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The nature of the super-electron-releasing inductive effect of
the silatranyl group and its spectroscopic and chemical consequences
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The relationship between the structure of carbofunctionally substituted 1-methylsilatranes
XCH,Si(OCHRCH,);N (R = H, Me; X = R",N, R’S, Cl, efc., R" = Alk), the unusually high
electron-releasing properties of the silatranyl group, and the enhanced chemical reactivity of

the exocyclic XCH, substituent is discussed.
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Organic derivatives of pentacoordinated silicon,
1-organylsilatranes of the general formula
RSi(OCHR'CH,;);N (R is organic substituent or halo-
gen; R = H, Me), have been known for four de-
cades.1—4 Their structures have been extensively studied
by X-ray diffraction analysis, NMR, NQR, IR, Raman,
UV, and He(I) photoelectron spectroscopy, dielcometry,
and other physicochemical methods.1=3-5—7 However,
many aspects related to their electronic structures and
reactivity still remain debatable.

The purpose of this work is to study the nature of the
super-electron-releasing inductive effect of the silatranyl
group and its spectroscopic and chemical consequences,
as a continuation of our research.

Silatranes as chelates. The presence of the donor-
acceptor transannular N—Si bond in silatrane molecules
allows them to be regarded as intramolecular electronic
donor-acceptor (EDA) complexes.8—12 The R—Si bond
length in the molecules of 1-substituted silatranes
(Table 1), as in intermolecular EDA complexes of the
n—o type,8 is longer than this bond in the related

Table 1. Lengths of the R—Si and N—Si bonds () in 1-sub-
stituted silatranes RSi(OCH,CH,);N and the corresponding
derivatives of tetracoordinated silicon ()

R r r? gb
A
R—Si N-Si R—Si
Mec¢ 1.853 14 2.453 14 1.842 15 0.71
Med 1.870 14 2.175 14 1.842 15 0.81
CICH* 1.912 16 2.120 16 1.863 13 0.83
Fe¢ 1.567 17 2.318 17 1.588 13 0.74
Fd 1.622 18 2.042 18 1.588 13 0.87
cie 2.153 19 2.02219 2.072 13 0.89
CH,=CHY 1.880 20 2.150 20 1.853 21 0.82
B-Phd 1.908 22 2.156 22 1.870 23 0.82

4The N—Si bond length in tetracoordinated silicon compounds
is 1.742 A.13

bThe parameter & characterizes the charge transfer from the
donor to the A"—p bond.

¢ Gas.

d Crystal.
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compounds of tetracoordinated silicon (r > ry). The
N-Si interatomic distance in silatranes (1.95—2.45 A)
is much longer than the N—Si covalent bond (1.74 A).

As in EDA complexes, the longer the R—Si bond in
the silatrane molecule, the higher its dipole moment.
The dipole moments of 1-substituted silatranes are nor-
mally in the range of 5—9 D,1:2.24 while those of
organyltrialkoxysilanes are much lower. For example,
the dipole moments of 1-methylsilatrane in benzene
and CHClj are 5.30 and 7.57 D, respectively,25 and the
dipole moment of neat methyltrimethoxysilane is
1.78 D.26 The increment of the dipole moment of
1-methylsilatrane Ap/Ar (R—Si) > 4.7 D (Au is the gain
in the dipole moment upon the increase in the coordi-
nation number of the Si atom from 4 to 5). The
formation of n—o-type EDA complexes is known to be
accompanied by charge transfer from one molecule to
the other8

A'—p+D > A'—p..D 5> A’ + p*—D, (1)

where A’ —p is acceptor; D is donor; A’ is the negative
ion formed from the acceptor molecule upon complete
removal of the p* cation.

The charge transfer from the donor D to the A"—p
bond is characterized quantitatively by the & value (see
Table 1):8

& = (HA’'—p)/r(p—D))(rp(p™—D)/rp(A’—p)), (2)

where ry(A’—p) and ry(pt—D) are the A’—p and p*—D
bond lengths, respectively.

