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a b s t r a c t

Three standard gas-phase B3LYP/6-31G(d) methods of the analysis of dC, dH, and JHH NMR data for so-
lutions initially used for the title g-lactams 1aec led to conflicting findings on fractional populations hs of
their fast interconverting conformers AeC, which were also inconsistent with energy data. In order to
find the source(s) of these discrepancies, several additional DFT computations were carried out at the
double- and triple-zeta theory level with simultaneous modeling of the solutions in explicit solvents
with the COSMO or IEF-PCM technique. The WC04/WP04 functionals and IGLO-II (or IGLO-III) basis set
were applied for predicting dC/dH, and JHH data, respectively. The limits of efficiency and accuracy of a few
current NMR-oriented computational protocols were determined by their specific use to the main forms
of 1aec treated as test cases. Thus, an unreliability of the modified Karplus-type equation for this pur-
pose was shown. In turn, only the use of DFT-D3 corrections for the attractive van der Waals dispersion
interactions (London forces) not present in conventional DFT, to Gibbs free energies (DG) estimated for
the forms AeC of 1aec in solution, yielded energetics and so populations (hGs) compatible within �15%
(only �2%, for 1a) with the best results found by considering the 1H NMR data. These hHs were found by
a linear regression of GIAO-predicted dH sets reproducing experiment in the best way (r2>0.9996, for 1a
and 1b, r2¼0.9970, for 1c with strongly degenerated dHs). As for hJs, they permitted only for evaluations
of the ratios (AþB)/C, excepting sufficiently differentiated JHHs (1b in acetone). In contrast, an application
of dCs for assessing hCs was unsuccessful. Selected findings were finally compared with the DP4-
probability results (hDP4s) and fairly good agreement was found. The greatest divergence in hs exists
for the C]S bond-containing object 1b, what suggests a large effect of the intramolecular London forces
on its structure and properties. The present results should be useful guidelines for NMR studies on the
other multi-conformer systems in rapid equilibrium between more than two energetically feasible forms.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Modern high-resolution NMR spectroscopy is an extremely
powerful tool for investigating the stereochemistry and dynamics
of organic entities, especially carbo- and heterocyclic, in particular,
when elucidating the relative or absolute configuration and/or
assessing the most probable shape of such molecular species in
solutions. Nowadays, these possibilities became considerably en-
hanced for common spin-1/2 magnetic-active nuclei K, by using
two supporting methods of current computational chemistry, i.e.,
, Part 15. For Parts 13 and 14,
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GIAO (gauge-including atomic orbital)1 predictions of the nuclear
magnetic shielding constants, sKs, and density functional (DFT)
calculations of the indirect nuclear spinespin coupling constants
often referred to as JKL-couplings.2 The former of these two fun-
damental NMR physical observablesdmore precisely, correlated
chemical shifts, dKsdare especially sensitive to the chemical envi-
ronment of nuclei K and conformational mobility of the analyzed
molecules, thereby providing an insight into their local function-
ality, stereostructure and occurring dynamic processes.

Structural studies are usually difficult for flexible molecules
existing in solutions as equilibrium mixtures of several non-
equivalent fast interconverting conformers. The individual forms
present in such dynamic equilibria differ in their spectroscopic
properties and, so, the measured values of both NMR parameters
mentioned above are the weighted averages over total conformer
populations. Hence, the overall3 (i.e., superimposed in the time)
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multi-component conformations of this kind of entities are only
examined in such cases, even at extremely low temperatures. In
consequence, determination of the shapes of distinct coexisting
conformers and, especially, their contributions to ensembles of all
of the possible forms can be particularly challenging.3,4
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1a R = Ph, X = O
1b R = Ph, X = S
1c R = C(O)Ph, X = O

4

3 R = Ph or CO2Me
Z = CH2 or O or S
n = 1 and/or 2

As part of our continuing NMR studies on mobile open chain,3a

cyclic,5 and macrocyclic3b,c,6 systems, we have investigated the
flexibility and overall3 (time-averaged) molecular geometries of 1-
methyl-4-substituted-pyrrolidin-2-(thi)ones 1aec possessing a C-4
substituent [R¼phenyl or benzoyl, eC(]O)ePh],7 whose confor-
mational features have not been reported to date. Preliminary data8

indicated that these entities must be considered as flexible mole-
cules, in marked contrast with the previously analyzed relatively
rigid fused-ring diastereomeric bicyclics 29 and 3,7c having
a bridgehead nitrogen atom in the six- or five-membered lactam
unit. Indeed, all diagnostic NMR chemical shifts evaluated from the
1H and 13C NMR spectra of g-(thio)lactams 1 were recognized as
averages (strictly, population-weighted mean values) of the spec-
troscopic molecular parameters associated with pertinent con-
former mixtures of the three rapidly interconverting isomeric
forms. Fortunately, a complementary structural information was
also available experimentally via themean values of protoneproton
couplings, nJHH, which are operative within the heterocyclic moie-
ties of these molecules.

With such structurally interesting compounds 1 in our hands, it
was the opportunity to perform an exploration of possibilities of
the use of various present-day NMR-focused calculational methods
for the sake of conformational analysis of the mobile molecules.
Quantum-mechanical (QM) ab initio or DFT computations have
been applied to an interpretation of NMR spectra of organic sys-
tems for more than a decade.4a,e,10 Every time, the theoretically
predicted sets of spectroscopic data are compared against those
measured experimentally. Initially, a GIAO ansatz-based calculation
of 1H and, especially, 13C chemical shifts was mainly used for this
purposedthis technique has been pioneered by Forsyth4a and
Bifulco.10 The latter author and his co-workers also modified and
extended, to the multiple conformer equilibria,4f the J-based anal-
ysis originally devised by the Murata group.11 This important area
of the determination of relative configurations in acyclic carbon
units of the organic systems, especially natural products, based on
a combination of NMR data (3JHH and 2,3JCH) and computational
methods was tested and reviewed several times.12

For a much more computationally demanding JKL-coupling
prediction,2,13 this approach was inter alia used as a separate tool in
the analysis of the extremely mobile molecules cyclopentane and
tetrahydrofuran.14 Usual statistical estimates applied for quantify-
ing the agreement between theoretical and experimental NMR data
were recently critically discussed and extended for the GIAO-
predicted and measured dKs (where K¼C and/or H), by consider-
ing a long series of diastereomeric structures.12c,e Especially, the
recent work by Smith and Goodman is worth mentioning here,
because the proposed by them DP4 ‘probability’ analysis12e solves
a problem when only one set of experimental chemical shifts is
available to which one possible diastereomeric structure out of
many must be assigned. Important effects of use of different levels
of electronic-structure theory at various stages in NMR calculations
were also studied.4a,13a,d,15
In the context of the literature reports outlined above, we were
particularly interested in examining the limits of efficiency and ac-
curacy of selected NMR-oriented computational protocols specifi-
cally applied for the title compounds 1 treated as test mobile cases,
especially in view of our recent dC-based results on highly flexible
multi-conformer tetraazamacrocycles.3b,c Accordingly, solution
NMR parameters extracted from the experimental spectra of g-
(thio)lactams 1 were thoroughly considered versus their theoretical
values DFT computed for all their lowest energy forms AeC (i.e.,
globalminima and two localminima, respectively) located in the gas
phase16 and in two PCM17 self-consistent reaction field (SCRF)-
simulated solutions of 1b, by a rational use of the linear regression
analysis.2b,3,4a,c,e,gej,10,15aee,18 The most widely employed theoretical
framework for the calculation of geometries and molecular prop-
erties of common organic systems was applied, consisting of the
B3LYP hybrid functional19 (as one of the more successful DFT tools
for predicting NMR quantities)15j paired with a Pople’s 6-31G(d)
basis of double-z (DZ) valence quality. In fact, this functional-basis
set combination, employed in numerous GIAO calculations of dHs
and dCs, gives, in general, good results.3b,4a,e,7c,10,15b,20

Unexpectedly, three different NMR-focused computational
methodologies based on an independent DZ-level DFT treatment of
dC, dH, and JHHdata, respectively, led to strongly incompatiblefindings
about the fractional conformer populations, mXs (where X¼ C, H or J)
of the title systems 1aec in solution. Moreover, more advanced
GIAO B3LYP/6-31G(d,p) NMR calculations,12cee,15d,18e carried out at
geometries acquired at the same level of approx-
imation,2b,4i,12d,13d,15b,d,18e,21 gave even worse results on the forms
AeC of the smallest object 1a under study. As already said, our
training entities 1 were found to be highly flexible molecules in dy-
namic equilibrium between their conformers of roughly similar en-
ergy.However, only JHH computationswithan IGLO-II22 basis set gave
the qualitative conclusions (in particular, for 1a and1b) intelligible in
the light of standard gas-phase B3LYP/6-31G(d) energy data and the
trends found in two PCM simulations of explicit solutions of 1b.

In an effort to better understand these inconsistencies, we
performed several series of additional DFT calculations on geome-
tries of all key forms AeC of systems 1aec as well as the evaluation
of their NMR and, especially, energetic properties (including ade-
quate thermal and London dispersion corrections) for CHCl3 solu-
tions. Accordingly, various triple-z (TZ) fully polarized basis sets as
well as two solvation models, namely COSMO23 and its extended
version IEF-PCM,17 were used in these supplementary computa-
tional efforts. As a result, a little more uniform conformational
landscape of the molecules 1aec emerged from these new higher-
quality predictions. Simultaneously, an accuracy of three contem-
porary NMR-focused protocols (dC, dH, and nJHH) was estimated for
the case of multiple systems under this study. On the other hand,
satisfying reliability of both applied chemical shift-based ap-
proaches was confirmed (especially for 1a) by a recently introduced
DP4 ‘probability’ analysis.12e

The above findings, being in linewith a few recent scarce reports
on some molecular parameters (e.g., microwave24 or circular di-
chroism25 data) of the other flexible systems, indicate a need for
large caution in drawing up conclusions on overall shapes, ener-
getic and spectroscopic properties of the molecules capable of
existing in more than two easily accessible conformers. Evidently,
in these circumstances an agreement between theory and obser-
vation strongly depends on the reliability of the predictions, and so
accurate QM calculations at the TZ-quality level are needed.

