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Abstract: Indium(II1) iodide forms both 1: 1 and 1 :2 adducts with triphenylphosphine, depending on the reaction conditions, and 
especially on the solvent used. The complex In13.PPh3 involves four-coordination at indium; the structure is trigonal, with a = 
15.105(4) A, c = 16.769(7) A, V =  3313(2) A3, Z  = 6, and space group ~ 3 .  Crystals were also obtained in which In13.PPh3 and 
In13(PPh3), are present in a 1: 1 ratio; these are also trigonal, a = 15.473(4) A, c = 41.701(7) A, V =  8646.1(1.8) A3, Z  = 3 + 3 and 
space ~ 3 .  The 1:2 adduct has approximately D3,, symmetry in the In13P2 kernel. The bond distances and angles are 
discussed; in particular, the In-P bonds are extremely weak in the 1:2 adduct. This compound has been shown by 3 1 ~  NMR to 
undergo complete dissociation in solution to In13.PPh3 and PPh,. The addition of R4NI (R = n-C3H7, n-C4Hg) causes quantitative 
conversion to Id4-  and free Ph,P. Similar experiments are reported for the compound In13(dppe) (dppe = 1,2- 
bis(diphenylphosphino)ethane), whose structure is an infinite chain of InI, units linked through In-P-C2H4-P-In coordination. 
The crystal structure showed that InI,(dppe) cocrystallizes with an equimolar quantity of dppe; these crystals are cubic, a = 
41.445(14) A, b = 15.944(8) A, c = 16.533(11) A, P = 102.02(4)", V =  10 685(9)'A3, Z =  4 + 4, space group C21c. Solid state and 
solution phase results are discussed in terms of the coordination chemistry of indium(II1). 

Key words: indium, phosphorus, coordination chemistry, multinuclear NMR, X-ray crystallography. 

Resum6 : L'iodure d'indium(II1) rCagit avec la triphtnylphosphine pour former, suivant les conditions expkrimentales et 
particulikrement du solvant utilist, des adduits 1 : 1 ou 1 : 2. Le complexe In13.PPh3 implique un tttracoordination au niveau de 
I'indium; la structure est trigonale, groupe d'espace ~ 5 ,  avec a = 15,104(4) et c = 16,769(7) A, V =  3313(2) A3 et Z =  6. On a aussi 
obtenu des cristaux dans lesquels In13.PPh3 et In13(PPh3), sont prCsents dans un rapport de 1 : 1; ces cristaux sont trigonaux, 
groupe d'espace ~ 3 ,  avec a = 15,473(4) et c = 41,701(7) A, V  = 8646.1(1,8) A3 et Z  = 3 + 3. La symCtrie de l'adduit 1 : 2 est 
approximativement D3,, et elle comporte un noyau In13P2. On discute des longueurs et des angles des liaisons; dans l'adduit 1 : 2, 
on note, en particulier, que les liaisons In-P sont extremement faibles. Faisant appel a la RMN du 3 ' ~ ,  il a CtC dCmontrC que, en 
solution, ce composC subit une dissociation complkte en Id3-PPh, et en PPh,. L'addition de R4NI (R = n-C3H7, n-C4Hg) 
provoque une conversion quantitative en Id4-  et de PPh, libre. Des experiences semblables ont CtC effectutes avec le compost! 
In13(dppe) (dppe = 1,2-bis(diphtny1phosphino)Cthane) dont la strcture correspond une chaine infinie d'unitCs InI, likes par une 
coordination P-C,H4-P-In. La structure cristalline montre que le In13(dppe) cocristallise avec une quantitC Cquimolaire de dppe; 
ces cristaux sont cubiques, groupe d'espace C21c, avec a = 41,445(14), b = 15,944(8) et c = 16,533(11) A, P = 102,02(4)", V =  10 
685(9) A3 et Z  = 4 + 4. On discute des rksultats obtenus ?i l'ttat solide et en solution en termes de la chimie de coordination de 
l'indium. 

Mots clis : indium, phosphore, chimie de coordiantion, RMN multinoyaux, cristallographie, rayons X. 

[Traduit par la rCdaction] 

Introduction vant to this paper are the range of coordination numbers that is 

The formation of adducts with neutral or anionic donor ligands 
is an important feature of the chemistry of the elements of 
Group I11 (or 13), with both applied and fundamental implica- 
tions (1). The behaviour of derivatives of indium(II1) halides 
and pseudo-halides has been of especial interest in this labora- 
tory. The features of the problem which are most closely rele- 
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possible, a id  the dissociation which can occur in nonaqueous 
solvents, involving loss of either halide or neutral ligand (2). 
Each of these processes is strongly affected by the nature of 
both halide and neutral donor atom, and by the solvent. Halide 
effects are also clearly seen in both the solid state and solution 
chemistry of anionic indium(II1) complexes (1). 

