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From the oxidation of (CH3)3GePH2, we were able to isolate
a small quantity of material whose highest mass envelope
occurred at m/e 183, characteristic of (CH3)3GePO2Hz. This
compound may be an intermediate of type V or VI and bears
further study.

In order to obtain large amounts of II, an alternate synthesis
which involved the reaction of [(CH3)2GeO]x13:25.26 (where
n = 3 or 4) with a tenfold excess of anhydrous H3PO3 in
ethanol solvent was studied. Compound II forms, apparently
according to

[(CH,),GeOl, + nH,PO, — (7/2)[(CH,),GeOP(O)HOI, + nH,0

in yields of about 70%. A small amount of material whose
mass spectrum indicated the presence of three germanium
atoms (parent ion centered at m/e 420) was isolated. The
spectral envelope can be assigned tentatively as
[(CH3)2GeO]:OP(O)H*, the parent molecular ion of the
cyclic [(CH3)2GeO]30P(0)H (IX).

The IX forms also along with other inseparable materials
in reactions of 1I with H20 and in reactions of (CH3)2-
Ge(PH2)2 with moist ambient air. The failure to isolate pure
cyclic products such as IX may be the result of rapid redis-
tribution reactions of Ge-O-Ge bonds in the products in
equilibrium reactions such as

21[(CH,),Ge0],0P(O)H = n[(CH,),GeOP(O)OH], +
4[(CH,),GeO],

Similar processes have been reported in the redistribution of
(CH3)2GeO linkages between [(CH3)2GeO]3 and [(CH3)2-
Ge0]4.132526  Since II contains no Ge-O-Ge linkages, it
cannot undergo similar redistribution reactions.
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The rapid redistribution of phosphino groups (-PH2) and hydrogen atoms on germanium in phosphinohydridogermanes
has been studied. The course of the redistribution reactions has been followed by 'H nmr spectroscopy and verified by
product characterization studies. Spectral evidence for the new compounds GeH2(PH2)2 and GeH(PH2)3 as redistribution
products of GeH3PH3, in addition to GeHs, has been obtained. The CH3Ge(PH2)2H and (CH3)2Ge(PH2)H redistribution
reactions yield (1) CH3GeH3, CH3Ge(PH2)H2, and CH3Ge(PH2)3 and (2) (CH3)2GeHz and (CH3)2Ge(PH2)z2, respectively.
The (CH3)2Ge(PH2)xH2-x system at equilibrium contains the respective redistribution species in a ratio which is in close
agreement with that expected as a result of the statistical sorting of H atoms and PH> groups on germanium. The new
compounds CH3Ge(PH2)2H and CH3Ge(PH2)3 have been prepared by reaction of CH3GeCl3 with LIAI(PH2)4 in glyme
solvents. Characterization data for the new compounds are given.

Introduction

Dialkyl(phosphino)germanes readily undergo redistribution
reactions to form molecules which contain extended germa-
nium—phosphorus bonding systems. For example, the re-
distribution of (CH3)2Ge(PH2)2 vields PH3, [(CH3)2GeP-
Hz]2PH, [(CH3)2GePH2]3P,3 and ultimately the cage molecule
[(CH3)2Ge]6P4.4 These reactions apparently involve the
redistribution of hydrogen atoms and (CH3)2Ge moieties on
phosphorus atom centers. Recently, while attempting to extend
our studies of germanium-phosphorus molecules to the
preparation of new compounds containing hydrogen atoms

bonded to germanium, we have found that in these systems
the facile redistribution of hydrido and phosphino groups on
germanium centers also occurs. Although not well charac-
terized, an indication of this is seen in studies of (GeH3)3P,3
GeH3sPH2,6 and CH3Ge(PH2)H27 reported previously. Our
studies of the redistribution reactions which occur in
GeHx(PH2)4-xr, CH3Ge(PH2)xH3-x, and (CH3)2Ge-
(PH2)xH2-x systems are described below.

Experimental Section

Apparatus. All manipulations were carried out in standard vacuum
lines or N2-flushed glove bags.8 Mass spectra were obtained on Varian
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Table I. Nuclear Magnetic Resonance Data®?

