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Crystals of oxo-bis[tribenzylsilicon(IV)], O[(PhCH,),Si],, are triciinic, space 
SOUp Pi, with Q = 9.780(7), b = 9.938(g), c = 10.283(6) 8, Q! = 93.35(l), p = 
115.44(l), y = 100.73(2)’ and 2 = l_ The molecule is centrosymmetric with 

overall symmetry close to 8: the SiOSi skeleton is strictly linear with SiO = 
l-613(4) A. The conformations of molecules and ions isoelectronic with 
0CPhCH2W12 are compared and discussed. 

Introduction 

The germanium and tin ~-0x0 compounds 0[(PhCH2)sM J2 (M = Si, Ge) con- 
tain linear MOM chains [l,Z] unlike their phenyl analogues which both have 
bent MOM skeletons [3,4]. The silicon cc-ox0 compound O(Ph,Si),, by contrast, 
is linear at oxygen [5] although O(Ph,C), is not 163. Here we report the crystal 
and molecular structure of 0[(PhCH2)3Si]2 which like its germanium and tin 
congeners contains a linear MOM chain. 

Experimental 

Oxo-bis[tribenzylsilicon(IV)], O[(PhCH,),Si],, was prepared from SiHCI, 
via (PhCH,),SiH [7,8]. Crystals suitable for X-ray investigation were grown 
from CHC13 solution. 

Data cdllection 
Data were collected using a Stoe Stadi-2 two circle automatic diffractometer 

with graphite crystal monochromatised MO-R, radiation for a crystal of dimen- 

* Toreceivecorrespondence. 
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sions 0.2 X 0.3 X 0.25 mm mounted about b. The intensities of 1502 reflections 
in the hemisphere +h, +k, +I with 2” < 8 < 30”) k = O-11 (0 < p < 23.160” ) 
were measured using the w-28 scan mode, with a step width of O.Ol” in w, a 
time of 0.6 s per step and 120 steps per scan. Backgrounds were measured at 
both ends of the scan for a time of (scantime/2). Standard reflections were 
measured every 30 reflections and showed only small random deviations from 
their means_ Lorentz and polarisation corrections were applied to the data, but 
no corrections for absorption were made. 

Crystal data 
Oxo-bis[tribenzylsiIicon(IV)], C,,H,,Si,O, M, = 618.97. Trichnic, space 

ETOUp Pi (ci’, NO_ 2) c = 9-m(7), b = 9.938(g), c = 10.283(6) a, (Y = 93.35(l), 
j3 = 11544(l), y = 100.72(2)“; U = 875.90 11’; 2 = 1; DC = 1.173 Kg dm-j; 
F(OOO) = 330. MO-K, radiation, y = O-71069 A, ~(Mo-K,) = 0.97 cm-l. 

Structure solution and refinement 
These were carried out using SHELX-76 [ 9 1. As the E statistics were incon- 

clusive as to the presence, or otherwise, of a centre of symmetry in the cell, the 
solution of the structure was attempted in the space group Pl. The general 
direct-methods program in SHELX-76, TANG, failed to give any reasonable 
solutions. A “boot-slrap” method was therefore adopted in which a difference 
map was calculated, phased by placing one silicon atom in an arbitrary position 
in the cei& The resulting difference map showed an approximately centrosym- 
metric distribution of peaks surrounding the Si position. The choice of sub-sets 
of peaks not related by the pseudo-centring yielded coordinates for the second 
Si and the atoms bonded to the two Si atoms. Further difference maps gave the 
positions of the rest of the non-hydrogen atoms in the molecule. Six cycles of 
least-squares refinement, with the coordinates of one Si fixed to define the ori- 
gin, and individual isotropic temperature parameters for ah non-hydrogen 
atoms yielded a conventional R index [ = 2 A/CF,(A = [IF, -F, I)] of 0.1531 
and a generahsed index Ro [ = (Cw A*/CUJF~)~~~] of 0.1757, for 1458 unique ob- 
served reflections. At this stage in the refinement, inspection of the geometry 
of the molecule showed it to be almost centrosymmetric, but with significant 
variations between chemically equivalent bond length and angles. The refine- 
ment was therefore continued in space group Pi, starting with mean coordi- 
nates taken from the PI refinement, translated so that the 0 atom was placed 
on the centre of symmetry at f, & i_ 6 Cycles of refinement with individual iso- 
tropic temperature parameters for aU non-hydrogen atoms yielded R = 0.1616 
an@ RG = 0.1809. The reduction in Ro by using space group Pl instead of Px 
was not significant at the 50% level [lo]. The introduction of anisotropic tem- 
perature parameters for aII non-hydrogen atoms reduced R to 0.1331 and RG 
to 0.1510 in 12 cycles of least-squares refinement, blocked such that the Si and 
0 atoms parameters refined in every cycle, but the parameters for each inde- 
pendent benzyl group refined once every 3 cycles. The introduction of hydro- 
gen atoms in calculated positions with separate common isotropic temperature 
parameters for the H atom&n each pheny! ring, and a fixed isotropic tempera- 
ture parameter of 0.1 for ah the methylene H atoms, in 9 cycles of refinement 
reduced to R to O-1173 and R, to 0.1300, and R to 0.1041 and RG to 0.1157 
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TABLE1 

