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Abstract: The family of practically requested “common” silatrane derivatives of triethanolamine X-
Si(OCH2CH2)3N, 1, was enlarged with the first representatives of 3,4,6,7,10,11-tribenzo-2,8,9trioxa-5-
aza-1-silatricyclo(3.3.3.0ˆ1,5ˆ)undecanes X-Si(O-para-R-C6H3)3N, tribenzsilatranes 2 (R = H (a), Me (b),
F (c)), carrying the substituent R in the side aromatic rings. These compounds were prepared via the
transesterification of phenyl trimethoxysilane with the corresponding triphenol amines and studied
using XRD and DFT calculations. These derivatives of 1-X-(4-R-2,2′,2′ ′-nitrilotriphenoxy)silane are
expected to have, as their parent “common” silatranes 1, diverse biological and pharma activities.
A common characteristic feature of the molecular structures of both 1 and 2 is the presence of
an intramolecular dative bond N→Si whose existence is evidenced by geometric and quantum
topological (AIM) criteria. In the crystals, the length of this bond (dSiN) is noticeably longer in
tribenzsilatranes than in 1. The results of DFT B3PW91/6-311++G(d,p) calculations suggest the
reason for this to be the more rigid nature of the potential functions of the N→Si bond deformation
in 2 compared to 1. The relative degree of “softness”/”hardness” of the potential functions can be
assessed from the difference in the calculated values of dSiN in isolated molecules 1 and 2a–c and in
their crystals.

Keywords: silatranes; tribenzsilatranes; crystal structure analysis; intramolecular dative bonds

1. Introduction

The most remarkable specificity of “common” silatranes X-Si(OCH2CH2)3N (1) is a
dative bond between the nitrogen atom and silicon, which predetermines their unique
structure, unusual spectral characteristics and reactivity, as well as a wide range of biologi-
cal activity [1–6]. Moreover, experimental and theoretical studies of 1 indicate the extreme
softness of the potential functions of deformation of the N→Si bond [6–10]. According
to high-precision CCSD(T) calculations, only ca. 0.02 eV is needed to modify the Si· · ·N
distance by as much as 0.1 Å [9]. As a result, silatranes 1 have a characteristic feature:
hypersensitivity to internal (nitrogen environment) and external (phase state, solvent, tem-
perature) factors [1,2,6–10]. For instance, the Si· · ·N contact length in X-Si(OCH2CH2)3N
(X = H, Me, F) in the gas phase, according to electron diffraction data and the results of
quantum chemical calculations, exceeds the corresponding value in the crystalline phase
(from XRD) by more than 0.25 Å [1,7,10–14].

Upon substitution of lateral ethylene chains in 1 for phenylene fragments (i.e., going
to tribenzsilatranes X-Si(OC6H4)3N (2)), a noticeable elongation of the Si· · ·N contact is
observed (according to XRD data [2,15–17]). This elongation can be related to the increased
rigidity of the atrane cage (in other words, to the profile of the potential function of
deformation of the N→Si bond).
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As an alternative explanation, the redistribution of electronic effects in the side chains
(substitution of alkane carbon atoms for more electronegative aromatic ones) can also
be advanced [17]. However, neither of these explanations have yet received convincing
support. It is also important to emphasize that of the five known tribenzsilatranes 2 (X = Cl,
CH2Cl, Ph, Si(SiMe3)3 and Si(SiMe3)2SiMe2SiMe2Si(SiMe3)3) [15–17], there is not a single
structure bearing the substituents in the side phenylene groups. Meanwhile, preparing such
derivatives and studying them by means of X-ray diffractometry and quantum chemistry
could undoubtedly contribute to a deeper understanding of the role played by electronic
and steric effects in the formation of the atrane backbone of molecules 2 and, thus, to their
more meaningful and efficient practical use.

In this regard, we realized the synthesis of the derivatives of 1-phenyl-tribenzsilatranes
Ph-Si(O-para-R-C6H3)3N 2 (R = H, Me, F), carried out their X-ray diffraction analysis and
the related quantum chemical calculations.

2. Materials and Methods
2.1. Single Crystal X-ray Diffraction

The X-ray diffraction data for compounds of 2a (R = H), 2b (R = Me) and 2c (R = F)
were collected on automatic four-circle diffractometers(Bruker-AXS GmbH, Champs-sur-
Marne, France), D8 VENTURE Bruker AXS and APEXII Kappa-CCD (Bruker-AXS), using
molybdenum monochromatic Mo-Kα radiation (λ = 0.71073 Å).

