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I. INIRODUCTION

Only two references to hegachlorodigermane; Ge2016, appear in the litera-
ture. Boph pertain primarily td its precparation.

In 1954 Schwarz and Baronetskyl reported the synthesis“of a white, cry-
'étalline, air-sensitive compound which contginedﬁGg and Cl in & ratio of 1
to 3. fheir method, which gave yields of 10 to 20 mg in ¥ to 5 weeks, coﬁ-
sisted of distilling GeClh slowiy over germanium metal at elevated tempera-
tures in a closed, evacuated system. Using these very small samples, molecular
weight determiﬁations led to the valués 258 andﬁ26l. The theoretical‘molecular
weight of'GeQCIG is 358.2.

"éhrivér and Jolly2 succeeded in 1958 in obtaining yields'of up to 250 mg
pexr hour according to ﬁhe reaction:
QGeClu = Ge2016 + Cl2

This weas éccomplished by passing GeClu vapor through a microwave diséharge.
They confirmed the ratio of Ge to Cl as 1 to 3 and further determined that

the oxidation nuniber for Ge was +3.

The present work was begun as an extension”bf the latﬁér investigation, to

“dimprove the yields and to study the properties of this new compound.

II. PREPARATION -

A. Preparation Using a Solenoid Discharge

1. Apparatus and Ekperiﬁental Procedure

The solenoid discharge3 consists of‘a'copper coil around & cylindrical
diécharge tube. It is an electrodeless discharge in the sense that no elec-

trodes extend into the discharge zone. The radio-frequency gurrenﬁ through"



the solencid produccs an’alternating mognetic field parallel to the axis of
the solenoid. The magnectic field, in turn, produces an electric Tfield sround
it. Those induced oleotrie forces form closed ourvos.

‘ The energy acquired by the electrons within the reaction zone is pfopor»
ticnal tec the square.qf the distance from the center of the tube. Therefore
the diemetar of the reaction tube was made.as large as. was practical.

Iﬂ all the runs mentioned below, the discharge was run at Just below the
"quenching" level. That is, the pfcssure of the gas passing-through'the~dié-
charge was slowly raised‘to Just below thé point whére the discharge would go

out,

The discharge'source was a 50-Mc rédio-frequency‘6scillator with a 2.5-kv
500-ma powcr supply.

Early runs were made usihg the apparatus as described by Jolly2 in which
GeCl) was passed through the reaction éone,:and Ge2016, unreacted GeClh, and
'Cl2 were collected in U-tubes surrounded by cold traps at —2QOC‘(ice-HCl);
—7800 (Dry Ice~acet§ne), and -196°C (liquid nitrogen), respectively. 'However,
nofquantitative work was done with this set-up. |

_Sinée only a small amount of the GeCl) vapor‘yhiéh passes fhréugh‘the
discharge zone reacts, an apparatus was designed and built tofpermit recycling
of GeClh vapors, I'ig. 1. The diaﬁeter bf the reaétion tube was 30 rm.

GeClh‘was distilled into U-tube A from weighihg bulb (a)0 After a -780
cold bath was put around B.and a -l960 bath around C, the discharge was turned
on, and the stopcocks were turncd to pefmit_a flow as indicated by the arrowvs.
The flow rate through the discharge tube was regulated by adjusting Stopcock I.
Ge2016 and unreacted GeCig were collected in trap B, and.Cl, was collected in

trap C. After all the GeClh vapor had passed through, & -20° bath was set
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FIG. 1. APPARATUS USED WITH SOLENOID DISCHARGE.
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aroundlB, to hold the Ge2016 but permit the GeCluvto distil( and the -78° vath
'aroﬁnd A. The stopcocks were eaéh turned by 180° and the GeClh again was passed
through the ;ischarge zone. If desired, ﬁhe recycling process could be contipued
until all of‘the GeClﬁ had decomposedz Generally, since the primary concern

was not the actual produétion of large quantities of Ge2Cl6, but rather the‘
effectiveness of the conditions used, the reaction was terminated after only &
few cycles. The 012 was pumped off, the GeClh remaining was collected and weighed
. in {a) and the GeéCl6 collected and weighed in (v). | |

2. Results and Evaléation.

Table I. Synthesis of Ge2016
- Using a Solenoid Discharge

‘ " — :
No. % GeCl % yield flow rate, yield, - duration
decomposged c GeéCl6 mmole GeCl mnole _ of run,
: min . Ge 016/hr . min.,
2

1. 1.23 12.5 2.1k 0.11 200

2. 0.79 24,3 . 2.80 0,16 . 119

3. (a) (a) : 0.70 0.26 98
4 6.18 : 50.0  0.51 0.45 100

5, L.38 ‘49,0 - - 0.61 0.40 136

*

Based on the amount of GeClh decomposed according to the reaction:
: 2GeClu = Ge2016 + Cl2

(a) GeCl) recovery tube broken

L

The greater yield of Ge2016 and greater recovery of GeClh in run number 2
over run number 1 in Table I above are attributable to & greater proficiency in

handling the apparatus.
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In rdn number 3, a,plug‘of bronze wool was pleced'in the reactioh‘tubc
aﬁogt ie em past the diescharge. It vds Aope@ that the copper in the wool
might react with the C1_ formed in the rcaction and thus prevent any further
reaction of the.Clé with the Geeblé formed. The'bronze-wooi @id'not pick up
the Cl2 to any gbservable extent, however, although it did ;esult.in a higher
pressure and a lower flow rate through the reacéion tube.

The bronze wool was put abootvl’om past the coil in run number 4, This
resulteo in the diecharge takiné place around the bronze plug.ifeelf ratﬁer
than within‘the coil. Some reactlon did take place with the Cu, but & large

2 ;
Two bronze wool plugs were used in the last run, one within the coil and

iamount of Cl, was still recoverea in U-tube C.

-the other about L cm past the flrst This time'the diécharge was again es=

tabllshed prlmarlly around the wool plug beyond the coxla Again, some reaction

did take place v1th the Cu, but 012 was still collected in Cu
In all cases a small amount of yellow solld and colorless nonvclatile

llqula were depos1ted on the walls of the reactlon tube Just past the dischargé

durlng,a run. . The solid slowly darkened to brown, whlch appears chéracteristic

" of polymeric (GeCl)x. The liquid solidified in several'hours_tOVa vhite solid
‘which also darkened, first to yellow, then to brown.  This fits exactly the

‘description of the compouna mistakenly reported as Ge0012 by Schwarz and Hein~

riehLL in 1930. Schumb.and Smyth5 in 1955 found that this compound was actually

a "new form" of Ge012 which spontaneously changes, ﬁo the more'usual ‘white solid

form of GeCle. ThlS GeCl itself decomposes to GeClh and lower chlorides with
timey darkenlng as 1t does so0.

The results indicate that the highest ylelds are obtained with low flow

rates and high pressures. Heviﬂg the discharge oecur et a broﬁze wool surface .
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seems to increase greatly thq yield, as weli os caﬁsing more of.the‘dccom—
poséd GeCl) to end wp as Ge C%ﬁ This latter result may, héhevcr, be caused
simply by the lower flow rate.

In the lest two reactions in Table I,'theAcoppér acted'és a rcducing
agent to form gome CuCl. Whether it reacted difectiy with the GeClhAor

only with the Cl1 formed is not known.

2
-The results above appcar sufficient to show that in ali probability
- this form of discharge would not produce yields which would'seriously rival.

the microwave synthesis described by Shriver and Jolly.

B. Preparation Using a Bronze Vool Discharpge Tube

Sincé the use of bronze wobl gave significant improvement in the
yields, it was decided to attemptlto apply the discharge tube designed
by Wa?tik,6 for the prepatgtion of Bzclh from BCl’, to thié reaction.

1. Apparatus.and EXperimental Pfocedure

 For these ruhs the apparatus shown in Fig. 1 was modified by replaciqg

the . tube and coil with the discharge tube shown in Fig. 2. In this tube a
glow discharge is seﬁ up between the bronze wool plugs. .In every case, six’
appro> imately spherical plugs, each weighing from SOO.t; 900 mg, were used.
They were separated from one another by about 2 to 3 cm. The diameter:of the'
tube was 30 mm and its overall length was h3~cm.. The t%ngéten electrodes wére
connected to a high voltage transformer through a Variac to an ordinary 60
cyéle a.C. outlét. Beginning with ruﬁ number 9, & milliammeter was connected
~in serijes to the-system and a Triplett model éBOvvéltmeter was used to measure
the voltage accurately. Prior to this run a crude_kilovdlt meter gave the
only indication.of‘tbe s?rength of the discharge.

