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The crystal structure of tetraphenylgermanium has been determined and refined by full-matrix least- 
squares methods based on 546 reflections recorded on a Picker FACS-1 automated diffractometer. The 
final R index is 0-026. The crystals are tetragonal, space group P~2~c, with cell dimensions a = 11.656 (11) 
c = 6.928 (7)/~. There are two molecules in the unit cell; the germanium atoms lie on ~ axes and there is 
only one independent phenyl ring in the asymmetric unit. The entire molecule is rotated by 7.2 ° from the 
a axis and the plane of the phenyl ring is rotated 54"1 ° (measured clockwise) from the C-Ge--C plane. 
The observed conformation is different from that calculated by Ismailzade but is in agreement with a 
more thorough analysis of non-bonded hydrogen-hydrogen interactions. 

Introduction 

As part of a general study on the structure and packing 
of aryl organometallic compounds we have determined 
the crystal structure of tetraphenylgermanium. Com- 
parison is made with the structure predicted from a 
geometrical analysis (Ismailzade, 1952). 

Experimental 

Crystals of tetraphenylgermanium, (C6H5)4Ge, were 
grown from a benzene solution by slow evaporation 
at room temperature. The space group was uniquely 
determined from indexed Weissenberg photographs 
from a crystal mounted along the ¢ axis. Accurate 
values of the cell dimensions were obtained by the 
least-squares refinement of the angular settings of 
twelve reflections carefully aligned on a Picker FACS-1 
diffractometer. The experimental density was measured 
by flotation in an aqueous potassium iodide solution. 
The crystal data are summarized in Table 1. 

Table 1. Crystal data for tetraphenylgermanium 

(C6H5)4Ge M . W .  381.0 
Z = 2 F(000) = 392 
Tet ragonal  Systematic  absences:  
a =  11.656 (11) /~  h00: h odd  
c = 6 . 9 2 8  (7) hhl" I odd  
( M o  K ~ = 0 . 7 1 0 6 9  A) 
a = 17.2 cm-1 Space group  P~21c 
do = 1.31 g.cm-3 de=  1.34 g.cm-3 

Three-dimensional intensity data were collected on 
a Picker FACS-1 diffractometer equipped with a 
scintillation counter and a pulse height analyser; 
zirconium-filtered Mo Ke radiation was used. The 
crystal had dimensions 0-21 x 0.25 x 0.22 mm and was 
mounted along the longer (e) dimension. All reflections 
in the range 0-55 ° in 20 were collected at room tern- 

* Based in par t  on the Mas te r  of  Science thesis of  Dav id  
Hailer ,  Miami  Universi ty,  1971. 

perature using the 0-20 scan mode. A scan range of 
- 1 to + 1 o of the calculated 20 value of each reflection 
plus an allowance for the Mo K(~1-c~2) separation for 
each reflection was used. The scan rate was 1 ° per min. 
A stationary background count was measured for 
40 sec on each side of the diffraction peak. A brass 
attenuator was placed in front of the detector when the 
count rate exceeded 10,000 counts per sec. The atten- 
uator factor was 8.02. Three standard reflections 
(040, 321, 202) were monitored every 100 reflections 
and their intensities indicated no counter or crystal 
instability throughout the data collection. 

Each intensity I was corrected for Lorentz and 
polarization factors, but not for absorption, to give 
the observed structure factor amplitudes, Fo. From the 
684 experimentally determined reflections 55 were 
discarded because they had a 'negative' intensity. An 
additional 83 reflections were rejected on the basis of 
Fo < a(Fo) where a(Fo) is the standard deviation com- 
puted from: 

a2([Fol) = (I + O.25k2B/lFol2Lp 2) 

and I is the total integrated count from the scanning, 
R is the ratio of scan time to total background counting 
time, B is the total background count, and Lp is the 
Lorentz-polarization correction. 

Structure determination and refinement 

There are two germanium atoms per unit cell which 
are fixed by the space-group symmetry to be at special 
positions with 74 symmetry. A three-dimensional Pat- 
terson map clearly located the germanium atoms at 
000 and ~-~. There is only one phenyl ring in the 
asymmetric unit and the six independent carbon atoms 
were found from a three-dimensional electron density 
map phased by the germanium atom. Full-matrix 
least-squares refinement with individual isotropic 
temperature factors led to a conventional R index, 
Y.(IFo-Fcl)/YFo, of 0.082. The hydrogen atoms rep- 
resenting about 10% of the total electron density 
in the compound were than included in the following 
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manner. The positions of the five independent hydrogen 
atoms were calculated assuming the C-H bond bisects 
the calculated C-C-C  angle. The C-H length was 
fixed at 1.08 A. These hydrogen atoms were given 
the final refined isotropic temperature factors of the 
carbon atoms to which they were attached. 