ATOMFRACTIONALCOORDINATES<X 103)<FORSiX104) 

x 

si 
0 
C(l) 
all) 

C(12) 
(x13) 
C<l4) 
C(l5) 
C<l6) 
C<2) 
C<21) 
C<22) 
C(23) 
C(24) 

C(25) 
C(26) 
C(3) 
C<31) 
C<32) 

C(33) 
C(34) 
C(35) 
C(36) 

5225(3) 
500<0) 
410(l) 
450(l) 

368/l) 
408(l) 

532(2) 
618(l) 
578<1) 
4440) 

2760) 
160(l) 

4(2) 
-35(2) 

82(Z) 
234(l) 
734(i) 
837(l) 

9240) 
1019(l) 

10290) 
9430) 
848(l) 

Y 
-___ 

4116<3) 
500(O) 
464(l) 
612<1) 

707(l) 
839(2) 
894(2) 
800(l) 
665(l) 
222<1) 

181(l) 
154(l) 
124(l) 
114(2) 

137(2) 

168(l) 
441(l) 
404(l) 

510(l) 
475(l) 
340(l) 
237(l) 
272(l) 

f - 

3770(3) 
500(O) 
196(l) 
182(l) 
2010) 
1880) 

157(l) 
143(l) 
154(l) 
3650) 

332(l) 
190(l) 
16OC2) 
277(2) 

417(2) 
445(l) 
419(l) 
562(l) 

683(l) 
815(l) 

832(l) 
713(l) 

578(l) 

TABLE2 

ANISOTROPICTEMPERATUREPARAMETERSANDTHEEQUIVALENTISOTROPICTEMPERA- 
TURE PARAMETERS <Up& = <x2 X 1O-3) 

si 
0 

C(l) 
all) 
C(12) 
Wl3) 
C<l4) 
C<15) 

C(l6) 
C(2) 
C(21) 
C<22) 
C(23) 

C<24) 
Ct25) 
C<26) 
C(3) 

C(31) 
CG2) 
C(33) 
W34) 

C<35) 
C(36) 

24<2) 
306) 
34<7) 
27(6) 
26<6) 
29(S) 
71(10) 
53(9) 

37(7) 
20(6) 
13<6) 
37<8) 
31<8) 

29<8) 
61(10) 

37(8) 
32(7) 

21<6) 
29<7) 
38G3) 
33(7) 

40<8) 
38(7) 

44(2) 
52(7) 
51<8) 
56C8) 
62<9) 
96(12) 
7100) 
6600) 

65<9) 
83(9) 
76<9) 
97<11) 
76<10) 

10003) 
93(11) 

80(9) 
82(S) 

57(S) 
54<8) 
8800) 
89(11) 

71(10) 

62(g) 

19(l) 
27<5) 
27<6) 
13(S) 
3x7) 
55<8) 
37<7) 
4i(8) 

