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Octamethylcyclotetrasilazane,  an Ordered Crystal Containing 
Two Geometrical  Isomers  

BY GORDON S. SMITH* AND LEROY E. ALEXANDER 

Mellon Institute, Pittsburgh 13, Pa., U.S .A .  

(Received 20 December 1962) 

The crystal structure of octamethylcyclotetrasilazane, = (M%SiNH)4 , has been determined from 
zonal X-ray intensity data and has been refined by least-squares on these and partial three-dimen- 
sional data. (M%SiNH)4 forms monoclinic crystals, space group P2/e, with four molecules in the 
unit  cell. The highly unusual feature of the structure is that  it consists of a 1:1 mixture of two 
fundamentally different geometrical isomers packed in an ordered array. These isomers are 'chair' 
and 'cradle' conformations of the central eight-membered ring. 

Introduction 

Organo-silicon compounds containing the  Si -O-Si  
linkage, l ike their  counterparts  in inorganic chemistry,  
show a wide var ia t ion  in the  bond angle at  oxygen. The 
following values m a y  be cited to exempl i fy  this  vari- 
abi l i ty-  130 ° in hexamethylcyclotr is i loxane,  (MesSiO)8 
(Peyronel, 1954); 142.5 ° in  octamethylcyclotetrasi l -  
oxane, (Me2SiO)4 (Steinfink, Post & Fankuchen,  1955; 
hereafter  referred to as SPF) ; and  175 + 5 ° in (C13Si)20 
(Wegener & Post, 1958; Post, 1962). In  the cyclic 
compounds several types  of r ing have likewise been 
found:  p lanar  s ix-membered rings in (Me2SiO)8, 
puckered rings of 1 s y m m e t r y  in (Me2SiO)4 and 
'crown-shaped'  e ight -membered rings in  the 'cubic 
octamer ' ,  (MeSiO1.5)s (Larrson, 1960). 

Silicon also forms a series of compounds containing 
the S i - N H - S i  linkage, of which octamethylcyclotet ra-  
silazane, (MeeSiNH)4, contrasts with i ts  isoelectronic 
analogue, (Me2SiO)4, in  having a somewhat  higher  
mel t ing  point,  97 °C versus 17.5 °C (Rochow, 1951). 
A previous gas-phase electron diffract ion s tudy  by  
Yokoi & ¥ a m a s a k i  (1953) indicated a puckered r ing 
in  (Me2SiNH)4, a l though the exact  conformation was 
not  established. In  ant ic ipat ion of our results, we 
report  an  extraordinary,  even singular,  behavior  for 
(Me2SLNH)4, namely,  the  occurrence of a crystal  
containing two fundamen ta l ly  different  geometrical  
isomers. These isomers, present  in  equal  numbers  
and  in an ordered array,  are 'chair '  and 'cradle'  
conformations of the central  e ight-membered ring. 

Exper imenta l  

Purif ied samples of (Me2SiNH)4 were received from 
two s o u r c e s -  Dr R. L. Merker of Mellon Ins t i tu te  
and  Prof. E. G. Rochow of H a r v a r d  Univers i ty ,  and  
were used without  fur ther  recrystal l ization.  As a 
protect ion against  the hydrolyzing effect of atmos- 
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pheric moisture,  crystals  used for X-ray  examina t ion  
were quickly sealed in  thin-wal led (0.01 ram) glass 
capillaries. 

Table  1. Unit cell data 
Space 

a (A) b (A) c (•) fl Z group 
((H3C)2SiNH)4 11.65 6.45 22.96 90.4 4 -P2/c* 
((HsC)eSiO) 4 16-10 16.10 6.47 - -  4 P4e/n 
(at -- 50 °C) (]/(2) 16.10 = 22.77) 

* 0k0 reflections with k odd are quite weak. Only 030 and 
050 were recorded and only as extremely feeble maxima. 

