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The hydrolysis of the cation (CH8)2Ga(OH2)2+ has been studied in a 0.3 M (Na)C104 medium a t  25" by potentiometric 
measurements using glass electrodes. The only hydrolysis products observed up to pH ca. 7 were the mononuclear species 
(CH3)iGaOH and the dimer [(CH&GaOH]z. The formation constants are log *p11 = -5.45 Z!C 0.01 and log * ~ Z Z  = -8.33 
=t 0.01. Consequently, the constant for the dimerization process 2(CHa)2GaOH = (CHg)2Ga(OH)iGa(CHs)z is log Kd = 
2.57 rt 0.02. It is likely that the structure of the dimer is similar to that of [(CHa)2GaCl]i and to trimethylsiloxydimethyl- 
gallium(II1) which is dimeric. The tetrameric hydroxide which is the solid product obtained by hydrolysis of (CH3)3Ga, 
O(C2Ho)z is not present in aqueous solution in significant concentrations. 

Introduction 
Recently, we have examined the hydrolysis of the 

square-planar organo(transition metal) cation cis- 
( C H ~ ) ~ A U ( O H ~ ) ~ + . ~  Although the main solid product 
isolated after reaction of (CH3)zA~111 and OH- in 
aqueous solution contains tetrameric [ (CH&AuOH]46 
which crystallizes in the orthorhombic system (space 
group Pbca), no significant concentration of the tetra- 
meric molecule is present in solution. Only the dimer 
[ (CH3)zAuOH]2 is a significant solute species. 

The hydrolysis of the trimethylgallium diethyl ether- 
ate gives, upon isolation of the product from solution, 
tetrameric [(CH&GaOH]4.6" This compound crystal- 
lizes in the monoclinic system (space group P 2 1 / ~ ) . ~  
The structures of these two hydroxides [ (CH3)zAuOH]4 
and [(CH&GaOH]h have been discussed in a recent 
paper. 9 

The cation (CH&Ga(OHz)z+ is stable in aqueous 
solution and has essentially a tetrahedral structure. 
Although water molecules bound in the first coor- 
dination sphere of Ga3+ exchange rather slowly (on 
the nmr scale) with the bulk solvent 
water molecules bound to (CH&Ga+ exchange much 
more rapidlyI2 because of the very polarizable methyl 
groups in the first coordination sphere of Ga(II1). The 
methyl groups also lead to a decrease in the coordina- 
tion number of Ga(II1) from 6 to 4 in the dimethyl 
derivatives. 

Experimental Section 
Solutions.-Dimethylgallium(II1) perchlorate solutions were 
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[(CH3)2Ga"'] = B mM 
glass ["EL+!] = (300 - [H+] - B )  m M  

[Clod-] = 300 mM 

was used for the measurements. Titrations were carried out by 
adding to acidic solutions of B m M  (CH8)nGa' equal volumec of 
NaOH solution and of an acidic solution of 2B mM (CHa)2Gaf 
in order to maintain the dimethylgallium(I1I) concentration 
constant. 

The potentials, Ei, obtained in the first part of the titration 
of an acidic solution of (CH&Ga+ where the analytical hydrogen 
ion concentration, H ,  can be taken as equal to the equilibrium 
hydrogen ion concentration, [H+], were fitted by least squares 
using the program NBAR4 to the relation E = E' -k 59.15 log 
[H+] + k[H+] to  determine the best values of the parameters 
E" and k .  The experimental values of k were negative and in the 
range 0.10-0.25 mV/mM. These data were then used to 
determine the values of [H+] a t  pH values where the aquo cation 
begins to dissociate. The output from the NBAR program is Ei = 
([H+]i - Hi)/Bi, log [H+]i, Bi, and 0%.  The errors in E ,  o E i ,  
are calculated on the basis of the estimated errors in the analytical 
concentrations, the volume measurements, and the potentials Ei 
using the law for the propagation of variance. 

The values of B range from 3 to 22 mM. 