Full-matrix least-squares refinement was resumed 
assuming anisotropic motion for the germanium and 
carbon atoms. The hydrogen atom positions were not 
varied. A total of 64 parameters including one scale 
factor were varied. The quantity minimized was 
7w(IFol-IFcl) z where the weights, w, were taken as 
unity. New hydrogen positions were calculated after 
each least-squares run and, after four cycles, the struc- 
ture refinement converged with a conventional R 
index of 0.026 and a weighted wR index {wR= 
[Yw(IFol-IFcl)Z/~wFo2] ~/z} of 0"030. A final difference 
Fourier map showed no electron density maximum 
greater than 0.18 e.A -a. 

The atomic form factors for germanium and car- 
bon were taken from Cromer & Waber (1968) and 
for hydrogen from International Tables for X-ray 
Crystallography (1968). All computations were per- 
formed on an IBM 360/50 computer with 256K byte 
core. Patterson and electron density maps were com- 
puted with the A. Zalkin FORDAP program. The 
Busing Martin & Levy (1964) full-matrix least-squares 
program (ORFLS) was used for the structure refinement 
and their function and error program (ORFFE) was 
used for calculations of bond distances, angles and 
their respective standard deviations. The final atomic 
positional and thermal parameters and their estimated 
standard deviations are given in Table 2. Observed 
and calculated structure factors are given in Table 3. 

Results and discussion 

Tetraphenylgermanium (Fig. 1) has 4 symmetry in the 
crystalline state; hence there is only one independent 
phenyl ring in the unit cell and it is convenient to 
describe the structure in terms of two angular param- 

eters of the tetraphenylgermanium molecule in this 
space group. These are: 

(1) ~0, the angle between the projection of the Ge-C(1) 
bond on the xy plane and the a axis. This defines 
the rotation of the entire molecule about the c axis. 

(2) e, the angle between the phenyl ring plane and 
the C(1) (.~, .9, z)-Ge-C(1) plane. A clockwise 
rotation is taken as positive looking from the 
phenyl ring to the germanium atom. This defines 
the rotation of the phenyl ring about the Ge-C(1) 
bond. 

For tetraphenylgermanium the angles (0 and ct were 
found to be 7.2 and 54.1 ° respectively. 

Tetraphenylgermanium was first examined by 
George (1927), who determined cell dimensions and 
space group but did little other work. Ismailzade (1952) 
has reported a geometrical analysis on tetraphenyl- 
germanium where he attempted to arrive at ~0 and ct by 
considering the closest approach of phenyl hydrogen 
atoms. No experimental measurements were made by 
lsmailzade o n  G e ( C 6 H s ) 4  . Similar efforts by Ismailzade 
& Zdanov (1952) were carried out on the tetra- 
phenyl derivatives of silicon, tin and lead, although a 
recent crystal structure determination of tetraphenyl- 
lead (Busetti, Mammi, Signor & Del Pra, 1967) has 
shown Ismailzade's geometrical analysis of the lead 
compound to be in error. The results from Ismailzade's 
(1952) geometrical analysis on tetraphenylgermanium 
are (p = 7 and ~ = 37.5 °. Note that Ismailzade's indicated 
9,=90-c~. Also we note that the reported calculated 
coordinates of Ismailzade (1952) are incorrectly 
coupled. As pointed out by Busetti et al. (1967), 
Ismailzade's (1952) coordinates make sense only if 
the respective z coordinates of the pairs of atoms C(2), 
C(6) and C(3), C(5) are reversed. 

