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Dynamic NMR study of dinitrophenyl
derivatives of seven-membered cyclic ketals
of pyridoxine
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Two pyridoxine derivatives containing a dinitrophenyl moiety were investigated by 1H NMR spectroscopy. Conformational dy-
namics in solution were studied for each compound using dynamic NMR experiments. It was shown that both compounds studied
are involved into two conformational exchange processes. The first process is a transformation of the seven-membered cycle con-
formation between the enantiomeric P-twist andM-twist forms, and the second is a rotation of the dinitrophenyl fragment of the
molecules around the C–O bond. Energy barriers of both conformational transitions were determined. Copyright © 2015 John
Wiley & Sons, Ltd.
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Introduction

Synthesis of molecular systems with desirable biochemical or phys-
ical properties often requires the knowledge of the spatial structure
of compounds and the information about their conformational
mobility.[1,2] Nowadays, NMR techniques are a powerful tool for
conformational analysis of biologically important samples such as
pyridoxine derivatives studied here.[3,4]

It is well known that seven-membered cyclic acetals and ketals
with planar fragments exist in solution in the dynamic equilibrium
of two forms: the chair and the twist.[1,2,5] Previous studies re-
vealed some correlation between steric structure and reactivity
of these compounds.[5–8] Recently, we have investigated the
conformational transformations of pyridoxine derivatives contain-
ing a seven-membered acetal ring with a 2,4-dinitrophenyloxy
ortho-substituent[9] revealing properties of organic nonlinear opti-
cal materials.[10] In this paper, we present the results of dynamic
NMR study of 9-(2,4-dinitrophenyloxy)-3,3,8-trimethyl-1,5-dihydro-
[1,3]dioxepino[5,6-с]pyridine and 9-(2,4-dinitrophenyloxy)-3,8-
dimethyl-3-pentyl-1,5-dihydro-[1,3]dioxepino[5,6-с]pyridine. Both
molecules contain the same ortho-2,4-dinitrophenyloxy substitu-
ent, but the substituents at the ketal carbon atom are different.
Such molecular configuration leads to significant differences in
the conformational transformation of seven-membered rings and
provides a good opportunity to study the influence of the rotation
around the pyridine–oxygen bond on the conformation of the ketal
ring. The distinction of the seven-membered ketals derivatives from
previously studied compounds is that there is no chair form[11] of
the cycle in solution. The ketal cycle is involved in a rapid conforma-
tional exchange between two twist forms at ambient temperature.

Thus, the investigated compounds represent cyclic molecules
with several types of intramolecular motions at room temperature.
This complicates studying conformational features of themolecules
and therefore prediction and explanation of their biochemical and
physical properties. NMR experiments with decreasing temperature
reveal a slowdown of the conformational exchange rate and thus
Magn. Reson. Chem. 2015, 53, 805–812
provide information about the spatial structure of the molecules
in solution. This method is also used for calculations of energy pa-
rameters of conformational transitions.
Experimental

All NMR experiments were performed on a Bruker Avance II-500
NMR spectrometer (Bruker Biospin AG, Fallanden, Switzerland)
equipped with a 5-mm probe using standard Bruker TOPSPIN
software (Bruker Corporation). The 1H NMR data were collected
with 32 k complex data points and were apodized with a Gaussian
window function (lb =�0.5 and gb=0.2) prior to Fourier transfor-
mation. 1H NMR spectra were recorded using 900 pulses, a delay
between pulses of 2 s, a spectrumwidth of 10 ppm, and aminimum
of eight scans. Signal-to-noise enhancement was achieved by
multiplication of the FID with an exponential window function
(lb = 0.5Hz). The accuracy of the 1H NMR chemical shifts was at least
0.02 ppm, and the accuracy of the spin–spin interaction constant
was at least 0.5Hz.

The assignments of the 1H and 13C NMR signals were achieved
from the signal multiplicities, the integral values, and the character-
istic chemical shifts from through-bond correlations in the
two-dimensional (2D) correlated spectroscopy (COSY) spectra,
through-space correlations in the 2D nuclear Overhauser enhance-
ment spectroscopy (NOESY) spectra, and from the 1H–13C
heteronuclear correlations in the 2D heteronuclear single-quantum
correlation (HSQC) and heteronuclear multiple-bond correlation
(HMBC) spectra.
Copyright © 2015 John Wiley & Sons, Ltd.