The present paper reexamines some of the early work (2) on 
triphenylphosphine and bis(dipheny1phosphino)ethane (dppe) 
adducts of indium(II1) iodide, using the experimental tech- 
niques of X-ray crystallography and multinuclear magnetic 
resonance which were not previously available. The new 
information on the solution phase behaviour of these sub- 
stances is relevant to other work in this laboratory on adduct 
formation and dissociation of the derivatives of Group I11 and 
IV halides with ortho- and paraquinones.3 

M.A. Brown, D. Boucher, and D.G. Tuck. Unpublished results. 
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Experimental section 

General techniques 
Indium(II1) iodide was prepared by reacting gram quantities of 
the elements in refluxing xylene (3). Triphenylphosphine and 
bis(dipheny1phospino)ethane (Aldrich) were recrystallized 
before use. Solvents were distilled from suitable drying 
agents, and stored over molecular sieves. 

Microanalysis was by Guelph Chemical Laboratories Ltd. 
Phosphorus-3 1 and indium-1 15 NMR spectra were recorded 
on Bruker AC 200L and 300L instruments, operating at 8 1.0 
and 43.8 MHz, respectively. The reference standards for these 
nuclei were, for ,'P, 85% H3P04 = 0 and, for "'~n, InC1,- = 0 
(4). Infrared spectra were run on a Nicolet 4DX instrument. 
Raman spectra of finely ground solids were recorded with a 
Jobin Yvon S3000 spectrometer. Mass spectrometry involved 
heated samples in a Shimadzu 14-B spectrometer operating in 
the EI mode, with Sun Sparc software. 

Conductivity measurements were made on a YSI 3400 
model 3 1 conductivity bridge, using a YSI cell with Pt-Ir alloy 
electrodes coated with platinum black. Solutions were approx- 
imately 1 mmol L-'. The cell constant was checked with a 1 
mM aqueous solution of KC1 after conditioning the electrodes 
for ca. 5 min. 

I Preparative 

(i) Triphenylphosphine adducts 

I A solution of InI, (0.99 g, 2 mmol) in ethyl acetate (50 mL) 
I was added dropwise to a stirred solution of Ph,P (1.20 g, 4.6 
I mmol) in the same solvent. The yellow solid which precipi- 

tated was collected after 1 h, washed with ethyl acetate, and 
dried in vacuo. This solid is InI,(PPh,),, yield 1.56 g, 77%. 
Anal. calcd. for C36H3,P21n13 C 42.4, H 2.96; found: C 42.2, H 
2.80. The mass spectrum of this compound (sample temp. 
100°C) showed important ions based on mle 262 (Ph,P+), 183 
(Ph,P+-2), and 108 (PhP+), but no peaks attributable to InI, or 
its derivative ions were observed. 

When this product was recrystallized from cyclohexane, 
colourless crystals of the 1: 1 adduct In13.PPh3 were obtained. 
Anal. calcd. for C1,H,,P1nI3: C 28.5, H 2.00; found: C 28.5, H 
1.90. The mass spectrum again has significant peaks at d e  
262, 183, and 108, but no ions derived from InI,. 

Recrystallization from ethyl acetate gave yellow crystals, 
whose analysis corresponded to an equimolar mixture of 
InI,.PPh, and In13(PPh3),. Anal. calcd. for C54H45P31n216 C 
36.5, H 2.55: found: C 37.5, H 2.61. The composition of these 
crystals was confirmed by X-ray crystallography (see below). 

(ii) Bis(dipheny1phosphino)ethane adduct 
The procedure followed that for triphenylphosphine, using 

I 
ethyl acetate as solvent; the white powdery product was 
InI,(dppe), yield 1.05 g, 59%. Anal. calcd. for C,6H24P21n13: C 
34.9, H 2.71; found: C 34.7, H 2.80. The mass spectrum had 
important features at d e  398 (diphos+), 262, 183, and 108 
(Ph,P+ and derivatives). The molar conductivity of this com- 
pound in dichloromethane was 3.8 ohm-' mol-' cm2. 

Recrystallization from a mixture of ethyl acetate and tolu- 
ene (5050, vlv) gave, on cooling, crystals suitable for X-ray 
study. This study, and the results of elemental analysis, 
showed that these crystals contained equimolar quantities of 

InI,(dppe) and dppe. Anal. calcd. for C5, H4, P4 InI,, C 48.3, H 
3.74; found: C 48.8, H 3.83. 

Crystallographic analysis 
(i) In the study of InI,.PPh,, 1, a colourless crystal mounted 
on a glass fibre was sited in a Rigaku AFC6S diffractometer, 
equipped with graphite monochromated Mo-Ka radiation (A = 
0.7 1069 A) and a rotating anode generator. Cell constants, and 
orientation matrices for data collection, were obtained from 
least-squares refinements, using 20 carefully centred reflec- 
tions in the range 8.59 < 20 < 16.07". Based on the systematic 
absences hkl: - h + k + 1 # 3n , the space group was uniquely 
identified as R3 (No. 148), and this was confirmed by subse- 
quent solution and refinement of the structure. Details of the 
intensity collection for all substances studied are given in 
Table 1. 