Ref ined values of the lat t ice constants  were 
measured on a G.E. XRD-5  diff ractometer  equipped 
with a single-crystal  orienter and are reported in 
Table  1. Wi th  four molecules in the uni t  cell, the  
calculated densi ty  is 1-13 g.cm-S (compare the mea- 
sured densi ty  of 1.06 g.cm-3 for (Me2SiO)a cited by  
SPF). The diffraction s y m m e t r y  is 2/m; the  system- 
at ical ly  absent  spectra seemed to be those demanded  
by  P21/c, namely  hO1 for 1 odd and  0k0 for k odd, 
and  indeed our analysis  was begun on this  premise. 
A successful s tructure de terminat ion  was possible, 
however, only in  terms of the space group P2/c; 
subsequent ly,  careful diffractometer  scans disclosed 
feeble m a x i m a  for the 030 and  050 reflections. The 
origin of this  pseudo-extinct ion rule is readi ly  seen 
from our f inal  results" the difference in  y parameters  
of atoms chemical ly ident ical  but  crystal lographical ly  
d is t inct  is ~ 1 2" 

Because crystals  of (Me2SiNH)4 appear  to suffer 
X-i r radia t ion damage,  four different  crystals (cubes 
_< 0.3 m m  on an  edge) were used on the dif f ractometer  
in  collecting the in tens i ty  data.  Peak heights less the 
average background determined from measurements  
on both the high- and  low-20 side of a peak were 
converted to in tegrated intensi t ies  by  means  of a 
cal ibrat ion curve (Alexander & Smith,  1962) ex- 
per imenta l ly  establ ished for each crystal.  Intensi t ies  
from a given crystal  were placed on the same relat ive 
basis by  the da i ly  monitoring of s tandard  reflections. 
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Ni-filtered Cu Ka  radiation was used for the hO1 zone 
and l~-b-filtered Mo Ka radiation for the remainder, 
the intensity measurement being confined to sin 0/~t 
_< 0.645 A -1. The number of reflections so obtained 
is apportioned as follows" selected h/cl, 296 forms; 
hO1, 302 out of 342 possible; Okl, 161 out of 198; 
h/c0, 81 out of 98. 

The intensities were converted to relative IFI e 
by the application of Lorentz and polarization factors. 
No absorption corrections were applied, the linear 
absorption coefficient being 30.0 cm -~ and 3.4 cm-~ 
for Cu and Mo radiations respectively. A preliminary 
scaling factor and temperature parameter of 2.9 A 2 
were obtained from a Wilson plot. The form factors 
used in structure factor calculations were those of 
Berghuis, Haanappel, Potters, Loopstra, MacGillavry 
& Veenendaal (1955) for N and C; for Si, the values 
used were those of Freeman (1959) smoothed into the 
Berghuis curve for Si +4 at higher sin 0/2 values. 

D e t e r m i n a t i o n  of s t r u c t u r e  

Our expectation that  (MezSi_NI-I)4 was virtually 
isostructural with (Me2SiO)4 was reinforced by a 
comparison of unit cell data and by a priori packing 
considerations. In Table 1 we see that  in both com- 
pounds the unique-axis repeat distances are nearly 
identical; the glide plane translations similarly are 
nearly identical. At this stage we considered the near 
halving of the a axis relative to the c axis and the 
resemblance of symmetry elements (the presumed 
space group was P21/c) as further indications of only 
subtle structural differences. Moreover, the packing 
arrangement would be analogous in the two materials 
if the silazane tetramers of point symmetry 1, as in 
(Me2SiO)4, were centered at the fourfold positions, 
(~, ¼, 18), etc. Such a packing scheme also accounted 
for the unusual distribution of intensities found in 
the hO1 zone, namely, (i) for h odd and 1 =4n and for 
h even and / = 4 n + 2  the reflections are rather weak, 
and (ii) the tendency of FZ(h0/) to be equal to 
F~(1/2,0,2~). Manipulations of the structure factor 
expression for the plane group P2 showed that  a 
centrosymmetric molecule centered at X=~, Z=~ 
would cause the reflections in (i) to be extinguished; 
for c--2a and fl = 90 ° an expected fourfold molecular 
symmetry (in projection) would give rise to condition 
(ii). Deviations in the observed intensities from ~hese 
rules were then thought to be a measure of the depar- 
ture of the actual structure from this 'ideal' model. 
(Furthermore developments in the structure analysis 
made it necessary to shift the center of the tetramer 
from X=~, Z=~; inspection, however, of the final 
electron density projection, ~(X, Z) in Fig. 1, reveals 
a close approach to centrosymmetry about X = ¼, Z = -~ 
and to a fourfold molecular symmetry. 

An interpretation of the Patterson projection, 
P(U, W) along these lines led to trial parameters 
from which satisfactory electron density maps could 
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Fig. 1. Electron density projected onto (010). Contom's at 
intervals of 2 e . i  -~ starting with 2 e.A -~ contour; after 
10 e.A -'° the interval is 5 e . i  -2. The bonding framework 
is indicated. 

be prepared, but without the inclusion of any terms 
from the class of weak reflections. Although the R 
value now stood at 19% for the strong class of reflec- 
tions, we could see no logical way of introducing a 
distortion into the model which would allow non-zero 
amplitudes for the weak class of reflections. Thus it 
was necessary to consider another zone of intensities. 

