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a b s t r a c t

The stereodynamic behaviour of 1-(trifluoromethylsulfonyl)piperidine 1, 4-(trifluoromethylsulfonyl)
morpholine 2, 1,4-bis(trifluoromethylsulfonyl)piperazine 3 and 4-(trifluoromethylsulfonyl)thiomorpho-
line 1,1-dioxide 4 was studied by low-temperature 1H, 13C and 19F NMR spectroscopies. In acetone
solution, compounds 1, 2 and 4 were found to exist as mixtures of two conformers in the ratio of 4:1, 4:1
and 8:1, respectively, differing by orientation of the CF3 group with respect to the ring. Compound 3
exists as a mixture of three conformers in the ratio of 3:28:69 also differing by the orientation of the two
CF3 groups. Unlike the previously studied N-trifyl substituted 1,3,5-triheterocyclohexanes, the preferred
conformers of compound 1 and of 1,4-diheterocyclohexanes 2–4 are those with the CF3 group directed
outward from the ring, which is caused by intramolecular interactions of the oxygen atoms of the
CF3SO2N groups with the equatorial hydrogens in the a-position. B3LYP/6-311þG(d,p) calculations of the
energy, geometry and NMR parameters corroborate the experimental data. The calculated Perlin effects
for all conformers of compounds 1–4 as well as those measured for the major conformers of compounds
3 and 4 were analyzed by the use of the NBO analysis.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Conformational behaviour of nitrogen-containing cyclohexanes
was the subject of numerous studies summarized in a recent
review by one of us.1 The saturated six-membered ring normally
adopts the chair conformation and the substituents occupy
the sterically more favourable equatorial position, though in the
absence of repulsive interactions one of the substituents at the
nitrogen atom(s) may be axial, as in 1,3-dialkyl-1,3-diazinanes and
1,3,5-trialkyl-1,3,5-triazinanes.2–4 Recently, we have studied the
stereodynamics of 5-trifluoromethylsulfonyl-1,3,5-dioxaazinane,5

3,5-bis(trifluoromethylsulfonyl)-1,3,5-oxadiazinane,6 1,3,5-tris(tri-
fluoromethylsulfonyl)-1,3,5-triazinane,6,7 and 1-(methylsulfonyl)-
3,5-bis(trifluoromethylsulfonyl)-1,3,5-triazinane8 by low-temper-
ature 1H, 13C, 15N and 19F NMR spectroscopies and quantum-
chemical calculations. To the best of our knowledge, no other
reports on the stereodynamics of azinanes with electronegative
groups at the nitrogen atom(s) are present in the literature. At the
same time, the presence of strong acceptors, like the trifyl group
.S.).
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CF3SO2, may impart the nitrogen it is attached to, the properties of
sp2 rather than sp3-hybridized atom. In turn, this may result not
only in specific stereochemical behaviour, different from that for
N-alkyl substituted analogues, but also in specific stereoelectronic
effects as was shown for the aforementioned 1,3,5-trihetero-
cyclohexanes studied previously.5–8

Thus, in continuation of our studies of N-trifluoromethyl
substituted perhydroazines,5–12 in the present communication we
have investigated the stereodynamic behaviour of 1-(trifluorometh-
ylsulfonyl)piperidine 1, 4-(trifluoromethylsulfonyl)morpholine 2,
1,4-bis(trifluoromethylsulfonyl)piperazine 3, 4-(trifluoromethyl-
sulfonyl)thiomorpholine 1,1-dioxide 4, and measured 1JCH coupling
constants for compounds 3 and 4 in order to prove the Perlin
effect in these heterocycles (Scheme 1).
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Figure 1. (a) 1H NMR spectra of 1 in acetone-d6 (asterisk (*) denotes the residual OH signal); (b) 19F NMR spectra of 1 in acetone-d6.
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2. Results and discussion

2.1. 1-(Trifluoromethylsulfonyl)piperidine 1 and
4-(trifluoromethylsulfonyl)morpholine 2

The low-temperature 19F NMR spectra of 1-(trifluoromethyl-
sulfonyl)piperidine 1 and 4-(trifluoromethylsulfonyl)morpholine 2
in acetone solution unambiguously point to the existence of two
conformers in the ratio of 4:1 (Figs. 1b and 2b). Taking into account
the results of our previous studies of N-trifluoromethylsulfonyl
derivatives of heterocyclohexanes with the oxygen and/or nitrogen
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Figure 2. (a) 1H NMR spectra of 2 in acetone-d6 (asterisk (*) denotes
atoms in the 1,3,5-positions,5–8 these are the conformers differing
by the inward or outward orientation of the trifluoromethyl group
with respect to the ring (cf. Scheme 2).

