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Abstract—Multinuclear dynamic NMR spectroscopy of 3,5-bis(trifluoromethylsulfonyl)-1,3,5-oxadiazinane (3) revealed the existence of
two conformers with differently oriented CF3 groups with respect to the ring, and two dynamic processes: ring inversion and restricted rotation
about the N–S bond. Two transition states connecting the two conformers and corresponding to clockwise and counterclockwise rotations
about the N–S bond were found; the calculated activation barriers of about 12 kcal/mol are in excellent agreement with those measured
experimentally for the related molecule 1,3,5-tris(trifluoromethylsulfonyl)-1,3,5-triazinane (1). X-ray analysis proved the existence of the
symmetric isomer of 3, which is the minor isomer in solutions but the only one in the crystal due to packing effects. The normal Perlin effect
ðJCHax

< JCHeq
Þ was observed for 2(6)-CH2 in 3, whereas the reversed Perlin effect was found for the 4-CH2 group in 3 as well as for all CH2

groups in 1 both experimentally and theoretically. The latter effect in compounds 1, 3, and 1-(methylsulfonyl)-3,5-bis(trifluoromethyl-
sulfonyl)-1,3,5-triazinane (2) can be considered as a genuine reverse Perlin effect since larger values of 1JCH are observed for longer C–H
bonds.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The conformational behavior of substituted cyclohexanes as
well as heterocyclohexanes has been the subject of numerous
studies.1–3 The ring normally adopts the chair conformation
unless specific intramolecular interactions stabilize the twist
(Ref. 3b and references therein) or boat conformer.3d,f Substit-
uents at the ring normally prefer the sterically favored equato-
rial over the more strained axial position,1 although exceptions
may exist provided that the 1,3-syn interactions with the axial
substituent are attractive (like in thiane S-oxides)4 or absent
(like in 1,3-dialkyl-1,3-diazinanes and 1,3,5-trialkyl-1,3,5-
triazinanes with one or two alkyls equatorial and one
0040–4020/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2007.09.041
axial).5–7 Recently the stereodynamic behavior of 1,3,5-tris-
(trifluoromethylsulfonyl)-1,3,5-triazinane 1 obtained by the
reaction of trifluoromethanesulfonamide with formaldehyde8

and that of 1-(methylsulfonyl)-3,5-bis(trifluoromethylsul-
fonyl)-1,3,5-triazinane 2 isolated from the three-component
condensation of trifluoromethanesulfonamide, formaldehyde,
and methanesulfonamide9 (cf. Scheme 1) have been investi-
gated by the use of 1H, 13C, and 19F NMR low-temperature
spectroscopy as well as quantum chemical calculations.10,11

To the best of our knowledge, no other stereochemical studies
have been performed on 1,3,5-triazinanes bearing electron
withdrawing groups at the nitrogen atom(s). At the same
time, the presence of strong acceptors, like the triflyl group,
N

N

N

SO2CF3

SO2CF3F3CO2S

1

N

N

N

SO2CF3

SO2CF3H3CO2S

2

N

O

N
SO2CF3F3CO2S

3

Scheme 1. Structure of compounds studied.
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may impart the nitrogen, to which it is attached, the properties
of an sp2 rather than sp3-hybridized atom that, in turn, may
result not only in specific stereochemical behavior, different
from that for N-alkyl substituted analog, but also in interesting
stereoelectronic effects in these heterocycles as was found to
be the case for compound 2.11

In this paper we report the stereochemical behavior of
3,5-bis(trifluoromethylsulfonyl)-1,3,5-oxadiazinane (3 in
Scheme 1), which was isolated from the product mixture
formed upon condensation of trifluoromethanesulfonamide
with formaldehyde.8 The relative stability of possible
conformers of 3, 1H, 13C, and 19F dynamic NMR measure-
ments, as well as the Perlin effect for the most stable
conformer of 3 in solution are discussed. For the purpose
of comparison, a detailed multinuclear NMR analysis of
the related compound 1 (including the measurement of the
Perlin effect) as well as its theoretical calculations was
performed.

2. Results and discussion

2.1. 1,3,5-Tris(trifluoromethylsulfonyl)-1,3,5-triazinane 1

2.1.1. 1H NMR, 2D{1H–13C}, and 2D{1H–15N} measure-
ments. For the mixture of conformers 1a$1b (Fig. 1),
which were found to be the preferred conformers of
1,3,5-tris(trifluoromethylsulfonyl)-1,3,5-triazinane 1,10 the
1H NMR spectrum must contain two AB spin systems
in the ratio of 1:2 belonging to 4-CH2 and 2,6-CH2

groups in 1a, and one AB spin system of all CH2 groups
in 1b.

