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Stereoelectronic Effects

Evaluation of the Alicyclic Gauche Effect in
2-Fluorocyclohexanone Analogs: a Combined NMR and DFT
Study
Daniela Rodrigues Silva,[a,b] Lucas A. Zeoly,[c] Rodrigo A. Cormanich,[c]

Célia Fonseca Guerra,,*,[b,d] and Matheus P. Freitas*[a]

Abstract: Herein, we have investigated the effect of an endo-
cyclic group (forming the N–C–C–F fragment) on the conforma-
tional preferences of 2-fluorocyclohexanone analogs. A com-
bined approach of nuclear magnetic resonance and density
functional theory calculations was employed to assess the con-
formational equilibrium in several media. In turn, natural bond
orbital analysis and the conformational behavior of other 2-
halocyclohexanone analogs were used to get more insights
about the intramolecular interactions governing the conformer

Introduction

The 2-fluorocyclohexanone moiety is a molecular building
block of organic compounds with application in several re-
search fields. It has a well-defined conformational equilibrium,
in which the six membered ring undergoes chair inversion re-
sulting in energy minimum conformations with either axial or
equatorial fluorine atom (Figure 1) with a significant solvent
dependence.[1] The axial fluorine is the most stable conformer
in the gas phase, but the equilibrium gradually shifts towards
the equatorial conformer with the increase of the solvent polar-
ity. The equatorial conformer has a higher dipole moment and
is naturally more stabilized by polar solvents. Nevertheless, this
conformational preference has usually been attributed to an
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stabilities. Our results reveal that any stabilization from interac-
tions featured in the gauche effect is overcome by a short-range
interaction of the fluorine substituent with the carbonyl group.
Consequently, the gauche effect in heterocyclic compounds is
not as stabilizing as in their acyclic counterparts. Only the elec-
trostatic gauche effect takes place even in polar solvents owing
to an attraction between the axial fluorine and an endocyclic
quaternary ammonium group.

interplay of intramolecular interactions involving the carbonyl
group.[2] In the gas phase, there is a repulsion between the
equatorial fluorine and the carbonyl group (the C–F and C=O
bonds are almost parallel to each other in the same plane),
forcing the fluorine to adopt an axial orientation. Insofar as the
polarity of the solvent increases, the repulsion is attenuated
and a charge transfer from the σCHax bond to the π*

CO antibond-
ing orbital overrides other interactions to favor the equatorial
conformer (Figure 1).[2]

Figure 1. Schematic representation of the axial–equatorial equilibrium in the
2-fluorocyclohexanone (on the top) along with the anti–gauche equilibrium
in the 1,2-disubstituted ethane (on the bottom).

The introduction of a fluorine atom in an organic molecule
is known to impart predictable stereoelectronic effects that can
change its conformational behavior; a compelling example is
the gauche effect.[3] The gauche effect is observed in structures
containing two bonded carbon atoms attached to vicinal elec-
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tron withdrawing groups (in the form F–C–C–X for organofluor-
ine compounds), in which the F and X preferentially adopt the
gauche orientation (�F–C–C–X ≈ 600) instead of the anti-orienta-
tion (�F–C–C–X ≈ 1800), Figure1. The gauche preference has been
commonly explained in terms of hyperconjugative interac-
tions.[4] The destabilizing effect of bringing two electron rich
groups close together is overcome by a greater stabilization
from antiperiplanar orbital interactions. The best electron donor
(σCH bond) and acceptor (σ*

CF antibonding) orbitals are aligned
in the gauche arrangement for the σCH→σ*

CF/CX charge transfer,
in contrast to the σCH→σ*

CH and σCF→σ*
CX in the anti-orienta-

tion (Figure 1).[5]

If compared with other intramolecular interactions (such as
hydrogen bonds and electrostatic interactions), the gauche ef-
fect may have only a subtle effect on the conformational prefer-
ences of organic compounds.[3a] Nonetheless, its strength de-
pends on the groups involved;[6] the gauche–anti energy differ-
ence in some fluoroethylamides, for example, can be of
1.8 kcal mol–1 in favor of the gauche conformer.[7] In fact, the
gauche effect has been exploited as a conformational control
strategy in the design of performance organic compounds in
catalysis,[8] biological systems[9] and organometallic com-
plexes.[10] With this in mind, we wonder if the introduction of
an endocyclic group, such as a carbamate group, in the struc-
ture of the 2-fluorocyclohexanone could induce a conforma-
tional shift to further stabilize the axial fluorine due to the gau-
che effect. A recent report has suggested that the reactivity of
some α-fluoroketones may be related to their conformational
preferences.[11] Therefore, a conformational induction in the 2-
fluorocyclohexanone backbone could be used to modulate a
desired molecular property, such as reactivity towards a specific
reaction mechanism.[12]

