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Complex formation between Ge(1V) and anions of substituted o-diphenols has been studied and stability constants are re- 
ported for 1 : 3 complexes. Correlations are established with the o-diphenol acidity constants and with the stability con- 
stants of 1 :3 Si(1V) and 1 : 1 Cu(I1) and Zn(I1) complexes. 

Introduction 
Solutions of germanium dioxide in water are those of 

an uncharged weak acid present as a mononuclear spe- 
cies, usually written Ge(OH)4.' There is no evidence 
for cationic hydroxogermanium(1V) species in acid 
media; the addition of HC104, HN03, H2S04, and HC1 
(up to 4.5 M )  merely decreases the Ge02 solubility and 
in a manner indicative of a salting-out effect.2 The 
complex chemistry of Ge(lV) in aqueous solution is 
thus limited, and similar to that of As(II1) and other 
elements which are present as hydrated oxides in acid 
media. Stable chelates are formed with polydentate 
oxygen-containing ligands and particularly with poly- 
hydroxy compounds. With HzL o-diphenols, Ge(1V) 
appears to  give largely GeL32- c ~ m p l e x e s ; ~ ~ ~  however, 
GeL2 2Hz0 compounds have been isolated5 and HGeL3- 
has also been postulated.6 The stability constants for 
Ge(1V) complexes with a series of o-diphenols have been 
determined to establish whether the correlation often 
noted for aquo metal ions between complex stability 
and ligand basicity7 holds for Ge(1V). As a preliminary 
step, the nature of the Ge(1V) complexes formed with 
the 3,5-disulfonate o-diphenol derivative was investi- 
gated. 

Experimental Section 
Materials.-Catechol (o-dihydroxybenzene) (British Drug 

Houses) was twice recrystallized from benzene; mp 105" (lit.8 
105'). 4-Chlorocatechol (Aldrich Chemical Co.) was recrystal- 
lized several times from petroleum ether (bp 60-90'); mp 86" 
(lit.9 85-86'); potentiometric titrations with sodium hydroxide 
after addition of germanium dioxide indicated a 9970 purity for 
the reagent. 4-Nitrocatechol was prepared by nitration of sali- 
cylaldehydelO and oxidation of the nitrosalicylaldehydes with 
hydrogen peroxide.ll 4-Nitrocatechol was purified from the 3- 

(1) (a) N. Ingri, Acta Chem. Scand., 17, 597 (1963); (h) the abbreviation 
GeOl is used here. 

(2) (a) G. Brauer and H. Muller, 2. Anoug. Allgem. Chem., 287, 71 (1956); 
(b) R. L. Benoit and P.  Clerc, J .  Phys.  Chem., 66, 676 (1961). 

(3) P. BCvillard, Bull. Soc. Chim. France, 296 (1954). 
(4) N. Konopik and G. Wimmer, Monatsh., 98, 1404 (1962). 
(5) P. Bbvillard, Bull. SOL. Chim. France, 304 (1954). 
(6) A. &I. Andrianov and V. A. Nazarenko, Zh. Neougan. Khim., 8, 2276 

(1963). 
(7) C. Postmus, Jr., L. B.  Magnusson, and C. A. Craig, Inoug. Chem., 6, 

1154 (1966). 
(8) A. M. Andrianov and V. A. Nazarenko. Zh. Neovgan. Khim., 8, 2281 

(1963). 
(9) Y. Murakami and M. Tokunaga, Bull. Chem. Sac. Japan,  37, 1562 

(1964). 
(10) C. C. Hach, L. M. Liggett, and H. Diehl, Iowa State Coll. J .  Sci., 21, 

316 (1947), Chem. Abslr., 42, 1240h (1948). 
111) J .  Boeseken and J. A. Mijs, Rec. Trav. Chim.. 44, 758 (1925). 

