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 ABSTRACT

Acotyltrlphenylgermane, (06H5)3GeCOCH3, crystalllzes |
in the monoclinic system with a = 15.30, b= lb°53, o
.'c = 7, 68 A and @:n 9L, 8° The space group is P2;/c and
there are four molecules per unit cell, thus each molecule
forms an asymmetric unit in the cell.
| The.intensities of 2537 refiections wefe measured by |
means of a.scintillation counter using CuKx radiation. »The
structure was determined by heavy atom Patterson and Fourier
synthesls and refinement was by least-squares methods. The
| }flnal dlscrepancy, R, for 1834 observed reflections is 0.075.
-The compound wes found to be tetrahedral about the
Q.gefmanium atom, with only'smallndeviations caused by the
spreading of tﬁe phenjl fings. The phenyl rings are planar
with a mean C-C bond distance of. 1.383 ﬁ, mean C-C-C bond
angle of 120.0°, eod a mean C-H bond distance of 1.09 A,
Intermolecular interactioh causes one ring to deviate from
a symmetric propeller orientation, .

Two Ge-C bond distances were found: Ge- Cphenyl distance.
of 1.945 A and Ge~Cacetyl distance of 2.011 A The longer
Ge-C bond is. attrlbuted to contrlbutlon from a resonance
structure in which there is no formal bond between germanlum
and the carbonyl carbon, resultlng in a partial negative
charge on the oxygen and a partial positive chérge on the

germanium., This is supported by ohe electronegativity
difference between carbon and germanium. The C=0 bond

2

* distance is 1.20 A,
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JINTRODUCTION

Investigations of the spectral activity of the =511yl
and o~-germyl ketones (1-4) have shown these compounds to
differ markedly from their carbon analogues. The ultraviolet
spectra of benzoylsilanes are characterized by absorption
at about 403-417 mw, ascribed to a n-1" transition of the
cafbonyl grbup, involving interaction with the 3d—§rbitals
" of the silicon atom. Acetylsilanes have absorption about
360-370 My while carbdn_analogues absorb at 80-100 mﬂQshorter
wavelength than the corresponding'silicon compound., At the
same time, the infrared carbonyl stretching vibration is at
a very low frequency: 1618 cm‘l (6}18/d for benzoyl- and
1645 cm‘1-(6,08/d for acetylsilanes, while the carbon
analogues absorb at about 1686 cm~1 (5.934) and 1715 cm-1
(5.83 44 respectiVelj. For argermyi ketoneé, the shift in
frequency is only slightly lower. The positionsof these
absorption bands are‘relativel? insensitivé-tq the groups
-attgched to Silicoﬁ or germaniun, |

The first attemptvto explain the abnormai spectral
character of the K=s5ilyl and A-germyl ketones'was made by
Brook et al (2) who attributed the large infrared shift in ..
a:silyi ketones to the interaction between lone pair electrons
on the.carbdnyl oxygen and vacant 3d-orbitals on the silicon
(@-ﬂ’bonding). This dm-pY bonding would distort.and stretch
the cafbonyl group by transfer of electron density towards
the siiicon atom, resulting in a lowered force COnstént'and

_thus a shift in the carbonyl stretching vibration to longer
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.~ wavelengths,
lest and Harnish (5) similarly interpreted the ultra-
using d-orbitals on the silicon,

i
¥

v1olnt ahsortion spoctra
but in terms of resonance interaction between the 81llcon

atom and the'ﬁlorbltals of the carbonyl group,~as shown in

fig.1l.
. 0=C Si

\
A Y
*
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Fig. 1. Perturbation of the energy'lgyels of carbonvl
' : by silicon. ;a351t18n (n-m") results from
. 2 * * 3
SoM P T", where 7" is the

transition soﬂ“
antibonding ﬂ’lcvel.