28(6) 
33(6) 
29(6) 
24(6) 
63(S) 

133(16) 
86<11) 

33(7) 
2W6) 
33<6) 
39(7) 
33<7) 
4803) 
78(10) 

42(7) 

-l(l) 
-5(5) 

9(5) 
-3<5) 
20<6) 
g(8) 

13(7) 
7<7) 

%6) 

-9W 

-10<6) 
-14(7) 
-11(8) 

-30(13) 

-4(9) 
-4(S) 
9<6) 

6<5) 
--6(6) 
13(7) 
2'J<6) 

18(8) 
205) 

10(l) 
13<5) 
13(5) 
4<5) 

16<6) 
15(7) 

20~7) 
31<7) 

22(6) 
5(5) 
4(5) 

-l(6) 
-17<7) 

2800) 
54<10) 

16W 
20~5) 

12(5) 
lO(5) 
12(G) 
11<6) 
29(8) 

14(6) 

6(l) 24 
lO(5) 34 

l(6) 33 

-W6) 27 

5(6) 32 

ll(7) 50 
-14(8) 51 
-l(7) 46 

5(6) 33 

4(6) 37 

--6(6) 29 

-5(7) 43 
--5<7) 49 

-12(S) 65 
-14(9) 58 

-l(7) 43 
10<6) 34 

17<5) 29 

l(6) 38 

18<7) 45 
27<8) 45 

31(7) 48 

25(6) 39 

c Uisoisdefinedasthegeometricmeanofthediagonalcomponentsofthediagonalisedmatrix of Vii. 
Theisotropictemperatureparameters forthehydrogensineach phenylringrefinedtoO.06(2).0.11<2) 
and0_08(2) AZ_ 
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TABLE3 

BOND DISTANCES <ALi) 

- si-o 1.613<4) 
%-c(I) 1.875(11) S&C(B) 1.875(13) Si-C(t) 1.885(12) 

c(1Fc<11) l-48(2) C(2+C(21) 1..50<2) C(3Fa31) 1.49(l) 

Within the phenyl rings C(ijJ-C(ik) 

i= 1 2 3 

ik 

l-2 1.41(Z) 1.390) 1.41(l) 

2-3 l-33(2) 1.39<2) l-38(2) 
34 1.41(2) l-41(3) l-38(2) 
4-5 l-41(2) 1.37(2) l-38(2) 

5-6 1.3X2) 1.36(2) l-40(2) 
6-l 1.41<2> 1.38<2) 1.36(2) 

in 6 further cycles for 1424 reflections with F, > 6oF,. Attempts to introduce 
weighting schemes of the form w = l/(az + n F$ with n in the range 0.0 to.O.1 
led to unstable refinements and higher R factors. Therefore unit weights were 
used throughout the refinement. In the final cycles of refinement 208 parame- 
ters were varied comprising 66 positional parameters, 138 anisotropic tempera- 
ture components, 3 common isotropic temperature parameters and 1 overall 
scale factor. A further difference synthesis showed no significant residual fea- 
tures_ The reductions in Ro at all stages of the refinement in Pi were significant 
at the 99.5% level [IO]. A corresponding blocked-matrix refinement in Pl(412 
parameters) gave R = 0.1031 and Ro = 0.1150 for 1424 reflections with F, > 
60F,,, with a S&O--Si angle of 174( 3)“. The reduction in Ro was not signifi- 

TABLE4 

BOND ANGLES (“1 

Si-0-SiIa 180.0(O) C(l)--Si-C(3) 

O-Si-C<l) 108.9(5) C(2F-Si--C(3) 
O-+&-C(2) 110.2(5) Si-C(l)-_c<ll) 

0-Si--C(3) 111.3(4) Si-C(2I-C(21) 

C<l)_Si-C(P) 108.1(4) si-c(3k-c(31) 

Within the phenyl rings C(kjj-C(ikj-C(il)fC(ij 

109.7<6) 

108.7(6) 
117.1(6) 
115.2<10) 
115.0<9) 

i= 1 2 3 

j-k--r[C(i)l 

l-2-3 120(l) 
2-34 124(2) 

