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According to the NMR 'H, BC and X-ray analysis data molecules of 5,5-bis(bromomethyl)-2-
trichloromethyl-1,3-dioxane in the crystalline phase and in solution have a chair conformation with an
equatorial trichloromethyl group. The route of conformational transformations for isolated molecule and
for a cluster with five chloroform molecules, as well as a transition states and barriers to the internal ro-
tation of the axial and equatorial trichloromethyl group have been established using DFT approximation
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1. Introduction

Substituted 1,3-dioxanes - classical objects of conformational
analysis [1-4] - are used as reagents for fine organic synthesis
[5-10], as well as for the creation of new promising bioactive
compounds [11-17]. On the other hand, 5,5-bis(halomethyl)—1,3-
dioxanes contain two additional reaction centers: halogen atoms -
capable of entering into nucleophilic substitution reactions [4,18].
The appropriate formals at room temperature are characterized by
the fast (in the NMR time scale) ring interconversion [18,19]. In
the case of 2-substituted analogs, the chair form is realized with
an equatorial substituent at the C-2 atom of the ring [20-22].
Thus, 5,5-bis (halomethyl)—1,3-dioxanes are potential reagents for
organic synthesis and convenient models for studying the effect
of substituents on the conformational properties of six-membered
heterocyclic ring.

As a result, the presence of certain substituents and the con-
formational preference of 1,3-dioxanes have a noticeable effect on
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their biological activity [13-16], which determines the importance
and relevance of structural studies of compounds of this class.

At the same time, it remains unclear how the nature of sub-
stituent at the C-2 atom of the 1,3-dioxane ring including bulk
groups affects both the structural features of the ring itself in
solid state and the dynamic characteristics of its conformational
transformations in solutions. In this respect, of particular inter-
est is the presence of the CCl3 substituent at the C-2 atom of
the 1,3-dioxane ring because of its electronic and structural fea-
tures; in addition, the accumulation of halogen atoms in substi-
tuted 1,3-dioxanes leads to an increase in their bactericidal ac-
tivity [13]. On the other hand, the development of solute-solvent
interaction research strategy has resulted in two solvent mod-
els: implicit (continuum) and explicit (discrete); their comparative
effectiveness has been discussed in recent publications [23-28].
Which of these approaches can be applied in computer simulation
of the conformational properties of saturated six-membered het-
erocyclic compounds? It has been found recently that an explicit
model makes it possible to obtain calculated results that are in
good agreement with the experimental data. For example, in the
case of cluster: 3-methyltetrahydro-1,3-o0xazine@4 molecules of di-
fluorodichloromethane - the calculated and experimental (NMR)
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values of the pyramidal nitrogen inversion barrier coincide [29].
The presence of 8 molecules of chloroform in the first solva-
tion shell of 2-isopropyl-5-methoxy-5-methyl-1,3,2-dioxaborinane
leads to the good agreement between conformational behavior of
this compound according to computational and NMR data [30].
The calculated potential barrier to the interconversion of the 5,5-
bis(bromomethyl)-2,2-diphenyl-1,3-dioxane in a cluster with five
methylene chloride molecules is also close to the experimen-
tal NMR value of this parameter [31]. The further development
of explicit model showed that the optimal number of solvent
molecules in the nearest solvation shell of substituted 1,3-dioxanes
is from 4 to 10 [22,32,33]. All mentioned above determined the
goal of present investigation devoted to the conformational analy-
sis (the study of minima and transition states between them on
the potential energy surface) of a new 5,5-bis(bromomethyl)-2-
chloromethyl-1,3-dioxane 1 using single crystal X-ray diffraction
study, NMR ('H and '3C) spectral investigation, as well as a com-
puter simulation within the DFT approximation PBE/3¢ using the
explicit solvation model.

