3) is — 95.1 Hz, whereas the PCM model point out
the value of — 97.4 Hz, i.e., a solvent effect of ca. 2.3 Hz.
After the inclusion of the explicit solvent molecules by using
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Table 4 Intramolecular spin—spin coupling constants (J/Hz) calcu-
lated for solvated uracil at B97D/aug-pcJ-1 level of theory

Coupling  Gas PCM  ASEC HB HB + PC
IJINILH3) —95.1 —-974 -976 —970+0.1 -974+0.1
IJ(N2,H4) —89.8 —894 —-90.1 —905+0.1 —89.8+0.1
1J(C3,01) 255 22.8 23.7 24.1+0.1 232 +0.1
1J(C6,02) 26.2 23.3 24.8 253 +0.1 247 +0.1

HB and HB + PC are averages over 100 statistically uncorrelated con-
figurations sampled from the MC simulation

“PCM means the polarizable continuum model used within the inte-
gral equation formalism [48]

the HB model, this value becomes — 97.6 Hz. This agree-
ment with PCM indicates that the major contribution for J
(N1,H3) comes from the nearest solvent molecules. In fact,
this statement becomes clear when we consider the HB + PC
model. The inclusion of the remaining molecules through
point charges does not affect 1J(N1,H3), which is estimated
as —97.4 +0.1 Hz.

The other coupling constant, 1J(N2,H4), is even less
affected by the environment. Under gaseous conditions,
this coupling is estimated as — 8§9.8 Hz. However, our most
complete model, HB + PC, shows an imperceptible change,
indicating a coupling of — 89.8 + 0.1 Hz.

These findings lead us to discuss the flexibility of uracil
and its impact on nuclear couplings. Contrary to one might
expected, uracil is a flexible molecule when compared to
other pyrazine rings [76, 77]. However, the current values do
not account for environmental effects on the solute structure,
but as the solvent shift AJ is quite small, it is important to
discuss how such effects could impact our results. Recently,
Roohi and Nokhostin studied the NMR chemical shielding
and spin—spin coupling constants across hydrogen bonds
in uracil-a-hydroxy-N-nitrosamine complexes [78]. Such
results accounted for geometry relaxation effects, and the
1J(N,H) couplings showed small solvent effects, which also
decreases this magnetic constant, corroborating our current
results. As the main conclusion, !J(N,H) in uracil shows lit-
tle dependence relative to possible structural changes medi-
ated by the solvent.

Concerning the gaseous-phase conditions, similar results
are obtained for the '.J(C3,01) coupling constants at the car-
bonyl active sites. For instance, the HB 4+ PC model presents
a value of 23.2 + 0.1 Hz, which means a solvation effect of
ca. — 2.3 + 0.1 Hz. The '7(C4,02) constant also follows this
tendency and decreases ca. — 1.5 + 0.1 Hz. The PCM and
ASEC models give results in close agreement with those
obtained using the HB + PC solvent models. In turn, using
only the HB to represent the solvent seems also to obtain
good results. Although the differences among these three
models are less than 1.0 Hz, it indicates that specifically for
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17(C,0) couplings, electrostatic interactions are the domi-
nant forces.

The same behavior is found for other !J(C,0) coupling in
carbonyl function. For hydrated tartaric acid, for instance,
after considering the solute relaxation in the presence of the
solvent, Fideles et al. [79] obtained solvent effects of ca.
— 2.5 Hz for 'J(C,0) coupling when there is the formation
of C—Or*-H bonds. For uracil and accounting for effects of
geometry, Roohi and Nokhostin found the same effect for
LJ(C,0) [78].

Our current results even without considering the influence
of the solvent on the solute geometry agree with experimen-
tal and theoretical evidence and predict the correct trend for
the solvent effect either for L.J(N,H) and ' 7(C,0) couplings.
Moreover, these results reinforce that the major contribution
for such NMR properties in uracil comes from the solute
polarization due to the surrounding.

Figure 4 translates the central idea of the iterative proce-
dure. From gaseous (step 0) to solvent conditions (step 1-5),
both ' /(N2,H4) and ' J/(C3,01) become more negative. How-
ever, a minimal number of MC simulations are necessary to
ensure the convergence for such parameters. Although one
spends some time performing a series of MC simulations,
the desired property is obtained by building an ASEC and
performing only one QM calculation, avoiding the computa-
tional time ordered by the HB + PC, which includes explicit
solvent molecules.