The downfield signal in the 19F NMR spectra of 1 and 2 is more
intense, similar to previously studied 1,3,5-triheterocyclohex-
anes.5–8 However, based on the experimental and computational
data, the downfield signal of 1,3,5-triheterocyclohexanes was
assigned to the predominant conformer with the inward trifyl
group.5–8 As distinct from that, the B3LYP/6-311þG(d,p) calcula-
tions of heterocycles 1 and 2 are indicative of the fact that the
conformers with the outward CF3 group 1b and 2b are more stable
ppm
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the residual OH signal); (b) 19F NMR spectra of 2 in acetone-d6.



Scheme 2.
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than those with the inward CF3 group 1a and 2a by 0.82 and
0.83 kcal mol�1, respectively (see Table SI-1, Supplementary data).
The apparent contradiction was removed by calculation of the 19F
chemical shifts performed at the GIAO B3LYP/6-311þG(d,p) level.
According to these calculations, the 19F signal of the outward CF3

group is shifted downfield with respect to that of the inward CF3

group by 5.3 ppm for compound 1 and by 6.0 ppm for compound 2
in good agreement with the experiment (see Table SI-11, Supple-
mentary data).

The energy difference between the ‘inward’ and the ‘outward’
conformers of compounds 1 and 2 determined from the experi-
mental ratio of intensities of the signals in the low-temperature
19F NMR spectra, equal to 4:1 (Figs. 1b and 2b), is 0.53 kcal mol�1.
The values of DG#(298 K) obtained from the vibrational frequency
calculations are equal to 0.22 and 0.60 kcal mol�1 for the equi-
libriums 1a$1b and 2a$2b, respectively. These data refer to the
gas phase; however, since the dipole moments for the ‘inward’
and the ‘outward’ conformers of both compounds are virtually
equal (see Supplementary data), no significant solvent effect is
expected.

At 273 K, the 1H NMR spectrum of 4-(trifluoromethylsulfonyl)-
morpholine 2 shows two broadened singlets at 3.55 and 3.75 ppm,
which already at 253 K decoalesced to three signals at 3.4, 3.6 and
3.8 ppm due to the frozen six-membered ring interconversion
(DGc

#¼12.9 kcal mol�1). The signal at 3.4 ppm belongs to the axial
protons of the NCH2 groups, the signal at 3.8 ppm to the equatorial
protons of the OCH2 groups, and the signal at 3.6 ppm is a super-
position of the signals of the OCH2 axial and the NCH2 equatorial
protons. The observed merging of the latter signals is consistent
with close values of the calculated chemical shifts of the OCHax and
NCHeq signals: d(OCHax)¼3.60, d(NCHeq)¼3.61 ppm for the major
conformer 2b, and d(OCHax)¼3.57, d(NCHeq)¼3.42 ppm for the
minor conformer 2a (Table SI-11). Below 203 K, all three signals are
broadened, probably due to freezing the restricted rotation about
the N–S bond at these temperatures; with the present NMR
equipment, the lowest temperature obtained was only 185 K, thus,
decoalescence into the rotamers (cf. 19F NMR resultsdvide supra)
actually could not be reached.
Scheme
2.2. 1,4-Bis(trifluoromethylsulfonyl)piperazine 3

For 1,4-bis(trifluoromethylsulfonyl)piperazine 3 three con-
formers are possible differing by rotation of the CF3 groups about
the two N–S bonds (cf. Scheme 3).

All three conformers correspond to minima on the potential
energy surface, the conformer 3c being the most stable one, and
conformers 3a and 3b lying higher in energy by 1.65 and
0.90 kcal mol�1, respectively.