2. Experimental section

The melting point of synthesized compound 1 was measured
in a liquid paraffin bath in the open capillary tube and was not
calibrated. Elemental analysis was performed on the CarloErba
1108 CH analyzer and is within 0.3% of the calculated value.
NMR spectra were recorded on a Bruker Avance 400 spectrome-
ter with frequencies of 400.13 MHz ('H) and 100.62 MHz (13C) at
room temperature. The chemical shifts § were measured in ppm
with respect to solvent (!H: CDCl;, § = 7.26 ppm; 3C: CDCls,
6 = 77.16 ppm).

2.1. Procedure for the synthesis of 5,5-bis(bromomethyl)—2-
chloromethyl-1,3-dioxane 1

The sample of 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane
1 was obtained by condensation of 2,2-bis(bromomethyl)-1,3-
propanediol with chloral (Scheme 1) using of a modified method
[34].

The 15 ml of conc. sulfuric acid was added to 7.0 g (0.043 mol)
of chloral hydrate. The mixture was stirred for 10 min. Then the
formed upper layer was transferred into a 250 ml round-bottom
flask, mixed with 50 ml of benzene and 5.24 g (0.02 mol) of
2,2-bis(bromomethyl)-1,3-propanediol. The reaction mixture was
stirred for 10 min, after that was added 2 ml of conc. sulfuric acid.
The flask was connected to a reflux condenser through a Dean-
Stark trap and reaction mixture was boiled until the release of wa-
ter ceased (7 h). After cooling to room temperature, 8.4 g (0.1 mol)
of sodium bicarbonate was placed in a flask and reaction mixture
was stirred for 5 h. The precipitate was filtered off, washed twice
with 20 ml of benzene and once with 20 ml of hexane. To the
resulting white mass, 10 ml of ethanol was added and dissolved
under weak heating. After cooling to 5 °C, the precipitate formed
was filtered off and dried at 40 °C. Yield 0.94 g (12.6%), mp. 102.5-

BrH,C OH Cl,C

+ /C:O

BrH,C OH H
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103.5 °C. Elemental analysis found (calculated)%: C 21.31 (21.46); H
217 (2.30).

2.2. X-ray crystallography

The colorless transparent crystal of 5,5-bis(bromomethyl)-2,2-
diphenyl-1,3-dioxane 1 having dimensions of 0.53 x 0.22 x
0.15 mm was chosen for intensity data collection in a XCal-
ibur Eos automated four-circle diffractometer (Mo K« radiation, A
0.71073 A; graphite monochromator; w-scanning, 260max = 62°).
The data were acquired and processed using CrysAlisPro version
1.171.36.20 (Oxford Diffraction). The structure was solved by the
direct method and was refined by the full-matrix least-squares
method in anisotropic approximation for non-hydrogen atoms. Hy-
drogen atoms were localized by the difference Fourier synthe-
sis and were refined in isotropic approximation. The calculations
were performed using SHELX97 [35]. The thermal ellipsoid plot
and packing were done using PLATON [36]. An independent part
of the unit cell of crystals of compound 1 includes one molecule.

2.3. DFT calculations

Various approaches based both on ab initio and DFT meth-
ods are usually used as an appropriate computational approxi-
mations for simulation of the structural, electronic, and confor-
mational properties of six-membered saturated heterocycles [4].
Some of the most useful among them are PBE and hybrid PBE ap-
proaches [37-39]. The PBE method is based on the principle of
the generalized gradient approximation (GGA) and has proven it-
self well in the computational analysis of various molecular sys-
tems [40]. Our investigations are connected with the approxima-
tion PBE/3¢ (PRIRODA package [41]). The basis set of triple valence
cleavage of 3¢, developed by Laikov [42], is a full-electronic non-
relativistic atomic basis of the Gaussian type, containing a diffuse
part and polarization functions. According to the numerous exam-
ples [4,19-22,29-33] PBE/3¢ approximation correctly describes the
structural, thermochemical and polar characteristics of saturated
six-membered heterocycles of different classes. The initial geom-
etry optimization of the acetal 1 (chair conformer) was carried out
using the HyperChem package [43] (semiempirical approximation
PM3), and then - within the framework of the method PBE/3¢.
The interconversion of the ring and the internal rotation of the
CCl3 substituent were simulated by scanning the corresponding
torsion angles. The values of potential barriers were established
using the procedure for searching for transition states within the
PRIRODA package [41]. The fact that the stationary points of the
potential energy surface belong to the transition states was con-
firmed by the presence of one imaginary frequency in the corre-
sponding Hessian, and to the minima - by the absence of imagi-
nary frequencies. The cluster 1@5CHCl3 was initially formed by the
virtual placement of chloroform molecules in the vicinity of the
investigated 1,3-dioxane (equatorial chair conformer) using the Hy-
perChem software, after which the resulting system was optimized
within approximation PBE/3¢ and then - sequentially translated
into other forms.