In an initiative to induce a gauche effect in the backbone of
the 2-fluorocyclohexanone, Silva et al.[13] introduced an oxygen
atom in the six-membered ring in order to attain a gauche ar-
rangement along the Oendo–C–C–Fax fragment. However, it ac-
tually caused an incremental repulsion between oxygen and
axial fluorine, which favored the equatorial conformer even in
the gas phase. In the case of the endocyclic carbamate group
envisaged here, it is expected a smaller repulsion because the
endocyclic nitrogen atom is engaged in a resonance with the
carbonyl group. Therefore, the stabilizing orbital interactions in
the gauche arrangement would overcome other intramolecular
interactions to favor the axial fluorine.

Thus, the conformational analysis of the 1-Boc-3-fluoro-4-ox-
opiperidine (1, Figure 2) is performed herein. Compound 1 has
an endocyclic N-Boc group in the six membered ring that could
result in a gauche orientation with the axial fluorine atom, in-
stead of an anti orientation with equatorial fluorine. The Boc
group acts as a protective group and 1 has been commonly
employed as an intermediate in organic synthesis.[14] Therefore,
this work aims at investigating whether the N-Boc group intro-
duces intramolecular interactions (especially orbital interactions
due to the gauche effect) that could cooperatively act with the
carbonyl group to increase the fluorine axial preference, even
in solution. For this, the energy minimum conformations of 1
and their population in different media were investigated by a
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combined approach using nuclear magnetic resonance (NMR)
and density functional theory (DFT) calculations, and then the
prospective intramolecular interactions responsible for their rel-
ative stability were theoretically evaluated. In addition, the N-
Boc group in 1 was successively replaced with other groups, as
well as the fluorine at position 2 (see atom numbering in Fig-
ure 2), to theoretically find an optimal substituent activating
the alicyclic gauche effect.

Figure 2. Conformational equilibrium of the 1-Boc-3-fluoro-4-oxopiperidine
(1). The antiperiplanar interactions (i.e. σCH→σ*

CF and σCH→σ*
CN) present in

the gauche orientation of the endocyclic nitrogen with fluorine atom are
expected to stabilize the axial conformer of 1.

Results and Discussion
The first step towards investigating the conformational land-
scape of 1 consisted in evaluating the orientation of the N-Boc
group through rotation around the N–C(=O) bond. Due to the
resonance in the carbamate group, it is expected a planar
geometry along the N–C(=O)–O atoms and then two orienta-
tions for the Boc's carbonyl group with �C–N–C=O dihedral angle
of about 0° and 180°. Thus, the energy profile at the MP2/6-
311++G(d,p)[15] level for the axial and equatorial conformers of
1 as a function of the �C–N–C=O dihedral angle is shown in Fig-
ure 3 (the Cartesian coordinates of all structures are given in

Figure 3. a) Schematic representation for the interconversion between con-
formers 1syn and 1anti through rotation of the N–C(=O) bond; b) energy pro-
file for the rotation around the �C–N–C=O torsion angle with a step size of 30 °
at MP2/6-311++G(d,p) level for the axial (black curve) and equatorial (red
curve) conformers of 1.
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the Supporting Information). Two energy minima (named 1syn

and 1anti) were found for both conformers, as expected, in
which the second one (�C–N–C=O ≈ 1800) is somewhat more
stable. The energy difference between them is small and more
significant for the axial (ΔE = 0.96 kcal mol–1) than for the equa-
torial (ΔE = 0.63 kcal mol–1) conformation. Likewise, Figure 3
also shows two energy maxima, with the �C–N–C=O dihedral an-
gle of 120° and 300° for both conformers. The interconversion
barrier is higher for the axial form (ca. 18 kcal mol–1 compared
to 13 kcal mol–1 in the equatorial form), probably because of
the closer proximity between the axial fluorine and both oxy-
gen atoms of the Boc group in the energy maximum structures.