- More recently, Brook, KlVlSlkk and LeGrow (6),
studY1na the spectral properties of p-substituted benzoyl-
concluded thet the low infrared carbonyl

triphenylsilanes,
stretching frequency in benzoylsilanes was a result: of

51gn1f1cant single-bond character in the carbonvl group

caused by the 1nduct1ve rele se of electrons by the adgacent
Yates and Agolini (1)

~silicon atom. In support of this
showed the order of base strength to be R38100Ph> RBGePOPh>
and Brook and Fierce (7) showed that §- but not =

R4CCOFh,
¥-silyl ketones ebsofb at lower frequencvy than their carbon
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analogues, Thus, in the ground state, x-%ilyl and x-germyl
ketones must have a significant negative charge associated
with the carbonyl oxygen atom, which is consistent with-

contribution from a structure of the type

RBX——E<Q
Ph

To our knowledge, no crystallographic studies had been
done on compounds of this type, and a literature survey
produced no X-C or C=0 bond lengths for them. It was felt
“that, in such an investigatidn, if accurate bond lengths
could be obtained, evidence for or agéinst participation
bf the d-orbitals of the silicon or germaniumbin the bonding
would be fdund‘iﬂ a study of the bond lengths. The éompound
chosen was.acetyltriphenyigefmane, ﬁhich has a carbonyl
' stretching frequency at 1669 em~t and peaks at 352, 365, and

1380 mu in the ultraviolet spectrum (8),
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EXPERIMENTAL

Crysﬁals.of'aCetyltriphenylgermane are white needles
élongéted along c. The density was measured by floatation
in é@ueogé potassium iodide and the unit cell aimensions
and.space group were determined from.rotatioﬁ, Weissenberg,
“and pfecéssion films, and on the G. E. Spectrogoniometer,’

Crystal Data (A,Cuke = 1,5418 &5 A, Mok = 0.7107 £)

Acetyltriphenylgermane, (06H5)3§eCOCH3; mol. wt1v346.9;
©m. po. 121.5 - 123.0°, | |

Monoclinic, a = 15.30%0.02, b = 14.53% 0,02, ¢ = 7.68% 0,02,

© . B= 94.820.30, |

| Volume of Unit.cell = 1704 A3,

Dy (Z = 1) '

D

]

1035 gf‘ cm.-3°

m 1.36 g, cm.™3, |
Absorptiqn_coeffiéient for CuKu\X-rays,r)~= 1.5418 i,
= 26.h'Cm.;i.' ' |

Absorption.coéfficient for MoKu X-rays, M= 0.7107 ﬁ;
| M= 19.0 cm. "L, |
Absent reflections: hOZ Whenké is odd

0kO when k is odd.
Space'groﬁp: P2y /c (Cgh). | _
Total number of electrons per ﬁnit.éellg F(000) = 712.

" The intensities of thé reflections were measured on a

Genéral;Elecﬁric Spectrogoniometer, with‘Single'Crystal

Orienter, seintillation counter, approximately monochromatic

CuKy radiation being obtained by use of a nickel filter
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" and puléé height analyzer. All 2537 reflections in the
Arénge 0< 29J419O° {(corresponding to a minimum_interblanér
spacing d = 0.89 A) Were'examined; and 1834 (72%) had an
1nten51ty above backgrbund° The 703>unobserved reflectidns
were included in the latter stéges of the structure analysis
with - |Fy Vﬁ_l Fthresholgs All inténsiﬁies were corrected
“for background (approx1mately a function of eionly). The
“crystal used for recording'the intensities héd dimensions
’Q§2'x 0,25 x 0.4 mm and was mounted with g% parailel to the.
¢ axis of the goniostat., No absorptibn’corrections wereb
-appliéd° Lorentz and polarization correctlons were applied -

-and structure amnlltudes derived,

STRUCTURE ANALYSIS

The uosition of the germanium atom was détermined from

a three-dimensional Patterson synthesis as (0.7375, 0.5271,
0.3146). Structure factors wére cal;ulated for all the
reflections using the scattering factors for Ge (corrected
- for anomalous dispersion) from the International'Tébies (9)
and a temperature factor, E; of 3.0 ﬁz;(ﬁ = 0.34). A three-
dimensional Fourier series was summed’with the signs of

the structure amplitudes based on the germanium atom
contribution, Peaks corresponuing to all of the atoms
{except hydrocens) appeared on the electron density map.