H* BrH2C><:O CCly
— >
-H,0 ><
BrH,C o H

1

Scheme 1. Synthesis of 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane 1.
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C12

C13

Fig. 1. The crystal structure of the dioxane 1 molecule in the representation of
atoms by thermal vibration ellipsoids (p = 50%).

3. Result and discussion

Comprehensive structural analysis of dioxane 1 assumed the
study of its structure both in the solid state and in chloroform so-
lution, using the data of X-ray diffraction analysis, NMR and quan-
tum chemical calculations.

3.1. X-ray crystal structure of compound 1

The molecules of the investigated acetal 1 form mono-
clinic crystals with the space group P2;/c. The PLATON diagram
shows 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane 1 exists in
the chair conformation and CCl; substituent at C-2 of the 1,3-
dioxane ring occupies equatorial position (Fig. 1).

The corresponding crystallographic details are given in Table 1
and selected bond length, as well as bond and torsion angles - in
Table 2.

It should be stressed that heteroatomic part of the ring is char-
acterized by the expected C-O bond lengths (1.391-1.436 A) and
bond angles close to 110-113°. The torsion angles also correspond
to those observed in the chair conformation of 1,3-dioxane ring
(Table 2) [1, 4, 20-22,31.32]. Besides that, it is necessary to note
the characteristic gauche arrangement of bromomethyl substituents
at C-5 atom of 1,3-dioxane ring (Fig. 1). According to the data of
quantum chemical calculations, this conformation corresponds to
the minimum energy in comparison with the alternative forms of
carbon-halogen bonds in bis(halomethyl) fragment [44].

Bulky substituent CCl3 has a noticeable effect on the ring
puckering of 1,3-dioxane. This is clearly demonstrated by a com-

Table 1
Crystal data and refinement strategy of compound 1.

Parameters

Values

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions
Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
GOOF

Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole

C7H9BF2C1302

391.31

293(2) K

0.71073 A

Monoclinic, P2;/c

a = 8.3451(4) A; b = 11.1745(7) A;

¢ = 13.0164(10) A; & =90°; B =95.218(6)°;

y =90°

1208.78(13) A3

4, 2.150 g/cm?

7.341 mm~!

752.0

0.53 x 0.22 x 0.15 mm

4.902 to 58.286°
-11<h<6,-10<k<14,-17<1<17
5478

2709 [Rip; = 0.1021, Rygm, = 0.1806]
2709/0/163

0.925 R; = 0.0730, wR, = 0.1100
R; = 0.1488, wR, = 0.1375
0.74/-1.03 e A-3
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Table 2

Selected bond lengths (A) as well as bond and torsion an-
gles (°) of dioxane 1 (data from X-ray diffraction analysis and
PBE/3¢ calculation*).

