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The conformat iona l  energy  of the 1 -me thy l s i l a t r ane  molecu le  for  sp 3 and sp3d hybr idizat ion 
of the s i l icon a tom was calcula ted.  The known data on the s t r u c t u r e  of the a t r ane  por t ion  of 
the molecule  a r e  in good a g r e e m e n t  with the r e su l t s  of the calcula t ion fo r  sp3d hybr idizat ion 
and differ  r ad ica l ly  f r o m  the r e su l t s  of the calculat ion for  sp 3 hybr idizat ion of the s i l icon 
atom. The conformat ional  f ac to r s  const i tute  a cons iderab le  contr ibution (11.4 kca l /mo le )  to 
the forced  change in the hybr idizat ion of the s i l icon a tom.  An analys is  of the dependence of 
the energy  of the 1 -m e t hy l s i l a t r ane  molecule  on the d is tance  between the Si and N a toms  
shows that a s table  exo form,  i so la ted  to any extent by a cons iderable  conformat iona l  b a r r i e r  
f r o m  the r e a l  s t ruc tu re  with an Si 4-N t r ansannu la r  interact ion,  does not exis t .  

The p r e s e n c e  of a t r ansannu la r  bond in molecu les  of cycl ic  inorganic  e thers  and alkoxides of t r i e tha -  
�9 t; r 

no lamine  (atranes)  Xn_3M ~n) (OCH2CHs)3N has  been  conf i rmed  by a number  of phys i cochemica l  methods [1-7]. 
It  has been es tab l i shed  for  the  m o s t  inves t iga ted  r e p r e s e n t a t i v e s  of this in te res t ing  c l a s s  of he te roorgan ic  
compounds - s f l a t r anes  (M = Si) - that  the e lec t ronic  effects  of subst i tuent  X and of subs t i tuents  in the a t rane  
half  r ings  affect  the s t rength  of the i n t r a m o l e c u l a r  S i * - N  coordinate  bond. An in t imate  re la t ionship  between 
the i n t r a m o l e c u l a r  coordinat ion of the s i l icon and ni t rogen a toms and the conformat ional  f ac to r s  has a lso  
been  observed.  To begin with, this  is  the absence  of a t r ansannu la r  in te rac t ion  of the Si and N a toms  in 
(CH3)2Si(OCH2CH2)2NR molecu les  and the cons iderab ly  lower  s t reng th  of the i n t r amo lecu l a r  Si ~-N coord i -  
nate  bond in 1 - e t h o x y - 2 - c a r b a s i l a t r a n e  as compa red  with 1 -me thy l s i l a t r ane  and 1-e thoxys i la t rane .  A bi-  
p y r a m i d a l  s t ruc tu re  in which the deviat ion of the X - S i - O  angle f r o m  the equi l ibr ium value c h a r a c t e r i s t i c  
fo r  sp3d hybr id iza t ion  is a lso  explained by in te rac t ion  of subst i tuent  X with the oxygen a toms  of the a t rane  
half  r ings  [1-5, 7] has been  p roposed  for  the s i l icon a tom in s f la t rane  molecu les .  

The indicat ions of the impor t ance  of conformat ional  f ac to r s  for  an unders tanding of the p r o p e r t i e s  of 
a t r ane s  have up until  now been  pu re l y  qual i ta t ive [3-6]. The p r e s e n t  p a p e r  is  devoted to the elucidation of 
two p r o b l e m s :  the extent to which the r ea l  s t ruc tu re  of the a t r ane  por t ion  of the molecu le  co r r e sponds  to 
the m i n i m u m  of the conformat ional  ene rgy  and the ene rgy  expendi tures  r equ i r ed  fo r  one or  another  defor -  
ma t ion  of the molecule .  The formula t ion  of the l a t t e r  p r o b l e m  is  r e l a t ed  to the p r o b l e m  of the s tabi l i ty  of 
the exo- a t rane  s t ruc tu re .  

* See [1] fo r  communica t ion  XXXIV. 
t W e  cons ider  the exo f o r m  to be  the s t ruc tu re  in which the unshared  p a i r  of the n i t rogen a tom is d i rec ted  
away f r o m  the he t e ro r ing  [6]. 
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Fig. 1. Spiral  (I) and zigzag {II) s t r uc tu r e s  of the 1 -me th -  
y l s i l a t r ane  molecule  with a s i l icon a tom in sp a hybridizat ion.* 

TABLE 1. Dependence of the 
Conformat ioual  Energy  (E) of 
the 1 -Methy l s i l a t rane  Molecule 
on the Tor s ion  Angle of the 
O - C  0) Bond 

