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An experimental-computational methodology combining rotational data, high-level ab initio calculations
and predicate least-squares fitting is applied to the axial-equatorial isomerism and semiexperimental
equilibrium structure determination of fluorocyclohexane. New supersonic-jet microwave measure-
ments of the rotational spectra of the two molecular conformations, together with all *>C isotopologues
of both isomeric forms are reported. Equilibrium rotational constants are obtained from the ground-
state rotational constants corrected for vibration—rotation interactions and electronic contributions.
Equilibrium structures were determined by the mixed estimation (ME) method. Different computational
methods were tested for the evaluation of predicate values of the structural parameters, and a computa-
tionally effective procedure for estimating reliable dihedral angles is proposed. Structural parameters
were fitted concurrently to predicate parameters and moments of inertia, affected with appropriate
uncertainties. The new structures of the title compound are regarded as accurate to 0.001 A and 0.2°,
illustrating the advantages of this methodology. Structural comparisons are offered with the cyclohexane
prototype, revealing subtle substituent effects. For comparison purposes the equilibrium structures for
the two fluorocyclohexane isomers and cyclohexanone are computed from high-level ab initio theory
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Introduction

The semiexperimental (SE) method is an experimental-
computational procedure where equilibrium rotational constants
are determined from the experimental ground-state rotational
constants and theoretical rovibrational corrections (based princi-
pally on an ab initio cubic force field). Since the pioneering work
of Pulay et al.' the SE method is reputed to deliver very accurate
estimates to equilibrium structures® of (mostly) semirigid
molecules of small and medium molecular sizes,>® reaching
bond length accuracy to about 0.001 A, and similar four-digit
accurate values for bond angles. However, difficulties for the
application of the SE method increase rapidly with the mole-
cular size. From the experimental point of view, determination
of rotational parameters for full sets of isotopologues is
hampered by spectral congestion and weak intensities due to
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with inclusion of adjustments for basis set dependence and correlation of the core electrons.

larger rotational partition functions, distributing the rotational
energy among a larger number of states. Moreover, it was
observed that, in some cases, the rotational constants of
deuterated species do not improve the fits.” Furthermore, the
system of normal equations of the least-squares method may
easily become ill-conditioned (i.e. sensitive to small errors of
the input data), in particular for atoms close to the center of
mass (in other words, their isotopic substitution does not bring
new information).

These difficulties may be circumvented by the use of the
predicate observations or mixed estimation (ME) method,*’
where auxiliary information called predicates is added with
appropriate weights to the data matrix during the least-squares
fit.'"> Estimates of the predicates (bond lengths and bond
angles) are generally (but not necessarily) obtained from quantum
chemical (QC) calculations at an accessible level of theory,
eventually improved by corrections based on comparisons
between QC predictions and known equilibrium structures
for various types of chemical bonds. An important advantage
of the mixed estimation method is that no specific constraints
are introduced, which avoids biased results. The determination
of the predicates for different organic molecules has already
been discussed."* It is easy to obtain reliable predicates for
the CH bond lengths, the single CC bond lengths and related
bond angles. However, as observed in fructose,'* deoxyribose,
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proline,'® succinic anhydrid,"* pseudopelletierine'” and several
other molecules the prediction of accurate dihedral angles is a
problem, the error being sometimes as large as several degrees.
Indeed, a provisional criticism of the ME method is the
difficulty to obtain reliable estimates for a full set of internal
coordinates and to simultaneously estimate their accuracy.
In this paper, we plan to study two aspects of this problem:
(1) how to obtain predicates of the CF bond lengths and of
dihedral angles and (2) how to achieve computational accuracy
without having recourse to expensive methods such as the
coupled-cluster methods. Then, these results will be applied
to the determination of the semiexperimental structure of
the axial and equatorial conformers of fluorocyclohexane.
Fluorocyclohexane is an appropriate candidate to compare
the small structural and energetic effects caused by axial/
equatorial substituents in the canonical cyclohexane chair.
Moreover, the small conformational energies between the axial
and equatorial forms anticipate the possibility of detecting all
13C isotopologues in natural abundance for both species,
improving the empirical data for the structural analysis. The
structure of cyclohexanone was additionally optimized ab initio
to compare with fluorocyclohexane and in order to have a larger
variety of torsional angles.