The intensities of three representative reflections were mea- 
sured after every 150 reflections. Over the course of data col- 
lection, the standards increased 1%, and a linear correction 
factor was applied to the results. The linear absorption coeffi- 
cient (53.3 cm-') was such that an absorption correction using 
PSI Scan was applied, with transmission factors ranging from 
0.80 to 1.00. The results were also corrected for Lorentz and 
polarization effects. The structure was solved by direct meth- 
ods, and expanded using Fourier techniques. The non-hydro- 
gen atoms were refined anisotropically; hydrogen atoms on 
carbon were included in ideal positions but were not refined. 
The final cycle of full-matrix least-squares refinement was 
based on 555 observed reflections (I > 3u(I)) and 7 1 variable 
parameters, and the solution converged at R = 0.034 and R, = 
0.029. A final Fourier difference map calculation showed no 
peaks of chemical significance; the maximum and minimum 
peaks corresponded to 0.68 and -0.45 e A-,, respectively. 
(ii) The structural study of crystals of InI,.PPh, + In13(PPh3),, 
2, followed essentially the same procedure. The space groups 
are identical. No decay correction was applied, since the inten- 
sities of three representative reflections remained constant 
throughout the data collection, indicating crystal and elec- 
tronic stability. The data were corrected for absorption, 
Lorentz, and polarization effects. The structure was solved by 
direct methods. The indium, iodine, and phosphorus atoms 
were refined anisotropically, and carbon atoms were refined 
isotropically; hydrogen atoms on carbon were initially 
included in ideal positions, and subsequently refined isotropi- 
cally. After several cycles of refinement, the structure con- 
verged to R = 0.047 and R,, = 0.036. A final Fourier difference 
map calculation showed no peaks of chemical significance. 
(iii) Similar methods were used in the characterization of 
In13(dppe) + dppe, 3. Corrections were made for decay 
(-0.4%), Lorentz and polarization effects, and for absorption 
(range 0.747-1.000). Indium, iodine, and phosphorus atoms 
were refined anisotropically, and carbon atoms isotropically. 
The structural refinement converged at R = 0.060, R,, = 0.060. 
The maximum and minimum peaks in the final Fourier map 
were +0.43 and -0.72 e A-3, and there were no peaks of 
chemical significance. 

In each set of calculations, neutral-atom scattering factors 
were taken from Cromer and Waber (5). Anomalous disper- 
sion effects were included in the calculations (6); the values 
for Af' and Af" were those published by Cromer (7). All cal- 
culations were performed using the TEXSAN (8) crystallo- 
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Brown et al. 1537 

Table 1. Summary of crystal data, intensity collection, and structural refinement. 

1 2 3 

Chemical formula C18H,213P1n C,,H,,I,PIn + C,oH3013P21n C26H24P2 + C26H2413P21n 

M 757.82 757.82 + 1020.13 398.43 + 893.96 
Crystal system Trigonal Trigonal Cubic 
Space group R3(No. 148) RS(NO. 148) C2/c 
a1 A 15.105(4) 15.473(4) 41.445(14) 
bl A - - 15.944(8) 
CIA 16.769(7) 41.701(7) 16.533(11) 
PI0 - - 102.02(4) 
VIA' 3313(2) 8646.1 ( 1.8) 10685.3(9.5) 
Z 6 3 + 3  4 + 4 
F(OO0) 2076 4980 4992 
Dta,Cg cm.' 2.28 2.05 1.60 
Crystal dimensions/mm 0.1 x 0.1 x 0.1 0.1 x 0.1 x 0.1 0.1 x 0.1 x 0.1 
Abs. coeff./cm-' 53.3 41.3 23.3 
28" (max) 50 50 50 
Total reflections measured 1428 3661 8704 
Unique data used 1297 3408 8536 
TI0C 23 23 23 
No. of parameters 7 1 13 1 282 
R 0.034 0.047 0.060 
R,, 0.029 0.036 0.060 
Max. shiftlerror in final cycle 0.03 4.7 0.02 
Max., min. peaks in final difference map Ie A-3 0.68, -0.45 1.05, -1.41 0.43, -0.72 

Table 2. Positional parameters and isotropic thermal parameters for non- 
hydrogen atoms in In13.PPh3 (1). 

Atom x Y z B(eq) 

I(1) 0.14273(8) -0.04921 (8) 0.38241(7) 5.71(3) 
I( 1 *) 0.04921 (8) 0.19 194(8) 0.38241(7) 5.71(3) 
I( 1 *) -0.19194(8) -0.14273(8) 0.38241(7) 5.71(3) 
In( 1 )  o.oooo o.0000 0.3465(1) 3.66(3) 
p(1) 0.0000 0.0000 0.1913(4) 3.31(9) 
c(1) 0.0206(9) -0.1006( 10) 0.1508(8) 3 3 4 )  
C(2) 0.091(1) -0.080(1) 0.0922(9) 4 3 4 )  
(33) 0.105(1) -0.157(1) 0.065 l(9) 5.9(5) 
(34) 0.052(1) -0.255(1) 0.098(1) 6.6(6) 
C(5) -0.018(1) -0.273(1) 0.156(1) 5.5 
C(6) -0.032(1) -0.196(1) 0.1829(9) 4.6(4) 
c (  1 *) 0.1006(9) 0.1212(10) 0.1508(8) 3.5(4) 
C(l*) -0.1212(9) -0.0206( 10) O.l508(8) 3 3 4 )  
C(2*) 0.080( I) 0.170(1) 0.0922(9) 4.5(4) 
C(6') . -0.0164(1) 0.032(1) 0.1829(9) 4.6(4) 
c(3*) 0.157(1) 0.263(1) 0.065 l(9) 5.9(5) 
c(5*) 0.273(1) 0.256(1) 0.156(1) 5 3 5 )  
C(3*) -0.263(1) -0.105(1) 0.065 l(9) 5.9(5) 
C(5*) -0.256(1) 0.018(1) 0.156(1) 5 4 5 )  
c(4*) 0.255(1) 0.306(1) 0.098(1) 6.6(6) 
C(4*) -0.306(1) -0.052(1) 0.098(1) 6.6(6) 
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Table 3. (a) Bond distance (A) and (b)  angles (deg) in InI;PPh, (1). 
(a) 