The spectrum in acetone-d6 at 223 K shows six doublets,
which were grouped into three AB spin systems with regard
to cross-peaks in the 2D{1H–13C} spectrum (Fig. 2a) and as-
signed considering their relative intensities and 2JHH cou-
pling constants. The chemical shifts and the values of 2JHH

and 1JCH are given in Table 1. The direct coupling constants
1JCH were obtained from cross-sections of the 2D heteronu-
clear {1H–13C} HSQC spectrum (Fig. 2b) recorded without
wide band decoupling from 13C by GARP pulse sequence;
the digital resolution for the proton channel in the HSQC ex-
periments was 0.2 Hz. As can be seen from Table 1, for all
CH2 groups in conformers 1a and 1b a large reverse Perlin
effect of 9–10 Hz is observed.

In the 2D{1H–15N} spectrum of 1 obtained at 223 K in the
hmbcgp mode for 2JNH of 9 Hz, three 15N signals were ob-
served and assigned according to cross-peaks with the corre-
sponding axial protons. The signal at d �283.3 ppm is
coupled with Hax in 1b and belongs to all nitrogen atoms
in it, that at d �285.0 ppm is coupled with 4-Hax in 1a and
belongs to N3 and N5, and the remaining signal at
d �282.5 ppm belongs to N1 in 1a.
1a 1b
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Figure 1. The ‘inward’ (1a, CS symmetry) and ‘outward’ (1b, C3v symmetry) rotamers of 1,3,5-tris(trifluoromethylsulfonyl)-1,3,5-triazinane.

Figure 2. 2D{1H–13C} HSQC spectra of the mixture of rotamers 1a and 1b in acetone-d6 at 193 K: (a) routine spectrum and (b) spectrum without wide band
decoupling from 13C.
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Table 1. Experimental (223 K, acetone-d6) and calculated [GIAO/B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p)] 1H chemical shifts (d/ppm) and 1JCH coupling
constants (Hz) in conformers 1a and 1b

Conformer Group Atom Experimental Calculated

dH
2JHH

1JCH Perlin effect dH
1JCH Perlin effect

1a 2,6-CH2 Hax 5.56 14.4 168.1 �9.4 4.26 152.4 �2.3
Heq 5.72 158.7 5.62 150.1

4-CH2 Hax 5.64 13.4 169.4 �9.8 4.26 151.5 �2.9
Heq 5.80 159.6 5.48 148.6

1b CH2 Hax 5.60 13.7 168.4 �9.3 4.38 153.0 �4.5
Heq 5.85 159.1 5.70 148.5
2.1.2. Theoretical calculations. B3LYP/6-311G(d,p) calcu-
lations of 1a and 1b performed in Ref. 10 showed the former
to be more stable by 2.12 kcal/mol. The recalculated value of
DE at the B3LYP/6-311+G(d,p) level is markedly lower,
1.44 kcal/mol. The lower stability of rotamer 1b is consis-
tent with its lower content (w20%) in the equilibrium mix-
ture as measured in the 1H NMR spectrum at 223 K.
Calculation of absolute shieldings and spin–spin coupling
constants gave results which are in qualitative agreement
with the experiment (Table 1). Calculated geometrical pa-
rameters and atomic charges for conformers 1a and 1b are
presented in Table 2. The sum of the bond angles at nitrogen
(
P

N) is close to 360�, so the deviation of the nitrogen atom
from planarity is insignificant. The axial C–H bonds are by
0.009–0.010 Å longer than the corresponding equatorial
C–H bonds (Table 2) due to nN/s*(C–Hax) and nN/
s*(C–Hax) interactions. Though the calculated values of
the Perlin effect are notably smaller than the experimental
ones, the essential result is that calculations correctly repro-
duce the sign of the Perlin effect (Table 1). It is noteworthy
that larger values of 1JCH (Table 1) are observed for longer
axial C–H bonds (Table 2).

2.2. 3,5-Bis(trifluoromethylsulfonyl)-1,3,5-
oxadiazinane 3

2.2.1. 1H NMR and 2D{1H–13C} measurements. The 1H
NMR spectrum of 3 in acetone-d6 at 313 K shows two nar-
row singlets at d 5.45 and 5.60 ppm in the 2:1 ratio belonging
to the NCH2O and NCH2N methylene groups, respectively.
Upon cooling, the signals become closer together and
broaden, and below 243 K they start to decoalesce, becom-
ing fully resolved below 203 K (Fig. 3a). The appearance

Table 2. Elongation of axial bonds [Dl¼l(C–Hax)�l(C–Heq)], Mulliken
atomic charge differences ðDq ¼ qHeq