Since trial values of the z parameters had already 
been obtained and reasonable y parameters could be 
predicted from the parameter data of SPF, the 
prospects of a ready interpretation of P(V, W) seemed 
favorable. P(V, W) displayed, however, peaks at the 
predicted/ly positions, but these did not always occur 
at W positions corresponding to the predicted /lz 
values. Conversely, peaks at the predicted/lz positions 
did not always occur at V positions required by the 
Zly positions. Moreover, the structure model from the 
hOl zone required the existence of non-space-group 
extinctions which, in this instance, were at variance 
with the observed intensities. In the face of these 
difficulties and because the establishment of the 
twofold screw axis had rested on the vanishing of only 
four 0/c0, k odd reflections, we decided to abandon 
the space group P21/c in favor of either Pc or P2/c. 
P(V, W) was equally inconsistent with the center of 
the tetramer being situated at a four~old position of 
P2/c, so that  there were two possibilities to con- 
sider: two crystallographically independent tetramers 
situated in the twofold positions of Pc or two in- 
dependent_tetramers situated in the special twofold 
positions, 1 and 2 of P2/c. Since we were prepared 
for centrosymmetric tetramers, we considered the 
former as the only genuine possibility (despite the 
theoretical argument (Kitaigorodskii, 1958) against 
the occurrence of centrosymmetric molecules in a 
non-centrosymmetric crystal). In this case, the two 
independent molecules could be arranged according 
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to a fourfold screw axis (as in (Me2SiO)4) parallel  
to b, and  it was noted t h a t  such a pseudo-axis would 
account  for the  near  vanishings of the  0k0, /c odd 
reflections. The S i . - "  Si vectors of this  model  ac- 
counted for the  major  peaks  of P(V, W), and  Olcl 
s t ruc ture  factors were calculated using z paramete rs  
f rom the  hO1 zone and  y paramete rs  derived from SPF.  
The results  were quite surprising when sorted out :  
/ ~ = 2 6 %  for 1 even bu t  R = 7 9 %  for l odd. 

(3 © 

) 
. . . .  

Fig. 2. Electron density projected onto (100) but with only 
(incomplete) even l terms. Contours at equal but arbitrary 
intervals except round the 'doubled' silicons where some 
of higher contours are omitted. At this stage bonding 
frameworks consistent with the following could be located: 
(i) two tetramers having 1; (ii) two tetramers having two- 
fold axes parallel to b; (iii) one tetramer of each from (i) 
and (ii). 

Certain features  of the  Q(Y, Z) synthesis  using 
even 1 terms (Fig. 2) which had,  of course, double 
the  number  of a tomic peaks  and  ~(X, Z) were recon- 
cilable, i t  was recognized, not  only with  molecules of 
1 symmet ry ,  bu t  also wi th  those having  a twofold 
axis of symmet ry .  S t ruc ture  factor  calculations for 
models having either T s y m m e t r y  or twofold s y m m e t r y  
failed, however,  to reduce the  R value of the  l odd 
terms.  An  2V(z) tes t  (Howells, Phillips & Rogers, 1950) 
showing t h a t  the  0/el zone is not  merely  centric, bu t  
hypercentr ic  (Lipson & Woolfson, 1952), together  
wi th  a negat ive piezoelectric tes t  obtained previously,  
persuaded us to tes t  the  second possibil i ty ment ioned 
earlier:  occupancy of the  special positions, T and  2, 
of P2/c. The react ion of the  R value for the  1 odd 
te rms  was immedia te ;  R dropped to 40%. The S i . . .  Si 
vector  interact ions expected of this  model,  fur ther-  
more, provided a be t te r  agreement  wi th  P(V, W) 
in regard  to both location and  relat ive heights of 
the  peaks  t h a n  had  a n y  previous model. Ref inement  
then  proceeded th rough  successive difference syn- 
theses, which soon removed the  dist inct ion in the 
agreement  indices for 1 odd and  1 even terms.  