- - 

Atom Atom Distance Atom Atom Distance 

Atom Atom Atom Angle Atom Atom Atom Angle 

Table 4. Positional parameters and isotropic thermal parameters for non- 
hydrogen atoms in In13.PPh3 + InI,(PPh,), (2). 

Atom x Y z 

Can. J. Chern. Vol. 74, 1996 
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Brown et al. 

Table 5. (a) Bond distances (A) and (b) angles (deg) in In1;PPh3 + InI,(PPh,), (2). 
(a) 

Atom Atom Distance Atom Atom Distance 

Atom Atom Atom Angle Atom Atom Atom Angle 

graphic software package. The structure of the molecules are These data can be purchased from: The Depository of 
shown in Figs. 1, 2, and 3; the positional parameters are in Unpublished Data, Document Delivery, CISTI, National 
Tables 2,4, and 6 and important bond distances and angles in Research Council Canada, Ottawa, Canada KIA OS2. The data fro 
Tables 3 , 5 ,  and 7. H-atom coordinates have also been deposited with the Cambridge 

Tables of hydrogen-atom coordinates and thermal parame- Crystallographic Data Centre, and can be obtained on request 

ters, and anisotropic thermal parameters for other atoms, are from The Director, Cambridge Crystallographic data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, available as supplementary data.4 CB2 lEZ, U.K. 
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Table 6. Positional parameters and isotropic thermal parameters for non- 
hydrogen atoms in InI,(dppe) + dppe (3). 

Atom x Y z B(eq) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

13
3.

1.
19

8.
12

6 
on

 1
1/

10
/1

4
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



Brown et al. 

Table 6 (concluded). 

Atom x Y z 

Table 7. (a) Bond distances (A) and (b) angles (deg) in InI,(dppe) + dppe (3). 
(a) 

Atom Atom Distance Atom Atom Distance 
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Table 7 (concluded). 

Atom Atom Atom Angle Atom Atom Atom Angle 

Results and discussion rahedral. The indium(II1)-iodine bond distance (2.677(1) A) is 
in keeping with the values in the literature for other four-coor- 

Crystallographic studies dinate derivatives, for which the range is 2.68 t 0.04 A (9). 
The structure of In13.PPh3, 1 (Fig. l), shows that the More particularly, the results reported for In13.PHPh, @(In-I) 
stereochemistry at both indium and phosphorus is close to tet- (avg.) = 2.673(5) A, r(1n-P) (avg.) = 2.599(9) A), and for 
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Brown et al. 

Fig. 1. The molecular structure of In1,-PPh,, showing the 
numbering system; ORTEP diagram, with 30% probability 
ellipsoids. 

In13.PHBut2 (r(1n-I) (avg.) = 2.674(5) A, r(1n-P) = 2.586(6) 
&(lo) are in good agreement with the values in Table 3. 

The substance 2 is unusual, in that the lattice contains equal 
proportions of In13.PPh3 and In13(PPh3),. There are some 
important differences between the results for the In13.PPh3 
moiety (Table 5) and those for the pure compound given in 
Table 3. The In-I bond distance of 2.691(2) A is significantly 
longer than in 1, as is In-P (2.616(9) compared with 2.603(7) 
A). There are also interesting changes in the bond angles; 
I-In-I, which is 115.1 l(3)" in the isolated molecule in 1 
changes to 113.92(5)" in the mixed lattice, while the corre- 
sponding values for In-P-C are 11 1.8(5)" and 110.18(1)", so 
that the molecule is slightly flattened at both pseudo-tetrahe- 
dral sites in this mixed lattice, relative to the pure substance. 

The 1:2 complex is directly comparable with the compound 
In13(PMePh2),, for which r(1n-I) = 2.736(4), 2.762(2), 
2.776(2) A, and r(1n-P) (avg.) = 2.716(4) A (1 1). Both show a 
significant lengthening of the In-I bond relative to the values 
for the various 1: 1 adducts, in keeping with the increased coor- 
dination number at indium (cf. ref. 9). Surprisingly, the two 
In-P bonds are of quite different lengths (2.86(1) and 2.99(1) 
A), and these values are both much larger than the average of 
2.65 A derived from work on In13(PMePh2),, InBr3(PMe2Ph), 
(1 l), InC13(PMe3), (12), and InC13(PPh3), (13). We return to 
these results below. 

