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a b s t r a c t 

According to the NMR 1 Н, 13 С 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 

PBE/3 ξ . 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Substituted 1,3-dioxanes – classical objects of conformational 

nalysis [1–4] – are used as reagents for fine organic synthesis 

5–10] , as well as for the creation of new promising bioactive 

ompounds [11–17] . On the other hand, 5,5-bis(halomethyl) −1,3- 

ioxanes contain two additional reaction centers: halogen atoms –

apable of entering into nucleophilic substitution reactions [ 4 , 18 ]. 

he appropriate formals at room temperature are characterized by 

he fast (in the NMR time scale) ring interconversion [ 18 , 19 ]. In

he case of 2-substituted analogs, the chair form is realized with 

n equatorial substituent at the C-2 atom of the ring [20–22] . 

hus, 5,5-bis (halomethyl) −1,3-dioxanes are potential reagents for 

rganic synthesis and convenient models for studying the effect 

f substituents on the conformational properties of six-membered 

eterocyclic ring. 

As a result, the presence of certain substituents and the con- 

ormational preference of 1,3-dioxanes have a noticeable effect on 
∗ Corresponding author at: Ufa State Petroleum Technological University, Ufa 

50062, Russian Federation. 
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heir biological activity [13–16] , which determines the importance 

nd relevance of structural studies of compounds of this class. 

At the same time, it remains unclear how the nature of sub- 

tituent at the C −2 atom of the 1,3-dioxane ring including bulk 

roups affects both the structural features of the ring itself in 

olid state and the dynamic characteristics of its conformational 

ransformations in solutions. In this respect, of particular inter- 

st is the presence of the CCl 3 substituent at the С -2 atom of 

he 1,3-dioxane ring because of its electronic and structural fea- 

ures; in addition, the accumulation of halogen atoms in substi- 

uted 1,3-dioxanes leads to an increase in their bactericidal ac- 

ivity [13] . On the other hand, the development of solute–solvent 

nteraction research strategy has resulted in two solvent mod- 

ls: implicit (continuum) and explicit (discrete); their comparative 

ffectiveness has been discussed in recent publications [23–28] . 

hich of these approaches can be applied in computer simulation 

f the conformational properties of saturated six-membered het- 

rocyclic compounds? It has been found recently that an explicit 

odel makes it possible to obtain calculated results that are in 

ood agreement with the experimental data. For example, in the 

ase of cluster: 3-methyltetrahydro-1,3-oxazine@4 molecules of di- 

uorodichloromethane – the calculated and experimental (NMR) 

https://doi.org/10.1016/j.molstruc.2021.132326
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
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alues of the pyramidal nitrogen inversion barrier coincide [29] . 

he presence of 8 molecules of chloroform in the first solva- 

ion shell of 2-isopropyl-5-methoxy-5-methyl-1,3,2-dioxaborinane 

eads to the good agreement between conformational behavior of 

his compound according to computational and NMR data [30] . 

he calculated potential barrier to the interconversion of the 5,5- 

is(bromomethyl)-2,2-diphenyl-1,3-dioxane in a cluster with five 

ethylene chloride molecules is also close to the experimen- 

al NMR value of this parameter [31] . The further development 

f explicit model showed that the optimal number of solvent 

olecules in the nearest solvation shell of substituted 1,3-dioxanes 

s from 4 to 10 [ 22 , 32 , 33 ]. All mentioned above determined the

oal of present investigation devoted to the conformational analy- 

is (the study of minima and transition states between them on 

he potential energy surface) of a new 5,5-bis(bromomethyl)-2- 

hloromethyl-1,3-dioxane 1 using single crystal X-ray diffraction 

tudy, NMR ( 1 H and 

13 C) spectral investigation, as well as a com- 

uter simulation within the DFT approximation PBE/3 ζ using the 

xplicit solvation model. 

. Experimental section 

The melting point of synthesized compound 1 was measured 

n a liquid paraffin bath in the open capillary tube and was not 

alibrated. Elemental analysis was performed on the CarloErba 

108 CH analyzer and is within 0.3% of the calculated value. 

MR spectra were recorded on a Bruker Avance 400 spectrome- 

er with frequencies of 400.13 MHz ( 1 H) and 100.62 MHz ( 13 C) at

oom temperature. The chemical shifts δ were measured in ppm 

ith respect to solvent ( 1 Н: CDCl 3 , δ = 7.26 ppm; 13 C: CDCl 3 ,

= 77.16 ppm). 

.1. Procedure for the synthesis of 5,5-bis(bromomethyl) −2- 

hloromethyl-1,3-dioxane 1 

The sample of 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane 

 was obtained by condensation of 2,2-bis(bromomethyl)-1,3- 

ropanediol 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) 

f chloral hydrate. The mixture was stirred for 10 min. Then the 

ormed upper layer was transferred into a 250 ml round-bottom 

ask, mixed with 50 ml of benzene and 5.24 g (0.02 mol) of 

,2-bis(bromomethyl)-1,3-propanediol. The reaction mixture was 

tirred for 10 min, after that was added 2 ml of conc. sulfuric acid. 

he flask was connected to a reflux condenser through a Dean- 

tark trap and reaction mixture was boiled until the release of wa- 

er ceased (7 h). After cooling to room temperature, 8.4 g (0.1 mol) 

f sodium bicarbonate was placed in a flask and reaction mixture 

as stirred for 5 h. The precipitate was filtered off, washed twice 

ith 20 ml of benzene and once with 20 ml of hexane. To the 

esulting white mass, 10 ml of ethanol was added and dissolved 

nder weak heating. After cooling to 5 °C, the precipitate formed 

as filtered off and dried at 40 °C. Yield 0.94 g (12.6 c / o ), mp. 102.5–
Scheme 1. Synthesis of 5,5-bis(bromom

2 
03.5 °C. Elemental analysis found (calculated)%: С 21.31 (21.46); Н
.17 (2.30). 