2.2. Modeling and Quantitative Analysis of Crystal Structures

The crystal structures were determined through direct methods with the SHELXT [18]
structure solution program using Intrinsic Phasing and refined with the SHELXL refinement
package [19].

For the structures with good R-factors (2b and 2c), H atoms were partly localized from
Fourier difference series and on the basis of the geometrical considerations. The positions
of H atoms were refined within the riding model (refining the C atom carrying the given H
atom at a constant C-H distance).

2.3. Computational Details

Optimization of the structure of isolated molecules of 1-phenylsilatrane 1 and 1-phenyl-
tribenzsilatranes 2a–c was carried out through the density functional theory method DFT
B3PW91/6-311++G(d,p). The literature [10] attests that this method perfectly reproduces
the known experimental gas-phase (electron diffraction) geometries of “common” silatranes
X-Si(OCH2CH2)3N (X = H, Me, F). The value of the mean arithmetic error (MAE = 0.02)
when using the B3PW91 method for describing the Si· · ·N contact length in these com-
pounds suggests that this method is almost as good as high-precision CCSD due to the
lucky compensation of errors.

The optimized structures corresponded to the minima on the potential energy surface,
as was confirmed by the positive eigenvalues of the corresponding hessians.

The calculations were performed using the package Gaussian 09 [20].
The analysis of the MP2(full)/ 6-311++G(d,p) electron distribution of ρ(r) in 1, 2a–c

was performed with the atoms-in-molecules (AIM) approach [21], using the AIMALL
program [22]. AIM estimation of the energy [23–26] of dative contact N→Si (ESiN) was
performed according to the well-proven [27–35] relation ESiN = −V(rc)/2, with V(rc) being
the potential energy density at the bond critical point bcp(SiN). Natural bond orbital
(NBO) [36] analysis was performed using the NBO program NBO 5.0 [37] via the interface
FIREFLY [38] on HF/6-311++G(d,p) molecular orbitals.

The degree of pentacoordination of silicon (ηe) in 2a–c was calculated using Tamao’s

formula: ηe = (1−
120−1/3

3
∑

n=1
ϕn

120−109.5 )× 100% (ϕ is the angle between the equatorial bonds to
Si) [39].
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2.4. Synthesis of the Compounds

The title tribenzsilatranes were prepared through the transesterification of commer-
cially available phenyl trimethoxysilane. The reaction requires the use of dibutyl ether
(n-Bu2O), a polar yet non-coordinating solvent, because the starting triphenolamines easily
coordinate with solvents such as dimethylformamide to form, along with some amount
of the desired product, a dimethylformamide-coordinated amine that crystallizes during
the workup. The progress of the reaction was monitored through TLC. After synthesis, the
products were rinsed with pentane and purified through a celite/activated-carbon filter,
then recrystallized from carbon tetrachloride.

1-Ph Tribenzsilatrane (2a) was prepared in 58% yield as described in [40] and had
identical physical constants. The syntheses of tribenzsilatranes 2b and 2c followed the
same protocol, i.e., heating the mixture of the amine (1 eq.) and the trialkoxysilane (1.3 eq.)
for 18 h at 130 ◦C in an inert argon atmosphere. Dry dibutyl ether (distilled prior to use
from sodium benzophenone ketyl) was used as a solvent. After cooling down to room
temperature, the solid was filtered off, rinsed with pentane, purified through a carbon–
celite filter and then recrystallized from carbon tetrachloride to give monocrystalline
material suitable for XRD. In total, three tribenzsilatranes were synthesized with good
yields (58–80%).

1-Ph p-Me-tribenzsilatrane (2b). The mixture of the triphenolamine (0.10 g, 0.30 mmol)
and the trialkoxysilane (0.09 mL 0.39 mmol) was heated for 18 h at 130 ◦C in an argon
atmosphere. Dry dibutyl ether was used as a solvent. The formed solid was filtered
off, washed with pentane, then dissolved in a minimal amount of CH2Cl2 to be purified
through a carbon–celite filter, and then recrystallized from carbon tetrachloride to give the
desired compound 2b as colorless needles (0.08 g, 63%).