The wide difference between the value of ~ obtained 
from the three-dimensional crystal structure deter- 
mination (54.1 °) and Ismailzade's geometrical analysis 
(35.5 ° ) is quite surprising. We have re-examined the 
tetraphenylgermanium structure from the point of 

Table 2. Final parameters and their standard deviations ( x 10 4) 

The anisotropic coefficients for the heavier atoms are of the form: 

exp [ - -  ( J ~ l  lh2 +f122k 2 +fl3312 + 2fllzhk + 2flhl+ 2f123kl)] 
and have been multiplied by 104 . 
For hydrogen atom~, isotropic B's are given. 

x/a y/b Z/C #11 fl22 
Ge 0 0 0 49 (1) 49 (1) 
C(1) 1356 (3) 171 (3) 1640 (6) 53 (3) 57 (3) 
C(2) 1386 (4) 1019 (4) 3065 (6) 80 (3) 71 (3) 
C(3) 2350 (4) 1161 (4) 4236 (6) 106 (4) 80 (4) 
C(4) 3295 (4) 448 (4) 4004 (7) 80 (4) 106 (5) 
C(5) 3272 (4) --407 (4) 2626 (7) 65 (3) 109 (5) 
C(6) 2309 (4) -543 (3) 1433 (6) 66 (3) 72 (3) 
H(2) 652 1573 3264 4.1 (2) 
H(3) 2362 1826 5322 4"5 (2) 
H(4) 4045 562 4900 4"9 (2) 
H(5) 3999 -973 2465 4.8 (2) 
H(6) 2304 - 1207 345 4.2 (2) 

~33 fl12 fl13 [323 
216 (1) 0 0 0 
206 (8) --4 (2) - 0  (4) 7 (5) 
227 (9) 4 (3) 6 (5) --5 (5) 
207 (9) -19 (3) -12 (6) -11 (5) 
238(11) -20(3)  -22(6)  29 (6) 
268 (11) 9 (3) - 3  (6) 18 (5) 
237 (10) 8 (3) - 3  (5) - 7  (5) 
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Fig. 1. Tetraphenylgermanium projection in xy plane. 

view of  closest approach o f  phenyl hydrogen atoms 
and, in contrast to Ismailzade's results, found there 
is excellent agreement with the conformation found 
from the X-ray structure determination. 

The first nearest neighbor contacts are those in- 
volving the hydrogen atoms on the phenyl rings. The 
cumulative effect of  all non-bonded van der Waals 
interactions will, of  course, determine the structure 
and hence the angle ~. The critical requirement is 
that at the equilibrium conformation, there must be at 

least one H . . . H  non-bonded intermolecular contact 
o f  2.37-2.40 /k (Bondi, 1964) and there cannot be, 
obviously, any H . . - H  contacts significantly less than 
2.37 A. In our analysis, the variation of  all possible 
non-bonded inter- and intramolecular H . . . H  con- 
tact distances were calculated as a function of  the angle 
c~ using a standard phenyl ring geometry, C - C - -  1.395 
A, C - H =  1.08 A, a G e - C  distance of  1.957 /~ and 
~0=7.2 °. From the results six H . . H  contacts were 
found which could be used to determine the structure. 
The variation of  these six intermolecular H . . .  H con- 
tacts with ~ are given in Fig. 2. At the stable confor- 
mation there cannot be any H . . .  H contacts less than 
2.37 ~ and from Fig. 2 we can see that at all ~ angles 
except 49 and 54 ° there is at least one H . . . H  inter- 
molecular distance less than 2.37 A. All these confor- 
mations can thus be ruled out. The conformations 
between 49 and 54 ° can also be excluded since all 
H.  • • H contacts in this region are substantially greater 
than 2.37 ./k. Only at two angles, ~ = 5 4  and c~=49 °, 
are there H.  • • H contacts o f  2.37 ~ and none less than 
this critical value. This result is in excellent agreement 
with the ~ = 5 4 . 1  ° found from our X-ray structure 
determination. The conformation at ~ = 4 9  ° must be 
energetically less stable. The fact that two rather close 
conformations are allowed by the simple consideration 
of  van der Waals contacts suggests a limitation of  this 
method of  analysis alone. The crystal lattice (packing) 
energy is a more sensitive probe in predicting a 
probable structure. 

The critical H - . .  H contacts are intermolecular and 
not intramolecular, since it is the intermolecular inter- 

