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An x - r a y  s t ruc tura l  study of two organosi l icon compounds, 2 , 2 - d i p h e n y l - 2 - s i l a - l - o x a - l , 2 -  
dihydronaphthalene (I) and 2 ,2 -d ich lo ro -3 - t r i ch lo ros i ly l -2 - s i l a - l -oxa - l , 2 -d ihydronaph tha -  
lene (II), has been ca r r i ed  out. The s t ruc tu res  were determined by the direct  method and 
refined by the method of least  squares  in the anisotropic (i) and isotropic (II) approximations 
f rom three-d imensional  sets  of d i f f rac tometr ie  data as fa r  as R- fac tors  of 8.6 and 15o5% for 
compounds I and II respect ively .  Both molecules are charac ter ized  by a planar conforma-  
tion of the naphthalene unit, and the intracycl ic  S i - C  bond lengths (1.838 and 1.82 .~ for com-  
pounds I and II, respectively} are  slightly shor te r  than the standard value of 1.87 Ao 

I N T R  ODUC T I O N  

The present  paper descr ibes  a continuation of ea r l i e r  studies involving the determination of the s t ruc -  
tures  of heterocycl ic  compounds of silicon [1, 2]. Compounds I and H were synthesized as follows. Firs t ly ,  
the gas -phase  react ion of benzofuran with t r ichlorosi lane at a tempera ture  of 640~ and a contact  time of a p -  
proximate ly  30 sec gave 2 ,2 -d ich lo ro-2-s i l a - l -oxa- l ,2 -d ihydronaphtha lene  (III) in up to 70%yield (bp = 113~ 
at 16 mm Hg, mp = 12~ At the same time the react ion products also contained compound II (bp = 180~ at 
1 mm Hg, mp = 73~ in quantities not exceeding 5%. Treatment  of compound III with phenylmagnesium bro-  
m i degaveoompound l iny i e ld s  of up to 85% (bp = 188~ at 1.5 mm Hg, mp = 84~ The compounds obtained 
were charac te r i zed  by infrared,  Raman, PMR, and ~3C NMR spect roscopy [3, 4]. 

E X P E R I M E N T A L  

The unit cell pa rame te r s  of compounds I and II were determined f rom KFOR diffraction patterns and r e -  
fined on automatic fou r - c i r c l e  H i lge r -Wa t t s  (I) and Syntex P~ (II) d i f f rac tometers .  

I II 
o 

a, A t0.598(3) 24.760(5) 
b, A 10.661(3) 15.705(4) 

o 

c, A 14.659(4) 7.t26(3) 
7, deg t04.30(3) 

M 300 350.5 
o 

V, A 3 3 i604.9 2771.2 
dcalc, g/cm i.25 1.69 

Z 4 8 
Space group P21/ib Pbarn 

The three-dimensional  sets  of experimental  data for compounds I and II were obtained on the above d i f f rac-  
tometers  using monochromatic  molybdenum radiation, by the standard 0 / 2 0  scanning method. 
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TABLE 1. Coord ina tes  of the Atoms in the Molecule  of Corn )oundI* 

Atom 

Si 
0 
c(t) 
c(2) 
c(3) 
c(4) 
c(5) 
c(6) 
c(7) 
C(8) 
C(9) 

--0,0700(2) 
0,0547(5) 
0,0098(9) 
0,4387(9) 
0,2273(7) 
0,3633(8) 
0,4477(8) 
0,4033(9) 
0,2692(8) 
0,1853(7) 

--0,1679(8) 

0,4593(2) 
0,2908(5) 
0,0272(8) 
0,0550(8) 
0,t812(8) 
0,1961(tl) 
0,3t05(11) 
0,4216(11) 
0,4099(9) 
0,2929(8) 
0.t917(8) 

: [ Atom 

0,8422(2: C(10) 
0,8330(4: C(It) 
0,8630(7: C(12) 
0,8671(6' C(13) 
0,85i3(61 C(44) 
0,8532(7' C(15) 
0,8383(71 C(16) 
0,8204(71 C(t7) 
0,8181(6 c(18) 
0,8349(5' c(t9) 
0,9404(6] C(20) 

--o.1o59(8) 
-o.1752(9) 
--0,3075(9) 
-0,3727(9) 
--0,3028(8) 
--0,4674(7) 
--0,2490(8) 
--0.3165(9) 
--0,3063(10) 
--0,2273(9) 
--0,t567(8) 

0,2626(8) 
0,2837(40) 
0,2363(t0) 
0,t661(10) 
0,t430(9) 
0,1395(7) 
0,2288(9) 
0,2177(10) 
0,1231(tt) 
0,0408(10) 
0,0520(8) 

1,0147(6) 
t,0913(6) 
t,0934(6) 
t,0230(7) 
0,9444(6) 
0,7359(5) 
0,7180(6) 
0,6344(7) 
0,57t3(7) 
0,5881(7) 
0,6692(6) 

* The s t a n d a r d  devia t ions  of the coord ina t e s  of the a toms  a re  g iven 
in b r a c k e t s .  