Because of the  ex t r ao rd ina ry  na tu re  of the  s t ruc ture  
model,  these difference maps  were examined for 
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Fig. 3. Electron density projected onto (100). Contours at 
intervals of 2 e.A -~ starting with 2 e.• -2 contour; after 
10 e./k -~ the interval is 5 e.A -2. The bonding framework 
is indicated. 

indications of disorder, par t icu lar ly  of the k ind which 
might  cause s imulat ion of the  molecular symmetr ies ,  
1 or 2. Residual  features,  however,  on our last  differ- 
ence m a p  corresponded a t  most  to + 1 . 6  e .A -2 and  
- 1 . 7  e.A -2, effects which seemed more ascribable to 
the  inadequacy  of bu t  a single the rmal  p a r a m e t e r  
for each k ind  of a tom (3.0, 3.4 and  3.4 j~2 for Si, 
N and  C respectively).  Difference maps  prepared  from 
the  h/c0 d a t a  provided improved x parameters ,  and  
these, together  wi th  the  z pa ramete r s  f rom the 0kl 
zone, made  it  possible to refine the b-axis projection. 
Of the final electron densi ty  projections, shown in 
Figs. 1 and  3, ~(Y, Z) displays quite clearly the  
fundamenta l  differences in the configurat ions of the  
two isomers;  ~(X, Z) is then  all the  more remarkab le  
in i ts absence of detai l  in suppor t  of this effect. 

All 
Table 2. Final parameters 

atoms in general positions of P2/c; 
values in parenthesis 

Atom 104x 104y 104z B 
N(1) 1238  (6) 1748 (22) 453 (3) 3.83/~e (0.18/~2) 
N(2) 1054  (7) --223(23) --651 (3) 3 .81  (0-18) 
N(3) 6231 (7) 4748 (24) 2985  (4) 3.28 (0.19) 
N(4) 4060 (7) 6658(23) 3111 (3) 3 . 0 7  (0.18) 
Si(1) 380 (2) 156 (9) 871 (1) 2.96 (0.07) 
Si(2) 1872  (2) 1416 (9) --218 (I) 3.07 (0.07) 
Si(3) 5438  (2) 6406  (8) 3400  (1) 2.80 (0.07) 
Si(4) 3212  (2) 5066  (9) 2715  (1) 2.85 (0.07) 
C(1) 897 (10) --2602 (33) 828 (5) 4 . 4 1  (0.25) 
C(2) 2093 (9) 4026 (32) --531 (5) 4.99 (0.25) 
C(3) 433 (8) 1261 (29) 1622 (4) 4.39 (0.22) 
C(4) 3311 (8) 50(33) --166 (5) 4-11 (0.23) 
C(5) 6080 (9) 9150(31) 3424  (5) 4.14 (0.24) 
C(6) 3126(10) 2421 (37) 3047 (5) 5.14 (0.28) 
C(7) 5401 (8) 5251 (29) 4146  (4) 4.36 (0-22) 
C(8) 1747 (9) 6233 (32) 2680  (5) 4 .41  (0.25) 

Final  ref inement  was carried out on our entire d a t a  
using the  IBM 704 program of Busing & Levy (1959) 
and employing a weighting scheme appropr ia te  for 
dif f ractometr ic  d a t a  (Smith & Alexander ,  1963). Wi th  
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T a b l e  3 .  Observed and calculated structure factors 
lXcscaledtoFo; K1=6.25(0.09); K~=1.77(0.02)'; K~=2.65(0.03); Ka=2.37(0.02) 
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Table 3 (conL) 
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individual isotropic temperature factors for 4Si, 4N 
and 8C, convergence was achieved in two cycles; 
no attempt was made to locate the H atoms. Final 
values of the parameters are listed in Table 2. The 
overall R value is 8.6% (7.9% for observed reflections 
only). Residual peaks or troughs on a 3D difference 
synthesis prepared from the final least-squares para- 
meters were in all cases _< 0.5 e.A_ -8 in absolute value. 
Bond data and standard deviations were calculated 
with the aid of the Busing & Levy (19593 Function 
and Error program and are listed in Table 4. 

D e s c r i p t i o n  o f  s t r u c t u r e  

The highly unusual feature of the structure is that  the 
crystal contains two different geometrical isomers of 
the tetrameric species, (Me2SLNH)a, packed in an 
ordered 1:1 array. One isomer (Fig. 4) has a center 
of inversion, 1, whereas the other has a twofold axis 
of symmetry; each shows some approximation to 
higher symmetry: 2/m and 5, respectively. For the 
purpose of contrasting the isomers, the ring configura- 
tion of the 1 isomer is describable as a folding along 