� qHax
Þ, dihedral angles Heq–C–N–

S (q) and planarity of the nitrogen atom (sum of the bond angles,
P

N) in
molecules 1 and 3

Molecule Position Dl, Å Dq�103
q, deg

P
N, deg

1a 2,6-CH2 0.009 51 8.5 358.3 (N1)
4-CH2 0.010 72 15.8 359.5 (N3, N5)

1b All CH2 0.009 57 0.6; 3.1 359.9

3a 2-CH2 0.012 65 12.7 357.4 (N3)
4-CH2 0.008 48 7.4; 0.4 359.0 (N5)
6-CH2 0.013 50 2.6

3b 2,6-CH2 0.012 52 14.4 356.0
4-CH2 0.007 55 9.4
of small doublets at d 5.75 and 5.41 ppm (Fig. 3a), which be-
long to the minor conformer 3b (Fig. 4) is also noted. The
ratio of the two conformers, 3a:3b, in acetone-d6 is about
7:1. The remaining signals of 3b and the corresponding
1JCH coupling constants were obtained from the
2D{1H–13C} NMR experiments. The assignment of the dou-
blets at d 5.39 and 5.51 ppm to the axial protons in the 2 and
6 positions of the ring was unequivocally proved by the pres-
ence of the corresponding cross-peak in the 2D NOESY
spectrum of 3a in acetone-d6 at 193 K.

Similar dynamic behavior of the 1H NMR spectrum of 3 is
observed in methanol-d4. At 333 K sharp singlets of the
NCH2O and NCH2N methylene groups are observed at
d 5.30 and 5.42 ppm, respectively. Upon cooling, they at first
broaden and at 253 K merge, but below 233 K decoales-
cence begins and below 213 K the spectrum is fully resolved
and 12 signals corresponding to six doublets of all nonequiv-
alent axial and equatorial protons are clearly seen (Fig. 3b).
The signals were grouped into three AB spin systems
according to markedly different JAB values (Table 3) and
with regard to cross-peaks in the 2D{1H–13C} spectrum
(Fig. 5a). In the methanol-d4 solution, the signals of the
minor isomer 3b are superimposed with those of the major
isomer 3a. The assignment was made as above, considering
the relative intensities and 2JHH coupling constants. The mea-
sured values of the 2JHH coupling constants between the ax-
ial and equatorial protons were confirmed by the presence of
the corresponding correlations in the 2D COSY spectrum.
The values of 1JCH were obtained from cross-sections
of 2D heteronuclear {1H–13C} HSQC spectrum (Fig. 5b)
recorded using the same protocol as above for 1. As can be
seen from Table 3, 1JCHax

is by 9–10 Hz larger than 1JCHeq

for NCH2N in 3a whereas for OCH2N 1JCHax
is slightly

smaller than 1JCHeq
.

As compared to compounds 1 and 2, studied previously,
compound 3 has only two bulky groups at the ring that
should make the ring more flexible and result in lowering
the temperature of decoalescence of signals in the NMR
spectra. Indeed, the temperature of decoalescence for 3
(243 K) is notably lower than that for compounds 1 and 2
(263 K).10,11

2.2.2. 13C NMR measurements. At 293 K the 13C NMR
spectrum of compound 3 in methanol-d4 contains two sin-
glets at 61.17 and 79.43 ppm corresponding to the NCN
and NCO carbons, respectively. At 203 K the NCO signal
decoalesces into two singlets at 79.25 ppm (major) and
79.61 (minor) corresponding to 3a and 3b conformers,
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Figure 3. (a) 1H NMR spectra of 3 in acetone-d6; (b) 1H NMR spectra of 3 in methanol-d4 (‘�’ denotes the residual OH signal); (c) 19F NMR spectra of 3 in
methanol-d4.
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Figure 4. Equilibrium between the ‘inward’ (3a, C1 symmetry) and ‘outward’ (3b, CS symmetry) rotamers of 3,5-bis(trifluoromethylsulfonyl)-1,3,5-oxadia-
zinane.
respectively. At 293 K the two CF3 groups give an averaged
quartet at 120.71 ppm (JCF 320.3 Hz), which at 203 K splits
into two quartets at 120.39 ppm (JCF 318.9 Hz) and
120.70 ppm (JCF 321.6 Hz). The spectrum in acetone-d6 is
similar. The signals corresponding to the minor isomer 3b
were obtained from the 2D{1H–13C} spectrum. They are
shifted by ca. 0.5 ppm downfield with respect to the corre-
sponding signals of the major conformer 3a.