TABLE 2. Coord ina tes  and Individual  T e m p e r a t u r e  F a c t o r s  of the 
Bas i s  Atoms  in the S t ruc tu re  of Compound II  

Molecule A Molecule B 
Atom x B j  x It] 

Si(t) 
Si(2) 
o(t) 
o(1) 
Cl(2) 
O(3) 
CO) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
c(8) 

0,209t(3) 
0,3284(3) 
0,4481(7) 
0,2t67(3) 
0,36i9(4) 
0,3553(4) 
0,2556(40) 
0,2303(ti) 
0,t7t5(11) 
0,t525(10) 
0,0995(40) 
0,0630(41) 
0,078302) 
0,t329(tt) 

y z 

o,514o(5) 
0,4264(6) 
0,4733(4t) 
0,5862(4) 
0,3096(6) 
0,4882(6) 
0,4203(45) 

10: 

14' 

0,0267(3) 
--0.0523(3) 

0,0916(7) 
--0,0037(2) 
--0,tl22(3) 
--0,06t8(3) 

0,0139(10) 

11 Z 

,2265(8) 

,2273(11) 

0 3405(14) 
0.3157(15) li 0,3771 (t6) 
0,3539(18) 
0,266209) 
0,2003(17) 10 
0,2299(i7) 

0,t755(5) 
0,3397(5) 
o,1647(1o) 
0,tt56(3) 
0,2535(6) 
0,4i49(5) 
0,2888(t6) 

0,341i(t8) 
0,327t(t7) 
0,241407) 
0,2216(16) 
0,2900(18) 
0,3756(19) 
0,3909(17) 

0,5000 
0,5000 
0,5000 
o,2746q 
0.5000 
012756 
0,5000 
0,5000 
0,5000 
0,5000 
0,5000 
0,5000 
0,5000 
0,5000 

3,8(2 
i,5(2 
3,9(4 
7,4(1 
6,9 (2 
t ,2(3 
3,2(5 
5,2(6 
4,i(5 
3,8(~ 
3,5(~ 
4.3(r 
4,9(7 
3,7(r 

0.0575(9) 
0,1f38(9) 
0,i552(I01 
0,200[(ii) 
0,2237(11) 
0,i863(H) 
0,130000 

3,3(t) 
3,9(2) 
3,9(4) 
5,7(1) 
6,4(2) 
7,3(2) 
3,5(5) 
2,8(4) 
3,1(5) 
3,6(5) 
4,3(6) 
4,7(7) 
4,t(6) 
4,4(6) 

DETERMINATION AND REFINEMENT OF THE STRUCTURES 

The s t r u c t u r e  of compound I was d e t e r m i n e d  by the d i r e c t  method  using 1179 independent  r e f l ec t ions  
with I >-3a (I). The method of s u c c e s s i v e  approx ima t ion  of e l e c t r o n  dens i ty  s e r i e s  made it poss ib le  to  d e t e r -  
mine  the coo rd ina t e s  of all the a toms  o ther  than hydrogen ,  with al lowance fo r  which the R - f a c t o r  was  16.2% 

~ (for Btota  1 = 3.47 A )o 

The r e f i n e m e n t  of the s t r u c t u r e  of compound I was c a r r i e d  out f i r s t  in the i so t rop ic  approx ima t ion  with 
a l lowance fo r  C r u i c k s h a n k ' s  weighting f a c t o r s  [5] in the las t  s t age s ,  as  f a r  as a R - f a c t o r  of 11.6%. The r e -  
f inement  was then cont inued in the b lock-d iagona l  an i so t rop ic  approx ima t ion .  The final R - f a c t o r  was 8.6%, 
and the c o r r e s p o n d i n g  coord ina tes  of the a toms  a r e  given in Table  1. (The individual  an i so t rop ic  t e m p e r a t u r e  
c o r r e c t i o n s  and the p a r a m e t e r s  of the e l l ipsoids  of the t h e r m a l  v ibra t ions  can  be obtained f r o m  the authors . )  

