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Anomeric effects at the silicon atom in silatranes XSi(OCH~CH2)3N and model 
trimethoxysilanes XSi(OMe) 3 (X = H, Me, Sill3, F, CI) containing a tetracoordinated 
silicon atom were studied by the MNDO and AM l methods. Unlike silatranes, the nature of 
substituent X pronouncedly affects the type and degree of stereoelectronic effects on the 
values of X--Si~O--C dihedral angles, X--Si bond lengths, and proton affinities of 
trimethoxysilanes. The results obtained indicate the necessity of modifying the set of spectral 
and structural indications of pentacoordination of the anomeric silicon atom established 
previously and observing the principle of conformational similarity for compared com- 
pounds. Bicyclic organosilicon ethers XSi(OCH2)3CH were proposed to be used as models of 
corresponding silatranes. 
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To elucidate how pentacoordination of the silicon 
atom affects the structure and reactivity of its mono-,  
bi-, and tricyclic derivatives, tetracoordinated silicon 
derivatives are used as model compounds . t -5  

The latter are usually chosen taking into account 
close values of the total electronegativity of the nearest 
environment of the central Si atom in compared com- 
pounds. However, such a simple criterion for selection 
of model compounds can appear to be inadequate. If the 
atoms adjacent to the silicon atom have the lone elec- 
tron pairs (LEP), the Si atom becomes an anomeric 
center and an additional requirement arises of confor- 
matioual similarity of the molecules of compared com- 
potmds. Only if this condition is met, can a possible 
effect ofstereoelectronic contributions to analyzed prop- 
erties of compounds compared be compensated, whereas 
differences will be mostly due to the effect of changing 
the coordination number  of the silicon atom. No par- 
ticular significance has been attached to this factor so 
far, though the problem of conformational factors when 
choosing model compounds for chelate derivatives of 
pentacoordinated silicon seems to be of great impor- 
tance. 

In this connect ion we studied how the anomeric 
effect at the silicon atom affects geometric characteris- 
tics and pro ton  affinit ies of silatranes ( I )  and 
trimethoxysilanes XSi(OCH3) 3 (2) (X = H, Me, Sill  3, 
F, CI) by the semiempirical quantum-chemical  MNDO 
and AMI methods. 

The choice of tricyclic molecules 1 as a subject of 
investigation is not accidental. They are the most exten- 
sively studied representatives of organic derivatives of 
pentacoordinates silicon. ~,2 Despite the fact that cal- 

X 

X--- H, Me, Sill 3, F, CI 

cu la t ions  of tr isi lanols 
XSi(OH) 3 are more simple 
than those of trimethoxy- 
silanes 2, it is more prefer- 
able to use the latter as 
model compotmds, because 
the low stability and effec- 
tive intermolecular H-bon-  
ding in trisilanols hamper 
obtaining necessary experi- 
mental information. On the 

structural level, we studied the influence of the anomeric 
effect by the MNDO method 6 since on the qualitative 
level this method reproduces the major results of ab 
initio studies of HnM(OH)4_ n (M = C, Si) molecules 
fairly wel|. 7 Investigation of the proton aff'mity of the 
oxygen atom in molecules 1 and 2 (X = Me, F) was 
performed by the AM I method 8,9 using the MOPAC 
program package ia (version 6.0). 

Results and Discussion 

According to the X-ray analysis 5 and electron dif- 
fraction data, tl,t2 in the majority of silatranes 1 the 
positions of the O--C bonds in each of the atrane 
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semirings with respect to the X--Si  bond are indepen- 
dent of  the nature of substituent X and the state of  
aggregation and are close to antiperiplanar (ap). Corre- 
sponding X - - S i - - O - - C  dihedral angles (k0) lie in the 
range 165 ~ to 180 ~ . According to the results of  our 
M N D O  calculations performed with full geometry opti-  
mization, the go angles in silatranes are slightly depen- 
dent on the nature of  substituent X. However, the 
calculated values of  these angles are appreciably smaller 
than those Observed experimentally (Table 1). Previous 
studies of silatranes by semiempirica113-1s and ab ini- 
tio tr,i7 methods have led to analogous results. 

