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The salt elimination reaction of the transition carbonyl metal- 
lates [L(CO),M](Na/K) (M = Cr, Mo, W, Mn, Re, Fe, Co, Ni; 
L = CO, q5-C5RS, PR3; n = 1-4; R = alkyl, aryl) with the 
base-stabilized galliumhalides C1,GaR3 - .(Do) (R = H, alkyl, 
halide; Do = THF, N(CH3)3, NC7HI3) or Cl,Ga[(CH&N- 
R;](R), - a yielded almost quantitatively the transition metal- 
substituted, gallanes [L(CO),M],GaR, - .(Do) and [L(CO),- 
M],Ga[(CH2)3NRi](R)2 - ., respectively. Residual halide func- 
tionalities in these complexes were selectively replaced by 

various other groups. The new compounds were characteri- 
zed by means of elemental analysis, ‘H-, I3C-, 31P-NMR, MS, 
and IR v(C0) data. The single-crystal X-ray structure analysis 
of ~~~~S-(P~,P)(C~)~CO-G~[(CH~)~N(C~H~)~](R) (6s: R = C1, 
6t: R =  CH3) showed o(Co-Ga) lengths of 237.78(4) and 
249.5(1) pm, respectively. A short cJ(Fe-Ga) contact of 
236.18(3) pm was found for (q5-C5H5)(C0)2Fe-Ga- 
C12[N(CH3)3] (5a). Low-pressure MOCVD experiments were 
performed to give thin films of analytically pure CoGa alloy. 

The chemistry of transition metal-substituted gallanes is 
currently attracting increasing attention, because of their 
potential as single source precursors to deposit binary inter- 
metallic materials, e.g. P-CoGa and q-MnGa, by low-pres- 
sure metal organic chemical vapor deposition[’]. But apart 
from this potential application in microelectronics, this class 
of compounds is also interesting from a puristic chemical 
point of view. Firstly, non-bridged and highly polar metal 
metal bonds are rather popular at the momentr21. In this 
respect the o(M-E) systems (E = Al, Ga, In; M = tran- 
sition metal) are the direct main group analogs of transition 
metal lanthanoide and actinoide complexes, which have a 
long traditionL3]. Secondly, base-free R2E moieties are iso- 
lobal to cationic carbenoid groups such as silylenes, germy- 
lenes, and stannylenes. (The C,-symmetric E(R’)(NR3) 
moieties may be viewed as the corresponding neutral con- 
geners.) Thus, they are potential candidates for n-interac- 
tions with electron-rich transition metal fragments, which 
is probably the case for cis-[Cy2PCH2CH2PCy2](R)Pt-ER2 
(Cy = c y c l ~ - C ~ H ~ ~ ;  E = Ga: R = CH2tBu; E = In: R = 
CH2SiMe3)[4,17]. To the best of our knowledge, Table 1 sum- 
marizes all compounds with (unbridged) M - Ga bonds 
which have been structurally characterized to date. In this 
paper we give a comprehensive account on our studies of 
the synthesis, properties and structural aspects of new 
M-Ga bonded compounds. 

A. Synthesis 

The monovalent carbonyl metallates [(CO),M](Na/K) 
(M = Mn, Re, Co; n = 5,4), which were suspended in non- 
polar and non-coordinating solvents (n-pentane, toluene) 
reacted with the base-stabilized alkylgallium chlorides 
CIGa(R)2(Do) (R = C1, H, Et; Do = NMe,, C7HI3N) 
quantitatively above -20 “C within minutes to yield the sol- 
uble complexes 4a-d, 5a-b, 6a-c (Scheme 1, Table 2). The 
hydrido compounds 4b, 5b, and 6b are difficult to handle, 
which is due to their extreme sensitivity to air and temp. 
(> 0 “C). For this reason, a satisfactory elemental analysis 
could not be obtained for 5b. The gallium center is coordi- 
natively saturated by adduct formation with one molecule 
of a Lewis base donor. Without such a base equivalent the 
substitution reaction (and the alkali halide elimination) 
does not take place. The same was observed, if polar coor- 
dinating solvents, e.g. THF, dimethoxyethane and acetoni- 
trile or HMPT were used. Then the solution v(C0)-IR 
spectra exhibit the v(C0) absorption bands of the un- 
changed carbonyl metallates. The intramolecularly adduct- 
stabilized organogallium chlorides Cl,Ga[(CH2)3NR;]- 
(R2 - J (a = 1, 2; R’ = Me, Et) selectively gave mono- and 
disubstituted compounds when treated with stoichiometric 
quantities of the carbonyl metallates mentioned above. No 
external Lewis base was necessary in these cases. In contrast 
to this, the substituted monovalent compounds 
[L(CO),M](Na/K) (L = PR3, Cp; M = Cr, Mo, W, Mn, Fe, 
Ru, Co, Ni; n = 1-4) reacted with gallium chlorides in po- 
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Table 1.  Structurally characterized transition-metal gallium com- 
plexes to date (Cy = c ~ c I o - C ~ H ~ ~ ;  Np = CH2tBu; CN = coordina- 

tion number) 

Comuound CN M-Ga Iuml Ref 

Cp ICOI 3W-GaMez 3 

ICp (COI 3Wl3Ga 3 
[Re&!GalRe{PPh3) ICOIii ){PPh3i2 1CO)il 3 
[Re~Br2iGa[Re(PPhj) lCO)~1~~PPh~)~lCO)q1 3 

MnzICO)e(p-GaMn(C0)5)2 3 
Re2 !COl a{p-GaRelCO) 5 1 2  3 
ICOI 5Mn-Ga IC11 12,4, 6-zBuCsHz) 
lp-0) I ICOI gMn-Ga(2, 4,6-‘BuCsH2) 1 z 
cis- [Cy2P!CH2) 2PCy2 1 INp) Ft-GaNpz 

ICP ICOI 2Fe 1 3Ga 3 

~lCOl~Mnl~GaIlCH~~;NMe~l 4 
LMnp(COIizlp-GaClz1 12- 4 
Cp’ ICOI JMo-GaIz(OEt21 4 
[ lCO)4Fe-Galq1-C2H~) ITHFIlz 4 
CplCOl 2Fe-Ga(+Cp’l INCgHgI 4 
Cp ICO) 2Fe-GaC12 (me31 4 

Cp ICOI 2Fe-Ga I ICH21 ?me2] IBHq I 4 
CP lco) zFe-GaI ICH2) ,me2] IEtI 4 
ICOI qCo-GaNpz ITHFI 4 

1PPh)l IC013Co-Gal ICHZIINFXCZI ICH3) 4 
IPPhil lCOl~Co-GaIlCH~l~NEt~I 1‘21) 4 
[ ICOI~Col~GaI lCH21$4Zt~l 4 
CplCOlNi-GaNp2lTHF) 4 
[ 1C014Co12Ga~~2.6-Me2NCH212C6H31 5 

3 
3 
3 

Cp ICO) 2Fe-Ga(tBu) z 3 

[ ICO) qcol 2Ga(2, 4, 6-LB~C&l 3 

270.8(3) 
273.90) 
251.3 ( 4 1  

2 5 0 . 3  (31 

245.1111 
258.9(3) 
249.514) 
253.3 (31 
243.8 11) 

241.7 ( 2 )  
244.411) 
249.712) 
265.3 (51 
269.114) 
258.2 (2) 
251.512) 
242.7!11 
236.1lll 
237.5 11) 
245.7111 
257. a 11) 
249.6 11)  
237.8 ( 1 1  
254.6111 
240.6(1) 
257.2121 

[*I This work. 

lar solvents only, preferably in THF, but also in methylene 
chloride. The heterodinuclear complexes were separated 
from the alkali chloride as the only by-product by extrac- 
tion into pentane, toluene, or methylene chloride. Trinuclear 
complexes with two different transition metal fragments 
bound to the gallium center were obtained by similar me- 
thods. Surprisingly, not every combination of metal frag- 
ments could be arranged around the gallium center so far. 
No reaction was observed for the combinations of 5a 
(FeGa) with Na[Mn(CO)5] or 4e (MnGa) and its cobalt 
analog with the respective transition metal carbonylates un- 
der the very same conditions which had previously afforded 
the symmetrically disubstituted species, e.g. 4f (Mn2Ga) or 
its cobalt analog[lb]. However, we were able to isolate 4g 
(MnGaRe) from the reaction of 4e with Na[Re(CO)5]. But 
the related reaction of 3a with K[CP(CO)~F~] did not give 
a pure product. This chemistry of mixed transition metal 
gallium complexes is currently under further investigation. 
Ion pair effects are important in these salt elimination reac- 
tions. Their success depends strongly on the nucleophilicity 
of the carbonyl metallate and the type of the counterion[20]. 
With non-coordinating counterions, e.g. [R4Z]+ (R = alkyl, 
aryl; Z = N, P, As), rather than with Naf or K+, the mono- 
valent carbonyl metallates did not give the M-Ga substi- 
tution products. Similar “inverse” salt effects were investi- 
gated for related alkylation reactions of some of the car- 
bony1 metallates[20]. The new compounds la-7c are soluble 
in all common aprotic organic solvents. With the exception 
of the hydrido derivatives 4b, 5b-c, 6b, 6f, 6h, and the 
PPh3-substituted compounds 6n-p, they melt and sublime 

Scheme 1. Synthesis of the coniplexes of type 1-7 

I /  

(ii) 

CI-Ga,,,,, 

R 

- cl-pf.,,, (iiij 

(i) 1. R$i; 2. Li[(CH2)3NMe2], Et,O. - (ii) Li[(CH2),NMe2], Et20, 
25°C. - (iii) R = alkyl, aryl: RLi, toluene; R = H: Li[BEt3H], 
THF; R = BH4: Li[BH4], Et20. - (iv) L(CO),M](Na/K); L = CO: 
toluene, pentane; L = Cp, PR3: THF, Et20. - (v) R = H, alkyl: 1. 
Li[(CH2)3NMe2], pentane; 2. [L(CO),M](Na/K). - (vi) Me3SiH. - 
(vii) - DoGaR,. - (viii): +DoGaR,. - (ix): -DoGa[M]R2. (x) 
+DoGa[M]R2, +Do. 

in vacuo without decomposition. The Cr-Ga complexes 
are rather light-sensitive in solution. 