1H NMR: (400 MHz, CDCl3) δH: 8.12–8.05 (m, 2H), 7.68 (d, J = 8.1 Hz, 3H), 7.54–7.47
(m, 3H), 6.92 (d, J = 2.0 Hz, 3H), 6.79 (dd, J = 8.2, 1.9 Hz, 3H), 2.28 (s, 9H). 13C NMR: (101
MHz, CDCl3) δC: 153.2, 139.4, 135.0, 134.5, 129.7, 127.8, 125.4, 122.9, 118.4, 21.4. Anal. calcd.
for C27H23NO3Si: C, 74.11; H, 5.30; N, 3.20. Found: C, 74.38; H, 5.34; N, 3.66.

1-Ph p-F-tribenzsilatrane (2c). The mixture of the amine (0.15 g, 0.43 mmol) with the
trialkoxysilane (0.13 mL, 0.56 mmol) in dry dibutyl ether was heated for 18 h at 130 ◦C
under argon. After the reaction was over, the solid was filtered off, rinsed with pentane,
purified through a carbon–celite filter and then recrystallized from carbon tetrachloride to
give the desired benzsilatrane 2c as green needles (0.17 g, 80%).

1H NMR: (400 MHz, CDCl3) δH: 8.07–7.97 (m, 2H), 7.69 (dd, J = 8.8, 5.6 Hz, 3H),
7.54–7.46 (m, 3H), 6.82 (dd, J = 9.3, 2.8 Hz, 3H), 6.72 (m, J = 8.8, 8.2, 2.9 Hz, 3H). 13C NMR:
(101 MHz, CDCl3) δC: 134.9, 128.0, 127.0, 126.9, 109.8, 109.5, 106.2, 105.9. Anal. calcd. for
C24H14F3NO3Si: C, 64.14; H, 3.14; N, 3.12. Found: C, 64.33; H, 3.27; N, 3.54.

3. Results
3.1. Crystal Structure of 2a–c

The main crystal data for the three prepared phenyl tribenzsilatranes are listed in
Table 1.

Figure 1 shows a perspective view of molecules 2a–c with thermal ellipsoids, and
the atom numbering scheme follows in the text. The crystal structure of 2a has been
described in [15]. These crystals of 2a belong to the rhombic pyramidal crystal class (space
group Cmc21). In the crystal structure, molecules 2a lie in the special positions (in mirror
symmetry planes m). Therefore, atoms Si1, O2, C3, C4, N5, C12, C15, C18, C19, C20 and
C21 are in these planes. Figure 2 illustrates a fragment of the molecular packing of 2a,
revealing C–H· · ·π interactions that were not described in the earlier work [15]. In this
crystal structure, the C14–H group (as well as the symmetrically equivalent C16–H group)
forms an intermolecular hydrogen bond of the CH· · ·π type with the aromatic ring. The
geometric parameters of this bond are as follows: C· · ·Cg (−x + 1

2 ,−y + 1
2 , z− 1

2 ) = 3.673(15)
Å, H· · ·Cg = 2.88 Å, C–H· · ·Cg = 144◦, where Cg is the centroid of ring C6–C7–C25–C24–
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C23–C22. By means of these bonds, the molecular layers are formed in the crystal structure.
These layers are located in an arrangement parallel to the glide symmetry plane c.

Table 1. Crystal data and structure refinement parameters for 2a–c.

Parameter 2a 2b 2c

Empirical formula C24H17NO3Si C27H23NO3Si C24H14F3NO3Si
Formula weight, Mr 395.47 437.55 449.45
Temperature (K) 296(2) 150(2) 150(2)

Diffractometer D8 VENTURE
Bruker AXS

APEXII
Bruker AXS

APEXII
Bruker AXS

Crystal size (mm3) 0.80 × 0.36 × 0.27 0.33 × 0.24 × 0.10 0.58 × 0.42 × 0.09
Crystal system orthorhombic monoclinic monoclinic
Space group Cmc21 P21/c P21/n
a (Å) 11.127(6) 10.086(1) 9.571(2)
b (Å) 14.714(4) 12.433(1) 12.308(2)
c (Å) 11.892(3) 19.107(2) 17.430(2)
β (◦) 90 104.594(6) 91.533(5)
Unit cell volume (Å3) 1946.9(13) 2318.7(4) 2052.5(5)
Molecular multiplicity 4 4 4
Absorption coefficient (mm−1) 0.147 0.130 0.169
F(000) 824 920 920
Calculated density (g/cm3) 1.349 1.253 1.454
2θmax (◦) 55.0 51.0 55.0
Reflections collected 6266 15,749 11,432
Independent reflections with I > 2σ(I) 1901 2351 3348
Number of refined parameters 137 292 289
R-factor 0.1105 0.0636 0.0417
CCDC number 2247806 2247803 2247804