An exhaustive set of  possible conformations of  
trimethoxysilanes 2 can be obtained by rotating methyl 
groups about the S i - -O bonds. Among them, only a 
symmetrical ap,ap,ap-rotamer is an adequate spatial 
model of  silatranes (from the viewpoint of  the manifes- 
tation of  an anomeric effect). However, the fraction of  
this conformation can be negligibly small for some 
reasons. One of  the reasons is the stereoelectronic effect 
of  substituent X.* 

In fact, on the orbital level the predominant confor- 
mation of  molecules 2 should be determined by the 
balance of the interaction between the LEP of the 
oxygen atom and ant ibonding orbitals of  the Si - -X 
(no ,g ' s ix)  and S i - -O (no,(r*si o) bonds. It is obvious 
that the synclinal (sc) positions of the X--Si  and O - - C  
bonds (q3 = 90 ~ and their  ap-orientation is the most 
favorable for the first and the second type of  interaction 
to occur, respectively. The contribution of  a particular 
orbital interaction will depend on the ratio of  acceptor 
properties of antibonding orbitals of the Si- -X and Si - -  
O bonds. Based on the general theory of stereoelectronic 
effects, 18 it can be expected that if the electronegativity 
(EN) of  substituent X will be higher than that of the 
oxygen atom, the predominant  conformation of 2 will be 
close to the sc,sc,sc-conformation; otherwise to the 
ap,ap ,ap-conformation. 

• X 

Me--O / 

Me 

2 (sc,sc,sc) 2 (ap~p,ap) 

Taking into account all said above, we studied the 
structure of only two conformers of molecules 2, viz., 
the ap,ap,ap-conformer, simulating molecules I ,  and 
the most stable conformer.  Calculations of  the foruaer 
were performed with optimizat ion of all geometric pa- 
rameters of molecules 2 except for the X - - S i - - O - - C  
dihedral angles (at q~ -- 180~ whereas the search for the 

* No less an important factor, viz., the medium effect on the 
conformational composition of trimethoxysilanes, requires spe- 
cial investigation. 

Table 1. Torsion X--Si--O--C (go) angles and X--Si (d 0 and 
Si--O (d2) bond lengths in silatranes calculated by the 
MNDO method 

X ~/deg e~/A a2tA 

It 157.2 1.383 1.665 
Me 154.8 [147.31 1.810 [1.862] 1.666 [1.6511 
Sibl 3 154.2 1148.21 2.208 [2.3441 1.667 [1.6531 
F 161.8 1150.6] 1.590 [!.5871 1.664 11.6381 
CI 159.3 [150.31 2.116 [2.0631 1.655 [1.6391 

Note. The results of ab initio (HF/6-31G(d)) calculations 17 
are given in brackets. 

second conformer was carried out  with full geometry 
optimization of  molecules 2. 

The results of  calculations (Table  2) indicate a low 
stability (a virtually zero fract ion) of  the ap,ap,ap-con- 
formation for all studied compounds  2. The calculated 
values of the energy differences between the most stable 
and the ap,ap,ap-conformers seem to be quite admis- 
sible, except for the case of  t r i rnethoxychlorosi lane.  