The d e t e r m i n a t i o n  of the s t r u c t u r e  of compound II was c a r r i e d  out i n t h e  s a m e  way as f o r  compound I, 
using 1100 r e f l ec t ions  with I -> 3a (I)~ The s t r u c t u r e  of compound II was  re f ined  by the method of l eas t  s q u a r e s  
in the i so t rop ic  approx ima t ion  with al lowance fo r  obvious g e o m e t r i c  cons ide r a t i ons  in the f i r s t  s t ages  (the 
C - C  bond lengths and CCC valence  angles  in the benzene  f r a g m e n t s  were  a s s u m e d  to  be equal  to 1.40 ,~ and 
120 ~ , r e s p e c t i v e l y ) .  These  r e s t r i c t i o n s  were  r e m o v e d  in the las t  s t ages  of the r e f inemen t .  The final  R - f a c t o r  
was  15.5%, and the c o r r e s p o n d i n g  coord ina t e s  of the a toms  and the individual i so t rop ic  t e m p e r a t u r e  f a c t o r s  
fo r  the two independent  m o l e c u l e s  a re  given in Table 2. 

The ca lcu la t ions  were  c a r r i e d  out on M-222 and BESM-4 c o m p u t e r s  using the au tomated  se t s  of p r o g r a m s  
WRentgen-70N and "Kristal l ."  
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TABLE 3. 
pound I 

Bond Lengths (/~) in the Molecule of C o r n -  

Boad d Bond d 

Si.C(t) 
Si--C(9) 
Si--C(i5) 
Si--O 
C(i)--C(2) 
C(2)--C(3) 
c(3)-c(~) 
c(3) -c (8)  
c(4)-c(5) 
c(5) - c ( 6 )  
c(6)-c(7) 
C(7)~-C(8). 
c ( 8 ) - o  . 

t ,838(5) 
1,856(5) 
1,852(4) 
1,677(3) 
t ,326(7) 
t,457(7) 
1,4it(7) 
1,391(7) 
t,340(6) 
t ,402(8) 
t ,397(7) 
i ,363(6) 
i,3S0(5) 

co)-cdo)  
cdo)-c(lt) 
c(li)-c(i2) 
c(i2)-c(i3) 
c(13)-0(14) 
c(14)-6(9) 
c(15)-c(t6) 
c(t6)-c(i7) 
c(i7)-c(t8) 
c(18)-c(i9) 
c(i9)-c(2o) 
c(2o)-c(i5) 

1,394(7) 
1,39!(8) 
1,368(7) 
i ,359{7) 
t ,423(8) 
1,397(6) 
t,4i0(8) 
t ,417(7) 
,389(9) 

1,377(t0) 
1,393(8) 
1,376(7} 

e c(t) c(~) " 

c[6)~..~-----...._0. - . .  ~ _ .  
ctT) c(19 c{~) 

F ig,  1. Struoture of the molecule of com- 
pound I. 

o ,/d~ )c]'(~-) 

c(5) c(4) c~(s) 

Fig.  2. St ructure  of the molecule  of 
compound II. 

G E O M E T R Y  OF T H E  M O L E C U L E S  A N D  D I S C U S S I O N  OF R E S U L T S  

The number ing  of the a toms and the conformat ion  of the molecules  compounds I and IT are  given in F igs .  
1 and 2 (for compound II, one of the two c rys t a l log raph ica l ly  nonequivalent molecules  is shown). The individual 
values  of the bond lengths and valence angles a re  given in Tables  3 and 4 for  compound I and in Tables  5 and 6 
for  compound IL In the d i scuss ion  of the bond lengths and valence angles in compound II, the values averaged  
over  the two independent molecu les  a re  used.  

It  should be noted that  at the p re sen t  t ime  the number  of published papers  devoted to the s t ruc tu re  of 
he t e rocyc l i c  compounds of s i l icon is e x t r e m e l y  smal l  (an exception is provided by papers  on the d e t e r m i n a -  
t ion of the  s t r u c t u r e s  of si loxanes)~ Compounds in which the si l icon a tom is included in a s y s t e m  of the naph-  
thalene type a re  shown in Fig .  3. The s t r u c t u r e s  of these  compounds have been es tab l i shed  by x - r a y  s t r u c -  
t u ra l  analysis  (with the exception of compound III, for  which s t ruc tu ra l  studies have not been c a r r i e d  out, s ince 
it is a liquid under  no rm a l  conditions).  