The & value for silatranes occurs in the 0.7—0.9
range (see Table 1). According to the Mulliken classifi-
cation, these compounds are weak EDA complexes of
the n—o-type.10 This assignment is consistent with the
relatively small charge transfer from the lone electron
pair (LEP) of the nitrogen atom.2427 For example,
when R = C¢Hj5 and C4Fs, the charge transfer is 0.07
and 0.10 e.u., respectively.2? In this case, for R = Me,
H, and EtO, the energies of the N—Si transannular
bond are 54, 73, and 93, kJ mol™!, respectively.28 It is
pertinent to compare these values with the energy of the
OH...N hydrogen bond (37 kJ mol~! for the H-bond
between triethylamine and phenol).2? The ioniza-
tion energies of the LEP of the nitrogen atom in
trialkylamines occur in the range of 7.9—8.4 eV,
while the half-widths of the corresponding peaks are
0.4—0.85 eV.6:30—34 The presence of weak broad peaks
in the region of 8.5—9.7 eV in the He(I) photoelectron
spectra of l-organylsilatranes (for R = Me, the half-
width 6 = 1.2 eV) is due to the ionization energy of the
LEP of the endocyclic N atom. These peaks depend on
the inductive constant of the substituent R, which
also points to a chelate structure of silatrane mol-
ecules35—38 (Fig. 1).

Electron-releasing inductive effect of the
(CH,),Si(OCHRCH;)3N (n = 0—3) groups. The for-
mation of the EDA complex (see Eq. (1)) leads to the

0 1 2 3

*(R)

Fig. 1. Correlation between the ionization energy of the LEP of
the endocyclic N atom (£7)35—38 and the Taft inductive constants
o* of the substituent R in compounds of the RSi(OCH,CH,)3;N
series: R = Me (1), EtSCH,CH, (2), Ph (3), CICH, (4), EtO
(9, CL(6), F (7). E; = 8.61 + 0.3506*, n =17, r=0.985.

migration of the p fragment and an increase in the
negative charge on the rest of the A’—p molecule.8 The
synthesis of ammonium salts of the [R4—,NH,]TY™ type
from Y—H (A’—p) and amine (D) is a classical ex-
ample of formation of EDA complexes with proton
transfer. The resulting —N*H,R3_, groups exhibit an
abnormally high electron-withdrawing inductive effect
(c* = 3.7—4.5).39 Conversely, the molecules of 1-sub-
stituted silatranes are weak EDA complexes with a slight
charge transfer from the nitrogen LEP;24:27 therefore,
the nitrogen-containing fragment retains its electron-
releasing properties. In combination with the unique
structure of silatrane molecules, this accounts for the
enhanced electron-releasing inductive effect of the
Si(OCHRCH,)3N group compared to the Si(OEt); group.
These considerations are in line with the fact that the
oxygen atoms located in the equatorial position relative
to the silatranyl group possess enhanced basicity due
to hyperconjugation effects (through-bond interac-
tion).ﬁ"“”‘“

The o* Taft constant of the silatranyl group known
by the beginning of our studies has not been determined
precisely; the known values varied over wide limits
(—1.2——3.5).42—44 The inductive constants found for
other organosilicon substituents (SiY;) were also sub-
stantially different, though.45:46 For example, the o*
Taft constants of the SiMe; group varied from —0.72 to
1.38, while those for the Si(OAlk); group ranged from
—0.8 to 1.75.39:42,45—48 |t was believed that only the
silatranyl group exhibits a variable electron-releasing
effect due to the change in the N—Si transannular
interaction depending on the nature of the substituent at
the silicon atom, solvent, etc.”-49

Since it is difficult to determine the inductive con-
stants of organosilicon substituents, we proposed to use
the homologous series of substituents (CH,),SiY3 for
this purpose.43 The inductive effect of the SiY; groups
attenuates with an increase in the number of methylene
groups.42-43,50—53 Therefore, the inductive constant of
the silatranylmethyl group should be smaller than the
inductive constant of the silatranyl group (—2.24 and
—3.49, respectively), and the inductive constants of the
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Table 2. Taft inductive constants (c*) of the organosilicon
substituents (CH,),SiY; in compounds of the X(CH,),SiY;
series.

X SiY; n c*

Ph Si(OCH,CH,);N 0 —3.49 41,42
FC¢Hy4 Si(OCH,CH,);N 1 —2.24 51

NC Si(OCHMeCH;);N 2 —1.48 42
(CH,)sN Si(OCH,CH,);N 3 —0.32 42
(CH,)sN MeSi(OCH,CH,),NMe 0 —2.0——2.3 53
(CH,)sN MeSi(OCH,CH,),NMe 1 —1.4—1.6 53
NC MeSi(OCH,CH,;),NMe 2 —0.87 42
(CH,)sN MeSi(OCH,CH,),NMe 3 —0.1——0.3 53
Ph Si(OEt); 0 —0.81 41,42
FC¢Hy4 Si(OMe); 1 —0.62 51

NC Si(OEt); 2 —0.39 42
(CH,)sN Si(OEt); 3 —0.13 42
(CH,)sN SiMe(OEt), 0 —0.8 53
(CH,)sN SiMe(OEt), 1 —0.56 33

NC SiMe(OEt), 2 —0.37 32
(CH,)sN SiMe(OEt), 3 —0.13 32

(CH,),Si(OCHRCH;)3N group cannot be higher than
the Taft constant of the Si(OCHRCH,);N group. Thus,
among the previously determined o* constants of the
silatranyl group, the values lower than —2.24 are incor-
rect. According to the values given in Table 2 and
published data,3945:4748 the (CH,),Si(OCHRCH,);N
group (n = 0, 1) is the most powerful electron donor.
Moreover, regarding the magnitude of the +/ effect, this
group has no analogs; hence we have called it a super-
electron-releasing group.