2.2.3. 19F NMR measurements. At 333 K both triflyl
groups show one sharp singlet in the 19F NMR spectrum
of compound 3 in methanol-d4 with dF �78.63 ppm. Below
273 K it starts to decoalesce to two singlets, which at 193 K
resonate at dF �77.20 and �80.64 ppm, but the most
remarkable is the emergence of a small singlet with dF

�80.84 ppm at this temperature (Fig. 3c). The ratio of the
signals is 1:1:0.23.

The observed nonequivalence of all protons in 3 confirms the
structure of its major stereoisomer 3a having two triflyl
groups differently oriented with respect to the ring that is
in compliance with the results of calculations. Direct evi-
dence for the two different triflyl groups in 3a is provided
by the 13C NMR spectrum showing two CF3 quartets at
low temperature. Judged from the analysis of the 13C
NMR spectra of 1 made in Ref. 10, where the assignment
was facilitated by the different intensity of the signals, the
upfield signal with smaller coupling constant JCF belongs
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Table 3. Experimental (193 K, CD3OD) and calculated [GIAO/B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p)] 1H and 19F chemical shifts (d/ppm), and 1JCH and
2JHH coupling constants (Hz) in conformers 3a and 3b

Group Atom Experimental Calculated

dH or dF
2JHH

1JCH Perlin effect dH or dF
2JHH

1JCH Perlin effect

OCH2N3 in 3a Hax 5.15 (5.39) 11.2 (11.7) 165.5 (166.7) 3.0 (2.3) 4.72 11.3 151.0 9.0
Heq 5.54 (5.66) 168.5 (169.0) 5.49 160.0

OCH2N5 in 3a Hax 5.18 (5.51) 10.2 (10.8) 166.0 (166.8) 2.5 (2.2) 4.73 9.8 151.9 7.5
Heq 5.47 (5.66) 168.5 (169.0) 5.49 159.4

NCH2N in 3a Hax 5.32 (5.61) 14.0 (14.4) 167.5 (169.4) �9.0 (�9.8) 4.52 13.3 154.4 �4.4
Heq 5.62 (5.70) 158.5 (159.6) 5.65 150.0

OCH2N in 3b Hax (5.41) (11.0) (165.1) (3.4) 4.74 10.4 151.0 9.0
Heq (5.60) (168.5) 5.50 160.0

NCH2N in 3b Hax (5.60) (14.4) (168.5) (�10.3) 4.62 12.8 154.9 �5.5
Heq (5.75) (158.2) 5.71 149.4

N3SO2CF3 F �77.20 �91.9
N5SO2CF3 F �80.64 �98.3
CF3 in 3b F �80.84 �98.5

Values in brackets refer to solution in acetone-d6.

Figure 5. 2D{1H–13C} HSQC spectra of the mixture of rotamers 3a and 3b in acetone-d6 at 193 K: (a) routine spectrum and (b) spectrum without wide band
decoupling from 13C.
to the ‘inward’ CF3 group and the downfield signal with
larger JCF to the ‘outward’ one.

The low-temperature 19F NMR spectrum of 3 not only cor-
roborates these results but also provides direct evidence
for the presence and the symmetry of the second rotamer,
3b. The two 19F signals of equal intensity belong to the ‘in-
ward’ and ‘outward’ directed triflyl groups in 3a, whereas
the small upfield signal at dF �80.84 ppm belongs to two
equivalent triflyl groups in 3b (Fig. 3c). Closeness of the
two upfield signals suggests that the signal at dF

�80.64 ppm belongs to the ‘outward’ triflyl group in 3a
and that at dF �77.20 ppm to the ‘inward’ triflyl group.
This is in accordance with the calculations, which show
the fluorine atoms in the ‘inward’ triflyl group to be less
shielded than in the ‘outward’ triflyl group. The 19F NMR
spectrum in Figure 3c is also in good quantitative compli-
ance with the results of theoretical calculations. The energy
difference of the two rotamers calculated from their experi-
mental ratio of 8.7:1 at 193 K is 0.83 kcal/mol, which
coincides excellently with the theoretically calculated DE
value of 0.81 kcal/mol. The relative energies of the con-
formers are probably determined by stabilization of 3a due
to a reduced F/S contact (3.423 Å) and destabilization of
3b due to a reduced O/O contact (3.274 Å) as depicted in
Figure 5; for comparison, the same O/O distance in 3a
exceeds 4 Å.