An interesting feature of the molecular packing of 2a is that it almost lacks voids
in its crystal structure. In fact, only small cavities were revealed in the crystal structure.
These cavities are located practically on the screw axes of symmetry 21 and, thus, are
repeated through half of the translation along the crystallographic axis c (see Figure S1
Supplementary Materials). The total volume of these cavities in the unit cell amounts to
18.6 Å3. Such a small volume of the voids leads to the fact that the density of 2a is relatively
high (d = 1.349 g/cm3).

The crystal structures of 2b and 2c are drastically different from 2a. The crystals of
2b and 2c belong to the prismatic crystal class 2/m. In these crystals, molecules 2b and
2c lie in general positions. The crystal structure of 2b also contains C–H· · ·π interactions
similar to the structure 2a. The C15–H and C16–H groups form such interactions with
aromatic rings. These interactions are shown in Figure 3. The geometric parameters of
these bond are as follows: C15· · ·Cg1 (−x + 2, y − 1

2 , −z + 1
2 ) = 3.819(5) Å, H· · ·Cg = 3.08

Å, C–H· · ·Cg = 135◦; C16· · ·Cg2 (−x + 2, y − 1
2 , −z + 1

2 ) = 3.857(5) Å, H· · ·Cg = 3.09 Å,
C–H· · ·Cg = 139◦, where Cg1 and Cg2 are the centroids of rings C10–C11–C29–C28–C27–
C26 and C3–C4–C21–C20–C19–C18, respectively. Thus, these bonds are weaker than the
C–H· · ·π bonds in the 2a structure, but in 2b, a pair of neighboring molecules are connected
by two such bonds. By means of these bonds, the molecular chains in 2b are formed along
the monoclinic axis.

In contrast to 2a, the volume of voids in the crystal structure of 2b is quite significant
and amounts to 68.4 Å3 in the unit cell. These voids are located in the general positions
of the unit cell near the centers of inversion (see Figure S2 Supplementary Materials). The
volume of one void region is, thus, 17.1 Å3, which corresponds to the volume of small
molecules (such as water). However, due to the fact that substance 2b is hydrophobic,
crystal hydrates have not been formed. The presence of the relatively large cavities leads to
a decrease in the density of 2b (d = 1.253 g/cm3) in comparison with 2a.
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Figure 3. CH· · ·π hydrogen bonds in the crystal structure 2b.

In the crystal structure of 2c, the strongest intermolecular interactions are due to fluo-
rine atoms. These contacts are depicted in Figure 4 (dotted lines). The interactions F30· · ·H–
C15(x,y− 1,z) and F32· · ·H–C23 (x− 1

2 ,−y + 1
2 , z− 1

2 ) can be described as hydrogen bonds
of the CH· · · F type. The parameters of these bond are as follows: F30· · ·C15 = 3.257(2) Å,
F· · ·H = 2.90 Å, C–H· · · F = 104◦; F32· · ·C23 = 3.167(2) Å, F· · ·H = 3.12 Å, C–H· · · F = 84◦.
The third interaction of the F· · ·π type is F31· · ·Cg (x−1,y,z), where Cg is the centroid of
the ring C12–C13–C14–C15–C16–C17. The distance F31· · ·Cg amounts to 3.180(2) Å. Due
to these intermolecular interactions, the crystal structure of 2c forms a three-dimensional
molecular framework.
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The presence of this kind of interaction in the crystal cell 2c is also supported by
quantum topological AIM analysis (see Figure S3 Supplementary Materials), detecting
bcp(3, −1) critical points in the corresponding inter-atomic regions F· · ·H and F· · ·C.

In the structure of 2c, the voids occupy a smaller volume compared to 2b (see Figure
S4 Supplementary Materials), which is still larger than in 2a. Their total volume per unit
cell is 39.6 Å3, which leads to an increase in the density of the substance in comparison
with 2b. Considering that in the molecular structure of 2c, instead of hydrogen atoms, there
are three fluorine atoms, which have a Van der Waals radius close to that of hydrogen but
are 19 times heavier than hydrogen, the compound 2c has the highest density of the three
tribenzsilatranes studied (d = 1.454 g/cm3).

