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a b s t r a c t

A series of new pentacoordinate intramolecular organosilicon complexes F(Ar)Si(OCH2CH2)2NMe
(Ar ¼ 4-MeC6H4 (1), 4-MeOC6H4 (2), 4-ClC6H4 (3), 2-BrC6H4 (4), 3-NO2C6H4 (5)) has been synthesized by
transsilylation of aryltrifluorosilanes ArSiF3 by N-methyl-bis(2-trimethylsiloxyethyl)amine. Compounds 1
e5 have been fully characterized by 1H, 13C, 19F, 29Si NMR spectroscopy and X-ray diffraction analysis (for
compound 3). Variable-temperature 19F NMR studies of 5 indicate stereodynamic process of the ligand
exchange with activation barrier DGs

c of 13.1 kcal mol�1.
© 2014 Elsevier B.V. All rights reserved.
Introduction

One of the main areas of research in silicon chemistry is highly
coordinate organosilicon compounds whose specific dative
bonding and high reactivity have attracted considerable attention
over a long time [1aef]. Organosilicon derivatives of triethanol-
amines XSi(OCH2CH2)3N (silatranes) [2aed] and diethanolamines
R0R00Si(OCH2CH2)2NR (quasisilatranes) [3aed] with intramolecular
dative N / Si bond are the subject of our continuing interest.

Molecular and stereoelectronic structure as well as chemical
and biological properties of silatranes are reported in several re-
views [2aed,4]. A large body of data shows that the extent of the
N / Si intramolecular bonding in silatranes depends on the elec-
tronegativity and the leaving group ability of the substituent at the
silicon atom. The substituent effects on the N/ Si bond strength in
quasisilatranes are less studied. According to 29Si NMR data for
phenyl substituted complexes PhRSi(OCH2CH2)2NMe, the silicon
pentacoordination is decreased on going from R ¼ Ph to R ¼ Me
whereas electronegative substituents favor pentacoordination
: þ7 3952 419346.
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[5aec,6]. However, there is a lack of information about the struc-
ture of these compounds determined by X-ray diffraction. Recently
we have reported determination the structure of a series of qua-
sisilatranes F(R0)Si(OCH2CH2)2NR (R ¼ H, R0 ¼ F; R ¼ H, R0 ¼ Me;
R ¼ Me, R0 ¼ Ph) by X-ray diffraction analysis [6]. The combined X-
ray and 29Si NMR analysis showed that the presence of electro-
negative fluorine atom at silicon results in strengthening of the
N / Si coordination. Thus, the N / Si bond in F(R)
Si(OCH2CH2)2NH becomes shorter on going from R ¼ Me (2.059 Å)
to R ¼ F (1.981 Å) [6]. In continuation of these studies, we report
here the synthesis and characterization of new aryl substituted
complexes F(Ar)Si(OCH2CH2)2NMe 1e5, X-ray diffraction analysis
for compound 3, and NMR spectroscopic study of dynamic behavior
of compound 5 in solution. Note that there are only a few data
about the effect of variation in aryl substituents on the N / Si
bonding in quasisilatranes [7a,b].

Results and discussion

Synthesis

Fluoro derivatives of quasisilatranes can be prepared by the
cleavage of the PheSi bond in phenyltrifluorosilane by diethanol-
amines [6]. A more easy and convenient route is the transsilylation
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Table 1
Crystallographic parameters for compound 3.

Empirical formula C11H15NO2ClFSi
Fw 275.78
Space group Pca21
a [Å] 12.146(1)
b [Å] 13.966(2)
c [Å] 7.5543(9)
a, b, g [�] 90, 90, 90
V [Å3] 1281.5(3)
Z 4
rcalcd (g cm�3) 1.429
Crystal size (mm) 0.35 � 0.21 � 0.18
T [K] 296(2)
m (mm�1) 0.398
R1 [Fo > 4s(Fo)]/all 0.0486/0.1080
wR2 0.0928
GOF 1.011

Table 2
Selected bond lengths (Å) and angles (�) in the crystal structures of 3 and 6.

