* Unknown * | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (RS.2.i3:5013 | 2.1) 2022/08/03 13:05:00 | PROD-WS-397 | rq_4406450 | ~ 1/09/2026 08:55:09 | 9 | JCA-DEFAULT

—_

N

w

IS

o o NI N »n

10

S
—

)
N

w
—

4

JOURNAL OF
CHEMICAL INFORMATION
AND MODELING

pubs.acs.org/jcim

Solvent Matters: Bridging Theory and Experiment in Quantum-
Mechanical NMR Structural Elucidation

7 , L o g 1 7 ’ 7 . . 7
Ivan Cortés,” Cristina Cuadrado,” José A. Gavin, Maria Marta Zanardi, Antonio Herndndez Daranas,*

and Ariel M. Sarotti*

Cite This: https://doi.org/10.1021/acs.jcim.5c02506

I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: Quantum-mechanical NMR (QM-NMR) is widely used in structure elucidation. A
long-sought holey grail in this field is solving structures from a simple "H NMR spectrum with Al-
driven workflows. Yet, solvent effects on chemical shifts, though long recognized, remain ==

overlooked. We show in a theory—experiment study that implicit solvation models miss solvent-
induced variations and introduce a Python tool to quantify solvent sensitivity, aiding more reliable

QM-NMR structural assignments.

uclear magnetic resonance (NMR) spectroscopy is a

fundamental tool for chemists, offering unparalleled
capabilities in structural analysis.' > However, despite the
advancements in NMR techniques and the wide array of
experiments available, errors in structure elucidation persist
and are frequently detected and revised.””> Over the past
decade, quantum-mechanical (QM) NMR calculations and
machine learning approaches have emerged as transformative
complements to experiment,””'> providing unprecedented
accuracy in confirming molecular structures and revising
misassigned compounds.’”'* One of the central methodologies
in this approach is the calculation of the so-called DP4
probabilities, which aid in the structural elucidation process by
statistically comparing calculated chemical shifts to exper-
imental data.'””"" In addition to providing robust structural
information, this can also reveal specific molecular geometries
and interactions with neighboring molecules.'®"’

NMR measurements are typically performed in solution, and
the choice of the solvent is generally guided by sample
solubility—making chloroform the default. However, alter-
native solvents are often required, and it is well-established that
solvents can strongly modulate chemical shifts.”’">" Many
NMR practitioners have taken advantage of this effect to aid in
structure elucidation, particularly when overlapping signals
make assignments ambiguous. While the influence of solvents
on chemical shifts is widely acknowledged, clear predictions
about the nuclei involved and the magnitude of the changes
remain elusive. Although computational methods offer a
potential means to address this issue, a comprehensive
assessment of how reliably standard DFT captures solvent-
induced chemical-shift variations (SIV) is, to the best of our
knowledge, still lacking.
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This gap matters. Modern QM-NMR methods critically 43
depend on the agreement between the calculated and 44
experimental data. Moreover, in many cases, the distinction 45
between diastereoisomers may hinge on just a few resonances. 46
Even small solvent-induced discrepancies can therefore 47
determine the success or failure in structural assignments. 4s
However, how much these SIV influence the robustness of 49
structure determination is still an open question. 50

In this work, we address this long-standing blind spot with a s1
comprehensive theoretical—experimental study. We reveal how s2
the solvent impacts NMR chemical shifts, benchmark the s3
performance of DFT methods in capturing SIV, and introduce s4
practical tools to incorporate solvent sensitivity into computa- ss
tional workflows. These results establish solvent effects as a s6
decisive factor for robust, accurate, and ultimately automatable s7
NMR-based structure elucidation. 58

We began the study by selecting a set of 20 molecules with a so
wide range of solubilities as well as structural and conforma- 6o
tional diversity (some representative examples are shown in 61
Figure la, and the full set is in Figure S1). Their 'H and *C 621
NMR spectra were experimentally recorded in nine different 63
deuterated solvents (CDCl;, CD,Cl,, acetone-dg, DMSO-dq, 64
CD;CN, benzene-dg (C¢Dg), pyridine-ds, CD;0D, and D,0) s
whenever possible. Hydroxyl and NH resonances were 66
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Figure 1. (a) Representative molecules from the test set. For the full list, see Figure S2. (b) AMA-AS values measured for all solvent pairs. (c)
Normal distribution series obtained by correlating the AS values between CDCI, and four selected solvents: CD,Cl, (yellow), benzene-d, (blue),
DMSO-dg (green), and D,0O (red). The mean (u) and standard deviation (6) of each series are shown between the brackets.