The geometries of the four energy minima located in Fig-
ure 3 were then fully optimized using dispersion corrected
B3LYP[16] according to the Becke and Johnson (BJ) damping
function[17] with the 6-311++G(d,p) basis set.[15b] This level of
theory was selected based on a benchmark study with MP2,
see Experimental section and Table S1 in the Supporting Infor-
mation for details. Interconversion between these four struc-
tures through sequential steps of N–C(=O) bond rotation and
ring flipping forms the conformational cycle depicted in the
Figure 4. The conformers have been labelled in the Figure 4 to
distinguish the two orientations of the N-Boc group (syn and
anti) and axial or equatorial fluorine (ax and eq, respectively),
and the conformational equilibrium between these four struc-
tures (namely 1ax

syn, 1ax
anti, 1eq

syn, 1eq
anti) has been investi-

gated herein.

Figure 4. Conformational equilibrium among the four conformers of 1 studied
at the B3LYP-D3(BJ)/6-311++G(d,p) level.

Conformational populations according to the Gibbs free en-
ergy in the gas phase and in implicit media, using solvents with
increasing polarity (namely cyclohexane, chloroform, aceto-
nitrile and DMSO), were calculated to evaluate the influence of
the solvent on this conformational equilibrium. The results are
shown in the Figure 5. Conformer 1ax

anti is the global energy
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minimum (i.e. it has the highest population) in the gas phase,
in which the conformational energy increases in the order:
1ax

anti < 1eq
anti < 1ax

syn < 1eq
syn. Thus, there is a preference for

the axial fluorine and the orientation anti of the Boc group in
the gas phase. It is worth mentioning that the energy difference
between conformations is small, less than a 1 kcal mol–1 (the
electronic and Gibbs free energies of conformers in all tested
media are given in Table S2 of the Supporting Information). The
conformational trends change with the inclusion of the solvent.
The total axial population (i.e., conformers 1ax

syn and 1ax
anti

together) goes from 60 % in the gas phase, 41 % in cyclohex-
ane, 30 % in chloroform to 16 % in acetonitrile and in DMSO.
Therefore, when the effect of the solvent is taken into account,
the conformational equilibrium gradually shifts towards equato-
rial conformers. These results can be directly compared to the
molecular dipole of the structures (μ = 3.27, 2.63, 3.74 and 5.42
D for the 1ax

syn, 1ax
anti, 1eq

anti and 1eq
syn conformers, respec-

tively), since equatorial conformers have higher molecular di-
pole moments (therefore, they are more stabilized by polar sol-
vents) than axial conformers.

Figure 5. Conformational population according to the Boltzmann distribution
of the Gibbs free energies in B3LYP–D3(BJ)/6-311++G(d,p) as a function of
the polarity of the solvent (dipole moment of the solvents increases from the
left to the right). Axial population estimated experimentally by NMR (1ax

exp,
black curve) is shown for comparison purposes. (ax: axial, eq: equatorial, syn:
�C–N–C=O ≈ 00, anti: �C–N–C=O ≈ 1800).

To experimentally corroborate these findings, the conforma-
tional equilibrium of 1 was evaluated through 1H NMR studies.
The interconversion of one conformation into another usually
proceeds quite fast at room temperature, so in the NMR experi-
ments an average signal over all conformers is measured in-
stead of the individual conformers. However, due to the angular
dependence of the three-bond hydrogen coupling constant
(3JHH) expressed by the Karplus equation,[18] the conformational
population of cyclic compounds can be easily estimated by the
difference in the 3JHH between axial and equatorial conformers.
The 1H NMR spectra of 1 in the same solvents tested in the
theoretical calculations (i.e. cyclohexane, chloroform, aceto-
nitrile and DMSO) are given in the Supporting Information and
the spin–spin coupling constants (J) are depicted in the Table 1.
Because 1 has low solubility in cyclohexane and chloroform, it
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was not possible to accurately determine J in these solvents.
Nevertheless, an increase in the 3JHH can be observed in more
polar solvents, which indicates the equatorial preference in so-
lution (because of the greater coupling between axial–axial hy-
drogens in the equatorial conformer, �H2–C–C–H3a ≈ 1800, see
numbering in the Figure 2), in line with theoretical calculations
in implicit solvent.

