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Abstract-“‘In NMR studies are reported for InX3 (X = Cl, Br, I) solutions in hexa- 
methylphosphoramide (HMPA). The resonances of InX; anions are observed for tri- 
bromide and triiodide solutions. Mixed InBr,-,I; anions may be obtained for the mixtures 
of InI, and InBr,. A trigonal-bipyramidal complex, InCl,(HMPA),, is formed from InCl,- 
HMPA solutions. Diiodotetrakis(hexamethylphosphoramide)indium(III) iodide has been 
prepared from an InI,-HMPA system and fully characterized by elemental analysis, IR 
and NMR spectroscopy and X-ray crystallography. The cation is truns-octahedral. 
19F NMR spectra of In(NO,),-F--HMPA systems demonstrate the formation of six- 
coordinate mixed InF,(HMPA),(H,O)~:,‘_, species. 

The high donor number (DNs,,c,, = 38.8) of hexa- 
methylphosphoramide (HMPA) makes it a strong 
ionizing solvent. Besides this, the shape and dimen- 
sions of the HMPA molecule cause different steric 
interactions in the adducts solvated by it and so 
complexes with unusual stereochemistry may be 
formed. 

The coordination chemistry of indium(II1) halide 
compounds with HMPA has not been studied inten- 
sively. There are no data on solution chemistry of 
indium species in HMPA and only two works are 
devoted to the solid-state chemistry of indium 
adducts with HMPA.2’3 When studying co- 
ordination compounds of aminophosphine oxides 
Bolster obtained a number of indium(II1) halide 
adducts with HMPA-InX,(HMPA), (X = Cll, 
Br, Il).2 Based on the data of vibrational spec- 
troscopy Bolster proposed a dimeric structure for 
these compounds, [InX2(HMPA)J+[InXJ with 
trans-geometry of the cation. Later, a chloride com- 

*Authors to whom correspondence should be addressed. 

plex with the same composition was characterized 
by X-ray crystallography.3 Indium was shown to 
be in a trigonal-bipyramidal arrangement with 
hexamethylphosphoramide molecules in axial posi- 
tions and three chloride ions in equatorial positions. 

The present paper concerns the investigation of 
a number of complexes formed from InX,-HMPA 
(X = Cl-, Br-, I-) and In(NO,),-F--HMPA- 
H20 systems, both in solution and in the solid state, 
and also continues the consideration of the stereo- 
chemical aspects and mutual influence of ligands in 
mixed halo species of indium(II1). 

EXPERIMENTAL 

Materials 

Indium trichloride was prepared by chlorination 
of indium(II1) oxide with Ccl4 at ca 450°C. Indium 
triiodide was obtained according to the literature 
procedures.4*5 (C4H9)4NInX4 salts were prepared 
as insoluble precipitates when mixing aqueous solu- 
tions of InX3 and (C4H9)4NX and their subsequent 
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recrystallization was achieved from acetonitrile fol- 
lowed by drying in vucuo. Indium trinitrate was 
obtained by dissolving indium(II1) oxide of a stoi- 
chiometric quantity of nitric acid. 

The salts of InBr,, InF, - 3H,O, NH4F and 
(CH&NF were obtained from commercial sources 
without further purification. 

Hexamethylphosphoramide was rigorously dried 
and distilled by standard methods and was used as 
a solvent for preparing the solutions. All operations 
with InX, (X = Cl-, Br-, II) salts and HMPA 
were performed under nitrogen. 

Preparation of the compounds 

X-ray quality crystals of I and II were grown 
by slow evaporation of InCl, and InI, solutions, 
respectively, in HMPA in a vacuum desiccator. The 
crystals were washed with a small amount of Ccl, 
to remove the excess HMPA. The crystals of both 
I and 11 are colourless and transparent. The crystals 
of II are very unstable and comptetely decompose 
in air in a few minutes. 

Spectra 

IR spectra of samples I and II were run on a 
Specord 715 IR spectrometer between 400 and 4000 
cm -‘. “‘In 3’P, “F and ‘H NMR spectra were 
obtained wi;h a Bruker AC-200 P spectrometer. All 
samples were run as solutions. The main exper- 
imental conditions are given in Table 1. 

X-ray structure determination.v 

An Enraf-Nonius CAD-4 diffractometer using 
graphite-monochromated MO-K, radiation was 
used for structure determinations. 

The unit cell parameters of crystals of I indicated 
absolute similarity with the penta-coordinated com- 
plex InCl,(HMPA), described in ref. 3. 

For preserving, a single crystal of II was 
cemented to a glass fibre and mounted into a sealed 
Pyrex capillary (under nitrogen) and was then 
examined on a diffractometer. 

Data were collected at 200(2) IS for 28,,, = 50”. 
The crystals of II belong to the triclinic space group 
Pi. The unit cell parameters and other crystal 
data for II are: a = 14.053(3), b = 17.621(3), 
c = 20.920(4) A ; a = 73.89(l), j3 = 89.25(2), 
y = so.05(2)“; V = 4899(2) A’ ; 2 = 4, p = 25.1 
cm- ‘. A total of 8 104 independent reflections were 
measured, of which 6213 with Z 2 2a were used for 
calculation. 