Figure 1. Molecular structures of studied compounds.
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All 2D experiments were performed with 2 k×512 data points;
the number of transients (2–16 scans) and the sweep widths were
optimized individually. In the homonuclear 1H–1H COSY (Bruker
pulse program cosygpqf) and NOESY (noesygpph) experiments,
the relaxation delay was set to 2 s and the 90° pulse length to
10.4μs. The resulting FIDs were zero filled to a 2×1 k data matrix
and apodized with a sine function for COSY and a shifted sine func-
tion for NOESY in both the ω1 and ω2 dimensions prior to Fourier
transformation. Two-dimensional NOESY experiments were per-
formed with pulsed filtered gradient techniques. The mixing time
was 0.15 s. Heteronuclear spectra were recorded with 2 k×512 data
points, zero filled in F1 to a 2 k×512 data matrix, and apodized in
both dimensions with a shifted sine function. HSQC experiments
(hsqcetgpsp) were acquired using adiabatic pulses for inversion of
13C and GARP sequence for broadband 13C decoupling and opti-
mized for 1J(CH) = 145Hz. The 90° 13C pulse length was 7.5μs.
1H–13C long-range HMBC spectra (hmbcgplpndqf) were performed
with nJ(CH) set to 8Hz.
The dynamic 1H NMR spectra were recorded at different temper-

atures over the range of 183–303 K every 5 K. Temperature control
was achieved using a Bruker variable temperature unit (BVT-2000)
in combination with a Bruker cooling unit (BCU-05). The sample
was cooled by a flow of low-temperature nitrogen gas from a
Dewar with liquid nitrogen. The experiments were performed with-
out sample spinning.
The synthesis of the studied compounds was described in the

patent.[12] The NMR samples were prepared by dissolving in sol-
vents: the mixture of CS2/CDCl3 (9 : 1) and acetone-d6. Purity of sol-
vents was monitored by 1H NMR spectra. Chemical shifts were
given in values of ppm, referenced to a residual solvent signals
[2.07 for 1H, 30.5 and 205.1 for 13C in acetone-d6; 7.26 for 1H,
77.2 for 13C in CS2/CDCl3 (9 : 1)]. All samples were prepared in stan-
dard 5-mm ampoules. The working concentrations of the sub-
stances were 0.5% by weight, the solution volume was 0.6ml,
and the stabilizing magnetic field was carried by the deuterium
signals of the solvent. For the full line shape analysis, the
WinDNMR-Pro 7.1.14 program designed by Hans J. Reich at the
University of Wisconsin was used.[13] As an input to the program,
the chemical shifts, the transverse relaxation times T2*, and the
constants of the spin–spin interaction were used. Calculation of
a rate constant (k) was performed by full line shape analysis using
the following expressions:

P1 kabð Þ ¼ P2 kbað Þ ; P1 þ P2 ¼ 1

where P1 and P2 represent the populations of the relevant con-
formers А and В in the resulting NMR signal.
The activation parameters were calculated using the Eyring

equation. The errors in the determination of the ΔH≠ and ΔG≠ acti-
vation parameters were less than 4 and 1 kJ/mol, respectively.[14,15]

The free energy of activation of first-order monomolecular re-
versible reactions, which include intramolecular rotation processes
and interconversions of cyclic systems, can be found using the fol-
lowing equations:[16–18]

A⇌
kab

kba
B

ΔG≠ ¼ ΔH≠ � TΔS≠

ln k=Tð Þ ¼ �ΔH≠=RT þ ΔS≠=Rþ 23:76
wileyonlinelibrary.com/journal/mrc Copyright © 2015 Joh
where ΔH≠ and ΔS≠ correspond to the activation enthalpy and en-
tropy, respectively, T is the temperature in K, and R is the universal
gas constant.