.2. X-ray crystallography 

The colorless transparent crystal of 5,5-bis(bromomethyl)-2,2- 

iphenyl-1,3-dioxane 1 having dimensions of 0.53 × 0.22 ×
.15 mm was chosen for intensity data collection in a XCal- 

bur Eos automated four-circle diffractometer (Mo K α radiation, λ
.71073 Å; graphite monochromator; ω-scanning, 2 θmax = 62 °). 
he data were acquired and processed using CrysAlisPro version 

.171.36.20 (Oxford Diffraction). The structure was solved by the 

irect method and was refined by the full-matrix least-squares 

ethod in anisotropic approximation for non-hydrogen atoms. Hy- 

rogen atoms were localized by the difference Fourier synthe- 

is and were refined in isotropic approximation. The calculations 

ere performed using SHELX97 [35] . The thermal ellipsoid plot 

nd packing were done using PLATON [36] . An independent part 

f the unit cell of crystals of compound 1 includes one molecule. 

.3. DFT calculations 

Various approaches based both on ab initio and DFT meth- 

ds are usually used as an appropriate computational approxi- 

ations for simulation of the structural, electronic, and confor- 

ational properties of six-membered saturated heterocycles [4] . 

ome of the most useful among them are PBE and hybrid PBE ap- 

roaches [37–39] . The PBE method is based on the principle of 

he generalized gradient approximation (GGA) and has proven it- 

elf well in the computational analysis of various molecular sys- 

ems [40] . Our investigations are connected with the approxima- 

ion PBE/3 ζ (PRIRODA package [41] ). The basis set of triple valence 

leavage of 3 ζ , developed by Laikov [42] , is a full-electronic non- 

elativistic atomic basis of the Gaussian type, containing a diffuse 

art and polarization functions. According to the numerous exam- 

les [ 4 , 19–22 , 29–33 ] PBE/3 ζ approximation correctly describes the 

tructural, thermochemical and polar characteristics of saturated 

ix-membered heterocycles of different classes. The initial geom- 

try optimization of the acetal 1 ( chair conformer) was carried out 

sing the HyperChem package [43] (semiempirical approximation 

M3), and then – within the framework of the method PBE/3 ζ . 

he interconversion of the ring and the internal rotation of the 

Cl 3 substituent were simulated by scanning the corresponding 

orsion angles. The values of potential barriers were established 

sing the procedure for searching for transition states within the 

RIRODA package [41] . The fact that the stationary points of the 

otential energy surface belong to the transition states was con- 

rmed by the presence of one imaginary frequency in the corre- 

ponding Hessian, and to the minima – by the absence of imagi- 

ary frequencies. The cluster 1@5CHCl 3 was initially formed by the 

irtual placement of chloroform molecules in the vicinity of the 

nvestigated 1,3-dioxane (equatorial chair conformer) using the Hy- 

erChem software, after which the resulting system was optimized 

ithin approximation PBE/3 ζ and then – sequentially translated 

nto other forms. 
ethyl)-2,2-diphenyl-1,3-dioxane 1. 



Sh.Yu. Khazhiev, M.A. Khusainov, R.A. Khalikov et al. Journal of Molecular Structure 1254 (2022) 132326 

Fig. 1. The crystal structure of the dioxane 1 molecule in the representation of 

atoms by thermal vibration ellipsoids ( p = 50%). 
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Table 2 

Selected bond lengths ( ̊A) as well as bond and torsion an- 

gles ( o ) of dioxane 1 (data from X-ray diffraction analysis and 

PBE/3 ζ calculation ∗). 

Bond length Bond angles 

Calculation Experiment Calculation Experiment 

C 2 - О1 O 

1 -C 2 -O 

3 

1.408 1.393(8) 112.1 112.9(6) 

C 2 - О3 C 2 -O 

1 -C 6 

1.408 1.391(9) 110.4 111.8(5) 

C 6 - О1 C 2 -O 

3 -C 4 

1.435 1.436(8) 110.2 111.3(6) 

С 4 - О3 O 

3 -C 4 -C 5 

1.434 1.436(8) 111.1 110.4(5) 

C 2 - С 9 O 

1 -C 6 -C 5 

1.551 1.545(9) 111.7 110.5(7) 

С 9 - С l 12 C 4 -C 5 -C 6 

1.797 1.758(7) 105.9 107.6(6) 

С 8 -Br 2 C 7 -C 5 -C 8 

1.986 1.938(8) 113.2 113.0(6) 

Torsion angles 

Calculation Experiment 

C 2 -O 

1 -C 6 -C 5 

−59.3 −55.9(9) 

C 2 -O 

3 -C 4 -C 5 

57.7 58.0(8) 

C 6 -O 

1 -C 2 -O 

3 

63.2 58.9(9) 

C 4 -O 

3 -C 2 -O 

1 

−62.3 −59.7(8) 

C 4 -C 5 -C 6 -O 

1 

53.0 53.5(8) 

C 6 -C 5 -C 4 -O 

3 

−52.4 −54.5(8) 
. Result and discussion 

Comprehensive structural analysis of dioxane 1 assumed the 

tudy of its structure both in the solid state and in chloroform so- 

ution, using the data of X-ray diffraction analysis, NMR and quan- 

um chemical calculations. 