3-4-5 llfxl~ 
e-5-6 121(l) 
5-6-l 122(l) 
6-l-2 116(l) 
2-l-C(i) 122(l) 
B-l-Xii) 121(l) 

120(l) 
119(l) 

120(2) 
121<2) 
121(l) 
119(l) 
121(l) 
120(l) 

119(l) 
122(l) 
119<1) 
119(l) 
122(l) 
119(l) 
119(l) 
122(l) 

"S~perscript~refersto the symmetry position l-x.1-y.l-2. 
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TABLE 5 

LEAST-SQUARES PLANES THROUGH THE PHENYL CARBON ATOMS CW). DISTANCES OF 
ATOMS FROM THE PLANES AND DIHEDRAL ANGLES BETWEEN THE PLANES FOR 0C(PhCH2)3- 
M12.M=Sia.GebANDSnb 

(the planes are defmed in orthogonal Angstrom coordinates by the equation Ax + BY + Cz f D = 0) 

M i A B C D 

Si 1 -0.185(l) -0.0547&J 
2 O-217(4) -0.974<2) 

3 0.9558<3) 0.1714(3) 
Ge 1 --0.0009<4) -0.997(l) 

Sn 1 0.091(l) 0.992<5) 

Distances of atoms from the planes (A X 10-3) 

-0.981<3) 2.42(l) 
-0.061<3) l-23(2) 

-0.2388(2) -4.045(6) 
-+x0746(3) 2.656(4) 
-0.086(2) -2.280) 

M i C<il) C<i2) C(i3) C<i4) C<i5) C<i6) C(i) 

Si 1 9<15) -10(16) ‘X18) 13<17) -10(17) 12(16) l(16) 
2 -14<21) 18(22) -10(23) -3<25) 2(23) 902) -68(21) 
3 3<13) -6<14) 5(16) 0<16) -4<16) O(l5) -l-1(14) 

Ge 1 4<6) -4<7) O(7) 3(7) -3(7) -2(7) 3(7) 
Sn 1 -100 0) X10) 4<10) -lO(lO) l<lO) 7(lW -27(10) 

Dihedral angles between the planes (0) 

M il i:! c Angle 

Si 1 2 85.8<3) 
1 3 87.3<5) 
2 3 86.9(2) 

Ge 1 11 c 86.4(l) 

Sn 1 11 89.6(l) 

D Molecule has a centre of inversion_ b Molecule hasz<Sg) symmetry Cl.21. c 1 refers to the plane through 
the phenol ring in symmetry position y. L. x or Z. X. S_ 

cant at the 50% level [lo] _ Complex neutral-atom scattering factors [ 111 were * 
employed for all atoms throughout the structure solution and refinement_ The 
results from the final least-squares cycle are given in Tables 1 and 2. These, 
together with the full-covariance matrix were used to calculate the bond lengths 
and angles which are given with e.s.d’s in Tables 3 and 4 *. Least-squares planes 
were calculated for each phenyl ring: these are given, together with the equiva- 
lent planes for [(Ph3CH2)M],0, M = Ge and Sn (for comparison), in Table 5. 
Figure 1 is a perspective view of the molecule showing the atom numbering 
scheme. 

Results and discussion 

The structure comprises isolated molecules which lie across a centre of inver- 
sion, so that the.SiOSi chain is strictly linear, as found also in O(Ph,Si), and 
0[(PhCH,),M]2 (M = Ge, Sn) [5,1,2]. The SiO distance of l-613(4) R is identi- 

* A table of observed of calculated structure factors may be obtained from t?le authors on request. 
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Fig. 1. A perspective view of the molecule showing the atom numbering scheme. 

cal within experimental uncertainty with that in the phenyl analogue, 
1.616(l) A. The Sic distances, (Table 3), mean value 1.88(l) A, are typical of 
such distances in alkylsilanes ]12,13]. The bond angles about the silicon atoms 
(Table 4) are all close to tetrahedral, whereas the angles Si-C(i)%(il) (i = 1, 
2, 3) are all much larger than the tetrahedral angle with mean value 116(l)” : 
the corresponding values for the germanium and tin analogues are 115.4(3)” 
and 113.9(l)” [l,Z]. In O[(PhCH,),Ti], this angle is 113.4(4)” [14]_ 

