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The selectively deuterated, intramolecular coordinated gallandl®td,CD,CH,GaMe (1D) was synthesized
and characterized by standard methdtis §nd3C NMR, mass spectrometry, CN elemental analysis). The

thermolysis ofLD has been investigated with matrix-isolation techniques in the range of ambient temperatures

to 950°C. Among the products of the thermo

IR spectroscopy supported by ab initio calculations. Aside from this deuteride, small amounts of the known

hydride HGaMe were found. In comparison
H,C=CD(CH;NMe,) have been identified in

lysis the monomeric deuteride Dohd4ebeen identified by

with known reported data GgMzaMe, HC=NMe, and
the matrixes. The characterization of DGgMeves the

fragmentation of the starting compoud® via a 5-hydrogen elimination at high temperatures.

Introduction

The group 13 nitrides AIN, GaN, and InN and their ternary
alloys AkGaIn N (x + y + z = 1) are materials exhibiting a
unique combination of properties that are useful for several
advanced applications in optoelectronics and various other
fields! In particular, blue-light emitting diodes and lasers can

investigated cases monomeric hydrides HMYere trapped in
argon matrixes and characterized by IR spectroscopy. These

findings have been interpreted as the resultgefiydrogen

eliminations.

In addition to the use of matrix-isolation techniques, we
investigated the fragmentation of the dimethyl gallakkwith

be constructed; this initiated tremendous research activitiesmass spectrometry (Figure &)n contrast to matrix isolation,
worldwide during the past decade. Thin films of these nitrides mass spectrometry is generally used as an in situ analysis in
usually can be grown epitaxially by chemical vapor deposition cv/p processes. The major disadvantage of mass spectrometry

(CVD) from the trimethyl compounds MMd&M = Al, Ga, In)
with a large excess of ammonia. These organometallics are toxic

and very air and moisture sensitive, and many efforts have been

made to synthesize alternative precursors. If the element is
equipped with a ligand that is capable of intramolecular
coordination, then nonpyrophoric organometallics are accessible.
In particular, the 3-dimethylaminopropyl ligand, M&CH,)s,
was successfully applied to various precursors; for example,
the compound Mg#N(CH,);sGaMe (1H) can be used as a
gallium source in metal organic chemical vapor deposition
(MOCVD) processes.A comparable species but with a build-
in nitrogen source is the diazide M¥CH,)3;Ga(Ns)2; ammonia
is not necessary for the MOCVD of GaN from this single-source
precursof Recently, we started to investigate the fragmentation
of organometallic compounds of aluminum and gallium equipped
with the 3-dimethylaminopropyl ligand using matrix-isolation
techniques (Figure 1 M= Al, X = Cl, BrY; M = Ga, X= ClI,
Br,°> and Me (LH)®).
_CHy
N—CH,
My X
~x

Figure 1. Intramolecularly coordinated alanes and gallanes.

We intend to trap intermediates that might be formed between
the starting compound and the deposited material. In all the
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(MS) occurs because the fragments must be ionized before
detection, resulting in an excess energy deposited in the
molecule causing fragmentation. On the other hand, at low-
ionization energies the efficiency of the production of ions is
low; therefore, the applied ionization energies are often a
tradeoff between high sensitivity and low fragmentation. The
mass spectrometric investigationH in the range of ambient
temperature to 800C revealed a signal at 85 u for allyldim-
ethylamine, but a respective signal for the expected hydride
HGaMe was below the detection limftinstead, we found a
signal for the GaMg" ion which was interpreted as resulting
from HGaMe. We did not provdirectly the formation of the
HGaMe in the gas phase at high temperatures by mass
spectrometry. However, the matrix isolation experiments showed
that HGaMe was present in the matrixes, which were obtained
by trapping the thermolysis products fl onto the cooled Csl
window in an excess of solid argon at 15 K. This finding was
interpreted as evidence forfhydrogen elimination oflH in

the gas phase. Alternatively, HGaMeould be formed via a
radical reaction route; for example, Gajiiwrmed by homolysis
from the precursoiH, could be saturated with a hydrogen atom
to form the detected hydride HGaMf course, other reaction
sequences to explain the presence of HGaMenatrixes are
feasible too.