Measurement CH,Ge(PH,),H¢ CH,Ge(PH,),°
8(CH) -0.73 (3) -0.90 (3)
8(GeH) -4.57 (1)

5(PH,) ~1.70 (4) ~1.94 (6)
SJ(HCGeH)¢ 2.5+ 0.05

*J(HCGeP)® 2.5+ 0.05

'J(PH) 177 + 14 185 ¢ 14
2J(HGeP) 201

3J(HPGeH) e

@ Chemical shifts are given to £0.02 ppm relative to internal
(CH,),Si; a minus § value is downfield from (CH,),Si. Coupling
constants are in Hz. Y Data were obtained at a probe temperature
of —35° on samples, 40% by volume, in (CH,),Si. ¢ Relative peak
areas are given in parentheses. ¢ Distance between the two most
intense peaks in the complex PH, multiplets. € A 16-line multiplet
with coupling constants such that a first-order interpretation was
not feasible.

MAT CH-5 and CH-7 spectrometers at an ionizing voltage of 70 eV.
Infrared spectra were recorded with a Perkin-Elmer Model 337
spectrometer on gaseous samples in a 10-cm cell equipped with KBr
windows. Proton nmr spectra were obtained at 60.0 MHz on a Varian
A-60A spectrometer. Proton chemical shifts are reported relative
to internal (CH3)4Si.

Materials. Germylphosphine® and (CH3)2Ge(PH2)H!0 were
prepared according to previously published techniques. CHs3-
Ge(PH2)2H and CH3Ge(PH2)3 were prepared as described below.
CH3GeCl3 (Alfa Inorganic) and HCl (Matheson Co.) were purified
by routine fractional condensation techniques. In every case,
compound purity was established by comparison of physical and
spectral properties with literature values.

Preparation of CH3Ge(PH2)2H and CH3Ge(PH2)3. CH3GeCl3
(8.0 mmol) was allowed to react at —23° for 20 min with ca. 10 mmol
of LIAI(PH?2)410,11 in 8 ml of triglyme. Slight gas evolution during
the reaction was evident. Separation of volatile reaction materials
by fractional condensation techniques yielded a CH3Ge(PH2)3-C-
H3Ge(PH2)2H mixture, PH3 (confirmed by ir spectrum),!? and P2Hs
(confirmed by 'H nmr spectrum).!3 The CH3Ge(PH2)2H-CH3-
Ge(PH2)3 mixtures decomposed slowly at room temperature.
Separation of the mixture was achieved by its repeated passage
through a —23° trap into a —45° trap. Pure CH3Ge(PH2)2H collected
in the —45° trap.

Characterization of CH3Ge(PH2)2H and CH3Ge(PH2)3. Samples
for 'H nmr measurements were prepared by pumping the sample into
a U tube at —=78° which had an nmr tube attached to the bottom. The
TH nmr spectral parameters of CH3Ge(PH2)2H and CH3Ge(PH2)3
are given in Table L.

The mass spectrum of CH3Ge(PH2)2H exhibits peak envelopes
from m/e 12 to m/e 156. The highest mass peak, at m/e 156
(74GeP2CH3s™), is 3% as intense as the most intense spectral peak at
m/e 89 (74GeCHst). The spectrum of CH3Ge(PH2)3 shows peak
envelopes ranging from m/e 12 1o m/e 188. The highest mass peak
occurs at ni/e 188 (74GeP3CHot) and is 7% the intensity of the most
intense peak at m/e 89 (74GeCHs™).

Table II. Typical Redistribution on Germanium Data
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Elemental analysis of CH3Ge(PHz2)2H was accomplished by the
quantitative HCI cleavage of weighed samples according to

CH,Ge(PH,), H + 2HCl -~ CH,GeCl, H + 2PH, 1)

The CH3Ge(PH2):H:CH3GeCl:H:PH3 ratio according to the
equation is as follows: calcd, 1.00:1.00:2.00; found, 1.00:0.99:2.00.
Since CH3Ge(PHz2)3 could not be obtained completely free of
CH3Ge(PH2)2H, HCI cleavage was not carried out.

Infrared spectra, melting points, and vapor tension vs. temperature
characterization data were not obtained on either CH3Ge(PH2):H
or CH3Ge(PH2)3 because of their low volatilities and thermal
instabilities.