The chemical properties of la-7c are characterized by 
the strong polarity of the M-Ga bonds being rapidly 
cleaved by electrophilic or nucleophilic attack, which we 
have previously exemplified by the chemistry of (CO)&o- 
Ga(Np)2(THF)[1a]. This reactivity expectedly decreases with 
increasing nucleophilicity of the transition metal fragment 
and with the number of electronegative substituents at the 
gallium center. For example, the compound 5a can be 
handled in air for a short period of time without decompo- 
sition, while compound 1 b decomposes instantaneously un- 
der the same conditions. The typical hydrolysis products are 
either transition metal carbonyl hydrides and oligomeric 
alkylgallium or transition metal-substituted gal- 
loxanes, e.g. (p-O)[(CO)5Mn-Ga(q’-2,4,6-tBu3C6H2)]2[1’1. 
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Within seconds the M-Ga bonds are oxidatively cleaved by 
iodine to give the corresponding transition metal carbonyl 
iodides. Similar, but much slower reactions have been ki- 
netically studied in detail for transition metal group 14 
compounds["]. 

In  solution, three-fold coordinated gallium centers with 
a R2Ga unit are usually not stable at a L(CO),,M fragment 
(Schemes 1 and 2). This is shown for example by the thcr- 
ma1 conversion of (CO)4Co-Ga(Np),(PMe3) into a mix- 
ture of different CoGa species['"]. Such ligand redistri- 
bution reactions can be somewhat diminished by steric 
shielding of the metal centers as shown by some entries of 
Table 1. However, these compounds arc not volatile un- 
changed. According to Scheme 2 the treatnicnt of the intra- 
molecularly adduct-stabilized compounds 6d-g with the 
alkylphosphanes PR3 (R = CI13, C,H5) in pentane at 
-78 "C gave temp.-sensitive (> -20°C) phosphane adducts 
as white microcrystalline solids. In a closed system (sealed 
NMR tube. [Ds]toluene) an equilibrium was observed bc- 
tween gallium-coordinated and free phosphane (31P-NMR 
analysis). Upon warming to 80 "C reversible thermal dccar- 
bonylation occurred, which was accompanied by coordi- 
nation of the phosphane at the cobalt center and rccoordi- 
nation of the amine donor. The t~ciws-phosphane-substi- 
tuted complexes 6k-t were isolated in an open system (lib- 
eration of CO). In the case of sterically more demanding 
phosphanes (PCy3, PPhl) the gallium-coordinated phos- 
phanc intermediates were not detected spectroscopically. 
Apparently, chelate stabilization completely blocks alkyl ex- 
change reactions. Also the other (not intramolecularly) do- 
nor-stabilized systems proved to be rather inert against 
alkyl exchange reactions at the gallium center when heated 
up to 150°C in a sealed NMR tube. These results show, 
that steric and coordinative saturation at the gallium atom 
kinetically stabilizes alkylgallium transition metal com- 
plexes against otherwise facile alkyl redistribution reactions. 
The halide-functionalized compounds are generally much 
more resistant to ligand exchange than their alkyl con- 
geners. Also the mixed metal system 4g did not show a sig- 
nificant tendency to ligand exchange reactions at the gal- 
lium center. 

The halide functions GaCI,, (n = 1, 2) were selectively 
replaced by various residues (Schenics 1 and 3). The treat- 
ment of the transition metal carbonylates gave the trinu- 
clear complexes 4f-g and 6h. The introduction of alkyl 
groups or other groups is possible without cleavage of the 
M-Ga bond. The reaction of Cp(CO)2Fe-GaC12(NMe3) 
(5a) with two equivalents of KOtRu in EtzO gave colorless 
to pale yellow crystal plates of 5d. The analytical data are 
consistent with the structure outlined in Scheme 3. The 
amine ligand was liberated and intermolecular dimerization 
occurred. A distinction between a cis and a trunks configu- 
ration of the iron fragments at the Ga20,  ring is currently 
not possible. The NMR spectra of 5 d  show two different 
resonances for the tert-butyl substitucnts (Table 6). A sinii- 
lar structure type was observed for other sytenis such as 
[(CO)3Ni-Ge(OtRu)]z[~~'. The hydride species CP(CO)~-  
FeGa[(CH2),NMe2]( H )  (Sc, or d,-5c) were quantitatively 

Scheme 2 

R 

derived from 5e with ''Super-HydrideP'', Li[BEt3H], in 
Et,O without Fe-Ga bond cleavage or  attack of the car- 
bony1 groups. 
Scheme 3 

t 
B. Spectroscopic Characterization 

v(C0)-IR Spectra 

In non-polar. non-coordinating solvents (CCI4, toluene, 
pentane, hexane, etc.) the complexes of the type 
L(CO),,M-Y, with a local C,, symmetry at the metal show 
the expected v(C0)  bands in the IR spectra (Table 2). The 
mixed substituted compounds, e.g. 1 b-3b. exhibit a chiral 
gallium center. Thus, the symmetry is lowered to CI and 
the IR spectra may show more bands. For example, the 
usual pattern 2AI + E for (CO)4Co-L complexes with lo- 
cal C;, symmetry is reduced to C, for 6a-c. The spectra 
show split E bands. The relative intensity of the Al bands 
is increased for the CI systems 6d-h compared to similar 
but achiral complexes. The v(Ca-H) 1R absorptions of 4b, 
5b-c. 6b, 6f are observed as very broad bands at 
1850- 1910 cm-I, which partly overlap with the v(C0)  ab- 
sorptions. Deuteration gives rise to v(Ga-D) absorptions 
of 1340 cm-' (5c; calcd. 1310) and 1350 (4b: calcd. 1340). 
According to the IR spectra of either the reaction solutions 
or the pure complexes. isocdrbonyl structures, e.g. 
M-CO-Ga. are absent. Dcpcnding on the polarity of the 
solvent, the transition nietal fragment and the substitution 
patterns at both metals, more or less extensive metal-metal 
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bond heterolysis is observed. The two Co-Ga complexes 
L(C0)3C~-Ga[(CH2)3NEt2](C1) (6v: L = CO; 6s: L = 
PPh,) are typical examples. The extent of dissociation fol- 
lows the relative nucleophilicity of the transition metal car- 
bonylate in the respective For example, the dis- 
sociation constants of the Lewis acid-base adducts 
[L(C0),M-Ga(C6H5)J range over several orders of mag- 
nitude in dichloromethane: (CO),Mn < (CO)4C0 < 
Cp(CO),W < (PR3)(C0)3Co < C ~ ( c 0 ) ~ F e  = Cp- 
(CO)Ni[241. A trans-donor ligand to the gallium substituent 
at the cobalt center drastically lowers the tendency to dis- 
sociate. The characteristic absorptions for the free anion 
[(Ph,P)Co(CO),]- (1900 and 1839 cm-') are absent in THF 
or acetonitrile solution (Figure 1). These results suggest, 
that the M-Ga bonds are best described by using a polar 
donor-acceptor model. Solvents with a high dielectric con- 
stant or a high donor ability promote heterolysis of the 
bond. Highly nucleophilic metal fragments eficiently com- 
pete with the solvent and the M-Ga bonds are stable. A 
second measure of the extent of the "polarity" of M-Ga 
bonds may be obtained by a comparison of the difference 
of the v(C0) absorptions of the non-complexed metal car- 
bonylate fragment and the respective values for the undis- 
sociated M-Ga complex. The shift to higher energy, 
AV(CO)~~, of the symmetric I2C-O stretching vibration re- 
sulting from complex formations was used as a sensitive 
measure of the acceptor strength of Lewis acids for the base 
[(qs-CjH5)(CO)2Fe-] [v(CO)~' = 1770 ~ m - ' [ ~ ~ ] ] .  For the 
gallium compounds (II~-C~H~)(CO)~F~-G~[(CH~)~NM~~](R) 
(R = CI, Et) Av(C0)aS equals 130- 150 cin-', while for 
[(q5-CjH5)(CO)2Fe-E(C6H5)3]- AV(CO)"~ amounts to 90 
cm-' if E = Al, Ga, and In, but to 139 cm-' if E = B[241. 
From this it may be concluded, that the o(Fe-Ga) bonds 
of 5a-d are clearly more covalent and less polarized than 
in the negatively charged Lewis acidlbase adduct mentioned 
above. Typical covalent Fe-X bonds like in the systems (q5- 
C5H5)(C0)2Fe-R (R = alkyl, stannyl) exhibit AV(CO)"~ ar- 
ound 170 cm-', which is close to the value of 164 cm-' of 
the Fe-GaCI, complex 5a. In contrast to this, the respect- 
ive values of (q5-C5Hs)(CO)2Fe-BR2 (R = C6H5; cat- 
echolate) are 180-200 cm-', which was attributed to sig- 
nificant Fe-B multibonding[261. Another comparison is poss- 
ible with the actinoide transition metal bonds of the type 
(q5-C5H5)(C0)2M-An(X)(q5-C5Hs)2 (M = Fe, Ru; An = 
Th, U; X = CI, CH?, q5-C5H5). Depending on the substitu- 
ent X, the v(CO>as values can be as low as 1873 cm-' 
[Av(CO)as around 100 cm-'1 due to much more ionic 
M-An bonds. From this point of view the polarity of the 
M-Ga bonds 5a-d is even more pronounced compared to 
the heterodinuclear "early-late'' transition metal com- 
pounds of the type [H3CC(CH2NSiMe3)3]Ti-Fe(C0)2(q5- 