In this article, we report matrix thermolysis experiments with
gallane 1D, which is a selectively deuterated derivative of
compoundlH.
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\CH3 ob cml; y-axis, absorbance. Spectrum A, products of thermolysis of
10 compoundLD at ca. 850°C trapped in argon at 15 K. DGaMés, ve,
Vie-V1e, V22, @ssignment, see Table 1); a, HGaM#&869.3 cmY); b,
Results and Discussion H,C=NMe (2953.4, 2900.6, 2854.8, 2849.1, 1658.7, 1469.5, 1441.3,

The synthesis of the starting gallari is shown in iﬁg?)';ga’ﬁsg:’(ﬁi%éyﬁé;’ %%gakééi%bo(’cﬁg’,\223'?2’8512%?
Scheme 1. 2779.6, 2774.0, 1043.7, 1038.4, 1033.4, 922.7, 919.8'crSpec-
Malonic acid diethyl ester is deuterated and then reduced with trum B, harmonic vibrational frequencies of DGaMmlculated at the
LiAIH 4 to give the diol (HOCH),CD, after hydrolysis. Sub- MP2(fc)/6-31H-G(2d,p) level.
sequent chloridizing followed by a Finkelstein reaction yields
the 1,3-chloroiodopropane, from which the iodide is readily are eliminated electronically from the spectrum depicted in
replaced by a dimethylamino group to give CIZHD,CH,- Figure 2. In addition to the experimental IR spectrum, Figure 2
NMe,. Reduction with Li powder and reaction with chlorodim- shows a calculated IR spectrum of DGaMehis spectrum is
ethylgallane gives the final produtb. The purity of the gallane  based on the published ab initio data of the hydride HGaMe
1D was checked with standard methods (see Experimental[MP2(fc)/6-31HG(2d,p)]® The calculated and measured vi-
Section for details). As expected, the deuteration results in brational frequencies of HGaMend DGaMe are compiled
simple NMR spectra; for example, tAel NMR spectrum of in Table 1.
1D consists of four singlets, with half-bandwidths of the two With respect to the ab initio calculation, DGapMshould
singlets of the Chigroups slightly increased indicative of the exhibit five intense IR bands and one medium intense IR band
proximity of deuterium atoms. Deduced from mass spectrometry in the region of 406-2000 cnt and we can assign all these
the degree of deuteration of compoud® is better than normal modes to experimental IR bands (Figuré Zpble 1
99(41)%. shows that the respective modes have been assigned for the
As in the nondeuterated speciésl, we investigated the  hydride HGaMe previously. As expected, the modes of the
fragmentation of1D with common matrix-isolation tech-  deuteride and the hydride give similar observed/calculated
niques; specifically, we used argon as an inert gas and identifiedfrequency ratios (Table 1, values in square brackets). For
matrix-isolated species with IR spectroscopy. An@y tube example, the GaH stretching mode was detected at 1969.5 cm
heated along its last 10 mm was used for the thermolysis resulting in an observed/calculated frequency ratio of 0.9560
experiments. The hot end of the 8l; tube was only 25 mm at the MP2(fc)/6-313+G(2d,p) level. Based on this frequency
away from the cooled matrix window (Csl at 15 K) to ensure ratio the GaD stretching mode is expected at 1332.0%dm
that a maximum of volatile fragments emerging from the oven good agreement with the intense measured IR band at 1347.4
were trapped in argon matrixes. With this setup two different cm™1. The ratio of the experimental frequencieswgGaH)w-
kinds of thermolysis series were performed: one series with (GaD) = 1.39 shows that the respective modes are indeed
high vacuum conditions, where a continuous gas flow of the characteristic hydrogen stretches. In addition to the frequencies,
precursor-argon mixture was used, and a second series, wherghere is a good fit between the calculated and measured intensity
short pulses of the precursor-argon mixture were conducted pattern, which is illustrated in Figure 2.
through the pyrolysis tube. Figure 2 shows a typical IR spectrum Besides HGaMgwe identified HC=NMe,” GaMe,? and
of matrix-isolated species from a pulsed nozzle thermolysis of GaMe in comparison with reported data; these compounds had
compoundLD at 850°C. At this temperature the thermolysis is been identified in the thermolysis experimentd b previously®
not completed and residual amounts of the starting gatldihe  Methylgallium(l), a well-known molecule from mass spectrom-
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TABLE 1: Calculated Harmonic Frequencies and Experimental IR Frequencies of MgGaHP? and Me,GaD?

