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Introduction

These days, quantum chemistry calculation such as density-
functional theory (DFT) is an indispensable tool for experi-
mental chemists to understand obtained results and predict an
unknown property of molecules." Among the utilities of DFT
calculations, estimating nuclear magnetic resonance (NMR)
and electronic circular dichroism (ECD) is a powerful approach
to determine organic molecules’ absolute and relative configu-
ration.® When the molecule of concern has conformers, it is
important to accurately determine the relative population of
conformers for a good estimation of the spectra because each
conformer demonstrates a different spectrum, and the observ-
able spectrum is a weighted average of each spectrum based on
the population of conformers. Although it is desirable to use
a large basis set with a method at a high theoretical level for
accurate energy calculations, geometry optimization, and
frequency calculations, such calculations of large molecules
require considerable time and high computational power. They
thus are often not realistic for most organic chemists. There-
fore, geometry optimization and frequency calculations are
often performed with a smaller basis set such as 6-31G* to save
time and computational cost, and the provided geometry and
thermal correction are used for energy calculations with a larger
basis set at the same theoretical level or often at a higher
theoretical level. DFTs, such as B3LYP,* wB97X-D,*> and M06-
2X,* and second order Mpgller-Plesset perturbation theory
(MP2)” are popular and have often been used for structural
analysis and energy calculation of organic molecules among
experimental chemists. However, no criteria are known for
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levels. Comparison with the reported experimental values provided a good benchmark to evaluate the
theoretical levels for the conformational analysis of organic molecules.

selecting the best method for calculating conformer distribu-
tion because there has been no quantitative benchmark to
evaluate these methods.

Ring flipping of cyclohexane is one of the most fundamental
conformational changes in organic chemistry. The free energy
difference of the cyclohexane conformers of a monosubstituted
cyclohexane, the so-called A-value,® is well-studied and has been
used to estimate the steric bulkiness of a certain substituent.
However, the energy difference of the conformers depends not
only on steric repulsion, so-called 1,3-diaxial interaction, but
also on Baeyer strain, torsional strain, electrostatic interaction,
and dispersion forces.” Thus, these interactions must be prop-
erly allowed for to estimate an A-value accurately. Because of
this fact and the availability of experimental A-values of many
substituents, we expected that a comparison of calculated 4-
values with those experimentally observed would be a good
benchmark test for the calculation methods of conformer
distribution. The aim of this work is to provide experimental
chemists with a guide for selecting a suitable calculation
method.

Results and discussion

We first calculated the A-values of methyl (Me), tert-butyl (¢-Bu),
trifluoromethyl (CF;), trimethylsilyl (TMS), ethynyl (C=CH),
cyano (CN), fluoro (F), chloro (Cl), bromo (Br), and iodo (I)
substituents for simplicity because monosubstituted cyclohex-
anes bearing these substituents have only two conformers, eq
and ax (Scheme 1). The reported A-values of these substituents

X

[Tx == T\

eq ax

Scheme 1 Two conformers of monosubstituted cyclohexanes (X =
Me, t-Bu, CF3, TMS, C=CH, CN, F, Cl, Br, or ).
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Table 1 Reported A-values

X A-value® Solvent Method Ref.
Me 1.74 CFCl,/CDCl; (9:1) 'H NMR 10
t-Bu 4.9 CD,Cl, 13C NMR 11
CF; 2.5 CFCl, 1°F NMR 12
TMS 2.50 CDCl3/CD,Cl, (6: 4) 3C NMR 13
C=CH 0.515 CFCl;/TMS (19:1) 3C NMR 14
CN 0.21 CFCL/TMS (19:1) C NMR 14
F 0.36 CFClL,/TMS (19:1) 3C NMR 14
cl 0.507 CFCl,/TMS (19:1) *C NMR 14
Br 0.485 CFCl;/TMS (19:1) 3C NMR 14
I 0.490 CFCl3/TMS (19:1) BC NMR 14
Et 1.79 CFCl,/CDCl; (9: 1) "H NMR 10
i-Pr 2.21 CFCl,/CDCl; (9:1) 'H NMR 10
CH=CH, 1.68 CD,Cl, 3C NMR 15
Ph 2.7 Propane-dg 3C NMR 16
Ac 1.21 Toluene-dg 3C NMR 17
OMe 0.75 CFCL/TMS (19:1) BC NMR 14
OAc 0.785 CFCl;/TMS (19:1) 3C NMR 14
NMe, 1.35 Toluene-dg 3C NMR 18
NO, 1.13 CFCl3/TMS (19:1) BC NMR 14
SMe 1.00 CDCl, C NMR 19