the parallel lines, Si(1)N(2) and Si(i)N(2) so as to 
put a Me2SLNH linkage on either side of a plane 
defined by Si(1), N(2), Si(1) and N(2); in the isomer 
of twofold symmetry a reverse folding of one Me2SiNH 
segment leaves both linkages on the same side of a 
mean plane defined by Si(4*), N(3), Si(4) and N(3*). 
(We use the notation A(n), A(~) to denote a pair of 
atoms related by 1 and A(n), A(n*) to denote a pair 
of atoms related by the twofold axis.) In order to 
sustain dissimilar bond angles at N and Si the 'folded' 
sections are non-planar; Si(2) deviates by 0.37 A from 
the plane defined by N(2), Si(T) and N(1), Si(3) by 
0.35 A_ from the plane of _N(3), Si(4) and N(4). The 
ring configuration of the 1 isomer by analogy with 
six-membered rings could be termed a 'chair' form, 
that  of the isomer with a twofold axis a 'cradle' form; 
and we shall employ this pictorial terminology, 
although a further assessment of the situation (see 
below) makes it clear that  the four-atom section 
containing Si(4*), N(3), Si(4) and N(3*) differs sig- 
nificantly in regard to planarity and dimensions from 
the corresponding section in the T isomer, the 'folded' 
sections being virtually isodimensional. 

() ® 

c h a i r  c r a d l e  

Fig. 4. Models of the geometrical isomers of (M%SLNH)4. 
At left, the centrosymmetric 'chair' form; at right, the 'cradle' form of symmetry 2. 
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Table  4. Bond distances and angles 
Standard deviations in parenthesis 

' Chair' 

Si(1)-N(1) 1.728 A (0.011/~) 
Si(1)-N(2) 1.746 (0-008) 
Si(2)-N(2) 1.734 (0.011) 
Si(2)-N(1) 1.727 (0"008) 
Si(1)-C(1) 1.882 (0.020) 
Si(1)-C(3) 1-868 (0-012) 
Si(2)-C(2) 1.850 (0.020) 
Si(2)-C(4) 1.897 (0.014) 

Si(1)-N(1)-Si(2) 132.4 ° (0-9 °) 
Si(1)-N(2)-Si(2) 132.3 (0.8) 
N(1)-Si(1)-N(2) 112.5 (0.5) 
N(2)-Si(2)-N(1) 110.5 (0-5) 
N(1)-si(1)-c(1) 110.3 (0.6) 
N(1)-Si(1)-C(3) 105.6 (0-6) 
N(2)-Si(1)-C(1) 108.4 (0.7) 
N(2)-Si(1)-C(3) 106.4 (0.5) 
N(2)-Si(2)-C(2) 114.2 (0.6) 
N(2)-Si(2)-C(4) 103-6 (0.7) 
N(1)-Si(2)-C(2) 107-2 (0.7) 
N(1)-Si(2)-C(4) 112.7 (0.5) 
C(1)-Si(1)-C(3) 113-6 (0.7) 
C(2)-Si(2)-C(4) 108.8 (0-7) 

' Cradle' 

Si(3)-N(3) 1.708/k (0.012 A) 
Si(3)-N(4) 1.741 (0.008) 
Si(4)-N(4) 1.687 (0.011) 
Si(3)-N(3*) 1.750 (O.OO9) 
Si(3)-C(5) 1-923 (0.019) 
Si(3)-C(7) 1.869 (0.012) 
Si(4)-C(6) 1.872 (0.023) 
Si(4)-C(8) 1.867 (0.013) 

Si(3)-N(3)-Si(4*) 130.1 ° (0-9 °) 
Si(3)-N(4)-Si(4) 133.1 (0.9) 
N(3)-Si(3)-N(4) 110.3 (O.5) 
N(4)-Si(4)-N(3*) 110-3 (0.5) 
~(3)-Si(3)-C(5) 112.4 (0.5) 
N(3)-Si(3)-C(7) 106-1 (0.7) 
N(4)-Si(3)-C(5) 106.4 (0.6) 
N(4)-Si(3)-C(7) 111.0 (0.5) 
N(4)-Si(4)-C(6) 111.7 (0.5) 
:N(4)-Si(4)-C(8) 108.0 (0.7) 
N(3")-Si(4)-C(6) 106-7 (0.7) 
~(3")-Si(4)-C(8) 110.6 (0.5) 
C(5)-Si(3)-C(7) 110.6 (0.6) 
C(6)-Si(4)-C(8) 109-5 (0.6) 