excluded because they are generally nondiagnostic and show
variable chemical shifts due to hydrogen bonding and rapid
rotational/exchange freedom, complicating direct comparison
with calculated values. The 8y and o were assigned by using
2D experiments. To our knowledge, this is the first study to
systematically explore such a large and complex set of
molecules in this manner. Consistent with previous observa-
tions, we noted a much higher variability in response to solvent
changes when analyzing 'H spectra compared to "“C
spectra 2222829

With 36 possible combinations of solvent pairs, the detailed
analysis of such a large amount of information proved to be
challenging. Initially, we studied the MMASJ parameter,

defined as Max[8i;_y|—Min[8i;_o], where Ji,_y are the
chemical shifts of nucleus i recorded in each of the nine
selected solvents. This parameter delivers a global diagnosis to
evaluate the sensitivity of a particular atomic environment to
solvent variations. The arithmetic mean of the MMAJ values
for each molecule was defined as MA-MMAGS (mean absolute
MMAGS, Z,MMASGI/n). Finally, the average MA-MMAGS
(AMA-MMASGS) was computed to represent the global
behavior of the data set. The resulting AMA-MMAGS values
were 2.6 ppm for *C and 0.59 ppm for 'H, with maximum
values of MMAGS (MV-MMAG) reaching up to 11.4 and 1.9
ppm, respectively. One important issue is that despite the fact
that we tried several approaches to observe any meaningful
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Figure 2. Experimental and calculated 13C MMAGS values computed for strychnine at the PCM/mPWI1PW91/6-31+G**//B3LYP/6-31G* level of

theory.

93 correlation between MMAJS and the corresponding chemical
94 environment (Figure S2), our failure underscores the inherent
95 challenges in accurately predicting which nuclei are most
96 susceptible to solvent-induced changes. We also analyzed
97 correlations of Ad and bulk solvent polarity descriptors
98 (dielectric constant, Kamlet—Taft parameters, etc.),’® but no
99 significant trends were observed—an expected outcome, since
100 solvent-induced changes are site-specific. In addition, we
101 performed subset and outlier analyses (protic vs aprotic
102 solvents), which confirmed the absence of meaningful
103 correlations. This indicates that bulk polarity descriptors
104 alone cannot account for the observed chemical-shift variations
105 (see Table S23, Figures S4 and SS). We also evaluated the
106 possible relationship between SIV and molecular conforma-
107 tional freedom. This analysis aimed to determine whether
108 solvent sensitivity might be associated with changes in the
109 preferred conformations when the chemical environment is
110 modified. For this reason, fairly rigid structures such as
111 strychnine as well as more flexible ones such as erythromycin
112 were included in the experimental panel of molecules. Thus,
113 we identified the total number of possible conformations
114 through a systematic search using the MMFF force field with a
115 5 kcal/mol energy cutoff. Our results show that the MA-
116 MMAJ values exhibit no correlation with the number of
117 generated conformations (R* < 0.1). This indicates that for the
118 molecules studied, SIV does not depend on the complexity or
119 breadth of the accessible conformational space (see Table S28
120 and Figure S9). In other words, the variation observed across
121 solvents does not appear to originate from conformational
122 redistribution, but rather from other aspects of solute—solvent
123 interactions that are not directly linked to the number of
124 available conformations. This conclusion is further supported
125 by direct comparison of systems with markedly different
126 conformational flexibility. For instance, despite being a rigid
127 structure, strychnine (1) exhibits large solvent-dependent
128 chemical-shift deviations (MA-MMAS of 3.5 and 0.74 ppm
129 for C and 'H, respectively). In contrast, highly flexible
130 molecules (such as lovastatin, 11) show significantly smaller
131 deviations (MA-MMAGS of 2.0 and 0.37 ppm for *C and 'H,
132 respectively).