3 6a [6]

N / Si 2.251(4) 2.175(1)
SieF 1.626(3) 1.645(1)
SieO1 1.638(3) 1.656(1)
SieO2 1.642(3) 1.657(1)
SieC5 1.851(4) 1.868(1)
O1eC1 1.411(5) 1.430(1)
O2eC3 1.410(6) 1.421(1)
NeC11 1.451(6) 1.477(1)
DSi 0.17(1) 0.13(1)
DN 0.45(1) 0.45(1)
NeSieF 172.3(2) 172.0(3)
FeSieO1 94.3(2) 93.5(3)
FeSieO2 94.4(2) 93.0(3)
NeSieO1 81.9(1) 83.1(3)
NeSieO2 82.1(2) 83.0(3)
O1eSieO2 121.9(2) 124.0(1)
O1eSieC5 117.1(2) 115.8(1)
O2eSieC5 117.9(2) 118.3(1)
FeSieC5 98.7(2) 97.4(1)
C1eO1eSi 126.1(3) 123.8(1)
C3eO2eSi 123.8(3) 123.2(1)
O1eC1eC2 109.8(4) 108.9(1)
O2eC3eC4 108.3(4) 106.5(1)
C2eNeC4 111.8(4) 113.2(1)
C2eNeC11 107.9(4) 110.5(1)
C4eNeC11 113.5(4) 110.0(1)

a PhFSi(OCH2CH2)2NMe.
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reaction of PhSiF3 by bissilylated diethanolamines allowing to avoid
the HF evolution and to increase the product yield [6]. Using this
protocol, compounds 1e5 have been obtained as colorless crystals
in good yield (75e93%) by treating aryltrifluorosilanes ArSiF3 with
equimolar amount of N-methyl-bis(2-trimethylsiloxyethyl)amine
at 30e40 �C (Scheme 1).

Compounds 1e5 are air-sensitive in solution and in the solid
state, and can be stored for several weeks under an inert atmo-
sphere at room temperatures. They are readily soluble in common
organic solvents such as benzene, chloroform and DMSO. Their
structure was established by elemental analysis, 1H, 13C, 19F, 29Si
NMR spectroscopy, mass-spectrometry. Toxicity study of a novel
quasisilatrane 3 on white mice showed that the compound is
moderately toxic (LD50 535 mg/kg) and much less toxic than 1-(4-
chlorophenyl)silatrane 4-ClC6H4Si(OCH2CH2)3N (LD50 0.22 mg/kg)
[8].

X-ray structure of crystal 3

X-ray quality crystals of compound 3 were obtained by recrys-
tallization from chloroform/hexane (2:1 v/v). Crystallographic data
and structural refinement parameters are summarized in Table 1.
Selected bond lengths and angles are listed in Table 2. The molec-
ular structure of compound 3 is shown in Fig. 1.

Single-crystal X-ray analysis reveals that 3 crystallizes in the
orthorhombic Pca21 space group. The coordination spheres of the
hypercoordinate Si atom can be described as distorted trigonal
bipyramid with a chelated OSiO ligand and the fluorine and ni-
trogen atoms in axial positions. The equatorial plane is formed by
C5, O1 and O2 atoms. Deviation from a regular TBP polyhedron is
seen in the apical FeSieN angle of 172.3� and in the sum of the
angles in the equatorial plane of 356.9�. Deviation from the ideal
angle 90� is observed for FeSieO1 and FeSieC5 angles (4.3 and
8.7�, respectively). Generally, the structure of compounds 3 and 6 is
very similar (Table 2). The N / Si dative bond in 3 is somewhat
longer than that in 6 whereas the axial SieF bond distance in 3 is
slightly shorter than in 6.

NMR spectroscopic studies of quasisilatranes 1e5

Both 29Si chemical shifts and 1JSiF coupling constants of com-
pounds 1e5 (Table 3) are very similar to those of 1-fluoro-1-
phenyl-5-methylquasisilatrane 6 ([6]) and suggest pentacoordina-
tion at silicon in solution.