Redistribution Reactions in Nmr Tubes. Samples in heavy-walled
nmr tubes were warmed to room temperature for measured periods
of time, between which the 'H nmr spectra were obtained. Typical
redistribution data are shown in Tables II and I1I. Relative quantities
of species in the GeH3PH2 experiment were determined by integration
of the following resonances: for GeHal4 at 6 —3.20 ppm, for PH36
at & -3.32 ppm (low-field half of doublet), for GeH3PHz,!$
GeH2(PH2)2, and GeH(PH2>)3 the high-field half of the PH2 reso-
nances at 6 +0.11, ~0.39, and -0.85 ppm, respectively, and for
(GeH3)2PHS and (GeH3)3P5 the low-field halves of the GeH3 res-
onances at 6 -3.99 and -4.15 ppm, respectively (Figure 1A). In
GeH3PH2 experiments of the type shown in Table III, both relative
quantities and absolute quantities of species were established by
comparison with the CH3 resonance of a known amount of internal
toluene. Relative quantities of CH3Ge(PH2)3, CH3Ge(PH2)2H, and
CH3Ge(PH2)H: in the CH3Ge(PH2)2H redistribution experiments
were determined by integration of the low-field half of the PH>
resonances at 6 —3.44, -3.19, and -2.86 ppm, respectively. The
CH3GeHs quantity was determined by difference based on a
knowledge of total Ge in the reaction system. Quantities in the
(CH3)2Ge(PH2)H reactions were determined by integration of the
following resonances: (CH3)2GeH216 at 6 —3.74 ppm (GeH2 reso-
nance), (CH3)2Ge(PH2)H!0 at § -2.85 ppm and (CH3)2Ge(PH2)210
at 6 —3.14 ppm (low-field resonance of PH2 doublets), and PHz6
(low-field half of doublet) at § —3.35 ppm.

In one experiment a sample of (CH3)3GePH2 was allowed to stand
in an nmr tube for 30 days with periodic examination of the !H nmr
spectrum. No evidence of any reaction could be seen after this time.

In a separate series of reactions, samples of GeHsPH3z, CHs-
Ge(PH2)2H, and (CH3)2Ge(PH2)H in nmr tubes were exposed to
trace quantities of air or an air-H20 mixture and allowed to warm
to room temperature for 20-30 min before being sealed off. In each
case redistribution on germanium occurred as above, with no re-
producible indication of rate enhancement. However, redistribution
on phosphorus occurred at a much enhanced rate, as indicated by the
rapid liberation of PH3.

Redistribution Reactions in Bulbs. Reactions were carried out in
Pyrex bulbs equipped with either Fischer-Porter O-ring valves or
break-seals. Volatile materials from the reactions were characterized
by comparison of their ir spectra with literature values: GeHa,!7
GeaHs,!8 GeaHs,!9 (CH3)2GeH2,20 PH3,!'2 GeH3PH?»,2! (CH3)2-
Ge(PH2)2,10 (CH3)2Ge(PH2)H,10 GeH2Cl2,22 and GeH3(l1.23

(A) GeH3PH2. Liquid GeH3PH2 (1.71 mmol) in a sealed bulb

Products and amt, mmol

Reactant Time, hr
GeH, GeH,PH, GeH, (PH,), GeH(PH,), Other
GeH,PH,%° 0 0 1.00 0 0
a d 0.96 0.03 <0.01 e
CH,GeH,  CH,Ge(PH,)H, CH,Ge(PH,),H CH,Ge(PH,), PH,
CH,Ge(PH,),H%' 0 0 0 0.55 0 0
1.0 0.028 0.088 0.29 0.15 0
2.0 0.066 0.10 0.21 0.17 Trace
(CH,),GeH, (CH,),Ge(PH,)H (CH,),Ge(PH,), Other
(CH,),Ge(PH,)H?+# 0 0 0.50 0
24 0.050 0.40 0.052 h
50 0.13 0.25 0.12 h