“ The numbers of digits are as reported in the literature.

and solvents used for the measurement are shown in Table 1.
Geometry optimization and frequency calculations were per-
formed using seven popular methods for organic molecules,
i.e., Hartree-Fock approximation (HF), B3LYP, B3LYP-D3, M06-
2X, wB97X-D, wB97X-V, and MP2 with LANL2DZ (bromine and
iodine atoms) or 6-31G* basis set (other atoms). The energy of
the optimized geometry of each conformer was calculated with
solvent correction of the Polarizable Continuum Model (PCM)
at the B3LYP-D3, M06-2X, wB97X-D, wB97X-V, MP2 theoretical
levels, in which dispersion force is taken into account, using
def2-TZVPD (bromine and iodine atoms) or 6-311+G(2df,2p)
basis set (other atoms). The energy calculations were performed
also at the B3LYP and HF theoretical levels to evaluate the
importance of dispersion correction and electron correlation,
respectively. These calculations were performed using the
Gaussian 09W program except for the calculations with wB97X-
V functional, where the Spartan 18W program was used with
LANL2DZ as basis set (an iodine atom) or 6-31G* (other atoms)
for geometry optimization and frequency calculations, and 6-
311+G(2df,2p) for energy calculations.

The A-values calculated at different theoretical levels were
summarized in Fig. 1, where the horizontal axes are the exper-
imental values and the vertical axes are those calculated (see
ESIf for details, such as individual geometries, energies,
thermal corrections, and A-values in numerical form). The two
broken lines show £0.2 kcal mol™! errors, and the solid lines
are the centres. In Fig. 1, Charts A-G are summaries by the
method for geometry optimization and frequency calculations.
In general, HF and B3LYP energy calculations (gray x and coral
+, respectively) overestimate A-values more than the other
theoretical levels. This clearly shows the significance of the
dispersion force as well as the electron correlation to be
considered in evaluating the 1,3-diaxial interaction. As ex-
pected, the effect of solvation correction was negligible for non-
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polar substituents, such as Me, ¢Bu, and TMS; the average
differences between A-values with and without solvation
correction were +0.02 kcal mol™" (solvation enlarged A-values).
In contrast, significant solvation effect was observed for polar
substituents, CF;, C=CH, CN, F, Cl, Br, and I (4-values
decreased by 0.15 kcal mol ™" on average).

As shown in Charts A-C, HF, B3LYP, and B3LYP-D3 geome-
tries generally provided good performance with the energy
calculation methods other than HF and B3LYP, except for TMS,
for which wB97X-D and wB97X-V energies for B3LYP geometry,
and ®wB97X-V energy for B3LYP-D3 geometry significantly
underestimated the A-value (the blue O and green < in Chart
B, and the green < in Chart C, respectively). wB97X-D geometry
also provided good fit to the experimental values, except for ¢-
Bu, whose A-value was generally overestimated (Chart D). In
MO06-2X geometry, A-values of F, CF; and TMS also tended to be
overestimated in addition to #-Bu (Chart E). The overestimation
in F and ¢-Bu was also observed in wB97X-V and MP2 geometries
(Charts F and G).

Charts H-L are summaries by the method for energy calcu-
lation. In general, the use of wB97X-D and MP2 geometries (the
blue O and the black x), and M06-2X geometry (the orange [1)
provided overestimated the A-value of ¢-Bu and TMS, respec-
tively. Chart H shows the tendency of B3LYP-D3 energy calcu-
lation to overestimate the A-values of C=CH, CN, and ¢Bu.
wB97X-D energy calculation provided better performance;
however, it overestimates the A-value of F (Chart I). M06-2X
energy calculation generally provided good fit, except for over-
estimation of the A-value of #-Bu (Chart J). wB97X-V and MP2
energy calculations also overestimate the A-value of ¢-Bu (Charts
K and L). The calculated A-values of TMS were highly geometry-
dependent in wB97X-V energy calculation, overestimated for
MO06-2X geometry and underestimated for B3LYP and B3LYP-D3
geometries (Chart K). In contrast to B3LYP-D3, MP2 energy
calculation tends to underestimate the A-values of triple bonds,
C=CH and CN (Chart L).