2.2.4. Theoretical calculations. B3LYP/6-311+G(d,p) cal-
culations of 3 revealed two conformational minima. The
more stable conformer 3a of C1 symmetry has one triflyl
group (attached to N3) directed inward with respect to the
ring, whereas conformer 3b of CS symmetry is 0.81 kcal/
mol higher in energy and has both triflyl groups directed out-
ward from the ring (Fig. 5). Chair-to-chair inversion of 3b
would make both CF3SO2 groups axial that is sterically im-
possible and allows to exclude the corresponding rotamer
from consideration. The sum of the bond angles at nitrogen
in the CF3SO2No fragment is 357.4� and 359� for the N3 and
N5 atoms in 3a, respectively, and 356� for both nitrogens in
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3b, that is, all nitrogens have close to sp2 hybridization
(Table 2). The ring conformation in both 3a and 3b corre-
sponds to virtually ideal chair conformer. Interconversion
of conformers 3a and 3b may occur by clockwise (toward
the C2 atom) or counterclockwise (toward the C4 atom)
rotation about the N–S bond, that is, via the transition states
[TS-1]z and [TS-2]z, respectively (Fig. 6).

B3LYP/6-311+G(d,p) vibrational frequency calculations
verified the existence of both transition states. [TS-1]z and
[TS-2]z lie 11.67 and 12.66 kcal/mol higher than 3a and
have one imaginary frequency of �42 and �46 cm�1, re-
spectively, corresponding mainly to rotation about the N–S
bond and, thus, connecting conformers 3a and 3b. The lower
calculated barrier [TS-1]z is in excellent agreement with the
experimental value of 11.5 kcal/mol found for compound
3 from Tc¼243 K, Dn¼121 Hz and JHH¼14.1 Hz. The
free energies of activation DGs for the transition states
[TS-1]z and [TS-2]z are 12.72 and 14.01 kcal/mol, respect-
ively, that is, the contribution from the entropy term
makes the free energy difference DDGs (1.29 kcal/mol),
0.3 kcal/mol larger than the enthalpy difference DDHs

(0.99 kcal/mol) due to the more hindered and, hence, more
‘tight’ transition state [TS-2]z.

2.2.5. X-ray analysis. The most remarkable result of the
X-ray analysis of molecule 3 is that the less stable isomer 3b
is ‘frozen’ in the crystal. Apparently, this is the result of its
higher symmetry leading to more dense packing of the mol-
ecules in the crystal. The molecule has CS symmetry, charac-
terized by the presence of a mirror plane formed by atoms
O1 and C4 with its two hydrogen atoms. The second half
of the molecule is generated by mirroring. The calculated
structure 3b in Figure 5 perfectly matches the experimental
one in Figure 7. For example, the calculated O/O distance
of 3.274 Å almost coincides with the experimental value of
3.264 Å. The calculated sum of the bond angles at nitrogen
in 3b of 356� is also very close to the experimental one
(357.7�). Table 4 summarizes the selected bond lengths
and angles and torsion angles.

Experimental and calculated NMR parameters for con-
formers 3a and 3b are given in Table 3 and calculated geo-
metrical parameters and atomic charges for both
conformers are presented in Table 2. Similar to molecule
1, the sum of the bond angles at nitrogen (

P
N) is close to

360�. The axial C–H bonds are 0.010�0.0024 Å longer
than the corresponding equatorial C–H bonds due to nX/
s*(C–Hax) and nY/s*(C–Hax) interactions (X¼Y¼N for
4-CH2; X¼N, Y¼O for 2,6-CH2). The calculations are in
qualitative agreement with the experiment in that they cor-
rectly reproduce the sign of the Perlin effect (Table 3) in
all cases.

As to their absolute values, a general trend is that the calcu-
lated DJ values for molecules 1–3 are less negative (Tables 1
and 3; see also Ref. 11) or more positive (Table 3) than the
corresponding experimental DJ values. Moreover, the differ-
ence between the experimental and calculated values of cou-
pling constants 1JCH constitutes ca. 8–9 Hz for C–Heq and
reaches even 14–16 Hz for C–Hax in molecules 1 and 3
(Tables 1 and 3). Very similar differences were obtained in
Ref. 11 for compound 2 (the calculated values of 1JCH

were not given). Most probably, this is due to the specific
structure of molecules 1–3, in particular, due to the presence
of almost planar three-coordinated nitrogen atoms in the
a-position to the methylene groups in the ring. Such an
assumption is supported by the fact that at the same level
of theory the experimental and calculated coupling constants
1JCH for various 4-silathiane S-oxides coincide within
1–2 Hz.23 Some contribution may also come from a solvent
effect since the experimental values of 1JCH in different
solvents differ by up to 2 Hz (Table 3). However, the most

O1C2

N3
C4

S1

O2O3

C7

F1

F2 F3
N5

C6

Figure 7. Single crystal X-ray structure of 3,5-bis(trifluoromethylsulfonyl)-
1,3,5-oxadiazinane 3.