The positions of indium and iodine atoms were 
derived from the heavy-atom procedure; the posi- 
tions of the remaining non-hydrogen atoms were 
revealed by a sequence of the difference-Fourier 
syntheses. The coordinates of the hydrogen atoms 
were determined for geometrically idealized posi- 
tions (C-H, 1 A). Block-diagonal least-squares 
anisotropic refinement for al non-hydrogen atoms 
(866 refined parameters) with regard to the hydro- 
gen atoms (U,, = 0.06 A’) converged to values of 
R = 0.057, R, = 0.056, GOOF = 1.97, 
w = (~2(~*)+0.~01~~)-‘. 

RESULTS AND DISCUSSION 

The “‘In NMR spectra of InX, (X = Br-, I-) 
solutions in HMPA show bands almost identical in 
frequencies to those found for the corresponding 
InX; anions (Table 2). A similar situation has been 
observed when dealing with acetonitrile solutions 
of indium trihalides also displaying resonances of 
InX; (X = Cl-, Br-, I-) species (Table 2).6 This 
was interpreted as being a result of a dis- 
proportionation reaction which leads to mixed six- 
coordinate cationic complexes that share the same 
anion InX;. As for acetonitrile solutions, no bands 
for the cationic complexes were observed for InX,-- 
HMPA systems. It seems reasonable that lower- 
ing of the symmetry of the cations causes large 
quadrupole broadening’ and thus they are un- 
detectable in “‘In NMR. Therefore, it might be 
assumed that the balance between the ionic charges 
of the species in solutions of HMPA is reached by 
forming only unsymmetrical InX, (HMPA)k3?$“‘+ 
(X = Br-, I- ; n = 1, 2) cationic species because 
In(HMPA)~+ could be detected as In(H~O)~+.* 

Table 1. Experimental conditions of running NMR spectra 

‘H ‘9F 3’P “‘In 

Frequence (MHz) 200.00 188.31 81.01 43.86 
Lock (CD&CO (CD&CO (CD&CO DzO 
Tube (o.d.) 5 5 
Standard 

&*,),Si 
SiFi- H,PO, &H,),NInCI, 

Temperature (K) 298 253-298 298 298 
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Table 4. IR spectral data 

Mode description 
Frequency (cm- ‘) 

Species HMPA, liquid InI,(HMPA), 

PO stretch al 1218 1190 
PN stretch al 740 740 
PN stretch e 982 980 
PO bend 

,4! 
481 475 

CN stretch 1150,1174 1130 

arranged iodine atoms in an octahedral geometry 
(Fig. 1, Table 5). The packing of II is extraordinarily 
loose ; for one non-hydrogen atom there is a value 
of 25.5 A’. The shortest contacts are 1. . * I = 7.20, 
I. . . c = 3.45, c.. * c = 3.45 A. 

Careful analyses of the solid phase from InI,- 
HMPA solution demonstrates that compound II is 
the only product formed in this system. We can, 
therefore, conclude that despite the unequivocal 
formation of the InI: anion in solution the balance 
between the ionic charges in the solid is reached by 
iodide ions which are displaced by HMPA mol- 
ecules from the inner coordination shell of indium. 

To date all known ionic structures containing the 
six-coordinate indium cation InX*L:, where 
L = MexPO for X = Cl-, Br- ; Ph,MePO for 
X = Br- ; Ph,PO for X = Cl-, Br- ; Ph,AsO for 
X = Cl- I4 and Me,SO for X = 1,15 have InX: 

species as an anion and thus compound II is the first 
example of mixed indium(II1) complexes containing 
an acido ligand in the outer coordination sphere. 

Previous authors14 have tried to analyse reasons 
for the appearance of ionic structures and assumed 
preferential formation of ionic derivatives by a 
heavier halogen and the structure of InI,(HMPA), 
verifies this assumption. 

One more interesting feature of the structure of 
In13(HMPA)4 is the tram configuration of the 
cation. Recently we analysed the stereochemical 
features of pseudo-octahedral complexes of in- 
dium(II1) halides. ’ 6 Both VSEPR (valence-shell 
electron-pair repulsion)‘7 and electronic-vibra- 
tional” concepts predict stabilization of the tram 

isomer for InX,L, species when the difference be- 
tween the electronegativity and geometrical para- 
meters of donor atoms X and L are significant. 