.1. X-ray crystal structure of compound 1 

The molecules of the investigated acetal 1 form mono- 

linic crystals with the space group P2 1 /c. The PLATON diagram 

hows 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane 1 exists in 

he chair conformation and CCl 3 substituent at C-2 of the 1,3- 

ioxane ring occupies equatorial position ( Fig. 1 ). 

The corresponding crystallographic details are given in Table 1 

nd selected bond length, as well as bond and torsion angles – in 

able 2 . 

It should be stressed that heteroatomic part of the ring is char- 

cterized by the expected C 

–O bond lengths (1.391–1.436 Å) and 

ond angles close to 110–113 о . The torsion angles also correspond 

o 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 

he characteristic gauche arrangement of bromomethyl substituents 

t C-5 atom of 1,3-dioxane ring ( Fig. 1 ). According to the data of

uantum chemical calculations, this conformation corresponds to 

he minimum energy in comparison with the alternative forms of 

arbon-halogen bonds in bis(halomethyl) fragment [44] . 

Bulky substituent CCl 3 has a noticeable effect on the ring 

uckering of 1,3-dioxane. This is clearly demonstrated by a com- 
able 1 

rystal 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 

2 	 range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Data/restraints/parameters 

GOOF 

Final R indexes [I > = 2 σ (I)] 

Final R indexes [all data] 

Largest diff. peak/hole 

C 7 H 9 Br 2 Cl 3 O 2 

391.31 

293(2) K 

0.71073 Å 

Monoclinic, P2 1 /c 

a = 8.3451(4) Å; b = 11.1745(7) Å; 

c = 13.0164(10) Å; α = 90 °; β = 95.218(6) o ; 

γ = 90 °
1208.78(13) Å 3 

4, 2.150 g/cm 

3 

7.341 mm 

−1 

752.0 

0.53 × 0.22 × 0.15 mm 

4.902 to 58.286 °
-11 ≤ h ≤ 6, -10 ≤ k ≤ 14, -17 ≤ l ≤ 17 

5478 

2709 [R int = 0.1021, R sigma = 0.1806] 

2709/0/163 

0.925 R 1 = 0.0730, wR 2 = 0.1100 

R 1 = 0.1488, wR 2 = 0.1375 

0.74/ −1.03 e Å −3 

∗ The calculation results are given for the molecule of dioxane 

1 in vacuum. 

p

d

s

c

f

1

3

h
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T

t

t

N

−
a

3 
arison of the interplanar angles of the compound 1 and 5,5- 

ibromomethyl-2-phenyl-1,3-dioxane 2 [20] according to the re- 

ults of X-ray analysis ( Fig. 2 ). The corresponding angles in the 

arbon part of the ring almost coincide, while in the heteroatomic 

ragment are differ by almost 7 ° [dioxane 1: 126.9 (5 °), dioxane 2: 

20.1 (12 °)]. 

.2. NMR spectral analysis of compound 1 

The data of 1 H and 

13 C NMR spectroscopy indicate a 

igh conformational homogeneity of 5,5-bis(bromomethyl)-2- 

richloromethyl-1,3-dioxane in solution (CDCl 3 ) ( Figs. 3 and 4 , 

able 3 ). 

This follows from the diastereotopic nature of methylene pro- 

ons at magnetically equivalent carbon atoms C-4 and C-6 of 

he heterocyclic ring ( δ 0.41 ppm), which appear in the 1 H 

MR spectrum as two doublets with a geminal constant of 2 J 

11.9 Hz. The methylene protons of the bromomethyl substituents 

t the C-5 atom of the ring are magnetically nonequivalent ( δ
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Fig. 2. Interplanar angles in 1,3-dioxane molecules 1 and 2. 

Fig. 3. NMR 1 H spectrum of 1,3-dioxane 1. 

4 
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Fig. 4. NMR 13 C spectrum of 1,3-dioxane 1. 
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.62 ppm). In this case, earlier, on the examples of a series of 5,5- 

is (bromomethyl)-2-aryl-1,3-dioxanes using a NOESY experiment, 

t was found that the signal of the protons of the axial СН2 Br 

roup as well as appropriate 13 C [C (7) CH 2 ] appears in a weaker 

eld [ 20–22 , 32 ]. The assignment of 13 C signals was unambiguously 

erformed using DEPT-135 spectra; their values are typical for the 

ompounds of this class [ 20–22 , 32 ]. 

.3. Conformational analysis of dioxane 1 using DFT approximation 

BE/3 ζ

As is known, the aim of the conformational analysis of a par- 

icular compound is to search for minima and transition states be- 

ween them on the potential energy surface. It was found accord- 

ng to the PBE/3 ζ results that the main minimum on the potential 

nergy surface of dioxane 1 corresponds to the conformer of the 

quatorial chair ( Ce ), which is in equilibrium with the local min- 

ma 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- 

esponding to the half chair conformations ( Scheme 2 ). 

The calculated structural parameters of the Ce form are rela- 

ively close to the data of the X-ray structural experiment ( Table 2 ).

he relative energies of all forms corresponding to stationary 

oints on the potentional energy surface for the isolated dioxane 
Scheme 2. Conformational transforma

5 
olecule 1, as well as for the cluster 1@ 5CHCl 3 , are presented in

able 4 . 