Root means squared errors (RMSEs) from the experimental
values were calculated for each method and shown in Fig. 2 as
solid bars to evaluate the goodness of fit. The RMSEs of the
B3LYP-D3 energies for HF, B3LYP, and B3LYP-D3 geometries
were 0.20-0.26 kcal mol ™', while those for wB97X-D, M06-2X,
wB97X-V, and MP2 geometries were lager (0.37-
0.48 kcal mol™'). Interestingly, the same tendency was also
observed for the other methods, wB97X-D (0.17-0.20 vs. 0.24-
0.34 kcal mol "), M06-2X (0.12-0.20 vs. 0.22-0.40 kcal mol %),
wB97X-V (0.18-0.28 vs. 0.25-0.45 keal mol "), and MP2 energies
(0.21-0.30 vs. 0.33-0.47 kcal mol ™). This is mainly attributable
to large RMSEs for the nonpolar substituents (Me, #-Bu, and
TMS) with these methods (horizontal stripe bars in Fig. 2),
except for wB97X-D energy with M06-2X, wB97X-V, and MP2
geometries, in which the RMSEs for the polar substituents are
also large (oblique stripe bars in Fig. 2). This might indicate
a problem in estimating steric repulsion and/or dispersion force
with wB97X-D, M06-2X, wB97X-V, and MP2 using a smaller
basis set such as 6-31G*.

For a measure of the difficulty of estimating an A-value,
RMSEs were also calculated for each substituent (see ESIT for

RSC Adv, 2023, 13, 35904-35910 | 35905
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Fig.1 The calculated A-values for Scheme 1 the values were plotted on the vertical axis versus the experimental values on the horizontal axis.

Charts A—G are summaries by the geometry calculation method, and

details). The results indicate that estimating the A-value of ¢-Bu
is rather difficult, providing a large RMSE (0.70 kcal mol ™). As
discussed above, the A-value of #Bu (4.9 kcal mol ') was
generally overestimated in HF, wB97X-D, M06-2X, wB97X-V, and
MP2 geometries; especially for wB97X-D geometries, 5.82-
6.27 kcal mol™" were provided. It is noteworthy that slightly
better performance was obtained for Br when basis sets with an
effective core potential, LANL2DZ and def2-TZVPD, were
applied to a bromine atom than those with full electron

35906 | RSC Adv, 2023, 13, 35904-35910

H-L are those by the energy calculation method.

included, 6-31G* and 6-311+G(2df,2p) (0.18 vs. 0.25 kcal mol ™"
RMSE).

The large RMSE for ¢-Bu might be attributable to limitation
of the present methods in application to highly congesting
systems. However, the possibility cannot be totally excluded
that it would be due to experimental error in the reported A-
value, which was indirectly determined based on the additivity
of A-values in tri-substituted cyclohexane system, and that the
true value might be larger. Therefore, we also calculated RMSE

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The RMSE of the A-values calculated for Scheme 1 at each theoret

ical level: solid, horizontal stripe, oblique stripe, and pale bars stand for

RMSE calculated with all the substituents; nonpolar substituents (Me, t-Bu, and TMS); polar substituents (CFs, C=CH, CN, F, Cl, Br, and I); and t-
Bu excluded, respectively. The broken lines show 0.20 and 0.30 kcal mol ™ criteria.