@ Sample warmed to —63° for 14 hr,~45° for 9 hr,—31° for 3 hr, and —~23° for 3 hr. b Redistribution reactions occurring at room tempera-
ture (23~25°). © All spectral data obtained on samples maintained at —70°. 4 Most of the GeH, and PH, was removed by maintaining the

sample at —130°, prior to sealing off the nmr tube. € A trace of PH,, (GeH,),PH, and (GeH,),P could be seen in the spectrum.

f Spectral

data measured at ~30°. € Spectral data measured at probe temperature (ca. 38°). h A broadening of the CH, resonances of both (CH,),Ge-
(PH,), and (CH,;),Ge(PH,)H and a trace amount of PH, could be seen in the spectrum.
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Table III. Ambient Temperature Redistribution of GeH,PH,

Amt of redistribution materials, mmol®

Time,
hr  GeH,PH, GeH,} PH,® (GeH,),PH  (GeH,),P
0 1.30 0 0 0 0
3¢ 1.20 0.003 0 0 0
24 1.25 0.018 0.016 0.016 0
48 1.15 0.024 0.016 0.016 (<0.001)
144 0.98 0.048 0.064 0.040 0.006
228¢ 0.62 0.056 0.12 0.075 0.028

@ Quantities determined to £5% by integration of 'H nmr spectra
at —30°. P Quantities of PH, and GeH, are likely low since some
of these are in the vapor phase at —~30°. € A trace of what may be
GeH, (PH,), was seen in this spectrum and all subsequent spectra.
d Considerable yellow solid had formed making spectral resolution
of low quality.

|
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Figure 1. Proton nmr spectra: A, low-temperature redistribution
products of GeH,PH,; B, upfield half of PH, resonance of

SiH(PH,),; C, upfield half of PH, resonance of SiH, (PH,),.

was allowed to stand at room temperature for 120 days to ensure
essentially complete reaction. Volatile reaction products were
separated by fractional condensation into a GeH4-PH3 mixture (1.83
mmol), GeH3PH2 (0.15 mmol), Ge2Hs (0.030 mmol), and Ge3Hs
(<0.001 mmol). The GeH4-PH3 mixture (1.85 mmol), condensed
at —196°, was allowed to react with BCl3 at —112° in order to complex
the PH3. Germane (0.75 mmol) was removed. The yellow-brown
solid in the tube was allowed to react with excess HCI. The volatile
products were found qualitatively to be a mixture of PH3, GeH2Cly,
and GeH3Cl. Some solid remained in the reaction vessel after
treatment with HCL. It was not analyzed further.

(B) (CH3)2Ge(PH2)H. A sample of (CH3)2Ge(PH2)H (0.94
mmol) was condensed into a bulb and heated at 31° for 26 hr. Upon
completion, the reaction materials were found to consist of (C-
H3)2Ge(PH2)2 (0.07 mmol), (CH3)2Ge(PH2)H (0.44 mmol),
(CH3)2GeH2 (0.18 mmol), PH3 (0.23 mmol), and a low-volatility
solid (19.3 mg). Under more vigorous conditions of heating at 84°
for 17 days, 0.86 mmol of (CH3)2Ge(PH2)H decomposed to
(CH3)2GeH2 (0.46 mmol), PH3 (0.69 mmol), and 41 mg of low-
volatility solid. Analyses of HCI cleavage products and mass spectra
of the solid showed them to consist only of the high molecular weight
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products expected due to (CH3)2Ge(PH2)2 condensation.34 Sepa-
ration of products was achieved by repeated fractional condensation
of the reaction mixture.

In another experiment, ca. 1 mmol of (CH3)2Ge(PH2)H in a
reaction bulb which had an attached nmr tube was pretreated with
a small quantity of air. After 30 min at room temperature, the sample
was cooled to —196°, unreacted air pumped out, and the bulb again
warmed to room temperature for 2 days. At the end of this time
high-volatility materials were pumped out and a low-volatility liquid
remained in the tube. Infrared spectral analysis of the high-volatility
material showed it to consist of (CH3)2GeH2, (CH3)2Ge(PH2)H,
(CH3)2Ge(PH2)2, and PH3. No condensation products containing
Ge-H bonds were found. The 'H nmr spectrum of the low-volatility
liquid showed a broad featureless resonance at § -0.67 ppm, typical
of the mixture of (CH3)2Ge(PH2)2 condensation products.3.4

Results and Discussion

Redistribution Reactions. Typical redistribution data for
GeHx(PH2)4-x, CH3Ge(PH2)xH3-x, and (CH3)2Ge-
(PH2)xH2-x systems are shown in Tables IT and ITI. For these
systems, the starting materials used were GeH3PH>,
CH3Ge(PH2)2H, and (CH3)2Ge(PH2)H, respectively.