3.2. Geometry of Silatrane Cage in 2a–c

Table 2 (for more complete data, see Table S1 Supplementary Materials) presents
selected bond lengths and angles characterizing the geometry of the silatrane cage in
tribenzsilatranes 2. The common characteristic feature of their molecular structure is the
presence of an intramolecular donor–acceptor bond N→Si. Its existence is evidenced by
both geometric (the length of the Si· · ·N contact is less than the sum of the Van der Waals
radii of Si and N atoms, 3.65 Å) and by quantum topological (AIM) criteria (the presence of
a bond critical point (3, −1) in the inter-atomic region Si· · ·N, see Figure 5).
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Table 2. XRD Experimental and B3PW91/6-311++G(d,p) calculated (italics) selected geometric
parameters of molecules 2a–c (bond lengths in Å, angles in ◦).

Parameter
2a 2b 2c

exp. calc. exp. calc. exp. calc.

Si1–O2 1.654(8) 1.681 1.657(2) 1.684 1.655(2) 1.683
Si1–C12 1.863(11) 1.861 1.850(3) 1.863 1.852(3) 1.857
O2–C3 1.342(14) 1.353 1.370(4) 1.353 1.369(4) 1.349
C3–C4 1.400(15) 1.399 1.387(4) 1.398 1.392(4) 1.400
N5–C4 1.443(13) 1.438 1.446(4) 1.440 1.444(4) 1.437
O2–Si1–O8 117.1(3) 115.0 116.0(1) 115.4 116.2(1) 114.7
O2–Si1–C12 100.3(4) 102.1 98.9(1) 102.2 102.5(1) 103.2
Si1–O2–C3 126.3(7) 126.4 125.7(2) 126.1 125.9(2) 126.8
O2–C3–C4 118.2(11) 119.7 118.1(3) 119.6 119.2(3) 120.0
C3–C4–N5 113.3(10) 114.7 113.9(3) 114.8 114.4(3) 115.0
C4–N5–C6 116.5(7) 117.1 114.7(2) 117.3 116.8(2) 117.4
N5–Si1–C12 179.8(4) 179.6 178.2(1) 179.6 178.0(1) 179.5
Si1–N5 2.329(9) 2.463 2.358(3) 2.451 2.411(3) 2.494
∆N 0.300(9) 0.357 0.292(4) 0.247 0.267(4) 0.230
∆Si 0.284(7) 0.243 0.286(3) 0.346 0.318(3) 0.372
ηe 72.4 58.4 72.2 60.9 65.8 54.9
Σ(O-Si-O) 351.4(3) 346.9 351.3(1) 347.7 349.3(1) 345.8
Σ(C-N-C) 347.4(7) 351.6 348.2(2) 351.3 350.0(2) 352.5

Judging by the properties of the detected bcp(3, −1), the N→Si bond in phenyl triben-
zsilatranes 2a–c (just as in phenylsilatrane 1) formally belongs to the intermediate type
of inter-atomic interactions (Table 3). Indeed, the positive sign of the Laplacian ∇2ρ(rc)
suggests that this bond is ionic, while according to the negative sign of the electron energy
density E(rc), it is covalent [41,42].

Table 3. Geometric * parameters of the coordination node CSiO3N and quantum topological **
characteristics at the bond critical point bcp(SiN) of 1 and 2a-c as isolated molecules and in crystal.

Compound dSiN ηe ρ(r) ∇2ρ(r) E(rc) ESiN Ref.

1

gas 2.515 54 0.235 0.861 −0.07 8.9

crystal

α 2.193 86 0.370 1.984 −0.17 22.6 [43]

β 2.156 87 0.391 2.554 −0.18 25.1 [44]

γ 2.132 88 0.404 2.908 −0.18 26.7 [45]

2a

gas 2.463 58 0.256 0.737 −0.08 10.2

crystal
2.344 72 0.299 0.866 −0.13 14.6 [15]

2.329 72 0.311 0.823 −0.14 15.5 this work

2b
gas 2.451 61 0.261 0.701 −0.09 10.5

crystal 2.358 72 0.296 0.745 −0.12 13.9 this work

2c
gas 2.494 55 0.244 0.786 −0.07 9.4

crystal 2.411 66 0.274 0.749 −0.10 11.9 this work

* Inter-atomic distance Si· · ·N (dSiN, Å) and degree of pentacoordination of silicon (ηe, %). ** Electron density
(ρ(rc), e/Å3), Laplacian (∇2ρ(rc), e/Å5), electron energy density (E(rc), hartree/Å3) in bcp(SiN) and energy of the
dative bond N→Si (ESiN, kcal/mol).

