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In neutral and alkaline solutions, the 2-germaacetate ion decomposes to give germane and bicarbonate (or carbonate):
GeH3CO;™ + H,0 — GeH, + HCO;™, The rate of this decarboxylation is pH independent and is first order in the germaacetate
ion. The rate constant at 60 °C and ionic strength 1.0 is 1.62 X 107 s7%; the activation energy is 28.6 kcal/mol. In strongly
alkaline solutions (especially at hydroxide concentrations above 1 M), a second decomposition reaction, producing hydrogen
and the insoluble brown polymer HyGe,0,-xH,0, competes with the decarboxylation: 2GeH;CO,” + 20H™ + (3 + x)H,,0
— 6H, + H,Ge,04xH,0 + 2C0O;2", The rate of the latter reaction is first order in germaacetate ion and is inversely
proportional to the Hammett acidity function A, i.e., first order in hydroxide ion; ~d In (GeH,CO;7)}/dt = k(OH™). At
60 °C, k = 2.0 X 107° M s7'; the activation energy is 20.8 kcal/mol. Probable mechanisms of the reactions are discussed.

Introduction

It has previously been shown that hot aqueous solutions of
potassium 2-germaacetate decompose to give germane and
bicarbonate.! In this study we investigated the kinetics of the
reaction from pH 6 to pH ~ 15 in the temperature interval
45-75 °C to obtain information regarding the mechanism of
the reaction and to allow comparison with similar data for the
decarboxylation of organic carboxylates. We discovered that
a second decomposition reaction (involving the formation of
hydrogen and a brown precipitate) occurs concurrently in the
strongly alkaline solutions. We identified the products, es-
tablished the stoichiometry, and studied the kinetics of this
reaction.

Experimental Section

General Information. Manipulations were carried out using a
vacuum line or a nitrogen-filled glovebag. Commercial 1,2-di-
methoxyethane was dried with potassium hydroxide, filtered, refluxed
with sodium metal, and then distilled. Germane gas from the
Matheson Co. (minimum purity 99.8%) was used without further
purification. The identification of reaction products was aided by
infrared spectrometry with a Perkin-Elmer Infracord spectrometer
(Model 337) and by mass spectrometry with a Finnigan Instruments
Corp. quadrupole mass spectrometer.

Preparation and Analysis of GeH;CO,K. A solution of potassium
germyl in 1,2-dimethoxyethane was prepared by a method similar
to that of Dreyfuss and Jolly.2 The solution of KGeH; was stirred
and shaken under approximately 1 atm pressure of carbon dioxide
in an ice bath. After about 2 h, when the pressure in the closed system
had become constant, the precipitated product was collected by suction
filtration on a frit. '

A 1.228-mmol sample of GeH;CO,K was heated in a sealed tube
at 510 °C for 24 h. The pyrolysis products were analyzed as described
by Kuznesof and Jolly.! Sample purity was calculated on the basis
of the reaction 2GeH;CO,K — 3H, + CO + 2Ge + K,CO;5. The
purity was 97.0% based on the total amount of noncondensable gas
(collected 2.382 mmol, theory 2.456 mmol), and 99.0% based on the
carbon dioxide liberated upon acidification of the residue (collected

0.608 mmol, theory 0.614 mmol).

A 1.016-mmol sample of GeH,CO,K was treated with 100 mL
of 1 M NaOH in a Teflon-lined reaction vessel at 60 °C for 100 h.
Germane gas (0.368 mmol) was isolated from the volatile products,
Germanium in the solution was analyzed by the mannitol method?
after treatment with acid and peroxide to ensure that all the ger-
manium was in the +4 oxidation state. The solution was found to
contain 0.631 mmol of Ge. The total Ge found, 0.999 mmol, cor-
responds to a purity of 98.3%.

Chemical Analysis of the Dark Brown Compound. A dark brown
precipitate was obtained by heating a solution of GeH;CO,K in 7
M NaOH at 75 °C for 1 h. The material was centrifuged and washed
with degassed distilled water until the wash water was neutral, The
sample was kept for several days at 0 °C in an evacuated system
containing Drierite. The dehydrated sample was observed to be darker
in color than the original wet sample. The reducing power per gram
of sample was determined by treatment with a known excess of
tritodide (under argon in the dark) followed by titration with standard
thiosulfate sotution, and the number of moles of germanium per gram
of sample was measured by the mannitol method.> The reducing power
per gram of sample was found to be 20.77 and 20.70 mequiv/g, average
20.74 mequiv/g. The number of millimoles of germanium per gram
of sample was found to be 10.54, 10.86, and 10.84 mmol/g, average
10.75 mmol/g.