To explain the s t r u c t u r e s  of compounds of this type,  containing si l icon a toms having unoccupied d -o rb i t a l s  
and unsa tura ted  f r a g m e n t s  or a toms with unshared  e lec t ron  pa i r s ,  the concepts  of p ~ - d ~  interact ion is u s -  
ually introduced,  or  a l te rna t ive ly  the explanation is based  on the manifes ta t ion of the inductive effect  [6]. The 
p rob l em of PTr "d~r in terac t ion  is at p r e sen t  the subject  of l ively d iscuss ion  (see for  example  [7-11]), but in ex -  
pe r imen ta l  work  devoted to this p rob lem it  has not been shown sufficiently convincingly that the r e su l t s  obtained 
are  due to the effect  of PTr-d~ interact ion,  and that  another  a l ternat ive  explanation cannot be given for  the facts  
observed .  The number  of c o r r e c t  quan tum-chemica l  calculat ions with an expanded spd bas i s  is ex t r eme ly  smal l ,  
and the in te rpre ta t ion  of the data  obtained is often e x t r e m e l y  ambiguous [7, 12]. 

The compounds I and II which we studied are  analogs of naphthalene, differ ing f r o m  the l a t t e r  in that the 
C - C  mult iple bond has been rep laced  by an S i - O  bond. Since the S i - O  bond is also a mult iple bond [13], it is 
poss ib le  in pr inciple  for  it to take p a r t  in conjugation with the phenyl r ing and the alkene bond, with the use of 
the unoccupied 3d-orb i t a l s  of the s i l icon atom and the fo rmat ion  of a s y s t e m  of the a romat i c  type.  

The exis tence  of a romat i c i ty  is genera l ly  accompanied  by a p lanar  conformat ion  of the corresponding f r a g -  
ments ,  and a lso  by equalizat ion of the bond o r d e r s  in them.  

The molecu les  of compounds I and II have p lanar  conformat ions ,  and the molecule  of compound II is ideal-  
ly p lanar  f r o m  s y m m e t r y  r e q u i r e m e n t s  (the independent molecules  a re  s i tuated in planes m with z = 0 and I/2), 
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TABLE 4. Valence Angles w (deg) in the Molecule of 
Compound I 

Angle Angle 

C(t)SiO 
C(t)SiC(9) 
C(t)SiC(15) 
C(9)SiC(15) 
C(9)SiO 
C(15)SiO 
SiC(I)C(2) 
C(1)C(2)C(3) 
C(2)C(3)C(4) 
C(2)C(3)C(8) 
C(3)C(4)C(5) 
C(4)C(3)C(a) 
C(4) C(5)C(6) 
C(5)C(6)C(7) 
C(6)C(7)C(8) 
C(7)C(8)C(3) 
C(7)C(8)0 
C(20)C(i5)C(i6) 

103,7(2) 
113,3(2) 
t13 6(~ , - )  

t10,6(2) 
105,5(2) 
109,3(2) 
118,7(4) 
126,3(5) 
120,5(5) 
i23,3(5) 
122,2(5) 
116,2(4) 
120,8(5) 
118,4(5) 
1t9,8(5) 
122,7(5) 
i15,9(5) 
117,3(5) 

C(3)C(8)0 
C(8)OSi 
SiC(9)C(10) 
SIC(9)C(14) 
C(9)C(t0)C(II) 
C(t0)C(II)C(t2) 
C(tt)C(12)C(13) 
C(t2)C(13)C(14) 
C03)C(14)C(9) 
C(i4)C(9)C(i0) 
SiC(t5)C(t6) 
SiC(t5)C(20) 
C(t5)C(16)C(t7) 
C(16)C(t7)C(t8) 
C(17)C(t8)C(t9) 
C(t8) C(t9)C(20) 
C(19)C(20)C(15) 