Table'3.  Observed and calculated structure factors  ( x 10 ~) 
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actions which are responsible for holding the mole- 
cules in the solid state. The shortest H . . . H  intra- 
molecular contact, H(2) (xyz ) . . .H(6)  (pxi), at e =  
54.1 ° is 2.72 A which is substantially greater than the 
2.37 A non-bonded hydrogen contact distance. In this 
regard we disagree with Busetti et al. (1967) who used 
only intramolecular contacts as a simple means of 
predicting the ring conformation in tetraphenyl- 
methane. Furthermore the method of Ismailzade (1952) 
in considering only one intermolecular interaction is 
clearly not adequate. Ismailzade (1952) did not report 
his hydrogen atom positions although he used a C-H 
distance of 1.08 A. We have calculated hydrogen atom 
coordinates based on his reported carbon atom posi- 
tions and C-H length 1.08 A in the same manner 
already indicated. Using these calculated hydrogen 
coordinates all non-bonded H . . . H  contact distances 
were computed. At Ismailzade's conformation (c~= 
35.5 ° ) there are two contacts which are well below the 
allowed van der Waals closest approach for two 
hydrogen atoms. These are H(4) (xyz ) . . .H(8)  ( S - y ,  
S - x ,  3+z)  at 2.09 A and H(5) (2y~) . . .H(4)  ( S - x ,  
S - y ,  S - z )  at 1.92 A. It is clear that in such geo- 
metrical analyses all distances must be considered at a 
given conformation to insure no violation of the 
allowed contact distances. 

The valency angle C(1) (~)Tz)-Ge-C(1) of 109.0 (2) ° 
is very near the tetrahedral value. The refined value of 
the Ge-C length is 1.957 (4) A which compares with 
the values of 1.956 (4) A found by Elder (1969) in 
[Ge(C6Hs)2]2Fe(CO) and 1.945 A in Ge(C6Hs) 3 
(COCH3) by Harrison & Trotter (1968). The phenyl 
ring is planar within experimental error. The sum of 
the interior angles of the phenyl ring is 720.0 (4) ° and 
the C-C lengths in the ring vary from 1.381 (6) to 
1.403 (6) A with an average of 1.393 (6) A. The angle 
between the Ge-C(1) bond vector and the C(1)-C(4) 
vector is 0 ° indicating the absence of any ring tilt. 

The pertinent bond distances and angles are given 
in Table 4. The shortest non-bonded distances less 
than 3.5 A are given in Table 5. 

Table 4. Bond distances and angles with their 
standard deviations 

Ge--C(1) 1.957 (4)/~, 
C(1)-C(2) 1.397 (6) 
C(2)-C(3) 1.396 (6) 
C(3)-C(4) 1.388 (7) 
C(4)-C(5) 1.381 (6) 
C(5)-C(6) 1-403 (6) 
C(6)-C(1) 1.395 (5) 

C(1) ()?)7z)-Ge-C(1) 109"0 (2) ° 
Ge--C(1 )-C(2) 120.0 (4) 
Ge--C(1)-C(6) 122.0 (4) 
C(1)-C(2)-C(3) 120.9 (4) 
C(2)-C(3)-C(4) 120.0 (4) 
C(3)-C(4)-C(5) 119.8 (4) 
C(4)-C(5)-C(6) 120.3 (4) 
C(5)-C(6)-C(1) 120"6 (4) 
C(6)-C(1)-C(2) 118.4 (4) 
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V/ " ; "  i 

2"60r /::~( ' k l "% i~/ i I 2.0 k 
r , , / \  t.".. .'x 
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= .6o r /  \ ' i 
-+ 14o i v ', ] "--" \ 

V ',,, / \ 

1 '00 I 
0 40 8~3 120 160 260 240 280 320 360 

a DEGREES 
Fig. 2. H . . .H  intermolecular contact distances. 

. . . . . . . . . . . . .  H(4) (xyz). 
H(5) 0=x~) • 
H(3) (xyz). 

[] [] [] [] [] [] H(4) (xyz). 
• • • • • • H ( 3 )  0=x.~) • 
. . . . . . . . . . . . .  H(5) (xyz). 

H(5) (S-y, k -x ,  S-z) 
H(4) (5 - x, ½ + y, ½ - z) 
H(6) (½-x, ½+y, S-z) 
H(3) (}-y, S-x,  -~-+z) 
H(4) (5 - x, ½ + y, ½ - z) 
H(2) (3 - x, 5 + Y, ½ - z). 

Table 5. Intermolecular distances less than 3"5 ,~ 

Asymmetric Asymmetric 
Atom unit Atom unit Distance 
H(3) x, y, z H(6) 5-x ,  5+Y, 5 - z  2-37/~ 
H(2) x, y, z H(5) S-x,  ½+y, ½-z 2.93 
H(4) x, y, z H(5) S-y,  S-x,  ½+x 2-91 
H(2) x, y, z H(6) .9, x, ~? 2.72 

Note added in proof." A structure determination of 
tetraphenylgermanium by Chieh (1971) has secently 
appeared. Although small differences are noted, there 
is little change from the structure reported here. 
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