Bond length Bond angles
Calculation Experiment Calculation Experiment
C2-0! 01-c2-03
1.408 1.393(8) 1121 112.9(6)
203 c2-0'-ct
1.408 1.391(9) 110.4 111.8(5)
Cs-0! c2-03-c*
1.435 1.436(8) 110.2 111.3(6)
c4-03 03-c4-C°
1.434 1.436(8) 111.1 110.4(5)
2-c? 0'-C8-C®
1.551 1.545(9) 111.7 110.5(7)
co-CI'? Cc4-c35-c8
1.797 1.758(7) 105.9 107.6(6)
C8-Br? c7-c5-c8
1.986 1.938(8) 113.2 113.0(6)
Torsion angles
Calculation Experiment
C2_ol _CG_CS
-59.3 -55.9(9)
CZ_o3_c4_c5
57.7 58.0(8)
cs-0'-c2-03
63.2 58.9(9)
c4-03-c2-0!
-62.3 —59.7(8)
C4-C-C8-0!
53.0 53.5(8)
C6-C3-c-0°
-52.4 —54.5(8)

* The calculation results are given for the molecule of dioxane
1 in vacuum.

parison of the interplanar angles of the compound 1 and 5,5-
dibromomethyl-2-phenyl-1,3-dioxane 2 [20] according to the re-
sults of X-ray analysis (Fig. 2). The corresponding angles in the
carbon part of the ring almost coincide, while in the heteroatomic
fragment are differ by almost 7° [dioxane 1: 126.9 (5°), dioxane 2:
120.1 (12°)].

3.2. NMR spectral analysis of compound 1

The data of 'H and 3C NMR spectroscopy indicate a
high conformational homogeneity of 5,5-bis(bromomethyl)-2-
trichloromethyl-1,3-dioxane in solution (CDCl3) (Figs. 3 and 4,
Table 3).

This follows from the diastereotopic nature of methylene pro-
tons at magnetically equivalent carbon atoms C-4 and C-6 of
the heterocyclic ring (A§ 0.41 ppm), which appear in the 'H
NMR spectrum as two doublets with a geminal constant of 2 ]
—11.9 Hz. The methylene protons of the bromomethyl substituents
at the C-5 atom of the ring are magnetically nonequivalent (Ad
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Fig. 2. Interplanar angles in 1,3-dioxane molecules 1 and 2.

7 8
2
Ha He
4,6 J 4,6 J
T T T T T T T
5.5 5.0 45 4.0 35 3.0 25 ppm
CHE -
— (o] Al (o]

Fig. 3. NMR 'H spectrum of 1,3-dioxane 1.
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4,6
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140 130 120 110 100 20 80

;
70 60 50 40 30 20 10 ppm

Fig. 4. NMR '3C spectrum of 1,3-dioxane 1.

0.62 ppm). In this case, earlier, on the examples of a series of 5,5-
bis (bromomethyl)-2-aryl-1,3-dioxanes using a NOESY experiment,
it was found that the signal of the protons of the axial CH,Br
group as well as appropriate 13C [C(7)CH;] appears in a weaker
field [20-22,32]. The assignment of 13C signals was unambiguously
performed using DEPT-135 spectra; their values are typical for the
compounds of this class [20-22,32].

3.3. Conformational analysis of dioxane 1 using DFT approximation
PBE/3¢

As is known, the aim of the conformational analysis of a par-
ticular compound is to search for minima and transition states be-
tween them on the potential energy surface. It was found accord-
ing to the PBE/3¢ results that the main minimum on the potential
energy surface of dioxane 1 corresponds to the conformer of the
equatorial chair (Ce), which is in equilibrium with the local min-
ima corresponding to the forms of axial chair (Ca) and 2,5-twist
(2,5-T) with the participation of transition states TS-1 and TS-2 cor-
responding to the half chair conformations (Scheme 2).

The calculated structural parameters of the Ce form are rela-
tively close to the data of the X-ray structural experiment (Table 2).
The relative energies of all forms corresponding to stationary
points on the potentional energy surface for the isolated dioxane

molecule 1, as well as for the cluster 1@ 5CHCl3, are presented in
Table 4.

In all cases, the nearest to the Ce form local minimum corre-
sponds to the 2,5-T conformer, and the most labile is Ca form. In
accordance with the previously stated considerations (see the in-
troduction) a cluster with five chloroform molecules, 1@5CHCls,
was considered (Fig. 5). All computational procedures for this sys-
tem were similar to those for the isolated molecule of dioxane 1.