The first study of the structure of fluorocyclohexane by
Andersen in 1962 used gas-phase electron diffraction.'®
He determined the ratio between the axial and equatorial
conformations and found that the conformation with fluorine
in equatorial position is more stable by about 170 cal mol .
Slightly later, the microwave spectra of both forms were
analyzed by Pierce et al.'”'® In 1971 Scharpen measured the
relative intensities of rotational transitions of both conformers
and determined an energy difference of 259(28) cal mol *.*°
Empirical structures for both conformers were independently
determined more recently by Bialkowska-Jaworska et al.>° and
Durig et al.*' The latter authors also determined an accurate
value of the enthalpy difference, AH = 137(14) cal mol " from
the analysis of the infrared spectra in gas and xenon solution.
The intensities of several well-isolated and well-shaped con-
formational bands were measured as a function of temperature
(at 5.0 °C intervals between —60 and —100 °C) and AH was
determined by application of the van’t Hoff equation assuming
that the conformational enthalpy differences are not a function
of temperature in the range studied. The conformational
equilibria were also studied theoretically by Storz.**

Experimental and
computational methods

The jet-cooled rotational spectrum of fluorocyclohexane was
measured in the frequency range 6-20 GHz with a Fourier transform
microwave (FT-MW) spectrometer based on the Balle-Flygare®®
design. The sample was vaporized on an external liquid reservoir
inserted in the carrier gas line (ice temperature). A stream of
argon (backing pressures ca. 1 bar) was flowed over the sample
and expanded through a solenoid valve (Parker, nozzle diameter
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1.0 mm), creating a pulsed supersonic jet. The jet was probed
within a Fabry-Perot microwave resonator, formed by two
spherical mirrors in near confocal position (diameter 33 cm).
The injection valve was located near the center of one of
the mirrors, resulting in a collinear arrangement of the jet and
The gas pulses (~500 ps) expanding the
vaporized sample were followed by short microwave impulses
(~1 ps, <100 mW), polarizing the polar molecules. Up to
4 microwave pulses were used per gas pulse. The emitted free-
induction decay was recorded in the time-domain (410 ps),
amplified and recorded with a heterodyne receiver centered at
30 MHz. The digital signal was processed with the FTMW++
program developed at the Leibniz Universitit Hannover.”* Typi-
cally, hundreds/thousands of experiments were coadded in the
time domain for signal averaging. All frequency oscillators in
the system were locked to a rubidium standard, providing
frequency accuracies of the rotational transitions below 5 kHz.

resonator axis.?*

Line transitions appear as Doppler doublets, so the rest frequen-
cies were taken from the averaged frequencies.

Different ab initio calculations were required for this work.
The geometry optimizations were performed at the level of
coupled-cluster method* with a perturbative treatment of
connected triples®® (CCSD(T)) using the cc-pwCVTZ basis
set,”” all electrons being correlated (AE). The second-order
Moller-Plesset perturbation theory (MP2)*® was also used at
the frozen-core (FC) and all-electron (AE) levels using different
basis sets: cc-pVTZ,>° 6-311+G(3df,2pd),*® cc-pwCVIZ and
cc-pwCVQZ.”” The density functional theory (B3LYP)*'™* was
also employed with the 6-311+G(3df,2pd) basis set. In order to
determine the rovibrational contributions to the rotational
constants, the anharmonic force field up to semidiagonal
quartic terms was calculated at the MP2_FC/cc-pVTZ level of
theory.>* This calculation was repeated for each isotopologue,
as different isotopes require distinct vibrational corrections. To
avoid the nonzero force field dilemma,*® all force fields were
evaluated at the corresponding optimized geometries. The MP2
and B3LYP calculations were performed with the Gaussian 09
package (Rev. A.02 or C.01),>® whereas the MolPro program®’
was used for the CCSD(T) calculations. The charges on the atoms
were calculated using the Atoms in Molecules (AIM) theory*® with
its implementation in Gaussian03 by Cioslowski et al** The
calculations were performed at the B3LYP/6-311+G(3df,2pd) level
of theory at the equilibrium structure.