133 To explore SIV trends, we clustered solvents based on the
134 MA-AS parameter (mean absolute difference in chemical shifts
135 between two solvents). Subsequently, to assess general trends
136 for 'H and 3C, we clustered solvents based on the average
137 mean absolute difference (AMA-AS, Figure 1b). For 'H data,

=

—_

—_

benzene-dg, pyridine-ds, and D,O showed distinct behaviors 138
while the rest grouped into two clusters: DMSO-dy/CD;CN 139
(cluster 1) and CDCIl,/CD,Cl,/acetone-dg (cluster 2). For 140
BC, D,0 and DMSO-d, displayed the largest deviations (2.1 141
and 1.2 ppm, respectively), whereas other solvents formed two 142
clusters with a lower internal variability (~0.5 ppm). Notably, 143
CDCl;, CD,Cl,, and acetone-d4 showed consistent clustering 144
across both nuclei. 145

Given CDCly’s widespread use, we examined its AJ 146
differences with other solvents in more detail. In all cases, 147
AS values followed normal distributions [p,0] (Figure 1c), 148
with g aligning with the values shown in Figure 1b and ¢ 149
indicating variability. However, all [p,0] data are in Table S21 1s0
and Figure 1b highlights CH,Cl,, benzene-ds, DMSO-d,, and 151
D,0 due to their popularity and stronger differentiation. For 152
BC, most solvents showed low dispersion near zero, except 1s3
D,0, which shifted nearly 2 ppm (¢ = 2.39 ppm). For 'H, 154
benzene-ds and D,0 showed the highest variability (¢ = 0.31— 155
0.35 ppm). In summary, although it is not possible to predict 1s6
how each individual signal will shift, we can estimate how the 157
signals will shift on average, which will be essential for 1ss
understanding the potential impact on a structure-elucidation 159
process (vide infra). 160

Next, to address the important question of how current DFT 161
methods are able to predict the experimental SIV, we selected 162
8 representative molecules with different chemical environ- 163
ments, and their chemical shifts were calculated at the level of 164
theory recommended for DP4+ calculations (PCM/ 165
mPW1PW91/6-31+G**//B3LYP/6-31G*)"° across the nine 166
solvents employed. Although explicit-solvent and hybrid 167
approaches (e.g., explicit MM or QM solvent combined with 168
CPCM) are, in principle, more physically appropriate for 169
capturing short-range specific interactions such as hydrogen 170
bonding,n_36 their use in routine structure-elucidation 171
workflows remains limited by cost and time demands. In a 172
typical workflow, multiple candidate isomers—often dozens— 173
must be modeled, often displaying substantial conformational 174
flexibility that leads to hundreds or thousands of geometries 175
requiring optimization prior to chemical-shift calculations. For 176
this reason, despite the rapid advances in computational 177
hardware and increasingly efficient parallelization techniques, 178
explicit-solvent dynamic simulations, while potentially valuable 179
for providing deeper insight into solute—solvent interactions 180
relevant to NMR predictions, remain impractical for routine 181
applications. Indeed, all widely used NMR-based structure- 182
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elucidation methodologies (including DP4,"*~"* DP4+,'® J-
DP4,"” CASE-3D,*” DU8+,** among others) rely exclusively
on implicit solvation models. To remain consistent with
current practice in the field, and to better understand the
performance of this commonly employed strategy, the present
study focuses solely on implicit-solvent approaches,’”** aiming
to elucidate their behavior under varying solvent conditions.
Strychnine was selected as the initial test molecule due to its
rigid three-dimensional structure, which minimizes potential
conformational effects while still offering substantial structural
complexity. Under all calculated conditions, the results were
remarkably consistent, showing only minor variations, with
computed MMAGJ values notably smaller than those observed
experimentally (MA-MMAGS 0.63 vs 3.53 ppm for °C data;
and 0.07 vs 0.74 ppm for 'H data), indicating that the
computational models failed to reproduce the experimentally
observed solvent-dependent shifts. More importantly, as
depicted in Figure 2, not only were the calculations unable
to predict the magnitude of the changes but they also failed to
disclose which nuclei would be most affected by solvent
changes. To ensure that strychnine was not an outlier, seven
additional structures with varying chemical environments were
evaluated in the same way (Table 1; for complete data, see