Alkali-digested germanous hydroxide was prepared by digestion
of fresh germanous hydroxide* in 7 M NaOH at 75 °C for 1 h,
followed by the same purification as described for the dark brown
compound. Nujol mull infrared spectra of the dried dark brown
compound and of alkali-digested germanous hydroxide are shown in
Figure 1.

Procedure for Kinetic Study. A solution of GeH;CO,K (ca. 107
M in a buffer solution) was prepared at 0 °C. The ionic strength
of the solutions in the pH range 6-14 was adjusted to u = 1.0 by
appropriate addition of potassium chloride. The solution was placed
in a flask with a magnetic stirring bar and connected to a vacuum
line by means of a glass joint attached to a stopcock. The flask was
evacuated while stirring the solution at 0 °C, and the solution was
then warmed to the reaction temperature in a thermostated (0.1
°C) oil bath. At measured intervals the volatile reaction products
which formed in the 20-mL space over the solution in the reaction
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Figure 1. Comparison of the Nujol mull infrared spectra of the dark
brown insoluble product of the hydrogen-producing reaction and
alkali-digested germanous hydroxide (H,Ge,03).

Table I. First-Order Rate Constant, k., at 60 °C and Ionic
Strength 1.0, [GeH,C00"] 10" M

pH 105k, s pH 10%k,, 57!
6.0 1.63 9.9 1.58
7.3 1.60 11.4 1.60
8.3 1.67 13.0 1.61

vessel were allowed to expand into an evacuated 3-L bulb by mo-
mentarily opening the stopcock. By this procedure, more than 99%
of the gaseous products were transferred. The germane in each batch
of gas was isolated and measured. ‘When the gaseous reaction products
consisted only of germane or of germane and carbon dioxide (pH <13),
the gases in the bulb were fractionated through two —78 °C traps,
an Ascarite trap, another 78 °C trap, and a ~196 °C trap. The
germane collected in the ~196 °C trap was transferred to a system
of known volume and measured. When the volatile reaction products
consisted only of germane and hydrogen (pH >13), the gases were
fractionated through two —78 °C traps and a —196 °C trap into a
calibrated gas collection system by means of a Toepler pump. In these
cases both the germane and hydrogen were measured as a function
of time.

Results

Kinetics in the pH Interval 6-13. It was confirmed that, in
the pH interval 613, the principal reaction is decarboxylation
with evolution of germane

GeH,CO,” + H,0 — GeH, + HCO,"
GeH,CO,” + OH™ = GeH, + CO,*"

Although some carbon dioxide was evolved along with the
germane in the solutions of low pH, the yield of carbon dioxide
was never quantitative. Therefore the rate of reaction was
followed by measuring the germane gas as a function of time.
The plots of log (P — P) of germane vs. time were straight
lines (as shown by the typical plot in Figure 2), indicating that
the hydrolysis of GeH3;CO, is first order in GeH;CO,". The
first-order rate constant, k,, was calculated from the slopes
of such plots. The values of k; measured in different pH buffer
solutions are summarized in Table I. The results show that
the rate is pH independent. Thus, the rate can be expressed
by —d(GeH3C02")/dI = kl(GCH3C02_) where k = (1.62 +
0.03) X 107 s7! at 60 °C.

Products and Stoichiometry of the Hydrogen-Producing
Reaction. The decomposition of GeH;CO,™ in solutions of pH
greater than 13 involves the formation of hydrogen and a dark
brown solid as well as germane and carbonate. A dried sample
of the dark brown solid was found to contain 20.74 mequiv
of reducing agent per gram and 10.75 mmol of germanium
per gram. Thus 20.74/10.75 (or essentially 2) equiv of re-
ducing agent is associated with each mole of germanium in
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Figure 2. log (P. = P)gen, vs. time for the hydrolysis of GeH;COO~
at pH 9.9 at 60 °C (u = 1.0).