Muiller et al.

MP2(fc)/6-311-G(2d,p)

experimental frequencies

HGaMeP DGaMe HGaMeP DGaMe
A v Vad CHs) 3165.9 (20.2) 3165.9 (19.9)
Vs vo(CHs) 3059.1 (1.9) 3059.1 (2.0)
Vs v(GaH) 1955.5 (274.6) 1393.3 (143.5) 1869.5 [0.9560] 1347.4[0.9671]
Va Sad CH)scis 1487.9 (1.2) 1488.1 (3.0)
Vs O§(CHs)umbr 1258.9 (2.8) 1257.8 (0.6)
Ve dad CH3)rock 779.0 (65.7) 779.0 (65.8) 768 [0.9859] 765 [0.9820
vy 1(GaG) 550.7 (8.2) 550.5 (7.9)
Vg 5(GaG) 155.9 (4.5) 155.7 (4.5)
Af Vg Vad CHs) 3138.7 (0.0) 3138.7 (0.0)
V10 52dCHs) 1486.3 (0.0) 1486.3 (0.0)
v1 Sad CHa)ist 615.8 (0.0) 615.8 (0.0)
V12 7(CHs) 12.4 (0.0) 12.4 (0.0)
By Vi V2 CHs) 3165.7 (1.2) 3165.7 (1.2)
Vig v(CHa) 3059.0 (14.6) 3059.0 (14.7)
vis dad CHa)scis 1479.2 (1.0) 1479.2 (1.2)
Vi O§(CHs)umbr 1256.7 (23.6) 1256.7 (22.5) 1202.5 [0.9569] 1202.4 [0.9567]
V17 dad CHa)rock 792.9 (119.2) 737.4 (42.5) 768 [0.9686] 712.9[0.9668]
Vi :{GaG) 590.5 (57.7) 590.3 (65.2) 589.5 [0.9983] 583.9 [0.9905]
Vi 5(CGaH) 554.5 (74.4) 429.8 (60.9) 556.0 [1.0027] 433.7 [1.0091]
B V20 Vad CHs) 3138.8 (16.7) 3138.8 (16.7)
Vo 52dCHs) 1491.0 (3.4) 1490.6 (4.1)
Va2 Oad CHa)uwiist 747.3 (77.1) 733.5 (55.5) 729.0 [0.9755] 712.9[0.9719]
Vas y(H) 397.5 (48.5) 305.1 (30.4) 415.5 [1.0453]
Vaa 7(CHs) 31.2(0.0) 31.1(0.0)

aHarmonic frequencies (cm) and intensities in parentheses (km il experimental IR frequencies (c) and observed/calculated frequency
ratios in square bracketsValues taken from ref & The harmonic frequencies are classified assurGingymmetry (see ref 6 for details) Tentative

assignment. ¢ Broad IR bandf Overlap with IR bands of GaMe

etry? was identified for the first time in matrixes by H. Himmel
et all® and our group independently. In all thermolysis
experiments of the gallan&D the IR band at 1969.3 cm
unequivocally indicates the presents of the hydride HGaMe

of the matrix IR spectra could not be assigned $€HCD(CH,-
NMey) with certainty. However, a complete assignment of all
IR bands of HC=CD(CH,NMe;) would have been possible if
an IR spectrum of pure matrix isolatede®=CD(CH,NMe,)

Based on the calculated intensities of the hydrogen stretchingwere available for comparison. Even without an IR spectrum

modesys of the hydride and the deuteride, the ratio of DGaMe
HGaMe is 13.70:1.00 equivalent with 6.8% HGaMm the
spectrum of Figure 2!

The identification of the deuteride DGaMenequivocally
proves that g-hydrogen elimination in the gas phase takes place
at high temperatures (eq 1).