The calculation of the activation parameters for the coalescence
temperature was conducted according to the following
equation:[19]

ΔG≠ ¼ 4; 57*T* 10; 32þ log10
T

k

� �

where k is k= π ((Δν0AB)
2 + 6 J2)/21/2 or in the case of two non-

interacting spins (J= 0),k= π Δν0/1.414.
For data processing, the Origin Pro 7.5 program (OriginLab Cor-

poration, Northampton, MA, USA) was also used.[20]

Results and discussion

Dynamic 1H NMR study of 9-(2,4-dinitrophenyloxy)-3,3,8-
trimethyl-1,5-dihydro-[1,3]dioxepino[5,6-с]pyridine

The molecular structures of the compounds are shown in Fig. 1.
Numbering of methyl groups (CH3-8) in compound I was set equal
for convenience because they give one resonance signal in the 1H
NMR spectrum at high temperatures (Fig. 1).

To confirm the chemical structure of compound I, one-
dimensional 1H and 13C and 2D NMR experiments were carried
out. Assignment of the signals in the 1H NMR spectrum (Fig. 2)
was made on the basis of 2D COSY, 2D TOCSY, and 2D NOESY spec-
tra (Fig. 2).

The chemical shifts of observed 1H NMR signals at different tem-
peratures are shown in Table 1. Methylene groups CH2-4 and CH2-7
have broadened signals in the spectrum at room temperature.
These groups presumably participate in partially slowed conforma-
tional exchange process in the NMR time scale even at room tem-
perature (Table 1).

In order to obtain the energy characteristics of this process and
to determine the conformational structure of the molecule, experi-
ments with decreasing temperature were carried out.

Line shapes of the signals in the 1Н NMR spectrum of compound
I changed with decreasing temperature (Fig. 2a). At T=183K, CH2-4
and CH2-7 signals transformed into four AB quadruplets. Proton sig-
nals CH-20 and CH3-13 were observed as a pair of doublets and a
pair of singlets, respectively, in the spectrum at low temperature.
Thus, the number of these signals had been doubled compared
with the spectrum at room temperature. The integral intensity of
the signals belonging to different forms allowed us to determine
the content ratio of the different conformations, which was approx-
imately 1 : 1.65.

To define the energy parameters of conformational transitions,
line shape simulation of the NMR spectra at different temperatures
n Wiley & Sons, Ltd. Magn. Reson. Chem. 2015, 53, 805–812



Figure 3. Line shape simulation for the signals CH-20, CH2-4,7, and corresponding rate constants at different temperatures: (a) experiment and (b)
simulation.

Figure 2. 1H NMR spectra of compound I in CS2 + CDCl3 (9/1) at different temperatures. The signals of the solvent and impurities are marked by asterisks.

Table 1. 1Н NMR spectra parameters (δ, ppm) and spin–spin interaction constants (J, Hz) for compound I in CS2/CDCl3 (9 : 1) at different temperatures a

Т, K СH-9 CH2-4 CH2-7 CH3-8 СН3-13 СH-20 СH-19 СH-17

293 8.29 4.91 4.57*, 4.99* 1.48 2.38 6.74 (9.1) 8.36 (2.1) 8.88 (2.0)

273 8.29 4.91 (17.0) 4.55, 5.00 (16.8) 1.52*, 1.47* 2.38 6.75 (9.1) 8.37 (2.2) 8.90 (2.1)

238 8.31 4.69*, 5.14* 4.55, 5.02 (16.3) 1.52, 1.47* 2.38 6.75* 8.40 (2.1) 8.95 (2.1)

218 8.32 4.67, 5.18 (13.3) 4.55, 5.03 (16.7) 1.53*, 1.44* 2.39*, 2.36* 6.69, 6.85 (7.3) 8.4 8.97 (1.9)

183 8.32* 4.69, 5.19 (15.2) 4.55, 5.05 (17.3) 1.44, 1.52, 1.54 2.39 2.34 6.69, 6.85 (9.0) 8.4 9.01

aNotation: chemical shifts of dominant form signals are underlined.

* This means broadened signal.
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was performed. Line shape analysis of the signals CH-20 and CH2-
4,7 at various temperatures was carried out using the program
WINDNMR-Pro (Fig. 3).[13] As a result, the temperature depen-
dencies of the chemical exchange rate constant were obtained
(Figs 3 and 4).
Magn. Reson. Chem. 2015, 53, 805–812 Copyright © 2015 John
An attempt to evaluate the activation barrier by the full line
shape analysis of the signal CH2-4,7 was not successful because
Arrhenius dependence of ln(k/T) versus 1/T was nonlinear (Fig. 4b).