Table 1. Experimental and Calculated MA-MMAGJ Values of
Eight Representative Molecules of the Test Set at the PCM/
mPWI1PW91/6-31+G**//B3LYP/6-31G* Level of Theory

caled MA-MMAGS  exp. MA-MMAGS
entry structure B¢ 'H Bc 'H

1 strychnine 0.6 0.07 3.5 0.74
2 digitoxigenin 0.8 0.09 2.0 0.52
3 dihydroepivulgarin 0.5 0.10 32 0.69
4 O-methylglucose 0.3 0.09 3.1 0.90
N menthol 0.3 0.05 2.6 0.31
6 quinidine 0.6 0.05 4.4 0.72
7 reserpine 0.6 0.08 2.2 0.44
8 zoanthamine 0.9 0.09 3.6 0.82

average 0.6 0.08 3.1 0.64

Section 1 worksheet of the supporting Excel file). Averaging all
the analyzed cases, the theoretical MA-MMAGS was 0.6 ppm for
BC and 0.08 ppm for 'H, remarkably smaller than the
experimental values of 2.5 and 0.59 ppm, respectively. To
generalize this observation, we investigated 11 additional levels
of theory of similar computational cost, including the
functionals B3LYP, M06-2X, and mPWI1PW91 and the 6-
31+G**, 6-311G*, 6-311G**, and cc-PVDZ basis sets. The
results obtained were practically the same as for the previously
tested “DP4+” level in all cases (detailed values are provided in
Section 1 worksheet of the supporting Excel file).

The previous study was conducted using B3LYP/6-31G*
geometries. While this level is suitable for broad DP4+
calculations, it is known to be less than optimal for other
applications.”" Understanding that small geometric variations
can trigger significant changes in the calculated shielding
constants,"” other levels of theory were subsequently evaluated
for both the geometry optimization and NMR calculation
stages. To conduct the most thorough evaluation possible, we
explored 6 functionals (B3LYP, mPW1PW91, ®B97XD, M06-
2X, TPSSTPSS, and BMK), 4 basis sets (6-311+G**, 6-311+
+G(3df,2pd), def2-TZVPD, and pcSseg-2), 3 solvation models
(PCM, CPCM, and SMD), and dispersion corrections

(Grimmeés GD3). The consideration of alternative solvation

229

approaches is also relevant given the well-known limitation of 230

PCM in accurately reproducing the chemical shifts of
polyhydroxylated systems, due to its tendency to overestimate
the relative stability of conformations featuring intramolecular
hydrogen bonds.”” However, the results obtained were
practically the same as for the “DP4+” level in all cases (see
Sections 2—4 worksheets of the supporting Excel file).

To avoid an exorbitant number of permutations, each level
was used in tandem for the geometry optimization and NMR
calculation. Additionally, we selected CDCl;, benzene-d,, and
D,O0 as the solvents for study because they showed the greatest
experimental differences between them, leading to 360
combinations. To save computational resources, we initially
conducted the entire study using strychnine as a model study.
As expected, the quality of the results was heavily dependent
on the functional used. For instance, using experimental values
in CDCl,, the corrected mean absolute errors (CMAE) range
from 0.98 to 2.08 ppm for *C and from 0.08 to 0.15 ppm for
"H. The effect of the functional is pronounced: the best results
are obtained with mPW1PW91 and wB97XD, while the worst
results are obtained with M06-2X and M06-2X-GD3. There is
no significant change with variations in the basis sets,
dispersion, or solvation methods. However, the differences in
the chemical shifts calculated for a pair of solvents remained
virtually unchanged and were significantly smaller than those
observed experimentally. Additionally, there is no correlation
between the calculated values and the experimental data, as
indicated by the low R* values (Figure 3).