and (q5-CsH5)(RN)M-Fe(CO)2(qs-C5Hs)~2s] 
[Av(C0)Is = 146 (+- 5) cm-'1. 

NMR Spectra 

The chirality of the intramolecularly adduct-stabilized 
complexes of the general formula L(CO),M - Ga[(CH2),- 

Figure 1 .  Solvent dependency of the v(C0)-IR spectra of L CO),- 
Co-Ga[(CHz),NEt2](C1) (1: L = CO; II: L = PPh,)[A 

La] I: a) n-Pentane (range: 2100-1900 cm-I); - b) THF (range: 
2100-1800 cm-I); - c) acetonitrile (range: 2000-1800 cm-I). - 
11: - d) toluene (range: 2100-1900 em-'); - e) THF (range: 
2100- 1900 cm-'); f )  acetonitrile (range: 2100- 1800 cm-'). 

NMe2](R) causes complex multiplets in the 'H-NMR spec- 
tra for the diastereotopic hydrogen atoms of the heterocycle 
(spin systems AA'BB' and AA'BB'CC') and the methylene 
groups or the methyl substituents at the nitrogen atom. The 
assignments given in the experimental part was confirmed 
by two-dimensional routine techniques ('H-COSY and 'H/ 
I3C COSY). In the case of very nucleophilic transition 
metal centers (e.g. trans phosphane substituents) and bulky 
substituents R, especially the 'H-NMR spectra are more 
complex due to dynamic effects. The Ga-N bond is weak- 
ened in these cases and the inversion at the nitrogen atom 
causes linebroadening and coalescence effects. At lower 
temp., typically below -3O"C, those dynamic effects were 
frozen. The persistance of a Cr-Ga bond, for example, and 
the absence of isocarbonyl structures Cr-CO-Ga in solu- 
tion are nicely exemplified by the "C-NMR spectrum of 
1 b. Three different resonances of almost equal intensity are 
observed for the trans carbonyl and the two diastereotopic 
cis carbonyl substituents at the chromium center in the ex- 
pected range between 237.7 and 239.9 ppm (Tables 3-6). 

Mass Spectra 

The compounds L(C0),M-Ga[(CH,),NMe2](R) (R = 
alkyl) do not show the molecular peak in resonable quanti- 
ties under EI, FI, or CI conditions (ca. 1 %I rel. int.). Cleav- 
age of the M-Ga bond is preferred and the spectra are 

Chem. Ber. 1995,128, 83 1-843 
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Table 2. Infrared 
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v(C0) data and numbering scheme of the new compounds of the type L(CO),M-GaR2(Do) and L(CO),,M- 
Ga[(CH,),NR'](R) [R = H, C1, alkyl, L(CO),M; R' = Me, Et; L = Cp, PR3, CO; n = 1, 2, 3, 41 

Cp (COI 3Cr-GaC12 (NMe3 I 
Cp (COljMo-GaC12 (NMe3) 
Cp (COI 3W-GaC12 (NMe31 
Cp(COl3Cr-Ga[ (CH213NMe21 (C11 

CP (co) 3W-Ga [ (CH2 13me21 (~11 

Cp* lCO)jW-Ga[ (CH213NMe21 (C1) 
(CO)!jMn-GaR21NMe31 

Cp(C013Mo-Ga[ (CH213NMe21 (C11 

Cp*lCOl3Mo-Ga[ (CH213NMe21 (C11 

Cp(COl2Fe-Ga[ (CH213NMe21 ( R )  

cp(CO1 2Fe-GaR2 
(COI 4Co-GaR2 (NMe3) 

(COI 4Co-Ga (CH2 13NEt21 itBu1 
I I CO I ~ C O  I ZGaH ( T H F )  

la 

2 8  

3a 
lb 

2b 

3 b  
2b* 
3b' 

4 a  
4 b  
4c 

4.3 

4 a  
4f 

4 9  
5a 
Sb 

5c 

Sd 
6 a  
6b 

6 c  

6 6  

6 e  

6f 

69 
6h 

1984 vs 1915 sh 1898 vSlal 
2001 vs 1927 s 1909 vs[bl 
1997 vs 1919 vs 1901 vslb1 

Cl 1972 vs 1899 vs 1869 vsibl 

C1 1985 vs 1902 s 1880 vs[bl 
C1 1980 vs 1898 vs 1872 vslal 
C1 1978 s 1902 s 1878 sldl 

c1 1968 s 1887 s 1865 sIdl 
Cl 2099 m 2034 m 2004 vs 1986 sh lb l  

H 2097 w 2016 vs 2008 vs 1904 m I b l  
Et 2066 s 2011 m 1981 s h  1956 vsIbl 

Et 2065 s 2010 m 1980 sh 1957 vsibl 
c1 2087 rn 2015 m 1977 vsIb) 

2086 m 2059 m 2016 s 2000 m 1980 vs 1962 scdl 

2100 m 2061 s 2016 s 1985 vs 1966 s 1959 sIdl 
C1 1989 vs 1934 vslbl 
H 1945 vs 1885 vste] 
H 2016 W* 1960 VS 1920 V S I e 1  

OtBu 1985 V S  1936 V S f b l  

C1 2093 s 2068 w *  2032 s 2007 vs 19.89 " ~ ' ~ 1  
H 2074 S 2006 S 1980 VS 1964 Vsldl 
Et 2064 s 2028 w' 1997 s 1966 vs 1943 vsld]  

Et 2065 s 1996 s 1966 vs 1955 vsLbl 

NP 2066 s 1997 s 1967 vs 1955 vsldl 
H 2071 s 2004 S 1973 VS 1960 VSId1 
tEu 2064 s 1997 S 1965 VS 1954 V S I d 1  

2086 s 2064 s 2012 m 2009 s 1997 vs 

1973 vs 1960 sfdl 
2084 w *  2024 w *  1992 m 
2014 w 

1953 vs 1940 v S [ ~ ~  

1945 YS 1928 vs 1944 vs 1927 V S I b 1  c1 
tBU 1993 w 1922 vs 1907 VsId1 
c1 2010 w 1946 vs 1925 vsIb1 

t B ~  1929 vs 1914 VSlb1 
Me 1986 w 1914 VS 1898 V S l d l  

Me 1992 W 1906 VS 1920 VS[dl 

(PPh3I lCO)3Co-Ga[ (CH2)3NEt21 (R) 6 8 t )  c1 2010 w 1946 vs 1925 vsIb l  
6t Me 1929 vs 1941 vs[dl  

lCO)4Co-Ga[ (CH2)3NEt21 (Rl 6 v t )  Cl 2083 s 2018 s 1991 vs 1976 vsId l  

6 w t )  Me 2066 s 1998 s 1967 vs 1955 vsidl 

Cp(COINl-GaRZ(NMe3) 7 a  Cl 2007 V S [ ~ )  

Cp(COINi-Ga[ (CH213NEtZI IRI 7 b  C1 1977 
7 c  t E ~  1947 vsfbl 

v(C0)-IR data were obtained in solution between CaF, plates; solvents: [*I THE ~ Lb] Toluene. - 
- [el Et20. - [*I Impurity. - [TI This compound has been published previously, see ref.[lbI. 

CH2C1,. - Id] n-Pentane (n-hexane). 

dominated by the stable dialkylgallium fragments 
{Ga[(CH2)3NMe2](R)+} (base peak). The fragmentation of 
6c was studied with a high-resolution Fourier-transform ion 
cyclotron resonance mass Cleavage of 
metal-ligand bonds efficiently competes with the Co-Ga 
bond fragmentation. The particle [CoGa]+ was detected 
with roughly 30% relative intensity compared to the base 
peak [GaEt2]+. The observed fragments indicate the im- 
portance of homogeneous intramolecular p-H elimination 
processes during the decomposition of 6c because frag- 
ments like [(CO),CoGa(H)Et]+ were also detected. The ion 
[CoGaH]+ (mlz: 129) was also observed. For 
(CO)4Co-Ga(Np)2(THF) this low-energy fragmentation 
pathway is blocked. This may explain the rather different 
fragmentation pattern which is dominated by 
[Ga(CH2tBu)2]+ and the missing of [CoGa]+ in the respect- 
ive spectra. Compounds of the type 
L(CO),M-Ga[(CH2)3NMe2](X) (X = Cl, L(CO),M) did 
not show such a preferred M-Ga bond cleavage. In the 

case of the Cr-Ga compound l a  the molecular ion m/z = 

393 (12% rel. int.) was clearly detected. 