CHS
. N-—CH,  asoc H  CHN(CHy)
| — > c¢=¢ + DGa(CHy), (1)
D . CH / \
Ga" 3 H D
“NCH,

The HGaMe formed is not the product resulting directly from

for direct comparison, monodeuterated allyldimethylamine could

be identified unequivocally among the thermolysis products.
Within the investigation of the thermolysis dfH, the

dihydride HGaMe was identified in matrix€sWe speculated

that this species was formed by ligand-exchange reactions in

the gas phase; that is, two molecules of HGaMelded

H,GaMe and GaMg If this is true then the deuteride;BaMe

is expected as a thermolysis product of the gallEDeWe could

not identify the expected dideuteride, with IR bands for the GaD

stretching modes in the range of 1370860 cnT?, in any of

our thermolysis experiments. Weak IR bands are present in this

region, but an assignment is impossible so far. On the other

hand, we have not observed the known IR bands of the

a f-hydrogen elimination, because, based on the degree ofdihydride, HGaMe, in any of our experiments.

deuteration of the starting compou® of 99(+1)%, a much
lower amount is expected. How the hydride was formed is
unknown.

According to eq 1 monodeuterated allyldimethylamine should

Conclusion

Dimethylgallane can be synthesized as a bulk material from

be among the thermolysis products. We assign the remainingMesGa and freshly prepared Li[GaHunder solvent- and

most intense IR bands of the thermolysis spectra06=+CD-
(CH.NMey) (designation e in spectrum A). This assignment is

grease-free conditioi.The hydride is quite sensitive, and at
ambient temperatures it decomposes within days to GahNe

based on the known IR data of matrix-isolated nondeuteratedand a polymer approximating (MeGain composition. The

allyldimethylamine, which we identified in the thermolysis of
the gallanelH.% Allyldimethylamine shows the strongest IR
bands at 2819.5, 2780.0, 1036.5, and 923.0%cround the

IR band at 1036.5 cni two other intense absorptions at 1043.5
and 1033.0 cm! can be seen; two IR bands at 920.0 and 918.5
cmt are close by 923.0 cm. A similar intensity pattern with

structure of dimethylgallane in the solid state is unknown,
however, as shown by Downs and Rankin et?alhe vapor
phase of this hydride mainly consists of the dimers,Gl{:-
H).GaMe.

Recently, we characterized the monomeric,®aH in argon
matrixes by IR spectroscopy. This compound was synthesized

comparable frequencies were found in the product matrixes of via a high-temperature thermolysis of the intramolecularly

1D (Figure 2): two intense IR bands at 2819.8 and 2779.6'¢cm
and a ‘triplet’ at 1043.7, 1038.4, and 1033.4 dmplus a
‘doublet’ at 922.7 and 919.8 cth Other less intense absorptions

coordinated gallan&H. The results of matrix-isolation experi-
ments and mass spectrometry have been interpreted as a
B-hydrogen elimination occurring in the first step of the
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fragmentation. In this article, we have described the synthesiswarmed to ambient temperature overnight. The reaction mixture
and matrix-isolation thermolysis experiments of the selectively was heated to 30C and N was slowly bubbled through the
deuterated gallantD. We have proven experimentally that the solution. Every 45 min the temperature was increased 1;5
intramolecularly coordinated gallar®d mainly undergoes a  at 55-58 °C the side product allyl chloride was removed by an
pB-hydrogen elimination to give the monomeric deuteride opening of the reaction flask for a short time. After the reaction

DGaMe at high temperatures. mixture was kept fol h at 60°C and an additional hour at 80
°C, it was cooled to ambient temperature and poured into a
Experimental Section water/ice bath. The product was extracted five times with 40-

mL portions of pentane, and the combined organic layers were

General Remarks. Synthetic procedures were conducted . ohod with diluted NaHCO(50 mL), cleaned with filter
under dry nitrogen or argon atmospheres with standard Schlenk harcoal, and dried with N8Q;. The product (62.5 g, 77%)

terchnlgures W(;e:?” aogl)pr(;%natter. %Olvr?;tf \rl1vi(tarre drrl]edrbyrstanndi:j as obtained by a flask-to-flask condensation at ambient
procedures, distiiecd, and stored under nitrogen or argon andye e atyre (630 mbar).!H NMR (499.84 MHz; GDg): 6
molecular sieves (4 A)NMR Varian Unity 500 [ambient —1.42 idual prot f 3.05 (s. CICH). 13C{ H
temperature (temp): 499.84 and 125.64 MHz fidrand 13C = 1.42 (m, residual protons of G 3.05 (s, H). “C{"H}