Spectroscopic manifestations of the super-electron-
releasing inductive effect of the silatranyl group. The
super-electron-releasing properties of the silatranyl and
silatranylmethyl groups markedly influence the spec-
tral parameters of silatranes. The stretching Si—H
frequency in the IR spectra of 1-hydrosilatranes
HSi(OCHRCH,);N (R = H, Me, CF;3) and 1-hydro-
silatrane-3,7,10-trione HSi(OCOCH,)3;N is lower than
those in the related compounds with tetracoordinated
silicon (Fig. 2).54—56 On passing from the crystalline
state to solutions, this band in the spectra of 1-hydro-

v(Si—H)
2240 ~
T~ o 3
2200 - f fi:::ég

2160

2120

(Qﬂm2+n

Fig. 2. Effect of the solvent polarity on the position of the
absorption band of the Si—H stretching vibration in the IR
spectra of compounds of the HSi(OCHRCH,);N series:
R = H (1), Me (2), CF; (3), HSi(OEt); (4).54:55
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Fig. 3. IR spectra of HSi(OCHMeCH,);N in KBr pellets (/)
and in solutions in CCly at a pressure of 1 bar (2) and
2 kbar (3).58

Transmittance

)
¢

silatranes shifts to higher frequencies, especially with a
decrease in the solvent polarity and an increase in the
temperature of the solution.12:54—57 As for n—o-type
EDA complexes, this is matched by shortening of the
Si—H bond. Upon a pressure increase from 1 bar to
2 kbar, the Si—H stretching frequency in the IR spectra
of CCly solutions of 1-hydrosilatranes decreases to be-
come equal or even lower than the corresponding fre-
quency in the spectrum of the substances in the crys-
tal.58 For example, in the IR spectra of crystalline
1-hydro-3,7,10-trimethylsilatrane, the v(Si—H) value is
2115 cm™!, while those in CCl, solutions at pressures of
1 bar and 2 kbar are 2164 and 2087 cm™!, respectively
(Fig. 3). This attests to a substantial shortening of the
N—Si bond upon the phase transition of CCly (at a
pressure of 1460 bar and 20 °C, CCly transforms to the
solid state).

As distinct from this, the changes in the parameters
of the IR spectra of monocyclic and acyclic analogs of
the silatranes HSiR(OCHR’'CH,),NR” (R = Alk;
R’” = H, Alk; R” = H, Me, Ph) and HSi(OEt); induced
by variation of the solvent polarity, temperature, and
pressure are largely determined by conformation ef-
fects.59,60

The IR spectra of ternary
RSi(OCHR'CH,);N—PhOH—CCl; systems at
R = CICH, and CH,=CHCH, exhibit two associated
maxima for the OH stretching vibration, which comply
with the complexation of phenol involving not only the
oxygen atom of the silatranyl group but also the chlorine
atom or the double bond of the allyl group (Fig. 4).49 In
similar systems with R = EtSCH,, the half-width of
the associated band increases 1.5-fold, which also
points to the presence of two basicity centers in the
EtSCH,Si(OCHMeCH,)3N molecule, the sulfur atom
being a more basic center than oxygen.3® However, the
IR spectra of phenol complexes with the corresponding
Si-substituted triethoxysilanes contain only one associ-
ated absorption band due to the H-bond of the oxygen
atom of the triethoxysilyl group.
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Fig. 4. IR spectra of solutions of ternary
XCH,SiY;—PhOH—CCly systems ([PhOH] = 0.01 mol L™1).

Curve X  SiYs [XCH,SiY;3]/mol L™!