The structure of compound 3 reveals the presence of an infi- 
nite chain in which planar In13 units are linked by bridging 
dppe.bidentate donors. The presence of isolated dppe mole- 
cules allows a comparison between the coordinated and the 
free state. Apart from a slight contraction of the P--C6H5 
bonds, there are in fact no significant differences; the total P-P 
distance is essentially constant at -5.2 A in the two molecules. 
It is also interesting to compare the structure of [InI,(dppe)], 
with that of (In13)3(dppe)2 (12), which represents a sub-unit of 
the infinite chain structure. The stereochemistry at indium and 

phosphorus is almost identical in both cases, and the average 
bond distances in (InI,),(dppe), (r(1n-I) = 2.731(15) A, r(1n- 
P) = 2.809(10) and r(P-C6H5) = 1.83(1) are very close to 
those in Table 7. 

The values for In-P bond length in these adducts call for 
some comment. We first note that the P-C bond distances in 
all the present structures give an average value of 1.84 A, 
which is close to the sum of the covalent radii (0.77 + 1.10 = 
1.87 A), in keeping with the expected formation of single 
bonds. The covalent radius of indium in tetrahedral InX4- spe- 
cies (X = C1, Br, I) can be calculated from the known average 
In-X bond lengths (2.350(2), 2.479(2), 2.71(1) for X = C1, 
Br, and I, respectively (14)) as 1.36(2) A, in which case r(1n- 
P) in a tetrahedral environment should be ca. 2.46 A, which is 
significantly smaller than the values found in the present work 
for In13.PPh3 in 1 and 2 (2.603(7), 2.616(9) A) (Tables 3 and 
5). For the five-coordinate species, r(1n-P)(avg.) = 2.92(5) in 
2 and 2.76(1) in 3 , again substantially greater than that calcu- 
lated. An alternative approach uses the conventional single 
bond covalent radii for these elements (15), from which r(1n- 
I ) =  1.50 + 1.33=2.83& andr(1n-P)= 1.50+ 1.09=2.59A. 
These values therefore substantially underestimate r(1n-I) in 
both four- and five- coordinate species, while the calculated 
r(1n-P) is slightly lower than the experimental value in 
In13.PPh3, and significantly so in the other adducts. The large 
bond distance in the five-coordinate molecules implies the 
presence of very weak In-P interactions in these species in the 
crystalline state, which has important implications for the 
solution studies reported below. 

NMR studies on In13(PPh3), 
The 3 ' ~  resonance of a solution of In13(PPh3)2 in CDC13 at 293 
K is a broad singlet, half width approximately 33 Hz, - 16.85 
ppm from the reference solution of 85% H3P04 = 0; the com- 
parable values for PPh, under the same conditions are 6 = 
-5.44 ppm and o , ,  = 7.5 Hz. Both the chemical shift (Fig. 
4A) and the line width (Fig. 4B) of a solution of the 1:2 com- 
plex change with temperature until, at 213 K, the half width is 
ca. 100 Hz, and the chemical shift is - 15.5 ppm. Below this 
temperature, the precipitation of crystalline material, identi- 
fied as the 1: 1 complex In13.PPh3, was observed, and the slight 
maximum observed in Fig. 4A at 223 K may have been caused 
by the presence of small quantities of solid in the solution 
phase at this temperature. 

The significant line width, the increase of this with decreas- 
ing temperature, the precipitation of In13.PPh3, and the change 
in the average chemical shift towards the value for free PPh,, 
are all in keeping with the existence in solution of the equilib- 
ria 

The change in the line width with decreasing temperature indi- 
cates that the rapid exchange observed at room temperature is 
being slowed, but clearly we were not able to achieve condi- 
tions under which the signals of the individual species could 
be observed. 

The effect of adding PPh3 to a solution of In13(PPh3), in 
CDC1, (0.1 M, room temp.) is illustrated in Fig. 5. For reasons 
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Fig. 2. The structure of 2 showing the numbering system for (A) In13.PPh3 and (B) In13(PPh3),; 
ORTEP diagram, with 30% probability ellipsoids. 

that will be discussed below, this diagram shows both the aver- 
age 3 L ~  chemical shift (5A) and the width at half-height (5B) as 
a function of the mole ratio of Ph3P to the 1:l complex 
In13.PPh and both parameters move monotonically as a func- 

3: 
tion of thls ratio. The limiting chemical shift (-5.4 ppm) is 
identical to that for free PPh3. The changes in T,,, show that 
the exchange processes in solution persist over the range stud- 
ied, while the sharpening at high ligand: complex ratios indi- 
cates that the overall exchange is enhanced under these 
conditions. 

When iodide ion, in the form of either n-Pr4NI or n-Bu4NI, 
is added to a solution of In13(PPh3), in CDCl,, two important 

phenomena are observed. The 3 1 ~  chemical shift (Fig. 6A) 
changes linearly as I- is added, to a point of inflexion at which 
the quantities of iodide and complex are equal. The 3 1 ~  reso- 
nance at this point, and subsequently, is at -5.2 ppm, indicat- 
ing the presence of free PPh3 in the solution. The line width 
also changes during the addition of iodide, with the results 
shown in Fig. 6B. The point of inflexion again occurs when 
equimolar quantities of I- and In13(PPh3), are present. The line 
width beyond that point (wIl2 = 23 Hz) is similar to that for 
free PPh, under the same conditions. 

Studies of the "5~n  resonance of these solutions showed 
that no signal could be detected with a solution of In13(PPh3), 
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Brown et al. 