Table Il. Gaseous Products of the Decomposition in Strongly
Alkaline Solutions

[H,)/

Amt, mmol ([GeH,-
[NaOH], ¢, GeH,- CO,K] -
M °C CO,K GeH, H, [GeH, D)

70 1.169 1.080 0.268 3.01
46 1.184 0.406 2.356 3.03
60 1.260 0.543 2.197 3.06
60 1.506 0.687 2.614 3.19
46 1.236 0.222 3.321 3.28
75 1.256 0.434 2.649 3.22
46 1.171 0.128 3.341 3.20

WP =D
OO OO

the compound. This result, together with the color and
amorphous character of the compound, suggests that the
compound is germanous hydroxide, Ge(OH),.> However, the
infrared spectra show that the compound is not ordinary
germanous hydroxide, but rather the compound H,Ge,0;-
xH,O which forms when germanous hydroxide is digested with
hot alkaline solutions.® This isomer of germanous hydroxide
contains Ge—H bonds, as shown by the characteristic Ge-H
stretching band at 2000 cm™ and the Ge-H deformation band
at 750 cm™'. The measured equivalent weight of the dried
sample, 48.2 g/equiv, is very close to the theoretical value 48.4
g/equiv, corresponding to the composition H,Ge,O5.

If H,Ge,0,:xH,0 and hydrogen are the only additional
products of the decomposition of GeH,CO,™ in strongly al-
kaline solutions, these products must be formed in accord with
the equation

2GeH,C0," + 20H" + (3 + x)H,0 — .
6H, + H,Ge,0,xH,0 + 2C0O,*"

That is, for each mole of GeH,CO,™ which decomposes in this
way instead of decomposing to give germane and carbonate,
3 mol of hydrogen should be formed. In some of the kinetic
runs which were allowed to proceed to essentially 100% re-
action, the total amounts of hydrogen and germane were
measured. The data, presented in Table II, show that the
moles of hydrogen divided by the moles of GeH;CO,™ which
did not decompose to germane was always close to the the-
oretical value of 3. Some of the values, particularly those for
runs with hydroxide concentrations greater than 1 M, are
significantly greater than 3. The extra hydrogen is probably
due to the decomposition of a small amount of the
H,Ge,04-xH,0 as follows:’

H,Ge,0,%H,0 + 40H" — 2Ge0, + 2H, + (I +x)H,0

Kinetics in Strongly Alkaline Solutions. The overall de-
composition of GeH;CQ,™ at pH values greater than 13 was
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Table III. Rate Constants at Various Base
Concentrations at 45.8 °C

Rate constants

% yield -1 6 -1 20
[N2OH], of s7, X10 Ms™, xX10
M H® GeH, kopsq k, k, ky=k, h
1.0 13.9 34 5.5 1.9 3.6 4.53
2.0 14.4 18 12.6 2.3 10.3 4.10
3.0 147 11 23.6 2.6 21.0 4.19
4.0 14.9 8 42.0 3.4 38.6 4.86
5.0 15.2 3 77.0 2.3 74.7 471
@ From ref 8,
Table IV. Temperature Dependence of Rate
Constants in 1,0 M NaOH
-5 ~1
Temp, % yield 107 xs
cC of GCH4 kObSd k1 k2,
45.8 34 0.55 0.19 0.36
54.4 42 1.76 0.74 1.02
160.0 459 3.60 1.620 1.98
65.0 52 5.28 2,73 2,52
70.1 55 8.43 4,64 3.79
74.4 59 14.44 8.57 5.87

@ Average of three values, 45 + 1.1%. % This value is close to the
average value in Table 1.

found to follow first-order kinetics at any given hydroxide
concentration. From plots of log (P, — P) (for germane) vs.
time, the overall first-order rate constant, kg, was measured
for various base concentrations. The overall first-order rate
constant is the sum of two first-order rate constants, i.e., kgysq
= ky + k)’ where k, is the first-order rate constant for the
germane-producing reaction and k,’ is the pseudo-first-order
rate constant for the hydrogen-producing reaction. The
constants, k; and k,’, were calculated using the relation

k4 % yield of GeHy

k, 100 — % yield of GeH,

The results are summarized in Table III. The values of &,
are essentially constant, with an average value of (2.5 + 0.5)
X 107° 57!, whereas the k;’ values increase with increasing
basicity. It can be seen that the values of the product ky'h_
(where h_ is the effective hydrogen ion activity, or antilog
(—H.))? are almost constant, with the average value (4.48 +
0.30) X 100 M s™'. Hence we can define k, = ky’h_and write,
for the hydrogen-producing reaction