121,4(3) 
126,3(3) 
tt9,8(4) 
122,1(4) 
12t ,4(5) 
1i9,5(5) 
121,4(5) 
119,6(5) 
120,0(5) 
1~8,o(5) 
119,8(4) 
122,6(4) 
121,4(5) 
t18,3(4) 
120,2(4) 
119,8(5) 
122,2(5) 

and in the molecule  of compound I the dihedral  angle between the condensed r ings  of the naphthalene unit, which 
o 

are  p lanar  to within 0.03 A, is only 1.4 ~ Thus the conformat ions  of these  molecu les  a re  identical to that  found 
for  naphthalene and i ts  deu te r ium-subs t i tu t ed  analog [14, 15]. The geome t ry  of the molecules  of compounds I 
and I I  is e x t r e m e l y  s i m i l a r  to  that  found in another  he te roeyc l ic  compound of si l icon,  3 - b r o m o - 2 , 2 - d i p h e n y l - 2 -  
s i l a - A 3 - l - t e t r a l o n e  (IV) ( see  Fig. 3) [17]o The molecule  of compound IV is p lanar  to within 0.046 ~, and the 
dihedral  angle between the condensed r ings  of the te t ra lone  f r agmen t  is  0.48 ~ whereas  the te t rahydronaphtha-  
lene f r a g m e n t o f  the molecule  of compound V is nonplanar  and is bent along the line joining the carbon a toms 
in posi t ions 1 and 4 of the he te rocycl ic  r ing,  by 53.04 ~ It should be noted that  ~hereas  in compound IV the s i l i -  
con a tom is joined to carbon a toms in the sp  2 s ta te ,  in compound V the s i l icon atom in the he te rocyc l ic  r ing is 
joined to sp 3 hybr idized carbon a toms .  

Thus the p lanar  conformat ion  of the molecu les  of compounds I and II is in pr inciple  favorable  for  the 
product ion of a c losed conjugation chain in the s y s t e m  - C s p 2 - O - S i - C s p 2 - .  F o r  the bond lengths in the 
he te rocyc l ic  r ing in this case  we should expect  an inc rease  in the mul t ip l ic i t ies  of the single bonds S i - C  and 
C - O  and a d e c r e a s e  in the mult ipl ic i ty  of  the alkene bond C - C. 

The in t racycl ic  bond lengths S i - C  in compounds I and II (1.838 and 1.82 A, respec t ive ly)  a r e  s h o r t e r  than 
those found.in compounds IV and V and in 1 - s i l a - 2 , 8 - d i o x a - 5 - m e t h y l - 5 - a z a c y c l o - o c t a n e - s p i r o [ 2 ' ] s i l a c h r o m e n e  
(VI) [18], where  they are  equal to 1.889, 1.883, and 1.851 A, r e spec t ive ly ,  and s h o r t e r  than the s tandard  length 
of the S i - C  single bond, 1.87/~ [19, 20]. It is known that  the p resence  of e lec t ronegat ive  subst i tuents  on the 
s i l icon a tom leads to a dec r ea s e  in the length of the S i - C  bonds.  Thus the sho r t e s t  S i - C  d is tances  were  ob-  
s e rved  in compound II, where the Si a tom is joined to C1 a toms ,  which have a higher  e lec t ronegat iv i ty  than the 
phenyl subst i tuents  (in compounds I, IV, and V) or the diethanolamine subst i tuent  (in compound VD. 

Calculat ions (see,  fo r  example ,  [10, 21]) have shown that  e lec t ronegat ive  subst i tuents  on s i l icon a toms 
faci l i ta te  the p ~ - d ~  in terac t ion  of the unoccupied 3d-orb i ta l s  with the v - s y s t e m s  of unsa tura ted  f r agmen t s  
or  the unshared e lec t ron  pa i r s  of neighboring a toms ,  dec reas ing  the effect ive d imensions  of the diffuse d-  
orb i ta l s .  Moreove r ,  e lec t ronegat ive  subst i tuents  show an inductive effect ,  which may  also  lead to a dec rea se  
in the d is tances  to o ther  subst i tuents  on the s i l icon a tom.  