Results
1. Rotational spectra

We first measured and analyzed the rotational spectra for
the parent isotopologue (*>C) of both axial and equatorial
conformers, extending previous experiments. Later on, we
could assign all monosubstituted **C isotopologues in natural
abundance (ca. 1%) for the two conformers, as illustrated in
Fig. 1. A centrifugal-distorted rotational Hamiltonian complete
up to quartic terms in the asymmetric-top reduction and the I
representation was used to fit the spectra.*’ The quality of the
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Fig.1 A typical rotational transition corresponding to one of the 3C
monosubstituted isotopologues of equatorial and axial fluorocyclohexane,
measured in natural abundance.

structural fit is very sensitive to the true accuracy of the ground-
state rotational constants.***> As the small number of transitions
and their low angular momentum quantum numbers (J/ = 1-6) did
not permit to obtain a full set of meaningful centrifugal distortion
constants, the mixed regression method was used.’ The experi-
mental frequencies were fitted together with appropriately
weighted ab initio (predicate) values for the centrifugal distor-
tion constants. The predicate constants were obtained from a
harmonic force field calculated at the MP2_FC/cc-pVTZ level,
the uncertainty used to determine their weight being 10% of
their value. The experimental rotational frequencies are given
in Tables S1-S10 (ESIt) and the derived rotational constants
are collected in Tables 1 and 2. It is worth noting that the
centrifugal distortion effects are larger in the axial form.

2. Equilibrium structures

The Born-Oppenheimer (BO) equilibrium structures were
optimized at the CCSD(T)_AE/cc-pwCVTZ level of theory for
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the equatorial and axial conformers of fluorocyclohexane. The
small effect of further basis set enlargement (cc-pwCVIZ —
cc-pwCVQZ) was then estimated at the MP2 level. The resulting
estimate was:

r2© = r[CCSD(T)_AE/cc-pwCVTZ] + r[MP2_AE/cc-pwCVQZ]
+ rJ[MP2_AE/cc-pwCVTZ] (1)

The accuracy of this equation, which is based on the addi-
tivity of small corrections, was confirmed many times, see for
instance ref. 42-45. The BO structure of equatorial cyclo-
hexanone was computed similarly (see Table S11, ESIT) with
details of the calculations given in Table S12 (ESIt). The BO
structures of equatorial and axial conformers of fluorocyclohexane
are presented in Tables 3 and 4, respectively, and the details of the
calculations are given in Tables S13 and S14 (ESIY).

3. Determination of structural predicates

For the determination of the predicates, the MP2_FC/cc-pVTZ
level of theory generally gives satisfactory results for the
CH bond lengths, the single CC bond lengths and the bond
angles."" The accuracy is about 0.002 A for the CH bonds and
slightly better than 0.003 A for the CC bonds. For the bond
angles, the MP2_FC/6-311+G(3df,2pd) method gives slightly
better results than MP2_FC/cc-pVTZ, the accuracy of the former
being better than 0.3° in most cases instead of 0.4° for the
latter.? It is worth noting that, for large molecules, it may be
advantageous to use DFT methods such as B3LYP or B2PLYP.***
This choice is at first sight somewhat arbitrary because there are
many functionals and many basis sets available. However, the
B3LYP method is broadly used and is known to give accurate
results with the split-valence 6-311+G(3df,2pd) basis set.*®

a. Predicates for the dihedral angles. To determine the
position of the hydrogen atoms, the knowledge of the dihedral
angles 1(CCCH) or t(HCCH) is necessary. However, they cannot
be obtained from the rotational constants because the rotational
spectra of the deuterated species have not been analyzed.
In principle, it would be possible to synthesize all the mono-
deuterated species and to measure their rotational spectra
but it would be difficult and extremely time-consuming.
Furthermore, the rotational constants of the deuterated species
have sometimes large systematic errors because of the large mass

Table 1 Experimental rotational parameters for the equatorial conformer of fluorocyclohexane

13C(2) 13C(3) 13C(4)

Parent 3c(1)
A*/MHz 4313.36670(41)” 4309.5918(14)
B/MHz 2188.78913(17) 2179.702324(51)
C/MHz 1591.61099(11) 1587.368270(50)
Ay/kHz 0.13231(42) 0.131836(85)
Ay /kHz 0.12551(40) 0.120431(77)
Ax/kHz 0.6283(20) 0.63016(40)
8,/kHz 0.03511(11) 0.034951(22)
S/kHz 0.25114(81) 0.24999(16)
N 30 8
a/kHz 54.9 1.7

4255.1484(33)
2187.94976(13)
1583.48471(10)
0.13161(23)
0.12367(22)
0.6128(11)