The actual experimental procedure used vas the same as described above

_ for the solenoid'discharge.
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2. Results and Bvaluation

The results of these runs arc'prc;cnted in Table II; Although they
'clearly do not.constitute an exhdustive survcy, the results do show ccvcrgl

trends. It appears thét voltagés‘over 2 kilovdlts give consistently lower
yields and greater decomposition. Hiéh flow rates, above about 0.5 gm -
GeClw/hin, gave higher yields than low flow ;ates; with the exception of

run 9. No explanation can be given for.this inconsiétent result. It is
~logicai that, since there are fivg separate dischafge regions, éach of which
“is capable of notvonly Torming G62Cl6, but élso of reducing it furthér, it |
would be beneficial to remgve the Ge2016 from the’ discharge zones as,fast

as possible. Thus a high flow rate should result in higher yields.

Another factor that may determine the yield_under a particular set of
conditions is the distance betwéen'the bronze plugs since thg potential
across the electrodeg is determined both by the pressure of:gas betﬁécn'ﬁhe,
electrodes and by the diétance between them:' Perhaps the Variétions.from
tube to tube can acéount for the lack of a simple relationship bétween the !
results.

Most important of all, long reaction times give low yields of'Ge2016a‘
It appears that after the reaction tube has been used for about an'hour, or .
vperhaps less, its ability to produce Ge2Cl6 in good yield diminishes, quife
sharply if the results of runs 13 and 1l can.be considered as reliable indica-
'vtions. One may specﬁlate-that this might be due to the CuCl formed which
coéts'the surface of the wool, preventing further reaction.

Considering the time necessary té‘put together tﬁe reaction tube.?nd

its short lifectime, this method also seems unsuitable for the preparation

of'GeéC;6a



TABLE IT. Synthesis of Ge2016 Using a Bronze Wool Discharge Tube

No. % GeCl

% yield flow rate, yield, . duration of conditions
decomposed GeéCl6 mmole GeClE/ﬁin mmole Ge2Cl6/hr run, min.

1 8.20 R 2,33 o 0.42 16 1 kv
2" ‘ 9.0 . ‘12.0 1.9 1.3k 20 2 kv
3 19.0 17.0 - 1l.h4 1.23 25 2 kv
W 26.8 6.0 2,71 1.28 | 22 2 xv
5 " 6.38 29.8 2,67 1.51 13 “1:5-2 kv
6 6.35 o113 2.67 0.56 17 2-2.5 kv
7 7.36 - 19.b ' 2.01 0.87 21 2-2.5 kv
8 8.16 13.6 2.62 . 0.87 15 2.5 kv~

9" 5. 79 16.2 2.29 0.53 20 1.8-2.0 kv .
, - : ’ 30-20 ma
10 b1y ¥3.7 0.79 0.42 87 1.7-1.8 kv
’ 20 ma
11 5.39 1L 2.29 0.53 | 28 2.1-2.5 kv
. _ _ . 20 ma
12 2.98 25.7 0.89 0.28 M8 1.95-2.0.kv
‘ - | ) ‘ 18 ma
13* 3.39 36.4 1.03 : 0.39 59 1.7 kv
. 11 ma
1k 3.40 20.8 1.03 ‘ 0.22 58 1.7 kv
g ma

New reaction tube; 1. No water jJacket; 4. Reason for high decomposition unknown; 10. 2 mm stopcock

betweenvdischarge and first U-tube-restricted flow considerably.
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C. Prcparation Using a Microwave Discharpge

Because of the disappointing results above,’ it was decided to return
vto the proven successful method of éynthesis involving the use of o
microwave discharge.

The microwvave discharge is another form of eléctrédeless diséharge.
Standing eiectromagnctic waves may be.set ub in a cylindriéal‘metal tube,
called a resonance cavity. Thc.eléctfic field in the wave acts upon
eleétrons and ions, giving them energy. These then cause the chemical
reactions.

Another way of using microwaves is through the use of a director.
This is a metal plate, which may be of any of several shapes, that refleéts
| and directs the waves to produce a concentrated glow.

1. Apparatus and Expérimcntal Procedure

for this synthesis a modification of Jolly's original systen wvas
used, IFFig. 3. With it the GeClu to be weighed need not be distilled into
the'system before a run, nor out.of it after a run. It may be wéighcd in
. the U-tube in which it is collected, and thils same tube may be used as |
the source of GeClu in the next run. A U-tube with 2 mm bore sto?cocks
was used for the first trap_(—EOo) in one run (not in Table) but this gave
,only.a negligible yield of G02016, presumably because it decreascdlthq
flow rate to & great extent (sce later discussion).

IThe Ge2016 wag collected for weighing and for témporary‘storage by
replacing the tube contéining the collected GeClh by ‘another tﬁbe with
stopcocks, into which the Ge2016'wasldistilled. The stopcock to the
vacuum between the first two traps provided a means for evacuating the
small space between this new U-tube and the stopcqck separaﬁing it from
the first tube in the evént.thét thigfpo;lécting tube'élready'contained'

some Ge2C16, which must not be exposed to the air.
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was coupled to the resonance cavity. It was powered by a unit with &

A Raytheon QK60 msgnetron tube, which is a source of 10 cm microwaves,

maximum capacity of 2.5 kv at 0.5 amps. In every case, it was run at 1140’

volts and 110 . ma.

operates at a wavelength of 12.2 cm in the 2400-2500 Mc band. The energy

is carried in a flexible coaxial cable to a C-director which éoncentrgtes

The other unit was a Baird-Atomic Hg 198 Microwave Exciter. This

it at the reaction tube. It has & maximum power output of 125 watts and

was run at 95-98% of maximum.

Results and Evaluation

Table IIT Synthesis of 032016 Using a

Microwave Discharge

NO.

'%GeClh %.yield flow rate, yield,  length of

decomposed  Ge,Cl, mmole GeCl /min mmole Ge2016/hr run, min.
1 (a) - ca. 2 0.28 . 25
2 (a) -  cand 0.59 46
3 3.11 21.h4 5.8 1.4 8
4 31 35.9 - huag 1.42 11
5 2.31 50.6 - 3,41 1.18 100
6' 3.66 uo.s" 1.64 0.73 195
T . 2.54 18.6 2.10 0:.31 1k5

(a) Not recorded

1. Insufficient coocling of microwave cavity; 2. Baird unit; Sg Cu plug

past discharge zone; 6.

Cu plug past discharge zone.

i
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Frbm‘the @ata in Table JII scveral tentative conclusions can be

. drawn for the bcst‘sct of recction conditiong. High flow rates again

eoern to givc‘highér yields, although l.25-g‘QcClu/%in may be too fact.
Placing a2 bronzc wool plﬁg'a short distance past the discharge zone docs
not secem to have much affcct on the yields, but it does seem to insure thaﬁ
more of the GeCl) which decomposes egds'up'as G¢2016.' It may be that the
.CQ picks up sbme of the 012 which miéht othervise réact with the Ge2Cl6
already forméd; The broniZe wool does acquire a fhin vhite coating during'

a run, although much Cle'is still observed in the liquid nitrogen trap.

iII. PHYSICAL PROPERTIES
The vapof pressure of Ge2016 was”determ;ned over -the fange 2&.70
to 59.70. Beléw 2h.YO fhe vapor pressure is so low that accurate measure-
ments are impossible. Above 59.70, decomposition is rapid..

The apparatus consisted of a manoneter with a short side arm, into
which the sample 'was distilled} "A mercury‘float valve allowed one to
adjuét the leve; ofsthe mercury in thé manometer. The entife appqratus
was immersed in a thermoétatically controlled coﬁstantﬂtémperature‘bath.

.Greqt pains were taken éo insure thaﬁ‘tﬁe Ge2016 gsed vas pure. Fach
Sample‘was distilled twice, collécting it at ~20°; to insure that it was
-free from impurities before it was disﬁillcd into the apparatus. It vas
then pumped on while being held at -20°. Before each reading the Ge2Cl6
in the side¢ arm was again pumped.on at -20° before the mercury was raised
_inf& the manometer. The constant temperatﬁre bath was set at the temperature
desired before the apparatus was immérsed»into if,

The thermometer used was checked against an MBS calibrated thermometer.
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Table IV Vapor Prossure of Ge,Clg

Pégiizzl N t’ocl obz.hmf ccle. - : A
solid | ah.7 0.8 . 10.7 . =0.1
s011d 29.7 1.1 1.1 o0
solid = . 3b.7 1.5 25 0
solid 39.7 2.2 2.2 -0
liquid b, 7 | 3.0 3.0. . R 0
liquid = - k9.7 L.1 .o a +0, 1
liquid 5&.7 5.6 - 5.6 -0.2
liguid 59.7 6.9 - 7.6 : +o.7

As an example of how the data were oﬁtdined, the actual values, ob~
tained during the course of a typical measurement at 29.7O'are shown in

Table V.