Generally, two major factors lead to deviations from linearity in
coordinates ln(k/T) versus 1/T: changing in the activity of the solute
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/mrc



Figure 4. Arrhenius dependencies for compound I: (a) correspond to CH-20 group and (b) correspond to CH2-4,7.
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due to intermolecular interactions and connecting at least one ex-
tra process. It can be concluded from the analysis of this depen-
dence and line shape of the signals СН2-4 and СН2-7 in the NMR
1H NMR spectra at low temperatures that two conformational pro-
cesses have an influence on the line shape of these signals. The first
process is a transformation of seven-membered cycle between en-
antiomeric P-twist andM-twist conformations.[9,11] The second pro-
cess is associated with a rotation of dinitrophenyl fragment around
the C–O bond leading to conformational enantiomers due to the
axial chirality (Fig. 5).[9,11,21–24] A similar phenomenon of axial chiral-
ity of conformers of seven-membered sulfur-containing twist forms
of spirobisdithiepins was reported (Fig. 5) by Wade et al.[25]

Decelerating of one process leads to formation of two conforma-
tional enantiomers due to the helical element of chirality. When
both processes are ‘frozen out,’ two pairs of conformational diaste-
reomers can be seen in the NMR spectrum as two sets of signals for
each functional group.
These conformational exchange effects are expressed differently

on various signals due to the differences in the locations of proton
groups. For example, the rotation process around the C–O bond
has a greater impact into the line shape changes of CH-20 and
CH3-13 signals, while the process of transformation of seven-
membered cycle mostly affects on the CH2-4,7 and CH3-8 reso-
nance signals.
With the decreasing temperature, a typical spectroscopic picture

for the ketals is observed; primarily, two AB quartets are partially
‘frozen out’ because of the conformational enantiotopomerization
process. Then slowing down of second process on the NMR time
scale leads to a diastereotopomerization and, as a result, to a dou-
bling of the signal set.
An analysis of the dependence of the exchange rate constant

from the temperature for the СН2-4,7 signals was carried out using
Figure 5. Intramolecular dynamic processes for compounds I and II
(illustrated by I): rotation of dinitrophenyl fragment around the C–O bond
(R) and twist–twist conformational transitions of the seven-membered
cycle (T).

wileyonlinelibrary.com/journal/mrc Copyright © 2015 Joh
Origin 7.5 software (OriginLab Corporation)[20] by mathematical de-
composition of the complex two-component exponential depen-
dence into two simple one-component dependencies by the
equation:

k

T
¼ k1

T
þ k2

T
¼ kB

h
*exp �ΔG≠

1

RT

� �
þ kB

h
*exp �ΔG≠

2

RT

� �

where k1 and k2 are the rate constants of two conformational
exchange processes.

Thus, the energy barriers for each single one-component process
were determined separately. Energy barriers of the conformational
exchange are shown in Table 2. Calculated activation parameters
are in good agreement with the parameters estimated using the
coalescence temperature (Table 2).

Dynamic 1H NMR study of 9-(2,4-dinitrophenyloxy)-3,8-di-
methyl-3-pentyl-1,5-dihydro-[1,3]dioxepino[5,6-с]pyridine

Compound II has an asymmetric ketal carbon atom that signifi-
cantly influences the NMR spectrum compared with compound I.

Assignment of the signals of compound II in the 1H NMR spec-
trum (Fig. 6) was made similarly to compound I and on the basis
of 2D 1H–1H COSY spectra. In the 1H NMR spectrum of compound
II (Fig. 6) at the temperature of 303 K, the signals of methyl protons
CH3-8 and CH3-25 are observed at δ=1.38 and δ=0.89 ppm, re-
spectively. The CH3-8 signal was observed at higher frequency than
the CH3-25 because of neighboring electronegative oxygen atom
(Figs 6 and 7).