A sample of CH3Ge(PH2)2H at room temperature shows,
within minutes, evidence of reaction by the disappearance of
CH31Ge(PH2)2H resonances and the appearance of peaks due
to CH3Ge(PH2)H2 and CH3Ge(PH2)3. After 2 hr the spectral
changes cease, an apparent equilibrium is reached, and the
only change noted is the appearance of a trace of PH3. At
equilibrium, the CH3Ge(PH2)3:CH3Ge(PH2)2H:CH3Ge(P-
H2)H2:CH3GeHs ratio is 0.17:0.19:0.10:0.082. The (C-
H3)2Ge(PH2)H at room temperature undergoes redistribution
more slowly. After about 50 hr, the system reaches equilibrium
and remains unchanged except for the slow formation of PH3
and the broadening of the CH3 resonances of the phosphi-
nogermane products. At equilibrium, the ratios of
(CH3)2Ge(PH2)2:(CH3)2Ge(PH2)H:(CH3)2GeHz2 typically
are 0.13:0.25:0.13.

The redistribution of H and PH2 groups on germanium in
CH1Ge(PH2)2H can be represented by

2CH,Ge(PH,), H = CH,Ge(PH,)H, + CH,Ge(PH,), (2a)
2CH,Ge(PH,)H, = CH,GeH, + CH,Ge(PH,),H (2b)
which when combined yield

CH,Ge(PH,),H + CH,Ge(PH,)H, = CH,Ge(PH,), +

CH,GeH, (2¢)
For the (CH3)2Ge(PH2)xH2-x system, the reaction .
2(CH,),Ge(PH,)H = (CH,),GeH, + (CH,),Ge(PH,), 3)

can be written. For the reactions in eq 2¢ and 3, the equi-
librium quotient expressions are of the forms

_ __[CH;3GeH;] [CH3Ge(PH,)s]
&= [CH3Ge(PH;),H] [CH3Ge(PH,)H, |
[(CH;),GeH,] [(CH, ), Ge(PH, ), ]

[(CH5),Ge(PH,)H] ?

If a statistical sorting of H and PH2 groups on germanium
occurs in the two systems, Q1(stat) and Q2(stat) values of 0.11
and (.25, respectively, would be expected. The experimentally
observed value of Qa(exptl) = 0.27 is, within experimental
error, equal to the statistical value. In the CH3Ge(PH2)xH3-x
system, the value for Q1(exptl) of 0.74 is not in close agreement
with Q!(stat). However, because of the difficulties in obtaining
equilibrium mixtures without some decomposition occurring,
the difference between Qi(stat) and Qi(exptl) cannot be
considered significant.

Evidence for the redistribution of H and PHz groups on
germanium in GeH3PH2 is clearly present both in nmr spectral
and sealed-bulb experiments. Direct evidence for GeHax-
(PH2)4-x redistribution materials other than GeHa is obtained

0, =
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from the 'H nmr spectral studies of GeHiPH2 at low tem-
peratures. Samples of GeH3PH2 were allowed to decompose
at temperatures up to ~23° while the !H nmr spectrum was
being continually observed. Small resonances at § —0.39 and
~0.85 ppm appear and slowly increase in size until they are
as shown in Figure 1A. Resonances due to GeHs, (GeH3)2PH,
(GeH3)3P, and PH3, as reported previously by Drake,® also
appeared later. Unambiguous characterization of the species
which yield the 6 -0.39 and -0.85 ppm multiplets was not
possible because of the thermal instability of the samples.
However, the silicon analogs of the species expected in this
system, SiH2(PH2)2 and SiH(PH?2)3, have been prepared.®
Comparison of the upfield halves of their PH2 resonances
(Figure 1B and 1C) with the spectra of the germanium re-
distribution products in Figure 1A shows that the multiplets
closely resemble one another. These comparisons and the early
presence of GeHa in the reaction systems lead us to conclude
that the multiplets of 6 —0.39 and —0.85 ppm may be attributed
to GeH2(PH2)2 and GeH(PH?>)3, respectively. The downfield
shift for resonances of the germanium species is expected, since,
in general, PH2 protons on germanijum occur at a lower field
than the PH2 protons in analogous silicon systems. Thus, at
low temperature, redistribution processes of the type such as