The room temperature 1H NMR spectra of 1e4 exhibit a broad
singlet of the MeN group. In complex 5 with the most electroneg-
ative substituent (3-NO2C6H4) the MeN signal is strongly broaden
due to dynamic ligand exchange (Scheme 2). The 29Si resonance
signals of 1e4 are also broadened, which is a clear indication of a
fast exchange equilibrium between stereoisomers A and E in so-
lution (Scheme 2). In compound 5, the 29Si resonance at room
temperature is so broaden that it does not allow to detect the
signal.
Scheme 1. Fig. 1. Molecular structure of 3.



Table 3
19F and 29Si Chemical shifts (ppm) and coupling constants (Hz) in CDCl3 for quasi-
silatrane 1e5 and 6.

1 2 3 4 5 6 [6]

d(29Si) �79.2 �79.1 �82.5 (br. d) �84.8 e

�86.1 (253 K)
�95.5 (253 K)

�80.6

d(19F) �120.6
�128.8

�120.1 �119.2 �120.0 �119.6; �131.7
(298 K)
�115.3 (253 K)
�131.9 (253 K)

�121.5

1JSiF 217.0 215.8 e 210.0 e

201.6a

283.0a

214.3

a 1JSiF at 253 K.

Scheme 2.
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The room temperature 19F NMR spectra of compounds 2e4
show one broad signal, whereas in the case of compounds 1 and 5
two separate signals are observed: two broaden peaks for the
former and two relatively narrow peaks for the latter (Table 3). This
suggests a slower ligand exchange in compounds 1 and 5 as
compared to compounds 2e4.

For compound 5, lowering the temperature to 253 K results in
appearance of two sharp 19F signals at d�115.3 and�131.9 ppm in a
2:1 ratio with 1JSiF of 201.6 and 283.0 Hz, respectively. At this
temperature the 29Si NMR spectrum of 5 exhibits two doublets
at �86.1 and �95.5 ppm. Bearing in mind a large difference of the
1JSiF constants for the axial and equatorial fluorine atoms, we per-
formed theoretical calculations of the chemical shifts and coupling
constants in compound 5 for a reliable assignment of the signals to
the axial (A) and equatorial (E) isomers as depicted in Scheme 2.
The calculations were performed by the GIAO method on the
B3LYP/6-311 þ G** optimized geometry using the Gaussian09 suite
of programs [9]. The calculated 1JSiFeq coupling constant for isomer
E is by 64 Hz larger than the 1JSiFax coupling constant for isomer A.
Such a large difference in the calculated coupling constants com-
parable with the experimental one can be considered as a reliable
criterion, which allows to assign the major isomer of 5 (65% from
the 19F NMR) to the axial isomer A. The calculated 29Si chemical
shift in isomer E is shifted to a higher field relative to isomer A by
5.6 ppm. This is consistent with the experiment inwhich the lower-
field signal having a smaller coupling constant 1JSiF is more intense
and refers to the predominant axial isomer A. Unfortunately, the
difference in the calculated 19F chemical shifts (less than 3 ppm) is
too small to make any reliable conclusions.

The assignment of the lower-field signals in the 19F and 29Si
NMR spectra of compound 5 at 253 K to the predominant isomer A
with the axial fluorine atom is consistent with the X-ray structure
of compound 3 also having an electronegative substituent in the
aryl group (Fig. 1). For compound 5, with respect to compound 3,
the equilibrium A $ E is shifted to the isomer with the axial aryl
group 5-E so that its content reaches 35% due to a stronger acceptor
character of the m-NO2 relative to p-Cl substituent.

Heating of the CDCl3 solution of 5 up to 318 K causes changes
typical of dynamic exchange processes, viz. broadening and
coalescence of the signals. From the coalescence temperature of the
19F signals and using the Eyring equation the activation barrierDGs

c
for the ligand exchange of 13.1 kcalmol�1 was calculated. This value
is by ~3 kcal mol�1 lower than that found for the related penta-
coordinate complexes Ph(R)Si(OCH2CH2)2NMe (R ¼ Me, Ph) [5c].