Table 4. Selected bond lengths and angles and torsion angles for molecule
3b (Fig. 7)

Bond Å Bond angle deg Torsion angle deg

O1–C2 1.414(4) C2–O1–C6 109.9(3) O1–C2–N3–C4 58.1(3)
C2–N3 1.459(3) O1–C2–N3 109.1(2) C2–N3–C4–N5 �52.1(3)
N3–C4 1.459(3) C2–N3–C4 112.9(2) O1–C2–N3–S1 �105.2(3)
N3–S1 1.599(2) N3–C4–N5 108.2(2) N5–C4–N3–S1 111.3(2)
S1–O2 1.415(3) C2–N3–S1 122.33(19) C2–N3–S1–C7 �93.1(2)
S1–O3 1.412(2) C4–N3–S1 122.55(18) C4–N3–S1–C7 105.2(2)
Figure 6. Transition states [TS-1]z and [TS-2]z for the 3a/3b conversion corresponding to rotation of the ‘inward’ directed SO2CF3 toward C2 or C4 atom in
3,5-bis(trifluoromethylsulfonyl)-1,3,5-oxadiazinane.
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remarkable result is that larger values of 1JCH (Tables 1 and
3) are observed for longer axial C–H bonds (Table 2). Since
in all cases the equatorial hydrogens are more positively
charged (Table 2), the conclusion can be drawn that neither
the length nor the polarity of the C–H bond is a factor deter-
mining the corresponding 1JCH value and, hence, the sign of
the Perlin effect.

2.3. Perlin effect

Since 1969, when Perlin and Casu first showed that coupling
constant 1JCH in b-D-glucose is 9 Hz smaller than that in
a-D-glucose,12 a number of works appeared concerning the
problem of the anomeric effect and, in particular, its NMR
manifestation, that is, the relationship between JCHax

and
JCHeq

in the anomeric position of the N-, O-, and S-con-
taining six-membered heterocycles (see Ref. 13a for the list
of relevant references available at that time). The stereoelec-
tronic effect upon 1JCH has been called the ‘Perlin effect’
and originally it was interpreted in terms of hyperconjuga-
tion of the nX/s*(C–Hax) type.13 The ‘normal’ Perlin
effect implies a smaller value of JCHax

as compared to JCHeq

due to the above effect of the lone pair of a heteroatom. Ex-
perimentally, the involvement of the lone pair was proved by
monotonic decrease of the value of DJ ¼ JCHeq

� JCHax
for

4,6-dimethyl-1,3-dioxane, as the proton-donating ability of
the solvent increased.14 However, in the same work14 the re-
verse Perlin effect ðJCHax

> JCHeq
Þ was found for C2 in 4,6-

dimethyl-1,3-dithiane and it was attributed by Wolfe et al.
to s(C–S)/s*(C–Heq) orbital interaction that outweighed
the sulfur lone pair effect nS/s*(C–Hax).13 Since then,
a number of papers have appeared related to experimental
and theoretical analyses of the phenomenon.3b,15–19

For a long time the normal Perlin effect was associated with
elongation and weakening of the C–Hax bond adjacent to
a heteroatom X due to hyperconjugation nX/s*(C–Hax).
However, it is interesting to mention that while in 1990
Wolfe declared definitely that ‘‘the shorter bond is charac-
terized by the larger 1JCH’’,13a as soon as in 1994 Juaristi
et al. showed that larger coupling constants may be associ-
ated with longer C–H bonds15d that allowed them to declare
that there is ‘‘no correlation between 1JCH constants and the
corresponding C–H bond distances’’.15f Moreover, the very
concept of the nO/s*(C–Hax) delocalization was ques-
tioned by Perrin et al. as primarily responsible for 1JCH

(the Perlin effect)20 and 1JCC coupling constants21 in ethers.
They showed that both constants continually decrease with
the decrease of the dihedral angle HCOC or CCOC from
180� to 0�. Therefore, they suggested an electrostatic inter-
action between the oxygen atom lone pair dipole and that
of the C–H or C–C bond to be the determining effect since
it is this very effect that can result in monotonous decrease
of 1JCH