In all cases, the nearest to the Ce form local minimum corre- 

ponds to the 2,5-T conformer, and the most labile is Ca form. In 

ccordance with the previously stated considerations (see the in- 

roduction) a cluster with five chloroform molecules, 1@5CHCl 3 , 

as considered ( Fig. 5 ). All computational procedures for this sys- 

em were similar to those for the isolated molecule of dioxane 1. 

The routes of conformational transformation of acetal 1: 

e ↔ 2,5-T ↔ Ca – in the cluster 1@5CHCl 3 (relative energy of explicit 

odel as a function of torsion angles) are clearly shown in Figs. 6 

nd 7 . It should be noted that the expected asymmetric charac- 

er of the obtained curves reflects noticeable differences in energy 

etween the investigated conformers, as well as between each of 

hem and the transition state. 

The calculation data indicate that the values of G 

0 
298 for iso- 

ated molecule of dioxane 1 and for the cluster with chloroform in 

he case of the Ca conformer are close ( Table 4 ). Chloroform be-

ongs to the low-polarity solvents ( ε 4.8), and, although the cal- 

ulated dipole moment of the conformer Ce ( μ 2.64 D) is notice- 

bly higher than of Ca ( μ 0.87 D), the solvent should not signif- 

cantly affect the shift of the conformational equilibrium. Besides 

hat, it should be noted that the experimental value of the free 

onformational energy of substituent CCl at the C-2 atom in 1,3- 
tions of the dioxane 1 molecule. 
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Table 3 
1 H and 13 C NMR data of dioxane 1. 

Protons 1 Н, δ ppm Carbon atoms 13 С , δ ppm 

C (2) -H 

НА
НВ

СН2 Br (a) 

СН2 Br (e) 

4.78 (s) 

3.85 (d) ( −2 J 11.9 Hz) 

4.26 (d) ( −2 J 11.9 Hz) 

3.90 (s) 

3.28 (s) 

C 9 

C 2 

C 4 , C 6 

C 5 

C 7 

C 8 

96.1 

103.1 

71.6 

37.5 

35.3 

33.5 

d

r

c

i

R  

t

I

i

(

s
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s

t

C

i

t

t

i

2

T

E

P

(

(

Fig. 5. Optimized structure of cluster 1@5CHCl 3 (conformer Ce ). 
ioxanes is unknown. However, the calculated values of this pa- 

ameter, obtained both for dioxane 1 and 1@5CHCl 3 , is relatively 

lose to G 

0 
298 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 

n comparison with that in vacuum. Using the dependence: G = - 

T ln (N 1 /N 2 ), it can be shown that the ratio of the populations of

he conformers Ce:2,5-T:Ca at 298 K is (%) 99.7:0.2:0.1, respectively. 

t confirms the conformational homogeneity of the molecules of 

nvestigated dioxane 1 in solution according to the NMR results 

 Table 3 ). 

The presence of a solvent increases the barriers to interconver- 

ion of the heterocyclic ring and, in most cases, the barriers to 

he internal rotation of the CCl 3 substituent ( G 

� = 
298 , Table 4 ). The

ymmetric character of the dependence of the potential energy of 

he system 1@5CHCl 3 (conformer Ce ) from the torsion angle H- С - 
 

–Cl, which describes the internal rotation of group CCl 3 is shown 

n Fig. 8 . 

For an isolated molecule of dioxane 1, the value of G 

� = 
298 of 

he internal rotation of the axial CCl 3 group is higher than that of 

he equatorial one; however, in the case of cluster 1@5CHCl 3 , an 

nverse relationship is observed ( Table 4 ). 

The calculated value of the main barrier to interconversion TS- 

 in the cluster 1@5CHCl 3 (11.1 kcal/mol) is close to the experi- 
able 4 

nergy parameters of conformational transformations of dioxane 1 according to the 

BE/3 ζ . 

Compound Conformer G 0 298 ( G � = 298 ) 

kcal/mol (a) 

S 0 298 ( S � = 298 ) 

cal/mol K (a) 

1 

1@5CHCl 3 

2 [20] 

Ca 

2,5-T 

TS-1 

TS-2 

C е ( С Cl 3 internal rotation) 

C а ( С Cl 3 internal rotation) 

Ca 

2,5-T 

TS-1 

TS-2 

C е ( С Cl 3 internal rotation) 

C а ( С Cl 3 internal rotation) 

Ca 

2,5-T 

TS-1 

TS-2 

4.49 

2.86 

(7.40) 

(8.22) 

(7.41) (b) 

(9.98) (b) 

4.54 

3.64 

(8.82) 

(11.12) 

(8.19) (b) 

(6.47) (b) 

3.3 

3.40 

(9.3) 

(11.0) 

0.34 

0.78 

( −1.48) 

( −1.43) 

( −6.05) (b) 

( −6.15) (b) 

−1.70 

−1.88 

( −6.71) 

( −11.63) 

( −8.07) (b) 

( −8.25) (b) 

−2.6 

1.0 

(0.5) 

( −2.2) 

a) relatively to the conformer C е . 
b) relatively to the ground state of given conformer. 