Table V Vapor Pressurc of Ge,Clg at 29.7°

Time after immersion

- . ressure, Immin.
into bath, min. P R

1.1
1.1
1.0
1.2
1.3

O N\ oD

11 S 1.5
15 1.7

", The rise in pressure, starting at about 9 minutes, is believed
. due to decomposition of the Ge2016-to the more volatile GeClu. The

" constant initial pressure was considered the true pressure. Several



measurements, such as the above, werc made at cach temperature.
A plot of log Pmm vs.‘l/T.was mede, as shown in Fig.‘h. The data were
not sufficiently accurate to permit scparcte lines to be drawn Lor the solid

and liquid states. Thus one straight line was drawn through all the points.

* The equation for this line is:

' 2801 .
log Pmm = - T + 9.29.‘

The &H of yaporization (either'frbm the solid or liquid) BS'calculated from
the slope of this line was 12.8 kcal/molc; |

A typiéal sample in the vapor pressure ap?aratus was found to melt
sharply at 41.5° - L2,0°.

The infrared speétrum of GezCl6 vas taken iA CClu solution and in CSE
solution. Both the NaCl and KBr regions'were observed. OSee Figs. 5 and 6.
A known amount of doubly distilled Ge,Clc was distilled into an ampule with
8 constrictéd neck. The solvent was then condensed onto it and the ampule
wérmed to room temperature. Thé Ge2C16 readily dissblvea in both solvents.

The ampule was then removed from the vacuun line and a small amount of the

" solution was transferred into a cavity cell with a hypodermic syringe.

. Peaks were obserwed at 7.1 (w), 11.2 (m),.lﬁ;h (m) and 22.1 (s) microns.



-16-

O.l i | 1 | | |
3.30 3.20 ' 310 3.00

I/T x 103

FIG. 4. VAPOR PRESSURE OF Ge, Clg.

MU.27902



-17-

O.l mm Na CI cavity cell
N SR TR T N B B

5 7 9 I
Wavelength ()

O.Imm KBr covity cell
| | i J I ] J J

&

® |00

Q

c 80

o]

= 60

g 40

5 20|
O !

= 3

i 0.0 1

Q

e

o 020}

S o040l

S o0s0f

a _
I.oF

< o El

13
FIG 5.

5 17 19 2
Wavelength (u)

INFRARED SPECTRA OF 0.3 M Ge, Clg IN CCl, SOLUTION

MU.27905



-18-

(%)

100
80
60
40
20

Transmittance

|

0.0

10
.20

40
.60
10

T

[o0) 1
13 15

O.Imm K Br cavity cell

AR L

Absorbance

1 1

1 _
7 19 2l 23

Wavelength (p)

FIG. 6. INFRARED SPECTRA OF 0.25 M Ge,Clg IN CS, SOLUTION.

MU.27906



'.] 94

IV. CHEMICAL PROPERTIES

A. Reaction with NaBM,

1. Apparatus and Experimental Procedure

A 250 mL fﬁreefneck.round-bottom flask. was equipped with a magnetic
-stirrer, a nitrogen inlét.tube, a dropping funpel with a pressure equalizing
side arm, and an outlet tube leading to a vacuum 1ine. The line consisted of
four U-tubes, each separated by a mercuryAfloat valve, eliminating contact
between the contents of the tube and stopcock grease.' This kind of line
was found necessary, since,in early runs condﬁcted‘in an’ordin#ry Vacuﬁm
line, éontact'of the solvent and the reaction products With the stopcock grease
caused the system'to lgak, nmaking quantitative work iﬁpossible. Silicone
grease was used at those poinﬁs where 1t could not be avoided, such aé on'the
standard taper jpints on thelflask and on the ends of the vacuum line. No
leaks were ever enCOuptefed there.

The solvent employed was dicthylene glycol dimethyl ether (diglyme)g It
was dried by first refluxing with CaHg, then -distilled, the‘frgction beiling
' bétween 16;0 end 162° being collected. Even with this procedure, some slight
reaction of the solvent with the NdBHh dissolved iniit wa$ pbserved.

Aftér Ge2016 had been di§tilled into the dry, evacuated flask, diglyme
was added through the dropping funnel.to dissolve the sample. Nitrogen was
admitted to bring the system to afmospheric pressure so that the NaBHk sb;utiop
could. then be introduced into the dropping,funnela. After the system had been
reevacuated and'an ice bath piaced ardund the reaction flask, the borohydride.
'solutioﬁ Qas added dropwi;e, with vigbrous stirring; |

The redction'flask was open to thevvacuum pump through the four U-tubes.
The first tube was surrounded by a —78°.trap, the othexr three by ligquid Néa

Pumping and stirring were cohtinued for at least one hour after the last of
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vorohydride solution had been addcd. The flask vas then isolated from the .
‘line. The cqntent of the -78o trap, which was found to be distilled éolvent;
was discarded, and the reaction products frOm'thé'iiquid hiﬁfqéenltraps vere
consolidated. Thgy were.then distilled in vaéuo ihrough traps at -78o
(Dry-Ice-acetone), -112° (carbon disulfide slush), and ~196° (uquid, nitrogen),
respectively. ‘

2. Resulﬁs and Discussion'

The,-78°'trap was foﬁnd to1contain maiﬁly solvent that héd passed
through the original -f8° tfap‘during the run,~plu§ some unidentified material
that was pr?bably g,aecomposition pro@uct ofythé‘so;vept (sée Figf 7) aﬁd
" traces of trigermane -as identified by the.gaﬁ phase. infrared spécfrum of the
‘material in the trap.l The 5112°‘trap‘gpntained prima?i1y'digermane, along
‘with more of,the unidentified material méntionéd above. This }atfer material
was separated frbm the digermane by passing the mixture th?ough Ascarite ‘
:séveral times.. Oﬁly the digermane_remained.‘ The 51960 trap contained &

- mixture of‘germane and diborane. . The diboréne.Was decomposed by Ascarite,
leaving pure germéne, the amodnt of which could’then be ascertéined.
'Aﬁ the end of each run, the reactionVVessel always éohtained a light

yellow precipitate which darkened to brown oVer‘a period bf,several days.
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Table VI. Reaction of Ge,Clc With NeBH)

B re- rate of -

conc. conec. _
Ge,Cle, BH, BH), %Ge as  YCe as  covered addition,
mbles/liter vmoles/iiter Ce2Cl6 ‘ GcHh , 4Ge2H6 as B2H6 nﬂ/@un"
0.10 ©0.63 - 6.5 15.5  trace  27.3 5
o.ob '\ o.27 - ©7. 29.9  trace 5.6 5
0.13 - 0.09 6.6  h1.1 8 3.3 0.5
0.19 0.10 7.5 41.6 5 - 3.1 1

* o - - ' | v S
Addition of 25 ml of LN HC1 tQ‘the‘réaction flask after the completion of
the reaction with borohydfide resulted in the evolution of much hydrogen,

a trace of digefmane, and h3.2% more . germane.

" As shown in Tgble VI, gcrmaﬁevwés ﬁlways obtained as the hajbr produét.
The yields of digérﬁane vere dlways poor;. Thus one may say that, under the
conditions used, borqhydridc readily cleaves the Ge-Ge boﬁd° It does appear
‘that slow rates of addition and low conqentrations of borohy@ride.are moéel
favorable for the formation of digermane, but even theﬁ only small amouhts‘of:
this compound are obtained. | |
Additioh bf‘borghydride alvays fesulted in yields of ieés than 50%
ggrmaﬁe. From this one might:suggest the reaction: |
Ge2C16 + 6 NaBHy - GeH), + 'GeH-Q + 3 BHe + 6 NaCl
However, twovobservations tend to suggest thét‘this eguation does not describe

the reaction completely.  First, the addition of acid to the reaction vessel

after the completion of the borohydride reaction resulted in the evolution of



L3% more germane. ,Secondly, much lcss.than the expected diboranc was

recovered.

If digermane is formed in any significant amount, it might react

further with the borohydridé, possibly'as follows:

G62H64+ BHh -»H'GF—?QH -;H3Ge€BH3

3 3 - '+ GeHu
\
HB.1
315 H

Reacfion of an acid sblution with the H3GéLBH3 anion would result in the

formation of germane.

H_.Ge-BH_

o o ut R . .
3 3 + 3 H20 4.H “’GeHu + H BO, + 3H2
One might then write the reaction.ih diglyme solution as:'
Ge,Clg + T NaBH) - GeH) + 6 NaCl + Na (H3GeBH3} + 3 BHg

The fate of the boron is unknown.