(13) We are indebted to Mr. S. H. Sage for the preparation of this com- 
pound. 
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Figure 1.-Average number of protons transferred per (CH3)2GaIr1 as a function of -log [H+].  The solid lines are drawn using log 
0, 3.226; 0, 6.391; A, 8.391; m, 13.26; 0, 14.03; V, *pll = -5.45, log *& = -8.33. Millimolar concentration of (CH3)2Ga111: 

22.57 

Determination and Refinement of the 
Equilibrium Constants 

The data %(log [H+])B, Figure 1, describe a family 
of curves indicating that polycondensed species are 
produced by the hydrolysis. A plot of log B vs, (log 
[H+]);$ gives a family of approximately straight lines 
with slope ca. -2, and the f i  data can be normalized 
by replotting as a function of log B - 2 log [H+].lj 
This suggests that the principal product of the hy- 
drolysis is of the general type [(CH3)zGa]+ [(CH&Ga- 
(OH)z]-,. Since f i  ranges only from 0 to 1.0, the 2 :  2 
binuclear complex, f i  = 1, is strongly indicated to be 
the principal hydrolysis product. A trial value of 
the equilibrium constant *&I6 was obtained by plotting 
log (fi/’4(1 - vs. log B[H+]-2. The data fall 
on a straight line of almost unit slope and with intercept 

Since minor deviations between the observed points 
and those calculated assuming only the 2 : 2 complex 
suggested the presence of the 1: 1 complex, a value 
of * ~ I I  was estimated by plotting the quantity fi[H+]/ 
B ( l  - f i )  vs. 2B(l  - f i )  [H+]-’ which gives a straight 
line of slope *&z and intercept *pll. 

In  order to test other species, values for the equilib- 
rium constants for the 3 : 3  and 4 : 4  complexes were 

(log *& - log 2).  

(15) These procedures are discussed by F. J. C. Rossotti and H. Rossotti, 
“The Determination of Stability Constants,” McGraw-Hill Book Co., Inc., 
New York, N. Y.,  Chapter 17. 

(16) The nomenclature for the equilibrium constants employed through- 
out is that  of the Chemical Society tables, L. G. SillCn and A. E. Martell, 
“Stability Constants of Metal-Ion Complexes,” Special Publication No. 17, 
The ChemicalSociety, London, 1964. 

(17) F. J. C. Rossotti and H. Rossotti, ref 15, p 366. 

estimated from approximate solutions to the simul- 
taneous equations 

[H+]n;=a 5 = n*f?nn[(CHa)~Ga-]n-l ( 2  ) 

B = [(CH8)2Ga+1 i- n*f?,,[(CHa)2Ga’I”[H+l-”~-o~ (3)  

The trial values for the constants were adjusted 
to minimize the sum of the squares of the weighted 
residuals in Weights, w,, were set equal to l /of i t2 .  
The results are collected in Table I together with 

TABLE I 
RESULTS OF THE LEAST-SQUARES REFINEXENTS 

FOR DIFFEREST POSTULATED HYDROLYSIS PRODUCTS 
Complex compn xiwz(%i,obsd 

(metal atoms, - z i , o a l c d ) 2  

protons transferred) Log (equilibrium constants)a (NO - N,) 

(1 : l )  -5.07iO0.O06 46.9 
( 2 : 2 )  -8.08 f 0.005 14 .7  
(3:3) -10.95 i: 0.01 64.5 
(4 : 4) -13.76 ztz 0.02 112.5 
(1: l )  + ( 2 : 2 )  - 5 , 4 5 &  0.01 ,  -8.33 31 0.01 3 . 7  
( 2 : 2 )  + (1 :2)  -8.08 0,005, -13.7 i : O . l b  14.7 
(1:l) + ( 2 : 2 )  + (1:2)  3 .7  

(1:l) + (2 :2)  $- (3:3) 

-5.54 i 0.01, -8.33 i 0.01, 
15.7 i 5b 

-5 .45  & 0.01, -8.33 =k 0.01, 3 . 7  
-13.9 i 0.2‘ 

a Valid a t  25” in a 0.3 M C104- ionic medium. Standard 
errors are listed. b Does not converge; log *,BIZ + - m. 