1 Cl  Si(OCHMeCH,);N 0.05
2 Cl  Si(OEt); 0.1
3 —  Me(CH,);Cl 0.5
4 EtS  Si(OCHMeCH,);N 0.05
5 EtS  Si(OEt), 0.1

In the silatranes (CH,);sNCH,Si(OCH,CH,);N and
EtSCH,Si(OCH,CH,)3N, the ionization energies of the
lone electron pairs of the exocyclic N and S atoms are
much lower than those in the related organyltrialkoxy-
silanes (CH,);NCH,Si(OEt); or EtSCH,Si(OMe);
(Table 3), i.e., the exocyclic N and S atoms in these
silatranes bear an increased electron density. Correspond-
ingly, the equilibrium constant K, in the H-complex of
phenol with 1-(piperidinomethyl)silatrane is an order of
magnitude higher than that for the similar complex with
piperidinomethyltriethoxysilane (1100 and 110 L mol~!,
respectively), and in the UV spectra of charge transfer
complexes of 1-(ethylthiomethyl)silatrane with tetra-
cyanoethylene, the charge transfer band is shifted to
longer wavelengths with respect to that of (ethylthio-
methyl)triethoxysilane (A = 548 and 515 nm, respec-
tively).

Table 3. Parameters of the photoelectron and ultraviolet spec-
tra of compounds of the (CH,)sNCH,SiY; and EtSCH,SiY;
series36,61

Compound PES uv

EI Av¥ Ka520 HE

/eV  Jem™! /L mol™! /nm

(CH,)sNCH,Si(OCHMeCH,);N 7.46 620 1100  —

(CH,)sNCH,Si(OEt); 7.92 440 1o —
EtSCH,Si(OCHMeCH,);N 780 — — 548
EtSCH,Si(OMe); 8.54  — — 515

* Shift of the long-wavelength band for the n—n* transition of
phenol upon the formation of an the PhOH...H bond.
** Charge transfer band.

Owing to the super-electron-releasing effect of
the silatranyl group, the stretching vibration fre-
quency of the carbonyl group in the IR spec-
trum of 1-(4-chlorobenzoyloxymethyl)silatrane
4-CIC¢(H4COOCH,Si(OCH,CH,);N (1720 and
1742 cm™!) is lower than in the spectrum of
(4-chlorobenzoyloxymethyl)triethoxysilane (1740 and
1759 cm™!).92 Similarly, the frequency of the
C=0 stretching vibration in the spectrum of
MeC(O)NMeCH,Si(OCH,CH,)sN (1614 cm™})
is lower than that in the IR spectrum of
MeC(O)NMeCH,Si(OCH,CHj3); (1643 cm™1).63 The
long-wavelength absorption band for the n—n*
transition in the UV spectrum of an acetoni-
trile solution of 8-(silatranylmethylthio)quinoline
(CgH¢NSCH,Si(OCH,CH,;)3N) is shifted bathochro-
mically by 12 nm relative to the corresponding band in
the spectrum of a silane with a related structure,
CyHgNSCH,Si(OMe)3.%4 In the 33CI NQR spectrum of
1-chloromethylsilatrane recorded at 77 K, the v77 signal
is located much lower than those in the spectrum of
chloromethyltriethoxysilane (32.702 and 35.122 MHz,
respectively).44

The linear correlations of spectral parameters (basic-
ity Av(OH), equilibrium constant K,; for H-bonding
with phenol, ionization energies Ej for the LEP of the
exocyclic N or S atoms in the XCH,Si(OCH,CH,);N
molecules with X = (CH;)sN and EtS) with the o*
value of the organosilicon substituent, including the
silatranyl group, confirm the invariability of the su-
per-electron-releasing inductive effect of this group
(Fig. 5, 6)'36,52,53,61

The influence of the super-electron-releasing induc-
tive effect of the Si(OCH,CH,);N group on the reactiv-
ity of silatranes. The reactions of carbofunctional
1-methylsilatrane derivatives XCH,Si(OCH,CH,);N

K,o/L mol™! E/eV
1200 18.1
1000

17.9

800

600 17.7

400

17.5

200

-20 —-1.5 -1.0 -05 o*

Fig. 5. Equilibrium constants (K,;) and ionization energies of
the LEP of the exocyclic N atom (£}) in compounds of the
R,N(CH,),SiY3 series vs. o* Taft inductive constants of the
(CH,),SiY3 groups. SiY;3 = Si(OCHRCH,);N, R = Me,
n=1(l), n=3(2); SiY; = MeSi(OCH,CH,),NMe, n =3 (3);
SiY; = Si(OEt);, n = 1 (4), n = 3 (5); SiY5; = MeSi(OEt),,
n=1(6),n=3 (753
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Fig. 6. Ionization energy (£}) of the LEP of the S atom vs. ¢*
Taft inductive constants of the (CH,),SiY; group in com-
pounds of the EtS(CH,),SiY; series. SiY; = Si(OCHRCH,);3N,
R=Me,n=1(); R=H @; R=H,n=2(3); R=H,
n =3 (4); SiY;3 = Si(OMe)3, n = 2 (5), n = 3 (6).36