150 
160 
170 
180 

E, kcal/mole 
sp  3 sp3d 

10,9 
11,9 2,5 
14.0 0,2 
17,1 -0,5 

A geomet r i ca l  ana lys is  of the 1 -me thy l s i l a t r ane  molecule  with a 
t e t r a h e d r a l  a r r a n g e m e n t  of the valences  of the s i l icon a toms shows that  
only a na r row  range  of d is tances  between the Si and N a t o m s -  2.35-2.45 
and 2.9-3.0/~,  r e s p e c t i v e l y -  is poss ib le  for  the endo and exo s t ruc tu r e s  
of this molecule  without deformat ion  of the valence angles and bond 
lengths.  In this  case ,  the C(4 ) a tom devia tes  by a dis tance of 0 .9-1.1/~ 
f r o m  the p lane  of the SiON t r iangle .  
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Two conformat ions  of the half  ring, which co r r e spond  to to r s ion  angles of the C ( 0 - C  (7) bond of 45-50 and 
90-95 ~ a r e  poss ib le  for  each of the s t r u c t u r e s .  The pro jec t ions  of the a t rane  po r t io r /o f  the molecule  on 
the p lane  pe rpend icu la r  to the S i - N  axis a r e  p r e sen t ed  in Fig. 1. Pro jec t ion  I co r responds  to a to r s ion  
angle of 45-500' while p ro jec t ion  II co r r e sponds  to a to r s ion  angle of 90-95 ~ As seen  f r o m  Fig. 1, c lose  
locat ion of the a toms  of adjacent  h a l f  r ings {H9C12, H9Ct5), which cor respond  to the i r  repuls ion  under the 
influence of v a n - d e r - W a a l s  fo rces ,  is c h a r a c t e r i s t i c  for  both fo rms .  

The conformat ional  ene rgy  of 1 -m e t hy l s i l a t r ane  was calcula ted for  a fixed S i -N  dis tance of 2.19/~. 
This  value was taken f r o m  x - r a y  dif f ract ion data for  1 -phenyls i l a t rane  [7], inasmuch as it is known that  the 
S i - N  dis tance depends only s l ight ly on the nature  of the subst i tuent  at tached to the s i l icon atom. Under the 
assumpt ion  of sp3 hybr id iza t ion  of the s i l icon atom, the min imum conformat ional  energ ies  for  the I and II 
f o r m s  a re  13.0 and 10.9 k c a l / m o l e .  The subs tant ia l ly  nonplanar  s t ruc tu re  of the a t rane  half  r ing is opt imum 
for  both f o r m s .  The deviat ion of the C(4 ) a tom f r o m  the SiON plane is 0 .6-0.8/~.  The dependence of the 
conformat iona l  ene rgy  on the to r s ion  angle of the O - C  (4) bond which is p r e sen t ed  in Table  1, was obtained 
fo r  the energ ica l ly  m o r e  advantageous II fo rm.  

As seen  f r o m  Table  1, t r ans i t ion  f r o m  the opt imum geome t ry  to a r r a n g e m e n t  of the SiOC 0)N a toms 
in one p lane  (~0 = 180 ~ r equ i r e s  the expendi ture  of 6.2 k c a l / m o l e .  The min imum conformat ional  energy  for  
spad hybr idizat ion of the s i l icon a tom (a b ipyramida l  a r r a n g e m e n t  of the subst i tuents)  occurs  for  a p lana r  
a r r a n g e m e n t  of the SiOC(4)N a toms .  The deviat ion of the C (4) a tom f r o m  the SiON plane r equ i re s  cons ide ra -  
b le  ene rgy  expendi ture  {Table 1). 

A compar i son  of the r e s u l t s  obtained with the exper imenta l  data  shows that  the observed  s t ruc tu re  of 
the a t rane  por t ion  of the  molecule  co r r e sponds  to the min imum of the conformat ional  ene rgy  only fo r sp3d 

*The number ing  of the a toms in the 1 -me thy l s i l a t r ane  molecule  in the scheme  and F igure  1 is chosen 
for  opt imal  calculat ion and is not in accord  with o rd ina ry  chernical  usage .  
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Fig. 2. Dependence of the S i - N - C  (7) angle (~P) and the en- 
e rgy  (E) on the S i -N distance for  the spira l  (I) and zigzag 
(IT) fo rms  of the 1 -methy ls i l a t rane  molecule .  

hybridizat ion of the si l icon atom. It must  be noted that the optimum configuration calculated for sp3d hy- 
br id iza t ion  of the s i l icon atom is in agreement  with the known s t ruc tu re  of s i la t ranes  not only with r e spec t  
to the p lanar  a r rangement  of the SiOC (DN atoms:  c lose values of the CjI)SiO angle (94 ~ exper imenta l  value 
98% and of the dis tance of the C (7) atom f rom the SiOC(4)N plane (0.45 A x - r a y  diffract ion value 0.5 l ) w e r e  

also obtained. Calculation for  this hybridizat ion also showed that the low b a r r i e r  to t rans i t ion  of the C (,.~ 
atom through the SiOC (4)N plane (< 0.3 kca l /mole )  coincides with the resu l t s  of PMR spectroscopy,  which 
indicate equivalence of the H(8 ) and H(9 ) protons  [3-5]. 