The dynamic exchange phenomena in the 1H and 19F NMR
spectra of compound 3 (Fig. 3) are indicative of the existence of an
equilibrium between these conformers as a result of two dynamic
processes, the ring inversion and rotation about the N–S bond. The
interconversion of the corresponding conformers 3a, 3b and 3c is
represented in Scheme 4.

At room temperature, the 1H NMR spectrum of compound 3
shows a broadened singlet at 3.8 ppm, which upon cooling to 253 K
decoalesce to give three signals at 3.6, 3.8 and 4.0 ppm. The signals
at 3.6 and 4.0 ppm belong to the axial and equatorial protons in the
most stable conformer 3c, respectively, whereas the broadened
singlet at 3.8 ppm is a result of merging of the signals of all protons
of conformer 3b averaged due to fast ring inversion. Upon further
temperature decrease, the ring inversion of conformer 3b becomes
slow (on the NMR scale), the intensity of the signal at 3.8 ppm
decreases and at 193 K, it disappears due to decoalescence, the
appearing signals of the axial and equatorial protons of conformer
3b being superimposed with the signals of the corresponding
protons of conformer 3c. Such overlapping results in disappearance
of the signals at 3.6 and 4.0 ppm at 203 and 193 K, and at 183 K
a visible broadening of the ‘basements’ of these signals is observed.
The conclusions made are confirmed by calculations: the calculated
chemical shifts of the axial and equatorial protons in conformer 3b
(3.07 and 3.72 ppm, respectively, at the a-position to the inward
CF3, and 3.02 and 3.83 ppm at the a-position to the outward CF3)
are very close to those of conformer 3c (3.06 and 3.87 ppm,
respectively), the equatorial protons resonating in a lower field.

Though the signals of the minor conformer 3a in the 1H NMR
spectrum could not be seen separately, the existence of all three
3.
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Figure 3. (a) 1H NMR spectra of 3 in acetone-d6 (asterisk (*) denotes the residual OH signal); (b) 19F NMR spectra of 3 in acetone-d6.
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conformers of compound 3 in the acetone-d6 solution is proved by
its 19F NMR spectrum at 183 K (Fig. 3b). The intense downfield
signal at �76.30 ppm belongs to the two CF3 groups in conformer
3c. The signals at �76.56 ppm and �79.56 ppm belong to the out-
ward and the inward CF3 groups in conformer 3b, respectively. The
presence of the third conformer 3a is witnessed by different
intensity of the signals at �76.56 and �79.56 ppm: the upfield
signal is by 23% more intense than the downfield one, due to
superposition of the signals of the inward CF3 group of conformer
3b and of the two equivalent inward CF3 groups of conformer 3a.
The ratio of conformers 3a/3b/3c at 183 K is 3:28:69, in good cor-
relation with their relative energies (Table SI-1).

2.3. 4-(Trifluoromethylsulfonyl)thiomorpholine 1,1-dioxide 4

In the 1H NMR spectrum of 4-(trifluoromethylsulfonyl)-
thiomorpholine 1,1-dioxide 4 at 273 K different signals of NCH2 and
SCH2 groups at 4.1 and 3.4 ppm, respectively, are observed. The
low-temperature 1H and 19F NMR spectra of compound 4 point to
the existence of two conformers in the ratio of 8:1 (Fig. 4). In the
1H NMR spectrum at 183 K a doublet signal of one of the protons
of the minor conformer at 4.46 ppm can be clearly seen (Fig. 4a).
As for compounds 1–3, the major conformer 4b also has the CF3

group outward, showing the downfield signal in the 19F NMR
spectrum at �77.6 ppm. In the 1H NMR spectrum at 183 K, the
signal of one proton of each group is split into a doublet, whereas
the other one is split into a triplet (for the triplet at 3.7 ppm
a small additional coupling, with J w2.5 Hz, is observed). The
assignment to axial and equatorial protons was made on the
basis of their multiplicity and taking into account the calculated
chemical shifts and coupling constants. The splitting into a triplet
is due to coincidence of the geminal and one of vicinal coupling
constants. Only the 3Jax–ax coupling constant can be of the same
value as the geminal constant 2J, therefore, the signals at 3.7 and
3.9 ppm were assigned to the axial protons of the SCH2 and NCH2

group, respectively, and the signals at 3.4 and 4.4 ppm to the
equatorial protons of these groups. If so, the SCHeq proton should
resonate at a higher field as compared to SCHax, whereas the
NCHeq proton at a lower field as compared to NCHax. The calcu-
lations completely confirm this conclusion: for the SCH2 group
the difference of the chemical shifts is Ddcalcd¼(dCHaxd

dCHeq)¼(2.85�2.59)¼0.26 ppm (Ddexp 0.31 ppm), whereas for the
NCH2 group Ddcalcd¼(3.41�3.96)¼�0.55 ppm (Ddexp �0.49 ppm)
(Table SI-11).