Table 1. NMR coupling constants (J, in Hz) obtained experimentally and theo-
retically for the individual conformers of 1 in implicit solvents at the B3LYP–
D3(BJ)/EPR–III level. Estimated axial mole ratios in each media are given in
parenthesis.

Cyclohexane[a] Chloroform (nax = 0.20)
Conf. 2JH2,F

3JH2,H3a
3JH2,H3e

4JH2,H6
2JH2,F

3JH2,H3a
3JH2,H3e

4JH2,H6

1ax
syn 55.8 1.3 3.6 1.1 55.6 1.3 3.6 1.1

1ax
anti 56.1 1.2 3.6 1.1 55.9 1.2 3.6 1.1

1eq
anti 53.7 11.2 8.1 1.6 53.7 11.2 8.2 1.7

1eq
syn 53.3 11.0 8.4 1.6 53.4 11.0 8.5 1.7

Exp. ≈ 50.0 n.d.[a] n.d.[a] n.d.[a] 48.2 ≈ 9.1 n.d.[a] n.d.[a]

Acetonitrile (nax = 0.10) DMSO (nax = 0.08)
Conf. 2JH2,F

3JH2,H3a
3JH2,H3e

4JH2,H6
2JH2,F

3JH2,H3a
3JH2,H3e

4JH2,H6

1ax
syn 55.5 1.3 3.5 1.1 55.5 1.3 3.5 1.1

1ax
anti 55.7 1.2 3.6 1.2 55.6 1.2 3.6 1.2

1eq
anti 53.7 11.2 8.3 1.8 53.7 11.2 8.3 1.8

1eq
syn 53.5 11.0 8.5 1.8 53.5 11.0 8.5 1.8

Exp. 47.5 10.1 6.6 1.1 47.2 10.3 6.7 1.1

[a] Not determined (n.d.) because of the signal broadening attributed to the
low solubility in the given media, see 1H NMR spectra in the Supporting
Information.

The J for the individual conformers (1ax
syn, 1ax

anti, 1eq
anti and

1eq
syn) was calculated using B3LYP–D3(BJ)/EPR–III (a basis set

specifically optimized for coupling constant calculations by
DFT[19]) and compared with experimental coupling constant
(Jobs) to estimate the conformational populations using the fol-
lowing Equation (1) and Equation (2):

Jobs = naxJax + neqJeq (1)

nax + neq = 1 (2)

wherein Jax and Jeq are the individual coupling constants ob-
tained theoretically and nax and neq are the mole ratios of the
axial and equatorial conformers, respectively. The results are
also shown in the Table 1. The calculated 2JH2F and 4JH2H6 (see
numbering in the Figure 2) agree satisfactorily well with experi-
mental measures (2JHF ≈ 50 Hz and 4JHH ≈ 1.1 Hz). The 3JH2H3a

shows the angular dependence in which equatorial and axial
conformers have the 3JH2H3a of ca. 11 Hz and 1 Hz, respectively.
The population in each medium was estimated [using Equs. (1)
and (2)] based on an average of the calculated 3JH2H3a to give
the following axial mole ratios (regarding the two axial con-
formers 1ax

syn and 1ax
anti): 0.20 (chloroform), 0.10 (acetonitrile)

and 0.08 (DMSO), black curve in the Figure 5. Therefore, there
is a decrease in the axial population on going to more polar
media as predicted by the theoretical calculations.

By analyzing the conformational populations of 1, it seems
that the introduction of an endocyclic N-Boc group does not
significantly change the conformational preferences in the 2-
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fluorocyclohexanone backbone. The axial population of 1 in the
gas phase is similar to the one reported for the 2-fluorocyclo-
hexanone itself[1b] (60 % and 64 %, respectively) and the equa-
torial conformer is preferred in solution. A similar behavior is
observed if the fluorine atom in 1 is replaced by chlorine and
bromine (to form 1′ and 1′′, respectively, in Table S3 and Figure
S1 of the Supporting Information). These halogens are larger
than fluorine and, therefore, conformational changes would be
more affected by long-range interactions, if any, in these cases.
However, the total axial population of 1′ and 1′′ in the gas
phase is 88 % and 85 %, respectively, which is quite similar to
their 2-halocyclohexanone counterparts (86 % and 92 %,[1b] re-
spectively), also highlighting the small effect of the N-Boc
group on the conformational energies.