C. Structure 

Molecular Structures of (PPh3)(CO)3Co-Ga[(CH,),NEt2](R) (6s: 
R = CI; 6t: R = CH3). - Variation of o(Co-Ga) Bond Lengths 

The results of the single-crystal X-ray diffraction studies 
of 6s-t are summarized in Tables 8 and 9. The molecular 
structures of 6s-t are shown in Figures 2 and 3. The dis- 
torted tetrahedral coordination geometry at the gallium 
center and the trigonal-bipyramidal environnients of the co- 
balt atoms in 6s-t are rather similar to other Co-Ga com- 
pounds with a four-fold coordinated gallium atom (which 
were referred to in Table I). In both cases the 3-(dimethyl- 
amino)propyl chelate Iigand is disordered. The disorder of 
6t was resolved for C71C97, ClO/C90, C11E91, C12/C92, 
and C131C93 (Figure 3b). The positions N1, C5, and C6 are 
not significantly disordered. The disorder causes geometric 
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Table 3.  Elemental analysis of the new compounds la-7c (R' = [(CH&NMe2]; R2 = [(CH&NEt2]) 

Analytical d a t a  I % )  : found I c a l c d .  ) 

Compound NO * C H N c1 Da M 

Cp (CO) jCr-GaC12 (NMe3) 
C11H14ClzCrGaN03 
Cp (CO) 3Mo-GaC12 (NMe3) 
C ~ ~ H ~ ~ C ~ ~ G ~ M O N O J  
Cp (CO) 3W-GaC12 (NMe3) 
C ~ ~ H ~ ~ C ~ Z G ~ N O ~ W  
Cp (CO) 3Cr-GaR1C1 
C13H17CICrGaN03 
Cp (CO) 3Mo-GaR1C1 
C 13 H 17C 1GaMoN03 
Cp* (CO) 3Mo-GaR1C1 
C18H27 ClGaMoN03 
Cp (CO) 3W-GaR1C1 
C13H17ClGaN03W 
Cp* (CO) 3W-GaR1C1 
CleH27ClGaN03W 
(CO) gMn-GaC12 (NMe3) 

(CO) gMn-GaH2 (NMe3) 
C8HeClzGaMnNOs 

C8HiiGaMnNOs 
(CO) 5Mn-GaEt2 (NMe3) 
C12HlgGaMnN05 
(CO) 5Mn-GaEt2 (NC7H13) 
C16Hz 3GaMnNOs 
(CO) 5Mn-GaR1C1 
C10H12ClGaMnN05 
[ (CO) 5Mnl 2GaR1 
C15H12GaMn2N010 
[ (CO) 5Mn1 [ (CO) 5RelGaRl 
C15H12GaMnReN010 

Cp (CO) 2Fe-GaCl2 (NMe3) 
CioH14C1 zFeGaN02 
Cp (CO) 2Fe-Ga ( O t B u )  2 
CisH23FeGaOq 
(CO) 4Co-GaC12 (NMe3) 

(CO) 4Co-GaH2 (NMe3) 

(CO) aCo-GaEt2 (NMe3) 
CIIH~~COG~NOO 
(CO) 4Co-GaR1(Et) 

C 1 1H 17 COGaNOd 
(CO) 4Co-GaR1(Np) 
ClqHz3CoGaNOq 
(CO) 4Co-GaR1H 
CgHi3CoGaN04 
(CO) 4C0-GaR2 ( t E ~ )  
C15Hz5CoGaN04 

C7HgCi2COGaN04 

C7HiiCoGaN04 

[ (C0)4Col2GaH(THF) 
Cl~HgCo2GaOg 
(PMe3) (CO) 3Co-GaC12 (NMe3) 
CgHieC12COGaN03 P 
(CO) 4Co-GaR1(C1) 
CgH12C1CoGaN04 
(PMe3) (CO)  3Co-GaR1C1 
C11H~1ClCoGaN03P 
(PMe3) (C0)3Co-GaR2 (tBu) 
C17H3 4CoGaN03 P 
(PPh3) (C0)3Co-GaR1 (C1) 
C2 gH27ClCOGaN03 P 

(PPh3) (C0)3Co-GaR1 (tBu) 
C3 oH36CoGaNO3P 
(PCy3) (CO) jCo-GaR2 (Me) 
C~gH5zCoGaN03 P 
Cp (CO)Ni-GaClz (NMe3) 
Cg HI qClzGaNiN0 
Cp (CO)Ni-GaR2 (Me) 
C14H24GaNiNO 
Cp (CO)Ni-GaR2 ( t 1 3 ~ )  

C17H3oGaNiNO 

la 

2a 

3a 

Ib 

a b  

2b' 

3b 

3b' 

4a 

4b 

4 c  

4a 

4 e  

4 f  

4g 

5a 

5 8  

6 a  

6 b  

6c 

6d 

6 e  

6f 

6m 

6h 

6 1  

63 

6k 

6x11 

6x1 

6P 

6 u  

7a 

7 b  

7 c  

33.01 
(32.96) 
29.55 
(29.70) 
24.73 
(24.80) 
39.85 
(39.79 1 

35.89 
(35.78) 
42.46 
(42.68) 
29.75 
(29.78) 
36.55 
(36.37) 
23.05 
(24.34) 
29.02 
(29.49) 
37 ~ 40 
(37.74) 
44.19 
(44.28) 
30.97 
(31.09) 
32.72 
(33.01) 
25.74 
(26.61) 
31.61 
(31.89) 
43.57 
(45.85) 
22.88 
(22.68) 
27.54 
(27 .86) 
36.82 
(36.91) 
36.92 
(37.12) 
42.72 
(42.25) 
32.56 
(32.97) 
43.47 
(43.73) 
29.25 
(29.73) 
24.74 
(25.81) 
29.84 
(29.80) 
32.65 
(32.20) 
44.05 
(44.38) 
52.31 
(52.34) 
57.69 
(58.28) 
56.11 
(55.97) 
30.66 
(30.75) 
47.64 
(47.98) 
51.56 
(51.98) 

3.42 
(3.52) 
3.08 
(3.17) 
2.63 
(2.65) 
4.39 
(4.37) 
3.77 
(3.93) 
5.14 
(5.37) 
3.41 
(3.27) 
4.69 
(4.581 
2.31 
(2.30) 
3.05 
(3.40) 
5.02 
(5.01) 
5.56 
(5.34) 
3.46 
(3.13) 
2.38 
(2.22) 
1.90 
(1.79) 
3.68 
(3.75) 
5.59 
(5.90) 
2.68 
(2.45) 
3.48 
(3.67) 
5.23 
(5.35) 
4.77 
(4.81) 
6.30 
(5.82) 
3.75 
(4.00) 
6.02 
(6.12) 
1.66 
(1.87) 
4.25 
(4.33) 
3.34 
(3.48) 
5.37 
(5.16) 
7.53 
(7.45) 
4.68 
(4.56) 
5.95 
(5.87) 
8.71 
(8.42) 
3.87 
(4.01) 
6.65 
(6.90) 
7.56 
(7.70) 

3 -38 
(3 - 49 ) 
2.61 
(3.15) 
2.52 
(2.63) 
3.58 
(3 - 57) 
3.01 
(3 .21) 
2.67 
(2.77) 
2.81 
(2.67) 
2.35 
(2 -36) 
3.30 
(3.55) 
3.93 
(4.30) 
3 -28 
(3.67) 
3.29 
(3.23) 
3.67 
(3.63) 
2.59 
(2.57) 
2.06 
(2.07) 
3.59 
(3.72) 

3.79 
(3 -78) 
4.44 
(4.64) 
3.77 
(3.91) 
3.84 
(3.94) 
3.70 
(3.52) 
4.04 
(4.27) 
3.17 
(3 .40) 

2.64 
(3.34) 
3 .87 
(4.09) 
3.21 
(3 .41) 
2.96 
(3 .04) 
2 -26 
(2.35) 
2.14 
(2.27) 
1.97 
(2.25) 
3.66 
(3 .98) 
3.74 
3.99 
3.44 
(3.57) 

16.85 
(17.39) 

16.57 15.44 
(15.94) (15.67) 

12.50 
(13.09) 

17.58 16.85 
(17.69) (17.39) 

7.63 
(6.76) 
5.83 
(5.96) 
19.72 18.58 
(17.96) (17.66) 

15.95 
(16.06) 

17.23 
(17.74) 
18.47 
(18.81) 

19.10 
(19.48) 
19.01 
(19.59 1 
17.80 
(17.52) 

16.40 
(16.92) 
13.95 
(14.38) 

17.52 15.99 
(16.93) (16.65) 

5.87 
(5.94) 

19.89 
(20.17 ) 

17.20 
(17.75) 

21.54 
(21.57 ) 
34.83 
(34.51) 
12.03 
(12.97) 

34.91 
(3 5.07 ) 
31.32 
(30.93) 
13.50 
(13.92) 