nitro and dinitro isomers by washing with hot petroleum ether 
(bp 60-90') and two crystallizations from benzene; mp 173- 
174" (lit.12 173-175'); potentiometric titrations with sodium 
hydroxide showed the reagent to be 99% pure. Sodium salts of 
catechol 3,5-disulfonate (Tiron) and 2,3-dihydroxynaphthalene 6- 
sulfonate (abbreviated DHNS) (Aldrich Chemical Co.) were re- 
crystallized three times from boiling water and dried a t  105" 
under nitrogen. Potentiometric titrations with sodium hy- 
droxide after exchange of Na+ for H +  on Dowex IRA-120 or 
after addition of an excess of germanium dioxide gave assays of 
94.5 f 0.3y0 for Tiron and 97.1 f 0.370 for DHNS. One sample 
of DHNS dried a t  150" under 1-2 torr gave by the same titra- 
tion methods 100.2 zk 0.3%, indicating 0.5 mole of water of 
crystallization in the product. The Tiron sample would simi- 
larly contain 1 mole of water. 
M were prepared from semiconductor grade Ge02 (kindly supplied 
by the Germanium Research Center) and standardized by titra- 
tion with sodium hydroxide after addition of mannitol. Other 
chemicals were reagent grade. 

Measurements.-The ligand solutions were prepared in boiled 
distilled water saturated with nitrogen and brought to pH -4 
with hydrochloric acid. They were used within 3 days, during 
which their absorbance remained constant. Spectra were ob- 
tained on a Bausch & Lomb 505 recording spectrophotometer, 
and the optical absorbances were measured with a Zeiss PMQ-11 
spectrophotometer using 0.2-10-mm quartz cells. Some runs 
were made using a flow cell hooked up by means of Tygon tubing 
to a peristaltic pump and a thermostated beaker. The composi- 
tion of the solution which was circulated was varied by addition 
of a concentrated reagent solution. The pH measurements were 
made with a Radiometer Model 4 pH meter. The pH scale was 
calibrated for hydrogen ion concentration by using dilute hydro- 
chloric acid in sodium chloride solutions of the required ionic 
strength. All experiments were made a t  25.0 zk 0.1' under a 
nitrogen atmosphere. 

Calculations. (a) Ligand Acidity Constants .-The acidity 
constants K I  and Kz of the o-diphenols H2L were evaluated from 
the effect of pH on the absorbance A .  The 103-104 ratios of K1 
to Kz make it  possible to determine each one separately. For 
example, with K B  = [H+] [L2-]/[HL-l and CL = [L2-] + [HL-I, 
the following equation is derived 

Ge(1V) stock solutions 4 X 

where 

AA = A - E H L C ~ ,  = (EL  - EHL)[L'-] = A E L [ L ~ - ]  

A plot of [H+]AA against AA should be a straight line for CL 
constant with -Ka as the slope. The wavelength was selected 
to give a maximum value for AA . The values obtained for  the 
stronger acid 4-nitrocatechol were checked by analysis of the 
neutralization curve. 

Complex Stability Constants .-Three spectrophotometric (b) 

(12) Y. Murakami, J. Nakamura, and M. Tokunaga, Bull. Chrm. Soc. 
Japan, 36, 669 (1963). 
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methods were used to determine the stability constants. The 
conditional concentration constant for a complexing reaction 
between GeOz (abbreviated M )  and HzL a t  a given pH is 

TABLE I 

AND SODIUM CHLORIDE COSCEXTRATIONS 
LOG VALUES FOR TIRON COMPLEXES AS A FUNCTIOK OF H +  

[ ML, 1 
P*n = [M] [H2LIn 

p*n is expressed as 

AA/  Aen  

(CII - AA/Ac,)(CL - Y Z A A ~ A C , ) "  P * n  = 

where 

AA = A - CH,LCL = ( € 1 1 ~ ~  - ~ C H , L )  [IILn] = A€,[ML,] 