The dependence of  the s tructure of  the most stable 
conformers of  molecules 2 on the  nature  of  substituent 
X is close to the expected one.  sc,sc,sc-Rotamers with 
C 3 symmetry with torsion angles close to the opt imum 
value (90 ~ for effective s tereoelect ronic  no,~*six-inter-  
action to occur appeared to be  the most stable among 
compounds with X = F, CI, and  H. In the case of  halo 
derivatives this is due to the high EN of  substituent X, 
whereas for X = H this is due to  the high polarizability 
of the S i - -H bond. The ,p angles in the most stable 
conformers of  molecules 2 with less electronegative 
substituents X (Me and Si l l3 ,  C 3 symmetry  in both 
cases) are much larger than 90 ~ . This indicates an 
increase in the stabilizing rote of  no,tr*sio-conjugation 
in this type of molecules. This is part icularly clearly seen 
in the silyl derivative of  2. The  dihedral  angles formed 
by the no-orbitals  of  its oxygen a toms with the vicinal 
Si - -O bonds they mostly ecl ipse and with the X--Si  
bond are 14 ~ and 46% respectively. The results of  the 
H F / 6 - 3 1 G ( d )  ca lcu la t ions  17 show an ana logous  
stereoelectronic effect of subst i tuent  X also for the de- 
rivatives of  trisilanols XSi (OH)  3 (see Table 2). The 
values of  the X - - S i - - O - - H  torsion angles calculated for 
trisilanols are in fairly.good agreement  with the values of 
the X - - S i - - O - - C  angles we ca lcula ted  for molecules 2. 
The fact that virtually no exper imenta l  data on the 
geometry of  tr imethoxysilanes in the gas phase is avail- 
able gives no way of est imating the reliabili ty of these 
quantum-chemical  calculations. Only rnethyltrimethoxy- 
silane was studied by electron diffraetionl9;  however, its 
geometry was not determined with adequate  accuracy. It 
is believed that the op t imum values of  the q~ angle lie in 
the range 25--80~ however, a conformer  with a ~p angle 
of 148 ~ is also possible. 

Di scordance  be tween  the  type  and ex ten t  of 
stereoelectronic effects in the most  stable conformation 
and the ap,ap,ap-conformations of  tr imethoxysilanes we 
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Table 2. Torsion X--Si--O--C angles (q~), Si--O--C (01) and X--Si--O (02) bond angles, 
X--Si (dl) and Si--O (d2) bond lengths, and relative energies (AE)of trimethoxysilane conformers 
calculated by the MNDO method 

X Conformation ~p 01 02 dl d~ AE 

deg A /kcal mol -~ 

H The most stable 105.1 136.8 1 1 1 . 7  1 . 3 8 2  1.653 0 

ap, ap,ap 180.0 1 4 3 . 6  1 1 0 . 5  1 . 3 8 0  1.649 2.4 

Me The most stable 111.2 1 3 6 . 4  1 1 2 . 0  1 . 8 0 7  1.653 0 
(25--80) (123.7) (109.5) (1.845) (1.632) 
[121.9] [1.8581 [1.6481 

ap,ap,ap 180.0 1 4 2 . 9  1 1 0 . 8  1 . 8 0 6  1.650 2.5 

Sill 3 The most stable 135.9 1 3 7 . 6  1 1 2 . 7  2 . 2 0 6  1.660 0 
[120.51 t2.343] [1.6501 

ap,ap,ap 180.0 141.7 l 11.7 2.206 1.656 1. l 

F The most stable 77.7 137.0 1 0 8 . 3  1 . 5 9 4  1.644 0 
I66.21 [1.5921 [1.6231 

ap, ap, ap 180.0 1 4 2 . 0  1 0 7 . 6  1 . 5 8 6  1.642 2.6 

CI The most stable 84.2 136.1 t09.5 2.117 1.637 0 
[61.21 12.0711 [1.6211 

ap,ap, ap 180.0 1 4 4 . 4  1 0 8 . 5  2.106 1.632 5.3 

Note_ Data of electron diffraction study 19 are listed in parentheses and the 
(HF/6-31G(d)) calculations t7 of trisilanols XSi(OH) 3 are listed in brackets. 

results of ab initio 

found is the cause of differences in their structural 
parameters (see Table 2). The largest differences be- 
tween the X--Si bond lengths in compared conformers 
are characteristic of halo derivatives of 2 (X = F, CI). 
An apparent reason for lengthening (weakening) of the 
X--Si bond in sc,sc,sc-rotamers of their molecules is 
no,C*slx-interaction. The Si--X bond length therein 
exceeds even that  calculated for corresponding 
silatranes,* which is in agreement with the data re- 
ported previously 17 (see Tables I and 2). 