The data in Table 1 make it poss ible  to conclude that a change in the hybridizat ion of the s i l icon atom 
f rom sp 3 to sp~d is accompanied by a gain in the conformational  energy of 11.4 kca l /mole .  Conformational 
f ac to r s  thus play a l a rge  ro le  in the 1 -methy ls i l a t rane  molecule,  promot ing a change in the valence s ta te  of 
the s i l icon atom. 

Inasmuch as an unst ra ined configurat ion with an S i -N  distance of 2.9-3.0 ~ may  cor respond  to a 
t e t r ahed ra l  d i rec t ion  of the valence bonds of the Si atom, it  is ex t r eme ly  in teres t ing  to calculate  the con- 
format ional  energy  of the optimum s t ruc tu res  as a function of the dis tance between the Si and N atoms.  
This dependence for  s t ruc tura l  fo rms  I and II is p resen ted  in Fig. 2. The calculated values of the S i - N - C  (7) 
angle a re  also p re sen t ed  in Fig. 2. As seen f rom Fig. 2, exo fo rm I of the 1-methyls i l a t rane  molecule  is 
absolutely unstable: it  is spontaneously conver ted  to the endo s t ruc tu re  at S i -N dis tances  f rom 2.7 to 2.8 ~.  
An inc rease  in the S i -N dis tance for  endo fo rm I to 2.85/~ leads to a b a r r i e r l e s s  convers ion  to endo fo rm 
II. In con t ras t  to fo rm I, exo fo rm II has a minimum on the conformational  energy  curve  that cor responds  
to a stable configuration with an S i -N distance of 3.1/~ and an S i - N - C  (0 angle of 95 ~ A b a r r i e r  that does 
not exceed 1.5 kca l /mo le  separa tes  this stable s tate  f rom endo fo rm IL This b a r r i e r  is apparent ly  insuf- 
f ic ient  for  isolat ion of the exo s t ruc tu re  during synthesis .  A compar ison  of the minimum energ ies  of the 
exo and endo s t ruc tu re s  with the coordinate ly  bonded ni t rogen and si l icon atoms shows that the format ion  
of a t ransannular  bond is accompanied by a dec rease  in the conformational  energy of 1.5 kca l /mole .  Con- 
sequently, shortening of the S i -N distance in the 1-methyls i l a t rane  molecule  below 3.1/~ should be asso-  
c ia ted with a st i l l  s m a l l e r  b a r r i e r  as compared  with the value calculated for  sp 3 hybridizat ion of the si l icon 
atom. 

The relat ionship between the conformat ional  energ ies  of the rea l  s t ruc tu re  and the hypothetical  exo 
fo rm  of 1-methyls i la t rane  obtained in this study sa t i s fac tor i ly  explains the difficulty involved in implicating 
the ni t rogen atom of a t ranes  in in te rmolecu la r  complexing: the expenditure of energy  not only in disruption 
of the t ransannular  Si ---N bond but also in overcoming the fo rces  of in terac t ion  of the nonvalence-bonded 
atoms is r equ i red  for  this.  
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E X P E R I M E N T A L  

The conformational energy of 1-methylsilatrane was calculated by means of a special program that 
permits  one to fix any internal coordinates of the molecule. Optimization was accomplished by the method 
of fastest  descent with variation of the torsion and valence angles. The interaction of the nonvalence-bonded 
atoms was extrapolated by means of the exp-6 potential. The van-der-Waals interaction potential of the 
methyl group was assumed to be equal to that for the carbon atom. The electrostatic interactions were dis- 
regarded. The parameters  for the calculation were taken from [8-13]. The equilibrium values of the 
S i -O-C angle were assumed to be identical for both sp a and spad hybridization of the silicon atom. Inasmuch 
as the magnitude of this angle depends on the nature of the substituents attached to the silicon atom [12], the 
calculation was made for 113 and 123 ~ and practical ly identical values of the conformational energies were 
obtained. The ba r r i e r  to the inversion of nitrogen was assumed to be 9.14 keal/mole on the basis of data 
on the force constant of the deformation vibrations of methylamine [13]. 
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