Fig. 3. The structure of 3 showing the numbering system for (A) 
InI,(dppe) and (B) dppe; ORTEP diagram, with 30% probability 
ellipsoids. 

in CDCI,, which is in keeping with earlier observations by 
many workers that this resonance is only detectable in species 
of high symmetry because of the high nuclear spin (I = 912). As 
I- was added, however, a signal was detected at -980 ppm rel- 
ative to InC14- = 0 (see ref. (14), indicating the formation of 
1111,-in the solution. The intensity of this signal increased with 
further addition of R4NI, and again reached a maximum when 
the concentration of In13(PPh3), and R4NI were equal. Further 
addition of R4NI caused the precipitation of R4N[In14], identi- 
fied by the characteristic Raman spectrum (139 s, 186 w cm-l; 
cf. lit. values u, = 139, u3 = 186 cm-I (16)), and in the case of 
n-Pr4N[In14] by indium analysis (calcd. In 14.2%; found: In 
14.0). These results all show that the process [3] takes place, 

Fig. 4. Effect of temperature on 3 ' ~  NMR spectrum of a solution 
of In13(PPh3),, 0.1 M in CDC1,; (A) change in chemical shift, (B) 
change in line width at half-height. 

apparently quantitatively, under the conditions used. 
The 1:l complex In13.PPh3 is insufficiently soluble in 

CDC13 for 3 1 ~  investigations, but results were obtained with 
solutions in acetone. The 1:l adduct in this solvent shows a 
sharp resonance at room temperature at -28.8 ppm, w,, = 
16.5 Hz. This is significantly sharper than the 1:2 species 
(wlIZ = 105 HZ), and we conclude that the dissociation and 
ligand exchange are absent in this solution, so that eq. [2] lies 
to the left. The effect of adding PPh3 to this solution is shown 
in Fig. 7. As with the 1:2 adduct, there are changes in both 6 
and wl12 The chemical shift of a mixture containing equimo- 
lar quantities of In13.PPh3 and PPh3 is -23.5 ppm, to be 
compared with the value for a solution of the 1 :2 complex in 
CDC13 of - 16.85 ppm. Given the effect of solvent on the 
equilibria involved, there is little to be gained by discussing 
this difference; the more important point is that addition of 
PPh3 to In13.PPh3 shifts the resonance towards that of the 1:2 
complex. The increasing half width (Fig. 7B) with addition 
of ligand is evidence of ligand exchange, in keeping with eq. 
[I]. 

Dissociative equilibria involving In13(PPh3), 
The present results, and those from the earlier investigations 
(2), show clearly that eqs. [I], [2], and [3] describe partially 
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Fig. 5. Effect of adding PPh, to a solution of InI,(PPh,), (0.1 M 
in CDC1,) at room temperature; (A) change in ,'P chemical shift, 
and (B) change in line width. 

Mole ratio PPh3:ln13PPh3 

the solution chemistry of InI,(PPh,),. For this system, the pos- 
sible equilibria can be summarized as 

We note first that the dissociation into ionic species is estab- 
lished by the small but significant electrical conductivity in 
nitromethane and nitrobenzene (2). Such dissociation is ger- 
mane to the present discussion only to the extent that free or 
associated charged species can be assumed to be present in the 
solvents used in the NMR investigations. 

The preparative scale work on the InI,/PPh, system showed 
that the reaction between these substances in ethyl acetate 
gives the 1:2 complex, which on recrystallization from the 
same solvent yields an equimolar solid lattice of 1:2 and 1:l 
adducts that is also in keeping with the existence of this same 
equilibrium in ethyl acetate. Recrystallization of a solution of 
the 1:2 complex from cyclohexane gives only the 1:l adduct. 
These effects, which have been discussed elsewhere (I), are a 
general feature of the adducts of indium trihalides and related 
compounds, and serve to emphasize the difficulty of identify- 
ing the "most stable" species in a series of possible adducts 
and (or) coordination numbers. 

A quantitative analysis of the various results is hindered by 
the different solvents which were necessarily used in the vari- 

Fig. 6. Effect of adding n-Bu,NI to a solution of InI,(PPh,), (0.1 
M in CDCI,) at room temperature; (A) change in ,'P chemical 
shift, (B) change in line width. 

E 
0 .- 
(I) 
.c 

Mole ratio ~ - B ~ ~ N l : l n l ~ ( P P h ~ ) ~  

ous aspects of the work, and by the different concentration 
ranges involved (- lo-, M for conductivity measurements, 
< lo-, for molecular weight determination, > 10-I M for NMR 
studies, and >1 M in the preparative work). We take as a start- 
ing point the molecular weight determinations reported earlier 
(2) for two different sets of conditions. In chloroform at room 
temperature, the observed value is 6 14, and in benzene at the 
freezing point (5S°C), Mobs = 526. If the only significant equi- 
librium is that of eq. [I], then 

where M,, M I ,  and ML are the molecular weights of 
InI,(PPh,),, In1,-PPh, and PPh, respectively, and x is the 
degree of dissociation of InI,(PPh,),. A value of Mobs = 526 
corresponds to x -+ 1 (M, = 1020, MI = 758, ML = 262 to the 
nearest integer), and the result for chloroform is rather similar, 
so that the conclusion is that, at such dilutions, InI,(PPh,), 
undergoes essentially complete dissociation to the 1: 1 com- 
plex and free triphenylphosphine. This interesting result cor- 
relates nicely with the weak In-P bonding in the 1:2 complex 
(see above). 