Fig. 6. Relative energy of 1@5CHCl 3 as a function of torsion angle С - С -C –O ( �) at 

0 К; transformation Ce ↔ TS-1 ↔ 2,5-T (the relative energy of the Ce form is taken 

as zero). 

m

1

n

c

a

i  

s

s

t

i

6 
ental value of this parameter for 5,5-dimethyl-1,3-dioxane (11.0–

1.2 kcal/mol [1] ). Another interesting feature of the thermody- 

amics of conformational transformations of studied acetal in a 

luster is the negative values of the entropy changes S 0 298 . In 

ddition, in all cases, the change in the activation entropy S � = 298 

s also less than zero ( Table 4 ). This reflects the prominent role of

olvation effects and indicates an increased sensitivity of transition 

tates to spatial requirements. It should also be noted that the po- 

ential energy surface of investigated acetal does not contain an 

ntermediate 1,4-twist minimum, which is typical for the confor- 
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Fig. 7. Relative energy of 1@5CHCl 3 as a function of torsion angle O- С -O –C ( �) at 0 

К; transformation 2,5-T ↔ TS-2 ↔ Ca (the relative energy of the 2,5-T form is taken 

as zero). 

Fig. 8. Relative energy of 1@5CHCl 3 as a function of torsion angle H- С -C –Cl ( �) at 

0 К; internal rotation of CCl 3 substituent at C-2 atom (the relative energy of the 

ground state of the form Ce is taken as zero). 
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ational equilibrium of unsubstituted 1,3-dioxane, as well as of 2-, 

-, 5-, 2,5-, and 4,4-substituted 1,3-dioxanes [4] . 

The data on the dynamics of conformational transformations of 

ioxane 1 and 5,5-dibromomethyl-2-phenyl-1,3-dioxane 2 [20] (for 

he isolated molecule) show that the bulky substituent CCl 3 , in 

omparison with the phenyl group, increases the relative energy 

f the local minimum Ca , lowers the energy of the 2,5-T form, 

nd noticeably reduces the potential barriers to ring interconver- 

ion ( Table 4 ). 

. Conclusion 

In summary, the structure of a new 5,5-bis(bromomethyl)-2- 

richloromethyl-1,3-dioxane 1 according to the results of NMR 

 Н, 13 С and X-ray analysis corresponds to the conformation of 

hair with the equatorial CCl 3 substituent. The route of conforma- 

ional transformations of isolated molecule of acetal 1 and clus- 

er 1@5CHCl using DFT approximation PBE/3 ξ (explicit model), 
3 

7 
ncludes, in addition to the equatorial chair (main minimum on 

he surface of the potential energy) local minima of 2,5-twist and 

 chair with axial CCl 3 group, as well as transitional states, cor- 

esponding to the forms of a half-chairs . The calculative barriers 

o the internal rotation of CCl 3 substituent in equatorial and ax- 

al conformers of dioxane 1 were also identified. The bulky sub- 

tituent CCl 3 , in comparison with the phenyl group (dioxane 2), 

ncreases the interplanar angle in the heteroatomic part of the ring 

nd noticeably affects the parameters of the conformational dy- 

amics of dioxane 1. 

unding 

This research did not receive any specific grant from funding 

gencies in the public, commercial, or not-for-profit sectors. 

dditional information 

Crystallographic data as .cif files for the structures reported in 

his paper have been deposited at the Cambridge Crystallographic 

ata Center with CCDC 2,086,414 for the molecule 1. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

RediT authorship contribution statement 

Sh.Yu. Khazhiev: Formal analysis. M.A. Khusainov: Method- 

logy, Conceptualization. R.A. Khalikov: Formal analysis. V.A. 

ataev: Investigation. T.V. Tyumkina: Investigation, Validation. E.S. 

escheryakova: Investigation, Validation. L.M. Khalilov: Method- 

logy. V.V. Kuznetsov: Conceptualization, Software, Writing – re- 

iew & editing. 

cknowledgement 

Structural studies of dioxane 1 were carried out at the Regional 

enter of Collective Usage "Agidel", Ufa Federal Research centre of 

he Russian Academy of Sciences at the Institute of Petrochemistry 

nd Catalysis. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.molstruc.2021.132326 . 

eferences 

[1] W.J. Orville-Thomas (Ed.), Internal Rotation in Molecules, Wiley-Interscience, 

London, New York, 1974 . 
[2] M.C. Florian, M. Cîrcu, L. Toupet, A. Terec, I. Grosu, Y. Ramondenc, N. Dink ̆a,

G. Plé, Synthesis and stereochemistry of some new 1,3,5-tris(1,3-dioxan-2- 
yl)-benzene derivatives, Centr. Eur. J. Chem. 4 (2006) 808–821, doi: 10.2478/ 

s11532- 006- 0040- 2 . 

[3] K. Pihlaja, H. Kivelä, P. Vainiotalo, W.V. Steele, Enthalpies of combustion and 
formation of severely crowded methyl-substituted 1,3-dioxanes. The magni- 

tudes of 2,4- and 4,6-diaxial Me,Me-interactions and the chair–2,5-twist en- 
ergy difference, Molecules 25 (2020) 2762, doi: 10.3390/molecules25122762 . 

[4] V.V. Kuznetsov, Computer simulation of conformational transformations of 1,3- 
dioxanes and their 2-sila and 2-bora analogs, Russ. J. Org. Chem. 50 (2014) 

1227–1246, doi: 10.1134/S1070428014090012 . 
[5] C.J. Sinz, S.D. Rychnovsky, 4-Acetoxy- and 4-cyano-1,3-dioxanes in synthesis, 

Top. Curr. Chem. 216 (2001) 50–93, doi: 10.1007/3- 540- 44726- 1 _ 2 . 