The splitting of the signals of equatorial protons of the SCH2 and
NCH2 groups into doublets, seen in Figure 4, is due to the small
vicinal coupling constants 3Jeq–ax and 3Jeq–eq. According to the
theoretical calculations, the coupling constants 3Jeq–ax and 3Jeq–eq in
the major conformer 4b are equal to 2.5–4.0 Hz, and the experi-
mental half-width of the SCHeq and NCHeq signals reaches 5.5 Hz.
At the same time, the calculated constant 3Jax–ax (11.1 Hz) is very
close to the geminal constants 2J, 13.0 and 13.3 Hz for the SCH2 and
NCH2 groups, respectively.

The energy difference of conformers 4a and 4b determined
experimentally from the ratio of intensities of the signals in the
low-temperature 1H and 19F NMR spectra equal to 1:8, is
0.76 kcal mol�1 and practically coincides with the calculated value
of DE (0.82 kcal mol�1). The calculated value of DG# (298 K) for the
equilibrium 4a$4b is equal to 1.96 kcal mol�1.

2.4. Relative stability of the ‘inward’ vs ‘outward’ conformers

The principal difference of compounds 1–4 studied in this work
from the earlier studied 1,3,5-triheterocyclohexanes5–8 is that the
preferred conformers of compounds 1–4 have the CF3 group
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Figure 4. (a) 1H NMR spectra of 4 in acetone-d6; (b) 19F NMR spectra of 4 in acetone-d6.
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outward, whereas the predominant conformers of 5-trifluorometh-
ylsulfonyl-1,3,5-dioxaazinane,5 1,3,5-tris(trifluoromethylsulfonyl)-
1,3,5-triazinane,6,7 1-methylsulfonyl-3,5-bis(trifluoromethylsulf-
onyl)-1,3,5-triazinane8 and 3,5-bis(trifluoromethylsulfonyl)-1,3,5-
oxadiazinane6 have the CF3 group inward. The structural differences
of the 1,4-diheterocyclohexanes studied and the earlier studied
1,3,5-triheterocyclohexanes amount to different directionality of
the slightly pronounced nitrogen atom pyramid, as shown below on
the example of the calculated geometries of 4-(trifluoromethylsulf-
onyl)morpholine and 5-trifluoromethylsulfonyl-1,3,5-dioxazinane
(cf. Scheme 5). The sum of the bond angles at nitrogen for both types
of the heterocycles is only slightly distinct from 360�; for com-
pounds 1–4 the calculated deviation is 0.1�–2.3� for the conformers
with the CF3 group outward and 0.1�–5.3� for those with the CF3

group inward. For the earlier studied 1,3,5-triheterocyclohexanes
the deviations are similar.
Scheme 5.
However, these seemingly small distinctions schematically
depicted in Scheme 5 (with the trifyl group represented as one
atom regardless of its conformation) may cause qualitative differ-
ences of the relative stability of different conformers for the two
types of the heterocycles. We assume that different relative sta-
bility of the inward and outward conformers of 1,4-dihetero- and
1,3,5-triheterocyclohexanes is due to intramolecular interactions of
the oxygen atoms of the CF3SO2N groups with the equatorial
hydrogen atoms in the a-position, since only these O/H distances,
which in all conformers of all studied compounds equate to ca.
2.4 Å, are less than the sum of the van-der-Waals radii (2.6 Å). The
parameter, which is notably distinct for the conformers of
the studied compounds with the inward and outward CF3 group, is
the charge on the NSO2 oxygen atoms. Indices f¼(qO$qHeq)/rO/H,
characterizing the O/H nonvalent interaction are given in Table 1.