Therefore, at a first sight, it was not possible to observe the
effect of the orbital interactions expected to be introduced with
the N-Boc group to further stabilize the axial fluorine conformer.
To get more insights on how the N-Boc group influences the
relative stability of the isolated conformers of 1, the total elec-
tronic energy in the gas phase (ΔE) of each conformer was
decomposed within the framework of the Natural Bond Orbital
(NBO) analysis[20] into three terms: non-Lewis (ΔENL, which ac-
counts for charge transfer or delocalization energy), Lewis (ΔEL,
classical interactions) and dispersion (ΔEDISP, since the electronic
energy was calculated using dispersion corrections[17]). The
NBO results are graphically represented in the Figure 6 (see
Table S4 in the Supporting Information for details), where all
energy terms are represented relative to the global energy min-
imum (i.e. conformer 1ax

anti). The ΔEDISP term (yellow curve in
Figure 6) has the smallest contribution to the ΔE (blue curve)
and it is somehow uniform between conformers. The axial con-
formers (1ax

syn and 1ax
anti) are in general more stabilized by

the ΔEL term (green curve) while equatorial conformers (1eq
anti

and 1eq
syn) are more stabilized by the ΔENL term (red curve).

This trend can be associated with the intramolecular interac-
tions used to explain the conformational energies in 2-fluorocy-
clohexanone.[2a,13] In equatorial conformers, there is a repulsion

Figure 6. Energy decomposition scheme of the NBO analysis calculated using
B3LYP–D3(BJ)/6-311++G(d,p) for the four conformers of 1 (ax: axial, eq: equa-
torial, syn: �C–N–C=O ≈ 00, anti: �C–N–C=O ≈ 1800).
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of the fluorine atom with the carbonyl group, as expressed by
the less stabilizing ΔEL energy of 1eq

anti and 1eq
syn (6.33 and

6.87 kcal mol–1, respectively), and a greater stabilization from
the σCHax→π*

CO charge transfer, as expressed by the more stabi-
lizing ΔENL energy (–6.18 and –6.52 kcal mol–1 for 1eq

anti and
1eq

syn, respectively).
To estimate the contribution of the hyperconjugative interac-

tions featured in the gauche effect to the conformational ener-
gies, we looked at the second order perturbation energy
[Ei→j

(2) = 2F(i,j)2/(εj – εi), F(i,j) is the off-diagonal matrix element,
εj and εi are the orbital energies[21]] in the NBO analysis that
estimates delocalization energies from orbital interactions
(Table S5 of the Supporting Information). The σCH→σ*

CF and
σCH→σ*

CN antiperiplanar interactions (4.6 and 2.9 kcal mol–1, re-
spectively) in the gauche orientation (i.e. in the axial conform-
ers) are indeed more stabilizing than the corresponding
σCH→σ*

CH and σCF/CN→σ*
CN/CF interactions (2.3, 1.1 and

1.8 kcal mol–1, respectively) in the anti-orientation (i.e. in the
equatorial conformers). However, equatorial conformers are still
more stabilized by the ΔENL term, so it seems that these orbital
interactions are not stabilizing enough to change the equilibria
towards axial conformers as first expected. The σCHax→π*

CO

charge transfer in equatorial conformers, on the other hand,
accounts for 6.7 kcal mol–1 (Table S5), which is more stabilizing
than the abovementioned interactions in the axial conformers
and explains the trends in ΔENL. The main orbital interactions
are schematically represented in the Figure S2 of the Support-
ing Information.

The N-Boc is a bulky group though, so it might introduce
factors other than the gauche effect that influence the fluorine
axial–equatorial preference. Thus, to simplify the system and
get more insight on the role of specific structural parts, the
relative energies of 1 were also compared with other 2-fluorocy-
clohexanone analogs (Figure 7). 2 and 3 were chosen as to
gradually reduce the N-Boc group and to evaluate the role of
specific structural parts on the conformational energies. The

Figure 7. Relative conformational energies for the 2-fluorocyclohexanone ana-
logs, where X = 1–3. (ax: axial, eq: equatorial, syn: �C–N–C=O ≈ 00, anti:
�C–N–C=O ≈ 1800), computed at the B3LYP–D3(BJ)/6-311++G(d,p) level.
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conformers of all analogs were named in the same manner as
for 1, to distinguish the two orientations of the N–C=O group
(syn and anti, �C–N–C=O ≈ 00 and 1800, respectively) and axial
or equatorial fluorine (ax and eq, respectively). Schematic rep-
resentation of the conformers of analogs 2 and 3 is given in
Figure S1 of the Supporting Information.