The room temperature 1H NMR spectra also provide indications
for the presence of comparable amounts of the A and E isomers of 5.
Two very broad signals of the MeN protons appear at 2.58 and
1.90 ppm. While the former value is typical for MeN groups in
similar compounds [5c,10], the latter one is much lower, as are
chemical shifts for the MeN protons for all other compounds 1e4, 6
(Table 3), which are shielded by the equatorial aryl group [5c,10].

Thus, the position of the equilibrium depends on the substituent
in the aryl group. As follows from Table 3, compounds 1 and 5 show
two signals in the room-temperature 19F NMR spectrum, corre-
sponding to the axial (~�120 ppm) and equatorial (~�130 ppm)
fluorine atoms. The ratio Fax/Feq is 5:1 for 1 and 1.8:1 for 5, in
compliance with different electronegativity of the aryl groups.

Conclusion

A series of new pentacoordinate intramolecular organosilicon
complexes was prepared from aryltrifluorosilanes and N-methyl-
bis(2-trimethylsiloxyethyl)amine, and their solid (3) as well as so-
lution state structures were studied. Single crystal X-ray diffraction
study of complex 3 showed a distorted trigonal bipyramidal coor-
dination geometry around the silicon atom. In solution all com-
plexes undergo fast intramolecular ligand site exchange. The
exchange equilibrium position is affected by the nature of the aryl
ligand, and for the most electronegative substituent (m-NO2) the
amount of the isomer with the axial aryl group reaches 35% at
253 K.

Experimental

General comments

All reactions were carried out under argon atmosphere. Stan-
dard precautions to avoid moisture were taken. Benzene and hex-
ane were purified by distillation from sodium. DMSO-d6 was kept
over 4 A molecular sieves.

Compounds of XC6H4SiCl3 (X ¼ 4-Me, 4-MeO, 4-Cl, 2-Br, 3-NO2)
were prepared following the described procedures [11]. The cor-
responding trifluorosilanes XC6H4SiF3 were prepared by the reac-
tion of XC6H4SiCl3 with antimony trifluoride [12].

X-ray diffraction studies

X-ray diffraction intensities were collected with a Bruker AXS
Smart APEX II diffractometer with CCD detector using Mo Ka ra-
diation (graphite-monochromated, l[Mo Ka] ¼ 0.71073 Å) at room
temperature. Multi-scan absorption corrections were applied by
the SADABS program [13]. Structure was solved by direct methods
and refined by the full-matrix least-squares procedure. All non-
hydrogen atoms were refined anisotropically. As long as the
structure is noncentrosymmetric the absolute structure was
defined on the base of the Flack parameter [14]. All calculations
were performed with the Bruker SHELXL program package [15].
Details of crystallographic data and experimental conditions are
presented in Table 1.

Spectroscopic studies

The 1H, 13C, 19F and 29Si NMR spectrawere recorded on a Brucker
DPX-400 spectrometer (1H, 400.13 MHz; 13C, 100.62 MHz; 15N,
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40.55 MHz; 19F, 376.50; 29Si, 79.50 MHz). The NMR studies were
performed at room temperature and 318 K/253 K.

1H and 13C chemical shifts were referenced to residual solvent
resonances, 19F chemical shifts to external CCl3F, and 29Si chemical
shifts to external Me4Si.

The chemical shifts difference between of 19F signals (Hz) was
determined and used to calculate kc and the activation barrier for
ligand exchanges by the Eyring equation DGs

c ¼ 1:986 * Tc½23:76þ
2:03ðlg Tc � lg kcÞ�.

Mass spectra were obtained on GCeMS Agilent 5975C, the input
sample is performed through the chromatograph Agilent 6890N,
with a phase capillary column HP-5MS (30 mm � 0.25 mm �
0.25 mm) at a constant flow rate, the helium carrier gas.