The oxygen atom was distinguishable from the methyl carbon
xby both peak helght and bond distance, The structure

. factors for all 22 atoms were calculated (R = O.2h),'sétting
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= 3,0 £2 for all atoms and using the C and O scattering
 factors from the Internatiohél Tables (9).

- The positional and isotropic thermél varameters and
an overall scale factor were refined by bloék diagonal
- least-squares methods. The fuﬁction minimized was
2@ﬂ§b~ﬁc)2, with ~3 = 0 for unobserved reflections, VW =
when |Fol€15, and v&@ = 15/ Fo when |Fol>15, Several cycles

Cof least-sqﬁares refinement reduced R to 00087,v A comparison
’l,'Qf‘thé.palculéted and observed structure factors showed
””tﬁénti;fiﬁéLfefléctions,‘including the following strong =

refleétions‘(Bll,'uOZ, 212), had serious disagreement, Of
these, elé#en were corrected by comparison with films and |
ﬁhe fest, all #ery weak reflections, were removed from the
least-squares fefinemen‘c° Following'éeveral more least-
squares cycles, a (EO—EC) difference'sYnthesis was computed
 to locate the hydrogen atous. _Ail fifteen phenyl hYdrogéns
were located, but:one of these, H(26),vgave a C-H bond
distance of 0.67 A and so was placéd_at its theoretical
pdsition. Attempts to locate the methyl hydrogens were
unsuccessful, ‘Furthervrefinement, including the hydrogen:
,éﬁdms at fixed positions and with B = 6.5 EZ, reduced R to
O. 073. ,

-~ At this stage, an analysis of the values of (Fo-Fc)

suggested a more appropriate weighting scheme:
AT
{l + [ - 17 ] }l/é

The unobserved reflections were also included,.with
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|Fol = ~0. Ethreshoid and were given a weight 4§f= 0.62, The
a?erage E(EO-EC)Z was now approximétely constant over all
'Qalues of-Eg.taken at intervals of 5. Refining all?37.atqg§
 A with ﬁhe new weighting scheme changed R to 0.077. lCe; 0,
‘C(3), c(4), c(5), Ctll), and C{17) were then refined for
three cycles wiﬁh'anisotrqpic témperature factors, the
hydrogens being fixed in their beét position (peak position
or first or second refinement position) according to bond
length after the first cycle, and the remaining carbon atoms
being fixed in position after the second cycle, rgduéing
R to 0.073. A final structure factor calculation, inéluding
~ the 14 reflections that werelfemdved from the refinemént,
gave R = 0.075, | ,.

The final measured and calculated structure factors
are listed in Table VI (Appendix I). A final three-
dimensiénal Foﬁrier.series was summed énd superimvosed
sections of the resulting<electron-density'distribution are
shown in ?igure 2, together with a drawing of the structure
"giving the.atom numbering.used‘in.the,analysis. A final

o
difference map showed maximum fluctuations of % 0.5eA=3,
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- Figure 2. (a) Electron-density projection
A . along the ¢ axis. Contgurs are ~
" at interyals of 1 e. 4~
S at 2 e, A=S for carbon, and of
'10 e, A-3 starting at 10 e, A=3
for Ge., _ '

, starting

Ll L

o T

lo
- 3A

(b) Perspective drawing of the
structure giving the numbering used.
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COORDINATES AND MOLECULAR DIMENSIONS

The finai positional parameters and their standard
deviations'are'given in Table I, x, y, and z are fractional
coordinétes réferred to the monoclinic erystal akes; o-(x),
o(y), and o-{z) aré the standard deviations of‘the |
coordinates_(in Z) computed from the least-squafes residﬁals.
" The positions of‘the hydfogén atoms are least accuratély
determined and are not cqnsidered further. Table II gives
the final thermal parameters, where Qij.are the components
of the vibration tensors, wfitten in matrix form,iand
referred to the axes a*, b¥*, and ¢*. The eqﬁations of thé
mean planes of.ﬁhe three phenyi rings are given in Table I1I,
along with the planes through C(3)-Ge-C(phenyl) and the
interplanar.angles; Bond‘disténces and valency angles
-together with their stahdafd deviations?are Iisted in
Table-IV; and Table V lists all the crystallographically
independent intermolgcuiar distances shorter thaﬁ‘3.8li.
"Two important distances involving the C{11)-C{16) rings
arewalso listed. Figure'3 illustrates. the packing of the

molecules,
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Final positional paramete
And standard deviations (!