—d In (GeH;3CO, )/ de =k, [h_

This result we interpret as evidence that the hydrogen-pro-
ducing reaction is overall second order: first order in ger-
maacetate and first order in hydroxide. Because of the un-
availability of H_ values in the temperature region of our
studies, we used H_ values determined at 20 °C in our cal-
culations. For this reason the calculated value of k, lacks
rigorous theoretical significance except in solutions of relatively
low hydroxide concentration, where k,/h- ~ (OH™). The
values of k; and k" for 1.0 M NaOH at various temperatures
are summarized in Table IV. These k" values (evaluated at
1.0 M OH") may be taken as the second-order rate constants
(with units of M~ s7!) for use in the rate law —d In
(GeH;CO,7)/dt = k(OH™), which is valid at low hydroxide
ion concentrations. Plots of log k; and log k,’ vs. 1/T are
shown in Figure 3; the calculated activation energy for the
germane-producing reaction is 28.6 kcal/mol and that for the
hydrogen-producing reaction is 20.8 kcal/mol.

Discussion of Mechanisms

The germane-producing reaction is analogous to the de-
carboxylation of an organic carboxylate ion, RCO;". Such
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Figure 3. Semilogarithmic plot of k, and k3’ vs. 1/T. Squares
correspond to k;; circles correspond to ky'.

decarboxylation is facilitated when R contains electron-
withdrawing groups, such as halogen atoms, which stabilize
the carbanion R™. It has been proposed that, in some de-
carboxylations of this type,>'® the reaction mechanism involves
the formation of an intermediate R™ ion

slow

1.
RCO,” =% R 4+ CO,
fast
R + H,0 —% RH + OH"

One would expect the rate of the slow step to be closely
correlated with the protonic acidity of RH. In fact such
correlation can be seen in the fact that the 2-germaacetate and
trichloroacetate ions undergo decarboxylation under com-
parable conditions.!! The pK of germane (~25)? is close to
that of chloroform (~24).'3 Although the above mechanism
is reasonable for the germane-producing decomposition of
2-germaacetate, it should be pointed out that our data are also
consistent with a four-center mechanism involving initial attack
of a water molecule:

H,Ge- - -CO,| -
H,GeCO,” + H,O~| "~ - GeH, + HCO,"
H- g

In fact the kinetic data for some decarboxylations of organic
carboxylates are also consistent with this type of mecha-
nism.”!

The base-catalyzed hydrogen-producing reaction is
somewhat analogous to the well-known base-catalyzed hy-
drolyses of silicon hydride derivatives.'*!” The latter reactions
involve the attack of hydroxide ion on the silicon atom, with
displacement of hydride ion. These reactions may be Sy2
processes, or they may involve fleeting pentacoordinate in-
termediates. It seems reasonable to assume the same sort of
process in the case of the 2-germaacetate ion, corresponding
to the mechanism

1
GeH,C0,” + OH- =2 HOGeH,CO," + H-
fast

H +H,0—H, + OH"
fast
HOGeH,CO,™ + OH + 2H,0 —— (HO0),GeH + CO,> + 2H,

fast
2(HO),GeH + (x — 3)H,0 — H,Ge,0,xH,0

Complete hydrolysis to germanate(IV) does not immediately
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occur because of precipitation of the insoluble polymer
H,Ge,05.xH,0 after the evolution of 3 mol of hydrogen per
germanium atom and the hydrolytic cleavage of the Ge-C
bond.
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The complexes Ga(TMPA)¢>* and In(TMPA)** were studied in deuterated nitromethane by 'H, *'P, and "'Ga NMR
and are compared to AlTMPA),**. The coupling constants J between the phosphorus and cation nuclei and the quadrupolar
relaxation rates 7)o of the cation nuclei computed for *'P and 7'Ga spectra are J = 19.9 £ 0.2, 33 + 6, and 48 + 3 Hz
and Tiq™! = 10, 280 % 90, and 850 = 15057 at 25 °C for 7’Al, "'Ga, and !!*In nuclei, respectively. The sequence of 7!
values is shown to result from an increasing electric field gradient at the metallic nuclei. This effect is assumed to arise
from a progressive release of the steric strain in the first solvation shell. The kinetics of the exchange of free and bound
TMPA molecules are investigated, The substitution mechanism is shown to be Sy1 for Ga(TMPA)¢** and Sy2 for
In(TMPA)¢**, with the following kinetic parameters: k(25 °C) = 5.0s and 7.2 Mt s7!; AH* = 21.0 and 8.5 kcal mol™!;
AS* = 15.1 and -26.1 cal K™! mol™!, respectively. This mechanistic change is again assigned to steric reasons.