The ,'P NMR results show that the various phosphorus- 
containing species are undergoing rapid exchange under all 
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Fig. 7. Effect of adding PPh, to a solution of InI,.PPh, (0.1 M) 
in acetone at room temperature; (A )  change in ,'P chemical shift, 
(B) change in line width. 

1.0 1.2 1.4 1.6 1.8 20 22 

Mole ratio PPh3:ln13.PPh3 

the conditions studied. The presence of substantial quantities 
of free PPh3 as the result of the dissociation discussed above 
provides an obvious mechanism for this exchange. The 
observed chemical shift in any of these solutions is the 
weighted average of the individual shifts of the contributing 
species 

where pi is the fractional population of the 3 1 ~  spins present as 
the ith species with characteristic chemical shift 6 ,  and one 
should therefore be able to calculate pi or 6 ,  depending on the 
assumptions made. If we assume that this solution is com- 
pletely dissociated into In13PPh3 and PPh3, following the 
results just discussed, then from 

where the subscripts refer to the 1:2 and 1: 1 complexes and the 
free ligand, we have p2 = 0, and p, = pL = 0.5, so that 

[8] 6,,, = 0.56, + 0.5 (-5.44) = - 16.85 pprn 

from which 6 ,  = -28.2 pprn in CDC13. The value in acetone is 
-29.0 pprn (see above), and the agreement is satisfying 

(assuming no large solvent effect), so that the 3 ' ~  NMR results 
are in keeping with the molecular weight determinations in 
that both imply complete dissociation via eq. [I]. 

The addition of Ph3P to a solution of In13(PPh3)? can then be 
treated as increasing the concentration of PPh3 in a solution 
initially containing equimolar quantities of In13.PPh3 and 
PPh3. For this reason, Fig. 5 deals with the results in terms of 
the mole ratio of these two components. A quantitative analy- 
sis of the chemical shift results in Fig. 5 appears impossible in 
the absence of a value for 62, but the curve cannot be repro- 
duced by assuming that PPh3 is being added to In13-PPh, with- 
out formation of the 1:2 complex. The more acceptable model 
assumes the formation of the 1 :2 complex by the reverse of eq. 
[I], which then leads to the conclusion that 6, must be close to 
6,, and, given the weak long-range nature of this In-P interac- 
tion in the solid state, this seems reasonable. It was not possi- 
ble to further analyze the NMR results to derive the 
equilibrium constant for eq. [I]. 

The addition of R4NI to a solution of In13(PPh3), causes 6,,, 
to move in a linear fashion, reaching a constant value when the 
quantity of I- added is equal to the initial quantity of 
In13(PPh3), (Fig. 6). Given the complete dissociation of the 
latter at [I-],, = 0, we can write 

for the limit at [I-],, = [In13L2],. For intermediate conditions, 
where the quantity of added I- = x , for complete conversion, 
one has 

which leads to a linear plot, as is observed in Fig. 6. This quan- 
titative formation of In14- is in keeping with the known behav- 
iour of indium(II1)-iodide systems, in which this tetrahedral 
anion is observed as an extremely stable species (I), and in the 
present situation much favored over the In13-PPh3 adduct. 

NMR studies of InI,(dppe) 
In view of the differing crystalline forms of this substance, it is 
important to note that all NMR studies discussed below refer 
to solutions of the compound In13(dppe), as initially prepared 
(see Experimental). The 3 ' ~  spectrum of a 0.1 M solution of 
this compound in CDC13 at room temperature is a sharp sin- 
glet, with 6 = - 15.9 pprn and w , , ~  = 5 Hz. The corresponding 
shift for dppe in the same solvent is - 13.0 ppm, and the small 
change caused by coordination is in keeping with the struc- 
tural similarities between free and bound ligand in the solid 
state (see above). The effect of lowering the temperature is 
illustrated in Fig. 8; the signal broadens gradually, with a 
sharp change at 223 K corresponding to the appearance of 
solid material, while the chemical shift changes by about 2 
pprn over the same range. The studies of triphenylphosphine 
adducts of In13 discussed above clearly demonstrate that the 
four-coordinate species is thermodynamically more stable 
than the five-coordinate derivative, and the spectrum of 
In13(dppe) can be interpreted in this light. A non-fluxional 
four-coordinate mononuclear complex would show two 3 1 ~  

resonances, as would a five-coordinate species with apical and 
equatorial phosphorus atoms; the observation of a single sharp 
resonance at room temperature and the relatively small tem- 
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Fig. 8. Effect of temperature on ,'P NMR spectrum of a solution 
of InI,(dppe) (0.1 M in CDCl,); (A) change in chemical shift, 
(B) change in line width. 

Fig. 9. Effect of adding dppe to a solution of InI,(dppe) (0.1 M 
in CDC1,) at room temperature; change in ,'P chemical shift. 

-14.5 1 4  

Mole ratio dppe:ln13(dppe) 

Scheme 2. 