"
0.5264

0.6951
0.6227

- 0.6011

0.5900
0.5855
0.632L
0.6852

.0.6933

0.6451
0.4L8L

0.4199 -

0.3600
0.3306

- 0.3596
- 0.4177

0.4539
0.3602
0.3108
0.3539
0.4478

. 0.4983
0.538"
0.617

0.720
0.738
0.652
O Ll
0.354
0.277
0.335
0.446

0.317

0.242
0.300

0,485
0.575
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Table 1

)e

‘<r(§)

0.0015
0.011
0.014
0.023
0.013
0.015
0.017
0.018
0,016
0.016

0.015

0.019
0.021
0.019
0.021
0.018

0,015 .
0.017 .~

0.020
0.020
0.020

0.017

ﬁs {(fractional)

o (y)

- 0.0015

0.012

0.015"

0.023
0.013
0.016
0.019
0.020
0.017

0.017
- 0.014

0.020
0.022
0.020
0.022

0.019
03014

0.018

0,021 -

0.021

.0.020

0.017

olz)

0.0015
0.012
0.015
0.021
0.013
0.015
0,018

- 0,019
0.016

0.017
0.01L.
0.019
0.021
0.020

10:.018
- 0.01%

0.017
0.020 -
0.020

- 0.020

0.017

é-(gc_)'; oly) = o(z) = 0.2
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Table II

Final thermal paramg%ers and standard
deviations (Uij in x 102; B in 4%},

. , Mean
Atom B U117 Uiz Ui3 Uz Upgy U3z of(U)
Ge(1) 3.54 4.57 -0.19 0.15  4.29 -0.10 = L.55 0.07
0(2) 5.33 5.81 0.74 =-1.37 6.21 -0.53 8,1L 0.60
C{(3) 4.15 4.27 0.1L 0.54L 5.4L5 0.66 6.32 0.71
CH,{(4) 7.26 10.45 2.08 -2.77 9.88 0.69 7.41 1.19
d(5) 3.56 4.86 =-0.39 0.31 3.45 0.21 4.7h. 0.61
C{11) 3.93 5.51 -0.k1 0.48 L.71 -=0.72  L.74 0.67
. C(17) 3.78 5.25 -0.31 =-0.28 5.02 =-0.36 4.31 0,66
Atom B o-{B)
c{6) L.24 0.28
7 5.33  0.35 ! .
8 5.61 0.37°
9 4.80 0.31 Y
lo 14*‘ SQ 0030 7
12 5.78  0.37 /
13 6.52  0.43 /
1, 5.91  0.39
15  6.47  0.42
16 5.27 .0.35
18 4,96 0.32
19 6.23 0.4l
20 6,36 0.42
21 - 6,00 0.40
22 L.61  0.31
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Table ITT

Equations of mean planes and angles’
~ between planes, .

" Eguations of mean planes, in the form £X! + mI' + nZ2' + p = 0,
where X', Y', Z' are coordinates in k referred to orthogonal"
‘axes a, b, c*. | h

. Maximum o
Plane  Atoms YA m 'n p Displacement (A)
1 1,5-10 -0.022 -0.788 0.615 4.779  0.016
1,11-16 0.465 -=0.799 -0.380 1.913 0,021
1)17-22 -0.716 0.117 -0.689 8.668 0.016

2
3
L °1,3,5 =0.720 -0.045 0.693 6,620 0.0
5 1,3,11 -00056 "'09606 -00793 ' 7.175 .\ ’ 0.0
6 1,3,17 -0.764 =0.638 =~0.094 13.550 0.0

_Angles between planes. - ' ;