4255.0763(12)
2174.164386(46)
1576.365987(36)
0.129916(77)
0.128700(76)
0.60836(36)

4310.5763(18)
2153.373068(66)
1573.224557(53)
0.12958(11)
0.113250(97)
0.64220(55)
0.035284(63) 0.034637(21) 0.034137(29)
0.24702(44) 0.24760(15) 0.24672(21)

12 10 9

1.7 1.7 1.8

“ Rotational constants (4, B, C), centrifugal distortion constants (4y, 4y, Ak, dj, dx), number of fitted transitions (N) and rms deviation of the fit ().

b standard errors in parentheses in units of the last digit.
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Table 2 Experimental rotational parameters for the axial conformer of fluorocyclohexane

13C(2) 13C(3) 13C(4)

Parent Bc(1)
A%/MHz 3562.96908(16)” 3557.1443(26)
B/MHz 2628.624997(95) 2609.74750(24)
C/MHz 1980.88163(11) 1972.02062(24)
Ay/kHz 0.5543(35) 0.5353(60)
Ay/kHz —1.043(12) —1.019(16)
Ax/kHz 1.285(15) 1.263(20)
dy/kHz 0.0877(10) 0.0849(13)
Ox/kHz 0.0854(10) 0.0792(12)
N 32 6
o/kHz 26.1 0.93

3513.75817(37)
2622.57510(28)
1968.11042(22)

3522.20266(13)
2614.58544(10)
1961.731079(86)

3562.82765(62)
2584.80434(12)
1956.016082(83)

0.5515(66) 0.5499(26) 0.5398(18)
—1.019(19) —1.0185(65) —1.0307(36)
1.253(23) 1.2453(80) 1.2873(45)
0.0861(15) 0.08896(57) 0.0947(20)
0.0831(15) 0.08676(56) 0.08158(28)
7 7 6

0.89 1.3 1.09

“ Rotational constants (4, B, C), centrifugal distortion constants (4y, 4y, Ax, dj, dx), number of fitted transitions (N) and rms deviation of the fit ().

b Standard errors in parentheses in units of the last digit.

Table 3 Equilibrium structure of equatorial fluorocyclohexane (distances
in A and angles in degree)

Table 4 Equilibrium structure of axial fluorocyclohexane (distances in A
and angles in degree)