Scheme 1. 

perature effect in the spectra of InI,(dppe) itself are taken as 
evidence of the presence of the rapidly interconverting species 
(Scheme 1). 

Ring-opening processes of this type have been shown to be 
a feature of the solution chemistry of other indium(II1) com- 
pounds, and reflect the changes in coordination numbers asso- 
ciated with different ligand environments (17-19). The 
chemical shift observed is then the appropriately weighted 
average of the individual shifts of IA and IB and there will be 
two values for Pb and P, in IA. The broadening of the signal 
with decreasing temperature (Fig. 8B) indicates the expected 
slowing of the exchange process, but it was not possible to 
identify these as separate resonances in the temperature range 
available to us. The addition of dppe (Fig. 9) produces a small 
change in 6 ,  and the curve approaches asymptotically a value 

of ca. - 14.5 ppm. In the absence of a bonding interaction 
leading to higher complexes between In13(dppe) and free 
ligand, one would expect the linear relationship seen at low 
dppe concentrations in Fig. 9. There is an obvious deviation 
from this as the quantity of dppe is increased, but it is clear that 
an extrapolation to the chemical shift for free dppe would 
require the addition of large excess of this ligand. The addition 
of dppe (Fig. 9) also causes line broadening, and a shift in 6,bS 
that is almost linear with the dppe: complex ratio and corre- 
sponds to an averaging of 6 ,  and sc,  the chemical shifts of the 
free ligand and the complex at low [dppe]. But at high ligand: 
complex mole ratios, sobs falls away from this linearity, which 
may be due to the formation in solution of species in which 
1111, is coordinated by two dppe ligands. In view of the prepar- 
ative and crystallographic results, which show that In13(dppe), 
(InI,),(dppe),, and [In13(dppe)], are readily interconverted, 
and that indium is five-coordinate in at least two of these sys- 
tems, such a complex would likely involve two monodentate 
ligands present in small but not insignificant proportions 
(Scheme 2). The average ,'P chemical shift in such a species 
would presumably lie between the values for dppe (- 13.0) 
and In13(dppe) (- 15.9 ppm). 

The addition of strong u-donor ligands, such as dimethyl 
sulphoxide, dimethylformamide, pyridine, or y-picoline, to a 
solution of In13(dppe) in CDC1, leads to the quantitative 
release of free dppe, as 'shown by the ,'P chemical shift 
changes. As in the In13-PPh, system, addition of iodide ion, as 
n-Bu,NI, also results in the release of dppe and the formation 
of In1,-, by the Il51n resonance at -980 ppm. There is a quan- 
titative difference from the In13/PPh3 case, in that the depen- 
dence of 6 on the complex: iodide mole ratio is not linear (Fig. 
10). Extrapolation of the initial and final linear portions of this 
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Fig. 10. Effect of adding n-Bu,NI to a solution of InI,(dppe) (0.5 
M in CDCl,) at room temperature; change in ,'P chemical shift. 

Mole ratio n-Bu4NI:ln13(dppe) 

graph gives a point of  inflexion at a mole ratio of I-: complex = 
0.5, which can be interpreted in  the following way. Firstly, w e  
note that direct nucleophilic attack by I- on a five-coordinate 
In13(dppe) (structure IB) would involve the formation of a six- 
coordinate InI,P2 intermediate, which seems most unlikely in 
the context of the known coordination chemistry of 
indium(II1). An  interaction between I- and four-coordinate 
In13(dppe) (i.e., structure IA) might appear more favorable, 
but this would not give the reaction stoichiometry observed, 
and it may well be  that steric blocking by dppe at the 
indium(II1) centre would prevent this reaction pathway. W e  
therefore propose that the first step is the weak dissociation of 
the complex. 

[ I l l  InIAdppe) 9 InI, + dppe 

It is known that in  non-coordinating solvents, the dimerization 

lies completely to the right. T w o  spectroscopic studies (20,21)  
have shown that adduct formation by Ga2X6 ( X  = C1, Br) 
involves as  a first step the coordination of  the donor at one of 
the metal atoms of the dimer, and that dissociation of the latter 
(i.e., the reverse of eq. [12]) is not a prerequisite. For the 
present system, one then has 

as the final step, so  that the overall stoichiometry is 

[14] 2 InI,(dppe) +I- + Id4-  + 2 dppe + 112 In21, 

in keeping with the results shown in Fig. 10. The  differences in 
the behaviour of InI,(PPh,) and In13(dppe) in  this respect are 
therefore a consequence of the different initial interactions, 
which are themselves a function of the coordination chemistry 
of indium(II1). 

General conclusions 
The  preparative studies on  In13 - PPh3 adducts demonstrate 
that here, as in other related systems, the influences of both 
solvent and ligand on  apparently simple equilibria are com- 
plex, and not readily predictable with our present knowledge. 
The detailed information obtained from the NMR investiga- 
tions for  both PPh3 and dppe derivatives emphasizes the diffi- 
culty of interpreting such matters in a quantitative manner. 
The  most important general conclusion is that the interactions 
of  such seemingly simple molecules are much more compli- 
cated than is apparent from a superficial examination, and that 
further studies of  related systems would be  profitable. 
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