As can be seen from Table  4 the bond da ta  are 
r emarkab ly  s imilar  in  the two configurations. Espe- 
cial ly noteworthy is the bond angle at nitrogen, which 
b y  analogy wi th  the behavior  of oxygen in S i - 0 - S i  
l inkages might  have been var iable  in the two isomers. 
None of the SiC bond distances is s ignif icantly different 
f rom a mean  value of 1.88 A: In  the case of the 'chair '  
isomer, the mean  SiN distance is 1-734 /~ with no 
significant var ia t ion;  only in  the 'cradle'  isomer are 
the indiv idual  deviations of SiN distances large enough 
to suggest a tendency toward recognizable monomers.  
The mean  SiN distance is then  1.722 4 ,  and deviat ions 
from the  mean  are 0.014, 0.019, 0.028 and 0.035 /~. 
Comparison wi th  an average s tandard  deviat ion of 
0.010/~ shows, however, tha t  only the la t ter  two verge 

on stat is t ical  significance. The average of the eight 
NSiC bond angles in the 'chair '  form is 108.6°; in the 
'cradle'  form, 109.1 ° , the  extreme deviat ions being 
about  the same in the two cases. I t  is clear then  
tha t  the r ing systems in  both isomers are based on 
the l inking of only s l ight ly  irregular te t rahedra.  

The SiN bond distances found here are in  accord 
with SiN distances of 1-73+_0-02 /~ in (H3Si)3N 
(Hedberg, 1955) and  1.72 and  1.75 /~_ in fl-SisN4 
(Hardie & Jack,  1957). The average SiC distance is 
somewhat  shorter (but not s ignif icant ly so) t han  the  
value  of 1-92_+0.02 A in (Me~SiO)4 (SPF). Bond 
distances calculated from the sum of covalent radi i  
wi th  electronegat ivi ty  corrections are S i N = l . 8 0  A 
and  SIC=1.88 A (Schomaker & Stevenson, 1941), 
the la t ter  in  excellent agreement  with those found 
here. The exper imenta l  SiN distances, on the other 
hand,  are s ignif icantly shorter, a l though the discrep- 
ancy is not  so marked  as in  (Me2SiO)a, where the  
observed SiO distance of 1.65/~ contrasts wi th  1-76 
given by  the Schomaker-Stevenson rule. This non- 
parallel  behavior  of O and N H  is therefore quite 
different  from the s i tuat ion in  the pair,  K~[(SO8)20] 
and K~ [ (S03) ~.NH], where the  s t ructural  da ta  
(Cruickshank, 1961) give the SN bond dis tance as 
only 0.017 A longer t han  SO (bridge) and the bond 
angles at 0 and N as 124 ° and 125.5 °, respectively.  

Table  5. Comparison of non-bonded distances 
within the two ri~uj configurations 

a values in parenthesis 
'Chair' 'Cradle' 

Si(!)Si(1) 4.093/k (0.005 h) Si(4*)Si(4) 4-290 h (0-005 A) 
N(2)N(2) 3 .89  ( 0 . 0 2 )  N(3)N(3*) 3 .62  (0.02) 
Si(1)N(2) 3.60 (0.01) Si(4)N(3) 3 . 5 7  (0.01) 
Si(2)Si(1) 3.161 ( 0 . 0 0 4 )  Si(3)Si(4)  3.145 (O.OO4) 
N(2)N(1) 2.84 (0.01) ~(3)N(4) 2.83 (0.01) 
Si(1)Si(2) 3.180 ( 0 . 0 0 4 )  Si(4*)Si(3) 3-136 (O.OO4) 
Si(1)N(1) 3-77 ( 0 - 0 1 )  Si(4*)N(4) 3 .85  (0-01) 
N(2)N(1) 2.89 ( 0 . 0 1 )  N(3)N(4*) 2 .82  (0-01) 
N(2)Si(2) 4.04 ( 0 . 0 1 )  :N(3)Si(3*) 3-87 (0.01) 
Si(2)N(1) 4.19 ( 0 . 0 1 )  Si(3)N(4*) 3 .53  (0.01) 
Si(2)Si(2) 4.842 ( 0 . 0 0 6 )  Si(3)Si(3*) 4.249 (0.005) 
N(1)N(T) 4.20 ( 0 . 0 2 )  N(4)N(4*) 3 .57  (0.02) 