Introduction

Nuclear magnetic resonance has been widely used to in-
vestigate a considerable number of labile solvation complexes
of metallic cations. The most direct method uses systems in
which the exchange of solvent molecules between the various
species is sufficiently slow so that separate resonances are
observed for the free and bound solvent.* In 1969, we proposed
using *!'P spectroscopy of organophosphorus ligands, all
containing the phosphoryl P==0 solvating link.> Solvates of
aluminum(I1I),* and more recently of beryllium(II),5 with
trialkyl phosphates, phosphonates, and phosphoramides re-
vealed a variety of substitution mechanisms, either dissociative
or associative, which were tentatively accounted for by a
variable steric strain of the attached ligands. The present paper
is devoted to the study of the complexes [Ga(TMPA)](ClO,);
(1) and [In(TMPA)¢](ClO,); (2), dissolved in nitromethane
containing variable amounts of free added trimethyl phosphate
(TMPA). Very little is known about ligand exchange rates
in complexes of gallium(IIT) and indium(III). The kinetics
of ligand exchange is assumed to be dissociative for the system
Ga(H,0)¢’* in DMF’ and Ga(acac); in DMF or THF,? on
the sole basis of larger or smaller values of activation pa-
rameters, especially of the positive or negative sign of the
activation entropy. Our experiments allow us to measure for
both systems the kinetic order with respect to the concentration
of the free ligand. Therefore they constitute a firmer basis
for comparisons between cations.

Experimental Section

Materials. Trimethyl phosphate was obtained from Aldrich
Chemicals and was checked for purity before use. The solvent was

99.3% deuterated nitromethane (C.E.A., France) stored over molecular
sieves. Complexes 1 and 2 were prepared in the solid state from the
hydrated salts Ga(ClO,4)36H,0 and In(ClO,)311H,0 (Alfa Inor-
ganics).>!® These complexes are extremely hygroscopic and they were
prepared in a glove box under purified argon. All of these compounds
gave satisfactory elemental analyses. Anal. Caled for [Ga-
(TMPA)(](ClOy)s: Ga, 5.77; C, 17.89; H, 4.50; P, 15.38. Found:
Ga, 5.89; C, 17.72; H, 4.53; P, 15.20. Calcd for [In(TMPA)(](CIO,)s:
In, 9.16; C, 17.23; H, 4.34; P, 14.82. Found: In, 9.38; C, 17.34; H,
4.48; P, 14.74,

NMR Spectroscopy. Proton spectra were taken on a Jeol C60-HL
spectrometer operating at 60 MHz with TMS as an internal reference.
Phosphorus-31 Fourier transform spectroscopy was performed with
a Bruker HX-90 apparatus at 36.43 MHz (128-8192 scans of 4K/8K
points over a frequency range of 3—-6 kHz). Gallium-71 spectra were
obtained from the same spectrometer at 22.63 MHz, using a standard
13C probe and by decreasing the magnetic field from 2.114 to 1.743
T. No field-frequency lock could be used under these conditions.
Satisfactory results, however, were obtained by fast accumulation.
"'Ga chemical shifts were measured with respect to the resonance of
Ga(H,0)¢**. This reference was a 0.2 M aqueous solution of
Ga(ClO,); in a 5 mm o.d. tube immersed in a 10 mm o.d. tube filled
with the solution being studied.

Line-Shape Measurements. Two types of exchange were examined
in this paper: 'H exchange between two doublets; 3P exchange within
a multiplet of ten lines (cf. infra). The corresponding line shapes are
computed according to a matrix formulation due to Anderson,!!
Kubo,'2 and Sack.!® All calculations were performed using the
program TRECH® on a Texas Instruments 980 A minicomputer
equipped with a digital plotter, Hewlett-Packard 7210 A.

Results and Discussion

Structure of the Solvates and Quadrupolar Relaxation Rates.
Two 'H doublets are obtained from 0.1-0.2 M solutions of