The routes of conformational transformation of acetal 1:
Ce<»2,5-T<>Ca - in the cluster 1@5CHCl; (relative energy of explicit
model as a function of torsion angles) are clearly shown in Figs. 6
and 7. It should be noted that the expected asymmetric charac-
ter of the obtained curves reflects noticeable differences in energy
between the investigated conformers, as well as between each of
them and the transition state.

The calculation data indicate that the values of AG®qg for iso-
lated molecule of dioxane 1 and for the cluster with chloroform in
the case of the Ca conformer are close (Table 4). Chloroform be-
longs to the low-polarity solvents (¢ 4.8), and, although the cal-
culated dipole moment of the conformer Ce (i 2.64 D) is notice-
ably higher than of Ca (u 0.87 D), the solvent should not signif-
icantly affect the shift of the conformational equilibrium. Besides
that, it should be noted that the experimental value of the free
conformational energy of substituent CCly at the C-2 atom in 1,3-

Minima
TS-1 CH,Br
BrH,C ccly TS-2
%ccg‘— >Q >< = Bri,C 0
BrH,C BrH,C O o
CHzBI‘ Ce 2,5-T Ca CC13
Transition states
BrH,C H BrH,C ccl
N O7<
: 0 S O0> <
BrH,C CCls BiLC 0 H
TS-1 2 TS-2

Scheme 2. Conformational transformations of the dioxane 1 molecule.
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Table 3
TH and C NMR data of dioxane 1.
H
CCl
2 3
9
Br— CH,
7
Protons 'H, § ppm Carbon atoms 3¢, § ppm
C?-H 478 (s) e 96.1
Ha 3.85 (d) (=2 J 11.9 Hz) 2 103.1
Hp 426 (d) (=2 J 11.9 Hz) c4, 8 71.6
CH,Br (a) 3.90 (s) c 37.5
CH,Br (e) 3.28 (s) 7 35.3
c8 335

dioxanes is unknown. However, the calculated values of this pa-
rameter, obtained both for dioxane 1 and 1@5CHCI3, is relatively
close to AGP%qg of 2-isopropyl-1,3-dioxane (4.2 kcal/mol [1]).

At the same time, the form 2,5-T in cluster becomes more labile
in comparison with that in vacuum. Using the dependence: AG = -
RT In (N7/Ny), it can be shown that the ratio of the populations of
the conformers Ce:2,5-T:Ca at 298 K is (%) 99.7:0.2:0.1, respectively.
It confirms the conformational homogeneity of the molecules of
investigated dioxane 1 in solution according to the NMR results
(Table 3).

The presence of a solvent increases the barriers to interconver-
sion of the heterocyclic ring and, in most cases, the barriers to
the internal rotation of the CCl; substituent (AG#,qg, Table 4). The
symmetric character of the dependence of the potential energy of
the system 1@5CHCI; (conformer Ce) from the torsion angle H-C-
C-Cl, which describes the internal rotation of group CCl; is shown
in Fig. 8.

For an isolated molecule of dioxane 1, the value of AG#,9g of
the internal rotation of the axial CCl; group is higher than that of
the equatorial one; however, in the case of cluster 1@5CHCl5, an
inverse relationship is observed (Table 4).

The calculated value of the main barrier to interconversion TS-
2 in the cluster 1@5CHCl3 (11.1 kcal/mol) is close to the experi-

Table 4
Energy parameters of conformational transformations of dioxane 1 according to the
PBE/3¢.