18.79 
(14.38) 
12.44 
(12.66) 

28.66 
(27.50) 

15.84 
14.21) 
14.54 
15.90) 

15.95 
16.46) 
16.14 
(16.56) 
12.60 
(14.81) 

13.95 
(14.30) 
24.0 

(24.31) 
13.31 
(14.07) 

14.28 
(14.94) 
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Table 4. ‘H-NMR data of the complexes of the type L(CO),,M-Ga[(CH),NR$]R* 

837 

Compound No. L N-RI  @H2 CgHz C7Hz Ga-R2 

CP (COI 3Cr-Ga[ iCH213~~e21Cl 

[(COlgMnl2Ga[ (cH213NMe21 
I I C O )  5Mnl [ (CH213NMe21Ga- 
[Re (CO 1 51 

Cp(COl2Fe-Ga[ (CH213NMe2IH 

Cp (COI Ni -Ga I (CH2 1 3NEt2lMe 

l b  

2 b  

2b* 

3b 

3b* 

4f 

4 g  

5 c  

6f 

6 e  

6 g  

6j 

6k 

6m 

6n 

6P 

7 c  

7 6  

4.32 1.89 ( s .  3Hl 
IS, 5H) 2.35 ( s ,  3H) 
4.84 1.97 (S, 3Hl 
is, 5Hl 2.37 ( s ,  3 H )  

1.84 1.88 ( s .  3H) 
(s,  5Hl 2.36 ( s .  3H) 

(s. 5Hl 2.18 ( s ,  3H) 
1.91 1.95 (S. 3H) 
(s,  5H) 2.36 ( s .  3H) 

4.79 1.87 ( S ,  3Hl 

2.06 ( S .  6Hl 
1.99 ( S ,  6Hl 

4.24 1.90 (S, 3Hl 
( s ,  5Hl 2.36 ( s ,  3HI 

1.90 ( s ,  3Hl 
2.01 ( S ,  3Hl 
1.71 is .  3H) 
1.95 i s ,  3H) 
0.55 im. 6Hl 
2.35 (m, 4Hl 
1.71 IS.3H) 
2.11 (s.3Hl 

1.02 2.41 ( s ,  381 
(d, 9Hl 1.97 ( S ,  3H) 
1.01 0.61 (m. 3Hl 
(d, 9Hl 0.73 (m. 3Hl 

3.02 (m. 1Hl 
2.50 (m, 2Hl 

7.53 2.36 ( S ,  3Hl 
6.95 2.07 ( s ,  3Hl 
(m. 15Hl 
7.70 2.21 i s .  3Hl 

(m. 15Hl 
7.02 2.12 ( S ,  3Hl 

5.22 0.65 I t .  3Hl 
is, 5Hl 1.11 lq. 2Hl 
5.88 0.58 [t, 3Hl 
is, 5H) 0.80 iq, 2Hl 

0.99 1.57 1.84 
1.19 1.71 2.13 
0.91 1.55 1.89 
1.10 1.71 2.11 
0.87 1.59 1.78 
1.04 1.76 2.23 
0.87 1.72 1.87 
1.09 1.79 2.18 
1.03 1.64 1.76 
1.11 1.74 1.95 
1.46 1.65 2.03 
1.50 1.65 1.96 

0.85 1.28 1.86 
1.07 1 . 3 5  2.15 
0 . 8 8  1.47 1.76 
0.93 1.57 1.98 

[*I 

0.87 1.38 1.92 
1.04 1.69 2.22 
0.94 1.23 1.76 
1.10 1.40 1.91 
1.16 1.50 1.85 
1.21 1.70 2.35 
1.06 1.01 2.01 
1.20 1.93 2.05 

1.09 1.46 1.76 
1.19 1.61 2.24 

1.07 1.71 1.98 
1.23 1.84 2.05 

0.66 1.60 2.10 
0.79 2.08 2.46 
0.64 1.61 2.11 
0.93 1.65 2.38 

6.04 ( s ,  br. 1HI 

5.65 ( s ,  br. 1Hl 

1.08 ( s .  9Hl 

[ * I  
1.26 ( s ,  9Hl 

1.47 ( s ,  9Hl 

1.46 ( 5 .  9Hl 

1.19 I s .  9Hl 

0.25 ( s .  3Hl 

[*I The explicit assignment is omitted because of extensive overlapping of broadened signals. 

distortions of the C-C and C-N bond geometries in the 
case of freely refined atomic positions. The structural fea- 
tures of this part of 6t however are very similar to the 
known structures of closely related systems[’fl. For this rea- 
son restrictions to fix the geometry were not applied to the 
structure solution of 6t. The principal geometric param- 
eters of 6t, e.g. the entries of Table 8, proved to be not 
significantly affected by the disorder of the chelate ring. The 
same holds for compound 6s. A very detailed analysis of 
the structural properties of 6s-t is thus not justified. But 
we only want to discuss the trend of the Co-Ga bond 
lengths in a series of similar compounds. The measured 
Co-Ga lengths for 6s-t are clearly reliable enough for this 
purpose. On the basis of covalent radii a o(Co-Ga) single 
bond length may be estimated to be 248 (k 5) pm. The 
cubic intermetallic phase ~-Coo.50Gao.50 (CsC1 
and the compound 6t exhibit very similar Co-Ga contacts 
of 249.4(5) and 249.5(1) pm, respectively. For the heterodi- 
nuclear particle [CoGa] a triplet ground state with 
d(Co-Ga) = 250(5) pm and a dissociation energy of 2.33 
eV (226 kJ . mol-‘) were found by ab initio calculations 
(density functional  method^)"^]. o(Co-Ga) bond lengths 

in molecular compounds can apparently vary over a wide 
range starting from 257.83(4) pm of (C0)4Co-Ga(CH2t- 
Bu),(THF)[’”l to the so far shortest contact of 237.8(1) pm 
of (PPh3)(C0)3Co-Ga[(CH2)3NEt2](C1) (6s). Table 1 
shows, that the coordination number exerts only a minor 
effect on the M-Ga bond lengths. The type of substituents 
at both metal centers is the more important factor. It 
should be mentioned that the W-Ga distance of 271 pm 
for Cp(C0)3W-Ga(CH3)2 is significantly larger than the 
sum of the covalent radii, although the gallium is only 
three-fold coordinated. The shortening of the Co-Ga bond 
lengths of 6s-t compared to (CO)4Co-Ga(CH2t- 
Bu)~(THF) cannot be caused by steric factors alone. This is 
indicated by the significant difference of 10 pm of the 
Co-Ga bonds of 6s and 6t, since the steric requirements 
of a methyl and chlorine substituent are not very differ- 
entL3O1. Given that short bonds may indicate stronger bonds 
in structurally similar systems, one may conclude that the 
Co-Ga dissociation energy of 6s-t should be somewhat 
higher compared to (CO),Co-GaR,(Do). This is also indi- 
cated by significant amounts of the molecular ion in the EI- 
mass spectra of 6j-n and the diminished tendency of 6k-n 
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Table 5. l3C{'H}-NMR data of the complexes of the type L(CO),M-Ga[(CH2),NR:]R2 

Compound NO. L N - ~ 1  CaHZ CPH2 C%l2 Ga-+ co 
Cp(COI3Cr-Ga[ ICH2)3NMeZlCl lb 

CP (COI 3Mo-Ga I (CH2) 3NMe2IC1 2b 

CP* ICOI 3Mo-Ga [ (CH213NMe2ICl 2b4 

CP (CO) 3W-Ga[ (CH2)3NMe2lC1 3b 

Cp(CO)2Fe- 5 e  

Gal (CH213NMe2.1 (O~BU) 
lCO)4Co-Gal (CH2)3NMe21 IH) 6 f  

(COl4Co-Ga[ lCH213NEt21 tBu 6g 

(PCy31 (COI3co- 6 9  
Gal (CH213NEt21 (Me) 

(PEt31 (C0)jCo- 6r 
GaIlCH213NEt21 ( ~ e )  

86.7 
(CsH51 

90.3 
(CsH51 

102.5 
10.9 
ICgMe51 
88.5 
ICgHgI 

81.7 
(C5H5) 

81.5 
(C5H51 

19.5 
I PCH3 I 
19.4 
I PCH3 1 
134.3 
132.7 
130.7 
129.2 
(KgH5) 

37.6 
30.4 
28.3 
26.9 
( E 6 H l l )  

21.9 
8.1 
(PCzH5) 

89.0 

48.5 
44.8 

44.9 
48.5 

45.6 
48.8 

45.0 
47.0 

48.7 

47.6 
48.8 
46.7 

45.8 
46.5 
48.0 
46.2 
8.5 44.9 
8.3 44.3. 
47.2 
43.9 
9.3 44.9 
7.5 43.1 
47.7 
47.5 

46.0 (brl 
8.7 Ibr) 

45.9 (brl 
8.6 Ibr) 