As for NMR parameters, a preferential use of high-level dH-based
protocols involving simulations of the surrounding medium is
recommended. Moreover, an analogous control application of the
JHH data is strongly proposed in all possible cases. To the best of our
knowledge, this is the first parallel application of the dC, dH, dK-DP4,
and JHH-based approach versus vdW-DFT corrected energetics



R.B. Nazarski et al. / Tetrahedron 67 (2011) 6901e6916 6903
(treated as certain kind of the ‘reference data’) to the remarkably
averaged NMR quantities measured in solutions, for assessing the
conformational distributions of flexible molecules possessing sev-
eral low-energy forms. Some pitfalls in the translation of such an
experimental NMR response in structural terms and conformer
populations hXs were highlighted here, and our approach to solve
them might have general relevance.

2. Results and discussion

2.1. NMR signal assignments and standard energy data for the
forms AeC of molecules 1

Selected fully assigned 1H NMR chemical shifts, dHs, as well as
related geminal and strongly averaged vicinal interproton cou-
plings (2JHH and 3JHH, respectively) found for N-methyl pyrrolidin-
2-(thi)ones 1 in solution are summarized in Table 1. These spec-
troscopic molecular data were explained as coming from rapid
equilibria between the members of suitable lowest energy
Table 1
1H NMR data for pyrrolidin-2-(thi)ones 1aec recorded in CDCl3 at 200 MHz, ppm or Hza

Comp H-3c H-3t H-4

1ab 2.82ddc 2.54ddc 3.57mc
2J3,3¼(�) 16.8
3J3,4¼8.9 3J3,4¼8.0 S3J¼31.

1b 3.46ddc 3.14ddc 3.63mc
2J3,3¼(�) 17.45
3J3,4¼8.4 3J3,4¼7.1 S3J¼30.

1bf 3.325dd 2.97dd 3.68mc
2J3,3¼(�) 17.3
3J3,4¼8.5 3J3,4¼7.55 S3J¼30.

1c 2.77 br sc 4.16mc
2J3,3 not observedg

3J3,4y(�) 8.7 3J3,4y(�) 8.7 S3J¼32.

a Indexes c and t mean the cis and trans orientation in relation to H-4.
b Good agreement with the numerical data reported by Sato et al.26 was found.
c An additional, small (J w0.7 Hz) long-range coupling with the N-Me group protons w
d The small coupling with 3-CH2 protons was observed.
e See Table 5.
f In (CD3)2CO solution.
g Not found due to a virtual chemical shift equivalence of both H-3 nuclei.
h See Experimental.

Table 2
Important geometric, energetic, and first vibrational mode data for the favored conform

Comp Form Torsion angle
q,a deg

Classical energy,
Eel,b,c Ha

Relative DEel,
kJ mol�1

Scaled
ZPE,c,d

1a A �58.3 �556.994 804 0 0.214 1
B 19.6 �556.992 954 4.86 0.214 0
C �61.6 �556.993 617 3.12 0.214 1

1ai A �58.3 �557.013 599 0 0.213 5
B 19.5 �557.011 804 4.71 0.213 4
C �62.2 �557.012 414 3.11 0.213 5

1b A �58.4 �879.952 679 0 0.211 9
B 23.1 �879.950 669 5.28 0.211 8
C �43.9 �879.951 505 3.08 0.211 9

1c A 98.0 �670.324 135 0 0.223 8
B 19.5 �670.323 281 2.24 0.223 7
C 106.0 �670.323 094 2.73 0.223 8

a The C3eC4eCipsoeCortho or C3eC4eC]O exocyclic torsional angle characterizing the
b A classical (raw) total electronic energy Eel for a hypothetical, non-vibrating species.
c In hartrees, the atomic units of energy (1 Ha¼2625.500 kJ mol�1¼627.5095 kcal mo
d The 0.97-scaled28 raw zero-point energy (ZPE) correction was used.
e An enthalpy at T¼0 K (corrected for ZPE), H0¼EelþZPE.27
f Apparent values given only for a purpose of comparison with other computational r
g The lowest harmonic vibrational frequency characterizing the located stationary poi
h The predicted absolute value of DG0

298 is of �556.819240, �556.838623,i �879.7803
i The B3LYP/6-31G(d,p) results.
j The greatest values discussed in the text.
conformational families of 1,4-disubstituted heterocycles 1 with
the group R in the ring C-4 position diversely oriented in space.
Indeed, three distinct forms AeC of the molecules of 1aec were
always B3LYP/6-31G(d)-localized as stationary points on pertinent
gas-phase16 BorneOppenheimer potential energy surfaces (PESs).
Zero-point energies (ZPEs) favor forms B and, consequently, dif-
ferences in relative energies of their conformational isomers are
small. Hence, the maximum values were DH0¼5.1 kJ mol�1 and,
especially, DG

�
298:15 ¼ 3:6 kJ mol�1 as estimated for the form B of

1b (hereafter referred to as 1bB); see Table 2, numbers in boldface
type. This made any determination of relative conformer pop-
ulations hGs of the systems 1aec in solution based purely on such
inaccurate energy predictions practically unreliable.4b,d,i

The conformational forms AeC adopt envelope-type shapes of
the five-membered (thio)lactam-ring moiety with an exocyclic
substituent R placed in the most puckered segment of the hetero-
cycle. This functional group is disposed pseudoequatorially in the
form A (lowest-energy global minima) and their rotamers B,
whereas it is oriented pseudoaxially in isomers C (Fig. 1). As for
H-5c H-5t Other groups

3.75dd 3.40dd Me 2.91 ptd
2J5,5¼(�) 9.1 Phe

6 3J4,5¼8.0 3J4,5¼6.7
4.10dd 3.76dd Me 3.31 s
2J5,5¼(�) 11.05 Ph 7.16e7.39m

4 3J4,5¼8.1 3J4,5¼6.8
4.19dd 3.82dd Me 3.25 s
2J5,5¼(�) 11.0 Ph 7.20e7.39m

65 3J4,5¼8.0 3J4,5¼6.6
3.63dd 3.78dd Me 2.89ptd
2J5,5¼(�) 9.9 Phh

3 3J4,5¼9.0 3J4,5¼5.9

as observed (see text).

ers AeC of molecules 1aec as in vacuo computed by B3LYP/6-31G(d) method

Ha
Relative DH0,e

kJ mol�1
Relative DG

�
298,

kJ mol�1
Population
hG, %f

First harmonic
vibrational mode,g

u1, cm�1

45 0 0h 55.2 40.9
75 4.67 2.92 17.0 14.9
57 3.15 1.70 27.8 23.1
62 0 0h 53.7 40.8
92 4.53 2.70 18.0 14.4
60 3.10 1.59 28.3 22.6
73 0 0h 57.5 39.5
96 5.08j 3.62j 13.4 16.3
84 3.11 1.68 29.2 20.1
57 0 0h 54.8 27.0
63 2.00 1.85 26.0 23.5
91 2.82 2.59 19.3 27.3

fully relaxed structure; its clockwise direction is considered as positive.

l�1¼219474.6 cm�1).27

esults of this work (see also Table 7).
nts.
87, and �670.141176 Ha for 1a, 1a,i 1b, and 1c, respectively.



Fig. 1. 3D ChemCraft29 drawings of in vacuo B3LYP/6-31G(d)-located geometries of low-energy equilibrating forms AeC of the (4R)-enantiomers of pyrrolidin-2-(thi)ones 1a (top),
1b (middle) and 1c (bottom).
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isostructural molecules 1a and 1b, the phenyl (Ph) group is placed
almost perpendicularly to their average hetero-ring plane and lies
approximately in this plane, respectively, in two rotamers A and B.
Accordingly, the scheme of mutual low-energy interconversions
between forms AeC can be proposed for all investigated entities
1aec (Fig. 2). Indeed, their PESs are likely to be rather flat, so these
systems will spend a lot of time between the conformers men-
tioned above. Hence, the superposition of pertinent equilibrating
forms AeC leads to the overall conformations of the systems 1 in
solution. The only question open was a relative participation
(fractional populations, hs) of these distinct conformers in the en-
semble of all possible forms.
A B

C

i

ii iii

Fig. 2. The proposed scheme of rapid conformational equilibria of the key forms AeC
of systems 1aec; i¼rotation, ii¼5-membered ring pseudorotation, iii¼both of the
motions i and ii occurring together.
Initially, four independent methods of contemporary calcula-
tional chemistry were parallelly applied for a deeper understanding
themeasured NMR data, i.e., two common approaches based on the
chemical shifts (dC or dH) and two protocols inwhich intra-ring JHH-
couplings were considered instead; see Computational details. A
linear regression analysis of the NMR parameters for solution
against related gas- or solution-phase B3LYP predictions was fol-
lowed by empirical scaling2b,3,4a,c,e,hej,10,12e,15cee,18 the results ach-
ieved in this way (especially, those concerning the dKs, vide infra).
All distinct conformers AeC of the molecules 1aec were always
included in the analysis.

We begin our discussionwith the NMR spectra of 1a and 1b. The
latter thiolactam system was studied in chloroform (CDCl3) and
acetone [(CD3)2CO]. Its spectroscopic data measured in these two
solutions were generally comparable; see Table 1 and Experimental
(13C NMR data). An application of acetone resulted in much better
separation of the lactam 1H signals of 1b at the frequency of
200 MHz. Thus, its H-4 and H-5 resonances are slightly deshielded,
while both H-3 multiplets are substantially shielded in this me-
dium. Undoubtedly, these NMR effects mainly result from specific
solvent-solute interactions involving the exocyclic functional group
C]Y (where Y]O or S). But, the solvent change had only a minimal
influence on the diagnostic three-bond 3JHeCeCeH couplings, as
expected.30 On the other hand, a long-range coupling constant
(5JHH¼0.73�0.05 Hz) between both ring protons in the C-3 position
and N-Me group protons of 1bmeasured in CDCl3 was not observed
in (CD3)2CO, even under the used resolution enhancement31 con-
ditions (Table 1). Interestingly, similar coupling (J¼0.67�0.1 Hz)
between N-Me protons and one ring proton in the C-4 or C-5 po-
sition, was found many years ago for the single bicyclic photo-
product 4a in CCl4.32 Such coupling was not observed for its
stereoisomer 4b. We will return to NMR data for these two rigid
lactams 4 again.

N O

Me
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Me

H
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HMe
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2.2. Assigning the preferred forms of 1aec by GIAO NMR
calculations (hCs, hHs)

Let us consider in detail our results from the standard DFT GIAO-
based approach found using the dCs alone. The first question con-
cerns the matter of taking into account such NMR data concerning
the functional groups C]Ymentioned above. This is a more general
topic33 (so-called electron correlation issue)33d related to the re-
liability of molecular properties calculationally predictable at dif-
ferent levels of electronic-structure theory. Especially, it is related
to systems presenting an extensive electron conjugation and/or
Fig. 3. Deceptively good scatter plots of the calculated versus experimental dKs found for B3LYP/6-31G(d)-level overall multi-component equilibrium conformation of 1b (gas-phase
approximation); a (left side): DZ-level dC data, A:B:C w0:90:10. b (right side): DZ-level dH data, A:B:C w12:60:28.
a lot of highly polarizable lone pairs,10 i.e., �I� substituents.33a The
above description indicates that this problem really concerns en-
tities in which operate considerable dispersion interactions discov-
ered and formalized by London (vide supra).