[6] J. Cooksey, A. Gunn, J. Philip, P.J. Kocienski, A. Kuhl, S. Uppal, J.A. Christopher, 
R. Bell, The Nucleophilic addition of alpha-metallated 1,3-dioxanes to planar 

chiral cationic η3-allylmolybdenum complexes. Synthesis of (2E,5S,6R,7E)-6- 
methyl-8-phenylocta-2,7-dienoic acid methyl ester, a key component of the 

cryptophycins, Org. Biomol. Chem. 2 (2004) 1719–1731, doi: 10.1039/B400242C . 

https://doi.org/10.1016/j.molstruc.2021.132326
http://refhub.elsevier.com/S0022-2860(21)02446-7/sbref0001
https://doi.org/10.2478/s11532-006-0040-2
https://doi.org/10.3390/molecules25122762
https://doi.org/10.1134/S1070428014090012
https://doi.org/10.1007/3-540-44726-1_2
https://doi.org/10.1039/B400242C


Sh.Yu. Khazhiev, M.A. Khusainov, R.A. Khalikov et al. Journal of Molecular Structure 1254 (2022) 132326 

 

 

[

 

 

 

[

[

[

[

[

[

[  

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[7] V.V. Kuznetsov, Borylation of saturated heterocycles with several het- 
eroatoms, Chem. Heterocycl. Compd. 42 (2006) 559–569, doi: 10.1007/ 

s10593- 006- 0127- x . 
[8] V.V. Kuznetsov, Reactions of 1,3-dioxacycloalkanes and their 2-arsena, 2-bora, 

2-germa, 2-sila, and 2-thia analogs with nitriles, Russ. Chem. Bull. 54 (2005) 
1543–1551, doi: 10.1007/s11172- 006- 0001- 0 . 

[9] S. Asare-Nkansah, B. Wünsch, Double intramolecular transacetalization of 
polyhydroxy acetals: synthesis of conformationally-restricted 1,3-dioxanes 

with axially-oriented phenyl moiety, Molecules 21 (2016) 1503, doi: 10.3390/ 

molecules21111503 . 
[10] J. Janssens, M.D.P. Risseeuw, J.V. Eycken, S.V. Calenbergh, Regioselective ring 

opening of 1,3-dioxane-type acetals in carbohydrates, Eur. J. Org. Chem. (2018) 
6405–6431 2018, doi: 10.1002/ejoc.201801245 . 

[11] H. Pingali, M. Jain, S. Shah, S. Basu, P. Makadia, A. Goswami, P. Zaware, P. Patil,
A. Godha, S. Giri, A. Goel, M. Patel, H. Patel, P. Patel, Discovery of a highly

orally bioavailable c -5-[6-(4-metyhanesulfonyloxyphenyl)hexyl]-2-methyl-1,3- 

dioxane-r-2-carboxylic acid as a potent hypoglycemic and hypolipidemic agent, 
Bioorg. Med. Chem. Lett. 18 (2008) 5586–5590, doi: 10.1016/j.bmcl.2008.08.112 . 

12] T. Aoki, T. Asaki, T. Hamamoto, Y. Sugiyama, S. Ohmachi, K. Kuwabara, K. Mu- 
rakami, M. Todo, Discovery of a novel class of 1,3-dioxane-2-carboxylic acid 

derivatives as subtype-selective peroxisome proliferator-activated receptor α
(PPAR α) agonists, Bioorg. Med. Chem. Lett. 18 (2008) 2128–2132, doi: 10.1016/ 

j.bmcl.2008.01.086 . 

[13] A .V. Tugarova, A .N. Kazakova, A .A . Kamnev, S.S. Zlotskii, Synthesis and bacteri-
cidal activity of substituted cyclic acetals, Russ. J. Gen. Chem. 84 (2014) 1930–

1933, doi: 10.1134/S1070363214100119 . 
[14] I. Dovgan, S. Kolodych, O. Koniev, A. Wagner, 2-(Maleimidomethyl)-1,3- 

dioxanes (MD): a serum-stable selfhydrolysable hydrophilic alternative to clas- 
sical maleimide conjugation, Sci. Rep. 6 (2016) 30835, doi: 10.1038/srep30835 . 

[15] S. Asare-Nkansah, D. Schepmann, B. Wünsch, Synthesis of conformationally 

restricted 1,3-dioxanes to analyze the bioactive conformation of 1,3-dioxane- 
based σ 1 and PCP receptor antagonists, Bioorg. Med. Chem. Lett. 25 (2017) 

2472–2481, doi: 10.1016/j.bmcl.2017.03.014 . 
[16] V.J. Ram, A. Sethi, M. Nath, R. Pratar, in: The Chemistry of heterocycles. Chem- 

istry of six- to eight-Membered N, O, S, P and Se heterocycles, Elsevier, Ams-
terdam, 2019, pp. 340–392, doi: 10.1016/B978- 0- 12- 819210- 8.0 0 0 02-3 . 

[17] S. Franchini, C. Sorbi, P. Linciano, G. Camevale, A. Tait, S. Ronsisvalle, M. Buc- 

cioni, F. Del Bello, A. Cilia, L. Pironal, N. Denora, R.M. Iacobazzi, L. Brasili, 1,3-
Dioxane as a scaffold for potent and selective 5-HT1AR agonist with in-vivo 

anxiolytic, anti-depressant and anti-nociceptive activity, Eur. J. Med. Chem. 176 
(2019) 310–325, doi: 10.1016/j.ejmech.2019.05.024 . 