In fact ,  in compounds suehas ,  for  example ,  SiHaF and SiHF 3, i n c r e a s e  in the number  of F a toms leads to 
a dec r ea se  in the S i - H  dis tances  f rom 1.485 to 1.455 A [22, 23], although p~-dTr  in teract ion between the Si 
and H a toms is imposs ib le .  In this case  we are  apparent ly  dealing with the pure ly  inductive influence of the F 
a toms .  On the other  hand, the r ep l acemen t  of th ree  phenyl groups by f luorine a toms in the molecule  of t e t r a -  
phenylsi lane leads to a d e c r e a s e  in the s i - c  d is tances  f r o m  1.876 A [24] to 1.828 ~ [25]. In the s t ruc tu re  of 
N-(tert-buty~pheny~flu~rosi~ the S i - C  distance in the phenyl -  
dif luorosi lyl  group,  1.828 A, is 0.03 A s ho r t e r  than the analogous dis tance in the te r t -buty lphenyl f luoros i ly l  
group [26]. A s i m i l a r  r egu la r  fea ture  can be obse rved  in the s t r u c t u r e s  of 2 ,2-diphenyl-  and 2 - f l uo ro -2 -  
naphthyl -2-s i la - l ,2 ,3 ,4- te t roahydronaphthalene  (on the introduction of the F a tom,  the dis tance S i -Csp~  de-  
c r e a s e s  f r o m  1.871 to 1.85 A) [17, 27] and in var ious  other s t r u c t u r e s .  In all these  cases ,  the effects  of p ~ - d v  
in terac t ion  and the inductive influence of the e lec t ronega t ive  subst i tuents  can appear  s imul taneously .  I t  should 
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TABLE 5. Bond Lengths d (/~) in the Structure of Compound II 

Molecule Mole- dav Bond M~176 Bond A, d ~ av cule B, d I A'd 1 B'd d 

Si(t)--Cl(l) 
si(1)-o(1) 
si(1)--c(t) 
si(2)-C(l) 
Si(2)--C1(21 
Si(2)--C1(3) 
c(1)-c(2) 
C(2)--C(3) 

2,0U2(81 I 
1.622(1911 
1,83212511 
1,797 (25}1 
1,9~9(11/I 
2.016(t3~[ 
1.393(36~] 
1,472/38)1 

2,0i4(7) 
1,616('19) 
1,8o8(2~) 
1,823(26) 
2,008(12) 
2,018(91 
t ,352(3,3) 
1,447(32) 

2,008(5) 
1,6t9(t31 
t ,820(18) 
t,st0(ts) 
1,999(8) 
2,0t7(8) 
t,373(24) 
1,460(25) 

C(3)--C(4) 
C(3)--C(S) 
C(4)--C(5) 
c(5)--C(6) 
C(6)--C(7) 
C(7)--C(8) 
c(8)-o(i) 

t,425(371[ t,407(3411 t,4t~(25) 
t,384(38)t 1,407(3@ 1,396(26) 
t,350(36)t t,383(381t t,367(2~) 
't,404(38)] t,424(4t)] tA14(28} 
1,397(4t)1 1,390('~01] t,3~1(29; 
t,374(40)} t,4~'8(381 t.i21(231 
t,348(30)1 1,398(31) 1,373(22) 

TABLE 6. Valence  Angles  ~o (deg) in the Structure 
of Compound II 

Molecule Molecule 
Angle A, cz B, w Wav 

ct(1)si(t)oo) 
Cl(t)Si(t)(~(t) 
Cl(t)Si(1)Cl(t') 
C(l)Si(t)O(t) 
Si(i)O (11C(8) 
Si(t)C(t)Si(2) 
Si(t)C(I)C(2) 
O(1)C(81C(7) 
o(t)c(s)c(3) 
C(t)Si(2)C1(2) 
C(t)Si(2)CI(3) 
CI(2)Si(2)CI(3) 
C1(3)Si(2)C1(3') 
Si(2) C(t)C(2) 
C(1)C(2)C(3) 
C(2)C(3)C(41 
C(2)C(3)C(8) 
C(3)C(4)C(5) 
C(4)C(5)C(6) 
C(5)C(6)C(7) 
E(6)C(7)C(8) 
C(7)C(8)C(3) 
c(8)c(3)c(4) 

108,t(51 
tt4,t(51 
106,7(4) 
107,4(10) 
t26,2(171 
124,604) 
1t4,809) 
1t6,2(24) 
t2t,8(24) 
1ti,5(6) 
tt0,6(9) 
t08,2(41 
t07,1(41 
t20,5(19) 
126,8(241 
tt8,2(23) 
t23,1(241 
1t9,3(24) 
t22,2(24) 
tts,6(26) 
tt9,3(26) 
t22,t(26) 
t18,7(24) 