As the temperature was decreasing, line shapes of the signals
in 1Н NMR spectrum of compound II were changed (Fig. 7a). The
Table 2. Activation parameters of the conformational exchange for
compound I

1H NMR
signals

Tc, K ΔG≠
203 (kcal/mol)

Calculated from
the coalescence

temperature (kcal/mol)

Calculated from
the line shape

analysis (kcal/mol)

СН-20 227 10.1 (R) 9.9 (R)

CH3-13 217 9.7 (R) 9.6 (R)

CH2-4,7 210, 263 10.3 (R); 12.0 (T) 10.2 (R); 12.5 (T)

R, rotation of the dinitrophenyl fragment around the C–O bond; T, twist–
twist variation of the geometry of the seven-membered cycle.

n Wiley & Sons, Ltd. Magn. Reson. Chem. 2015, 53, 805–812



Figure 7. 1H NMR spectra of compound II in acetone-d6 solution at different temperatures. The signals of the solvent and impurities aremarked by asterisks.

Figure 8. Partial 1H NMR spectra containing the signals ofmethylene groups of compound II in acetone-d6 solution. The numbering denotes the assignment
of signal components to AB quadruplets: 1, 2, 4, and 7 for CH2-4 and 3, 5, 6, and 8 for CH2-7.

Figure 6. Molecular structure and 1H NMR spectra of compound II dissolved in acetone-d6 at 303 K. The solvent signal is marked by an asterisk.
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CH2-4 signal was broadened and split into two groups of signals
with temperature lowering, while the CH2-7 signal was first
narrowed, then broadened, and finally split into two groups of sig-
nals. Finally, at the temperature of 193 K, these protons were pre-
sented in the NMR spectrum as eight AB quartets (Figs 7 and 8).
The proton signals CH-20 and CH-13 in the spectrum at the low
temperature were presented as four doublets and four singlets, re-
spectively. Thus, the number of these signals was fourfold increase
compared with the spectrum at room temperature (Table 3; Figs 8
and 9).

The integral intensity of the signals belonging to different forms
allowed us to determine the content ratio of the different
Magn. Reson. Chem. 2015, 53, 805–812 Copyright © 2015 John
conformations, which were approximately related as 1.52.1.52.1.1.
The energy barriers of the conformational exchange were calcu-
lated using a line shape analysis (Fig. 9) and are shown in Table 4.

As one can see from Table 4, compound II also takes part in two
similar conformational exchange processes as compound I. The en-
ergy barrier for a process of rotation of dinitrophenyl fragment
around C–O bond for compound II is almost the same as it was
for compound I. However, the activation energy for the second
conformational exchange process caused by transformation of
seven-membered cycle conformation between enantiomeric
P-conformation and M-conformation of the helical type (twist) is
different. The larger ΔG≠

203-value of compound II is explained by
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/mrc



Table 3. 1Н NMR spectra parameters (δ, ppm) and spin-spin interaction constants (J, Hz) for compound II in acetone-d6 at different temperatures a

Т, K СH-9 CH2-4; CH2-7 CH3-8 СН3-13 CH2-22,23,24 СН3-25 СH-20; СH-19; СH-17

293 8.33 4.94; 4.73* 1.38 2.33 1.75* 0.88 7.04, 7.06 (9.3); 8.49,

8.51 (9.3, 2.8); 8.95 (2.8)

273 8.34 4.95*; 4.71* 1.40 2.32 1.71*, 1.77* 0.87* 7.04, 7.06 (9.3); 8.50

(9.3, 2.8); 8.96 (2.8)

243 8.36 4.97; 4.74, 5.12 1.39 2.31 1.56–1.81* 0.87 7.06*; 8.52*; 8.99

223 8.37 4.96*, 4.77, 5.12 (14.9);

4.60, 4.69, 5.19, 5.21 (17.1)

1.38, 1.36 2.31, 2.33, 2.28 1.54–1.92* 0.78*, 0.86* 7.04*, 7.06*, 7.08*, 7.10*;

8.50*, 8.56; 9.00*

193 8.37, 8.38* 4.95, 4.97, 4.78, 4.75, 4.58,

4.74, 5.08, 5.01, (16.5);

5.07, 5.08, 4.71, 4,73, 4.57,

4.68, 5.19, 5.23 (15.5)

1.35, 1.37, 1.37, 1.38 2.30, 2.33, 2.27, 2.27 1.51–1.93* 0.76, 0.84* 7.04, 7.06 (9.3), 7.09,

7.09 (9.3); 8.49, 8.51,

8.57, 8.58 (9.3, 2.8); 8.99,

9.00, 9.02, 9.03 (2.8)

aNotation: chemical shifts of dominant form signals are underlined.