Method MP2_FC/ B3LYP/ Method MP2_FC/ B3LYP/

Basis set cc-pVTZ 6-311+° ok yBob Basis set ce-pvTZ 6-311+° rSE rBob
Cc1C2 1.5125 1.5189 1.51218(43) 1.5131 Cc1C2 1.5159 1.5218 1.51423(94) 1.5162
C2C3 1.5276 1.5347 1.53121(71) 1.5282 C2C3 1.5259 1.5326 1.5257(13) 1.5265
C3C4 1.5260 1.5324 1.52554(25) 1.5262 C3C4 1.5260 1.5323 1.52690(71) 1.5261
C1Fq 1.3954 1.4063 1.39260(62) 1.3945 C1Fa 1.4015 1.4134 1.4036(13) 1.4013
C1Ha 1.0940 1.0945 1.0942(15) 1.0939 C1Hq 1.0909 1.0921 1.0908(25) 1.0908
C2Hq 1.0899 1.0910 1.0893(24) 1.0900 C2Hq 1.0901 1.0912 1.0901(27) 1.0902
C2Ha 1.0925 1.0935 1.0934(15) 1.0930 C2Ha 1.0932 1.0945 1.0938(32) 1.0937
C3Hq 1.0900 1.0912 1.0892(22) 1.0901 C3Hq 1.0903 1.0916 1.0902(24) 1.0905
C3Ha 1.0937 1.0947 1.0946(13) 1.0941 C3Ha 1.0915 1.0924 1.0921(38) 1.0919
C4Hq 1.0906 1.0918 1.0905(17) 1.0907 C4Hq 1.0906 1.0918 1.0905(46) 1.0907
C4Ha 1.0934 1.0945 1.0941(15) 1.0939 C4Ha 1.0944 1.0955 1.0949(39) 1.0949
C102C3 110.19 110.66 110.168(32) 11024  C1C2C3 111.40 112.21 111.605(57) 111.62
C2C3C4 110.90 111.50 111.007(21) 111.02 C2C3C4 110.84 111.47 110.942(77) 110.96
C3C4C5 110.78 111.43 110.982(22) 110.97 C3C4C5 110.62 111.27 110.618(53) 110.79
C2C1C6 111.73 112.36 112.007(36) 11196  C2C1C6 112.37 112.98 112.729(76) 112.61
FqC1C2 109.28 109.17 109.084(30) 109.17 C2C1Hq 110.71 110.67 110.667(80) 110.71
FqC1Ha 106.69 105.77 106.51(15) 10651  FaClHq 106.31 105.52 106.14(14) 106.15
C1C2Hq 109.60 109.63 109.50(15) 109.59 C1C2Hq 109.03 108.99 109.04(17) 109.02
C1C2Ha 108.16 108.29 108.01(20) 108.16 C1C2Ha 107.90 107.65 107.56(22) 107.74
C2C3Hq 109.94 109.70 109.84(15) 109.87  C2C3Hq 109.86 109.69 109.72(20) 109.78
C2C3Ha 109.38 109.39 109.03(25) 109.34 C2C3Ha 109.01 109.05 108.77(34) 109.05
C3C4Hq 110.32 110.15 110.246(74) 110.26 C3C4Hq 110.32 110.12 110.27(14) 110.26
C3C4Ha 109.17 109.21 109.121(75) 109.14  C3C4Ha 109.30 109.36 109.30(13) 109.28
HqC2Ha 107.60 107.21 107.53(28) 107.61 HqC2Ha 107.38 106.86 107.21(32) 107.36
HqC3Ha 106.73 106.34 107.07(23) 106.73  HqC3Ha 107.10 106.68 107.27(34) 107.09
HqC4Ha 107.00 106.57 107.03(21) 106.97 HqC4Ha 106.91 106.49 107.00(33) 106.89
C1C2C3C4 56.36 54.76 55.990(51) 55.97 C1C2C3C4 55.20 53.25 54.72(10) 54.66
FqC1C2C3  —178.55  —177.38  —178.154(37)  —178.18  C3C2C1Hq —178.14  —176.30  —177.53(13) ~177.57
FqC1C2Hq 58.71 59.88 59.05(19) 59.11  HqC1C2Hq 58.88 60.31 59.28(28) 59.31
FqC1C2Ha  —58.33 ~56.78 ~57.77(30) -57.93  HqCIC2Ha  —57.44 —55.25 —56.66(34) ~56.89
C1C2C3Hq 179.07 177.48 178.57(16) 178.64 C1C2C3Hq 177.79 175.92 177.15(20) 177.20
C1C2C3Ha —64.05 —66.24 764.40(14) —64.53 C1C2C3Ha —65.13 —67.59 765.79(18) —65.76
C2C3C4Hq —178.51 —176.90 —178.20(14) —178.20 C2C3C4Hq —179.36 —177.64 —179.12(24) —179.07
C2C3C4Ha 64.18 66.39 64.53(13) 64.58 C2C3C4Ha 63.36 65.68 63.52(21) 63.73

“ 6-311+G(3df,2pd). ® Estimated according to eqn (1) (see text).

increase.” For these reasons, it is important to have reliable
predicates for these torsional angles.

As observed in fructose, deoxyribose,’> and pseudo-
pelletierine,'® the MP2 method fails to deliver accurate dihedral
angles, the error being sometimes as large as several degrees.
This error may be easily explained by the fact it requires much
less energy to modify a dihedral angle than a bond angle

This journal is © the Owner Societies 2017

“ 6-311+G(3df,2pd). * Estimated according to eqn (1) (see text).

(it requires about 4.2 k] mol ™" to distort a £ (CCC) bond angle
by 10° and only 0.8 kJ mol " to distort a t(CCCC) dihedral angle
by 10°).*° For the molecules investigated up to now, the
accuracy was found to be much less sensitive to the basis set
than to the method, and the CCSD/cc-pVTZ level of theory was
found to be a significant improvement over the MP2
method.""® However, although the CCSD method can be easily
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Fig. 2 Plot of 1.—t[MP2_FC/cc-pVTZ] as a function of t[MP2_FC/
cc-pVTZ]-7[B3LYP/6-311+G(3df,2pd)] for a selection of molecules in
Table S15 (ESIT).

used in the case of the cyclohexane derivatives investigated in this
work, it is significantly more expensive than the MP2 method. For
this reason, it would be useful to find a cheaper approximation.