As can be clearly seen from Table 1, for all studied 1,4-dihetero-
cyclohexanes 1–4 the attractive O/H interaction is stronger
in conformers with the CF3 group outward, whereas for all
1,3,5-triheterocyclohexanes this interaction is stronger in the
conformers with the CF3 group inward in excellent agreement with
the results of conformational analysis.

2.5. Perlin effect and NBO analysis

Another interesting point is the Perlin effect in compounds 1–4.
According to our previous studies on 1,3,5-triheterocyclohexanes,5–8

the CH2 group in the O2SNCH2NSO2 fragments shows the reverse
Perlin effect (1JCHeq<

1JCHax), whereas the corresponding OCH2NSO2

fragments shows the normal Perlin effect (1JCHeq>
1JCHax). That

means that hyperconjugation effect nO/s*(C–Hax) predominates
overall possible effects of the NSO2CF3 or NSO2CH3 groups leading
to a relative decrease of 1JCHeq with respect to 1JCHax in the latter
compounds. Unfortunately, we were unable to measure the 1JCH

values for all compounds, but rather only for the major conformers
of 3 and 4. Nevertheless, since calculations at the B3LYP/6-
311þG(d,p) level of theory were shown to correctly reproduce at
least the sign of the Perlin effect,5,7 we believe it possible to use for
analysis of the Perlin effect in compounds 1–4 the calculated values
of DJ¼(1JCHeqd1JCHax) the more so that for compounds 3 and 4 they
are in good agreement with the experimental ones (Table 2).

The experimental values of 1JCH were obtained from cross-sec-
tions of the 2D heteronuclear {1H–13C} HSQC spectra recorded
without wide band decoupling from 13C by GARP pulse sequence;
the digital resolution for the proton channel in the HSQC experi-
ments was 0.2 Hz. As an example, the 2D-HSQC spectrum of
4-(trifluoromethylsulfonyl)thiomorpholine 1,1-dioxide 4 at 183 K is
presented in Figure 5.

The Perlin effect and analysis of contributions of various ster-
eoelectronic effects into the value of 1JCH were the subject of nu-
merous studies13–24 as discussed in detail in our previous work.6



Table 1
Indices f¼100(qO$qHeq)/rO/H, where qO and qHeq are charges on oxygen atoms and
equatorial hydrogens in the a-position to nitrogen, rO/H is the distance between the
interacting atoms (Å)

Compound CF3 inward CF3 outward Lit.

N SO2CF3 0.95 1.05 This work

NO SO2CF3 0.82 1.01 This work

NN SO2CF3CF3SO2 0.66 0.79 This work

NO2S SO2CF3 0.70 1.33 This work

N
O

O
SO2CF3 1.25 0.86 12

O

N N
CF3SO2 SO2CF3

a 1.12 0.33 5

O

N N
CF3SO2 SO2CF3

b d 0.42 5

N

N N

SO2CF3

CF3SO2 SO2CF3

c 1.09 0.37 6

N

N N

SO2CF3

CF3SO2 SO2CF3

d d 0.11 6

N

N N

SO2CH3

CF3SO2 SO2CF3

e 3.83 3.54 7

N

N N

SO2CH3

CF3SO2 SO2CF3

f 3.45 3.31 7

a One CF3 group inward, one outward.
b Both CF3 groups outward.
c One CF3 group inward, two outward.
d Three CF3 groups outward.
e Me group inward, both CF3 groups outward; interaction with a-CH2 group to

MeSO2.
f One CF3 group inward, one outward; for CH2 group in CF3SO2NCH2NSO2CF3

fragment.

B.A. Shainyan et al. / Tetrahedron 64 (2008) 5208–5216 5213
First, it should be noted that the sign of the Perlin effect in
compounds 1–4 does not depend on the orientation of the CF3

group, being the same in the major and minor conformers.
Second, in all cases, except for the SCH2 groups in compound 4,
the C–Heq bonds are shorter than the corresponding C–Hax bonds
(Table 2). That means that the normal Perlin effect is observed for
the 2(6)- and 4-CH2 groups of compound 1 and for the OCH2

groups of compound 2. The SCH2 groups of compound 4 shows
the reverse Perlin effect which, however, falls into the Wolfe’s
modified definition13,19a of the normal Perlin effect (the larger 1JCH