0 Does not converge; log *pa3 -+ - m .  

the values of s2 = &zui( f i i ,obsd  - fii,ealed)2/(No - N v ) .  
Here No is the number of data sets, 240, and N,  is 
the number of parameters being adjusted. Since s2 
gives an unbiased estimate of the variance and since 
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weights were taken a t  l/aai2, s2 should be approxi- 
mately unity if the proper constants have been ob- 
tained. The large value s2 = 46.9 assuming only 
the 1 : 1 mononuclear complex is to  be expected. The 
refinements with equilibrium constants for the 3 : 3 
and 4 : 4  complexes gave even worse fits, s2 = 64.5 
and 112.5, respectively. The model involving both 
the 1 : 1 mononuclear and the 2: 2 polynuclear com- 

2 2  I /--- - 
0 5  

Figure 2.-Fraction of the (CH3)zGam present as different 
species aqP (q is the number of (CH&Gam; p is the number of 
protons transferred): top, total [ (CH&GalI1] = 14.0 mM; 
bottom, total [(CHa)2GaIr1] = 3.2 mM. 

plexes gives the best fit to the data. The incorpora- 
tion of additional species gives no improvement in 
the fit and only insignificantly small values for the 
other equilibrium constants. Consequently the data 
indicate only the formation of the 1 : 1 and 2 : 2 species 
in the solutions. The output from the last least- 
squares cycle is collected in Table 11. The distribution 
of (CH&GalI1 among the different complexes for p H  
cu. 3-7 is illustrated in Figure 2. 

Discussion 
The aquo cation is a weak acid, and one proton is 

transferred per dimethylgallium(II1) in the p H  range 
4-6. Equilibria are rapid and reversible and attained 
within the time of mixing of the reagents. The di- 
methylgallium(II1) ion is a slightly stronger acid than 
(CH3)2A~111,4 log *Pz2 = -9.79 * 0.003, but slightly 
weaker than CHsHg+, log *KII = -4.59.18 It is 
interesting that the acidity does not correlate with 
the "covalency" of the metal-oxygen bonds as indicated 
by the intensity of Raman spectra, but it does correlate 
with the bond strengths measured by the metal- 
oxygen stretching frequencies. The dimethylgold 
ion gives a well-resolved Raman line due to  Au-0 bond 
stretching a t  418 cm-' with perchlorate solutions which 
shifts to 441 cm-' for the dimethylgold(II1) anion 
present in strongly alkaline solutions. The cor- 
responding Ga-0 stretch is too low in intensity to be 
recorded for the cation, although i t  appears weakly 
with the anion in alkaline solution a t  495 cm-I. Thus 
(CH&Ga"I perturbs the bound water molecules some- 
what more than (CH&AuIII and the Ga-0 bond 
is stronger than the Au-0 bond, although the bond 
stretching vibration appears to cause a greater change 
in the molecular polarizability in the latter case, prob- 
ably because of the participation of the penultimate d 
orbitals in the bonding. 

Although the solid hydroxides isolated from the hy- 
drolysis of dimethylgallium(III) and dimethylgold(II1) 
contain tetrameric molecules, a t  least in the crystalline 
forms which have been examined by X-ray diffrac- 
tion,6,s dimers are the predominant structures in both 

(18) G. Schwarzenbach and M. Schellenberg, Helv. Chim. A d a ,  48, 28 
(1965). 
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solutions. The equilibrium constant for the dimeriza- 
tion process 2(CH&Ga(OH) (OHz) = ( C H ~ ) Z G ~ ( O H ) ~ -  
Ga(CH3)Z + 21320 is log Kd = log (*@zz/*@I~*) = 

2.57 0.02. This value is rather typical for such 
dimerization processes which generally have equilib- 
rium constants of ca. lo3  and which appear to be 
relatively insensitive to the charge on the dimerizing 
species. The corresponding value for 2(CH3)&3nOH+- 
(as) = (CH~)ZS~(OH)~S~(CH~)~~+(~~) is log Kd = 

The high stability of these binuclear (2 : 2) dimethyl- 
gold and -gallium(III) complexes in solution is sur- 
prising. If they have the di-p-hydroxo-bridged struc- 
tures I and 11, normal metal-oxygen bond lengths 

2.48 0.02.14~19 

(I) (II) 
would lead to short metal-metal distances. Indeed, 
it is on this basis that the formation of the tetrameric 
hydroxides observed in the solid state is rationalized. 
Dimethylgallium chloride, bromide, and iodide are 
all dimeric moleculesjZ0 while the fluoride has been 
found in tri-21 and tetrameric forms.?2 