Since NMR parameters are important in bio-molecular
characterization and because of the size of such systems, the
ASEC model presents a low-demanding computational alter-
native for calculating the solvent effects. The PCM model
is also seen to give a good numerical representation and the
correct trend.

Now, we consider the intermolecular couplings across
the hydrogen bonds formed between uracil and DMSO. The

20
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L2 A '4c3,01)
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Fig.4 The intramolecular 'J(N2,H4) and 'J(C3,01) coupling con-
stants of uracil in DMSO calculated at B97D/aug-pcl-1 level of the-
ory, as a function of the iterative step

Table 5 Intermolecular spin-spin coupling constants (J/Hz) calcu-
lated for solvated uracil at BO7D/aug-pcJ-1 level of theory

Across N-H:--O bonds HB HB + PC
1"J(H3U,ODMSO) 49+0.2 53+02
lh‘/(H4U’ODMSO) 42 +0.1 48 +0.1

HB and HB + PC are averages over 100 statistically uncorrelated con-
figurations sampled from the MC simulation

results are shown in Table 5. ""J(H3;,0puso) and J(H4y
,Opmso) are coupling constants directly related to intermo-
lecular HBs. The calculated values using B97D/aug-pcJ-1
are 4.9 + 0.2 Hz for ""J(H3,,0ppso) and 4.2 + 0.1 Hz for 7
(H4;,0pMmso) using only DMSO molecules that are hydro-
gen bonded to uracil. Using, in addition, the electrostatic
embedding, the HB + PC model, we obtain 5.3 + 0.2 Hz
for ""J(H3;,0pmso) and 4.8 + 0.1 Hz for ""J(H4{,,0puso)-
This is an increase of only ~ 0.5 Hz between the HB and
HB + PC. These values are different from conventional sin-
gle bond ' J(O,H) constants. For uracil in water, it has been
reported values from — 79 Hz (vapor) to — 89.8 and — 96 Hz
(liquid). For pure methanol and ethanol 'J(O,H) is reported,
respectively, as — 83 and — 83.5 Hz [80]. As expected, the
solvent effect caused by non-conventional HB in intermo-
lecular couplings is much smaller than the regular HB, but
it is perceptible and should not be ignored when accounting
spin—spin couplings of molecules even in weak interacting
solvents.

4 Conclusions

Various exchange-correlation functionals in density func-
tional theory and different models of solvation have been
considered in calculating NMR magnetic shieldings and
spin—spin coupling constants for uracil in DMSO. The solute
polarization by the solvent changes the uracil dipole moment
from 4.34 to 5.34 D and influences the NMR constants.
The magnetic shielding exhibits stronger sensitivity con-
cerning the solvent interaction than the spin—spin coupling
constants. Oxygen atoms in uracil interact with DMSO by
unconventional C—H:-O bonds, but even this weak hydrogen
bond causes strong solvent shifts (~ 40 ppm) in 7O shield-
ing constants. This feature makes this molecular property
useful to study the liquid environment. Furthermore, it is
important to account the long-range corrections to describe
shielding constants properly in unconventional C-H:--O
hydrogen bonds. Very good agreement between theory and
experiment was obtained using the long-range LC-BLYP,
the dispersion-corrected B97D, and @B97XD functionals
considering solvent with explicit DMSO molecules directly

@ Springer
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involved in hydrogen bonds supplemented by the electro-
static embedding obtained from the remaining solvent mol-
ecules (the HB + PC solvation model). The results of 34.8 +
1.1 ppm and — 45.9 + 1.3 ppm for O1 and O2, respectively,
obtained with the B96D/6-311++G(d,p) model are in very
good agreement with the corresponding experimental values
of 35.0 ppm and — 46.5 ppm.

The influence of the solvent on the single-bonded
spin—spin coupling constants 'J(N1,H3), 'J(N2,H4), 'J
(C3,01), and 'J(C4,02) were also considered. It is found
that all coupling constants become more negative when a
hydrogen bond is formed.
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