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Abstract—The structure of 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane was studied by 'H and '*C NMR
spectroscopy and X-ray analysis. Its molecules in crystal adopt a chair conformation, whereas equilibrium
between energy-degenerate chair invertomers exists in solution at room temperature. According to the low-
temperature NMR data, the interconversion barrier amounts to 8.9 kcal/mol. The ring inversion path was
simulated by DFT quantum chemical calculations using PBE/3& and (in some cases) RI-MP2/A2 approximations,
and the potential barrier to interconversion in different solvents was estimated by the cluster model. The
calculated geometric parameters of the title compound were consistent with the experimental X-ray diffraction
data, and the calculated interconversion barrier matched a cluster containing 5 molecules of methylene chloride
in the nearest solvation shell of the substituted 1,3-dioxane molecule.
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Substituted 1,3-dioxanes are classical models for
conformational analysis; they are also used as reagents
in fine organic synthesis [1-4]. Interest in 5,5-bis(halo-
methyl)-1,3-dioxanes is determined by the presence in
their molecules of additional reaction centers, i.e.,
halogen atoms that can be replaced via nucleophilic
substitution reactions [5]. The conformational behavior
of 5,5-bis(halomethyl)-1,3-dioxanes at room tempera-
ture is characterized by fast (on the NMR time scale)
inversion of the six-membered 1,3-dioxane ring [6, 7];
2-substituted 5,5-bis(halomethyl)-1,3-dioxanes pre-
ferentially exist as chair conformers with the equato-
rial substituent on C? [8—11].

The present article reports the structure and con-
formational transformations of previously unknown
5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane (1),
which were studied by 'H and '3C NMR spectroscopy
and X-ray analysis, as well as by DFT PBE/3( quantum
chemical method (PRIRODA software [12]). This
method showed good results for structurally related

compounds [11]. In addition, the effect of the solvent
nature and the number of its molecules in the solvation
shell on the relative energies of minima and transition
state on the potential energy surface (PES) of com-
pound 1 was analyzed in the framework of the cluster
model. A sample of dioxane 1 was synthesized by
condensation of 2,2-bis(bromomethyl)propane-1,3-diol
with benzophenone (Scheme 1).

The X-ray diffraction data for a single crystal of 1
are given in Experimental and were deposited to the
Cambridge Crystallographic Data Centre (CCDC entry
no. 1880875). Compound 1 crystallizes in the non-
centrosymmetric P1 space group of the triclinic crystal

Scheme 1.
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Fig. 1. (a) Asymmetric unit cell of 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane (1) containing three independent molecules;
(b) molecule 1 with non-hydrogen atoms shown as thermal vibration ellipsoids with a probability of 50%.

system with a unit cell containing three independent
molecules with similar geometric parameters (Fig. 1,
Table 1). Molecules 1 in crystal have a chair conforma-
tion. The heteroatom moiety of the 1,3-dioxane ring is
characterized by expected C—O bond lengths (1.410-
1.431 A) and bond angles in the range 110-114°. The
torsion angles are also consistent with those typical of
chair conformers (Table 1) [2, 11]. It should be noted
that the bromomethyl substituents are oriented gauche
with respect to each other (Fig. 1); as shown previously
by quantum chemical calculations [13], this structure is
more energetically favorable than alternative con-
formations of carbon—halogen bonds in the substituents
on C° of 1,3-dioxanes.

The data of 1D and 2D 'H and '*C NMR spec-
troscopy (including NOESY, 'H-'"H COSY, and HSQC
techniques; Table 2) indicated that cyclic ketal 1
in different solvents at room temperature exists as
an equilibrium mixture of invertomers. This followed
from the fact that methylene protons of the dibromo-
methyl substituents and on the magnetically equivalent
C* and C® atoms resonated as singlets. In the low-tem-

perature '"H NMR spectrum in CD,Cl,, the C*H, and
CSH, protons appeared as a doublet with a coalescence
temperature of 213 K. The corresponding signal
splitting was observed in the '3C NMR spectrum. On
the basis of these data, the interconversion barrier was
estimated at AGlog = 8.9 kcal/mol.

The experimental results were confirmed by con-
formational analysis of dioxane 1 in the PBE/3( and
(for the isolated molecule) RI-MP2/A2 approximations.
Two minima corresponding to chair (C) and 2,5-twist
conformers (2,5-7), as well as transition state (TS) with
a half-chair conformation, were localized on the poten-
tial energy surface (Scheme 2). The calculated bond
length and bond and torsion angles for structure C were
fairly similar to those found experimentally by X-ray
analysis (Table 1).