Synthesis of quasisilatranes

1-Fluoro-1-(4-chlorophenyl)-5-methylquasisilatrane (3)
(4-Chlorophenyl)(trifluoro)silane (2.20 g, 0.011 mol) was added

to (Me3SiOCH2CH2)2NMe (1.94 g, 0.011 mol) under dry argon flow.
After stirring for 0.5 h at 30e40 �C, the precipitate was filtered,
recrystallized from chloroform/hexane (2:1 v/v) and dried under
vacuum to yield 3 (2.72 g, 90%) as white crystals, m.p. 110e112 �C.
Anal. Calc. for C11H15NO2ClFSi: C, 47.90; H, 5.48; N, 5.08; Cl, 12.85; F,
6.89. Found: C, 47.70; H, 5.62; N, 5.04; Cl, 13.02; F, 6.58%. 1H NMR
(CDCl3): d 1.72 (br. s, 3H, MeN); 2.53 (dt, 2H, NCHA, 2J ¼ 12.4,
3J ¼ 5.4 Hz); 2.73 (dt, 2H, NCHB, 2J ¼ 12.4, 3J ¼ 5.5 Hz); 3.91 (dt, 2H,
OCHA, 2J ¼ 11.3, 3J ¼ 5.4 Hz); 3.96 (dt, 2H, OCHB, 2J ¼ 11.3,
3J ¼ 5.4 Hz); 7.27 (d, 2H, H-3,5(Ar), 3J ¼ 8.1 Hz); 7.43 (d, 2H, H-
2,6(Ar), 3J¼ 8.1 Hz). 13C NMR (CDCl3): d 43.01 (MeN); 53.89 (NCH2);
59.52 (d, OCH2, 3JCeF ¼ 1.9 Hz); 128.05 (C-3,5); 133.28 (C-2,6);
127.12 (br. d, C-1, 2J¼ 29.0 Hz); 134.91 (C-4). MSm/z: 275 (Mþ, 26%),
232 (6), 164 (100), 138 (57).

Compounds 1, 2, 4, 5 were obtained from the corresponding
aryl(trifluoro)silanes in a similar manner.

1-Fluoro-1-(4-methylphenyl)-5-methylquasisilatrane (1)
Yield (2.75 g, 83%), white crystals, m.p. 116e118 �C. Anal. Calc.

for C12H18NO2FSi: C, 54.44; H, 7.10; N, 5.48; F, 7.44; Si, 11.00. Found:
C, 54.15; H, 7.38; N, 5.64; F, 7.13; Si, 10.89%. 1H NMR (CDCl3): d 1.70
(s, 3H, MeN); 2.32 (s, 3H, MeAr); 2.56 (dt, 2H, NCHA, 2J ¼ 12.4,
3J ¼ 5.5 Hz); 2.75 (dt, 2H, NCHB, 2J ¼ 12.4, 3J ¼ 5.5 Hz); 3.98 (dt, 2H,
OCHA, 2J ¼ 11.4, 3J ¼ 5.5 Hz); 4.00 (dt, 2H, OCHB, 2J ¼ 11.4,
3J ¼ 5.5 Hz); 7.15 (d, 2H, H-3,5(Ar), 3J ¼ 8.0 Hz); 7.42 (d, 2H, H-
2,6(Ar), 3J¼ 8.0 Hz). 13C NMR (CDCl3): d 21.47 (MeAr); 42.89 (MeN);
54.06 (NCH2); 59.76 (OCH2); 128.58 (C-3,5); 131.83 (C-2,6); 138.59
(C-4); 131.38 (d, C-1, 2J ¼ 42.4 Hz). MSm/z: 255 (Mþ, 56%), 197 (20),
164 (100), 150 (12), 118 (95), 105 (25), 91 (21).