CII and CL are the total concentrations of Ge and ligand, respec- 
tively. I n  the first method (1) used, CI~ is held constant and C ~ I  
varied so that [ML,] is negligible with respect to CAI and the 
previous equation may be rearranged as 

(AA / 'C~~)  '1" = ( P * , C L ~ A ~ ~ )  ' 1 %  - nP*n"nAen(l-n)'nAA 

p*, is calculated from the intercept and the slope of the straight 
line obtained by plotting (A.4/CAr)1'n against A A .  The second 
method (2) used to determine P o 3  for the 1 : 3 complexes was that 
of Vareille.13 When pH >2, the predominant complexing reac- 
tion is 

Ge02 + 3HzL If GeLa2- + 2Hf + 2H20 (1) 

with 

4 A  reaches a maximum value AA, for pH 5-6; this indicates that 
GeLa2- is completely formed. Then, from the absorbance, 
Aen = AA,/[GeLa2-] is obtained and introduced in the above 
equation to calculate pus for each point of the experimental curve 
giving AA against pH. Finally, with Tiron as a ligand, the 
corresponding solutions method (3) such as described by Fron- 
aeusI4 was used; the values of p*n were calculated according to 
Rossotti's procedures .I5 

Results 
Complexing with Tiron was studied first. The 

stoichiometry and equilibrium constants of the com- 
plexing reactions were established a t  0.10 M [H+] by 
the corresponding solutions method (3), then P*z was 
checked by method 1 a t  0.50 :M [H+] under conditions 
where 1 : 3  species are unimportant. The effect of 
ionic strength on P n 3  was determined by method 2 at 
pH >2, where 1 : 2  complexes are not formed. Ex- 
perimental conditions and results are summarized in 
Table I.16 

The continuous variations method gives, a t  low acid- 
ity, sharp peaks indicative of 1 : 3 species.4j16 

The spectrophotometric determihations of the o- 
diphenol acidity constants in 0.100 M KC1 gave the 
following values16 for pK1 and pK2, respectively : cate- 

(13) L. Vareiile, Bull. SOC. Chi% Fiance ,  870 (1955). 
(14) S. Fronaeus, Acta Chem. Scand., 5 ,  39 (1951). 
(15) F. J. C. Rossotti and H. Rossotti, "The Determination of Stability 

Constants," McGraw-Hill Book Co., Inc., hTew York, N.  Y., 1961, pp 82- 
112. 

(16) Material supplementary t o  this article has been deposited as Docu- 
ment No. 9443 with the  AD1 Auxiliary Publications Project, Photoduplica- 
tion Service, Library of Congress, Washington 25, D. C. A copy may be 
secured by  citing the document number and by  remitting $3.75 for photo- 
prints, or $2.00 for 35-mm microfilm. Advance payment is required. Make 
checks or money orders payable to.  Chief, Photoduplication Service, Library 
of Congress. 

XaC1, 
M pHrange  

1 .00  0.10 A4 [H'] 
0 .  BO 0.50 A4 [H'] 
0 .  110 3.3-4.0 
0.260 2.9-3.8 
0.50 2.3-4.0 
0 . 5 0  2.3-4.0 
1 .00  3.0-6.0 

CL, 
mM 

0-24.0 
2.00 
0.200 
0.200 
0 .500  
0.500 
0.500 

Cat, 
m M  

1.00-4.00 
16.2-32.4 
20.2 
20.2 
24 .5  
24.5 
0.326 

A, 
m# 
320 
305 
305 
305 
306 
265 
305 

log 
log P*3. log log 
Poa IH.'-12 13% p 4  

3 . 6  3.90 <I 
3 .88  

2.30 
3.10 
3.50 
3.60 
3.70 

chol, 9.39, 13.1 ; 4-chlorocatechol, 8.62, 12.55; 4-nitro- 
catechol, 6.77, 10.88; potentiometry led to 6.78, 10.95 
for the latter compound. 

of the complexes with 4- 
chloro- and 4-nitrocatechols and DHNS were deter- 
mined a t  low acidity for a 0.100 Af KC1 medium by 
method 2; method 1 mas also used with the 4-nitro 
derivative. Data and results are summarized in 
Table II.IG Detailed experimental data for the 4-nitro- 
catechol complex are presented in Table I11 and 
Figure 1. 