B. Rea tion with Water

1. Apparatus and-EXperimeqtal Procedur;

The reaction vessel in each case was a 20 mm 0.D. Pyrex tube, one end
of which was‘ropnded, the otﬁgrvprovided withva long; fiﬁe, éapillary~tipe
',A'éonstricted siae arm with a ball joint aﬁ its end allowed the tube to be
attachéd to a vécuum lipe."Thé water, or alkaline'sbiutions; were previous=-
'~ly introduced directly intg‘the tube with a micropi?ette, The watef was
“frozen with ;iquid nitrogen and the Gegcié distilled onto it. The constric-

tion of the side.arm was then closed under vacuum, and the tube allowed to
warm to room tempéfaturé. |
To open the seéled tube, the capillary.tip was inserted through an

open.straight-bore stopcock attached to the vacuum line. The tube below-
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the stopcock Vds sealed to the shoulder of the reaction tube with Apiczon
W wax, effeéting an airtight seal. A liqqid nitrogen bath was then put
around the contents of the tube and the capiil&r& broken by turning the
stopcock. - A manometer in the system was used to éheck_for any ndnconden- )
sible pgas. |

In each case the sealed tﬁbés were left at room tempéraﬁure for at
least 24 hgurs to ipsure Compleﬁe-reéction;

2. Results and Discuséion

" Table VII.. Reaction of Ge ,C1, with H,0

. . ¥
mmole . Solution : © Normality of " Conditions
Ge,Cl; added final solution - ©

0.26 0.5 ml S 3N HCL ' room ‘temp.
distilled H,O0 ‘ 2l nrs.

- 0.34 0.2 ml 10N HC1 . room temp.
: 0.1N NaGH . : , 30 hrs.

0.17 2.0 ml ~0.5N NaOH room temp.
1N NaOH " L8 hrs.

0.22 0.2 mlL 6.5N HC1 : © room temp.
0.1N NaOH : 2k hrs.

507, 1 hr..

0.39 0.2 ml 11.6N HC1 room temp.

-~ 0.1N NaOH : : 24 hrs.

5

700-1000_overnighp:

- — ‘ -
based on 6 moles HC1l forming from each mole Ge2016’




. In no case was hydrogen cvolved, even' in the basic solution.‘vThis
differs shafply from the unalogo@s~réaction,of SiéCl6 (see Sect) v-C).
Vigual oﬁservations, however, dé‘indicate‘diffcrcncea in bchﬁvior nrnong
the samples.

In the Qery acidié solﬁtions the reaction.product remaincd pure white,
even after,heéting. Onlj aftér the tube was opeﬁed ahd‘fhe water distilled
off did traces of a yellow color abpeér.. Heating 6f the dry solid cdused
it to become bright yellow-orange. .

Reéction'with:pure'water,.which u?on completion of the reaction gave
a somewhat acidic solutidn; left a reéidue which was mostlj white with some

yeliow. Removal of water from the sample again caused yellowing of the

-white material.

An excess of’lN‘NaOH';esulted in the immediate formation of a bright
yellow solid which darkened to orange‘overnight. Nb‘white materiai was
observed. |

These results may be explained on the following baéis: GeO is_yéllow
to brown an& is insolubleliﬁ water. GeO2 is white‘and.is quite soluble in

"both acid'and'a;kaline'soluﬁions. if one assumes that the lack of yellow |
color indicates that no GeO has been_formeé, then,.since no hydrogen was
evolved, the Ge-Ge bond must have been rétaineds Oﬁe might thén sﬁggest
that in very acidic.solﬁtidns the hitherto unlknown "germanooxalic acid"
iéiformed according,to the reaction: -

Ge2016 + 1+H20 - (G}eOQH)E + 6H_C1 '
As one approaches a basic solutioﬁ, or, upon remoVal of water from the-

above compound, disproporﬁionation results.
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Ge2016 + 31120 - GcO2 + Ge0 + 6HCL
or '

(GeOOH)2 - GO + GeO, + H,0

C. Reaction with NI,

3

1. Solid-Vapor Reaction

a. Apparatus and ExpcrimentallProcedure
Two different methods were used to stgdy'thé reaction of GeQCl6 witn .
'ammoniaa In the first, a known amount of sodium-dried. vapor was allowed
to come in contactAwith.a known amount éf Geeclén The total volume of
the system wgs'knqwn and the pressure of the armonia in the system could
be observed diréctly-by means of a manometer.' It was hbped thatvin.this
way the course of the reqctionvcould e follbwed and the completion of the '
reactiqn‘would be marked by no further change in the preééure.

"b. Results and Discussion

Table VIII. ‘Reaction of Ge2Cl6‘ﬁith NH3

1. ' 2.

mnole G¢2016:' 3 . 0.197 S 0.228
mmole NH3 added: 3.05 — 3.31
maole NH, recovered: 1.81 1.73
mmole NH3lrcactedﬁ ‘ o 1.2k . - 1.58
NHB/Ce2016: ' ' 6.3 ' .6.9
reaction time, h;s.: 30 : 9

temperature: _ ‘ 0% to 25° - _-630




Reaction of Si?Cl6 with smmonis procecds by the following ecyuation:

(aeo‘Section v-C).
5i,Clg + 9 NH3 _\Sie(NH)B + 6 NH, CL

If this is in fact the rcaction whichvGééClG undergoes (see below), the
above results indicate that veaction is incompléte under these conditions.

2. Solid-Liquid Reaction |

a. Apparatus nﬁd Experimental Procedure

The above method led to results contrary.to what one might expect in

this reaction. Thus, a sealed tube reaction was performed. The tube was

the same as described for the reaction with HQO except that it had a diame-
tar of 10 mm. About 2 ml of sodium~-dried ammonia was condensed onto a known .

quantity of ¢e2C16 in a tube cooled with liquid nitrogen.. The tube was
sealed and allowed to warm to 0°. After 24 hours its contents were frozen
with liquid nitrogen and the tube was opened under vacaum. It was then
warmed to —630 whereupon the excess ammonia distilled off. Finally the tube
was allowed to_warm to foom temperature while the pumping continued to in-
sure removal of all unreacted ammonia.

Two ml of 6N HCL was then distilled into the tuﬁe,to hydrdlyze thé prd;

duct. The tube was openéd and its contents quantitatively transferred into

a 10 ml volumetric flask and diluted to volume. A nitrogen determination was .

run on this solution.
b. Results and Discussion
| | mmolevGéQCi6: 0.102
mnole N in residuef0.903
NfGe: - 8.85

¥ determined by micro-KJjeldahl method
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This result indicates that o great oxcess of liduid ammonia is neccssary

to effect a complete reaction. The rcaction may.thus be written:

Ge2016 +9 NH3 ~>G02(NH)3 + 6 NH, C1

D. Reaction with HCL

1. Appératus and Experimental Procedure

The reaction tube and procedure were tﬁe same as déscrioed in the
reaction with water'exce?t that a knbﬁn'excess of‘hydrogen chloride, pre- .
:,viously dried by twice passing it thfough a —il2o'trap, was;distilled into
~.the reaction tupe. After the tube had beep opened; under vécuuﬁ with the
contents frozen by_liquidvnitrogen, the. tube was surrounded b&'a bath at
—63?. The unrecacted HCl was then volatilized_and collected in an adjoining
U»iube surrounded by a liquidanitrogén bgth.v,

2. Results and Discussion

Table IX Reaction of Ge, Clg with HCL -

mmole Ge Clo: . 0.168

mmole HCl added: . © . 1.35 '
" mmole HCl recovered: 119

mmole HCL reacted: . .  0.16

HCl/Ge2016:, o -.0.95

The results above indicate that the following reaction took place.

GeECl6 +‘HCl‘e GeHCL. + Geqlh

3
" The infrared sﬁéétrum'of the vapors above the colorless liquid

. remaining in the tube, after removal of the hydrogén chloride at —650,

confirmed the existernce of GeHCl3 and the possible existence of G*eCll;.7
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(See Fig. 8). Upon slow distillation of this liquid, e small amount of
white solid was léft_behindl This solid darkened fo yellow in & matter.