The GIAO results for 1a and 1b suggested the need for omitting
such molecular fragments in a linear regression analysis of calcu-
lated versus experimental 13C NMR data. Indeed, their exclusion
makes for considerably higher values of the Pearson correlation
coefficients r or factors r2 for both these compounds. Analogous
conclusions about the removal of some DZ-quality predicted dCs for
low-field carbon atoms, such as sp2-type nuclei resonating in the
130e220 ppm range, were also drawn by others authors.34 Two
different linear trends found for two regions of the 13C NMR
spectrum, which was attributed to electron correlation effects,10 led
even to a recent suggestion of the multi-standard approach for
GIAO 13C NMR calculations.35 Our proposition of exclusion of the
discussed dC]Y data was also in agreement with a recent notion
that differences between the dCs of carbon atoms of similar types
should be calculated more accurately than the chemical shifts
themselves, due to error cancellation.3b,c,4i,12c,36 In fact, systematic
errors in the dCs GIAO-predicted at different levels of approxima-
tion were many times empirically corrected in the literature.37

Accordingly, dCs for the groups C]Y (where Y]O, S) were omit-
ted in all our subsequent calculations.

It should be noted at this point, that computed data Zcalcd were
always plotted against experimental data Zobsd, and the least-
squares linear fitting values of the slope a and intercept b as well
as correlation factors (r or r2) were individually found in this way.
Computed Zcalcds were corrected next, by using so-obtained re-
gression parameters a and b, affording the new sets of scaled NMR
data (Zscaleds).2b,3,4e,hej,10,12e,15d,e,18,38 Indeed, all NMR-focused pro-
tocols were followed here by a two-step2b,3,4i empirical scaling of
the initial correlations of calculated versus experimental data; cf.,
Fig. 3. It is generally assumed that such a scaling of the predicted
NMR parameters by means of the linear regression analysis par-
tially or even completely4i compensates systematic errors (associ-
ated with the smaller basis sets, inaccurate density functionals, and
gas-phase approximation usually used in a vast majority of current
computational strategies) and so takes solvent effects into account
to some degree.2b,3,4i,15a,18 The latter effects are usually accepted as
being especially influencing the dHs (vide infra).

The next and much more serious issue concerns an apparent
absence (or only minor presence) of the forms A, reflecting the
vacuum global energy minima in conformer ensembles of mole-
cules 1aec in solution. Thus, A:B:C ratios of w3:81:16 (r2¼0.9994)
and w0:90:10 (r2¼0.9995) were concluded for 1a and 1b, re-
spectively, from standard analysis of the relation <dC

calcd> versus
<dC>

obsd, where the notation <Z> means an NMR parameter Z (dK
or JKL) Boltzmann-weighted averaged for all possible forms
(Table 3). In fact, the averaged predicted spectra always displayed
some improvement over those of the individual conformers (vide
infra). An exemplary plot of this (deceptively good, as it turned out
later) relation for 1b is shown in Fig. 3a. However, such a strong
conformational preference for 1bB over 1bC and the total absence
of 1bAwere in great discord with the related in vacuo energy data
DH0 and, especially DG

�
298:15 (cf., Table 2). Moreover, considerably

different results were obtained in the second <dC
calcd> versus

<dC>
obsd approach. Indeed, A:B:C ratios of w20:49:31 (r2¼0.9991)

and w12:60:28 (r2¼0.9992, Fig. 3b) were found for 1a and 1b in
this manner, respectively (Table 3). All four relevant statistical in-
dicators are given in related plots, namely, two correlation co-
efficients (r and its square r2), standard deviation (SD), and the
corrected mean absolute error [CMAE,12c defined as
(SijZscaled�Zobsdj)/number of comparisons (i)] as two estimates of
the uncertainties of results.

As for relations <dK
scaled>¼(<dK>

calcd�b)/a shown in Fig. 3
(derived from least-squares lines of the form <dK

calcd>¼
a�<dK>

obsdþb), it should be noted that the pertinent magnitude of
the slope a evaluated for the 1H data was a lot closer to the ideal
value of unity than the analogous magnitude estimated for related
13C data. The values of SD and CMAE were also found to be very
small in the former case. These findings suggested a high trust-
worthiness of the dH-based conclusion. But, such results are usually
considered as less reliable data, i.e., leading to smaller values of r2;
this regularity was also confirmed here. In fact, protons are located



Table 3
The composition (%) of conformational mixtures of systems 1 in solution found for
their DZ-level structures using three DFT methods and the DP4 approach12e

Method r2 SDa CMAEa A:B:C

1a dC 0.99939 0.80 0.86 3:81:16
dC

b 0.99904 0.97 1.10 0:91:9
dC

c,d 0.99943 0.70 0.89 7:93:0
dC-DP4c,d 5:95:0
dH 0.99912 0.04 0.04 20:49:31
dH

b 0.99893 0.05 0.04 24:57:19
dH

cee 0.99976 0.02 0.02 35:18:47
dH-DP4cee 34:8:58
JHH

f 0.99946 [0.16] [0.14] 69.5:0:30.5
JHH

d,f 0.99887 [0.23] [0.20] 69.5:0:30.5
JHH

d,g 0.99973 [0.09] [0.11] 66.5:0:33.5
1b dC

h 0.99951 0.69 0.68 0:90:10
dC

d 0.99982 0.39 0.44 0:91:9
dC-DP4d 2:98:0
dC

i 0.99992 0.17 0.36 2:81:17
dC

c,d 0.99949 0.70 0.70 8:78:14
dH 0.99922 0.03 0.04 12:60:28
dH

d 0.99964 0.02 0.03 29:30:41
dH-DP4d 44:29:27
dH

i 0.99728 0.05 0.08 36:26:38
dH

c,d 0.99880 0.04 0.05 36:25:39
JHH

f 0.99951 [0.12] [0.21] 66:0:34
JHH

d,f 0.99981 [0.09] [0.10] 67:0:33
JHH

d,g 0.99956 [0.10] [0.17] 64.5:0:35.5
JHH

f,i 0.99983 [0.04] [0.13] 47:21:32
JHH

g,h 0.99980 [0.03] [0.15] 29:36:35
1c dC 0.99969 0.57 0.84 0:35:65

dC
c,d 0.99963 0.74 0.83 20.5:79.5:0

dC-DP4c,d 2.5:95:2.5
dH 0.99514j 0.06k 0.14k 14:43:43
dH

c,d 0.99937j 0.03k 0.04k 0:36.4:63.6
dH-DP4c,d 20:0:80
JHH

f 0.99158j [0.29]k [0.52]k 19:56:25
JHH

d,f 0.99219j [0.35]k [0.46]k 27:51:22
JHH

d,g 0.99005j [0.28]k [0.58]k 24:51:25

a In ppm or [Hz].
b The B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) results.
c Functionals15e WC04 or WP04 applied at the TZ level.
d IEF-PCM/CHCl3.
e See Table 5.
f IGLO-II used.
g IGLO-III used.
h See Fig. 3.
i IEF-PCM/(CH3)2CO.
j The low value most likely due to strong degeneration of the 1H and J data.
k The high value most likely due to strong degeneration of the 1H and J data.
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outside organic entities and, therefore, they are subject to more
efficient intermolecular solvent-solute interactions than the in-
ternally situated carbon atoms of their backbones.4h,18b,c,e,36,38

In order to account (at least in part) for the influence of solution-
phase environments, two additional standard IEF-PCM17 simula-
tions of solutions in chloroform and acetone were performed for
1b, which was examined in these two deuterated solvents. The
greatest geometry change was computed for the conformer 1bC, in
which the torsion angle q (for its definition, see Table 2) increased
from �43.9� (vacuum) via �50.7� (CHCl3) to �52.0� [(CH3)2CO].
Final distribution of its conformer C, hC(1bC), in the first solution,
estimated from such PCM/CHCl3-based dCs, was almost identical
with the in vacuo population ratio (A:B:C w0:91:9, r2¼0.9998;
Table 3). In contrast, the parallel computed dHs provided the oth-
erwise conformational picture of 1b in CDCl3 (A:B:C w29:30:41,
r2¼0.9996), with a greater molar fraction of the form A,
hH(1bA) w 0.29. Instead, a growth in participation of A at the
expense of B or C was found through the dCs- and, especially, dHs-
based approaches, by considering results from related PCM simu-
lation of 1b ‘dissolved’ in more polar (CH3)2CO. Again, the larger
contribution of A in the conformer mixture was inferred from the
dHs, hH(1bA)w0.36. On the other hand, thesemutually inconsistent
dCs versus dHs results obtained from IEF-PCM solvation studies were
in agreement with the aforementioned generalization4h,18b,c,e,36,38

on the solution-phase environment ‘resistant’ dCs versus medium
‘susceptible’ dHs.

Moreover, to check the reliability of our methodology of NMR
computations for the lactam systems, similar calculations of dHs
were also performed for both isomers of the rigid bicycle 4 (vide
supra). The gas-phase GIAO B3LYP/6-31G(d) predictions, obtained
for the ratio 4a/4b¼1:1, reproduced the reported data32 reasonably
well (r2¼0.9972, SD¼0.05 ppm, CMAE¼0.06 ppm, n¼14). Analo-
gous TZ-level B3LYP/6-311þG(2d,p)//B3LYP/6-31G(d) runs per-
formed with the IEF-PCM/CCl4 simulation of solvation gave the
considerably better result (r2¼0.9992, SD¼0.03 ppm, CMAE¼
0.04 ppm, n¼14). These not very high values of r2 were explainable
by a low accuracy of the early 60-MHz 1H NMR data, due to the
overlapping multiplets.

Simultaneous consideration of the foregoing ‘individual’ gas-
phase dC and dH results for 1a and 1b led to average (and, most
probably, more realistic)12c,e A:B:C ratios of w11:66:23 and
w6:75:19 for their three-component conformer mixtures, re-
spectively. Therefore, anestimateduncertainty of theirGIAO-derived
NMR data was in the order of 15%. However, the true presence of
forms A should be assumed, especially for 1a. The latter conclusion
was in line with dH-based results from PCM simulations done for 1b
in two explicit solvents and, especially, with the chemical intuition.
Similar uncertainty (10e15%) of the GIAO-supported evaluations of
the composition of multi-conformer mixtures in aqueous solution
was found recently.3b In view of all these findings, the above
NMR-based results on1a and1b,with theonlyminorparticipationof
their forms A, seemed trustworthy and mutually consistent.