Carbon data (ppm)
Calcd. 0.25-0.33 0.31-0.41 0.56-0.74
Exp. 0.26 2.79 2.75
R? <0.01-0.02 0.02-0.06 0.03-0.08
CDCl,vs C¢Dg CDCl,vs D,0 C¢Dg vs D,O
Calcd. 0.02-0.03 0.03-0.04 0.05-0.06
Exp. 0.39 0.33 0.72
R2  0.14-0.22 <0.01-0.02 0.05-0.09
Proton data (ppm)

Figure 3. Average differences in the chemical shifts (MA-AS) of
strychnine between pairs of solvents: CDCl; vs benzene-dg, CDCl; vs
D,0, and benzene-dg vs D,0, and R* values from the correlation of
experimental vs calculated AJ.

In summary, all theoretical calculations tested failed to
reproduce the relative experimental changes in chemical shift
due to solvent selection (AS). However, significant differences
were observed in terms of the absolute predictive quality. For
example, the '*C CMAE obtained by correlating the calculated
and experimental chemical shifts in D,0O across all levels of
theory are considerably higher than those obtained for CDCl,
and benzene-dg (average 3.00 ppm vs 1.63 and 1.66 ppm,
respectively). Similarly, the average '"H CMAE collected in
benzene-dg (0.22 ppm) were larger than those for D,O (0.17
ppm) and greatly increased than those for CDCl; (0.08 ppm).
This can be understood as the scaling process depends on the
correction between the calculated and experimental data for
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each solvent, which suggests that CDCl; tends to provide
better linearity compared to other solvents.

This finding triggered a further study of the effect of scaling.
This step is commonly used to remove systematic errors
arising from the DFT calculation process, using the correction
formula 8, = (6,,—b)/m, where m and b are the slope and
intercept, respectively, obtained from a plot of experimental vs
calculated data.’ There are two main methods for performing
these correlations, namely, SC1 and SC2. In SC1, a large data
set is used to get general [m,b] values, which depend only on
the level of theory used in the NMR calculation procedure. In
SC2, which is used in DP4 and DP4+, [m,b] are obtained from
the direct correlation of the set of experimental and calculated
data for each compound.m’ls’17 Hence, the scaling factors
depend on both the level of theory as well as the unscaled and
experimental values. Both approaches were tested using
strychnine as a model compound, with the unscaled NMR
chemical shifts computed at the PCM/mPW1PW9/6-311+G-
(2d,p)//B3LYP/6-31+G(d,p) level using D,O, CDCl;, and
benzene-ds. The SC1 was performed using the [m,b] values
reported by Tantillo.**

For the 'H and '*C series, the computed unscaled MA-
MMAS are markedly smaller than the experimental ones,
confirming that calculations tend to yield nearly identical
results. As expected, scaling narrows the gap, especially with
SC2, which forces a match to each molecule’s experimental
data. Still, both scaling methods perform poorly, showing little
correlation with experimental MMAS values (R* < 0.2). A
more detailed analysis showed that certain solvents provide
better agreement between calculated and experimental shifts
upon scaling. As a representative example, in strychnine (1)
while the solvent effect is underestimated in the case of H-14
(exp 1.28 ppm; SCl 043 ppm; SC2 0.81 ppm), it is
significantly overestimated in the case of H-11b (exp 0.08
ppm; SC1 0.30 ppm; SC2 0.76 ppm). Similar trends are
observed at other levels of theory, molecules, and solvents (see
Figure S3).

To address this in more detail, we selected seven additional
molecules from the test set and computed the NMR chemical
shifts at 12 affordable levels of theory for DP4+ calculations.
The unscaled chemical shifts were adjusted using the SC2
method, based on experimental values recorded in the
corresponding solvents (Figure 4). For *C, CDCl;, CD,Cl,,
and acetone-dys performed best, while D,0, DMSO-dg, and
CD;OD showed poor alignment. For 'H, most solvents
behaved similarly, except pyridine-ds, benzene-d;, and D,O,
which performed notably worse. This may be attributed to the
fact that certain solvents, such as D,0 or benzene-d;, can
generate highly specific solvation environments—through
hydrogen bonding, 7—7 interactions, or strong anisotropic
effects—that are not adequately captured by implicit solvation
models.””*’ Therefore, from a purely computational stand-
point, certain solvents appear less suitable for achieving reliable
agreement between experimental and calculated values. In
contrast, CD;0D and DMSO-dy remain practical alternatives
for polar compounds with a low solubility in CDCl,.