The dihedral angIes between the planes of the three phenyl rings are all close 
to 90” (Table 5): similarly in the germanium and tin analogues the planes are 
again almost perpendicular, as they are also in O[(Ph,CH,),Ti],, where the 
interplane angle is 87-3” _ Consequently, because of the centre of inversion, in 
each of O[(PhCH,),M], (M = Si, Ge, Sn, Ti) the six phenyl planes describe an 
almost cubic enclosure, with the MOM chain lying along its body diagonal. 
Although for M = Ge, Sn, Ti, the crystals are rhombohedral, space group R3, in 
contrast to the triclinic Pi found when M = Si, the molecules in all four cases 
are virtually identical, save only for the magnitudes of the M-O and M-C dis- 
tances: in particular the skeletons have the same overall symmetry, 3 (S,) for 
M = Ge, Sn, Ti, and very close to 3 for M = Si. 

The essential properties of the O(Ph,M), and O[(PhCH,)&l], structures are 
recorded in Table 6 for M = C, Si, Ge, Sn. Within the phenyl series, the largest 
MOM angle occurs in the silicon compound and the smallest in the carbon com- 
pound: in all the phenyl derivatives the MOM angle is significantly larger than 
the approximately tetrahedral value expected for two-coordinate oxygen. The 
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TABLE 7 

M-X-M ANGLES AND MEAN TORSION ANGLES a FOR SOME ~-0X0 COMPOUNDS AND OTHER 

ISOELECTRONIC COhlPOUNDS OR IONS OF THE GENERAL FORM C(RSM)2XIR+(see also Fig. 2) 

Index 
Number 

Compound M-X-M <“) Torsion 

angle (0) 

Ref. 

1 C<Ph$‘>~Nl+cC~<CO)61- 
2 I(P~,P)~NI+CC+~(C~)IO<~-H)I- 
3 C(Ph$‘)2Nl+CTcOC41- 
4 C(Ph~P)2Nl+[Fe(C0?&3H71- 
5 [<Ph3P)2Nl+COs3(CO)gHSl- 
6 [(Ph3P)2N3+1ICs-(CO)151- 
7 C(PhsP)2N~[Crz(Co)Ioll- 
8 [<Ph3P)~NI+CMo(Co)4BH41- 
9 [PhSP),Nl*[HFe#o)Sl- 

10 [(Ph3P)2Nl+CRu3H(CO)IIl- 
11 C(PhsP)2Nl~[\i'2Ni3(Co)1612- 
12 [~Ph3P)2N12+[n¶o~Ni3(CO)1611-- 
13 [(Ph~P)~Nl~[Cr;?(G0)IS12~CH:!Cl~ 
14 C(Ph,P)2Nl~C~Io~(co)Io12-- CH2Cl2 

15 [(Ph3P)2N]+[HOs3(CO)io - 02C - 0S&0),71- 
16 f(PkSP)2Nl;CHzos,(Co)1212- 
17 [(Ph3P)2Nl+[ Fe(CO)&Nl- 
18 (Ph3Si)ZNH 
19 (H+i)20 <at 108 K) 
20 (MqSi)cO (at 148 K) 
21 (Ph3Si)20 
22 C(PhCH&Sil20 
23 (Ph+e)nO 
24 [(PhCHz)SGel20 
25 (PhSW2C 
26 E(PhCH2)3Snl20 
27 Ph3PbOSiPh3 
28 (ClOqPhSBi)20 

180.0(0)5 
154.6(3) 
147_4(3) 
145.9(B) 
144.7(13) 
142.3(13) 

142(l) 

141.8(6) 

140.9(5) 

139.7(6) 

139-O(7) 
137.5(5) 

137(l) 

137(2) 

137(4) 

135.6(6) 
134.6(3) 
138.5(6) 
142.2(3) 
148.8(2) 
180.0(O) b 
180.0(0)b 
135.2(2) 
180.0(O) = 
137.3(l) 
180.0(O) = 