Table 3 contains the relative energies of all species
corresponding to stationary points on the PES for the
1solated molecule of 1, as well as for some clusters
with several solvents. The differences in the calculated
energies of C and 2,5-T in clusters with solvents
(PBE/3¢, AGYyg) are larger than that found for the gas

Table 1. Selected bond lengths and bond and torsion angles in the molecule of 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-

dioxane (1)*

Bond Bond length, A Bond angle 0, deg Torsion 1, deg

calcd. exptl. calced. exptl. angle calcd. exptl.
Br!-C3 1.987 1.944(4) o'c?o? 110.6 110.3(3) ciciceo! 54.9 55.3(4)
c2-0! 1.432 1.410(4) c’0'ce 113.5 114.03) cocicto’ -54.2 -55.3(4)
203 1.432 1.431(4) C?03ct 113.7 114.1(2) C20’C*C? 56.9 58.1(4)
c+-0? 1.432 1.420(4) c3coo! 111.2 110.4(3) c?o'cee? —58.7 -57.3(4)
c2-c? 1.529 1.516(5) cco’ 111.9 111.7(3) c*o’c?o! -553 -56.1(4)
c-c? 1.529 1.511(5) cicce 105.2 104.8(3) coo'c?o? 56.4 55.5(4)

2 Calculations were performed for the chair conformer in the gas phase using PBE/3( approximation.
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Table 2. 'H and '3C NMR spectra of 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane (1)

Solvent Proton o, ppm Carbon atom d¢, ppm
CDCl, CH,Br 3.6s C? 101.8
CH,0O 40s Cc*, C® 66.5
Cg¢Hs 7.3-7.6m c 38.0
7, c? 35.5
Carom 126.4-140.9
CDCl,, 298 K CH,Br 3.6s C? 101.6
CH,O 40s Cc4, C® 66.4
Cg¢Hs 7.3-7.5m c 37.9
7, c? 35.6
Carom 126.2-141.2
CDCl,, 213 K CH,Br 3.6d Cc? 101.2
CH,0O 39s Cc4, C® 66.2
Cg¢Hs 7.3-7.5m c 37.9
c’,c? 35.3,36.7
Carom 124.6-128.3
DMSO-d; CH,Br 34s C? 100.9
CH,0 39s Cc4, C® 66.6
Cg¢Hs 7.3-7.5m C? 373
7, c® 36.2
Carom 125.9-141.1
CgDg CH,Br 3.1s C? 101.9
CH,0 3.6s Cc4, C® 66.2
CeHjs 7.0-7.5m C’ 37.8
7, c? 35.5
Carom 126.6-141.9
Scheme 2.
Energy minima
Ph CH,Br
BrCH, Ph
BrCH, SO WSX — B oQ _Ph
BrCHy
Ph
CH,Br Ph
C 2,5-T C
Transition state
BrCH, Ph
=0
BrCHs o -
TS

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 56 No. 1 2020



4 KHAZHIEV et al.

AE, kcal
107 25T
5 -
TS
c
0 1 I 1 1
~50 25 0 25

T, deg

Fig. 2. Plot of the energy of the cluster 1@5CH,Cl, versus
torsion angle O*C*C>C% at 0 K.

phase. The barrier to interconversion (AGyg) also in-
creases in going to cluster models. The calculated and
experimental AGyyg values for the cluster 1@5 CH,Cl,
are fairly similar (8.9 and 8.33 kcal/mol, respectively).
Figure 2 shows the energy of 1@5CH,Cl, plotted
against the torsion angle O*C*C>C®. Thus, it is highly
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Fig. 3. Transition state for the interconversion of the cluster
1@5CH,Cl,.

likely that the first solvation shell includes 56 methy-
ylene chloride molecules (Fig. 3). We previously
showed that a probable number of solvent molecules
in clusters with saturated heterocyclic molecules such
as 1,3-dioxanes [14] and tetrahydro-1,3-oxazines [15]
should not exceed 10 under standard conditions. Ac-

Table 3. Energy parameters of conformational transformations of 5,5-bis(bromomethyl)-2,2-diphenyl-1,3-dioxane (1), cal-

culated by the PBE/3 method

Solvent | Conformer | —F,,? hartree Afg;l%nﬁjz(l))’ AHEZZ l(/?nlg%)’ AGE?:%;I(/?n((;)fl%)’ ﬁf??;éf_f%_)f

- C 5993.778232 0 0 0 0

- 2,5-T 5993.776440 1.12 1.21 0.41 2.67

- (TS) 5993.766142 (7.59) (7.37) (7.06) (1.04)

- cb 5990.487591 0 0 0 0

— 2,5-T° 5990.484313 2.06 2.14 1.23 3.04

— (TS)® 5990.472571 (9.04) (9.22) (8.60) (2.10)