Indeed, certain conformers allocated as global energy minima in
the gas-phasewere sometimesnot recognized in solution, by using in
vacuo GIAO-supported analysis of the experimental NMR data.3

Generally, discrepancies of this kind are explained by specific sol-
ventesolute effects and, especially, molecular motions only seldom
adequately considered (if at all) in a predominant majority of com-
putational treatments in normal use.3,4a,i,15a,18 In fact, for typical
liquid-phase samples at room temperature, many vibrational levels
are populated, in particular low-frequency vibrations, and the mea-
sured NMR quantities are actually thermal averages over the zero-
point motion and over a Boltzmann distribution of thermally acces-
sible vibrational states.39 Accordingly, itwas postulated that for some
multi-conformer systems the ‘solution-phase environment (spectro-
scopic) match criterion’, i.e., the best root-mean-square fitting to the
solution NMR data, is the stronger determinant for a structural
goodness of their key contributing forms than standard ‘energetic
criterion’.3,40 Similar conclusions were drawn also by other author-
s.4b,d,i Hence, the usually recommended2b,4eeh,j,12,15e,18d,e,34c evalua-
tion of population-averaged NMR parameters, calculated taking into
account Boltzmann-population-weighted contributions of each low-
energy conformer to total equilibrium population evaluated from
related energy data (DEel, DH0 or, much better, DG�) computed in
normal manner, were not applicable for such molecules. The two
highly flexible systems 1a and 1b reflected this case very well.

At a first sight, very comparable results were also found for the
last oxo compound 1c. Likewise, an exclusion of dCs of its lactam
group C]O makes for a better correlation. Thus, the A:B:C ratio of
w0:35:65 was assessed from such a reduced dCs set (r2¼0.9997).
Again, the substantial contribution of Awas only obtained applying
the dHs. All three conformers of 1c were recognized in this way,
A:B:C w 14:43:43 (r2¼0.9951; Table 3). Fortunately, both geminal
protons in the C-3 position of 1cwere found as virtually chemically
equivalent under the used NMR measurement conditions
(DdHy0 ppm, Table 1), in sharp contrast to analogous nuclei in 1a
and 1b. This fact complicated the whole analysis, however it was
also very helpful. Indeed, the shift difference in dHs predicted for
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these two protons in 1cwas found to be 0.23,1.33, and 0.60 ppm for
its form A, B, and C, respectively. Such DdHs strongly suggested the
participation of 1cA in conformer ensemble at the expense of 1cB.
This finding was in qualitative agreement with the above conclu-
sion based on dHs, but in strong opposition to the parallel result
inferred from the dC data alone.

2.3. The population of the forms AeC of lactams 1aec
through JHH data (hJs)

In an attempt to explain the aforementioned conflicting results,
a third J-approachwas used, relying on interproton couplings in the
flexible systems 1aec. It was shown previously2b that GIAO-
predicted dHs (despite high values of r2 provided by a linear re-
gression analysis) are, generally, not as good as probes for ap-
proximating the intramolecular motions as protoneproton
coupling constants, JHHs. Indeed, JKL-couplings are generally not
significantly influenced by the solvent, e.g., by formation of external
hydrogen bonds, and thus can be considered dependent pre-
dominantly on molecular structure and conformation.4d The nec-
essary supporting use of J data for the case of small equilibrating
molecule was also employed by Cimino et al.4f

Accordingly, two different theory levels for predicting JHHs were
used here for the multi-conformer systems 1. The first was an ad-
vanced DFT B3LYP/IGLO-II//B3LYP/6-31G(d) method41 embracing
the calculation of all internucleus nJKL data together, by using an
NMR-oriented IGLO-II22 basis set comparable to other basis sets of
triple-z valence quality with polarization functions22b (for a graphi-
cal illustration of the results see Fig. 4a). In the second approach, the
Haasnoot et al.42 empirical modification of the Karplus equationwas
used, which supplies the vicinal 3JHHs only. The JHH values computed
at these two levels of approximation are gathered in Table 4; the
gas-phase B3LYP/6-31G(d)-optimized structures of all nine low-
energy structures AeC of 1aec were considered.
Fig. 4. Scatter plots of various nJHHs for the B3LYP/6-31G(d) structures (a, left side): the two-component overall conformation of 1b (A:B:Cw66:0:34) wrongly estimated initially, by
using the eight pairs of <nJHHs> data; see text. (b, right side): the relation 3JKarplus versus 3JDFT evaluated for 36 pairs of the 3JHH data points collected in Table 4.
Inspection of the content reveals that 3J data estimated with the
modified Karplus equation42 should be discarded. This simple and
very fast method, thought useful enough in an initial qualitative
analysis of 1H NMR spectra, is less sensitive to structural changes in
the molecules. Indeed, some values of 3JHH were quite differently
calculated, especially for 3J4,5u data (Table 4, data highlighted in bold
type). Similar differences between the JHH data sets estimated in this
way and their real values measured experimentally were reported
previously.39,43 Thus, moderately good values of r2¼0.9141, but
rather large SDs and CMAEs were found for the Karplus relation
best-fit line, 3JKarplus [Hz]¼0.8867 3JDFTþ0.9184 (Fig. 4b), evaluated
for 36 pairs of 3JHHs given in Table 4. Moreover, very helpful nJHHs
(ns3) are not predictable by the Karplus-type relationship.

The nJHH-based conformer populations, hJs, found for 1aec ap-
plying the gas-phase DFT approach mentioned above, are also
presented in Table 3. Thus,w2:1 ratio of forms A and C and the total
absence of B were estimated for both isostructural systems 1a and
1b (Fig. 4a). In every case, the eight <nJHHs> couplings were ap-
plied, i.e., two 2J, four 3J, and two 5J data points. Such a good
agreement on nJHH data sets was not found with 1c, for which
a large contribution of B at the expense of A and C was estimated;
the A:B:C ratio of w19:56:25. However, a weaker correlation
established in this case should be noted (r2 of 0.9916 and, espe-
cially, CMAE¼0.53 Hz). Undoubtedly, this effect was resulted (at
least in part) from the substantial degeneration of the experimental
Js data for 1c (one 2J, two 3J, one 3Jav, and two 5Js). Therefore, it was
rather difficult to draw out any definitive JHH-based result on the
conformer ensemble in solution for this molecule, at this stage.

In reality, the above calculations of hJs based on JHH-couplings in
systems 1, complicated the whole situation instead of explaining it.
Especially spectacular was the case of 1bwhere contributions of its
equatorial forms A and B in an equilibrium mixture were quite
variously assessed, depending on the method used. Thus, the A:B
ratio of 0:90, 12:60, and 66:0 was deduced according to the dC, dH,
and nJHH NMR data, respectively (Table 3, Figs. 3 and 4a).

Consequently, the DFT B3LYP/IGLO-II//B3LYP/6-31G(d) approach
was also applied for two rigid isomeric systems 4,32 as test lactams.
Two variants were employed, i.e., for the gas-phase state and so-
lution in CCl4 (the later simulated via an IEF-PCM technique). In
both cases, a small long-range coupling 5JHH¼0.67�0.1 Hz was
reproduced only for lactam 4a, in agreement with the literature;
Jcalcd of 0.72 Hz (gas) or 0.78 Hz (CCl4). Simultaneously, this
spinespin interaction was unambiguously found as occurring be-
tween N-Me group protons and ring protons in the C-4 position.
The second J-data reported for 4a, 3J4,5¼9.8�0.5 Hz,32 was also
predicted very well; Jcalcd of 9.57 or 9.65 Hz (gas or CCl4). Hence, the
high reliability of such a computational protocol for predicting the
nJHHs in other structurally similar lactams was shown.

2.4. An analysis of the problem of incompatibility of the hX
results

It was obvious that the foregoing issue with a correspondence
between different calculational NMR results on hXs for the title



Table 4
The intra-ring JHHs in forms AeC of 1aec as calculated by the DFT B3LYP/IGLO-II//B3LYP/6-31G(d) method41 or using the Karplus-type equation42 (data in parentheses), Hza

Comp Form 2J3d,3u
3J3d,4

3J3u,4
2J5d,5u

3J4,5d
3J4,5u

1a A �16.48 (�) 8.44 (7.39) 10.80 (10.66) �9.67 (�) 8.11 (7.56) 9.04 (10.35)
B �15.38 (�) 7.86 (7.00) 10.95 (11.10) �8.91 (�) 8.10 (7.31) 8.83 (10.63)
C �17.07 (�) 9.89 (9.33) 1.19 (1.83) �9.74 (�) 7.92 (8.52) 0.87 (2.03)b

1b A �17.57 (�) 8.21 (7.21) 10.75 (10.72) �10.72 (�) 8.29 (7.62) 9.56 (10.45)
B �16.40 (�) 7.76 (6.86) 10.78 (11.11) �9.95 (�) 8.21 (7.39) 9.27 (10.70)
C �18.02 (�) 9.09 (8.91) 0.78 (1.45) �10.67 (�) 7.61 (8.17) 0.85 (1.88)

1c A �16.05 (�) 9.27 (8.11) 11.00 (10.04) �9.88 (�) 7.85 (8.18) 8.60 (9.73)
B �16.97 (�) 8.31 (8.19) 9.82 (9.79) �9.37 (�) 9.11 (8.29) 9.08 (9.59)
C �16.77 (�) 11.86 (9.45)b 2.16 (1.98) �9.34 (�) 7.72 (8.77) 1.25 (2.35)

a Data showing greatest differences are given in bold type.
b The extreme different 3JHHs evaluated by two methods, which were used in comparison (see text).
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molecules 1aecmaywell lie in the difficulty of computing accurate
geometries and relative energies of their three key forms AeC as it
does in final predictions of related NMR dK and nJHH data. In fact,
conformations of flexible five-membered rings are overall hard to
calculate effectively. On the other hand, the shape and energy of
any form is determined to a large extent by the relatively weak
intramolecular nonbonded [van der Waals (vdW) dispersion-type]
interactions and by solvent effects, which are traditionally difficult
to simulate by the standard methods. As for NMR parameters, the
J-couplings are more sensitive to subtle conformation changes than
chemical shifts and supposedly less influenced by the solvents.4d