Compound Conformer AG95 (AG#298) ASY%95 (ASF9g)
kcal/mol (a) cal/mol K (a)
1 Ca 4.49 0.34
2,5-T 2.86 0.78
TS-1 (7.40) (~1.48)
TS-2 (8.22) (~1.43)
Ce (CCl3 internal rotation) (7.41) (b) (—6.05) (b)
Ca (CCl3 internal rotation) (9.98) (b) (-6.15) (b)
1@5CHCl; Ca 4.54 -1.70
2,5-T 3.64 —1.88
TS-1 (8.82) (-6.71)
TS-2 (11.12) (-11.63)
Ce (CCl3 internal rotation) (8.19) (b) (—8.07) (b)
Ca (CCl3 internal rotation) (6.47) (b) (-8.25) (b)
2 [20] Ca 33 -26
2,5-T 3.40 1.0
TS-1 (9.3) (0.5)
TS-2 (11.0) (-2.2)

(a) relatively to the conformer Ce.
(b) relatively to the ground state of given conformer.
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Fig. 5. Optimized structure of cluster 1@5CHCl; (conformer Ce).

AE, keal/mol TS-1

7.0 4

2,5-T

Ce

50 2 o 20

Fig. 6. Relative energy of 1@5CHCl; as a function of torsion angle C-C-C-0 (&) at
0 K; transformation Ce <> TS-1 < 2,5-T (the relative energy of the Ce form is taken
as zero).

mental value of this parameter for 5,5-dimethyl-1,3-dioxane (11.0-
11.2 kcal/mol [1]). Another interesting feature of the thermody-
namics of conformational transformations of studied acetal in a
cluster is the negative values of the entropy changes AS%yqg. In
addition, in all cases, the change in the activation entropy AS#,qg
is also less than zero (Table 4). This reflects the prominent role of
solvation effects and indicates an increased sensitivity of transition
states to spatial requirements. It should also be noted that the po-
tential energy surface of investigated acetal does not contain an
intermediate 1,4-twist minimum, which is typical for the confor-



Sh.Yu. Khazhiev, M.A. Khusainov, R.A. Khalikov et al.

A E, kcal/mol

5.0 o

2.5

| I
50 10 -40 P (0)
Fig. 7. Relative energy of 1@5CHCl; as a function of torsion angle O-C-O-C (&) at 0

K; transformation 2,5-T <> TS-2 <« Ca (the relative energy of the 2,5-T form is taken
as zero).

AE, keal/mol TS

6.0+

T
« g 0 20

Fig. 8. Relative energy of 1@5CHCl; as a function of torsion angle H-C-C-Cl (&) at
0 K; internal rotation of CCl; substituent at C-2 atom (the relative energy of the
ground state of the form Ce is taken as zero).

mational equilibrium of unsubstituted 1,3-dioxane, as well as of 2-,
4-, 5-, 2,5-, and 4,4-substituted 1,3-dioxanes [4].

The data on the dynamics of conformational transformations of
dioxane 1 and 5,5-dibromomethyl-2-phenyl-1,3-dioxane 2 [20] (for
the isolated molecule) show that the bulky substituent CCls, in
comparison with the phenyl group, increases the relative energy
of the local minimum Ca, lowers the energy of the 2,5-T form,
and noticeably reduces the potential barriers to ring interconver-
sion (Table 4).

4. Conclusion

In summary, the structure of a new 5,5-bis(bromomethyl)-2-
trichloromethyl-1,3-dioxane 1 according to the results of NMR
TH, 13C and X-ray analysis corresponds to the conformation of
chair with the equatorial CCl3 substituent. The route of conforma-
tional transformations of isolated molecule of acetal 1 and clus-
ter 1@5CHCI3 using DFT approximation PBE/3& (explicit model),

Journal of Molecular Structure 1254 (2022) 132326

includes, in addition to the equatorial chair (main minimum on
the surface of the potential energy) local minima of 2,5-twist and
a chair with axial CCl3 group, as well as transitional states, cor-
responding to the forms of a half-chairs. The calculative barriers
to the internal rotation of CCls substituent in equatorial and ax-
ial conformers of dioxane 1 were also identified. The bulky sub-
stituent CClz, in comparison with the phenyl group (dioxane 2),
increases the interplanar angle in the heteroatomic part of the ring
and noticeably affects the parameters of the conformational dy-
namics of dioxane 1.
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