At first glance, the results of semiempirical and ab 
initio calculations indicate that the model of three- 
center for, r-electron (3c--4e) hypervalent bonding of the 
silicon atom is inapplicable to silatranes. According to 
this model, an appreciable weakening of the X--Si bond 
compared to the conventional two-center  bond in 
tetracoordinated silicon derivatives should occur in the 
axial X--Si+-N fragments of molecules 1. 2~ However, 
inadequacy of the model of 3c--4e-bonding is apparent. 
In fact, the ratio of the X--Si bond lengths in silatranes 
and in ap,ap,ap-rotamers of 2 Wi-{h X = F and Cf that 
simulate their conformation more accurately is in com- 
plete agreement with the model of 3c--4e-bonding of 
the silicon atom in the former. 

A weaker stereoelectronic effect of substituent X on 
the Si--O bond lengths in the conformers 2 considered 
(see Table 2) is not surprising: the strengthe,fing of this 
bond is characteristic of each type of conjugation 
(no,o*si x and no,o*sio). A detailed analysis of such 

* It is likely that this is a reason for the relatively low reactivity 
of [-halosilatranes (except for 1 with X = I). ~ 

differences is difficult, since multilateral no,c*sio-inter-  
actions s imultaneously stabilize and destabilize the 
Si--O bond. 

Consideration of stereoelectronic effects is also im- 
portant when comparing basic properties of silatranes 
and model compounds 2.** Judging by the values of 
the frequency shifts of the stretching vibrations of the 
phenolic O- -H  bond in the IR spectra of solutions of 1 
a,ad 2 21 and by changes in their IH NMR spectra 
induced by a paramagnetic shift reagent, 2z the basicity 
of the oxygen atoms in silatranes is higher than in 
trialkoxysilanes. This can be due to either the effect of 
the S i g N  bond zl or the interaction between the LEP of 
the N and O atoms in chelate SiOCCN fragments of 
silatranes. 22 

The results of AM 1 calculations of the true basicity, 
i.e., the proton affinity (PAL of oxygen atoms of 
methylsi latrane,  f luorosi latrane,  and corresponding 
trimethoxysilanes in the opt imum and ap,ap,ap-confor-  
mations are listed in Table 3. The PA values were 
estimated using the standard equation: 

PA = AH(M) + 355.7 - AH(MH+), 

where AH(M) and AH(MH +) are the enthalpies of for- 
mation of the neutral and protonated molecule, respec- 
tively. Calculations of PA were performed with full 
geometry optimization of neutral and protonated forms, 

* * Consideration of other previously established spectroscopic 
indications of pentacoordination of the Si atom in silatranes 
(PES, I R, N M R, etc.) in the context of stereoelectronic effects 
seems to be no less important. 
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Table 3. Proton affinity (PA/kcal mol-l), charges on oxygen 
atoms (qo), average orbital energies (eav/eV) of the lone elec- 
tron pairs, and reorganization energies (AEr/eV) of Si--O 
bonds of silatrane and trimethoxysilane molecules calculated 
by the AM1 method 

Molecule Confor- PA qo ea~ AEr 
mation 

MeSi(OMe) 3 The most 200. l -0.589 10.4 3.8 
stable 

ap,ap,ap 230.2 -0.604 10.7  4.2 
MeSi(OCH2Me)sN 203.7 -0.572 10.9  3.9 
FSi(OMe) 3 The most 187.3 -0.612 11.2 3.6 

stable 
ap, ap,ap 216.7 -0.644 11.0 4.1 

FSi(OCH2CH2)3N 197.8 -0.593 . 10.5 3.7 

except for the X - - S i - - O - - C  torsion angle in the ap,ap,ap- 
conformation.* It should be noted that the change in 
the geometry of  the silatrane skeleton on going from the 
neutral form to the protonated one (the lengthening of  
the S i - -O bond of  the protonated oxygen atom and the 
shortening of the other  equatorial  S i - -O bonds and axial 
S i - -N  bond) is in agreement with the known exper imen-  
tal data for triazasilatranes, z3 