In  the  ideal chair-cradle isomerism, i.e. where one 
four-atom section has undergone an  exact  reverse 
folding, the  other sections remaining  unchanged,  i t  
will  be appreciated tha t  most  of the non-bonded 
distances between ring atoms should remain  the same 
in  the two configurations. In  fact, only the in tera tomic 
distances between the folded 'f laps '  are required to 
change where shorter distances are expected in the 
cradle isomer. In  addi t ion to these distances, seen in 
Table 5 to be almost  uni formly shorter by  0-6 A, 
several other shorter (if only marg ina l ly  so) non- 
bonded distances defini tely establish the cradle isomer 
as having a more compact r ing s tructure;  concom- 
i tant ly ,  perhaps,  the thermal  parameters  of these r ing 
atoms are smaller  t han  those of corresponding atoms 
in the chair isomer, the behavior  of the nitrogens 
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Fig. 5. Schemat ic  drawing showing the  ring conformat ions  in the  two  isomers of (M%SiNH)I.  
N o n - b o n d e d  dis tances  (in A) wi th in  the  fou r -a tom sect ions are also indicated.  

being especially marked. t  There are, moreover, im- 
portant  differences in the dimensions of the central 
sections of the two isomers. In  the chair form these 
four atoms are rigorously planar and sheared a bit  
from a rectangular shape (Fig. 5); in the cradle form, 
an increased shear places Si(4)Si(4*) about 0.20 2~ 
longer than  Si(1)Si(1) and N(3)N(3*) about 0.27 A 
shorter than N(2)N(2). The central section is also not 
required by symmetry  to be planar, and indeed as 
a measure of the non-planarity,  the y parameters of 
N(3) and Si(4) differ by 0.20 A. Because of these 
differences, concentrated largely in making the central 
sections s tructural ly non-equivalent, we must con- 
elude tha t  the isomerism displayed here is not strictly 
of an ideal chair-cradle type, although it  suffices for 
our purposes to continue to use the terminology. 

As far as the ring atoms are concerned, it  thus 
appears tha t  the steric repulsive forces are relatively 
greater in the cradle configuration. On the other 
hand, the relatively greater freedom afforded the 
methyl  substituents by this configuration must largely 
offset the energy disadvantage associated with the 
ring atoms. Relevant to this, the smallest methyl  
carbon-to-silicon distances in the cradle form are 
3.81 and 3.81 J~; to nitrogen, 3.88 and 3.92 A; to 
methyl  carbon, 4.06 and 4.08 2~ (exclusive, of course, 
of distances within the same tetrahedron). In the chair 
form the corresponding distances, all involving C(1) 
(and C(i)), are 3-59 and 3-72 /~; 3.73 and 3.88 A; 
3.66 and 4-02 A, respectively. (The values within these 
pairs would be identical were the symmetry  ~ and 

I t  is i m p o r t a n t  to no te  t ha t  the  N(3)N(4*) d is tance  of 
2.82 /~_ m a y  well con t r ibu te  cons iderably  more  repulsion t han  
the  corresponding dis tance of 2.89 A when  considered in t e rms  
of a po ten t ia l  energy  curve  hav ing  a min imum a t  3.0 A, 
i .e .  2 x  the  pack ing  radius  given b y  Paul ing  (1948) for N. 

2/m in each case.) Especially noteworthy is the low 
value of 3.66 J~, some 0-34/~ shorter than the minimum 
distance customarily associated with methyl -methyl  
interactions. A similar situation encountered in 
(Me2GaOH)4 (Smith & Hoard, 1959) led these authors 
to believe, in fact, tha t  the difficulties a t tendant  with 
keying in two methyl groups on either side of the ring 
require the abandonment of the ideal molecular 
symmetry  2/m in favor of 1. 

Thus far, the discussion and comparison of non- 
bonded distances has not taken into account any 
difference in the total  electrostatic energy which 
might arise in the two conformations. A crude electro- 
static model shows, however, tha t  despite the neces- 
sarily shorter interatomic distances in the cradle 
conformation the net  contribution to the coulombic 
energy need not be unfavorable. For, if we take the 
extreme case and assume the ring to be made up of 
NH as - 2  ions and MeeSi as + 2 ions, the four shorter 
distances (between folded 'flaps') afford two repulsions 
( + 2 . . .  + 2  and - 2 . . .  - 2 )  as well as two + 2 . . .  - 2  
attractions. 