Oxygen-bridged species with structures analogous 
to  that suggested for the dimeric hydroxide have been 
proposed for both trimethylsiloxydimethylgallium (111) 2 3  

and trimethylsiloxydimethylgold(III) 2 4  which are 
(19) R.  S. Tobias and M .  Yasuda, J .  Phys. Chem., 68, 1820 (1964). 
(20) G. E .  Coates, M. L. H. Green, and K. Wade, “Organometallic Com- 

(21) H. Schmidbauer, J. Weidlein, H.-F. Klein, and K. Eiglmeier, Chem. 

(22) H. Schmidbaur and H.-F. Klein, ibid. ,  101, 2278 (1968). 
( 2 3 )  H. Schmidbaur, Axgew.  Chem., ‘7’7, 169 (1965). 
(24) H. Schmidbaur and M. Bergfeld, Inovg. Chem., 5 ,  2069 (1966). 

pounds,” Vol. 1 ,3rd  ed, Methuen and Co. Ltd., London, 1967, p 355. 

Ber., 101, 2268 (1968). 

dimeric in organic solvents. In  the case of trimethyl- 
siloxydimethylaluminum(III) the presence of the four- 
membered ring has been verified by an X-ray 
structure determination. 25 With dimethylgallium hy- 
droxide, it appears that the enthalpy change for polym- 
erization-depolymerization is small, so that the par- 
ticular molecular form isolated in the solid will be 
influenced by packing considerations in the crystal. 
The absence in aqueous solution of larger polymers 
such as the tetramers is not surprising, for their solu- 
bility should be very low. 

The particular stability of the uncharged hydroxo 
complex is emphasized in both the (CHB)~G~I I I  and 
(CH3)2Au111 cases by the fact that the %(log [Hf]) 
curves approach = 1 asymptotically. Only a t  much 
higher pH values will the solid hydroxides [(CH3)2- 
AuOH], and [(CH3)2GaOH]4 dissolve to give anionic 
species. 

Coordination of two methyl groups to Ga(II1) has 
several important effects. First, it is likely that the 
coordination number for gallium changes from the 
value of 6 which is known to be the hydration number 
of Ga3+ to 4 (two CH,, two HtO). Second, the rate 
of exchange of bound and bulk mater is greatly in- 
creased by the presence of the two methyl groups. 
Finally, the acidity is greatly reduced. Solutions of 
Ga3+ are highly hydrolyzed and equilibria are attained 
only very slowly. 26 
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of the Nonachlorodirhodate(II1) Anion 
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During a general investigation of the extraction 
of the group VI11 metals as anionic complexes by 
long-chain quaternary ammonium compounds,’ the 
extraction of rhodium(II1) from an aqueous chloride 
solution was attempted. Since excess chloride ion 
was present, the anticipated extracted species was 

(1) M. L. Good and S. C. Srivastava, J .  Inorg.  Nucl .  Chem., 2’7, 2429 
(1965), and references cited therein. 

hexachlororhodate(II1) ; however the observed visible 
spectrum was unlike that reported for this species 
or any other octahedral aquochloro complex reported 
by Kleinberg and coworkers.2 In an attempt to 
identify the extracted species, several solid, short-chain 
quaternary ammonium chloride-rhodium(II1) chlo- 
ride compounds were prepared. The subsequent in- 
vestigation yielded the results reported here. 

Experimental Section 
Extraction .--Aqueous solutions of either sodium hexachloro- 

rhodate(II1) or rhodium trichloride trihydrate were extracted 
with a benzene solution of “hliquat-336.”3 The organic layer 
was separated and dried for a t  least 24 hr over silica gel. Vary- 
ing concentrations of all reagents mentioned above were used 

(2) W. C. Wolsey, C. A. Reynolds, and J. Kleinberg, Inovg.  Chem., 2, 
463 (1963). 

(3) “Aliquat-336,” subsequently referred to as A-336, is a mixture of 
long-chain, Cs-CIO, substituted quaternary ammonium chlorides consisting 
mainly of tricaprylylmonomethylammonium chloride obtained from General 
Mills. 