142(l) 

142.2(7) 

60.0(O) 18 
4.6(4) 19 
5.7(3) 20 

53.5(7) 21 

58.4(B) 22 
54.2(10) 23 

22.5(7) 24 
46.4(4) 25 

38.4(5) 26 
52.2(4) 27 

38.5(4) 28 
39-O(4) 28 

38.7(7) 29 
39.9(B) 29 
32.7(23) 30 

42.8(3) 31 
40-B(2) 32 

27-l(6) 33 

2(7) 34 
57.4(2) 34 
60.0(O) 5 

60.0(O) This work 
49.3(10) 3 
60.0(O) 1 
52.5(10) 4 
60.0(O) 2 

52.5(16) 35 

51.6(10) 36 

c The mean torsion angle is defined as the absolute vaIue of the mean angle between the projection of 
each R-M bond and the projection of the nearest R:-_M’ bond. onto a plane perpendicular to the line 
through M-M _ ’ b The molecule has a centre of inversior. c The molecule has3 (S6) symmetry. 

values in the germanium and tin phenyl compounds are unlikely to be a conse- 
quence of repulsion between the phenyl groups on different metal atoms, since 
inthecorrespondingbenzylcompoundsinwhich thearomatic fragments 
attached to different metal atoms are even further apart, because of the CH2 
groups, the angles MOM are not merely larger than tetrahedral, but exactly 
180” _ Similarly if the linearity at oxygen in the phenyl silicon compound were 
to be ascribed primarily to phenyl interactions [ 153, then it is hard to under- 
stand why the phenyl carbon compound, in which the phenyls are closest 
together, has the smallest observed value of the angle MOM. In O(Ph3C)2 there 
isin factstrongevidenceformanynon-bondedcontacts,between phenyl 

groups in different Ph,C fragments, which are shorter than twice the Van der 
Waals radius for carbon in a phenyl ring: nevertheless the COC angle only 
attains a value of 127.9”. We believe that the rationalisation previously sug- 
gested [ 16,171 affords a much more convincing explanation of the observed 
geometries. 

For the mole+es of Table 6 which contain a centre of inversion, the torsion 
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1.21.22.24.26+ 

I 1 1 

10 20 30 
I 1 I 

40 50 60 

Torsion angle (“1 

Fig. 2. M-X-M angle vs. mean torsion angle for some &~-0x0 compounds and other compounds or ions of 

the general formula [(R+Q2X:‘+. See Table 7 for the key to the numbering. 

angle between the substituents on M, as defined in Table 7, must be 60” : for 
molecules without a centre of inversion, no such constraint applies, and a range 
of torsional angles is observed for similar isoelectronic species R,MXM’R,. Ta- 
ble 7 records values of the torsional angles for species in which the triatomic 
skeleton MXM’ has formally eight valence electrons. These angles are plotted 
against angle MXh4 in Fig. 2, which shows a reasonably smooth variation of the 
one angle with the other: there are many data available for the cation 
[(Ph,P),N]+ which is widely used as a counter ion for polynuclear carbonylate 
anions, and for this ion, <PNP ranges from ISO”, compound 1, [X3] to 134.6”) 
compound 17 [32] while the torsional angle ranges from 60.0”) compound 1 to 
4.6”, compound 2 [ 191, with a significant clustering of the values around 
<PNP of ca. 140” and a torsion angle of ca. 40” _ For such an ion, there is 
clearly only a modest potential barrier to rotation about PN bonds, as con- 
firmed by a PCILO study of the related ion [fMe,P),Nl’ [371, and only a 
modest force constant for deformation of the skeleton from linearity. 

Rather similar conformations are found for O(Me,Si),, compound 20, [ 341; 
O(Ph,Ge),, compound 23 [3]; O(Ph,Sn),, compound 25 141, and Ph,SiOPb- 
Ph,, compound 27 [35], although O(H,Si),, compound 19, [34] has a mark- 
edly different conformation, possibly connected with the intermolecular asso- 
ciation found for this compound in the solid state. 
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