The latter generalization was compatible with the situation found
in this work, at least for 1a and 1b. All NMR-oriented strategies
applied here for the calculation of dKs are in common use. Indeed,
the DFT/6-31G(d) (or superior) and DFT/6-31G(d,p) method, where
DFT¼B3LYP or MPW91PW91 density functional, were recently
recommended for the structure computation and subsequent
evaluation of their NMR chemical shifts, respectively.12d

To check if the use of a larger basis set would not have a signif-
icant influence on the final results, we also predicted NMR shifts of
conformers AeC of 1a by the B3LYP/6-31G(d,p) method
Table 5
Experimental and <dH

scaled> data predicted for the forms AeC of 1a in CHCl3,a their diff
energetics and Boltzmann-weighted fractional populations hG of these conformersb

Nucleus dH
obsd A B

dH
scaled jDdHj dH

scaled

H-3c 2.817 2.719 0.10 2.703
H-3t 2.538 2.670 0.13 2.658
H-4 3.573 3.607 0.03 3.818
H-5c 3.750 3.532 0.22 3.822
H-5t 3.404 3.452 0.05 3.200
H-Me 2.907 2.967 0.06 2.809
H-Ph ortho 7.224 7.320 0.10 7.162
H-Ph meta 7.35 7.324 0.03 7.382
H-Ph para 7.31 7.282 0.03 7.317
jDdjmax 0.22
r2 0.9974 0.9958
SD 0.063 0.077
CMAE 0.082 0.106

DP4 result, hDP4
d 0.338 0.084

Torsion angle q,e �58.4 17.1
Mode u1,e 41.3 10.4
DG

�
298 0f 2.24

hG
g (0.555) (0.224)

DG
�
298:15 þ vdWg,h 0 (1.64)

hG (vdW)g,h 0.425 0.219

a The approach WP04/6-311þG(2d,p) IEF-PCM (CHCl3,UA0)//B3LYP/6-31G(d) IEF-PCM
b All data (except r2 and h) in ppm, deg, cm�1, and kJ mol�1, respectively.
c The least-squares fit equation: dHscaled [ppm]¼(dHcalcdþ0.2891)/1.063.
d By using the dHs only.
e See Table 2.
f The 0.97-scaled28 absolute value of G0

298 is equal to �556.829510 Ha.
g Apparent data given only for comparison with other results of this work.
h With the added DFT-D344 total energy corrections for vdW dispersion-type (London)

Tables S1eS3).
(Introduction). As can be seen from Table 2, geometries 1aAe1aC
depend only marginally on the level of calculations. Moreover, no
awaited improvement in the compatibility of subsequent NMR
predictions with the observation was so obtained. Only slightly
different conformer populations with an unexpected larger pref-
erence of the form B were found, by using the dH- (changes of
4e12%) or dC-data sets (3e10%); see Table 3. Therefore, the final
conclusion was not altered.

In addition, two other recently proposed hybrid density func-
tionals, i.e., WC04 and WP04,15e specially parameterized to predict
dCs and dHs in CDCl3 solution were also applied for ‘solvated’
structures 1aAe1cC in conjunction with an extended 6-
311þG(2d,p) basis set of TZ quality. In this instance, some sub-
stantial changes with relation to initial vacuum NMR results were
obtained. The computed dHs of ‘solvated’ forms AeC of 1a com-
pared, either individually or collectively (as an adequate least-
squares-weighted average) with the recorded solution <dH> data,
are given in Table 5. Neither of the contributing forms, if treated
separately, gives an acceptable agreement (r2�0.999)15a between
the experimental and computed 1H NMR spectrum. However, if the
so-predicted dHs of these conformers were averaged using their
erences, statistics of relations <dH
obsd> versus <dH

scaled>, selected geometric data,

C A:B:C¼35:18:47

jDdHj dH
scaled jDdHj dH

scaled jDdHj
0.11 2.965 0.15 2.832 0.01
0.12 2.396 0.14 2.539 0.00
0.24 3.503 0.07 3.595 0.02
0.07 3.821 0.07 3.719 0.03
0.20 3.309 0.10 3.340 0.06
0.10 2.996 0.09 2.953 0.05
0.06 7.216 0.01 7.243 0.02
0.03 7.371 0.02 7.356 0.01
0.01 7.296 0.01 7.295 0.02
0.24 0.15 0.06

0.9980 0.9998c

0.052 0.020
0.073 0.024
0.578

�59.5
22.9
2.28
(0.221)
(0.44)
0.355

(CHCl3,UA0) used.

interactions44,45 estimated with ORCA46 for B3LYP/G at 0 K (see below in the text and
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relative molar fractions hs determined by the linear regression
analysis (i.e., with hH of 0.35, 0.18 and 0.47, respectively), the
resulting spectrum was very close to the one recorded experi-
mentally; r2¼0.9998. In fact, all of these final <dH

scaled>s were
within 0.06 ppm of their experimental counterparts. In contrast,
the maximum jdHobsd�dH

scaledj value was of 0.22, 0.24, and
0.15 ppm for the single conformers A, B and C of 1a, respectively.

On the whole, the large participation of forms A and C in overall
conformations of both isostructural systems 1a and 1b was de-
duced in this way for CHCl3 solution from the dH data, at the ex-
pense of their forms B (Table 3). This result was in qualitative
agreement with the conclusions based on related J-predictions
obtained with the use of a fairly large sized IGLO-II basis set (vide
supra). Again, substantial changes were found in NMR predictions
obtained at the higher level of theory. On the other hand, a greater
conformational preference of forms B and, especially, C at the ex-
pense of the conformer A was analogously predicted for the oxo
lactam 1c, in large disagreement with an in vacuo energetic order of
its forms found at the DZ level (Table 3).

At this time, we realized that above incompatibilities of the hXs
(where X ¼C, H, J or G) results for the system 1 could arise in part
from too low a level of calculation. Indeed, for flexible molecules
only highly reliable methods should be used on every stage. Es-
pecially, it is of crucial importance for all considerations on the
multi-conformer equilibria involving more than two coexisting
forms. It was obvious that any interpretation of the mean values of
their experimental NMR data requires the exact knowledge of these
quantities for the individual conformers, values that are not avail-
able from an experiment. Accordingly, most of our initial NMR
calculations on the forms AeC of 1aec done within the framework
of three series of computational efforts, i.e., options I (dCs), II (dHs),
and III (JHHs), were repeated at the triple-z (TZ) level with simul-
taneous modeling CHCl3 solvation; see Table 6. We applied the
ORCA suite of programs46 for this purpose, due to convergence
problems with these computations within the Gaussian 03 pack-
age.47 Respectively, two techniques of solvation simulation were
employed, namely, COSMO23 and IEF-PCM17 as an improved ver-
sion of the former model, in the first and second stage of these new
NMR calculations.
Table 6
Three options used in the second stage of new series IeIII of NMR calculations for
the forms AeC of 1aec applying their B3LYP(G)/def2-TZVP COSMO (CHCl3) geom-
etries found with ORCAa

Option Subsequent TZ-level NMR computations (using Gaussian)

a WC04 or WP04/6-311þG(2d,p) IEF-PCM (CHCl3,UA0)
b B3LYP/IGLO-II IEF-PCM (CHCl3, UA0)
c B3LYP/IGLO-III IEF-PCM (CHCl3, UA0)

a See also text and Computational details.
Simultaneously, a few of the already used methods were addi-
tionally validated.48,49 Thus, two hybrid density functionals WC04
and WP0415e were verified in respect of reliability of the dKs pre-
dictedwith their use. Instead, two basis sets (IGLO-II and IGLO-III)22

designed specifically for calculating the magnetic shieldings, sKs,
were examined in the goodness of JHH computations. Two training
sets of the rigid or conformationally homogeneous molecules were
employed, inwhich the B3LYP/6-31G(d) PCM (CHCl3, Bondi’s radii)-
optimized structures15e were used.48e50 The use of the WP04/6-
311þG(2d,p) PCM/CHCl3 level was really found49 as a highly reliable
method of predicting the dHs, in full agreement with other
reports.15e,h In sharp contrast, the analogous use of WC04 led to
worse results. Regarding two basis sets mentioned above, an ex-
tensive IGLO-III basis was the decided winner.49 Our findings
concerning nJHH-calculations were compatible with the opinion22c
that IGLO-II, in spite of its good performance, should be applied
with some care as it sometimes gives reliable results most likely by
a fortuitous cancellation of errors.

2.5. TZ-level hx results on the molecules 1

Final geometrical and energetic data of nine conformers AeC of
the molecules 1aec found at the triple-z (TZ) level of theory ap-
plying ORCA,47 with the CHCl3 solvation simulated through the
COSMO model,23 are listed in Table 7. [Cartesian coordinates of all
these forms are given in Supplementary data (Tables S1eS9).] In
general, the new structures were comparable to those predicted
initially; cf., Table 2. The greatest difference concerns 1bC (q of
e50.0 instead of �43.9�), but similar angle q of �50.7� was already
found earlier in standard IEF-PCM (CHCl3, UA0) simulations at the
DZ level. On the contrary, there are substantial changes in ener-
getics, especially after an additional energy refinement carried out
with the (partially corrected for dispersion energy distribution)
double hybrid B2PLYP functional51 and an additional inclusion of
DFT-D3 corrections44 for intramolecular London dispersion attrac-
tion.44,45 (Computational details). These latter terms yielded values
for the stabilization energy associated with vdW dispersion-type
interactions, which were calculated higher for the forms other than
global minima (conformers A). Consequently, all forms AeC of the
systems 1aec were recognized as more similar in energy.

Indeed, for some time it has been known that commonly used
exchange-correlation functionals do not describe correctly the
medium-range electron correlation interactions attributed to the
vdW dispersion (London) forces.44,45 So, atom-pairwise specific DFT-
D3 corrections44 to standard DFT energies were evaluated here for
the TZ-level structures mentioned above. All these calculations
were conducted using ORCA programs.46 An earlier semi-empirical
DFT-D2 approach was inter alia applied in a mechanistic insight
into the cyclization reactions of some tryptophan derivatives.52

Unfortunately, there was no possibility to perform analytically
the thermochemical computations with the ORCA package, while
available numerical calculations are too inaccurate,46 especially28c

for entities showing very low (but positive) values of the lowest
mode frequencies, u1s (Table 5). However, as stated above, the dif-
ferences in geometries of ‘solvated’ structures AeC of 1aec com-
puted at both DZ and TZ levels were rather small. Hence, without
committing a greater error, one could roughly estimated the TZ-level
Gibbs free energy values of these forms AeC by addition, to above
predictedDEcorrel s, the 0.97-scaled28,53 thermal (G298�Eel) corrections
evaluated at the B3LYP/6-31G(d) IEF-PCM (CHCl3,UA0) level.