It is important to remember that the central aim of this work
extends beyond evaluating solvent effects on individual NMR
chemical shifts. The key objective is to understand how such
variations influence the reliability and robustness of proba-
bilistic DP4 approaches in structure elucidation. In practice,
these methods do not rely on the precise prediction of each
chemical shift but on the collective agreement between

13G B3LYP M06-2X mPW1PW91
BS1 BS2 BS3 BS4 BS1 BS2 BS3 BS4 BS1BS2 BS3 BS4 Mean
cDClg 2.20
(CD3),CO 2.14
CDsCN 2.28
CsDs 2.23
CD,Cl, 2.17
DMSO-d6 2.32
CD;0OD 2.58
Py-d5 2.28
D0 2.53
15 255 35

1H B3LYP M0B-2X mPW1PW91
BS1 BS2 BS3 BS4 BS1 BS2 BS3 BS4 BS1BS2 BS3 BS4 Mean
CDCl; 0.15
(CD5),CO 0.14
CD:CN 0.15
CeDs 0.24
CD,Cl, 0.16
DMSO-d6 0.16
CD;0D 0.14
Py-d5 0.22
D0 0.24

010 020 030

Figure 4. Averaged CMAE values (in ppm) obtained for a
representative set of 8 molecules depicted in Table 1 with the nine
solvents under study at 12 levels of theory. BS1: cc-PVDZ, BS2: 6-
311G*, BS3: 6-311G**, and BS4: 6-31+G**.

calculated and experimental data sets. However, when
solvent-induced deviations alter experimental shifts in ways
not adequately captured by current DFT models, the resulting
probabilities and thus the structural conclusions drawn from
them may lose reliability. Recognizing and quantifying this
sensitivity is therefore essential to ensure that DP4-like
analyses remain dependable tools for accurate structure
determination under varying solvent conditions

As DP4+ was parametrized using CDCIl;, we evaluated its
sensitivity to solvent changes using a subset of seven
compounds. Chemical shifts for all diastereomers were
calculated and correlated with experimental data in each
solvent using DP4+. While most assignments were consistent
with those obtained in CDCI;, some showed striking reversals.
For instance, quinidine shifted from >99.9% in CDCI, to just
9.4% in CD;CN, and epoxone dropped from >99.9% in CDCl,

349

to 0.2% in D,O, underscoring the potential significance of 350

solvent effects (see Table S29 for the complete analysis).
Analysis of scaled (sDP4+) and unscaled (uDP4+)
probabilities revealed that while some compounds exhibited
strong robustness to solvent changes, others showed significant
sensitivity, with at least one probability term deviating
markedly. In most cases, the final assignment remained correct
despite such shifts; however, in some instances—especially in
polar solvents, strong imbalances led to incorrect results.
Although more reliable energies, such as those obtained at
the CCSD(T)/CBS level,"*® could refine the Boltzmann
conformational profiles of flexible systems and potentially

351
352
383
354

enhance the prediction accuracy, the computational cost of 362

such calculations remains prohibitive for routine applications.
In practice, achieving an appropriate balance between
predictive quality, simplicity, and low computational expense
becomes essential.

In this context, anticipating the impact of solvent choice is
critical, especially since implicit solvation models in DFT offer
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Figure S. (a) General workflow to calculate the A-DP4+ values. (b) A-DP4+ values computed for the validation set (40 examples, horizontal axis)
with 3 different solvents. To simplify the presentation, only the first 100 iterations are shown (vertical axis).