: ' ' ' NMR (125.64 MHz; GDg): 6 = 34.12 (p, CD), 41.12 (s,

respectively], Varian Mercury 200 (ambient temp: 199.97 MHz . or) — o
for 1H), and Bruker Advance DRX 400 (ambient temp: 400.13 g:]c H72)8 T&é;o[a/)'fvi'(g]) A:rL]:;l (%:)a[ll(\:ﬂ;]’fZ? (CEI)DE\I—AMCIZ

and 100.62 MHz fotH and*3C, respectively) calibrated against , .
residual protons of the deuterated solveHtsand'3C chemical (114.999): C 31.33. Found: C 31.24.

shifts are reported relative to tetramethylsilaridemental ICH 2CD2CH.CI. KI (63.6 g, 383 mmol) and (CICHCD,
analyse¢C, H, N): Carlo-Erba elemental analyzer (model 1106) (67-3 g, 653 mmol) in acetone (750 mL) were heated under
and Elementar Vario EL AnalysatoMS. Finnigan MAT 95 reflux for 12 h in the dark. All volatile compounds_ were
and Varian MAT CHS5. removed at ambient temperature at 75 mbar; all solids were
ClGaMe was synthesized according to the literatt&Ve filtered off and washed with_ pentane. After the solvent was
synthesized the known compounds (EBRCD, and (HOCH),- removed at 75 mbar at ambient temperature, 73.4 g of crude
CD,* in variations of known procedures. The syntheses of the Product was obtained. Through a distillation (15 cm Vigreux
hitherto unknown compounds (CIGHCD;,16 ICH,CD,CH,- column, 100 mbar) unreacted starting materiaH3°C, 28.9
CI.17 Me;NCH,CD,CH,Cl, 17 LICH,CD,CH,NMe,, 18 and Me- g) was collected and again reacted with respective amounts of

NCH,CD,CH,GaMe were based on known procedures. KlI. This procedure was repeated until 90% of the starting

(EtO,C),CD,. Malonic acid diethyl ester (300 g, 1.873 mol) compound had reacted. Through a distillation of the combined

: duct fractions (50 cm Vigreux column, 30 mbar, 6970.5
a spatula-tipfull of dry KCO; and DO (60 g, 2.996 mol) were Opro .
kept at 90°C and stirred for 24 h. After the reaction mixture <) 30-8 9 (23%) of the pure product was obtaingd NMR

was cooled to ambient temperature, the organic layer was (499-84 MHZ; GDe): 6 = 1.45 (m, residual protons of G
separated from the water layer. This procedure was repeateoz'63 (m, 2H, l_CHZCD_Z)’ 2.95 (m, CIGH,CD,). “*C{'H} NMR

an additional six times to achieve a high degree of deuteration. (125:64 MHz; GDe): 0 = 1.97 (s, CHCDy), 34.76 (m,
After pentane (200 mL) was added to the combined organic /CH2CD2), 44.37 (s, OD+H2CD2)' MS (70 iv): m'z (%) =
layers the organic phase was dried overnight with9@. The 20? (84) [M'], 205 (4) [M : H], 171 (1) [M™ — Cl], 157 @)
NaSO, was filtered off and washed several times with small [M _+CH2C|]' 141 (5) [M* — CHCI], 128 (6) [HI"], 127
portions of pentane. The solvent was removed at ambient (18) [I']; 79 (100) [M" — I]. Anal. Calcd for GH4D-CII
temperature by distillation (50 mbar) and 195 g (64%) of the (206.446): C 17.45. Found: C 17.31.

pure product was yielded by distillation (?&, 10 mbar)1H Me,NCH,CD,CHCI. To a solution of ICHCD,CH.CI (66.8
NMR (499.84 MHz; CDCJ): 6 = 1.27 (t,J = 7.2 Hz, 6H, g, 324 mmol) in diethyl ether (400 mL) dimethylamine (52 g,
CH,CHs), 3.33 (t,J = 2.3 Hz, residual protons of G} 4.19 1.15 mol) was condensed at78 °C. After the cooling bath
(0, J = 7.1 Hz, 4H, GH,CHs). was removed, the reaction mixture was stirred for 24 h, cooled