In this way, a reliable semi-quantitative estimation of the frac-
tional conformer populations, hGs, based only on energetic datawas
possible for the lactams 1aec in CHCl3 as a continuum solvent, for
the first time (Table 7). The three major forms of systems 1a and 1c
were recognized as being rather similarly populated. It was true, in
particular, for the latter object 1c, where forms AeC were found to
be isoenergetic within 0.79 kJ mol�1; DG298 of 0.00, 0.79, and
0.07 kJ mol�1 for A, B, and C, respectively. Since such small relative
Gibbs free energies of the local minima (B and C) are a lot below the
Boltzmann quantum (kT w2.5 kJ mol�1, at the ambient tempera-
ture) a semi-free dynamics of these molecules can be deduced.4d In
sharp contrast, the large predominance of the conformer C over A
and especially B was found for the thio system 1b.

The foregoing hG datawere comparedwith different NMR-based
h predictions of the highest quality, i.e., with maximal values of r2

(always >0.999).15a It was obvious that large values of SDs or
CMAEs render any quantitative conclusions on the conformer
populations hGs unreliable. Inspection of the content reveals that
the hG data for 1a are in an excellent agreement, 0e4% (i.e., �2% or
better) with the hXH data estimated with the great certainty from
dHs (A:B:C w37:25:38, r2¼0.99995; Table 8). However, for the
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second system 1b such an agreement with hHs is a little worse,
4e25% (A:B:C w29:30:41, r2>0.9996; Table 3) or even 10e29%
(A:B:C w35:28:37, r2¼0.9991; Table 8) but still within �15%, as
expected (vide supra). A predominant participation of 1bC in its
conformational mixture seems to result both from the smallest
thermal factor and very large vdW dispersive attraction (Table 7).
The latter effect manifests itself through most negative values of
the DEcorrels and DFT-D3 terms. Interestingly, these data also cor-
relate fairly well (r2¼0.8990, for six pairs of non-zero values). Most
likely, such large intramolecular London forces arise from the pres-
ence of an easily polarizable group C]S in thiolactam 1b. Instead,
two stabilizing factors, i.e., dispersion and solvation effects, seem to
be co-operative in oxo system 1c, meaning that its conformers A
and C are practically evenly populated.

For the latter oxo lactam 1c, such conformity between the hHs or
hJs versus hG results is also a little worse, 11e37% or 9e16%, re-
spectively, but all these correlations was found weaker in this case
(A:B:C w0:36:64, CMAE¼0.04 ppm or A:B:C w27.5:51.5:21, CMAE
w0.46 Hz; Tables 3 and 8), especially, the latter JHH-based result is
worth noting. On the other hand, dHs and JHHs for 1c were strongly
degenerate and so NMR data-based hs are less reliable, in general.
Interestingly, a significant participation of 1cA was found only in
the JHH-based predictions for CHCl3 solution, hJs, by applying the
IGLO-II or IGLO-III basis set. Almost identical findings were
obtained, with the former base, for the DZ- and TZ-level ‘solvated’
structures of 1c (9.5e15% agreement, A:B:C w27.5:51.5:21, CMAE
w0.47 Hz; Tables 3 and 8). Fortunately, three JHHs in its conformers
A and B with an equatorially oriented Ph group differed by
1.1e1.6 Hz and, therefore, differentiation of these forms via a linear
regression analysis was possible. Substantial differences in dC

calcds
among possible contributors to conformational families for the
success of regression analysis of the multiple conformer equilibria,
was indicated previously by Sebag et al.4c
Table 8
Conformer populations of the systems 1aec in solution estimated at the TZ level
through NMR data, %

Methoda r2 SDb CMAEb A:B:C

1a Iac 0.99924 0.84 1.00 14.5:85.5:0
Ia-DP4c 11:89:0
IIa 0.99995d 0.01 0.01 37:25:38
IIa-DP4 32:31:37
Ia/IIa-DP4 11:89:0
IIIb 0.99839 [0.27] [0.24] 21:50:29
IIIc 0.99933 [0.13] [0.19] 69:0:31

1b Iac 0.99913 0.86 0.97 28:72:0
Ia-DP4c 15:85:0
IIa 0.99908e 0.04 0.04 35:28:37
IIa-DP4 16:58:26
Ia/IIa-DP4 5:95:0
IIIb 0.99981 [0.08] [0.10] 67.5:0:32.5
IIIc 0.99966 [0.08] [0.15] 64.5:0:35.5

1c Iac 0.99966 0.64 0.87 23:77:0
Ia-DP4c 3:93:4
IIa 0.99937f 0.03g 0.04g 0:36.2:63.8
IIa-DP4 16:0:84
Ia/IIa-DP4 15:1:84
IIIb 0.99222f [0.33]g [0.48]g 28:52:20
IIIc 0.99004f [0.26]g [0.59]g 24:53:23

a For the options a and b of methods I (dC), II (dH), and III (JHH), see Table 6 and
Computational details.

b In ppm or [Hz].
c The lactam group C]Y was omitted.
d Final least-squares fit equation of the form: dH

scaled [ppm]¼(dHcalcdþ0.2511)/
1.0587.

e Final least-squares fit equation: dHscaled [ppm]¼(dHcalcdþ0.2711)/1.0635.
f The low value most likely owing to strong degeneration of the experimental 1H

NMR data.
g The high value most likely owing to strong degeneration of the experimental 1H

NMR data.
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It should be noted that hJs analogously computed for iso-
structural systems 1a and 1b in CHCl3 were a lot more un-
satisfactory, independent from the calculational level used.
However, their equatorial forms A and B have very similarly pre-
dicted JHH-couplings, and so their differentiation was practically
impossible. Hence, the predominant form A was only ‘seen’ in the
analysis though both these forms should be recognized. As a result,
such computed percentage of A should be considered as a total
participation of the equatorial forms. Fortunately, it was not fully
true for hJs derived for ‘solvates’ of the thio system 1b in more polar
(CH3)2CO; 12e34% agreement, A:B:C w47:21:32, CMAE¼0.13 Hz
(Table 3).

As for unsuccessful dC-based computations of hs (also, using the
DP4 algorithm,12e vide infra), such findings for 1aec generally show
a lot worse agreement with the hGs or good-quality hH/hJ data,
despite very high magnitudes of r2 factors obtained in a linear re-
gression analysis. In particular, the negligible presence of forms A at
the expense of forms B erroneously calculated for all systems 1aec
at the DZ-level (and total lack of their forms C found at the TZ-level)
should be noted. The best method applied here for predicting the
dCs comprise use of the WC04 density functional in CHCl3 sol-
ution.15e However, we found, this approach not very reliable also for
other molecular systems.48,49 In fact, a comparatively large value of
SD (2.2 ppm) determined in our check calculations could be a rea-
son for such failure. Maybe, the proposed recently multi-standard
approach for GIAO calculations,35 with an application of benzene
as an NMR reference for the sp2-hybridized carbon atoms, would
improve the agreement. On the other hand, very similar situation
concerning unreliability of the dC-predictions was reported recently
by Koskowich et al.54 Thus, dCs in vacuo computed by the B3LYP/6-
311þþG(d,p)//B3LYP/6-31G(d) method were not useful for trivial
structure assignment of the tricyclic (with no sp2 carbons, but with
an ether oxygen atom) product studied by these authors, however
the dH-based results were.

2.6. Verification of some h results by the DP4 probability
analysis

All above NMR data-based findings on the mole fractions hs of
conformers AeC of 1aec were found by looking at the magnitudes
of related r2s, SDs, and CMAEs. However these indicators of corre-
lations between the observation and experiment can be mis-
leading, particularly when dKs are strongly clustered into two
groups as they really are in this work (see e.g., Fig. 3). Hence, for the
purpose of additional validation of the hs resulted from standard
considerations of the dKs, we also applied the new DP4 ‘probability’
algorithm recommended recently by Smith and Goodman,12e as
another tool assisted in important statistical handling of the
aforementioned dK data.

In this fully automatic approach,55 the ‘corrected errors’, i.e.,
differences j<dKi>

scaled�<dKi>
calcdj, are converted to the DP4

‘probabilities’ that these errors are obtained. More precisely, the
theorem of Bayes as well as Student’s t-distribution of such errors
are inter alia applied. By repeating of this kind of calculations for all
possible contributors being in fast equilibrium (e.g., conformers
AeC of 1aec) their populations hDP4 can be supplied. This method
also allows the 13C and 1H NMR data to be combined to give per-
tinent dC,H-DP4 data. Originally,12e computationally inexpensive
gas-phase MMFF94 geometries and B3LYP/6-31G(d,p) method
were used in subsequent single-point in vacuo evaluations of en-
ergy and GIAO shieldings sKs referenced finally to TMS, and the tool
was parameterized just for such calculational conditions. Therefore,
we also applied an identical protocol, for completeness. But, all so-
obtained results (see Table S10 in Supplementary data) turned out
to be a lot worse than those discussed before, especially for the
system 1c [A:B:C w94:0:6 versus 37:27:36 or 28:52:20 (Tables 7
and 8)]. In other words, an original DP4 procedure12e is in-
adequate for the demanding objects under this study.

Thus, a deeper consideration of the DP4 results on selected
good-quality dKs concerning the systems 1 in CHCl3 (i.e., dK-DP4
data, Tables 3, 5, and 8) led to a few conclusions. Firstly, as can easily
see in Table 5, this method is also applicable in other similar cases
[agreement within 11%, e.g., �5.5%, with the B3LYP/6-31G(d) level
(or a lot better) PCM/CHCl3 GIAO dH-based predictions of hs]. In-
deed, very recently the DP4 analysis was successfully used in
a comparable OPBE/pcS-1 PCM/CHCl3//OPBE/6-31G(d) level study
on the cyclopenta[b]benzofuran derivatives56 and in the
mPW1PW91/6-311þG(2d,p) PCM/CHCl3//B3LYP/6-31þG(d,p) level
correction of the structure of nobilisitine A.18l Secondly, the dH-DP4
data (hDP4s) show the same or a little better agreement with the TZ-
level hHs (Table 8) than with such results obtained at the DZ-
geometries (Table 3), especially in the case of 1a (1e6% vs 1e11%,
for TZ and DZ, respectively). Thirdly, a reverse trend is observed for
the dC-DP4s [in particular for 1c (4e20% vs 2.5e18%, for the TZ and
DZ-level data, respectively)], however, as we must remember, no
correlation generally exists between hCs and hHs (or hGs). As
a consequence, the (potentially best) combined dC,H-DP4 results
were found only minimally better from the dC-DP4s (Table 8).