The stability constants 

T.4BLE 11 
LOG VALUES FOR 1 : 3  COMPLEXES O F  4-CHLORO- AND 

4-XITROCATECHOLS AND DHNS 
CL. CJI, x, log 

Ligand p H  range m M  n i M  mw pQ3 

4-Chlorocatechol 3.4-5.7 1.43 0.408 300 0.65 
4-Nitrocatechol 2.4-4.4 0.754 0.204 400 3.90 

2.00 0.7'10 1-16 400 3.85 
DHSS 3.6-5.4 0.295 0.0408 256 2 . 0  

TABLE I11 
DETERMINATION O F  LOG Boa VALUES FOR THE 1 :3  COMPLEX 03 

4-SITROCATECHOL B Y  METHOD 2 
PHa AA log 808  

2.00 0.017 
2.40 0.059 3 .91  
2.48 0.076 3.93 
2.59 0.082 3.78 
2.66 0.119 3.95 
2.97 0.198 3.96 
2.99 0,203 3.94 
3 .17  0.244 3.92 
3 .49  0.306 3 .86  
3 .68  0.342 3.89 
3.98 0.382 3.89 
4.37 0.415 3.88 
5.19 0.438 
5 .61  0.445 

a CL = 0.754 m M  and CII = 0.204 mM. X 400 mp, 1.00- 
mm cell. e Calculations made on the basis of AA,, = 0.435. 

Discussion 
According t o  previous results, 3--6 the predominant 

complexing reactions to consider between GeOz and o- 
diphenols are 

GeOz + 3HzL GeLa2- +2H' + 2Hz0 (1) 

(2)  

The detailed study of the Ge02-Tiron system confirms 
these views. The 1 : 2 species can only be identified at 
high acidity where the 1 : 3  complex is less formed. 

GeOz + 2HzL __ GeLz + 2H20 
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0 U S  A A s  0.4 

Figure 1.-Data used in the evaluation of log p03 for the 1:3 
CL = 0.710 mM; Caf = 1-16 mM; complex of 4-nitrocatechol: 

pH 2.00; X 400 mp, 2.00-mtn cell. 

The corresponding solutions method (3) gives p*2 = 
103.90 a t  0.1 M [H+],  and a t  0.5 M [H+] the same value, 
p * 2  = 103.88, is found by method 2. This indicates 
that  the effect of acidity on the 1 : 2 complex formation 
is adequately represented by reaction 2 .  The complex 
is probably better written GeLz(OH2)z since 1:2 base 
adducts of GeL2-type chelates have recently been pre- 
pared from nonaqueous  solution^.^^ That two different 
methods give the same Po3 values, 103.70*0.05 between 
pH 3 and 6 and 103.6 a t  0.1 iZI [H+], supports reaction 
1 and further indicates that  HGeL3- is a strong acid, 
contrary to the views of Nazarenko and coworkers.6 
These authors, on finding that the H+ concentration 
produced by adding GeOz to catechol and pyrogallol 
solutions is lower than that calculated from reaction 1, 
assumed incomplete ionization for HGeL3-. The high 
concentrations used are such that the formation of 
GeLz also accounts for these results, and by using the 
data of the authors, fairly constant values could be 
obtained for log p2. 