20 and 1JCC.21 Yet, the authors specially emphasize
that their conclusion is not necessarily general and do not ex-
clude a contribution to 1JCH or 1JCC from nX/s*(C–Hax)
delocalization.20,21 For example, such delocalization must
be more pronounced for X¼N since the nitrogen lone pair
is of higher energy. Hyperconjugation effects on 1JCH were
studied experimentally and theoretically by Tormena et al.
who concluded that they are often intertwined with electro-
static effects in such a way that the two effects can either
enhance or weaken each other.22
More entangled is the situation with the reverse Perlin effect.
In addition to Bailey’s finding of larger JCHax

than JCHeq

for C2 in 4,6-dimethyl-1,3-dithiane,14 Juaristi et al. demon-
strated that this is true for all CH2 groups in 1,3-dithia-
nes.15b,d Close to zero ðJCHax

zJCHeq
Þ or reverse

ðJCHax
> JCHeq

Þ Perlin effects were also found for C2 and
C5 in 1,3-oxathianes15d and for C5 in 1,3-dioxanes,15d,16a,b

1,2,4-trioxanes,16c and 1,3-diazacyclohexanes.16d Compre-
hensive theoretical analyses of Juaristi15f,g and Alabugin18

have shown that the values of 1JCH in heterocyclohexanes
with heteroatom(s) X are governed by the balance of a num-
ber of orbital interactions in the system, including classic
anomeric effect nX/s*(C–Hax) and the hyperconjugation
s(C–X)/s*(C–Heq) for the a-C–H bonds, and the homo-
anomeric Plough effect (nX)ax/s*(C–Heq), W effect
(nX)eq/s*(C–Heq), and s(C–Heq)/s*(C–X) for the
b-C–H bonds, as well as the s(C–Hax)/s*(C–Hax) stereo-
electronic interaction between the vicinal antiperiplanar
C–H bonds. The relative contribution of these effects is
strongly dependent on the nature of X.

Recently we have found that 1JCHax
are larger than 1JCHeq

in
the 3(5)-position of the ring for some 4-silathiane S-oxides.
This was considered as the reverse Perlin effect in its origi-
nal definition and rationalized in terms of the buttressing ef-
fect of the axial sulfinyl group on the 3(5)-C–Hax bonds.23

However, this falls into Wolfe’s modified definition13,18a of
the normal Perlin effect (the longer C–H bond is usually as-
sociated with the lower one-bond C–H coupling constant)
since the buttressing effect results in both increasing
the 1JCHax

values and shortening the 3(5)-C–Hax bonds.23

Very recently we have found for 1-(methylsulfonyl)-
3,5-bis(trifluoromethylsulfonyl)-1,3,5-triazinane (2) another
example of the reverse Perlin effect,11 which according to
Alabugin18a should be considered as a genuine reverse Perlin
effect since all C–Hax bonds in compound 2 are by 0.007–
0.011 Å (at the B3LYP/6-311+G(d,p) level of theory) longer
than the corresponding C–Heq bonds and still both the
experiment and calculations gave JCHax

> JCHeq
. This ration-

alization was based on the assumption that syn-periplanar
s(C–Heq)/s*(N–S) stereoelectronic interactions should
weaken the vicinal C–Heq bonds and decrease JCHeq

. The
same could be true for both rotamers of compound 1 and
for 4-CH2 in compound 3. With this, the classic anomeric ef-
fect n(N)/s*(C–Hax) may still cause some elongation of
the C–Hax bonds as is the case for molecules 1–3 in which
all C–Hax bonds are byw0.01 Å longer than the correspond-
ing C–Heq bonds. The situation of the reverse Perlin effect
when the larger value of JCHax

is associated with the longer
C–H bond was successfully simulated theoretically on
a model compound.11

2.4. NBO analysis

The aforementioned attempts to correlate the observed
Perlin effect with specific single stereoelectronic interactions
or their combinations11,13,15,18 prompted us to perform full
NBO analysis in order to estimate the relative contribution
of such interactions for the systems under investigation.
The NBO analysis,24 as implemented in the Gaussian 03
package,25 was performed for the conformers of molecules
1–3 and, for comparison, for tetrahydropyran which shows
the normal Perlin effect for the a-CH2 group. The results
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are presented in Tables SI-1–SI-5 in Supplementary Data.
The results definitely showed that the previously suggested
effect of s(C–Heq)/s*(N–S) interaction11 in molecules
1–3 is less than 0.5 kcal/mol (the threshold for printing
by default). Instead, the strongest interactions of the
s(C–Heq) orbitals are those with the vicinal s*(N–C) orbitals
(7–8 kcal/mol) and they exceed the donor stereoelectronic
interactions of the s(C–Hax) orbitals (2.5–6.8 kcal/mol).
On the contrary, the acceptor stereoelectronic interactions
of the s*(C–Heq) orbitals (1.6–3.8 kcal/mol) are notably
less than the acceptor interactions of the s*(C–Hax) orbitals
with the nitrogen lone pairs (8.2–11.5 kcal/mol).