We have examined the residuals of 103 dihedral angles 7 of
organic molecules analyzed so far and we observe a nice
correlation between t. — t[MP2_FC/cc-pVIZ] and t[MP2_FC/cc-
pVTZ] — 1[B3LYP/6-311+G(3df,2pd)], as seen in Fig. 2. This fact
allows us to predict the torsional angles with a standard deviation
of 0.37°, which is acceptable for predicates. The resulting equation
(complete list of angles in Table S15, ESIt) is given by

e — f[MP2_FC/cc-pVTZ] = —0.2916(15) x 1[MP2_FC/cc-pVTZ]

— 1[B3LYP/6-311+G(3df,2pd)]
(2)

As a further check the predicates for both conformers of fluoro-
cyclohexane and cyclohexanone are compared in Table S16 (ESIT).

Table 5 CF bond lengths (in A) and charges on the C and F atoms
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Obviously, the angles involving the electronegative oxygen atom are
less well reproduced but this might perhaps be improved by using
the 6-311+G(3df,2pd) basis set instead of cc-pVIZ in the MP2
calculations.

b. Predicates for the CF bond length. The determination of the
experimental structure of a fluorine derivative is a difficult problem
because there is only one stable isotope for fluorine, making studies
of isotopic species impossible. The calculation of a reliable ab initio
structure is further complicated by the fact that fluorine is a highly
electronegative atom which requires very large basis sets and highly
correlated methods. This problem is now tractable for small
molecules but, for larger molecules, very few accurate structures
have been determined so far. In particular, it is established that the
Schomaker-Stevenson equation gives poor results.>

For 15 molecules with the C(sp®)F single bond, we tried to
estimate the CF bond lengths using the MP2 and B3LYP
methods. The B3LYP/6-311+G(3df,2pd) level of theory gives
rather unsatisfactory results, as seen in Table 5. The MP2_FC/
cc-pVTZ level of theory gives a r. — reqrc Offset of —0.0022(21) A.
However, the problem is that this offset is not constant, as
shown in Table 5. The main reason is that fluorine is extremely
electronegative and, in such a case, diffuse functions are
required. However, replacing the cc-pVIZ basis set by the
much larger aug-cc-pVITZ does not significantly improve
the situation, in particular the offset and its standard deviation
are larger (—0.0054(28) A). Replacing the basis set by Pople’s
6-311+G(3df,2pd) gives much better results with an offset of
—0.0042(10) A, but again this offset is not constant. On the
other hand, a linear fit of r. as a function of {MP2_FC/
6-311+G(3df,2pd)] is very satisfactory (correlation coefficient of
0.999999, F-test as large as 24 246 876), the standard deviation of
the fit being 0.0011 A. In conclusion, to predict the C(sp®)F bond
length, the following empirical equation was used

r[CF] = 0.99827(20) x 1{MP2_FC/6-311+G(3df,2pd)]  (3)

Once this result was established, we checked whether it
would be possible to improve the Schomaker-Stevenson equation

Te MP2_FC/cc-pVTZ MP2_FC/6" B3LYP/6° q(F) q(C) Agq Ref.
CF, 1.3152 1.3194 1.3174 1.3240 —0.641 2.555 3.196 b
CCIF, 1.3208 1.3227 1.3232 1.3277 —0.638 2.031 2.669 b
CF,CN 1.3240 1.3288 1.3271 1.3334 —0.631 1.991 2.622 b
CCL,F, 1.3274 1.3278 1.3303 1.3321 —0.634 1.509 2.143 b
CHF, 1.3312 1.3338 1.3320 1.3384 —0.651 1.870 2.522 ¢
CF,CCH 1.3324 1.3369 1.3356 1.3428 —0.639 1.917 2.556 b
CHCIF, 1.3352 1.3384 1.3375 1.3417 —0.647 1.387 2.034 b
CCIL,F 1.3361 1.3342 1.3406 1.3379 —0.630 0.992 1.622 b
¢-C;H,F, 1.3428 1.3453 1.3448 1.3528 d
CH,F, 1.3523 1.3544 1.3543 1.3604 —0.664 1.158 1.822 b
CH,CIF 1.3576 1.3598 1.3610 1.3631 —0.651 0.772 1.423 b
CF,;Li 1.3803 1.3842 1.3827 1.3887 —0.683 1.123 1.805 b
CH,F 1.3827 1.3809 1.3830 1.3883 —0.660 0.640 1.300 ¢
C6H,,F eq. 1.3945 1.3954 1.3971 1.4063 —0.670 0.569 1.239 This work
CeH, F ax. 1.4013 1.4015 1.4025 1.4134 —0.672 0.583 1.255 This work