According to spectroscopic data, zl,zz the calculated 
PA values of silatranes appeared to be higher than those 
of  the most stable rotamers of  model tr imethoxysilanes 
(see Table 3). At the same t ime,  the calculations indi-  
cate an une• decrease in the PA values of  mol-  
ecules I as compared to those predicted for the ap,ap,ap- 
conformers of  molecules Z. Hence,  it is more correct to 
discuss the reasons for decreased PA values of  silatranes 
rather than those for increased ones 21,22 as compared  to 
correctly chosen model  compounds.  

As follows from the data in Table 3, changes in the 
PA values of the molecules listed therein can not be 
explained by the difference in the values of  effective 
charges (qo) and average (ear) orbital energies of  the 
LEP of  oxygen atoms ~av = (~,t(o) + ec(o))/3' where 
%t(o) and Ec(o) are the orbital energies of  the symmetr ic  
and doubly degenerate level, respectively. Only the quan- 

tity ,xE, = ~[Es~o(M ) - Esio(MM+)] that characterizes the 
s~o 

degree of  reorganization of the electronic system of  the 
SiO 3 fragment of  the MH + cation relative to the neutral 
molecule  M (Esi o are corresponding two-center  compo-  
nents of  the total energy) is changed in parallel with PA 
changes. It is likely the AE r value that is best to reflect 
the total effect of  different factors on the PA values of  
silatranes and tr imethoxysilanes.  

The conclusions drawn when comparing the geomet-  
ric pa r ame te r s  and PA values  of  s i l a t r anes  and 

* The energetics and geometric parameters of molecules I 
and 2 calculated in the framework of the AMI method are, 
on the whole, in" agreement with the results of MNDO 
calculations. 

trimethoxysilanes are qualitative. At the same t ime,  they 
demonstrate the fundamental importance of  conforma- 
tional similari ty between the compared model  and 
pentacoordinated compounds containing an anomeric  
silicon atom. From this point  of  view the conformation-  
ally rigid bicyclic organosil icon ethers 3 seem to be 
more convenient structural models  of silatranes. In fact, 
the results of  MNDO and A M  1 calculations of  deriva- 
tives 3 with substituents X = Me and F that strongly 
differ in electronegativity 
have shown that the values X 
of the ~ angles in these [ 
compounds (like those in __'~x~ O 
silatranes) are almost inde- O1/ , 9 1  
pendent of  X and are close [~ ,J~l 
to 170 ~ . The similarity of  " , , , , / f /  

stereoelectronic effects in 3 
molecules 1 and 3 makes it 
possible to clearly distin- X = Me, F 
guish their properties due 
to the changing coordination number  of the Si atom. 
The calculated X--Si bond lengths in silatranes are 
longer than those in model  compounds 3 (1.790 and 
1.575 A for X = Me and F, respectively) and are in 
complete agreement with the model  of 3c--4e-bonding.  
According to AM I calculations, the PA values o f  model 
compounds 3 (208.0 and 201.1 kcal mol -I  for X = Me 
and F, respectively) are higher  than those of  corre- 
sponding silatranes. 

The conclusions drawn seem also to be valid for 
compounds of pentacoordinated germanium and tin. 
The point is how different are the magnitudes of  the 
anomeric effects at the Si, Ge,  and Sn atoms. Judging 
from the heats of isodesmic reactions (AH): 

FM(OMe):} + MF 4 ~ F2M(OMe)2 + F3M(OMe ), 

M = $i, Ge, Sn 

we calculated by the M N D O  method the magnitudes of  
the anomeric effect decrease in the sequence (with 
consideration of the sign o f  the AH/kcal tool - t  values): 
Si(5.02) > Ge(0.12) > Sn( -4 .09 ) .  

This work was supported in part by the Russian 
Foundation for Basic Research "(Project No. 96-03- 
32718). 
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