with the results for #Bu excluded, and chose the 19 methods
having t-Bu-included RMSE of less than 0.30 kcal mol " (the
blue bars in Fig. 2) and, in addition, the 5 methods having ¢-Bu-
excluded RMSE of less than 0.20 kcal mol * (the sky blue bars),
and undertook further evaluation.
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As other alkyl substituents, ethyl (Et) and isopropyl (i-Pr)
groups were investigated. For ethyl- and isopropylcyclohexane,
six conformers, three conformers each for the axial and equa-
torial conformers, were found (see ESIt for details). As sp®
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Fig. 3 The A-values calculated by the selected methods: the values were plotted on the vertical axis versus the experimental values on the
horizontal axis. Charts (M—=S) are summaries by the geometry calculation method, and (T) shows the results using the same method through

geometry, frequency, and energy calculations with 6-3114+G** basis set.
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were investigated. For vinylcyclohexane, six conformers, three
conformers each for the axial and equatorial conformers, were
found. For phenylcyclohexane, four conformers, one equatorial
and three axial conformers were found. To evaluate the appli-
cability of hetero atoms, acetyl (Ac), methoxy (OMe), acetoxy
(OAc), dimethylamino (NMe,), nitro (NO,), and methylthio
(SMe) groups were investigated. For acetylcyclohexane, six
conformers, two sets of two equivalent equatorial conformers,
and two equivalent axial conformers were found. For methoxy-,
N,N-dimethylamino-, and methylthiocyclohexane, there are six
conformers, three conformers each, two of which are equiva-
lent, were found for equatorial and axial conformers. For ace-
toxycyclohexane, three equatorial and two axial conformers
were found within 5.5 kcal mol™". For nitrocyclohexane, there
are five conformers, three equatorial conformers, two of which
are equivalent, and two axial conformers were found. Pop-
ulation of each conformer was determined on the basis of
Boltzmann distribution, and those of axial and equatorial
conformers were separately summed up to determine axial/
equatorial ratios (ax/eq), with which the following formula
provided A-values: —1.36 log(ax/eq).

The calculated A-values were summarized in Fig. 3 (see ESIT
for details, such as individual geometries, energies, thermal
corrections, and A-values in numerical form). As expected,
solvation effect is negligible for nonpolar Et and i-Pr; A-values
were only increased by 0.01 kcal mol ™" on average. Interestingly,
solvation effect is moderate for CH=CH,, Ph, and OAc, for
which A-values were decreased by 0.05 kcal mol™* on average,
while significant effect (decrease by 0.23 kcal mol " on average)
was observed for other polar substituents.

Similarity of Charts M and N shows that the use of B3LYP
geometry in place of HF geometry only slightly improves the A-

Scheme 2 The Newman projection of the extra equatorial
conformers found at the M06-2X and wB97X-V/6-31G* theoretical
levels: the blue dash lines represent the possible hydrogen-bonding
(O---H 2.53 A).
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value calculation. With these geometries, the A-value of NO, was
significantly underestimated. The dispersion correction amen-
ded the underestimation (B3LYP-D3), but the A-value of i-Pr was
underestimated, instead (Chart O). Although wB97X-D, M06-2X,
and MP2 geometries produced better performance (Charts P, Q,
and S), the use of wB97X-V functional for geometry optimization
and frequency calculation didn't improve goodness of fit, and
the A-values of SMe, NO,, Ac, and NMe, were significantly
overestimated (Chart R) even though this functional is quite
time-consuming. The overestimation of the NO, A-value in M06-
2X and wB97X-V geometries is probably explainable by the extra
equatorial conformers that were local minimum only at the
M06-2X and wB97X-V/6-31G* theoretical levels (Scheme 2). In
these conformers, the N-O bond almost eclipses the C-C bond
and likely interacts electrostatically with one of the axial B-
hydrogen atoms. These conformers were only ca. 0.1 kcal mol
less stable than the most stable equatorial conformer, and
contribute to increase the population of the equatorial
conformers. This may suggest the tendency of these functionals
to overestimate electrostatic interaction at least with 6-31G*
basis set. Nevertheless, the RMSE for NO, is quite large
(0.63 kecal mol ™), which clearly suggests that estimation of the
A-value for NO, was challenging.

Finally, geometry optimization and frequency calculations
with a relatively large 6-311+G** basis set were performed for
comparison, although these methods are impractical for
application to most of the molecules that may concern synthetic
chemists. The results were summarized in Chart T (Fig. 3). As
expected, the improvement from HF to B3LYP, and from B3LYP
to B3LYP-D3 show the significance of the electron correlation
and the dispersion force to be considered, respectively. The
overestimation of the #-Bu A-value and the high method-
dependence in calculating a NO, A-value were also observed.
This indicates that the discrepancy is not due to the difference
of functionals used for the geometry optimization and the
energy calculations.