‘of hours. Prosumably this solid wna GoCl, which resulted from tho following

{
reaction. '

GeHClB‘"-»GeCl2 + HC1
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V. REVIEY OF COMPOUNDS CONTAINiNG THI Ge-Ga BOND

A. Inorgahic Compounds

Prior to thq syntheslis of GCQClG, thc polyhydridés of germanium wére
tﬁe only inorganic compdunds known which contained two or more germanium
atoms directly bonded. IIn 192k, Dennis, Coréy ;nd Moore9 first isolated
digermane, Ge2H6, and tfigefmane, Ge3H8, along with monogermane, GeH),,
by the hydroiysis of ﬁagnesium germanide with dilute hydrochioric acid. .
Mixtures of germanes'have alsé bcen'ébtainéglo from thé reaction of
'ammoniﬁm bromide with magnesium germanide iﬁ liQuid ammonia. Reéentlyl:L
the effect'of a silent electric discharge on monogerméne has been shown
to produce not ohly;Ge2H6 and GGQH , but small amoﬁnts of highér ge?manes
up fé‘the octagefmanes. Vapor phaée chrométography was usedvto separate
them. \ |
(GeHgge a polymer, méylalso cqntain Ge-Ge bondsp. It may be formed

as 'follows:12

.0
950
CaH2 + Ge ~)CaG¢ +-H2

CgGe + 2301 aq. - CaCl, + (GeHé)x
‘Reactirn of (GeH2>x with boiling aqueous HCLl yields Hys Gé, GeH, , Ge _H,
~ 13 : o i
and ue3H8.

B. Organic Compounds

The first organic derivative of a polygermane was hexaphenyldigermane;
, ‘ o ' I ‘
(C6H5)6Ge2, prepared in 1925 by Morgan and Dre_w.l Since that time a con-
siderable amount .of progress has been made in the synthesis and study of

this and other organodigermanes. In additiqn, several higher organogermanes

have been reported.



The follouing review contains all known rcports of organic compounds
known or thoughttoucontain at least one Ge-Ge bond. Refercnces to prcpara-
tions in which a compound such as (C6H5)6Ge2 was used to make a known re-
agent, such aS~(C6Hr) GeK, for further study have been omitted when repeti-

15

tive. References to vwork prior- to January, 1950 are from Johnson
1. Synthesls.
a. Coupling Reaction vith an Alkali—Metal-
The most commonly applied method of synth031s of these compounds is
' the reaction of a halotrlorganogcrmane, R3GeX w1th an alkall-metal, gener-_

ally'sodlum, ‘at elevated temperatures The following have been reported

2(C,H ) GeBr + 2Na -» (<:6H5 )6Ge + 2NaBr

Thrs was'the reactlon of Morgan and Drewlh that was first run in 1925
The reaction took place in'hot xylene_with excess sodium, with & yield of
somewhat over L&%. |
| Sodium in boiling xylene did not react with oromotriethylgermane,
(CQHS)SGeBr,'to form hexaéthyldigermane, (C )6Ge .16 A 30% yield of
this compOund waslrealized, however, by the*dlrect action of sodium at
‘elevated temperatures, | ,

Hexamethyldigexrmane, (CH3)6Ge2,_was first synthesized bj refluxiné
.bromotrimethylgermane, (CH' GeBr, with an excess'of potassium under nitro-
'gen.l7 The potasslum bromlde formed hindered- the reaction to such an extent
that it was necessary to remove the volatlle materials from it and condense
~them on fresh pota351um several times. With this procedure, 4% of.the
~ germanium was converted to'(CH3)6Ge2. | |
Hexabenzyldigermane; (C6H )6Ge2, has been obtaine&;'in unreported

‘yield from the reaction of bromotrlbenzylgermane, (06H5 2) GeBr, with

‘sodium in refluxing xyleneql8
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An 85p ylcld of hekncyclohnxyldlgermanc, (06H11)8Ge2' vagc realized
when the appropriate bromo compound was refluxed with on excess of sodium
in toluene...l9 | |

. A very interesting reaction, worthy of further investigation, has
been reported by Kraus and Brown. 20 Dichlorodiphenylgermane, (C6H ) Ge012
with sodium in boiling xylene formed a compound with the empirical formula
( °6H5 )ch .
(C_H )‘GeCl +‘2Na‘—»(C6H ) Ge + 2NaCl
Only about 10-20% of the theoretical azmount of (C6H ) Ge was obtained

in the form of crystals. - However, a considerable amount of resinous material

approximating in composition (C6H5)2Ge, was recovered. It could not be ecry-

.stallized and was COnsidered'to_be an impure polymer. The dichloro compouod
with lifhium in ethyiaminolalso gavo this same resinous, anrystallizable
méterial.

- Molecular weight deoerminations oo the crysﬁals gave a mean value of”‘
‘993. This would indicate that the compound is a tetramer ([C6H ) Ge]h,

molecular weight 907). It has been suggestedls,that this might consist

of a four-membered germanium ring.
(C6H5)2Ge - Ge(C6H5)2
(C6H5)2Ge - Ge(C6H5)2

An even more fascinating compound has beqn prepared in boiling xylene

by the reaction of éither sodium=> (refluxed 8 hrs.) or potassium2 (re-

" fluxed 12 hrs.) with phenyltrichlorogermane.

6 C6HSGeCl3 + 18 Na —»(C6H5Ge)6 + 18 NaCl.
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It was suggested by the authors thal this was an open chain molecule
- rathexr than a benzenc-type riog.

-Ge = Ge -~ Go = G2 - Ce = Ge - : .
A N T |

C6H5 C6HS ‘C6H5 CGHS C Hr)_

Several reasons.to support fhis belief Qere given. Upon dissolving this
white solid, an intcnse yellow solution resulted, thus indicating to the
~authors that the substance was a polymeric species which dissociated into
six-membered chains upon dissolulion, resulting in the colorIChangen More
substantial evidence was the .fact that each hexameric mplééule reacted -
with 8 atome of bromine, the halogen, presugably adding across each double
bond and, in addition, eliminating the "free valences" at each end of the
chain. ' The same reaction océurred with iodiﬁe, leading the authors to
believe that go ring openiné had occurrcd. Iodine, they said, being a
‘less.vigorous réactant, could not break a fing.

"~ Germanium tetrachloride, p-tolyl bromide,‘énd sodium in refiuxing ether
18

reéct to fgrm an unreported amount of hexa-p-folyldigermane, (p-CHBCGHg)sGeE.
b. Grignard Reactions h

Morgan and'Drewlu detecﬁed no hexphyldigermane among the products of
~ the reactioﬁ'ﬁetween germanium tétrabromide and phenylmagnesium bromide,
C6H5MgBr. Their solvent for the reactioh.waé.ether, or ether plus a small
amount of chlordform, which was refluxed for 1 1/2 to 2 hours.

By varyiné the conditions somewhat; namely using a miked ether-benzene
solvent and increasing the féfluxing time to six hohrs,,and'by usihg GeClh,
Bauer and Burschkies18 weré able to;isolate some hexaphenjldigermane, al~

.ﬁhough'their main product was still %étraphenylgermane, (CSH5)hGe. Reaction -
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with GeBru gafe lover, bﬁt.still'sijnificanf amounts of the digermane.
In addition, uﬂdef the same conditionsg, hcxa-p—ﬁolyldigermahe was obtainea
from (}eCl)L and p-tolylmagnasiuvm bromide. Néither yields nor balanccd.re-
actions aré reported for these reactions. | |

Tﬁis.mi¥ed sol&cnt‘method was developed by Johnson agd Larris,23 for
the phenyl derivative, to give hezaphenyldigermane as the major product.
(Using a ten-to-one hole ratio of Grignard reagent td Geciu, and reflgxing
for 3 hours, in an éther—tdluene solvent, almost 60% of the germanium was
converted to hexaphenyldigermane. It is of interest that if the ether is
femqved before the reflux peripd, tetraphenylgermaﬁe is the‘major product.

The réaction for the formatiqn of the organodigermane was written by
'thé authors as: '

4GeCl) + 11;06}15Mg;8r - 2( CGHS )6@@2 + 2C6H5Cl + 7Mg}3r2 + TMgCiz

No evidence to support the formation of chlorobenzene is given.