9.3 45.0 
10.5 47.9 

19.6 23.3 63.8 

19.9 23.7 64.0 

17.9 23.9 63.9 

20.0 24.0 64.5 

22.1 23.5 63.0 

22.2 
14.9 

16.9 

14.8 

14.6 

17.6 

14.6 

13.5 

15.8 

16.1 

15.5 

22.9 
24.8 

23.3 

23.8 

22.6 

22.8 

23.4 

23.7 

23.6 

23.5 

23.3 

63.1 
64.2 

62.7 

65.6 

56.4 

61.5 

55.9 

64.5 

58.3 

58.0 

57.6 

236.0 (cis) 
237.7 (cis) 
239.9 (trans). 
227.7 (cis) 
228.8 (cis1 
230.5 (trans) 
221.6 (cis) 
222.3 (cis) 
223.8 (trans) 
218.2 (cis1 
218.8 (cis) 
219.4 (trans) 
not observed 

not observed 
219.7 (cis1 
219.3 (cis) 
218.9 (trans1 

34.5 ICGH3) 217.7 
69.5 ICMe31 218.9 

203.5 

30.7 K ~ e 3 i  204.4 
31.5 (C.CH31 

202.9 (dl 
[2JIP,C) = 16 Hzl 

32.2 (CMe31 206.6 (dl 
29.6 (CCH3) [zJ(P,Cl = 15 Hz1 
31.5 (€Me31 206.0 (d .  brl 
28.5 (CCH31 [kTlP,Cl = 14 Hz1 

207.0 (d .  brl 2.3 
(d. GaCH3) [?l(P,Cl = 16 Hz] 
['J(P,CI = 
5.3 Hz] 

207.2 (d ,  brl 2.4 
id, GaCHj) [%(P,Cl = 16 Hz] 
PJ(P,CI = 

5 -1 
3.1 194.0 

Table 6. IH-NMR and 13C{'H}-NMR data of the complexes of the type L(CO),M-GaCl,(Do) 

1 H - M  13C-NM6 

Compound No. L N-CH3 L N-CH3 

CP ICO) 3Cr-GaC12 "Me3 1 

CP (CO) 3Mo-GaC12 (NMe3) 

Cp(CO)3W-GaC12 (NMe3) 
(CO)sMn-GaC12 (me31 
CpIC012Fe-GaC12(NMejl 
Cp(CO12Fe-Ga(OfBul~ 

(C014Co-GaC12 (me31 
(PMe3) (COl~Co-GaC1~INMejl 
Cp(C0INi-GaC12 (NMe3) 

l a  

211 

3 8  

4 8  

5 a  

5.3 

6 8  

61. 

7 a  

4.39 ( s .  5H) 

4.81 I S ,  5Hl 

4.78 I s .  5Hl 

4.93 ( s ,  5Hl 
5.13 I S ,  5Hl 

0.93 ( S ,  9H) 
5.95 I S .  5Hl 

2.11 ( S ,  9H) 

2.12 ( s ,  9H) 

2.12 ( s ,  9Hl 
2.00 I s .  9H) 
2.69 ( s ,  9Hl 
Gd-OCBu: 

1.41 ( 5 ,  9HI 
1 - 1 5  (S. 9Hl 

2.05 (S, 5Hl 
2.28 ( S ,  9H) 

07.7 

91.0 

89.6 

83.5 
53.5 

19.1 
85.5 

48.8 

48.4 

48.5 
46.8 
48.3 
OtBu:  

4 3 . 4  

44.0 
80.6 
85.0 
47.8 
47.7 
49.1 

co 

239.9 (trans) 
236.3 (cis1 
231.0 (trans] 
227.5 (cis1 
219.6 (br) 
la) 

215.6 
227.5 (trans) 
226.1 (cis) 

la]  

zoo. a 
197.1 2.45 (S, 5Hl 

La] The signal was not observed at room temperature. 
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Table 7. 'H-NMR and '3C{'H}-NMR data of the compounds of the type (CO),,M-GaR2(Do) 

IH-NMR I3C-NMR 

Ga-A CO Compound NO. DO Ga -R Do 

(COi5Mr-GaH2iNMe3) 4 b  1.92 ( s ,  9H) 5.49 ( s ,  br, 2Hl 49.3 219.8 [ a ]  

(COi5Mr-GaEt2(NMe3) 4 c  1.68 (5, 9H. br) 0.82 (d, br, 4H) 47.9 11.4 not 
1.37 (t. 6H) 10.0 observed 

24.6 9.3 observed 
( C O ) S M ~ - G ~ E ~ Z ( C ~ H ~ ~ N )  4d 2.53 (t. 6H. br) 0.87 ( q ,  4Hl 47.5 11.5 not 

1.43 (t, 6H) 0.87 id. 6HI 
1.11 (rn, 1H. br) 19.6 

(CO)4Co-GaH2(NMe3) 6b 1.92 ( s ,  9H1 5.36 ( s ,  br. 2H) 49.4 not 
observed 

(CO)gco-GaEt2(NMe3) 6 c  1.74 ( s ,  9H) 0.79 14, 4H) 48.9 11.3 
1.34 it, 6H) 10.8 observed 

[ (CO) 4Col2GaH (THF) 6h 3.55 (in. 4H) 6.23 ( s ,  br, 1Hl 
1.03 (m. 4H) 

['I [D,]Toluene, -80°C. 

and 6s-t to dissociate in polar solvents. These effects can 
be rationalized as follows. A strong o-donor ligand trans to 
the gallium acceptor increases the o-electron density at the 
cobalt center. The HOMO of a C3,-symmetric d'O- 
L(CO)3Co(-) fragment is mainly a metal d$type function 
and antibonding with respect to the o(L-Co) bond["]. A 
strong o-donor pushes the HOMO of the metal fragment to 
higher energies. Electron withdrawing groups, e.g. halogen 
substituents, at the gallium center lower the energy of the 
LUMO of the Ga(+) moiety. Both effects favor the M-Ga 
bond formatioil by improving the energy match of the im- 
portant interacting o-orbitals. Comparably low-lying 
o*(Ga-C1)-acceptor orbitals may be also involved in this 
respect as will be discussed later. The variation of the ac- 
ceptor strength of GaR2(Do)-moieties (R = H, C1, alkyl) in 
(CO)&!o complexes can also be deduced from the v(C0)- 
IR absorptions as discussed above for Fe-Ga compounds. 
The values of the A, absorptions of the compounds (CO),- 
Co-GaR2(NMe3) range from 2093 cm-' for R = C1 over 
2083 cm-' (R = H) to 2064 cm-' (R = alkyl). The Lewis 
base Do at the gallium atom has only little influence. The 
series of phosphane derivatives behave similarly (Table 2). 
From this discussion it may be concluded, that the 
o(Co-Ga) bond in (Me3P)(C0)3Co-GaC12(NMe3) (6i) 
could be even shorther than in 6s. The structural charac- 
terization of 6i is currently in progress. 

Molecular Structure of Cp(CO)2Fe-GaC12(NMe3) (Sa) 

Power et al. studied the Fe-Ga bonding properties of 
Cp(CO),Fe-GatBu2, d(Fe-Ga) = 241.3 pm, which is one 
of the very few moderately stable diorganogallium tran- 
sition metal compounds with a low-coordinated gallium 
center. However, Fe-Ga multiple bond effects were judged 
to be very small. The o(Fe-Ga) bond lengths typically 
range around 245 pm (Table 1). From the study of the 
Co-Ga complexes 6s-t we deduced, that the o(Fe-Ga) 
bond length in 5a should be shorter than that in com- 
pounds such as Cp(CO)2Fe-GatBu2. The results of a sin- 
gle-crystal X-ray structural analysis of 5a, showing a short 
Fe-Ga contact of 236.18(3) pm, are in full agreement with 

Figure 2. Molecular structure of (PPh3)(CO),Co-Ga[(CH2),- 
NEt,](Cl) (6s) in the crystal (SCHAKAL diagram [44])["1 

u 7  

C b  

07 

C i  

C b  

la] Selected bond lengths [pm] and angles ["I: Co-Ga 237.78(4); 
Ga-Cl 217.6(1); Ga-N 217.2(3); Ga-C4 201.8(2); Co-CI 

01-Cl: 114.513); 02-C2 114.2(3): 03-C3 115.1{4); Ga-Co-P 
176.0(3); C O - C ~  177.2(3); c o - c 3  175.6(3); CO-P 220.011); 

175.6(1); Ga-Co-C1 84.4(1); Ga-Co-C2 83.5(1); Ga-Co-C3 
83.7(1); Co-Ga-CI; 114.50(3); Co-Ga-N 116.93(6); Co- 
Ga-C4 120.20(7); Cl-Ga-N 103.22(7); Cl-Ga-C4 101.06(9); 

N-Ga-C4 98.0(1). 