5 CHClL4 C 13087.561564 0 0 0 0
2,5-T 13087.560206 0.85 0.91 0.78 0.43
(TS) 13087.550008 (7.25) (6.98) (7.72) (-2.48)

5 CH,Cl, C 10790.348269 0 0 0 0
2,5-T 10790.344978 2.07 2.16 0.86 4.38
(TS) 10790.335995 (7.70) (7.41) (8.33) (-3.07)

10 CH,Cl, C 15586.918992 0 0 0 0
2,5-T 15586.916788 1.38 1.38 1.78 -1.37
(TS) 15586.906675 (7.73) (7.31) (9.67) (-7.91)

5 C¢Hg C 7153.408643 0 0 0 0
2,5-T 7153.406458 1.37 1.36 2.45 -3.67
(TS) 7153.394712 (8.74) (8.36) (10.57) (-7.44)

2 With a correction for zero-point vibrational energy.
b RI-MP2/22 calculation.
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cording to both calculated (Table 3) and experimental
data, there is some effect of the solvent on the AGyg
value. In particular, the AG3og value for the closest
analog of 1, 5,5-dimethyl-2,2-diphenyl-1,3-dioxane, in
carbon disulfide solution is 9.6 kcal/mol [2].

It should also be noted that no intermediate mini-
mum (1,4-twist conformer) typical of conformational
equilibria of unsubstituted and 2-, 4-, 5-, 2,5-, and
4,4-substituted 1,3-dioxanes [11] was localized on the
PES of compound 1.

EXPERIMENTAL

The 'H and '3C NMR spectra were recorded on
a Bruker Avance 400 spectrometer (Germany) at
400.13 and 100.62 MHz, respectively, using CDCl;,
CD,Cl,, DMSO-dg, and Cy¢Dg as solvents; the chemical
shifts were measured relative to residual proton and
carbon signals of the solvent. All solvents for NMR
experiments had a purity of 99.5-99.8% (Sigma—
Aldrich). The X-ray diffraction data for compound 1
were obtained at 293(2) K on an XCalibur Eos
automated four-circle diffractometer (Mo K, radiation,
L 0.71073 A; graphite monochromator; w-scanning,
20, = 62°). The data were acquired and processed
using CrysAlis’™ version 1.171.36.20 (Oxford Diffrac-
tion). 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.
Hydrogen atoms were localized by the difference
Fourier synthesis and were refined in isotropic ap-
proximation. The calculations were performed using
SHELX97 [16]. Triclinic crystal system, space group
PT; unit cell parameters: a = 9.8063(5) A, b =
11.4309(4) A, ¢ = 23.4002(15) A; o = 90.864(4), B =
91.837(4), y = 102.439(4)°; V = 2559.5(2) A3; Z = 6;
Peale = 1.659 mg/mm3; p = 4.755 mm™'; F(000) =
1272.0; scan range 4.54 < 0 < 58.52°, -10 < h < 12,
—13 <k <15, 27 <1 £ 29; number of independent
reflections 11 759 (R;,; = 0.0289); goodness of fit
S = 0.976; final divergence factors: R, = 0.0477,
wR, = 0.0788 [reflections with /,;; > 26(])]; R, =
0.1170, wR, = 0.0969 (all independent reflections);
maximum and minimum residual electron density
peaks Appin/max 0.66/-0.74 &/A3.

The geometric parameters of the chair conformer of
1 were preliminarily optimized by the AM1 method
(HyperChem 8.0) [17] and then by the PBE/3( method,
as well as in the RI-MP2/A2 approximation (PRIRODA
[12]) for the isolated molecule. The ring inversion was
simulated by scanning the CCCO torsion angle in the
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range from —60 to 25° (Fig. 2). The potential barriers
were determined by the transition state search algo-
rithm implemented in PRIRODA. Stationary points on
the PES were identified as transition states by the pres-
ence of one imaginary frequency in the corresponding
Hessian matrix, and as minima, by the absence of
imaginary frequencies therein. Model clusters were
built up by successively placing solvent molecules in
the vicinity of molecule 1 using HyperChem, and the
resulting structures were then optimized in the PBE/3(
approximation.

5,5-Bis(bromomethyl)-2,2-diphenyl-1,3-dioxane
(1). An equimolar mixture of 2,2-bis(bromomethyl)-
propane-1,3-diol (0.02 mol, 5.24 g; Sigma—Aldrich)
and benzaldehyde (3.64 g) in benzene (50 mL) con-
taining p-toluenesulfonic acid (0.1 g) was heated under
reflux in a flask equipped with a Dean—Stark trap until
water no longer separated. The mixture was cooled and
washed with 5% aqueous sodium hydrogen carbonate
(10 mL) and water (2x10 mL), the solvent was distilled
off, and the residue was recrystallized twice from
95% ethanol. Yield 0.85 g (10%), mp 78—79°C.
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