The absence of 1:l complexes, shown with Tiron 
(@*I < lo), confirms the results obtained with other 
classes of ligands’* and is attributed to the strong 
hydration of GeO2 in solution. The formation of 
polynuclear species appears unimportant as ,803 values 
are not affected when CRI is varied between 0.3 and 4 

(17) C. M. S. Yoder and J. J. Zuckerman, Inorg. Chem., 6, 163 (1967). 
(18) A Beauchamp and R. L. Benoit. Can. J .  Chew , 44, 1615 (1966). 

m M  (Tiron, Table I) and 0.2 and 16 m M  (4-nitro- 
catechol, Table 11). This result is also in line with 
previous studies of other oxygen-containing ligands.l8 

The effect of ionic strength (NaC1) on p03 values as 
shown in Table I is large; this is apparently due to the 
- 8 charge og the complex resulting from the sulfonate 
groups. Log P O 3  was plotted against p1I2 and com- 
pared with values obtained for KCl media.lg Both 
curves coincide up to p = 0.16 hf; above this value 
there is a specific cation effect. Such an effect has 
already been noted for the Al(III)-Tiron system.20 
The ionic strength influence is much smaller for the 
catechol and pyrogallol complexes,* which bear a - 2  
charge. 

The study of the GeOz-Tiron system further indicates 
that the effect of ligand substituents on the stability of 
the Ge(1V) complexes with o-diphenols can be investi- 
gated with the 1 : 3  complexes which are the only ones 
formed a t  relatively low acidity. The absence of 1 : 2  
complexes in the PH ranges used (Table II) ,  indicated 
by the constant Bo3 values found, is further justified by 
the very low AA values (Table 111) obtained a t  the 
lowest pH. The 1 : 2 and 1 : 3 complexes have similar 
spectra and related E values, so that an appreciable 
concentration of GeL2, which is not acidity dependent, 
would have given a notable AA a t  low pH where GeLS2- 
is not formed. 

The available values of pK1, pK2, and log P O 3  ( p  = 
0.10 M )  for the various ligands and the corresponding 
1 : 3 Ge(1V) complexes are collected in Table IV. 

TABLE IV 
SUMMARY OF pK AND LOG paa VALUES FOR IONIZATION 

AND COMPLEX FORMATION, RESPECTIVELY 
Ligand PKI PKZ Log po3 Log 0 3 K ~ e - 1  

Catechol 9.39 13.1 -1.45“ 66.0 
4-Chloro- 8 .62  12.55 0 .65  64 .2  
4-Nitro- 6.78 10.90 3.90 57.0 
Tiron 7.66b 12.6b 2.30 63.1 
DHKS 8.1gb 12.1Bb 2 .0  63.0 
Pyrogallol -0.805 

a Reference 8.  Reference 21. 

The values obtained for pK1 are generally in good 
agreement with those previously reported. The pK2 
values are close to that known for the 4-nitro deriva- 
tive but 1.00 higher for the 4-chloro one;g literature 
values for c a t e c h 0 1 ~ * ~ ~  vary between 11.6 and 13. It is 
interesting to note that there is a linear relationship 
between the pK1 and pKz values of the ligands, Tiron 
excepted. Such a relation, if extended to other sub- 
stituents, could be explained in terms of Hammett u 
constants. 2 2  

A fair linear correlation with a. -1.1 slope is ob- 
served between the stability constants log P O 3  of the com- 
plexes and the sum of the ligands acidity constants pK1 
+ pK2. The negative value of the slope is unusual for 

(19) P. J. Antikainen and K. Tevanen, Suomen Kemislilehti. 39B, 2 

(20) R. NBsanen, Acto Chem. Scand., 11, 1308 (1957). 
(21) L. G .  Sillen and A. E. Martell in “Stability Constants,” Special 

(22) J. Corse and L. L. Ingraham, J .  A m .  Chem. Soc., 73, 5706 (1951). 

(1966). 