This detailed examination of the bond data  and 
non-bonded distances points strongly to the conclusion 
tha t  the energy difference between the two isomers 
cannot be large. Of the (NIe2AB)4 compounds studied 
so far, we note with satisfaction tha t  examples of both 
types occur: (Me2PN)a has the cradle configuration 
(Dougill, ]961) whereas both (Me2GaOH)4 and 
(Me2SiO)a, as previously mentioned, have the centre- 
symmetric corfformation.~f Nevertheless, the small 

t An a l te rna t ive  descr ipt ion of the  T conf igura t ion  makes  
use of the  fac t  t ha t  the  4 A a toms  necessar i ly  lie in a plane,  
l ikewise those  of B. The  dihedral  angles be tween  planes  are  
31 °, 28 ° and  17 ° ( incorrect ly r epor ted  as 30 °) in (Me2GaOH)4, 
(M%SiNH)4 and (MezSiO)4, respect ively.  
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energy difference implies an appreciable population 
of both isomers in the liquid state, and inasmuch as 
only one crystalline form is (apparently) found, i.e. 
no c~ and fl forms containing exclusively chair isomers 
in one and cradles in the other, we must presume a 
ready interconversion during crystallization. The 
situation realized whether it be a pure solid of one 
conformation only or a mixed crystal must therefore 
depend inevitably on the favorableness of the partic- 
ular molecular grouping within the lattice, assuming, 
of course, the presence of thermal equilibrium. In 
(1V[e2Si_N-H)4 we do not require an equal abundance 
of the two isomers in the liquid, but only that  the 
decrease in free energy accompanying the formation 
of the 1" 1 crystalline mixture more than compensates 
for the energy expended in interconverting isomers 
until the proper 1" 1 proportion is reached. 

One of the truly remarkable features of the lattice 
arrangement is that  three of these compounds, 
(Me~PN)4, (Me2SiO)4 and (Me~SiNH)4 all have nearly 
identical unique-axis repeat distances (6.45/~) despite, 
as we have just seen, a fundamentally different 
molecular conformation in each case. In (Me2SiNHh 
the packing sequence along b places 'chair' above 
'chair' and 'cradle' above 'cradle'; this arrangement 
resembles closely, in fact, the one obtainable in 
(Me2SiO)4 by replacing every other stack of 1 isomers 
(parallel to c) by a stack of isomers having twofold 
symmetry, but of the same periodicity. The methyl- 
methyl and methyl-nitrogen intermolecular distances 
within either type of column are in the range 4.06- 
4.20 _i_ and 3.76-3.91 A, respectively. From the latter 
values, each NI-I proton should doubtless lie in or 
near a Si-N--Si plane if the b-axis repeat distance is 
to be independent of the attached hydrogens. The 
packing relations between stacks are characterized 
(Fig. 1) by a tight arrangement of methyl carbons 
about those special positions which are unoccupied 
by molecular centers; these interatomic distances are 
all satisfactorily 4-0-4.2 i_. The nitrogens are too far 
apart for a hydrogen-bonding scheme whereby the 
tetracovalency of N might be satisfied; their principal 
contacts are, accordingly, with methyl carbons. I t  
is significant that  more room is provided for the NH 
groups than for the (bare) 0 and N in the other 
compounds. The shortest methyl • • • N(O) interatomic 
distances between stacks are 3.59 ~ in (Me2PN)4 and 
3-76 ~ in (Me2Si0)4, whereas in (Me~SiNH)4 it is 
3.91 A (and of a lower multiplicity because of the 
monoclinic symmetry). 

From the foregoing it may well be that  the phenom- 
enon in crystalline (Me2SiNH)4 of two different 
isomers, unobserved elsewhere, depends sensitively and 
critically on the presence of the ring-atom hydrogens. 
Some factor, related to molecular orientation and 
shape, is certainly operating to produce an ordered 
1-1 crystal in preference to a random structure, and 
this in spite of an unfavorable entropy of mixing term. 

I t  would be exceedingly interesting to establish the 
binary-phase relationships among these three cyclic 
tetramers, and especially to see if the equimolar 
mixture of (Me2PN)4 and (Meg Si0)4 forms crystals 
isomorphous with (Me2SiNH)4. We note that  if such 
compounds were subjcctcd to crystal structure 
analyses, it should generally be possible to identify 
the individual molecules on the basis of their charac- 
teristic set of bond distances and angles. 

A preliminary account of these results was given 
at the 1961 meeting of the American Crystallographic 
Association in Boulder, Colorado. The authors wish 
to express their appreciation to Drs I~. Shiono and 
P. Schapiro of the University of Pittsburgh for making 
available several of the computer programs used. 
We acknowledge with thanks the fruitful discussions 
with Dr D. I~. Sears, and the assistance of Mr D. F. 
Hales and Miss Patricia Brown in the data collection 
and in certain of the calculations. 
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