RMSEs from the experimental values were calculated for
each method and shown in Fig. 4. In general, the use of B3LYP
geometry in place of HF slightly improved RMSEs; for B3LYP-
D3, wB97X-D, and wB97X-V/6-311+G(2df,2p) energies, HF/6-
31G* geometry provided RMSE of 0.30, 0.23, and
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Fig. 4 The RMSE of the A-values calculated at the selected theoretical levels: solid and pale solid bars stand for RMSEs calculated with all the
substituents and t-Bu excluded, which are also presented in number on the top and inside of the bars, respectively.
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0.25 kcal mol ™, respectively, while B3LYP geometry provided
RMSE of 0.28, 0.22, and 0.24 kcal mol ™", respectively, although
it failed to improve RMSE of MO06-2X energy (both
0.24 keal mol ™). In general, no benefit to use B3LYP-D3 in place
of B3LYP for geometry optimization and frequency calculation
was observed, except for M06-2X energy, for which B3LYP-D3
geometry provided better RMSE (0.22 kcal) than B3LYP
(0.24 kcal mol™'). Energy calculation at the MO06-2X/6-
311+G(2df,2p) theoretical level generally provided good perfor-
mance (RMSE 0.20-0.31 keal mol™"). It is noteworthy that the
use of time-consuming methods such as wB97X-V and MP2/6-
311+G** failed to improve the result (0.29 and 0.43 kcal mol %),
and relatively low-cost B3LYP-D3/6-311+G** wB97X-D/6-
311+G(2df,2p)//B3LYP/6-31G*, and MO06-2X/6-311+G(2df,2p)//
B3LYP-D3/6-31G* provided better results (0.22 kcal mol ). The
five lowest RMSEs were provided by MO06-2X//MP2
(0.20 kecal mol ™), wB97X-D//B3LYP, M06-2X//B3LYP-D3, M06-
2X//M06-2X, M06-2X//wB97X-V (0.22 kcal mol™" each), and
those excluding ¢-Bu A-values were provided by M06-2X//MP2,
MO06-2X//wB97X-D, M06-2X//wB97X-V, wB97X-V//wB97X-D, and
MO06-2X//M06-2X (0.10, 0.15, 0.17, 0.18, and 0.19 kcal mol !,
respectively).

Experimental

The calculations were performed using the Gaussian 09W
program,® except for those with the wB97X-V functional, for
which the Spartan'18W program® was used. Conformational
search were systematically performed by changing dihedral
angles by 60° in initial geometries of axial and equatorial
conformers. Geometry optimization was performed with the
tight convergent criteria option followed by calculations of
thermal corrections. A larger grid (99 590) was applied to inte-
gral computation using the B3LYP, B3LYP-D3, wB97X-D, M06-
2X, and wB97X-V functionals. The optimized geometries were
provided as xyz files and the calculated energies were summa-
rized as tables in ESL{

Conclusions

Equatorial/axial equilibrium of twenty monosubstituted cyclo-
hexanes was estimated using forty two theoretical levels and
compared with those experimentally observed. With these
results as a benchmark, we identified wB97X-D or M06-2X/6-
311+G(2df,2p) are good candidates for energy calculation when
molecular size allows the use of only HF or B3LYP/6-31G* for
geometry optimization and frequency calculation. When more
time-consuming B3LYP-D3 geometry and frequency are avail-
able, the use of M06-2X/6-311+G(2df,2p) for energy calculation
is expected to give better fit. Although M06-2X and wB97X-V/6-
311+G(2df,2p) energy calculations for wB97X-D/6-31G* geom-
etry would also be candidates, they should be carefully applied
to a highly congested system as they provided large error for the
t-Bu A-value. The use of M06-2X energy for M06-2X, wB97X-V, or
MP2 geometry is also expected to give good fit, but is impractical
for large molecules because of the highly time-consuming
frequency calculations as well as geometry optimization.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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These results provide experimental chemists with a guide for
choosing an appropriate computational method.
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