“ 6-311+G(3df,2pd) basis set. ” N. Vogt, J. Demaison and H. D. Rudolph, Mol. Phys., 2014, 112, 2873-2883. © J. Breidung, J. Cosléou, J. Demaison,
K. Sarka and W. Thiel, Mol. Phys., 2004, 102, 1827-1841. 4N. C. Craig, D. Feller, P. Groner, H. Y. Hsin, D. C. McKean and D. J. Nemchick, J. Phys.
Chem. A, 2007, 111, 2498-2506. ° J. Demaison, J. Breidung, W. Thiel and D. Papousek, Struct. Chem., 1999, 10, 129-133.
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replacing the difference of electronegativities by the difference of
charges Ag calculated with the AIM theory.*® There is indeed
a correlation between r(CF) and Ag with a Spearman rank
correlation coefficient of —0.95. However, this correlation is not
quantitative, indicating that other factors apart from the differ-
ence of charge are not negligible, as explained in ref. 50.

4. Semiexperimental structure

The semiexperimental equilibrium rotational constants for
each direction of the principal axis system, B., were calculated
from the experimental ground state rotational constants, By,
using the following equation:

Be = BO + ABVib [4)

where AB,;, is the rovibrational correction calculated from the
cubic force field obtained at the MP2_FC/cc-pVIZ level of
theory.>" The structure was fitted to both the equilibrium
rotational constants of the parent species and all **C species
and a full set of predicate values with their estimated
uncertainties.

It is possible to estimate the accuracy of the semiexperimental
equilibrium rotational constants using the planar moment of
inertia P, = (I, + I. - I,)/2, which should be constant for the parent
species and the isotopologues *C1 and "*C4. For the equatorial
form, its range is 0.00075 u A” whereas for the axial form it is
0.00242 u A%, In other words, the rotational constants of the axial
form are about three times less accurate than those of the
equatorial form, probably because non-rigidity effects are larger
for this isomer.

For the equatorial form, the following uncertainties were
used for the weighting of the rotational constants (in kHz):
10 for A, and 5 for B and C. For the axial form, the uncertainties
are: 100 for A and 50 for B and C. For the predicates, the used
uncertainties were 0.002 A for the CH bond lengths, 0.003 A
for the other lengths, 0.2° for the bond angles and 0.5° for
the dihedral angles. The compatibility of these weights was
checked using statistical diagnostics as explained in ref. 9.

The rovibrational corrections, the semiexperimental equilibrium
rotational constants, residuals of the fit and leverage values %; are
given in Tables S17 and S18 (ESIf) for the equatorial and axial
conformers, respectively.

For the equatorial conformer, the determined parameters
in Table 3 are precise, and an examination of the residuals
of the fit in Table S17 (ESI}), confirms that the rotational
constants and the predicates are compatible. More importantly,
inspection of the leverage values, &, shows that: (1) the rotational
constants contribute significantly to the determination of the
parameters, their median value being 0.71 and being larger than
0.88 for most A rotational constants (a leverage point, defined as
h;; = 0y,/0y;, where y; and y; are the fitted and measured observa-
tions, respectively, is high when a small change in the input value
causes a large change in the solution, with 0 < h; < 1).

For the axial conformer in Table 4 and Table S18 (ESIY),
the situation is less favorable, the determined parameters are
slightly less precise and the residuals of the fit are one order of
magnitude larger. The ground state rotational constants of the

This journal is © the Owner Societies 2017
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3C isotopologues have been determined from very few lines.
Thus, it is not possible to exclude that some rotational constants
are less accurate. It is also possible that the calculated rovibra-
tional corrections are less accurate.

The semiexperimental equilibrium Cartesian coordinates
are given for both conformers in Tables S19 and S20 (ESIY).