2GeH,PH, = GeH, (PH,), + GeH, )
GeH,PH, + GeH,(PH,), = GeH(PH,), + GeH, 8

apparently occur.

In another series of experiments, GeH3PH? was allowed to
decompose at room temperature in nmr tubes (Table III). A
similar but less quantitatively reported experiment was reported
earlier by Drake.6 Reaction occurs slowly as evidenced first
by the appearance of a singlet at 6 —3.20 ppm due to GeHa.
This indicates that the initial reaction involves the redistribution
of groups on germanium, although unambiguous spectral
evidence for GeH2(PH2)2 and GeH(PH2)3 could not be
obtained. Beyond 12 hr, the formation of PH3, (GeH3)2PH,
(GeH3)3P, and ultimately solid reaction products occurs. From
bulk pyrolyses of GeH3PH2, the composition of the final solid
was established to be Ge3.oP1.9Hs.3. These observed products
undoubtedly arise through a complex series of redistribution
reactions. The extent to which redistribution on germanium
involves GeH3PH2 (eq 4 and 5) or (GeH3)2PH or (GeH3)3P
in processes such as

2(GeH,), P = [(GeH,),P] ,GeH, + GeH, 6)

as anticipated by Ebsworth,3 cannot be established. However,
the presence of GeH4 as a reaction product requires that
redistribution on germanium by one or all of these processes
occurs.

It has been reported that (GeH3)3P decomposes to GeHa
and possibly [(GeH3)2P]2GeH2 and {(GeH3)2P]3GeH;5
(GeH3)2Se decomposes to GeHas and [(GeH3)Se]oGeH2;24 and
GeH3F at ambient conditions reacts to form GeHs and
GeH2F2.25 These thermal decomposition reactions can be
classed also as reactions in which hydrogen and the group V,
V1, or VIT moieties redistribute on germanium, suggesting that
redistributions involving hydrogen and other groups on ger-
manium may be a common phenomenon.
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Our data indicate that in GeHx(PH2)s-x, CH3Ge-
(PH2)xH3-x, and (CH3)2Ge(PH2)xHx systems in the absence
of catalyst materials the redistribution of groups on germanium
occurs more rapidly than does the redistribution of groups on
phosphorus. No evidence was obtained for condensed products
containing germanium-hydrogen bonds, such as [(CH3)2-
GeH]2PH from the pyrolysis of (CH3)2Ge(PH2)H. Even in
the presence of catalyst materials (i.e., phosphinogermane
oxidation products®) where the rate of redistribution of groups
on phosphorus relative to germanium is increased, no products
other than (CHz)2GeH2 which contain germanium-hydrogen
bonds were found. These results suggest that the synthesis
of Ge-H bond containing condensed phosphinogermanes by
methods based on the redistribution of groups on phosphorus
will be difficult unless a method to increase significantly the
rate of redistribution on phosphorus relative to that on ger-
manium can be established.

Registry No. GeH3PH:, 13573-06-3; GeHs, 7782-65-2; Ge-
H2(PH2)2, 54062-90-7; GeH(PH2)3, 54062-91-8; CH3Ge(PH2)2H,
54062-92-9; CH3GeH3, 1449-65-6; CH3Ge(PH2)H2, 24570-69-2;
CH3Ge(PH2)3, 54062-93-0; PH3, 7803-51-2; (CH3)2Ge(PH2)H,
26465-28-1; (CH3)2GeH?, 1449-64-5; (CH3)2Ge(PH2)2, 20519-93-1;
(GeH3)2PH, 21847-04-1; (GeH3)3P, 15587-38-9; CH3GeCls,
993-10-2; LiAl(PHz2)4, 25248-80-0.
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