According to Figure 7, the energy trends of analogs 2 and 3
are quite similar to 1 (also regarding the energy trends in the
NBO analysis, Table S3 in the Supporting Information). The
Xax

anti is the global energy minimum and the conformational
energy increases in the order: Xax

anti < Xeq
anti ≈ Xax

syn < Xeq
syn.

Due to the overall similarity in the energy trends on going from
1 to 3, i.e. on removing the tBu group and the oxygen atom
linked to it from the Boc group (Figure 7), it was possible to
reduce the influence of the N-Boc group on the conformational
stability of 1 to the amide group of analog 3. Therefore, to
specifically search for the gauche effect, the interaction be-
tween this amide group with the fluorine atom, without the
influence of the ketone group (compound 3′ in Figure 7), was
then evaluated. The removal of the carbonyl group to form 3′
leads to a decrease in the relative energies among conformers
(Figure 7). In this case, the orientation of the amide group is
more relevant for the conformational energies than the orienta-
tion of the fluorine atom. Conformers 3′ax

anti and 3′eq
anti have

nearly the same total energy, and the energy difference be-
tween 3′ax

syn–3′ax
anti and 3′eq

syn–3′eq
anti is 0.44 and

0.17 kcal mol–1, respectively. The energy difference is more sig-
nificant for the axial fluorine probably due to the closer proxim-
ity with the amide carbonyl oxygen in 3′ax

syn (see Figure S1).
Additionally, the ΔENL and ΔEL terms from the NBO analysis
have opposite trends compared to 1–3 (Table S3). With the re-
moval of the carbonyl group, the σCH→π*

CO charge transfer and
Feq/C=O repulsion used to explain the conformational stability
of the 2-fluorocyclohexanone are cancelled out. Now axial con-
formers are more favored by the ΔENL term, which can be re-
lated to the orbital interactions featured in the gauche effect,
and less favored by the ΔEL term relative to equatorial conform-
ers, due to the removal of the Feq/C=O repulsion and also to a
possible incremental repulsion of the axial fluorine with the
amide group.

Differently from other structures containing the fluoroethyl-
amide fragment,[7] a stereoelectronic stabilization in the gauche
arrangement is not the determining factor in the conforma-
tional behavior of the 2-fluorocyclohexanone analogs analyzed
herein. Even without the influence of the ketone group in 3′,
the energy difference between axial and equatorial conformers
(gauche and anti, respectively) is too small to observe any sub-
stantial stabilization due to the gauche effect. Earlier reports in
the literature[13,22] have evaluated other endocyclic groups at
the same position of the 2-fluorocyclohexanone backbone
known to induce the gauche effect in acyclic compounds (e.g.
X = O[13] and S[22]). However, in all cases the conformational
trends could not be attributed to hyperconjugation. It seems
that the orbital interactions used to explain the preferred gau-
che orientation in acyclic compounds are, surprisingly, not
strong enough to dictate the conformational preferences in het-
erocycles. Instead, conformational preferences of the 2-fluoro-
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cyclohexanone analogs are primarily affected by a short-range
interaction with the ketone group.

To counterbalance the effect of the carbonyl group on the
axial–equatorial equilibrium it is necessary to add an endocyclic
group which can induce a stronger intramolecular interaction,
probably electrostatic in nature. Thus, if the N-Boc group is con-
tinuously reduced to form analog 4 (which possesses only a
hydrogen attached to the nitrogen atom, resembling part of
the active nucleus of a 4-quinolone), then one can see a totally
different trend (Table 2, see Table S3 in the Supporting Informa-
tion for details). The conformational analysis of 4 has already
been reported in the literature,[22] where the stability of the
global energy minimum (which have both fluorine and N–
hydrogen atoms in the axial, 4F-ax

H-ax in Figure S1) is attributed
to an N–Hδ+···δ–F electrostatic interaction (in line with our NBO
results in Table S3). This effect becomes stronger by protonating
the amine group (to form analog 5, the 3-fluoro–4-oxo-
piperidin–1-ium cation, in Table 2; schematic representation in
Figure S1). In this case, the axial fluorine persists even in highly
polar solvents, such as DMSO (Table 2), similar to the results
reported for the 3-fluoropiperidinium cation that have been
attributed to the so-called electrostatic gauche effect.[14d,23]

Table 2. Relative conformational energies (in kcal mol–1) for the 2-fluorocyclo-
hexanone analogs 4 and 5, in gas phase and DMSO, computed at the B3LYP–
D3(BJ)/6-311++G(d,p) level.