1o8,~(41 
u3,7(5) 
.1o6,5(4) 
107,3(tl) 
125,9(16) 
128,1(141 
1t5,5(19) 
tt3,2(22) 
tt9,9(22) 
1t0,4(5) 
111,9(9) 
107,8(4) 
106,7(4) 
I~65(191 
128,o(211 
tt8,2(21) 
t23,4(2t) 
li7,9(24) 
122,0(25) 
it8,8(26) 
tt6,0(24) 
126,9(241 
t18,4(22) 

tos,t(31 
1t3,9(4) 
t06,6(3) 
t07,4(7) 
126,1(12) 
126,4(t0) 
t 15,2(t31 
t14,7(161 
120,9(i6) 
tt1,0(41 
1tt,3(6) 
t08,0(3) 
t06,9(3) 
118,5(13) 
t27,4(t6) 
t18,2(16) 
t23,3(t6) 
tt8,6(t7) 
t22,t(17) 
1t8,7r 
tt7,7(18) 
t24,5(t8) 
118,6(16) 

o 

be noted that in the s tructure  of compound I, the intracycl ic  distance S i - C ,  1.838 A, is  shorter  by m o r e  than 
o 

3~ than the normal  value of 1.87 A, in spite of the fact  that the s i l i con  atom is joined to phenyl subst i tuents ,  
whose  e lec tronegat iv i ty ,  and hence inductive effect ,  is re la t ive ly  sl ight.  Moreover ,  the S i - C ( 1 )  distance is 
sh or ter  than the d i s tances  S i - C ( 9 )  and S i -C(15)  1.856 and 1.852 /~, respec t ive ly ,  and the reason  for  the de -  
c r e a s e  in length cannot be the thermal  mot ion of the carbon atoms,  s ince  the individual i sotropic  factors  for 
the atoms C(1), C(9), and C(15) differ l i t t le .  Thus in compound I it is  poss ible  in principle to have an in-  
c r e a s e  in the mult ipl ic i ty  of the S i - C ( 1 )  bond as a resu l t  of the participation of tl~e unoccupied 3d-orbi ta ls  
of the s i l i con  atom in bonding. 

The S i - C  d is tances  in compound II (average value 1.81 A) are even shorter ,  compared with the normal  
value,  and this d e c r e a s e  in length can be expplained on the bas is  of the inductive influence of the C1 atoms,  
which is  super imposed  on the effect  of P n - d ~  interact ion.  The change in the valence angles at the Si atoms 
can a l so  be related to the inductive influence of the substituentso Thus the intracyc l ic  angle C(1)SiO at the Si 
atom in compound I, 103.7 ~ is s m a l l e r ,  and the exocycl ic  angle C(9)SiC(15), 110o6 ~ is larger,  compared with 
the analogous values  in compound II, equal  to  108.1 and 106.1 ~ respect ive ly .  The data obtained show good 
agreement with Bent's views [28] regarding the rehybridization of an atom having electronegative substituents. 

Analys is  of the bond lengths in the h e t e r o c y c l i c  r ing  of the molecule of compound I shows that with the 
s l ight  i n c r e a s e  in the mul t ip l i c i ty  of the Si -C(1 )  bond, the mul t ip l i c i t i e s  of the bonds C(1)-C(2)  and C { 8 ) - O  
did not change, and the multiplicity of the S i - O  bond even decreased.  Thus the distance Si--O 1.677 .~ is 
greater  than the normal value 1.63-1 .64 .~ [13]o The bond length C(1)--C(21 1.326 A coincides  within the l imi t s  
of experimental  a c c u r a c y  with the standard value of the C--C double bond length 1.33 /~. The C - O  distance 
in compound I, 1.380 A, is close  to those found in sa l i cyc l i c  acid,  1.36 A [29], phloroglucinol  d ihydra te ,  1.37/~ 
[30], f l -naphthol ,  1.39 ,~ [31], and 3 ,4 -d ime thy lpheno l ,  1.39 .~ [32]. 
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k..p h (.~,"( "S},--"---'------- N-Me "O--(CH2)(" 

Fig.  3. Silicon compounds of the naphthalene type 
for  which s t ruc tu ra l  s tudies  have been c a r r i e d  out. 

In compound II, in addition to the above-ment ioned  dec rea se  in the length of the S i - C  bond, a slightly 
shor tened S i - O  dis tance,  1.62/~, was found. In addition, the dis tance C(1) -C(2) ,  1.373 A, is longer  than that  
in compound I and is close to those found in a roma t i c  compounds.  In addition to these  changes ,  however ,  the 

o 

C - O  bond length in compound II, 1.37 A, coincides  with that  found in compound I and other re la ted  compounds.  