All of the foregoing comparisons of different h results strongly
suggest that only consideration of the enough reliable dH data
computed for ‘solvated’ structures of the systems 1aec gives ra-
tional predictions on distributions of their conformers AeC (hHs),
which are fully consistent with the populations hGs found from the
temperature and London forces corrected Gibbs free energies
(evaluated for ‘solution’, as well). Hence, an estimated uncertainty
of such predictions of the hHs data with r2�0.9999 seems to be
about 5e10% or better. High reliability of such hHs, especially in the
case of 1a, was fully confirmed by a DP4 analysis. Regarding a little
worse results hH and hDP4 for lactams 1b and 1c, one can suppose
that they arise, at least in part, from the greater intramolecular
London dispersion attraction (mainly for 1b, owing to the presence
of an easily polarizable C]S bond) and larger conformational
freedom (1c). The former effect strongly appeared in a large mag-
nitude of the DFT-D3 term calculated for 1bC (Table 7). As a con-
sequence, the geometries of both these molecules and, therefore,
their spectroscopic properties may be a little miscalculated. On the
other hand, one ought to remember the strong degeneration of 1H
NMR data for 1c (vide supra).

3. Summary and conclusions

In this work we have shown that three standard DFT methods
initially used for an analysis of routine dC, dH, and JHH NMR data for
solution (embracing the GIAO-formalism-supported B3LYP calcu-
lations) led to the mutually incompatible results on fractional
populations hs of three fast interconverting low-energy forms AeC
of the title systems 1aec, which were also inconsistent with their
energies evaluated in a normal way. It should be stressed that all of
such NMR-focused computational protocols, especially the first two
dK-based tools, were applied previously7c with full success in elu-
cidating relative configurations of rigid lactams 3 existing in equi-
librium with a strong preference for the equatorial forms. Instead,
the J-approach was used in an earlier work9 on homologous bi-
cycles 2 of a similar conformational behavior and so the use of
popular Karplus-type equation42 was sufficient in this case.

Generally, main difference between the two aforementioned
series of molecules concerned their internal dynamics and the
problems under investigation. Thus, a qualitative approach was
satisfactory for the simple two-state equilibria and questions ana-
lyzed before (systems 2 and 3), while an advanced, quantitative
treatment was needed for reliable evaluating the populations hs
of three contributors AeC to conformational families of the highly-
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flexible lactams 1 studied here. In other words, the more difficult
problem demands the better tools.

Indeed, as a solution of the initial problemwith the systems 1, it
was necessary to perform numerous computations with simulta-
neous modeling their solutions, by using the COSMO and/or IEF-
PCM model. Specifically, the WC04/WP04 functionals and IGLO-II
or IGLO-III basis sets were used, respectively, for predicting a lot
of the dC/dH, and JHH data needed for every of the individual
equilibrating forms AeC. The vdW-DFT method was finally applied
for crucial calculating their energies. It included an application of
the double hybrid B2PLYP-D functional51 introduced by Grimme
with his DFT-D3 correction44 to total energy for the dispersion
(London) interactions not reproduced in conventional correlation
functionals.44,45 Thus, it was possible to collect the needed ener-
getic data and, hence, to estimate mole fractions hGs of the forms
AeC, which were consistent within 30% (or even �5% for 1a) with
the best NMR data-based results arising from the dH information
(hHs).

In turn, the reliability of the GIAO-based and subsequent h re-
sults was estimated based on magnitudes of the determination
coefficient, r2, found in a linear regression analysis of predicted
versus experimental data and on chemical intuition. Moreover, the
recent DP4 ‘probability’ method12e was also used in some cases as
a second independent tool assisted in statistical evaluating the h

data. This new DP4 protocol calculates a global probability from
individual nucleus error probabilities and, therefore, it is especially
useful in the analysis of various multiple isomeric entities in the
equilibrium. The reliability of standard protocols was confirmed in
this way, especially for 1a. Thus, the most reliable h findings were
obtained from the best correlations <dH

calcd> versus <dH>
obsd

(r2>0.9996, for 1a and 1b).
An analogous application of J-couplings for evaluating the

populations hs is possible only when there is a substantial differ-
entiation of their values for individual conformers or favorable
usage of the solvent. Indeed, the JHH data computed for objects
1aec permitted only for sufficiently secure evaluation of the ratios
of their equatorial versus axial forms, (AþB)/C, due to small dif-
ferentiation of these data among both rotamers A and B (with some
exceptions for 1b and 1c). However, the use of JHHs, at least for
control of an internal conformity of the predicted hHs, is strongly
recommended when it is possible.

The best estimations of hHs or hJs are consistent with the hGs
treated as ‘reference data’ and all these NMR-based predictions are
highlighted in Tables 3 and 8 (numbers in bold faces). Moreover,
very good agreement between hHs and hDP4s was found for 1a,
especially at the TZ level of approximation. Obviously, due to
a semi-quantitative character of hGs, it is difficult to say which re-
sults (hGs, hHs, or dHehDP4s) are really better, at this stage. An es-
timated uncertainty of such hHs seems to bew5% or even better (at
least for 1a). Therefore, in this specific event one can speak about
full alignment of the ‘solution-phase environment (i.e., NMR spec-
troscopic) match criterion’ with the ‘energetic criterion’. However,
both remaining molecules 1b and 1c were found to be more diffi-
cult cases. Undoubtedly, a great anisotropic effect of the phenyl ring
existent in all studied systems, well known in the 1H NMR spec-
troscopy, is responsible for very helpful differentiation of dHs con-
cerning their forms AeC. In sharp contrast, the use of similarly
considered dC data for assessing the hs was unsuccessful, despite
high values of r2 obtained in the regression analysis.

One can suppose, in line with the opinion of Sebag et al.,4c that
in a vast majority of multi-conformer systems, where differences in
the predicted values of NMR parameters among the possible
equilibrating forms are substantial, the linear regression approach
can, in principle, provide a fairly good approximation of the true
conformational distributions hs in solution. However, for this
method to be a general tool, (1) the used computational protocol
must be highly reliable, (2) all key forms must at least have unique
sets of NMR quantities, and (3) all of the computations should be
done for ‘solution’ applying adequate simulation of solvation. The
rightness of all these criteria was confirmed in this work.

An unexpected failure in the estimation of mole fractions hs for
dynamic equilibria of the lactams 1 from GIAO-predicted dCs de-
serves some comment. Calculations of dCs in explicit solvents are
nowadays in common use for numerous of (bio)organic molecules.
But, the conclusions drawn using this type of NMR predictions are
rather of qualitative nature, e.g., about their relative configurations
and/or conformational preferences. So, an accuracy of standard
computations of dCs is sufficient for such purposes. However, their
reliability was crucial for the present investigation.

Evidently, the GIAO-B3LYP differentiation of the dC sets for two
rotamers A and B of systems 1aec and, especially, an accessible
accuracy (not precision) of this tool was not sufficient. Indeed, an
importance of the proper reproduction of dispersion-type electron
correlation interactions for the computational results was high-
lighted several times throughout this work. Accordingly, no deeper
discussion on the advantage of dH over dC or J data for evaluation of
the hs is possible, at this stage. In reality, every type of the molec-
ular systems demands currently its suitable NMR-based approach.
Interestingly, a superiority of the results from GIAO-predicted dHs
over analogous dC data, which was clearly shown here, has its own
predecessor reported recently by Koskowich et al.54

Regarding the basis sets used in geometry pre-optimizations for
NMR studies on the multitude of various interconverting con-
formers, it seems that use of the 6-31G(d) or equivalent basis set in
conjunction with the B3LYP functional are sufficient for modeling
their solvated structures. However, all subsequent NMR calcula-
tions demand rather TZ-level sets. In contrast, for evaluating the
energies of such conformationally flexible entities, advanced
computations at the TZ-level embracing suitable corrections (in
particular, for London forces) are necessary. We hope that our con-
clusions will be useful as guidelines for the other NMR studies,
especially those concerning the multi-conformer systems in rapid
equilibrium between more than two forms energetically feasible in
solution.

4. Experimental

4.1. Materials

All studied systems 1 are known compounds;7 1b and 1c have
recently been described for the first time in Ref. 7c. In this synthetic
work, all used procedures of separation/purification of the prod-
ucts, and their standard characterizations were presented in detail.
Some new NMR spectroscopic data and/or full assignments of the
signals previously reported are given in Table 1 (1H NMR) or below.

4.1.1. 1-Methyl-4-phenyl-pyrrolidin-2-one (1a). dC (50.3 MHz,
CDCl3) 173.84 (C]O), 142.55 (Cipso), 128.87 (Cmeta), 127.05 (Cpara),
126.71 (Cortho), 56.67 (C5H2), 38.80 (C3H2), 37.15 (C4H), 29.57
(NMe).

4.1.2. 1-Methyl-4-phenyl-pyrrolidin-2-thione (1b). dC (50.3 MHz,
CDCl3) 200.30 (C]S), 141.57 (Cipso), 128.99 (Cmeta), 127.27 (Cpara),
126.68 (Cortho), 63.85 (C5H2), 52.17 (C3H2), 38.85 (C4H), 35.43
(NMe); dC [50.3 MHz, (CD3)2CO] 200.66 (C]S), 143.51 (Cipso), 129.70
(Cmeta), 127.805 (Cpara), 127.785 (Cortho), 63.86 (C5H2), 53.04 (C3H2),
39.62 (C4H), 35.26 (NMe).

4.1.3. 4-Benzoyl-1-methyl-pyrrolidin-2-one (1c). dH (200.0 MHz,
CDCl3, only aromatic Hs) 7.95 (pdt, 2H, CHortho), 7.63 (ptt, 1H,
CHpara), 7.51 (ptt, 2H, CHmeta); dC (50.3 MHz, CDCl3) 198.07 (C]
Oketone), 172.43 (C]Oamide), 133.92 (Cpara), 133.33 (Cipso), 129.11
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(Cortho), 128.65 (Cmeta), 50.70 (C5H2), 38.12 (C4H), 34.19 (C3H2),
29.60 (NMe).