Planes Angle

61,59
LO.6
57.5

118.8°
120.9
120.3

Wi W
oo NG IO A B
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Table IV

Bond distances (£) and angles (degrees)

with standard deviations,

GermaniumeCarbon bond lengths

0~
W
Nt Vgt “at? Vo
DOLLO
1111
QOO
O SS
1111

P o~ r— —

Nl N ot e N

-0

mean Ge-Cphenjl 1.945%20,008 A

[FaNEPE =
" A
(@ OO
o . L] L]
o OO0
-~ OWuno
—~ =TT\
o oo
- e o e e
NN A
—— —~ = O~
N N~
~— R
(] OO
] N
O [ ORN O]
o SsTJO

-Ge-C(17
~-Ge-C{17)

Phenvl rings

OGO O

~FTonononon-g

o L] ° L .

]
A A

NOWOO N T O~
o e ° [ ° L] o ° o o * L]
WO~ O~ WOOOOO
—HeAd N NN AN NNAN
A A AAAAAA
))))\ll). TN T N
ANNFTINO - WO~
A A AAdNNaNA
S St Nt Nt Nt “ovanot? T N Nl gt st gt
Q.

N T T~ S I TN

—— T o S T S~ o~

Nt et S Nel st e Nt et St et

— I~ o~ — P~ —— — o~ r—

NNNTINDOH WO~
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120.0£0.10°

mean C-C-C-

A

Q

mean Car.-C‘ar.l 10383 + OcOOé

mean C-H

1.09+ 0.06 A

1.51% 0.03 }

" C(3) - 'CHB(A)
c(3) - 0(2)

X

1.20 X 0.02
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Table V
horter Intermolecular Distances-.'

{(A11 crystallographically independent distances < 3.8 A
" between molecule 1 at x, ¥, .z and neighbouring molecules

are listed as well as two distances involving interaction
- of C(11)-C(16) rings.) ‘ ' :

- Atom to Atom of DMolecule #  Distance
(of molecule 1) | | (£)
0(2) C(14) 2 3.33
0(2) C(10) 6 3.36
0{2) C(9) 6 3.38
0(z2)  CHa(4) 3 3.58
c(21) c(21) 7 3.64
0(2) C(13) 2 3.72
C(5) c(9) 6 3.74
c(6) c(6) L 3.75
C(3) C(14) 2 3.76
c(6) c(7) L 3.78
’ e

c(13) c(1s) 5 3.82
c(12) c(13) 27 3.88

Molecule 1 at X Y P

2 at l=x 1-v l-2

. .3 at X 13-y X Ty

L, at - 2-x 1~y 1-2z

5 at X Ay -3+2

6 at x  li-y ‘-%+z

7 at 2-~x l-y- -2



PO . . | .‘ O

Figure 3. ‘View of. the. structure along g, ,ii!;"lustrating,.- .
the packing of the molecules., Heavier N
lined molecules are closer to the viewer,:
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~ DISCUSSION

The analysis has shown acetylt}iphenylgermane to be
tetrahedral about tﬁe germanium atom corresponding to sp3
. hybridization on the germaniﬁm, as was expected., Distortion‘
from this tetrahedral shape caused by the spreading of the
phenyl rings is very small, the average C,cetyl-Ge~Cphenyl
éngle being 108.3°, and the average Cphenyl-Ce=Cppenyl angle
being 110.7°, The angles between the'C(B), Ge, Cphenyl
planes are 118.8, 120.9, and 120.30.' |
'The three phenyl rings are planar (maximum deviation
ifrom ring p1ane is 0,021 &) with a mean C-C bond distance