[18] S.A. Bochkor, L.F. Lapuka, E.S. Kurmaeva, O.B. Chalova, S.S. Zlotskii, 
D.L. Rakhmankulov, Ring inversion in 5, 5-disubstituted 1, 3-dioxanes, Chem. 

Heterocycl. Compd. 23 (1987) 500–502, doi: 10.1007/BF00476374 . 

[19] S.Y. Khazhiev, M.A. Khusainov, E.A. Kantor, Conformational isomerization of 
5,5-dichloromethyl-1,3-dioxane, Russ. J. Gen. Chem. 81 (2011) 153–154, doi: 10. 

1134/S1070363211010282 . 
20] S.Y. Khazhiev, M.A. Khusainov, R.A. Khalikov, T.V. Tyumkina, E.S. Meshch- 

eryakova, L.M. Khalilov, V.V. Kuznetsov, Structure and conformational analysis 
of 5,5-bis(bromomethyl)-2-phenyl-1,3-dioxane, Russ. J. Gen. Chem. 88 (2018) 

397–402, doi: 10.1134/S1070363218030040 . 
21] S.Y. Khazhiev, M.A. Khusainov, R.A. Khalikov, T.V. Tyumkina, E.S. Meshch- 

eryakova, L.M. Khalilov, V.V. Kuznetsov, Structure and conformational analysis 

of 5,5-bis(bromomethyl)-2-(4-methoxyphenyl)-1,3-dioxane, Russ. J. Org. Chem. 
54 (2018) 1076–1079, doi: 10.1134/S1070428018070175 . 

22] S.Y. Khazhiev, M.A. Khusainov, R.A. Khalikov, V.A. Kataev, T.V. Tyumkina, 
E.S. Meshcheryakova, L.M. Khalilov, V.V. Kuznetsov, Structure and con- 

formational analysis of 5,5-bis(bromomethyl)-2(4-dimethylaminophenyl)- 
1,3-dioxane, Russ. J. Org. Chem. 57 (2021) 1268–1274, doi: 10.1134/ 

S1070428021080054 . 

23] B. Mennucci , Solvation models for molecular properties: continuum versus dis- 
crete approaches, in: Solvation Effects on Molecules and Biomolecules. Com- 

putational Methods and Applications, Springer Science & Business Media, 
Berlin/Heidelberg, 2010, pp. 1–21 . 
8 
24] A. Eilmes, Solvatochromic probe in molecular solvents: implicit versus ex- 
plicit solvent model, Theor. Chem. Acc. 133 (2014) 1538, doi: 10.1007/ 

s00214-014-1538-x . 
25] K. Gaalswyk, C.N. Rowley, An explicit-solvent conformation search method us- 

ing open software, Peer J. 4 (2016) e2088, doi: 10.7717/peerj.2088 . 
26] J. Zhang, H. Zhang, T. Wu, Q. Wang, D. Spoel, Comparison of implicit and ex-

plicit solvent models for the calculation of solvation free energy in organic 
solvents, J. Chem. Theory Comput. 13 (2017) 1034–1043, doi: 10.1021/acs.jctc. 

7b00169 . 

27] J.J. Varghese, S.H. Mushrif, Origins of complex solvent effects on chemical re- 
activity and computational tools to investigate them: a review, React. Chem. 

Eng. 4 (2019) 165–206, doi: 10.1039/C8RE00226F . 
28] T. Sattasathuchana, P. Xu, M.S. Gordon, An accurate quantum-based approach 

to explicit solvent effects: interfacing the general effective fragment potential 
method with ab initio electronic structure theory, J. Phys. Chem. A 123 (2019) 

8460–8475, doi: 10.1021/acs.jpca.9b05801 . 

29] V.V. Kuznetsov, Simulation of pyramidal inversion of nitrogen in tetrahydro- 
1,3-oxazines in polar medium, J. Struct. Chem. 59 (2018) 1374–1380, doi: 10. 

1134/S0022476618060173 . 
30] O.Y. Valiakhmetova, V.V. Kuznetsov, Conformational analysis of 2-isopropyl- 

5-methoxy-5-methyl-1,3,2-dioxaborinane in chloroform solution: effect of 
“magic” solvent molecule, Russ. J. Org. Chem. 57 (2021) 20–24, doi: 10.1134/ 

S1070428021010036 . 

31] S.Y. Khazhiev, M.A. Khusainov, R.A. Khalikov, V.A. Kataev, T.V. Tyumkina, 
E.S. Meshcheryakova, L.M. Khalilov, V.V. Kuznetsov, Structure and conforma- 

tional analysis of 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane, Russ. J. Org. 
Chem. 56 (2020) 1–6, doi: 10.1134/S1070428020010017 . 

32] S.Y. Khazhiev, M.A. Khusainov, R.A. Khalikov, T.V. Tyumkina, E.S. Meshch- 
eryakova, L.M. Khalilov, V.V. Kuznetsov, Structure and conformational analysis 

of 5,5-bis(bromomethyl)-2-methyl-2-phenyl-1,3-dioxane, Russ. J. Gen. Chem. 

89 (2019) 199–203, doi: 10.1134/S1070363219020051 . 
33] G.Z. Raskildina, L.V. Spirikhin, S.S. Zlotskij, V.V. Kuznetsov, Conformational 

analysis of 5-ethyl-5-hydroxymethyl-2,2-dimethyl-1,3-dioxane, Russ. J. Org. 
Chem. 55 (2019) 502–507, doi: 10.1134/S1070428019040146 . 