(HOCH),CD,. To a suspension of LiAll (30.5 g, 804 to ca.—20 °C, and added to a solution (ca20 °C) of NaOH
mmol) in diethyl ether (750 mL) a solution of (E$0),CD. (14 g, 0.35 mol) in HO (200 mL). After vigorous stirring for
(110.0 g, 678 mmol) in diethyl ether (350 mL) was added during @ shorttime, the organic layer was separated and the water phase
a2-h period from a dropping funnel so that the reaction mixture extracted four times with 60-mL portions of dlethyl ether. After
was kept under reflux. The reaction mixture was kept under the combined organic layers were dried with,8@ and the
reflux for an additional hour and then it was hydrolyzed during solvent was distilled off (15 cm Vigreux column, 80 mbar),
1 h with a solution of HO (85.0 g, 4.718 mol) and NaOH (2.5  31.7 g of pure product (79%) was left behitl. NMR (499.84
g, 63 mmol). The ether solution was separated by filtration and MHz; C¢De): 6 = 1.55 (m, residual protons of Gp 1.93 [s,
the solid residue was extracted with diethyl ether in a Soxhlet 6H, N(CH)], 2.08 (s, 2H, CDBCH:N), 3.27 (m,J = 0.9 Hz,
apparatus. After the combined organic layers were dried with 2H, CICH,CD;). *3C{*H} NMR (125.64 MHz; GD¢): 6 =
Na,SQy, the solvent was removed at ambient temperature in a 30.27 (m, CICHCD), 42.89 (s, CBCH:N), 45.37 [s, N(CH)],
vacuum (6 mbar). The product (26.2 g, 49%) was yielded by a 56.32 (s, OCH2CD;). MS (70 eV): m'z (%) = 123 (6) [M*],
flask-to-flask distillation (60°C, 1 x 103 mbar).'H NMR 122 (1) [M* — H], 58 (100) [HCN(CH)2*]. Anal. Calcd for
(199.97 MHz; DMSO0):6 = 1.53 (m, residual protons of G) CsH10D2CIN (123.622): C 48.58, N 11.33. Found: C 47.24,N
3.42 (d,J = 4.9 Hz, HOGH,, 4H), 4.30 (tJ = 5.1 Hz,HOCH,). 11.01.

(CICH2)2CD5,. SOCh (249.9 g, 2.101 mol) was placed in a LiCH ,CD,CH,;NMe,. This reaction was performed with
four-neck flask equipped with a dropping funnel, gas inlet, argon as an inert gas. To a suspension of Li powder (4.3 g, 620
thermometer, and reflux condenser. AtB0 °C pyridine (6.25 mmol, 0.5% Na) in diethyl ether (300 mL) MECH,CD,CH,-

g, 79.0 mmol) and subsequently ethanol (4.1 g, 89 mmol) was ClI (30.5 g, 247 mmol) was added slowly dwirl h and
added. At—5-0 °C (HOCH,),CD, (61.9 g, 792 mmol) was  subsequently refluxed for 2 h. After all volatile material had
added dropwise during 1.5 h and the reaction mixture was slowly been removed at ambient temperature in a vacuum @03
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mbar), the residue was extracted in a Soxhlet apparatus with1D, P. Geisler (RWTH Aachen) for the construction of the

pentane for 24 h and crystallization a4 °C gave the pure,  thermolysis oven for the matrix-isolation experiments, and T.

colorless product (13.4 g, 57%). Eifert and A. Lorenz (Computer Center RWTH Aachen) for
Me,NCH,CD,CH>GaMe; (1D). This reaction was performed  their support.

with argon as an inert gas. A solution of CIGaM#.98 g, 14.6

mmol) in pentane (20 mL) was added slowly to a suspension References and Notes

of LICH,CD,CH,NMe (1.40 g, 14.7 mmol) in pentane (20 mL) (1) (a) Neumayer, D. A.; Ekerdt, J. @hem. Mater 1996 8, 9; see

at O °C. After the cooling bath was removed, the reaction aiso references therein. (b) Jones, A. C.; O’BrienCRD of Compound

mixture was stirred overnight and filtered, and the solid was Semiconductors/CH: Weinheim, 1997. (c) Nakamura, S.; Fasol, Tbe
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