* This means broadened signal.

Figure 9. (a) Partial experimental 1H NMR spectrum containing the signals of the methylene groups and (b) simulation in MestReNova program.

Table 4. Activation parameters of the conformational exchange for
compound II

1H NMR
signals

Tc, K ΔG≠
203 (kcal/mol)

Calculated from
the coalescence

temperature (kcal/mol)

Calculated from
the line shape

analysis (kcal/mol)

CH-20 213, 243 10.7 (R); 13.8 (T) 10.8 (R)

CH-17 213 10.9 (R) 10.6 (R)

CH3-13 223, 263 10.6 (R); 14.3 (T) —

CH-9 213 11.2 (R) 10.2 (R); 13.9 (T)

CH2-4,7 233, 300 10.5 (R); 14.1 (T) —

R, rotation of the dinitrophenyl fragment around the C–Obond; T, twist–
twist variation of the geometry of the seven-membered cycle.

I. Z. Rakhmatullin et al.
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a sterically larger substituent in seven-membered ring, which ham-
pers conformational transitions of the cycle.
Semiempirical calculations of the rotational barriers

PM3 calculations of rotational barriers were carried out using the
HyperChem 8 (Hypercube, Inc., Gainesville, FL, USA) software in
order to define which activation barrier corresponds the rotation
2,4-dintrophenyl moiety. Computations revealed that the rota-
tions around the C2–O3 and O3–C10 bonds are strongly
synchronized for both compounds and should be calculated
together. During the calculations, the values of torsion angles
φ1(C1,C2,O3,C10) and φ2(C2,O3,C10,C11) (Fig. 1) were changed
independently in steps of 10°, and full geometry optimization
was carried out at each point. The resulting potential energy sur-
faces are shown in Figs 10 and 11.
n Wiley & Sons, Ltd. Magn. Reson. Chem. 2015, 53, 805–812



Figure 10. Potential energy surface of the dinitrophenyl fragment rotation
around C1–O3 and O3–C10 bonds for compound I.

Figure 11. Potential energy surface of the dinitrophenyl fragment rotation
around C1–O3 and O3–C10 bonds for compound II.

Table 5. Calculated energy barriers of the dinitrophenyl fragment rota-
tion around the C–O bond for compounds I and II

Compound I Compound II

φ1 (°) φ2 (°) ΔE (kcal/mol) φ1 (°) φ2 (°) ΔE (kcal/mol)

�120 110 12.0 �120 110 10.2

80 100 11.0 80 100 11.4

�80 �100 10.8 �80 �100 10.7

120 �110 10.3 120 �110 11.9

Dynamic NMR study of dinitrophenyl derivatives of cyclic ketals
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As it can be seen from Figs 10 and 11, the rotation of 2,4-
dintrophenyl moiety is similar for both compounds I and II and
leads to two rotational conformations at φ1 = 100°/φ2 = 180° and
φ1 =�100°/φ2 = 180°. Calculated rotational barriers (Table 5) are in
good agreement with dynamic NMR data for the first conforma-
tional process and confirm that the rotation of dinitrophenyl group
decelerates at lower temperatures than the transformation of the
seven-membered ketal ring (Table 5).
8
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Conclusions

Conformational features and dynamic processes for
dinitrophenyloxy derivatives of seven-membered cyclic ketals of
pyridoxine were studied by dynamic NMR experiments. These com-
pounds are involved in two conformational exchange processes.
One process is the rotation of the dinitrophenyl fragment around
the C–O bond, and the second process is a conformational transfor-
mation of the seven-membered cycle. Activation barriers of both
conformational exchange processes were determined using line
shape analysis of the NMR spectra with variation of temperature.
It was shown that the energy barriers of the dinitrophenyl fragment
rotation around the C–O bond are almost the same for both com-
pounds studied. However, activation energy of the second confor-
mational exchange process caused by the transformation of the
seven-membered cycle conformation strongly depends on the
type of substituent in the cycle. According to the computational
data, the rotation of the dinitrophenyl group corresponds to the
lower activation barrier.
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