Publication No. 17, T h e  Chemical Society, London, 1964. 
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this kind of correlation and comes from the diff ercnt 
definitions of ,Bo3 for these germanium complexes and 
the usual aquo metal ion complexes. Defining as usual 
pa = [GeL32-]/[Ge4+][L2-]3, ,Bs can be related to pod 
by means of log P&G,-I = log P O 3  + 3(pK1 + ~ K z ) ,  
where K G ~  = \GeOz] [Ge4T] is a hypothetical 
hydrolysis constant. The log P3K~e-1 values given in 
the last column of Table IV are plotted against pK1 + 
pK2 in Figure 2 ;  An 
interesting point is that the values of the stability 
constants corresponding t o  tv-o other ligands whose 
conjugated acids are related to diphenols,18 maltol (3- 
hydroxy-2-methyl-4-pyrone) and tropolone, fall on the 
line. 

a +1.9 slope is now obtained. 

6 0  

5 0  
a 

T W  
Y 

ai” 
en 
0 
-I 

4 0  

3 0  
0 I O  2 0  

P K ,  + PK, 

Figure 2.-The log P ~ K G ~ - ~  vs .  pK1 + pK2 values for Ge(1V) 
H, complexes with catechol derivatives, maltol, and tropolone: 

catechol; C1, 4-chloro; iYO2, 4-nitro. 

The limitations of the relations betn-een complex 
stability and ligand basicity have been pointed out,23 
and wider correlations have been obtained by comparing 
stabilities of complexes for different pairs of metals. 2 3 , 2 4  

Some complexes of Si(IV) 25 and divalent metalsg with 
o-diphenols have already been studied so that such 
correlations can be tested with the present results. 
Values of po3 for Si(1V) complexes (0.8 IIJ KC1) are 
plotted in Figure 3 against those of for Ge(1V) com- 
plexes (0.1 drl KC1 except for Tiron, 0.8 31 KC1); a 

(1989). 
(23) H. Freiser, (1. Fernando, and G. E. Cheney, J .  Phys.  Chem.,  63, 250 

(24) H. Irving and H. Kosrotti,  A d o  Cheiii .  Scam!. ,  10, i P  ilM60). 
( 2 5 )  H. Bartels, Helu. Chim.  Acta,  47, 1606 (1964). 

-6 

-8 

O C  
m, 
cn 
0 
_I 

- I  0 

- I  2 

I , I 

-2 0 + 2  +4 
Log a:- Ge ( IV)  

Figure 3 --The values of log Pon for 1 : 3 Si(I1’) and 1 : 1 Cu (I I j 
and Zn(I1j complexcs 5s. log for 1:3 Ge(1V) complexes with 
catechol derivatives: H, catechol; OH, pyrogallol; C1, 4- 
chloro; T, Tiron; N,  $-nitro. (1) Cu(I1); ( 2 )  Si(IV);  
(3) P O I ,  Zn(I1). 

straight line of slope 1.0 is obtained. Interpretation of 
this result in terms of a comparison of v and x bonding 
contributions in the bonding of Ge and Si to the ligands 
appears unwarranted.’ The stabilities of the Si(1V) 
and Ge(1V) complexes cannot be compared because 
of the unknown (although constant) degree of polym- 
erization of silica in the experimental work of Bartels.2s 

Comparisons between stabilities of the complexes 
of Ge(1V) and those of Zn(I1) and Cu(I1) as deter- 
mined by Murakami and co-workersg were made on 
the basis of new equilibrium constants pol such as pol = 
[ZnLl [H+I2/ [Zn] [HZL]. Values of pol were calculated 
as log pol = log 131 - (pK1 + pKs) from the authors’ 
values of pK and PI = [ZnL],/[Zn][L]. This trans- 
formation offers the added advantage of eliminating 
possible errors in the difkult potentiometric deter- 
minations of pKs, errors which would be included in the 
calculated PI values.g The results plotted in Figure 3 
show a good correlation between log ,Bul for Zn(I1) and 
Cu(1I) and log pus for germanium(IV), except for Tiron. 
Values of Pos calculated for ZnLs complexesg indicate 
the same trend. By using the data available for Cu(II), 
Zn(lI), and catechol and its 4-carboxy) chloro, sul- 
fonate, and nitro d e r i v a t i ~ e s , ~ ~ ~ ~  fair straight lines mere 
obtained when plotting log Po1 against pK1. This shows 
that the usual linear relationship holds between log 