1-Fluoro-1-(4-methoxyphenyl)-5-methylquasisilatrane (2)
Yield (2.96 g, 78%), white crystals, m.p. 110e112 �C. Anal. Calc.

for C12H18NO3FSi: C, 53.11; H, 6.69; N, 5.16; F, 7.00. Found: C, 53.32;
H, 6.65; N, 4.99; F, 6.84%. 1H NMR (CDCl3): d 1.72 (s, 3H, МеN); 2.56
(dt, 2H, NCHA, 2J ¼ 12.2, 3J ¼ 5.5 Hz); 2.75 (dt, 2H, NCHB, 2J ¼ 12.2,
3J ¼ 5.5 Hz); 3.96 (dt, 2H, OCHA, 2J ¼ 11.4, 3J ¼ 5.5 Hz); 3.79 (s, 3H,
МеО-Ar); 4.00 (dt, 2H, OCHB, 2J ¼ 11.4, 3J ¼ 5.5 Hz); 6.89 (d, 2H, H-
3,5(Ar), 3J ¼ 8.1 Hz); 7.46 (d, 2H, H-2,6(Ar), 3J ¼ 8.1 Hz). 13C NMR
(CDCl3): d 42.89 (MeN); 54.05 (NCH2); 54.99 (МеО); 59.78 (d, OCH2,
3JC-F ¼ 2.3 Hz); 113.53 (C-3,5); 133.34 (C-2,6); 127.00 (d, C-1,
2J ¼ 43.1 Hz); 160.18 (C-4). MS m/z: 271 (Мþ, 55%), 228 (26), 185
(30), 164 (80), 150 (27), 134 (100), 121 (43), 91 (9).

1-Fluoro-1-(2-bromophenyl)-5-methylquasisilatrane (4)
Yield (2.56 g, 93%), white crystals, m.p. 155e160 �C. Anal. Calc.

for C11H15NO2BrFSi: C, 41.26; H, 4.72; N, 4.37; F, 5.93; Br, 24.95; Si,
8.77. Found: C, 41.03; H, 4.95; N, 4.67; F, 5.67; Br, 25.19; Si, 9.01%. 1H
NMR (CDCl3): d 1.82 (br. s, 3H, МеN); 2.57 (dt, 2H, NCHA, 2J ¼ 12.4,
3J ¼ 5.8 Hz); 2.77 (dt, 2H, NCHB, 2J ¼ 12.4, 3J ¼ 5.8 Hz); 3.98 (dt, 2H,
OCHA, 2J ¼ 11.7, 3J ¼ 5.8 Hz); 4.05 (dt, 2H, OCHB, 2J ¼ 11.7,
3J ¼ 5.8 Hz); 7.14 (t, 1H, H-4(Ar), 3J ¼ 7.8 Hz); 7.24 (t, 1H, H-5(Ar),
3J¼ 7.8 Hz); 7.48 (d, 2H, H-3,6, 3J¼ 7.8 Hz). 13C NMR (CDCl3): d 42.74
(MeN); 54.14 (NCH2); 59.31 (d, OCH2, 3JCeF ¼ 1.9 Hz); 126.44 (C-5);
130.50 (C-3); 132.76 (C-4); 134.72 (C-6). MSm/z: 321 (Мþ, 11%), 240
(9), 197 (47), 164 (100), 91 (19).

1-Fluoro-1-(2-nitrophenyl)-5-methylquasisilatrane (5)
Yield (0.73 g, 75%), white crystals, m.p. 105e108 �C. Anal. Calc.

for C11H15N2O4FSi: C, 46.14; H, 5.28; N, 9.78; F, 6.64; Si, 9.78. Found:
C, 45.91; H, 5.20; N, 9.61; F, 6.85; Si, 10.01%. 1H NMR (CDCl3): d 1.90;
2.58 (br. s, 3H, МеN); 2.80 (m, 4H, NCH2); 4.01 (m., 4H, OCH2); 7.48
(dd, 1H, H-5 (Ar), 3J ¼ 6.7, 3J ¼ 7.4 Hz); 7.90 (d, 1H, H-6 (Ar),
3J ¼ 6.7 Hz); 8.13 (d, 1H, H-4, 3J ¼ 7.4 Hz); 8.42 (br. s, 1H, H-2). 13C
NMR (CDCl3): d 43.26 (MeN); 53.99 (NCH2); 59.15 (OCH2); 123.32
(C-4); 127.23 (C-2); 128.65 (C-5); 139.10 (C-6); 147.71 (C-3). MSm/z:
286 (Мþ, 19%), 164 (100), 149 (9), 119 (7), 91 (5).
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