Table 5 summarizes the total second order perturbation
energies for major orbital interactions of the s(C–H) and
s*(C–H) orbitals in the conformers of molecules 1–3 and
in tetrahydropyran. The higher donor ability of the
s(C–Heq) versus s(C–Hax) orbitals and the higher acceptor
ability of the s*(C–Hax) versus s*(C–Heq) orbitals is
obeyed for all pairs of the C–H bonds in Table 5, regardless
of whether they show the normal (2,6-CH in 3; 2-CH in
THP) or reverse (all other) Perlin effect.

Thus, a discouraging conclusion is that the NBO analysis
cannot account for the origin of the observed reverse Perlin
effect. Probably, it is not only hyperconjugation but also
a combination of several sources or polar influences, like
those suggested in Refs. 20,21, that determine the resultant
value of the 1JCH coupling constant.

3. Conclusion

Two dynamic processes, ring inversion and rotation about the
N–S bond in 3,5-bis(trifluoromethylsulfonyl)-1,3,5-oxadiazi-
nane 3, were found and investigated by multinuclear dynamic

Table 5. Total second order perturbation energies (kcal/mol) for major
orbital interactions of the donor s(C–H) and acceptor s*(C–H) orbitals in
molecules 1–3 and in tetrahydropyran

Molecule Bond s(C–H)/
all orbitals

All orbitals/
s*(C–H)

1a 2-CHax 4.72 9.71
2-CHeq 7.85 3.53
4-CHax 2.54 11.56
4-CHeq 7.92 3.26

1b CHax 4.49 10.02
CHeq 8.02 1.60

2a 2-CHax 6.12 8.93
2-CHeq 7.81 3.75
4-CHax 6.81 8.17
4-CHeq 7.70 3.62

3a 2-CHax 3.62 10.42
2-CHeq 7.91 5.01
4-CHax 5.77 9.17
4-CHeq 7.15 3.73
6-CHax 2.66 10.35
6-CHeq 7.03 5.02

3b 2-CHax 3.49 10.32
2-CHeq 7.67 5.12
4-CHax 6.40 8.70
4-CHeq 7.22 3.76

THP 2-CHax 5.16 6.94
2-CHeq 5.97 3.49
NMR in conjunction with a theoretical study. These processes
lead to the existence of two conformers with different orien-
tation of the CF3SO2 group with respect to the heterocycle
ring, both being observed experimentally. A large reverse
Perlin effect ðJCHax

> JCHeq
Þ was found experimentally and

proved theoretically for 1,3,5-tris(trifluoromethylsulfonyl)-
1,3,5-triazinane, 1-(methylsulfonyl)-3,5-bis(trifluoromethyl-
sulfonyl)-1,3,5-triazinane, and 3,5-bis(trifluoromethylsul-
fonyl)-1,3,5-oxadiazinane. Specific stereoelectronic orbital
interactions, as followed from a parallel NBO analysis, do
not account for the origin of the observed reverse Perlin effect
as questioned generally very recently.20,21

4. Experimental

4.1. General remarks

Synthesis and physico-chemical characteristics of com-
pounds 1–3 are described in our previous work.8,10,11

4.2. NMR measurements

Dynamic 1H, 13C, 15N, 19F NMR spectra were recorded on
a Bruker DPX 400 spectrometer at working frequencies
400 (1H), 100 (13C), 40 (15N), 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 down-
field to CFCl3. 15N NMR chemical shifts were obtained from
2D{1H–15N} spectra recorded by the use of a gradient probe
working in the hmbcgp mode optimized to the long-range
coupling constant JNH of 9 Hz, and are reported in parts
per million downfield to CH3NO2. Temperature was varied
by the use of a BVT 3000 variable temperature unit, temper-
ature stability �0.2�.

4.3. X-ray analysis

X-ray analysis of compound 3b (Fig. 7) was performed on an
Imaging Plate Diffraction System IPDS-2 (Stoe) at 210 K
using the graphite monochromated Mo Ka radiation. The
structure (CCDC reference number 658418) was solved by
direct method26 and refined using the full matrix least
squares method with SHELXL97.27

4.4. Theoretical calculations

All calculations were performed using the Gaussian 03 suite
of programs.27 Energy calculation with full optimization of
all variables as well as calculation of vibrational frequencies
was performed at the B3LYP/6-311+G(d,p) level of theory
with the basis set augmented with polarization functions
on heavy atoms. NMR computations of absolute shieldings
and spin–spin coupling constants were performed using
the GIAO method28,29 at the same level of theory B3LYP/
6-311+G(d,p). The 1H and 19F chemical shifts were calcu-
lated using the corresponding absolute shieldings calculated
for Me4Si and CFCl3 at the same level of theory.
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