Thus fo r  compounds I and II  it is poss ib le  to s tate  that there  is p lanar  conformat ion  of the molecules  
and a dec r ea se  in the length of the in t racycl ic  S i - C  bonds; both of these  f ac to r s  may  indicate the exis tence of 
p~-d~r  in terac t ion  with the par t ic ipa t ion  of the 3d-orb i t a l s  of the s i l icon a tom and the ~ - e l e c t r o n s  of the a l -  
kene bond. In the molecule  of compound II, judging f r o m  the s t ruc tu ra l  data,  this  in terac t ion  takes  place to a 
g r e a t e r  extent  as a r e su l t  of the p r e s ence  of the e lec t ronegat ive  chlorine a toms .  Moreover ,  in compound II 
there  is an inc rease  in the length of the alkene bond C(1) -C(2) .  

To de te rmine  the nature  of the C(1) -C(2)  bond, the brominat ion  of compounds I and HI and 2 ,2-d imethyl -  
2 - s i l a - l - o x a - l , 2 - d i h y d r o n a p h t h a l e n e  (VII) was studied.  The brominat ion  of compounds I and VII involves the 
a t tachment  of a Br  2 molecule  a c ro s s  the double bond with the fo rmat ion  of the 3 , 4 - d i b r o m o - l , 2 , 3 , 4 - t e t r a h y d r o -  
de r iva t ive .  Even during the synthes is ,  however ,  HBr begins to be l ibe ra ted  f r o m  the reac t ion  mix ture ,  and the 
3 - b r o m o - l , 2 - d i h y d r o - d e r i v a t i v e  is fo rmed  (the posit ion of the Br  a tom was es tab l i shed  f r o m  the in f r a red  s p e c -  
t r a ) .  It should be noted that  the d ib romo-de r iva t i ve  can be isolated f r o m  the reac t ion  mixture  and c h a r a c t e r -  
ized spec t roscop ica l ly  [33, 34]. S imi la r  behav ior  is shown by the bond between the carbon a toms in posi t ions 
9 and 10 in the phenanthrene molecule ,  which is e x t r e m e l y  reac t ive ,  and s i m i l a r  in c h a r a c t e r  to the alkene 
bond [35], In the analogous reac t ion  of compound rg  with Br  2, an in te rmedia te  product  cannot be isolated.  The 
reac t ion  gave only 2 , 2 - d i c h l o r o - 3 - b r o m o - 2 - s i l a - l - o x a - l , 2 - d i h y d r o n a p h t h a l e n e .  Thus the study of the chemical  
p rope r t i e s  show that  the C(1)-C(2)  bond in compound 1II (and hence in compound II) is c l o se r  in c h a r a c t e r  to 
the bonds in a roma t i c  compounds,  compared  with the analogous bond in compound I, conf i rming in pr inciple  the 
r e su l t s  of the s t ruc tu ra l  study. 

In the molecule  of compound I, the phenyl f r agmen t s  C(9)...C(14) and C(15)...C(20) a re  p lanar  within the 
l imi ts  of exper imenta l  accuracy ,  and the d ihedra l  angles between the i r  planes and the plane of the naphthalene 
unit a re  69.1 and 61.1 ~ , r e spec t ive ly .  

The packing of the molecules  in the s t ruc tu re  of compound I involves van der  Waals bonds, and the shor t e s t  
contacts  co r respond  to C...C in teract ions  and a re  equal to 3.56-3.64/~,  which coincides with twice the van der  
Waals radius  of the C a tom.  The dis tances  between the other  atoms are  g r e a t e r  than the sums  of the van der  
Waals rad i i  of the corresponding a toms .  In the s t ruc tu re  of compound IT there  are  a number  of i n t e rmolecu la r  
contacts  sho r t e r  than the sums  of the van der  Waals radi i .  Contacts  of this kind are  f o rmed  between the fo l -  
lowing atoms: C1..~ C1...O',  and C1.. .C' ,  r e l a t ed  by the s y m m e t r y  operat ion ix, y, 1 -  z), and a re  equal to 
3.20-3.21, 2.93-3.38, and 3.13-3.21 A, r e spec t ive ly ,  whereas  the sums of the van der  Waals radi i  of the c o r -  
responding a toms a re  3.56, 3.30, and 3.58 A [36, 37]. The C...C and Si...C d is tances ,  3.61-3o80 and 3.65-3.84 ~, 
r e spec t ive ly ,  co r re spond  to no rma l  in t e rmolecu la r  contacts;  the other  contacts  a re  g r e a t e r  than the sums  of 
the cor responding  van der  Waals  radi i .  
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