Discussion

Accurate equilibrium structures have been determined for the
chair forms of equatorial and axial cyclohexane, providing
reference data for the molecule and revealing the subtle struc-
tural changes between both isomers and the consequences
of the fluorine substitution in the cyclohexane ring. The bond
parameters, regarded as accurate to 0.001 A and 0.2°, are given
in Tables 3 and 4. The structural determination relies in a
mixed estimation fit to predicate (ab initio) bond parameters
and equilibrium moments of inertia, each data set accompanied
by appropriate uncertainties. The mixed estimation method thus
provides a route to equilibrium structure determination at a
reduced computational cost.

The most noticeable result is the large values of the CF bond
lengths for both conformers in Table 5, the axial value being
still longer by almost 0.007 A. The changes in the heavy atom
structural parameters of cyclohexane with the substitution of
the fluorine are significant for the C,Cg distances compared to
their distance of 1.5258(6) A in cyclohexane,** where there is a
clear reduction of 0.014 A for the equatorial form and 0.010 A
for the axial form. The other CC bond lengths and the CH bond
lengths are only slightly affected. The dihedral angle t(CCCC)
does not vary much (55.73° in cyclohexane vs. 55.97° and 54.66°
for the equatorial and axial forms). Likewise, the bond angle
£ (C1C2C3) is nearly constant (111.11° in cyclohexane and 110.17°
and 111.61° for the equatorial and axial forms, respectively).
The most affected bond angle should be / (C6C1C2), but its
value (112.0° in the equatorial form and 112.6° in the axial form)
remains close to the cyclohexane value. Thus, the heavy atom ring
parameters of cyclohexane appear to be only slightly affected by
monosubstitution of the single fluorine atom. In cyclohexanone,
the C,Cp bond length is shortened by 0.014 A as in equatorial
fluorocyclohexane and the CgC, is lengthened by 0.007 A and,
contrary to fluorocyclohexanes, the angle / (C6C1C2) is signifi-
cantly increased, up to 115°.

It is informative to compare the semiexperimental equili-
brium structure, 5%, with the empirical substitution structure,
.. The substitution method®® is widely used to determine
molecular structures because it is believed to provide near-
equilibrium values. A further advantage is that it is quite
simple, the atomic coordinates being obtained from isotopic
differences of moments of inertia by using equations formu-
lated by Kraitchman.>® However, the key model assumption,
i.e., constant rovibrational contributions upon isotopic substi-
tution, is only approximate. Costain has proposed an empirical
formula to estimate the coordinates uncertainties,>”

d, = 0.0015/|z| (5)
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z being the Cartesian coordinate (in A). The trouble is that the
residual rovibrational contribution increases with the mass
of the molecule and as a result Costain’s rule becomes much
too optimistic.’® Another weakness of the method is the
presence of small coordinates, i.e. small differences between
the moments of inertia. In such as case, frequent for large
molecules, the Kraitchman’s equations become ill-conditioned
and the derived coordinates may be unreliable, or, commonly,
produce imaginary coordinates.

We first used Kraitchman’s equations with the semi-
experimental equilibrium rotational constants of the equatorial
conformer (Table S17, ESIt), and found results in nice agree-
ment with the 75F structure, indicating that the rotational
constants are accurate (or, more likely, that they have identical
systematic errors). Then, we used the ground state rotational
constants in Table 1 to determine the rg structure of the
equatorial conformer. The results in Table S21 (ESIt) made
evident that the r; coordinates are at least one order of
magnitude less precise than the ri¥ ones. Furthermore, the
small ry coordinates are not as reliable as anticipated. Still, the
most worrying aspect is that the rg method is not able to correctly
predict the small changes in the bond lengths, the 7, values being
(in A): C1C2 = 1.522(4); C2C3 = 1.514(7); C3C4 = 1.532(3) whereas
the corresponding 75F values are 1.5122(4); 1.5312(7) and
1.5255(3). In conclusion, for a molecule as fluorocyclohexane,
the rs method does not provide a reliable structure, as already
pointed out by Bialkowska-Jaworska et al>° Unfortunately, this
behavior seems to be rather general,""'>*” evidencing that the
accuracy of the substitution method is limited.

Conclusion

In conclusion, we have demonstrated that the mixed estimation
method is operationally superior in terms of accuracy and computa-
tional cost to pure ab initio calculations or conventional semiexperi-
mental methods for the determination of accurate equilibrium
structures, exploiting the synergy between spectroscopic data and
quantum chemical predictions. The application of the mixed
estimation method to new chemical systems will expand our
description of the factors controlling the molecular structure.
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