little predictive power. To address this, we adopted a stochastic
approach to assess the molecular sensitivity through thousands
of statistically consistent estimations. The workflow is
summarized in Figure 3a, starting with a standard DP4+
calculation protocol in a given deuterated solvent. Next,
solvent-induced changes in experimental chemical shifts (AJ;)
were simulated by adding Gaussian noise with solvent-pair
mean (u) and standard deviation (6) derived from
experimental data (Figure 1b), yielding data sets consistent
with expected solvent-dependent variations. A new DP4+
probability (DP4+,,,) is recomputed with the modified
experimental values. The resulting A-DP4+ = DP4+,,—
DP4+ quantifies the assignment’s sensitivity to solvent effects.
While each set is statistically plausible, they are unlikely to
replicate real experimental changes exactly. Therefore, the
process was repeated 10,00,000 times to capture general
trends, and the results are averaged. This approach was
validated with an independent set of 40 known molecules, and
the results obtained for CD,Cl,, benzene-ds,, and D,O are
shown in Figure 5b; full data are available in Figure S12.
The averaged A-DP4+ values are negative across all solvents,
indicating that CDCl; tends to provide the most reliable
assignments. Minimal differences are seen with CD,Cl,,
acetone-dg, and CD;CN (A-DP4+ ~ 2.3—4.0%), but larger
deviations arise with benzene-d, pyridine-ds, and especially
D,0 (10.4—17.1%). Proton data are more affected (avg. A-"H-
DP4+ = 59%) than carbon (avg. A-C-DP4+ = 12%),
suggesting a stronger solvent effect on 'H-based assignments.
Solvents more distinct from CDCIl; yield higher A-DP4+
values, particularly for proton shifts—as seen with benzene-d
(A-"H = 11.3% vs A-'3C = 0.6%). Unscaled data are more
sensitive to solvent changes than scaled data (7.7 vs 3.2%).
Importantly, variations in the magnitude of DP4+ do not
necessarily alter the direction of the assignment. In 91% of
cases, the classification outcome was preserved across solvents,
highlighting the robustness of DP4+ and its reliability.
However, in the remaining 9% of cases, the most probable
isomer differed between CDCl; and the alternative solvent.

Statistically, solvent changes cannot be predicted to improve or 407
impair the assignment reliability. The main issue is the 4o08
unpredictable effect on specific signals. Nonetheless, D,O,
benzene-d, and pyridine-ds consistently show behavior that 410
makes them less suitable for standard DP4+ protocols. This is
further confirmed by an inverse DP4+ analysis, where
calculated shifts were compared to experimental data from 413
nine solvents. CDCl; consistently produced the highest 414
probability, reinforcing its status as the preferred solvent for 415
DP4+ (see the SI). Despite this, practical considerations such 416
as solubility, availability, or user preference may lead to 417
alternative solvent choices, introducing uncertainty. To address 418
this, we developed a Python-based tool that evaluates a 419
molecule’s sensitivity to solvent changes and offers valuable
insight into how the solvent choice may influence structural 421
assignments. Released under the MIT open-source license, the 422
program is accessible at both GitHub (https://github.com/
Sarotti-Lab/DP4plus-solv) and the Python Package Index 424
(https://pypi.org/project/DP4plus-solv/), accompanied by 425
comprehensive tutorials to facilitate widespread adoption.

In summary, although current simulations struggle to 427
accurately predict solvent-induced chemical-shift changes,
variations relative to CDCIl; have a smaller impact on DP4- 429
based, computer-assisted structure determination than antici- 430
pated. This outcome reinforces the value of the QM-NMR 431
methods. Successful applications using solvents such as 432
CD,Cl,, acetone-d;, CD;CN, or CD;OD further confirm 433
their reliability as alternatives.”’~* In contrast, we advise 434
against aromatic solvents (e.g., benzene-dy, pyridine-ds) and 435
D,O as they show significant deviations from CDCl;-based 436
parameters. While these changes could in principle be better 437
captured by a MD+DFT approach, potentially providin% 438
improved treatment of 7-stacking or H-bonding interactions,” 439
from a computational cost and operational simplicity 440
perspective this does not seem feasible for highly flexible 441
systems with many isomers. Hence, if solubility mandates 442
solvent change, DMSO-d¢ is preferable, yielding more 443
consistent computational NMR predictions. 444
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445 Our results recast solvent effects from a nuisance to a design
446 parameter. We intend this study to serve as a cornerstone for
447 solvent-aware simulations, enabling general strategies to model
448 and correct solvent-induced chemical-shift changes. Embed-
449 ding solvent-sensitivity metrics into DFT protocols and ML
450 pipelines should yield reliable predictions and bring us closer
451 to the field’s long-sought goal: fully automated structure
452 elucidation from nothing more than a table of 'H and "C
453 chemical shifts.
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