for the longer C–H bond). In all other cases the Perlin effect
should be considered as genuine reverse, both in the original and
modified definitions. This refers to the 3(5)-CH2 groups in com-
pound 1, the NCH2 groups in compound 2, all (equivalent) CH2

groups in compound 3 and the NCH2 groups in compound 4. For
compounds 3 and 4, the theoretically calculated reverse Perlin
effects were proved experimentally by measuring the 1JCH cou-
pling constants for the major conformers of these compounds
(Table 2). For the interpretation of the Perlin effects in com-
pounds 1–4 possible orbital interactions in their most stable
conformers obtained from the NBO analysis and presented in
Table 3 were considered.

For compound 1, the Perlin effect in the a-position to the nitrogen
atom is determined by the balance of the s(C–Hax)/s*(C–Hax) and
nN/s*(C–Hax) interactions leading to the normal Perlin effect, and
donation from the s(C–Heq) orbital to all appropriate adjacent s*

orbitals leading to the reverse. The total second order perturbation
energy of the former interactions involving the C–Hax bond is
11.4 kcal mol�1, whereas the energy of those involving the C–Heq

bond is by 2.5 kcal mol�1 less (Table 3). Note that the CH2 group in
the NCH2N fragments of 1,3,5-triheterocyclohexanes shows the
reverse Perlin effect.6,8 The overall normal calculated Perlin effect for
the NCH2 group in compound 1 (Table 2) is first due to a nN/s*(C–
Hax) contribution from the slightly pyramidal nitrogen atom (SN

357.6�), and second, due to interaction of the s(C–Heq) orbital with
only one s*(N–C) orbital and not with two, as in NCH2N fragments of
the previously studied 1,3,5-triheterocyclohexanes.5–8

A small reverse Perlin effect for the CH2 group in the b-position
can be rationalized as a result of slight predomination of the s(C–
Heq)/s*(C–N) hyperconjugation over the s(C–Hax)/s*(C–Hax)
interaction due to a decrease of the s*(C–N) orbital energy owing to
the presence of a strong acceptor at the nitrogen atom. However,
the data of Table 3 predict normal Perlin effect, therefore, other
interactions (omitted in Table 3) must be additionally taken into
consideration to rationalize the overall effect.

Finally, the normal Perlin effect for the CH2 group in the g-po-
sition clearly results from the predominating s(C–Hax)/s*(C–Hax)
hyperconjugation (11.0 vs 9.3 kcal mol�1, Table 3).

The normal Perlin effect for the OCH2 group in compound 2 is
mainly the result of classical nO/s*(C–Hax) hyperconjugation,
which makes the largest contribution of 6 kcal mol�1 (Table 3).

Qualitatively, the observed small reverse Perlin effect for the
NCH2 group in compound 2 is due to predomination of the s(C–
Heq)/s*(C–O) and s(C–Heq)/s*(C–N) interactions over the nN/

s*(C–Hax) hyperconjugation. Other orbital interactions (including
those omitted in Table 3) counterbalance each other.

Similarly, the experimentally proved reverse Perlin effect for all
NCH2 groups in compound 3 is due to strong orbital interactions
s(C–Heq)/s*(C–N) and s(C–Heq)/s*(N–S) that outweigh the
s(C–Hax)/s*(C–Hax) and nN/s*(C–Hax) interactions (Table 3).

For the NCH2 group in 4, the orbital interactions involving the
C–Hax and the C–Heq bonds are counterbalanced within
0.5 kcal mol�1, therefore, no definite conclusion can be made from
the NBO analysis regarding the sign of the Perlin effect. For the SCH2

group in 4, strong interaction s(C–Heq)/s*(C–N) also results in
notable predomination of orbital interactions involving the C–Heq

bond over those involving the C–Hax bond (8.5 vs 6.9 kcal mol�1,
Table 3) in agreement with the largest reverse Perlin effect
observed experimentally (Table 2).