Hexavinyldigermane, (CH2:CH)6Ge2, was prepared in 1957 by Seyferth2u
in yields up to 26% with the vinylmagnesium bromide in tetrahydrofuran.
"Thirty—five percent of the éermaniuﬁ was recovered as tetravinylgermane,‘
(CH§CH)hGe. Twenty hours of refluxing was found necessary. The reaction
Was reported as: |

éQeClu + BCHLCHMBr - (CHSCH ) Ge,, + (CH5CH), + UigBr,, + WMaCL,

No évidénce fér thé formation of butadiene was given, but a mechanism was
prbpésed to supporpthis.'neaétion° It was suggested>that thé first step
was the reduction of GeClu to GeClé by the Grignard reagent, préducing the
butadiene,‘ GeCl2 was then vinylated and the Grignard added to it. Finally,

reaction of this latter compound with partially vinylated.GéClu would give -



the desired product:
GeCl) + 2 CH§CHMgBr ~ GeCl,, + (CH§CH)2 + MgCl, + MgBr, -
GeCl, + 2 CHsCHMgBr —;(cnﬁcn)elce + MgCl, + MgBr,

—('H - . - s ¥ ~M
(CHQCH)ch 4‘CHZCHMgBr >(CH2CH)3 GeMgBr

(CH§CH)3GeMgBr + (CE=CH)

P 01 1
3GeCl —>(CH§cg)6Ge2 + 5 MgCl, + 5 Mghr,

Several analogies aye presented té support this mechanism; but its
acceptance must await'expg}imental verificationf | o

‘In support of the reduction to the gérmanium (11) comﬁound it éhould
Dbe mentioned that the +2 state becomes more stdble as one proceeds don |
Group IVA of thé'Pgriodic Table. Tetrahalosilanes shoﬁ né tendency to
céuple when reacted with a Grignard, whéreas tetrahalotins are known tb
do this (see below).

In 1959 it was foundes'thét up to 8% hexaethyldigermaﬁe couldlﬁe‘ob_
tained in the preparation-éf tetraethylgermane by the réactioﬁ pf ethyl-
magnesiumbromide with GeCl, §r GeBr) in gthér, Kraus'aﬁd Elodd;l6 who
first prepared tetracthylgermanc by thisfmethod,‘did not report the di-
germane among their products. ' Thus one is led ﬁo believe.that the Grignard
method mightlyield'a smail_amount'of organodigermanes in more cases then
have thus far been reported. | | |

c. Direct.Coupling

The reaction of an alkali metal'salt of gérmanium, R3GeM, with a
haloﬁriorganogermane; R3GeX, may cause a coupling of the germaniuﬁ atoms.
to.occuf. Kraus and Shermangésshqwed this with the foilowing-féaction.

'(C6H5)3GeNa +_(02H5)3GeBr fe(C6H5)3GeGe(CEH5)3.+ NgBr
The coupling was éccompliéhed bj ﬁoiling the reagénts in benzene. 'Nb yield

. was given.
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Reaction of an alkeli metal goermanium salt with a dihalide of ger-
manium resulted in the fornation of an organotri(_r,ermanc.2

2(C6H5)3GcNa + (C n5)200c12 ‘*(06”5)8003 + 2NaCl

v

The solvent and cxperimental procedurce were csscntially the same ‘as in
the previous reactién. Oncé again, no yield was mentioned.

This method of preparing organodiﬁermqnes, both symmetrical and
unsymmetrical, appcars to be o goéd one. However;vit docs not sccﬁ.to
have been investigated sinée the above reactions were‘reported.by Kraus
‘and coworkers in the early l93O's7

v Possibl& rclated to ﬁhc abovo‘is the recaction of triphénylgermyl
lithiuﬁ with bromine in ethylene glycol dimethyl ether for form 78%
hexaphenyldigérmané.274 ‘

2(C6H5)3G0Li + prg "<C6”5)6 Ge, + 2 LiBr
The fact that up to 12% (C6H5>3GCBr vas obtﬁined.as a byproduct leads one

to believe that this might indced also involVe a coupling reaction of the

| type mentioned above.
d. Organolithium Reactions
In 1950 Johnson and Harrisz3a found that by adding an excess of an

ether solution of phenyllithium, C6H5Li, dropwise into a refluxing ether
solution of triphenylgermdné, (C6H5)3GeH, up to 60% of the germane'was'

converted to hexaphyldigermqne.
I+ CoH Li 1 + O
2(C6H5)3GCH'4 C6H5L% ”’<06{5)6Geg ! 06H6 + LiH
Reverse addition of the reactants gave only tetraphenylgermane. To explain

; .

this difference the authors postulated that this might in fact involve a

coupling reaction between the gexrmane and its lithium salﬁ, the formation
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being possible’ only because of the excess of the triphenylgermanc.

(c,n ) GeH + CGH i - 6H )GcLi + Cglg

Geli — (0611 )6(}(-)2 + LiH

L.

(C6H5 )3 Gell + (cGH(_ ) .

Gilman and'Gcrowgs conflrmgd that this coupllnp rcﬁcLJon doea Lok
place, but found that wvhen equal amounts of Lhe ﬂermanc and 1Ls lithium
salt were used a maximum of only 12% (C/H )6Gc could be’ obtalncd Fur—
ther, in repeatlng the reaction of John son and Harris in ever& deuail
“except that an cquivaleut amount, rathe? thau anﬂexcess, of‘pnenylllthlum
was used and that‘the solution was nof refluxed, no hCXaphen&ldﬁgermane
could be-recovered. Thus they concluded but could not'-explainj that the
high yield may in oomo way be due to the excess phenyllithium - in splbe
of that fact that the tllohcnylgcrmanc was actually in excess durlng most
of the addltlon of Lhc phenylllthlum |

They”also_conflrmed thc flrst reactiohrin the proﬁosedrmcchanism'of
Johnson and Harrls, obtaining tllphenylgcrmyl llthlum in 83% yleld Acn
tually the salt'waslnot isolated as such, but was immediately'carbonated
to give triphcnylgcrmane carboxylic acid, (C6ﬁ5)3GeCOOH{ which was weighed.

- . Lo,
C6H5Li + (C6H5 )3 Gell - Cgll. + ((:6115 )3 'GeLi2—>H o (C6H5 )3 GeCOOH

- o ‘ B '

It is noteworthy that the reaction of methyllithium with triphenyl-
germane_gave'lo% hexaphenyldigeuﬁane when equivalent amounts of the re- .
ageuts were stirred for threc days at room tcmperature. The divermane

probably was also formcd from the reactlon of trlphenylgermane thh the

lithium salt of the germane lnitlally produced
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It has aléo been fﬁundgb.that the reactioﬁ of ethjllithium with
' GeBrL in ether éolufion prodiced 8.6%1hexaethy1digermane aiong with
126 tctraethylgermaﬁe and a ;argc amount of polymeric ﬁatériél.
e. Miscellancous Rcactiohs o | |
In addition to the reactions above, most of'whiqﬂ were run for the

expressed purpose 6f forming en organodigefméne, séveral‘more unusuai
reactions have résulted, surprisingly, iﬁ'the,formatioﬂ éf hexaphenyl~
digefmane in good yield.

| Iﬁ an attempt to pfepare alcohols and ketones containing the tri-
" phenylgermyl group,.triphenylgermyl}ithium, dissolved in‘éthyleneglyqol-.
diméthyl ether, was a@dédlto péthyl,triphenylgermaneéarboxylate,'(C6H5)3.

GeCOOCH .29 Instead of the expected bis(tfiphenylgefmyl)_ketone or tris

3

(triphenylgermyl) carbinol, carbon monoxide was vigorously-evplved and
' hexaphenyldigermane was obtained in 75% yield (based on triphenylgermane-
carboxylate ).

(c6H5 )3Ge‘Li +'(c6§.{S )3 'GeCOOCH3 - (C6H5 )6 Ge, + CO + L:LOCH3

The authors-suggésted that the mechanism may involve attack of the
"triphenylgermyl anion on the germanium atom‘ofﬁthe‘triphenylgermylcarboxy-:
late ester. A pentacovalent intermediate is thus formed which leads to

the final products.
| | | (CgHs)3 0 -
(Clt, ) Ge” +_(C6H5)3 GeCOOCH, = (CgH, )y Ge ... Lo C ..:0CH; -

| | (Cglig)g Cey + co + ocH, |
To éscertain the origin Qf each germanium atom in the product, methyl

‘triphenylgermanécarbdxylate was reacted with triphenylsilyl lithium,

(06H5)3SiLi, The only product isolated vas (triphenylgermyl) triphénjlsilane,‘
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(Cglg ) 0esi( Gl ), indicating that in the formation of hexaphenyldigermane,
onc germanium atom-came,frdﬁ the triphenylgermyl lithium, the other from
the ester. ‘

Reacﬁion of tfiphenylgcrmyl lithium with diethylcdrbonate, (cgnso)ecd,‘
alsolresulted in the evolution of carbon monoiide and the isolation of
hexaphenyldigermane as the only producf. A yield of 88% was obtained when
a deficiency of the carbdnate was used and h?% with an exceéé of carbonaté;

" The mechanism for this rcaction proposed b& the authors involves the
initial formation Qf‘ethyl triphonylgermaneCarquylate, which then reacts
as above.