4.2. NMR spectroscopy

The 1H/13C NMR spectra were collected on a Varian Gemini-200
BB spectrometer operating at nominal frequencies of 199.98/
50.29 MHz for the 1H and 13C nuclei, respectively. CDCl3 was used as
a solvent unless stated otherwise. All measurements were taken at
a probe temperature (w21 �C). Chemical shifts dKs (K]H, C) are
expressed in parts per million against internal tetramethylsilane
(TMS), while coupling constants nJHH are given in Hz. Signals are
reported as s (singlet), d (doublet), t (triplet), q (quartet), (multi-
plet), br (broad), c (center) or p (pseudo). 128e256 transients were
usually accumulated for 1H NMR spectra using the spectral width of
2.5 kHz. The obtained 32 K time-domain spectra were zero-filled to
64 K data point sets and additionally resolution enhanced with the
Lorentzian-to-Gaussian function,31 prior to the Fourier trans-
formation. Optimal values of two parameters for this improvement
method, i.e., AF and RE, were selected by a trial-and-error pro-
cedure available as a post-processing optionwithin standard Varian
software. The final digital resolution of such improved frequency-
domain 1H NMR spectra was �0.08 Hz. An unambiguous assign-
ment of observed NMR signals, which was crucial for the successful
completion of conformational analysis, was accomplished on the
basis of selective decouplings and/or the combined inspection of
additional spectra (ATP, DEPT, H,H-COSY, and C,H-HETCOR).

4.3. Computational details

4.3.1. Molecular modeling and vibrational frequency calculations. A
full conformational search for the minima on PESs of the isolated
molecules of systems 1was initially performedwith theMMX force
field molecular-mechanics calculations, by using the Monte Carlo
(MC)-type GMMX subroutine embedded within PCMODEL Version
8.5.57 A mixed molecular-mechanics searching protocol was
employed with the randomization over all rotatable bonds.58

Typically, w1000 MC steps were employed within the
14.6 kJ mol�1 threshold (energy window); a bulk value of the rel-
ative permittivity (dielectric constant) being applied for the gas
phase, 3¼1.50.59 The ensuing varieties of so-obtained energetically
preferred MMX structures were subsequently used as trial input
configurations in the geometrical optimization carried out with the
semi-empirical PM3 hamiltonian of HyperChem.60 The resulting
low-energy molecular models were subjected next to further fully-
relaxed geometry refinement at the ab initio restricted HF level of
theory, by using two standard Pople’s split-valence one-electron
basis sets, i.e., initially 3-21 G33b and than 6-31G(d) (with the six,
not five, d-like Gaussian functions employed for all non-H atoms)
within the Gaussian 03 package of programs.47 Final gas-phase
energy minimizations were carried out with the Berny algorithm
applying standard 6-31G(d) [or 6-31G(d,p)] basis set in conjunction
with a combination of Becke’s three-parameter exchange func-
tional61 and Lee-Yang-Parr correlation functional62 (B3LYP) as it
was implemented19 in the Gaussian code.

For the DP4 ‘probability’ analysis,12e geometries of all ninemajor
forms AeC of the objects 1aec were in vacuo assessed within
PCMODEL,57 by applying the MMFF94 force field63 and 3¼1.0. Their
gas-phase energies were evaluated at the B3LYP6-31G(d,p) level.
Selected results are given in Table S10.

All of the molecular energy minima were found without any
symmetry constraints (C1 point group), by optimizing the equilib-
rium configurations with the help analytical gradients and using an
‘ultrafine’ pruned grid having 99 radial shells and 590 angular
points per shell (99,590); keyword: Int(Grid¼UltraFine).64 In al-
most all cases, the final steps of calculations had to be run applying
the GDIIS (geometry optimization using direct inversion in the it-
erative subspace) algorithm18f,65 Also attempts to evaluate solvent
influence on the molecular structures and properties were made,
by using an SCRF model. Specifically, an integral equation-
formalism polarizable continuum model (IEF-PCM)17 technique
was applied at 298.15 K for CHCl3 and (CH3)2CO, within Gaussian
03. The in vacuo pre-optimized geometries and default values of
3¼4.90 and 20.70 were used, respectively. Solute cavities for such
modeling the solutions in CHCl3 were constructed as a sum of
atom-centered spheres employing the atomic radii of Bondi15e,66 or
default united-atom (UA0) radii;18g see also text and Ref. 50.

Moreover, vibrational wavenumbers, ui, were computed for
several structures (in the gas phase or solution state) in the rigid
rotor-harmonic oscillator approximation of vibrational modes
according to the GeF method of Wilson,67 by using the analytic
second derivatives. These data were used to verify that all located
stationary points represented the true potential energy minima on
DFT BorneOppenheimer PESs (Nimag¼0) and to determine the
relative standard Gibbs free energies of conformers at 298.15 K,
DG

�
298,

27 i.e., close to the NMR recording temperature of w294 K.
The needed zero-point energies (ZPEs) were estimated from the
B3LYP/6-31G(d) harmonic frequencies ui uniformly scaled with an
arbitrary averaged factor of 0.97.28 It is known28d that this trans-
ferable global scale factor is slightly above 0.96�0.0228a,e recom-
mended, at this level of approximation, to reproduce experimental
fundamentals, ni.

All of the DZ-level optimized ‘solvated’ (CHCl3) structures 1aec
were subjected next to an additional geometry optimization at the
TZ-level within the PC version of an ORCA suite of programs.46a The
hybrid B3PLYP/G functional in conjunctionwith a basis set of triple-
z valence quality augmented with one set of polarization functions
(def2-TZVP)68,69 was used for this purpose, while related solvent
effects were simulated through the COSMO solvation model23 with
CHCl3 parameters; keywords: TightOpt, Grid4, and VeryTightSCF.
Subsequent single-point energy refinements were performed
employing the doubly hybrid B2PLYP-D functional51 and doubly
polarized def2-TZVPP basis set,68 with additional d/f and p/d func-
tions on the non-H and H-atoms, respectively. The COSMO tech-
nique and Grimme’s latest correction to total DFT energy for
dispersion-type interactions44,45 were employed (DFT-D3
method).44 In order to speed up all of these additional calculations,
the resolution-of-the-identity (RI) approximation70 for two-
electron integrals was used as implemented in ORCA. Matching RI
auxiliary basis functions, def2-TZVPP/C, were taken from the TUR-
BOMOLE basis sets library.71 Always, five spherical-harmonic
Gaussian-type polarization functions were applied for all basis
sets, as opposed to six Cartesian d-like gaussians used with the
Gaussian program.

For assessing the fractional population (mole fraction, hGi) of
each conformer, where j is the number of forms within each
equilibrium, the Boltzmann distribution function
hGi ¼ e�DGi0=RT=

P
j e

�DGj0=RT was used, where R is the ideal gas
constant, T is the absolute temperature set to 298.15 K, and DG0

i is
the standard Gibbs free energy value of the ith form relative to the
energy of the most stable conformer.

4.3.2. NMR calculations (of chemical shifts and J-couplings). Initial
single-point GIAO1 formalism-based computations of absolute
values of isotropic shielding constants (sKs) were executed at the
B3LYP/6-31G(d) level on fully relaxed B3LYP/6-31G(d) structures, by
using standard routines in the Gaussian 03 package.47 The ‘tight’ SCF
convergence criterionwas always applied.2b,39 The relative chemical
shift dK of a given nucleus K in each entity was defined as dK

calcd

[ppm]¼sK
ref�sK

calcd. In the case of so-predicted 1H and 13C NMR
spectra, sKref was of 32.1821, 32.1694, 32.1671, and 31.8338 ppm as
well as of 189.7709, 189.9824, 190.0905, and 192.3560 ppm as was
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found for the three B3LYP/6-31G(d) and one gas-phase MMFF94
models of a dual-reference dK standard (TMS, Td point group,
‘opt¼tight’)27a in vacuum, CHCl3 or (CH3)2CO (both solutions simu-
lated by the IEF-PCMmethod)17 and in vacuum, respectively. Several
other combinations of the functional (B3LYP, WC0415e or WP0415e)
and basis set [6-31G(d,p) or 6-311þG(2d,p)] were used in some
additional calculations for the gaseous or solution state (see text,
Tables 3, 5, and 6); the last two functionals were executed as
a modification of B3LYP with an ‘iop’ statement.15e All of these runs
were performed at the structures fully pre-optimized at the DZ or TZ
level of theory (see above). The sK

calcds computed in this way were,
as above, referred to TMS, by using adequate sKref terms evaluated at
the same calculational level.

Moreover, indirect interproton coupling constants, nJHH, were
predicted for the gaseous [or solution] state of systems 1 or 4 by the
{B3LYP/IGLO-II (or IGLO-III) [IEF-PCM (solvent)]//DZ or TZ-level
optimized structure [IEF-PCM (solvent) or COSMO (solvent)]}
method41 within Gaussian 03, which allows for computations of all
four Ramsey’s contributions to the J-couplings. In these J-pre-
dictions two extended basis sets commonly called IGLO-II and
IGLO-III22e,f were applied. These bases (also known as HII/III or BII/
III basis sets) originally due to Huzinaga,72 were modified by van
W€ullen, Kutzelnigg et al.22a,b through addition of polarization
functions and contraction patterns. Both IGLO bases include more
tight functions (particularly of s symmetry) than standard extended
basis sets and thus they are more flexible in the neighborhood of
nucleus, i.e., the region relevant for the description of NMR prop-
erties. In these J-calculations, the five ‘pure d’ type basis functions
were employed for all non-H atoms.

The calculated nuclear shieldings each of the three mutually
exchanging hydrogens in Me groups of the systems 1 and 4 were
arithmetically averaged to produce a single observable value for the
Me group as a whole. Similar procedure was used also in relation to
the Ph groups (pairwise exchange of ortho and meta 1H/13C nuclei).
The JHH-couplings involving Me groups were found analogously. A
linear regression analysis of the dependence between experimental
and calculated NMR parameters has been achieved by least-squares
method. All statistical analysis was carried out with the Excel
spreadsheet. The greater value of the correlation coefficient of
Pearson, r, [or its square (also called determination coefficient), r2,
which shows the correlation significance] was usually considered
as an indication of the better adjustment of correlated data sets. The
molecules were visualized applying the graphical representation of
ChemCraft.29
Note added in proof

The other molecule fulfilling the aforementioned ‘solution-phase
environment match criterion’ and not an ‘energetic criterion’ was
reported by Alca

ˇ

ntara et al.74 [a boat conformer of 8, adequate
JHH

obsds and dK
calcds consistent with dK

obsds (K ¼ C, H) versus the
B3LYP/6-31G(d)-computed DGs]. In turn, an analogous (to this
shown here in Table 7) evaluation of relative B2PLYP-D/cc-pVDZ-
level Gibbs free energies, DGs, based on the B3LYP/6-31(d) thermal
corrections has just been published.75
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