Table 2
Calculated bond distances l (Å), coupling constants 1JCH (Hz) and Perlin effect DJ¼(1JCHeqd1JCHax) in compounds 1–4

Conformer NCH XCH

lCHeq lCHax
1JCHeq

1JCHax Perlin effect lCHeq lCHax
1JCHeq

1JCHax Perlin effect

1aa 1.088 1.098 136.9 132.3 4.6 1.094 1.095 122.6 124.1 �1.5
1bb 1.088 1.098 136.7 131.2 5.5 1.094 1.095 122.7 125.0 �2.3
2a 1.090 1.097 135.1 136.8 �1.7 1.092 1.100 139.9 136.1 3.8
2b 1.090 1.097 135.1 135.5 �0.4 1.092 1.100 139.9 137.0 2.9
3a 1.089 1.096 136.2 138.0 �1.8 1.089 1.096 136.2 138.0 �1.8
3b 1.089 1.096 136.2 138.9 �2.7 1.089 1.096 136.2 138.9 �2.7
3c 1.089 1.096 136.1 (144.8) 137.9 (148.4) �1.8 (�3.6) 1.089 1.096 136.1 (144.8) 137.9 (148.4) �1.8 (�3.6)
4a 1.089 1.094 138.2 141.4 �3.2 1.092 1.091 136.2 139.4 �3.2
4b 1.089 1.093 137.6 (145.1) 141.0 (148.8) �3.4 (�3.7) 1.092 1.091 136.3 (137.5) 140.4 (143.6) �4.1 (�6.1)

Experimental values are given in brackets.
a For 4-CH2 group lCHeq 1.094 Å, JCHeq 125.0 Hz, lCHax 1.098 Å, JCHax 119.7 Hz.
b For 4-CH2 group lCHeq 1.094 Å, JCHeq 125.2 Hz, lCHax 1.098 Å, JCHax 119.4 Hz.
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3. Conclusions

Multinuclear low-temperature NMR of N-trifyl substituted 1,
4-diheterocyclohexanes [1-(trifluoromethylsulfonyl)piperidine, 4-
(trifluoromethylsulfonyl)morpholine, 1,4-bis(trifluoromethylsulf-
onyl)piperazine and 4-(trifluoromethylsulfonyl)thiomorpholine
1,1-dioxide] in conjunction with theoretical calculations revealed
the existence of the conformers with different orientation of the
CF3SO2 group with respect to the heterocyclic ring. The calculations
were immanently important to simulate, visualize or understand
the dynamic processes actually taking place. The studied com-
pounds are different from the earlier investigated N-trifyl
substituted 1,3,5-triheterocyclohexanes in that for the latter the
most stable conformers were those with the trifyl group directed
inward the ring whereas for the former the outward conformers are
Figure 5. 2D-HSQC spectrum of compound 4 at 183 K. (a) Cross-section of the spectrum at
frequency of C2(6); (c) 1H NMR spectrum.
preferable. Analysis of our own results and the literature data on
the Perlin effect in many heterocyclohexanes suggests that though
the effect can be rationalized by considering a balance of various
stereoelectronic effects, it is still far from being predictable, except
for the simplest cases, like in cyclohexane itself, pyrans, or
1,3-dioxanes.
4. Experimental section

4.1. General

Synthesis, physico-chemical characteristics, and the 1H, 13C, 15N
and 19F NMR spectra for compounds 1–4 are described in our
previous work.12
the resonance frequency of C3(5); (b) Cross-section of the spectrum at the resonance



Table 3
Second order perturbation energies (kcal mol�1) for orbital interactions of the C–H bonds in 1-(trifluoromethylsulfonyl)piperidine 1b, 1-(trifluoromethylsulfonyl)morpholine
2b, 1,4-bis(trifluoromethylsulfonyl)piperazine 3c and 4-(trifluoromethylsulfonyl)thiomorpholine 1,1-dioxide 4b from NBO calculations