&?iﬂ of 1. 383*'0 006 A and a mean C-C~C angle of 120.0%0.14°,

ﬁiuThe mean C-H bond distance is 1, 09'*0 06 A  The rings aré" 
orlented in a_propeller fashlon ‘about germanlum with'énglés
between the ring planes and the C(3), Gé, Cpheﬁyl planes of
- 6l.5, 40.6, and 57.5°, The smaller interpianér angle of
the ring containing.g(ll)-C(lé) appears to be caused by
'.ihtermolecular interaction between this ring and symmetry
related C(11)-C(16) rings. increasing_this angle 66:609
would cause severe . carbon-carbon interactions (shortening
of the C(12)'0(13) and C(13)-C(14) intermolecular dlgtances
in Table V),
| . ‘The germanlum-carbon bonds are not all equivalent. The
‘mean Ge'Cphenyl bond distance is.1.945 £0,008 A which agrees -
‘vw1th the bond dlstance found in CHBGeHB by microwave

| spectroscopy of 1.9453+ 0.0005 A (10). The Ge'cacetyl bond
length is 51gn1f1cantly (46? longer at 2.011*0.015 A, A
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bonding scheme responsible for the lengthening of this Ge-C
bond can be-deduced by comparlng the resonance. structuree
avallable'to the germanlum compound with those of the

corresponding carbon analogue. When the x~substituent

:0: ' :0:
12 |, ‘
7$3c: c— CH3<—>7$30 c CHB'
Ia ' - IIa
TS S e G
Palem GOy f3Ge 5O=CHy < §a0e :C—CHy < fyle :C—0H,
Ib I  IITp . I

'(underiined) is carbon, Ia, the difference in the electro-
negativities of thé carbon and oxygen in the carbonYI-group
resulﬁ'in'contribution from the resonance structure lla.
When the «~-substituent is germanium,Ib, the elecﬁrohegativity' |
Qdifferénce in the carbdnyl group is st;li present, and
‘contribution from IIb would belexpected. However, the
x=germanium atom is more electropositive than the carbonyi
carbon and the positive charge is more likely to reside on
the germanium than -on the carbon. .Contribution from the

3 resulting resonance structure, IIIb, with no formal bond

' between the germanium and carbon atoms,»explains‘the long
Ge=C bond length. ‘Further.dissipétion of the positive charge
to the ortho and para carbons of the phenyl rings is also
possible, IVbe- It is not possible,.however, to determine i,. 
- whether this occurs, since the resultant shortenlng of. the

':Ge—Cphenyl bonds would be too small to be noticed, The final

. structure 1s thus probably derived from Ib with 31gnif1cant
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contribution from IIIb, ie.,
4 ' o
' g |
%BGe‘-C—-CH3

This explains the negative charge found on the carbonyl.

oxygeﬁ'by Yates and Agolini (4) and gives a normal‘C:Q bond

rlehgth {experimentally l;ZO:t0,02 X). No evidence for

pérticipation of the germanium d-orbitals was found.

The results of the spectral studies on the x-silyl and

dpgermyllketones,(l-B) and the basicity studies of-Yates and
. "Agolini (4) suggest that the amount of negative charge on the
: 'cafbonyl oxygen increases in the order C<Ge< Si, so that if

the inductive effect is solély responsible for the charge

distfibution, iﬁ is expécted,that the electronegativities

would be in the reversé order§'ie., C>Ge>Si. The electro-

negativities determined by Allred and Rochow (ll).support

" this as shown in Table VI; in which the trend in the carbonyl

Table VI. Comparison of'the carbonyl stretching ..«
frequencies and the electronegat1v1ty of the -
xysubstltuent. o . .

“Compound ~ C=0 stretching freq. (cm‘l) l"EleCtronegativityl
_fsB.QcocHB" 0 am (2) - 2.0
$3GeCOCH; .~ 1669 (8) . 2,02
‘¢3§i_coca3 | 1645 (2) 1e7%

stretching frequency is closely paralleled“by that of the

electronegativities. While these electronevativities are

strictly only those of the isolated atom, since the env1ronment Con

of the drsubstituent is identlcal in each compound thelr
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relati#e values shoﬁld be correct.,

These trends suggest that the Si°Cacetyl bond in the
analogous silicon compound should be relatively longer .than
the corresponding bond in the germanium compound and a
structure analysis of acetyltriphenylsilane would be useful-
in supporting the bonding scheme which has been proposed

- for the X -germanium ketone,
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 APPENDIX I

- Table Vit

Observed and Calculated

Structure Factors

{% indicates a reflection which was not

included in the least-squares refinement.
Negative F5 values indicate an unobserved
reflection, ) ' '
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