(C6H5)3GeLi + (cgﬂso)gco _>(06H5)3Gegooc2H5 + L1002H5

(0635)3Ge‘ + (C6H5)3GeCOOCEH5 -,(06H5)6Ge2 + CO +.002H5“

- Smith and Kraus,BO in'thc course of investigating the reactions of
.triphenylgerﬁyl sodium with organic polyhalides in ether; discovered that
in addition t§ substitution of one or more of the halides by the triphenyl-
germyl group, the germyl‘groups which did not react with the organic com-
' pound combined to form hexaphenyldigermane. The amount of hexaphenyldigermane'
recovered, in fact, was the way in which it was determined how many halo-
gen atoms were replaced. For example,.in the reaction of triphenylgermyl -
sodium with carbon tetrachloride, 84-91% of the germaniﬁm vas recovgréd aé
hexaphenyldigermane. Thus £he authors chcludéd that, at best, not more
than one chlorine atom had been replaced by a triphenylgefmyl group. No
'éubstitution‘compound was isolated. |

Reaction with chloroform yielded 62%-hexphenyldigermane, Bis(tri-
phenylgérmyl)methane, [(C6H5)3Ge]2CH , was obtained in 9% yield, but the

2

" source of the second'hydrogcn was left unexpléined.
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Acctylenc‘dichloriQC; ethylene dib&ohide, and beutyicne bromide gave
63%, 87%, and 91% bexaphenyldigermanc, respectively. In no casc was
any substitution campqund identified, odly 0ils and small apounté of'tri-‘
phenylaermyl oxide. The oxide might‘indicate thatvcompoundé which might
form decompoée 05 handling; Trimethylene Uromidc‘gave 62% hexaphenyldi-
}germanc plué a small amount of bis(triphenylgermyl)prdbanei (CGH5)3GC<CH2)3.
G§(06H5)3. o . ;
Perhaps‘potgntially the most interesting compound of all those.con-
taining a Ge-Ge bond is 1,‘2-@1iodotetrabutyldigermane, (ChH9)2I GeGe T
(Cqu)g. It is obtained3; in the reaction of germanium diiodide, GéIé;
Hg, in acetone.' IE is the only héloorgano—r

“with excess dibutylmercury,-Bu2
-+ digermane known. ,
2Ge12+3(ChH9)2Hg-a (Cuﬁg)EIGéGeI (éung)2 + zcﬁH9HgI'+'Hg

2.. Properties

No reactions of the polygermanes or their derivapives are knpwn which
retain the Ge-Ge bond. With the exception of.hexaphenyldigérméne, very
little has been done with these compounds. -

In every case attempted; reaction with bromine has resulted in
cleavage of the metalwmetal‘bond, forming the bromotriorganogermane.
‘When a solution of bromine in ethylbrémide is added to hexaethyldigermané,
bromotriethylgermane is quantitatively prodﬁcedu

(02H5)6Ge2 + Br, ;>2(02H5)3Ge3r

A boiling carbon tetrachloride solution is needed to affect cleavage of
hexaphenyldigermane by bromine.lh Octaphenylirigermane reacts incompletely
with bromine in a carbon tetrachloride solution at room temperature to give

bromotriphenylgermane and dibromodiphenylgermane.



(C6H5)8Gc3 +‘2Br2 -»2(c6n5)3cenr + (06n5)20e3r2

2L

The cleavage of the metal-metal bond bylhalogens‘Was‘uscd by Seyferth
in his identification of hexavinyldigermane. DBoth iodinéA(hG% convcréion)
and bromine (23% conversion) reaction with'thié'compound in.chlorofofm
‘solution to form the'corresppnding halidcs. |

.Reaction of an alkali metél with.an.orgdnodigermane gives more vari=
able results, dopending on the compound, the metal and the_ébnditions.

: Lithium in ethylamine readily convérts hexaethyldigerméne to triethylgermyl
'lithium.lé |

| (CéH5)6 Ge,, + gLi —;2(02H5)3GeLi
Potassium in the same‘soléent gives an almost quanitative yield of tri-
éthylgermyl'potassium. A solution of sodium in liquid ammonid gives no <
,appreciable reactioﬁ with hexaethyldigermane, although thisvmight, in
part, be‘due to. the insolubility of the digermane in this solvent.
17

Refluxing potassium does not react with hexamethyldigermane. Even

| . with sodium-potassium.ailoy in ethylene glycol'dimethyl ethér, afver three
days, almost 50% of the hexaméthyldigermane'waé recovered and no yellow
color, chafacteristic of the potassium salt, was observed.’ |

A suspénsion of hexaphéﬁyldigermane in a sodium~licquid ammonia
solufiog reacts on}y very sléwly, buﬁ again this'may partially be aue to
its insolubility in this solvent.32
Giiman and Gefow33'studied the.cleavage of hexaphenyldigermane in
'dvarious solvents in an attempt to prepare triphenylgermyl salts for further
study. ﬁith'sodium.potassium alloy in ether no reaction took place. In.
benzene,i76% of ﬁhe digéfmanc could be recovered, -along with 13% tetra-

phenylgermane. Apparent cbmplete cleavage took place with'this alloy in
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fefluxing di-n-butyl cther and in refluxing :xylene, ulthough no potassium
salts could be recovercd. Tetrahydrofuran, bromobenzene; and tctraphénle
- germane act as initiators in ether solution for the wlloy, rcsulﬁing in a
good percentage of the digermanc boiné clecaved, |

Using ethylene glycol dimethyl ether-as“a solvent, some cleovage of
hexaphenyldigermane did occur, but again no derivative coula be isolated.
It is belicved that any triphenylgefmyl potassium which is formed is fufther.
attacked by the alloy. o ‘ . -

| To date the most effcctive method for cleaviné hexaphenyldigefmane‘ﬁo
-form the triphenylgermyl anion islto react it with lithium in & small |
amount of the glycol ether.
| (Cglt )Ge, + L 2(CgHg ) GeLi

It is believedBu that in this.case conversion is complete.

Diphenylgermaniu&Atetramcr, L(C6H5)2Ge]4, in liquid ammonia, adds -two
.SOdium atoms for cach germanium atom, giving a red solution characteristic
of (CéHS)QGeI\Iaé.eo |

0f all the orgaenic compounds containing a Ge-Ge bond only hexavinyl-
di~ermane is reported to be air-sensitive. Even for this compound, re-
action is very slow.

C. Comparison to Compouhds Containing the Si-Si Bond

A great deal more work has been dcne with silicbn compounds than wiﬁh
'their germahium analogs. In fact, many silicon cémpounds have, as yet, no
‘counterparﬁs.in germanium chemistry. This is particularly true for the
nompounds with metal-metal bonds.

Many symmbtric énd unsymnetric disilanes have been synthesized and
.studied. TFor the most part, only those compounds and reactions which

relate to the preceeding section will be discussed here.

>
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1. Inorganic’ Compounds

Stock first:pfcﬁared'dnd characterized the higher silancs up to tetra-

Al il

silane; SiquO.D) In addition, he¢ was able to isolate en inseparable

mixture of several isomers of Si, ), and Si M, .
. . )

These hydrides were formed
o .

by the reaction of hydrochloric acid with magnesium silicidi:.
Rec ntly, twenty-one individual silanes have been obtained, and

separcted by vapor phase chromatography, from the reaction of phosphoric:

2

acid with m:lgnesimn’silicide.J6 The authors were able to identify n—SihHlO’

another SthlO of undetermlned‘scruCturg, n-~ 015H12, iso- SlSle, and tenta-

tively to identify hexa-, hepta-, and octasilanes.
Disilane has also been obtained by reaction of lithium aluminum hydride

37

with hexachlorodisilane.

Higher chlorides of silicon have been known for some time. Hexachloro-.

- disilane, Si,.Cl,., has been prepared in a number of ways.38 The passage of

2.70
silicon tetrachloride over silicon at temperatures excéeding 1000° resulted

+in its formation, as did the reaction of chlorine or mercuric chloride with
:hexaiododisilane; The passage of silicon tetrachlorlde—hydrogen mixture
through an electric discharge produced. not only hexachlorodlsllane, but
.higher phlorides as well. Chlorides up to hexasilane, 81601147 have been
s&nthesized“by the reaction of chlorine on silicon—caicium alloy. .

Lo '

lO 22 39 and SllOCJ.EOH2 have both been obtained by the reaction

of silicon tetrachlorlde with hydrogen in'a "hot-cold" tube. Among other

‘o . - . . bi.
higher ghlorldes reported are 51100;18,.51160126, and Si 8Cl3O



‘Tricdel and Landerburg preopared hexaicdodisilane from silicon tetra-
iodide and silver metal.