1b 2b 3c 4b

s(NC–Hax)/s*(C–Hax) 2.46 s(OC–Hax)/s*(NC–Hax) 2.53 s(C–Hax)/s*(N–S) 0.83 s(NC–Hax)/s*(N–S) 2.48
s(C–Hax)/s*(NC–Hax) 2.77 s(NC–Hax)/s*(OC–Hax) 2.28 s(C–Hax)/s*(C–Hax) 2.36 s(NC–Hax)/s*(SC–Hax) 2.62
n(N)/s*(C–Hax) 6.17 n1(O)/s*(C–Hax) 0.74 n(N)/s*(C–Hax) 6.20 s(SC–Hax)/s*(NC–Hax) 2.28
s(C–Heq)/s*(N–C) 3.93 n2(O)/s*(C–Hax) 6.01 s(C–C)/s*(C–Heq) 0.56 n(N)/s*(C–Hax) 4.63
s(C–Heq)/s*(C–C) 2.65 s(OC–Heq)/s*(N–C) 3.28 s(C–Heq)/s*(N–C) 3.89 s(OC–Heq)/s*(N–C) 4.05
s(N–C)/s*(C–Heq) 0.77 s(OC–Heq)/s*(O–C) 3.08 s(C–Heq)/s*(C–N) 3.28 s(OC–Heq)/s*(C–S) 3.67
s(C–C)/s*(C–Heq) 1.57 s(N–C)/s*(OC–Heq) 0.93 s(N–C)/s*(C–Heq) 0.83 s(N–C)/s*(OC–Heq) 0.74
s(Cb–Hax)/s*(Ca–Hax) 2.76 s(O–C)/s*(OC–Heq) 1.00 s(C–N)/s*(C–Heq) 0.97 s(S–C)/s*(OC–Heq) 1.90
s(Cb–Hax)/s*(Cg–Hax) 2.74 n1(O)/s*(C–Heq) 2.55 s(N–S)/s*(C–Heq) 0.80 s(S–N)/s*(OC–Heq) 1.11
s(Ca–Hax)/s*(Cb–Hax) 2.45 s(NC–Hax)/s*(N–S) 0.66 s(SC–Hax)/s*(S–O) 1.76
s(Cg–Hax)/s*(Cb–Hax) 2.77 s(OC–Hax)/s*(NC–Hax) 2.53 s(S–O1)/s*(SC–Hax) 0.69
s(Cb–Heq)/s*(N–C) 3.78 n(N)/s*(C–Hax) 6.38 s(S–O2)/s*(SC–Hax) 1.23
s(Cb–Heq)/s*(C–C) 2.81 s(C–Heq)/s*(N–C) 3.77 s(N–C)/s*(SC–Heq) 0.97
s(N–C)/s*(Cb–Heq) 1.02 s(C–Heq)/s*(O–C) 3.60 s(C–C)/s*(C–Heq) 0.52
s(C–C)/s*(Cb–Heq) 1.76 s(O–C)/s*(C–Heq) 0.94 s(C–Heq)/s*(N–C) 3.57
s(C–C)/s*(Cg–Heq) 1.63 s(N–C)/s*(C–Heq) 0.83 s(C–Heq)/s*(S–C) 1.23
s(Cg–Heq)/s*(C–C) 3.00 s(N–S)/s*(C–Heq) 0.71 s(S–C)/s*(C–Heq) 1.06

n2(O)/s*(C–Heq) 0.61 s(S–O)/s*(C–Heq) 0.55
n(N)/s*(C–Heq) 0.64
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4.2. NMR measurements

Dynamic 1H, 13C and 19F NMR spectra were recorded in acetone-
d6 at working frequencies 400 (1H), 100 (13C) and 376 (19F) MHz; 1H
and 13C NMR chemical shifts are reported in parts per million
downfield to TMS and 19F NMR in parts per million downfield to
CFCl3. The temperature was varied by the use of a variable tem-
perature unit, temperature stability of �0.2�.
4.3. Theoretical calculations

All calculations were performed using the Gaussian 03 suite of
programs.25 Energy calculations with full optimization of all
variables as well as calculations of vibrational frequencies and
thermodynamic parameters were performed at the B3LYP/6-
311þG(d,p) level of theory with the basis set augmented with
polarization functions on heavy atoms. The zero point vibrational
energies were not scaled for the calculations of the relative ther-
modynamic parameters. NMR computations of absolute shieldings
and spin–spin coupling constants were performed using the GIAO
method26,27 at the same level of theory. The 1H and 19F chemical
shifts were calculated using the corresponding absolute shieldings
calculated for Me4Si and CFCl3 at the same level of theory and are
given in Table SI-11, Supplementary data. The NBO analysis28 as
implemented in the Gaussian 03 package, was performed for the
most stable conformers of molecules 1–4.
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