(X = RyN, RS) involving the substituent heteroatom X
are governed by the super-electron-releasing inductive
effect of the silatranylmethyl group.65—%7 For in-
stance, the reaction of 1-(dialkylaminomethyl)silatranes
RzNCHle(OCHzCHz):;N (R2 = Mez, (CHZ)S) with
CCly is characterized by an abnormally short in-
duction period and a very short duration com-
pared to reactions of other organosilicon amines
such as (CH,)sNCH,Si(Me)(OCH,CH,),NMe and
(CH,)sNCH,Si(OEt)3 or triethylamine (Table 4). The
reactions of CCl, with organic amines are known to give
initially charge transfer complexes.8—73

R3N + CCl4 Sl RsN * CCl4, (3)
RsN-CCl, — RgN**-CCl, ", 4

RsN t. CC]4'_ I
—> RoNCHCH,R’ + "CClg + HCI,  (5)

R2NC'HCH2R' + 'CCI3 I
—> RoNCH=CH,R" + CHClj, (6)
R3N + HCl — RgN*H-CI, (7)
R = Alk; R* = H, Me.
Table 4. Characteristics of the reaction of CCly with

organosilicon amines (CH,)sNCH,SiY3 and triethylamine in
benzene. 53

SiYs [lumi- AT* T Yield***
nance/Ix 0 (%)
Si(OCH,CH,);N 18—20-103 02 20 44

Si(OCH,CH;,)s;N 250 12 32 28
SiMe(OCH,CH,),NMe 18—20 - 10 96 116 8
Si(OEt); 18—20-103 120 140  Traces
Et;N 18—20-103 144 164 0.5

* Induction period of the reaction.
** Reaction duration.
**#* Yield of amine hydrochloride.

The final step of this process (7) affords a minor
amount of amine hydrochloride. Meanwhile, the yield
of the corresponding hydrochlorides in the reactions of
CCly with dialkylaminomethylsilatranes is nearly quan-
titative (see Table 4). When CCl, reacts with 1-(di-
alkylaminomethyl)silatranes, the super-electron-releas-
ing properties of the exocyclic N atom determine the
high concentration of the complexes with CCl, formed
initially, which increases the rate of the subsequent
steps. The abnormal behavior of these compounds is
due to the superbasicity of the exocyclic N atom
caused by the powerful +/ effect of the silatranylmethyl
group.

The l1-(organylthiomethyl)silatranes
RSCH,Si(OCHR 'CH,);N possess an unusually high
reactivity resulting from the enhanced electron density
on the S atom. The reactions of these compounds with
organyl halides lead to the formation of the correspond-
ing sulfonium salts,%0 which are, in turn, readily oxi-
dized to the corresponding sulfoxides.6?

The super-electron-releasing effect of the silatranyl
group promotes the formation of oxonium complexes in
the reaction of 1-ethoxysilatrane with CF;SO,0OH, HBF,,
MeBF,, and EtBF, with participation of the exocyclic
(rather than equatorial) oxygen atom.”4

The ease of cleavage of the Si—C bond in 1-organyl-
silatranes on treatment with heavy metal salts,”5:76 bro-
mine, and iodine monochloride?” is also due to the
strong +/ effect of the silatranyl group.

The super-electron-releasing effect of the silatranyl
group has a dramatic influence on the Fe!l/Felll redox
potential in mono- and disilatranyl derivatives of fer-
rocene.’® Indeed, the presence of two trimethoxysilyl
groups in the ferrocene molecule changes the iron redox
potential from 0.40 to 0.56 V. Replacement of one or
two of these groups by silatranyl groups shifts the redox
potential to negative values down to —0.34 and —0.62 V,
respectively. Thus, the silatranyl group attached to fer-
rocene exhibits a powerful electron-releasing effect, and
the trimethoxysilyl group exerts an electron-withdraw-
ing effect (¢f. Refs. 79 and 80).

The reactions considered above convincingly dem-
onstrate the substantial role of the super-electron-re-
leasing inductive effect of the silatranyl group on the
reactivity of silatranes.

The unusual spectral and chemical properties of
silatranes belonging to intramolecular EDA complexes
are due to the super-electron-releasing inductive effect
of the silatranyl group. The introduction of a silatranyl
group in the molecules of organic and heteroorganic
compounds opens up prospects for the preparation of
compounds with unique physical and chemical proper-
ties and biological activities.
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