L

2 BiI, + 2 Ag - 2 AgL + Sié 6
They used this disilane to form not only hexachlorodisilane, but also

hexabromodisilane by reaction with bromine.‘ 
81216 + 3 Br2 f>512Br6 + 3 12

These reactions attest to the stability of the S5i-3i bond in these compoﬁnds.,A

Hexafluorodisilane has been produced by the reaction of hexachloro-
I3 '

. . o . n
disilane with zinc¢ fluoride.

Disilane‘does‘not'reaqt with pﬁre water in quarti'veé;éié.35 In an
alkaline solutioﬂ,thWQVCr, rapid hydrolysis occurs quantitati#ely to form
silicic acid, 1,810, plus hydrogen. The reaction is;g,_o' sensitive to
alkali that eycn'a small piece of 6rdinary‘glass dropped.into the quarté

tube is sufficient to cause rcaction. An acid solution will also cause

hydrolysis to occur.

The hydrolysis of a hexshalodisilane was first studied by Friedel

. Lo Ly :
and Ladenburg in 1830, 25 Hexsiododisilane reacted with ice water to

give a compound prdbéblyvanalogous 10 oxalic acid.
0 N E s \ . : I
51,1¢ + L H,0 - (ulOOH)2 + 6 HL .
Alkaline solution caused the Si~Si bond to_breék.
. . ! : ‘ ¥ .
(5100H), + W KOH — 2 K830, + 2 H)0 + H,
Hexachlorodisilane has 'also been -found tp form (SiOOH)e.
The évolution 6f hydrogen in the alkaline hydrolysis of hexachlo}odi-
' L6

silane has been uscd to ‘quantitatively determine the Si-Si bond.

.
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The reaction of hexachlorodisilane with ammonia has recently been
. . . by a0 A Ca . :
studicd by Billy. AL =797, 27 molecules of anmonila werc taken up for
ecch molecule of hexachlorodisilanc. Al room temperature, however, 18 of
the ai.ionia molecules arc releasced. The reactions have been written ds:

: =19 | .
812Cl6 + 27 HH3 = 012N3H3 + GNHuCl 3 NH3

570 M Cl + 3N

NH) - 3NH ]

3

The author proposed that the compound is polymeric, corresponding to
\ l o
- Si -~ 51~ M-~
3 a
NH . NH
! |

‘rather than individual molecular units such as HN = Si_ - /Si = NH, as
NH

vas previously prob&sed.h8 Sig(NH)3 is stable at room temperature unéer
é vacuum but is scnsitive to the slightest trace of water.

2. Organic Cowmpounds

>Orgénosilicon compounds, including those containing a Si-Si bond,
have Dbeen the subjéct of a recent book by Eﬁborn.ug- |

As was true in the ¢ascvof orgﬁnogermanium comﬁounds, the most popular- 
route to the formation of a metal-metal bona is the reacﬁion of a halotri-
orgaposilage; R3SiX, with an alkali'mctal. Reaction with sodium has produ-
ced [(C6H5 )251] ;, @nd, [(p-cns'c(sﬁh)gs;]' ), from dichlorodiphenylsilane,
: (CSH5)28i012, and dichlorodi-p-tolylsilane, (peCH3 C6Hh)281012’ respectively. -
The se compounds'are aiso_believed to be cyclic. Dichlorodimethylsilane,
(QH3)ESiCl2,-gives primarily [GCHS)ESi]G along with pthegihigher polymers.

Reaction of drganometallic compounds, including Grignards, with tetra-
halosilanes have never resulted in a coupling of‘the‘silicon atoms.

Direct coupling reactions of an organosilicon halide with an organo-

silicén alkali métal salt have also becn used to synthesize organodisilanes.
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In addition to reactions such asg

Ry8IX + RgSiM = R 5i, + MY

which are analogous to those nentioned above for germanium, rcactions

such as the following under proper conditions, have provg':d-succ_cssful°
C.H.).SiK + SiCL, = (C, H_) SiSiCl. + KC1
(Gt )5 y = 6_‘5)3 e T

Reactioﬁ of organometallic feagents wgth halodisilanes; yet to be
atﬁempted for hexachlorodigermanc, has successfully producéd organodi-
germanes. |

81X, 4  6 RM = Rg81, ,+ 6._Mx-
Hexachlorodisilane has gene;ally been the' starting reaéent; althoughAboth.
the ‘bromo- and iodo- comjounds have ﬁeen uéed. Organblith;um_and organo-
sodium, és well as Grignard reagents have produced‘symmetric organodisi—'
.lanes, although some cleavage of the Si-Si bond usually occurs.

A reaction which has. no counterpar# in germanium chemistry.is the
" hydrogenolysis of a tetraorgqnosilane.

2 RSiR] + M, » 2 RH + RISL, . - ‘

High temperatures and pressurcs-are eséential. Hexamethyldisilane; hexa-
" ethyldisilane, and hexaphenyldisilane have been made in this way.’
Enough wérk has been done with organodisilaneslté'permit one to make -
schral'generilizations cOnéerning their behavior.
‘Hexaryldisilanes are quite.resistént %o the action of bfbmineL As
“with hexaphenyldigermane,’hexaphenyldisilane‘ié'éleaved only by a boiling
carbon tetrachloride{éolution of bromine. Hexaalkyldisilanes are much%

more susceptable to cleavage. This difference between'aryl; and alkyldisilanés
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appears also to be truc for the orsencdigermanes, but as yet, too few of

the latter have been studicd 4o sormit such o generalization.

The .opposite bcechavior is Livwi upon exposure of organodisilanes to

alkali metals. Hexaalkyls are usaficcted, wherecas hexaryl- and aryl-alkyl-

disilanes are cleaved quite cesily. This cleavage has been quite effective-

ly produced by'sodium-potassium ~lloy in ether and by lithium in tetrahydro- .

furan.
. Hexaaryldisilanes show no tendency to dissociate into free radicals.
Even hexa-p-biphenyldisilanc is unaffected by prolonged treatment with

51

. o) C - :
oxygen and iodlne,5 as in hexaphenyldisilane.

D. Comﬁarison o Compounds_Cont;inipg Sn-Sn Bond

The chemistfy of distannane compounds is-at about thé-Same stage as
that of the.digermane derivatives, although the‘number'of.organic'compounds
“with Sn-5n bonds is somewhat greater.than for.thé germanes; The distannages'
‘are generally more reaqtivc than their gerﬁanium analogs.

1. Inorgaﬂic-Compounds

The only inorganic compound known to contain an Sn~Sn'bond is the

" recently prepared distannane. It is very unstable, decomposing com~

. Pletely to tin and hydrogen upOn warming to room temperature.
2. Organic Compounds

Organostannane . Compouhds have been the:subject of a recent review by

-
Ingham,. Rosenberg, and. Gilman.”>

As with germanium and silicon, the most commonly used method of pre-

paring compounds of the type R68n2 has been_the‘reactioﬁ of sodium with a

halotriorganostannane..

2R_SrX + 2Na - R6Sr12~ + 2NaX

3 .
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A great varicety Qf_othc; mcthods ol synthesis have proven gsuccessiul,
Forlinstance, %in alloy réaéiiong with ethyliodide and with phenyl mcfcuric
chloride form, amons thcir‘products, hcxacthyl@istannanc, (02H5)68n2, and
hc*aphcnyldistqnpune (C HS)6Gn2{ rospectively.

ééupling éf halotriphcnyisﬁann@ne with friphénylstannyl lithium has
been shown to produce hexﬁphcnyldisténnané in good &ield.A Uﬁsymmetrical
orgaﬁodiétannanc compouhds hnvc aléb’bcen formod.inlfhis way.

Along with the expected tctrdc&clbhcxylstahnéné, sdme hexacyclo—f
hexyldistennane was formed in the reaction of tin tetrachloride with
cyclohexylmagnesiwn bromide. Tin dichloride with a phenyl Griénard also
forms hexphenyldaistannane. |

In addition, the main préduct 5f the reaction of tri-o-tolylstannyl
lithium with o-iodotolucne is hexa-o-tolyldistannane.

Hexaalkyldistannéhe compounds ara oxidizied slowly in air, although

-hexaaryl and alkylaryls are stable.

Halogens readily cleave all known~disﬁannane compounds, as dé alkali

metals. Particularly good for the latter reactions are sodium in liquid
ammonia and sodium-potassium alloy in ether. Lithium metal in THE gave
pééf yields of triphenylstannyl lithium from hexaphenyldistannane.

Organolithium compounds, as well as several otheré, are also capable

. of;this cleavage, thereby cutting down the nurber of reagenﬁs which
might ptherwise be used to form organodiétannanes.

Digsociation of distannane compounds into free radicals has been

a matter of some uncertainty.
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