As expected [31–33], the geometric and quantum topological descriptors of the dative
bond N→Si of the molecules 2 (as well as 1) change coherently. For instance, the shortening
of the N→Si bond length (dSiN) is accompanied by an increase in the electron density ρ(r)
in the corresponding bcp (SiN) and by an increase in the energy of the dative bond N→Si
(ESiN) (Table 3).
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As noted above (see Introduction), the replacement of ethylene fragments in “ordinary”
silatrane 1 (for crystal structure of 1, see Figure S5 Supplementary Materials) with pheny-
lene fragments (i.e., the transition to tribenzsilatranes 2) leads to a noticeable elongation
(according to XRD data [2]) of the Si· · ·N (dSiN) contact. Moreover, this feature is fundamen-
tally independent of the effect of crystal polymorphism and of the quality of crystals (the
magnitude of the R-factor). For instance, for the three polymorph modifications α, β and γ

of the “common” phenylsilatrane Ph-Si(OCH2CH2)3N, the Si· · ·N distance is dSiN = 2.193
Å (α) [43], 2.156 Å (β) [44] and 2.132 Å (γ) [45], while for tribenzsilatrane Ph-Si(OC6H4)3N,
2a, dSiN = 2.329 Å (R-factor = 0.1105, this work) and 2.344 Å (R-factor = 0.0599 [15]). The
ratio dSiN (1) < dSiN (2) also holds for tribenzsilatranes 2b,c containing, in contrast to 2a,
para-substituents in the side phenylene groups (see Table 2).

Based on the literature [2,17], this fact can be explained by the relatively high energy
requirements, ∆E, for the N→Si bond deformation in 2a–c compared to those in 1. Indeed,
according to the calculations performed, it takes less energy to shorten the Si· · ·N contact
length by 0.1 Å in 1 than in 2 (see Figure 6). With this, it is important to emphasize
that, judging by the value of ∆E, the “softness” of the potential function E = f (dSiN) for
structures 2a–c is comparable (Figure S6 Supplementary Materials). This fact does not
allow us to explain the observed increase in the solid-phase dSiN in the series 2a, 2b, 2c
with confidence. On the other hand, taking the difference in the calculated values of dSiN
in isolated molecules 1 and 2a–c and in crystals, ∆dSiN

gas-solid (see Table 2), as a measure
of the relative “softness”/“hardness” of potential functions [7,10], one obtains the series
∆dSiN

gas-solid (Å): 0.32–0.38 (1) > 0.12–0.13 (2a) > 0.09 (2b) > 0.08 (2c) (regardless of the
polymorphism of 1 and the value of the R-factor for 2a, see above). According to this
series, the isolated molecule 2c is characterized by the longest Si· · ·N contact, which means
that it is relatively less sensitive to the effects of the crystal field (a “harder” potential
function). Note that according to [7], the more “rigid” character of the potential function
of tribenzsilatrane 2c should manifest itself in the lower sensitivity of its 15N, 29Si NMR
spectral properties to the nature of the solvent. Let us underline that due to the significant
difference between the calculated gas-phase and experimental solid-phase geometries of 1
and 2a–c, the patterns of change in their dSiN under the influence of internal factors (the
nature of X, R) may be inconsistent (Tables 2 and 3).
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Si(OCH2CH2)3N 1 and in tribenzsilatrane 2c.

Using the results of the NBO analysis, we failed to relate the increase in dSiN in the
series 2a, 2b, 2c with the obvious difference in electronic effects in the -O-para-R-C6H3- side
chains of 2a–c, likely due to their multi-orbital structure.

Early theoretical works [2,27] have shown the N→Si bond length to depend on many
factors, including the packing of silatrane molecules in crystals. Therefore, the total en-
ergy of intermolecular interactions in the crystal cell, which, as demonstrated above (see
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Section 3.1), are expected to be fundamentally different for 2a, 2b and 2c, should be consid-
ered as an energy criterion ∆E of the impact on the 2a–c geometry upon their transition
from the isolated state to the solid phase.