this assumption. These findings agree with the known fact, 
that transition metal main-group metal bond lengths are 
very sensitive to variations of the group electronegativity of 
the metal fragments. The molecular structure of 5a is shown 
in Figure 4. The sum of the covalent radii of Ga (125 pm) 
and Fe (126 pm) amounts to roughly 250 pm. The dative 
Ga-N bond of 209 pm is rather short compared with other 
alkylgallium compounds, e.g. in Me3Ga- NMe3 with 220(3) 
pmL3'1 or in 1 -galla-S-azabicyclo[3.3.3]undecane with 
209.5(2) pm[331, which reflects the enhanced acceptor 
strength of the GaCI2 unit compared with the dialkylgal- 
lium moieties. The angles OC-Fe-Ga show a weak ten- 
dency. Complexes with long Fe-Ga bonds and a rather 
pronounced negative charge of the carbonyl substituents 
(TR) exhibit the smallest angles close to SO"['q. The com- 
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pound 5a with the so far shortest Fe-Ga bond shows the 
largest angle of 92”. This variation of the OC-Fe-Ga 
angles probably reflects the variation of the negative charg- 
ing of the Cp(CO)2Fe fragment similar to some Fe-In and 
Ni-In congener~[’~1. Terminal Ga- CI bond lengths of 
four-fold coordinated gallium compounds typically range 
around 216 (k 5) pm (see the Cambridge Structural Data- 
base, e.g. Me3PGaC13, Ga-Cl: 217.4(4) pm1351). The aver- 
aged Ga-Cl bond length of 5a around 225 pm is thus com- 
paratively long. This effect may be interpreted as a struc- 
tural manifestation of some Fe(d,)-+o*(Ga-Cl) back do- 
nation. Similar effects have been thoroughly discussed for 
the L,M-+PX3 n-acidic back-bonding (X = F, H, alkyl)[’61. 
Figure 3a. Molecular structure of (PPh3)(C0)3Co-Ga (CH,),- 

NEt,](CH,) (6t) in the crystal (SCHAKAL diagrain k4][a1 

[a] Selected bond lengths [pm] and angles [“I: Col-Gal 249.5(1); 
Gal-C4 195.5(7); Gal-C5 197.1(7); Gal-NI 215.2(6); Col-C1 

01-C1; 113.8(8); 02-C2 114.1(7); 03-C3 115.2(8); Gal-  
Col-PI 170.8(1); Gal-Col-C1 86.1(2); Gal-Col-C2 87.8(2); 
Gal-Col-C3 75.8(2); Col-Gal-C5 113.4(2); Col-Gal-N1 
117.6(2); Col-Ga-C4 112.9(3); C5-Gal-N1 88.9(3); 

C4-Gal-C5 118.4(4); Nl-Gal-C4 103.4(3). 

175.6(7); COl-C2 173.9(7); c0l-C3 174.2(7); Col-P1 218.8(2); 

Figure 4. Molecular structure of (q5-C5HS)(C0),Fe-GaCI2- 
[N(CH3),] (5a) in the crystal (PLATON diagram[43], thermal ellip- 

soids are drawn at a 50% level)[a] 

Id] Selected bond lengths [pm] and angles [“I: Fel-Gal 236.18(3); 
Gal-CI1 225.13(4); Gal-C12 224.01(4); Gal-Nl  208.9(1); 
Fel-Cl 175.7(2); Fel-C2 174.9(2); 01-C1; 114.8(2); 02-C2 
115.1(2); Fel-Gal-N1 119.25(4); Fel-Gal-C11 116.77(1); Fel 
-Gal-C12 118.72(1); Nl-Gal-Cll 97.04(4); NI-Gal-C12 
97.39(4); C11-Gal-C12 103.82(2); Gal-Fel-C1 85.32(5); Gal-  

Fel-C2 92.06(5); CI-Fel-C2 92.38(7). 

as single-source precursors for low-pressure MOCVD of in- 
termetallic films. A study of the relationship between mol- 
ecular structure of the precursor and thin film properties 
was recently presented for Fe/GaL8] and Mr~/Ga[*~l films. In 
this paper we briefly describe the deposition of CoGa films. 
Figure 4 shows an AUGER spectra of the purest P-CoGa 
film grown from a single source to date. The 1 : 1 stoichi- 
ometry of the precursor 6c is perfectly retained in the thin 
film above 300°C substrate temp. (as confirmed by SEM- 
EDX and also by AAS after dissolution of the films in di- 
luted nitric acid). Neither chelating alkyl ligands and hy- 
dride substituents at the gallium nor trans phosphane sub- 
stitution at the cobalt center (@, &, 6f, (jg, 6m) could ,m- 
Prove the thin-fi1m quality Or the stoichiometry 
Halogen substituents (6a, 6i, 6k) which enhance the chemi- 
cal stability of the precursor to some extent as discussed 
above, are however undesired, since they tend to end up as 
serious impurities in the films. It thus appears from our 
studies that as far as organometallic single molecule sources 
are concerned, compound 6c is the best choice at present 
to deposit pure CoGa thin films. 

The financial support of this work by the Deutsche Forschungsge- 
meinschajt (Fi-50212-1, 2-2; habilitation stipend for R. A. F.) and 
by the “Friedrich-Schiedel Foundation” is gratefully acknowledged. 
The authors also wish to thank Prof. W A Herrmann for gen- 
erous support. 

Figure 3b. Resolved disorder of the metallacyclic structure element 
of compound (PPh,)(CO),Co-Ga[(CH2),NEt2](CH3) (6t) in the 
crystal (SCHAKAL diagram; the cobalt fragment has been omitted 

for clarity) 

c5 

c 4  

f 1 3  Experimental 
All manipulations were undertaken by use of standard Schlenk, 

high-vacuum line and glove-box techniques under inert gas (pun- 
fied argon). However, a modified special reaction was very 
advantageous to minimize undesired hydrolysis of the extremely 
air-sensitive compounds: The two arms (t = 25 cm, 0 = 45 mm) 

D. MOCVD 

A selection of compounds exhibiting various metal com- 
binations and stoichiometries were tested for their potential 
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Table 8. Characteristic mass-spectrometric data of selected complexes 

No. 

la 
aa 

3a 
lb 
3b 

__ 

4 a  

5a 
6a 
6c 

6j 
6k 
6m 
6x1 

6 q  
i a  

Type characteristic fragments: m/z (re1 int %) lasstsnmentl 

CI 342 115) iM+ - NMe31; 152 (100) ICpcrCl+l 
CI 330 (2) [Mi - 2CO - NMe31; 200 11001 [C12GaNMe3+1 
CI 342 (151 [MI - C1 - NMe3l; 58 (1001 [H2CNMe2+1 
CI 353 I121 [M'I; 58 1100) [H2CNMe2+1 
CI 525 I11 LM+l; 190 (100) [C1Ga~lCH~l~NMe~l+l 
CI 462 (701 [(M + CIHBI+ - Etl; 112 (1001 [C7HiaNHil 
CI 250 (41 [M+ - 2co - me,]; 58 1100) [HzCNMQ+I 
CI 343 (1) [MI - col; 200 (100) [Cl~GaNMe3*1 
EI' 357 ( 5 )  LHtl; 128 (301 ICoGarI; 127 1100) IGaEtz'I 
CI 333 (1001 [M' - COl; 247 (31 IW - I(CH~I3NMe211 
EI 381 I 8 1  LMt - COl; 353 I131 [MI - 2COl; 325 (10) [M+ - 3'331 
EI 402 (10) [MI - tB~l; 240 (1001 [(tBuu)Ga((CHzl,NEt2)+l 
EI 568 I31 [(M+H)+ - COl; 561 121 [lM+Hl+ - C11 
EI 621 (11 [M*I; 280 (81  [PCYp'l; 198 (100) [(MelGa((CH2)3N%)+l 
CI 304 (41 IM+ - CO - Me]; 198 (1001 [~MelGallCH2l~NEt~)+I 

CI: Chemical ionization with isobutane (C4HLO). - EI: Electron impact ionization, 70 eV. - [*I EI, 50 eV. 

Table 9. Crystallographic and data collection parameters 

6 6  6t 5 a  

C Z ~ H I ~ C ~ C O G ~ N O ~ P  C Z ~ H ~ ~ C O G ~ N O ~ P  CloH14Cl2FeGaNO2 formula 
fw 624.6 604.2 316.7 
space group pi (NO. 21 P21/c (NO. 14) P21h (NO. 141 
T. 'C -20+1 +25il -80fl 
a. pm 927.1(21 987.6121 918.1 I11 

c. pm 1416.1(4) 2442 (1) 1282.0 (11 
a. deg 85.12121 

b. pm 1147.0(31 1239.0 (2) 1214.3 (1) 

8. deg 85.23121 54.10(3) 106.27 (11 
7. deg 75.21(2) 
v,106 pm3 1447 2981 1372 
z 2 4 4 
pcalc g m3 1.433 1 . 3 4  1.824 
p (MoGI, cm-' 16.7 15.4 34.0 
transm. range, % 83.59 - 99.55 52.8-99.9 
no. of reflns 5424 5618 2686 
no. of obs. reflns 4650 4062 2266 
no. of reflns used 4114 3300 2207 
with I > ~ . o * ~ ( I I  I >I.~*~(II I >~.o*~(II 

R [ L l  0.066 0.063 0.019 
RJb] 0.059 0.056 0.020 

84.94-99.87 

Figure 5. AUGER-electron survey spectrum of a typical thin CoGa 
film grown from precursor (C0)4Co-GaEt2(NMe3) (6c) using a 
horizontal hot wall tube reactor at 350°C and 1 Pa in the absence 
of carrier gases; the level of impurities (C, N, 0) is close to the 

detection limit of the method (0.5- 1 atom-%) 

200 400 660 800 1000 1200 

Kinetic Energy, eV 

of the vessel are attached to each other at an angle of 120" and 
separated by a D3 glass frit. The first part is equipped with two 
ground glass joints, to which two side arm dumpers are attached. 
A 50-ml round bottom flask is mounted to the the second part of 
the vessel in the same manner. The whole reaction vessel is pivoted 
(270") connected to a greaseless high-vacuum line (base pressure < 