34] C.S. Rondestvedt, m-Dioxanes and other cyclic acetals, J. Org. Chem. 26 (1961) 
2247–2253, doi: 10.1021/jo01351a024 . 

35] G.M. Sheldrick, A short history of SHELX, Acta Crystallogr. A 64 (2008) 112–

122, doi: 10.1107/S0108767307043930 . 
36] A.L. Spek, Structure validation in chemical crystallography, Acta Cryst. D 65 

(2009) 148–155, doi: 10.1107/S09074 4 490804362X . 
37] I. Alabugin , Stereoelectronic interactions in cyclohexane, 1,3-dioxane, 

1,3-oxathiane, and 1,3-dithiane: w-effect, σ C-X ↔ σ ∗
C-H interactions, 

anomeric effect-what is really important? J. Org. Chem. 65 (20 0 0) 3910–3919 

doi:10.1021/jo991622 + . 

37] I. Alabugin, M. Manoharan, T.A. Zeidan, Homoanomeric effects in six- 
membered heterocycles, J. Am. Chem. Soc. 125 (2003) 14014–14031, doi: 10. 

1021/ja037304g . 
38] E.I. Kurilova, E.A. Kantor, Quantum chemical study of 5,5-dimethyl-1,3-dioxane 

isomerization to 2,2-dimethyl-3-methoxypropanal, - the general reaction 
scheme, J. Phys. Conf. Ser. 1926 (2021) 012024, doi: 10.1088/1742-6596/1926/ 

1/012024 . 
39] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made 

simple, Phys. Rev. Lett. 77 (1996) 3865–3868, doi: 10.1103/PhysRevLett.77 . 

40] D.N. Laikov, Y.A. Ustynyuk, PRIRODA-04: a quantum-chemical program suite. 
New possibilities in the study of molecular systems with the application 

of parallel computing, Russ. Chem. Bull. 54 (2005) 820–826, doi: 10.1007/ 
s11172- 005- 0329- x . 

41] D.N. Laikov, Fast evaluation of density functional exchange-correlation terms 
using the expansion of the electron density in auxiliary basis sets, Chem. Phys. 

Lett. 281 (1997) 151–156, doi: 10.1016/S0 0 09- 2614(97)01206- 2 . 

42] HyperChem 8.0. http://www.hyper.com . 
43] S.Y Khazhiev, M.A. Khusainov, E.A. Kantor, Conformational analysis of 2- 

substituted 5,5-bis(chloromethyl)-1,3-dioxanes, Russ. J. Org. Chem. 47 (2011) 
450–452, doi: 10.1134/S1070428011030225 . 

https://doi.org/10.1007/s10593-006-0127-x
https://doi.org/10.1007/s11172-006-0001-0
https://doi.org/10.3390/molecules21111503
https://doi.org/10.1002/ejoc.201801245
https://doi.org/10.1016/j.bmcl.2008.08.112
https://doi.org/10.1016/j.bmcl.2008.01.086
https://doi.org/10.1134/S1070363214100119
https://doi.org/10.1038/srep30835
https://doi.org/10.1016/j.bmcl.2017.03.014
https://doi.org/10.1016/B978-0-12-819210-8.00002-3
https://doi.org/10.1016/j.ejmech.2019.05.024
https://doi.org/10.1007/BF00476374
https://doi.org/10.1134/S1070363211010282
https://doi.org/10.1134/S1070363218030040
https://doi.org/10.1134/S1070428018070175
https://doi.org/10.1134/S1070428021080054
http://refhub.elsevier.com/S0022-2860(21)02446-7/sbref0023
http://refhub.elsevier.com/S0022-2860(21)02446-7/sbref0023
https://doi.org/10.1007/s00214-014-1538-x
https://doi.org/10.7717/peerj.2088
https://doi.org/10.1021/acs.jctc.7b00169
https://doi.org/10.1039/C8RE00226F
https://doi.org/10.1021/acs.jpca.9b05801
https://doi.org/10.1134/S0022476618060173
https://doi.org/10.1134/S1070428021010036
https://doi.org/10.1134/S1070428020010017
https://doi.org/10.1134/S1070363219020051
https://doi.org/10.1134/S1070428019040146
https://doi.org/10.1021/jo01351a024
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S090744490804362X
http://refhub.elsevier.com/S0022-2860(21)02446-7/sbref0037
http://refhub.elsevier.com/S0022-2860(21)02446-7/sbref0037
https://doi.org/10.1021/ja037304g
https://doi.org/10.1088/1742-6596/1926/1/012024
https://doi.org/10.1103/PhysRevLett.77
https://doi.org/10.1007/s11172-005-0329-x
https://doi.org/10.1016/S0009-2614(97)01206-2
http://www.hyper.com
https://doi.org/10.1134/S1070428011030225

	Structure and conformational analysis of 5,5-bis(bromomethyl)-2-trichloromethyl-1,3-dioxane by XRD, NMR and computer simulation
	1 Introduction
	2 Experimental section
	2.1 Procedure for the synthesis of 5,5-bis(bromomethyl)2-chloromethyl-1,3-dioxane 1
	2.2 X-ray crystallography
	2.3 DFT calculations

	3 Result and discussion
	3.1 X-ray crystal structure of compound 1
	3.2 NMR spectral analysis of compound 1
	3.3 Conformational analysis of dioxane 1 using DFT approximation PBE/3&#x03B6;

	4 Conclusion
	Funding
	Additional information
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgement
	Supplementary materials
	References