4 5
Conf. gas DMSO Conf. gas DMSO

4F-ax
H-ax 0.0 1.1 5F-ax 0.0 0.0

4F-ax
H-eq 2.4 2.8

4F-eq
H-ax 1.6 0.0

4F-eq
H-eq 1.4 0.8 5F-eq 5.4 0.3

Conclusion

The conformational preferences of 1 predicted by DFT calcula-
tions nicely reproduce the trends in the NMR experiments.
There is an increase in the population of equatorial conformers
on going from nonpolar to increasingly more polar solvents, as
evidenced by the analysis of the 3JHH coupling constant. The
conformational trends of 1 are quite similar to that of 2-fluoro-
cyclohexanone itself (the same is observed for other 2-halocy-
clohexanones). The introduction of the endocyclic N-Boc group
does not result in a significant stabilization of the axial fluorine
due to interactions responsible for the gauche effect; the stabili-
zation from hyperconjugative interactions featured in the gau-
che effect is overcome by the charge transfer from the σCHax

occupied orbital to the π*CO empty orbital in the equatorial
conformers. Through comparison with analogs 2–5, it is possi-
ble to assess the influence of specific structural parts to the
relative energies. The axial–equatorial equilibrium of the hetero-
cycles analyzed herein is primarily dictated by the ketone group
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of the 2-fluorocyclohexanone backbone; however, an endocy-
clic group inducing strong electrostatic interactions shifts the
conformational preferences. Given the widely applicability of
organofluorine compounds, understanding the factors ruling
their molecular structure can assist the design of novel com-
pounds with improved molecular properties.

Experimental Section
Commercial samples of 1-Boc-3-fluoro–4-oxopiperidine (1) were
purchased and used without further purification. The 1H NMR spec-
tra were acquired at 499.99 MHz from 2.0 mg mL–1 solution of 1 in
the appropriate solvents (i.e. C6D12, CDCl3, CD3CN and [D6]DMSO)
in standard 5 mm glass tubes. A direct observation probe was em-
ployed, and the probe temperature was set to 298.1 K. The 90°
observation pulses were previously calibrated and had typical dura-
tions of 11.75 μs.

Computational Details: The energy profile of rotation around the
�C–N–C=O dihedral angle for axial and equatorial conformers of 1
was obtained with a step size of 30° at the MP2/6-311++G(d,p)
level. The geometries of the located energy minima of 1 were then
optimized using density functional methods, namely the ωB97X–
D, B3LYP and M062X hybrid functionals and the B97–D and BLYP
functionals with the 6-311++G(d,p) basis set,[15b] in order to deter-
mine the appropriate level of theory for the system in study. Disper-
sion effects were considered by the dispersion corrections proposed
by Grimme et al. with the BJ damping function[17] and MP2 was
used as the reference method. B3LYP–D3(BJ) was selected because,
among the density functionals with the smallest MAE value, it bet-
ter reproduces the trends in the conformational population com-
pared to MP2 (see Table S1). Frequency calculations were per-
formed to obtain thermodynamic energies and to ensure that struc-
tures converged to true energy minima. The role of solvent effects
on this conformational equilibrium was assessed by geometry opti-
mization and frequency calculations in implicit solvents (cyclohex-
ane, chloroform, acetonitrile and DMSO) according to the integral
equation formalism variant of the Polarizable Continuum Model
(IEFPCM).[24] The NBO analysis[20] was used to search for prospective
intramolecular interactions influencing conformational energies. All
calculations were performed using the previously selected level of
theory. Additionally, calculations of the spin–spin coupling con-
stants (also in cyclohexane, chloroform, acetonitrile and DMSO) us-
ing the gauge including atomic orbital (GIAO) method[25] with the
EPR–III basis set[19] were performed and compared with experimen-
tal NMR spectra in order to estimate the relative conformer popula-
tion in each media. All abovementioned calculations were carried
out using the Gaussian 09 rev. D01 program[26] and molecular struc-
tures were illustrated using CYLview.[27]
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