Torr)13*]. Solvents were dried under argon according to stand- 
ard methods; n-pentane and toluene were stored over Na/K alloy, 
diethyl ether and THF over potassium benzophenoate (residual 
water < 1 ppm, Karl-Fischer). - Infrared spectra were recorded as 
thin films (dry nujol mull) or solutions between carefully dried 
CaFz plates with a Perkin Elmer 1600 FT-IR instrument (sample 
preparation in the glove box). - JEOL JNM-GX400 and JNM- 
GX270 spectrometer were used for NMR spectroscopy. 'H- and 
13C-NMR spectra were referenced to internal solvent and corrected 
to TMS. )'P-NMR spectra: 80% aqueous H3P04 (external stand- 
ard). All samples for NMR spectra were placed in high-vacuum 
sealed NMR tubes, using carefully dried deuterated solvents. - 
Mass spectra were recorded with a Varian MAT 3 11-A instrument 
(EI spectra) and with a Varian MAT FS-90 instrument (CI and FI 
spectra). - Melting points were determined in sealed capillaries 
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and are not corrected. Abbreviations are as follows: Me = CH,, 
Et = C2H5, Ph = C6H5, iBu = isobutyl, tBu = tert-butyl, Np = 
neopentyl. - Elemental analysis were provided by the Microana- 
lytic Laboratory of the Technical University at Munich. - The 
numbering Scheme of the compounds is given in Table 2. The start- 
ing gallium compounds were synthesized according to literature 
procedures. The analytical and spectroscopic data of the new com- 
pounds are compiled in Tables 2-9. 

1 )  General Procedures for the Synthesis of the Organogallio Tran- 
sition Metal Carbonylate Complexes (CO),,M-GaR,(Do) (8a-e, 
1Oa-c; M = Mn, Co; R = H, alkyl, halide; Do = THF, NMe,, 
quinuclidine): The syntheses were conducted in the special reaction 
vessel described above, which was connected to a high-vacuum line 
with a base pressure S 0.1 Pa Torr). To a suspension of the 
solvent free, finely ground transition metal carbonylate K[M(CO),] 
(typically 1-5 mmol) in 50 ml of n-pentane an equimolar amount 
of the respective alkylgallium halide was slowly added at -78°C. 
After warming up to room temp. and stirring for 1 h the mixture 
was filtrated and the white residue obtained was extracted several 
times with n-pentane by recondensing the solvent into the first arm 
of the reaction vessel. The combined extracts were concentrated. 
Upon slow cooling to -30°C the complexes separated as almost 
colorless, analytically pure well-shaped large crystals. Typical yields 
range between 80 and 95% of the theory. The compounds sublime 
around 40-80°C (ca. 1 Pa dyn. vacuum). 

2) General Procedure jbr the Synthesis of the Transition Metal 
Gallium Complexes of the Formulas L(CO),,M-GaC12(Do) (5a, 
6a, 7a, 8a, 10k, l l a :  M = Cr, Mo, W, Fe, Co, Ni; L = CO, PMe,, 
qs-CsH5; Do = NMe3, quinuclidin, THF) and L(CO),M-Gu- 
((CH2)3NMe2]Cl (Sb, 6b, 7b, 9d, l l c ;  M = Cr, Mo, W, Fe, Ni; 
L = CO, PMe3, qs-CsHS): To a solution of K[L(CO),M] in 50 ml 
of THF (typically 5 mmol; c = 1 molll) an equimolar amount of 
the respective gallium halide CI,Ga(Do) or CI2,R,Ga- 
[(CH,),NMe,] was slowly added at -78°C. The reaction mixture 
was allowed to warm up to room temp. within 1 h. After stirring 
for 2 h the reaction mixture was filtered and the solvent removed 
in vacuo. The obtained residue was extracted several times with 
portions of 25-50 ml of methylene chloride or toluene. The com- 
bined and filtrated extracts were then concentrated and the prod- 
ucts crystallized upon slow cooling to -30 “C within several days. 
Typical yields range between 85 and 95%). 

3) trans- Tricarbonyl {chloro-(3- (dimethylamino)propyl]gallio}- 
(trimethylphosphane) cobalt (6k) and trans- {tert-Butyl-(3- (di- 
ethylamino)propyljgullio} tricurbonyl ( trimethylphosphane) cobalt 
(6m): 0.33 g (1.27 mmol) of [(Me,P)(CO),Co]K was treated with 
0.287 g ( I  .266 mmol) of C12Ga[(CH2),NMe2] as described above. 
Crystallization from diethyl etherln-pentane mixtures yielded 0.33 
g (63.5%) of 6k. Compound 6m was synthesized similarly. - 6m: 
31P NMR (161.9 MHz, [Ds]toluene, -85OC): 6 = 12.8 (s, COP). 

4 )  trans- Tricarbonyl{[3- (diethylamino)propyl]methylgallio j (tri- 
cyclohexylphosphane)cobalt (6q) and related derivatives 6n, 6r-t: 
370 mg (1.0 mmol) of (CO),CO-G~[(CH,)~NE~,](M~) and 300 mg 
(1.1 mmol) of tricyclohexylphosphane were dissolved in 5 ml of 
toluene. The reaction vessel (e.g. a Schlenk tube of the dimensions 
15 by 2.5 cm) was sealed in vacuo after freezing of the solution to 
-196°C. The mixture was subsequently heated to 80°C for I h. 
After cooling to room temp. all volatile components were removed 
in vacuo. The obtained orange-yellow oily residue was washed 
twice with 2.5 ml of n-pentane at 0°C. The product was crystallized 
from 5 ml of a tolueneln-pentane mixture at -3OOC during several 
days. Yield: 520 mg (85%) of 6q as small, pale yellow analytically 
pure crystals. The compounds 6n and 6r-t were synthesized anal- 

ogously. - 6n: 31P NMR (161.9 MHz, [D8]toluene, 8OOC): 6 = 
61.7. - 6q: ”P NMR (161.9 MHz, [D&oluene, 25°C): 6 = 70.1. 

5 )  trans- Jtert-Butyl-(3-(dimethylamino)propyl]gallio}tricarb- 
onyl(triphenylphosphane)cobalt (6p). - General Procedure for the 
Alkylation of Residual Chloride Functions in Compounds of the Type 
L(CO).M-GaClR(Do1: 850 mg (1.43 mmol) of 6n was dissolved 
in 50 ml of toluene and the solution was subsequently treated with 
a solution of tert-butyllithium (90 mg, 1.43 mmol) in 20 ml of tolu- 
ene at -78°C. The stirred mixture was allowed to warm up to 
room temp. within 12 h. After filtration and removal of the solvent 
from the filtrate by vacuum distillation at room temp. the residue 
was dissolved into 10 ml of diethyl ether. To this solution a small 
amount of n-pentane was added until the mixture became cloudy. 
Crystallization at -30°C yielded 640 mg (72%) of 6p. - ?‘P NMR 
(161.9 MHz, [D,]toluene, 25°C): 6 = 62.2. 

Single-Crystal Structure Analysis of Sa and 6s-t: Suitable crys- 
tals of 5a and 6s-t were selected and transferred to Lindemann 
capillaries, which were subsequently sealed under argon and 
mounted to an automatic four-circle diffractometer (CAD4 Enraf- 
Nonius; graphite monochromated Mo-K, radiation: h = 0.71073 
A). The crystallographic and data collection parameters are sum- 
marized in Table 9. The lattice parameters were refined on the basis 
of 25 reflections at high diffraction angles. The cell parameters were 
checked with the cell reduction programs “TRACER” and “LEP- 
AGE”. The intensities were collected by the o-scan mode. The 
intensity of the reflections and the orientation of the crystal during 
the measurement were routinely checked. In the case of 6t intensity 
correction due to some intensity variations of the control reflec- 
tions was performed. After LP correction (6s-t, 5a), empirical ab- 
sorption correction on the basis of Y-scan data with the program 
“EAC” (654, 5a) and averaging of the remaining reflections were 
used for the structure solution and refinement. The structure solu- 
tion was performed with Patterson meth0ds1~~1 and subsequent dif- 
ference Fourier techniques[4n]. For 6s the structure was solved by 
using direct methods[39]. Atomic form factors for neutral 
and anomal dispersion were considered[42]. All 14 hydrogen atom 
positions of 5a were obtained from difference Fourier syntheses 
and were refined freely. For 6s-t the hydrogen atom positions were 
placed in ideal geometry with collective isotropic thermal param- 
eters and included into the structure factor calculations, but not 
refined. The five-membered heterocyclic chelate ring of 6s-t is dis- 
ordered. For 6s the disorder was not resolved. For 6t the disorder 
was resolved as discussed in the main text. Further details of the 
crystal structure investigations are available from the Fachinforma- 
tionszentrum Karlsruhe, Gesellschaft fur wissenschaftlich-techni- 
sche Information mbH, D-76344 Eggenstein-Leopoldshafen (Ger- 
many), on quoting the depository numbers CSD-56977 (6s) and 
CSD-59007 (5a, 6t), the names of the authors and the journal ci- 
tation. 

* Dedicated to Prof. Hubert Sclunidbaur on the occasion of his 
60th birthday. 
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