Formally, upon transition of an isolated molecule into a crystal, the structural rear-
rangement can occur not only towards contraction, but also towards elongation of the
Si· · ·N contact. However, as has been repeatedly demonstrated in the literature (see re-
view [27] and references therein), the increase in the dipole moment µ of the polar molecular
structures containing dative bonds favors their energetically favorable deformation. In the
fundamental plan, this enhances the interaction of a single molecule with its environment.
In cases of 1 and 2, only the reduction in the Si→N bond length leads to an increase in the
dipole moment µ.

For “ordinary” silatranes X-Si(OCH2CH2)3N [2,46,47], a satisfactory relationship be-
tween geometric parameters of the coordination site XSiO3N (the N→Si bond length dSiN,
the displacement of the silicon atom from the equatorial plane O3–∆Si, the displacement of
the nitrogen atom from the C3 plane formed by the three carbon atoms associated with it,
∆N, and the degree of pentacoordination of the silicon atom, ηe) has been demonstrated
for a number of examples. As dSiN decreases, the coordination node deforms towards the
trigonal–bipyramidal bond configuration of the central silicon atom, i.e., both the degree of
pentacoordination of Si (and its planarity) and tetrahedrality of N (its maximum shift to Si)
increase. A similar relationship between the parameters of the coordination site CSiO3N
with a change in dSiN is also observed in the case of tribenzsilatranes 2a-c (Table 2).

Note that in “common” silatranes 1 [44,46], the atrane cage adopts a zigzag conforma-
tion. This is not possible in molecules of 2a-c; due to the presence of aromatic rings, the
atrane cages are rigid and the torsion angles Si–O–C–C, O–C–C–N and C–C–N→Si scarcely
differ from zero (Table S1 Supplementary Materials).

4. Conclusions

Three tribenzsilatranes 2, derivatives of 3,4,6,7,10,11-tribenzo-2,8,9-trioxa-5-aza-1-
silatricyclo(3.3.3.0ˆ1,5ˆ)undecanes with a phenyl group at silicon and substituted at the side
aromatic cycles with the para-R group (R = H, Me, F), have been synthesized and studied
using X-ray diffractometry and DFT calculations. Like “common” silatranes 1, their parent
derivatives with OCH2CH2 side chains, these tribenzsilatranes have an intramolecular
dative bond N→Si whose existence is unequivocally evidenced by geometric and quantum
topological (AIM) criteria and whose nature can be defined as ion-covalent. With this,
the length of the N· · · Si contact (dSiN) in the crystals of tribenzsilatranes is remarkably
longer than in 1. Using DFT B3PW91/6-311++G(d,p) calculations, we have shown that this
feature stems from more rigid potential functions of deformation of the N→Si bond in 2
compared to 1. The character (soft/hard) of the potential functions can be assessed from the
difference in the calculated values of dSiN in isolated molecules 2a–c and in their crystals.
Meanwhile, multiple intermolecular interactions such as the C-H· · ·π (with the aromatic
rings) and C-H· · · F types as well as of the F· · ·π type were revealed through XRD and
supported by detecting bcp(3,−1) critical points in the quantum topological AIM analysis of
these structures. These findings underline that the correct description of the structure and
properties of the N→Si bond in 2 and in their derivatives with other substituents is only
possible upon careful consideration of the total energy of all intermolecular interactions
in the crystal cell. Further work on the synthesis and study of the related structures is
in progress.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cryst13050772/s1, Figure S1: The voids in the molecu-
lar packing of 2a; Figure S2: The voids in the molecular packing of 2b; Figure S3: Crystal cell graph
for 2c from AIM analysis; Figure S4: The voids in the molecular packing of 2c; Table S1: XRD Experi-
mental and B3PW91/6-311++G(d,p) calculated (italics) selected geometric parameters of molecules
2a–c; Figure S5: ORTEP drawing of phenylsilatrane (1); Figure S6: Potential functions of deformation
of the N→Si bond in “common” silatrane Ph-Si(OCH2CH2)3N 1 and tribenzsilatranes 2a–c.

https://www.mdpi.com/article/10.3390/cryst13050772/s1
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