( 2 6 )  V. ’1.. Athavale, L. H. i’iabhu, and U. G. Vartak, J. l i i o i g .  ,Yucl. 
Chsnz., 28, 1237 (1966). 
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and pK1 + pKz (or pK1, pK2) if it  is assumed that the with Ge(IV), Si(IV), and divalent metals appears 
linear relation between pK1 and pKz can be extended to therefore to be in line with the general relations be- 
4-carboxy and 4-sulfonate substituents. The failure tween complex stability and ligand basicity. 
of previous workersg to observe this relation between 
log p1 and pK1 + pK2 is apparently due to erroneous 
experimental values of pK2 for catechol and its 4- 
chloro and carboxy derivatives. The effect of ligand 
substituents on the stability of o-diphenol complexes 
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Polar Six-Coordinate Tin(1V) Complexes of Type 
SnX2L2 : Synthesis, Structure, and Bonding 

BY W. H. NELSON 

Received December 27. 1966 

The structures of several six-coordinate tin complexes of the type SnXzLz have been studied, where X is C1, Br, or I, and L is 
acetylacetonate or dibenzoylmethanate. Dipole moment measurements in benzene solution a t  25 and 60" as well as nmr 
chemical shift data indicate that the complexes are of the cis configuration. Infrared and ultraviolet spectra suggest, respec- 
tively, that tin-halogen bonds are stronger than those of simple six-coordinate adducts, and that tin-oxygen bonds are pri- 
marily ionic in character. An improved method of synthesis has been reported for bromo and iodo derivatives. 

The ability of silicon, germanium, tin, and lead to 
increase their coordination numbers beyond four has 
been attributed to the availability of empty d orbitals.' 
However, such orbitals belonging to an isolated atom 
are too diffuse for effective overlap with ligand orbitals. 
In fact,  calculation^^-^ have shown that the d orbitals 
in question contract enough to allow the formation of 
bonds only in the presence of highly electronegative 
ligands. 

The majority of investigations to date have concerned 
bonding in silicon compounds. Calculations6 have 
demonstrated that about silicon the order of effective- 
ness of ligands in contracting 3d orbitals is F > C1 > 
C >> H. A large body of experimental evidence indi- 
cates that for silicon compounds6 there is effective over- 
lap between ligand p orbitals and metal d orbitals to 
form n bonds. Evidence for such (p+-d) n bonding is 
based largely on the analysis of bond characteristics 
such as bond lengths, bond energies, infrared spectra, 
and electric dipole moments. I t  has been suggested7s8 
that trends in donor and acceptor strengths of com- 
pounds of silicon and its heavier cogeners are strongly 
influenced by such (p+d) n bonding effects, which de- 

(1) R. Beattie, Quail. Rev. (London), l?, 382 (1963). 
(2) D. P. Craig, A. Maccoll, R. S. Nyholm, L. E. Orgel, and L. E. Sutton, 

(3) D. P. Craig and C. Zauli, J .  Chem. Phys., 37, 601 (1962). 
(4) D. P. Craig and E. A. Magnusson, J .  Chem. Soc., 4895 (1956). 
(5) D. P. Craig and C. Zauli, J .  Chem. Phys. ,  31, 609 (1962). 
(6) F. G. A. Stoneand D. Seyferth, J .  Inorg. N z ~ c l .  Chem., 1, 112 (1955). 
(7) N. A. Matwiyoff and R. S. Drago, J. Organomelal. Chem. (Amster- 

dam), 3, 393 (1965). 
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