Fig. 1. The [InI,(OP{N(CH,),}3)4]+ cation of II. 
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Table 5. Selected bond lengths (A) and angles (“) for 
complex cations of II 

Molecule a 

In-I( 1) 
In-I(2) 
In-0( 1) 
in-O(2) 
In-O(3) 
In-O(4) 

I( 1 )-In-I(2) 
I( l)-In-O( 1) 
I(I)--m-O(2) 
I( lFIn--O(3) 
I( 1 tin--0(4) 
I(2)-In--O( 1) 
1(2kIn--O(2) 
1(2)-%--0(3) 
1(2tIn-O(4) 
0( I)-in--O(2) 
0( l)--in-O(3) 
0( 1 )--in-O(4) 
O(2)---in-O(3) 
0(2)-&--0(4) 
O(3)---In-O(4) 
In-O(lkP(1) 
In-0(2)-P(2) 
In-0(3)--P(3) 
In-0(4tP(4) 

2.812(2) 2.794(2) 
2.811(2) 2.803(2) 
2.16(l) 2.15(l) 
2.18(l) 2.17(l) 
2.16(2) 2.16(l) 
2.09(2) 2.14(l) 

179.71(9) 
89.1(4) 
89.2(4) 
88.9(4) 
91.0(4) 
90.8(4) 
90.8(4) 
90.8(4) 
89.2(4) 

178.1(5) 
88.2(5) 
90.1(5) 
92.6(5) 
89.1(5) 

178.3(6) 
169.2(9) 
161.1(9) 
167(l) 
163(l) 

179.19(8) 
90.5(4) 
90.1(4) 
89.2(4) 
88.0(4) 
89.6(4) 
89.8(4) 
91.6(4) 
91.2(4) 

179.3(5) 
90.1(5) 
90.8(5) 
89.6(5) 
89.5(5) 

177.1(5) 
159.3(9) 
166.2(9) 
162.6(9) 
161.2(9) 

Molecule b 

According to these approaches the arrangement of 
iodide ions in [InI,(HMPA),]+ should also be trans. 

It should, however, be noted that the same com- 
position of donor atoms in the coordination sphere 
(I and 0) gives the cis isomer for the cation in [InI, 
(Me,SO),]f[InI,]-.‘5 Authors” have assumed the 
dominant role of steric effects of ligands. Cal- 
culations of the steric angles of donor iodine and 
oxygen atoms (based on average bond lengths In-I 
2.80 and In-O 2.18 A) give values of 91” and 80”, 
respectively. Sums of the steric angles show that 
the tram isomer is destabilized since two of three 
octahedra1 planes, in contrast to one for cis, contain 
the larger iodine atoms. In-I and In-O distances 
in [InI,(HMPA),]+ (Table 5) are almost the same 
and so the values of the steric angles are equal, but 
the configuration is trans nevertheless. There seems 
to be two reasons influencing the geometry of the 
cation, notably (1) that the stabilization of the iso- 
mer is a function of the anion present in the lattice 
(I- or InI;) and (2) that, as was pointed out in ref. 
19, steric stabilization of the cis species may dis- 
appear for bulky ligands where L-L non-bonded 
repulsions become predominant and truns-MLzX, 
species may become favoured. HMPA should be 
undoubtedly considered as a bulky ligand due to 
the downwards-spreading umbrella geometry of the 

{(CH3)2N}jP0 molecule, which invalidates the 
above arguments by producing an effective steric 
angle greater than that of the monatomic donor. 

The arrangement of four bulky HMPA molecules 
in one plane and thus the contribution to the cation 
stability is enabled by an increase in the P-O-In 
angles, to ca 164” in InI,(HMPA): compared with 
153” for InCl,(HMPA),. 3 This oxygen angle value 
is the greatest for known 0x0 ligands coordinated 
to indium and even larger than that for trans- 

[InCl,(Ph,PO)4]+ (160”) with a ligand as large as 
triphenylphosphine oxide,14 which indicates the 
more ionic nature of the indium-oxygen linkage in 
the adduct with HMPA. 

The last assumption can be circumstantially con- 
firmed by ‘H and 3’P NMR values. The co- 
ordination of HMPA molecules to indium [benzene 
solution of InI,(HMPA), was analysed] causes a 
small high-field shift of the NMR lines of both ‘H 
[1.38 ppm, J(H-H) = 9.5 Hz compared with 1.44 
ppm and 9.3 Hz, respectively, for HMPAC6H6 

solution] and 3’P (22.86 ppm compared to 24.49 
ppm for HMPA-CsH6 solution). This sharply con- 
trasts with 31P lines of phosphine oxideI and phos- 
phate2’ molecules in indium complexes, which are 
usually shifted downfield by ca 5-13 ppm. 

In a number of recent papers concerning complex 
fluorides of group 111( 13) metals-aluminium, gal- 
lium and indium-with various 0- and N-donor 
molecular ligands we have suggested some relation 
between shielding of the 19F nucleus and the electro- 
negativity of an atom in the trans position to flu- 
orine.2’,22 It has been shown that oxygen causes 
greater transfer of electron density than nitrogen 
from the ligand donor atom through metal to flu- 
orine, leading to a high-field shift. A similar situ- 
ation seems to be observed for InI,(HMPA), 
because the complex cation comprises oxygen 
atoms in O-In-O fragments, which results in a 
strong trans effect and an increase in electron den- 
sity on all atoms of the HMPA molecule. 

Regarding 3 ‘P NMR spectroscopy of indium 
complexes it should be noted that in contrast to 
aluminium, for which Al(HMPA)j+ displays a 
sharp quintet by 27A1 NMR and a sextet for “P 
showing clear evidence for a tetrahedral arrange- 
ment of four HMPA ligands around A13f,23 it is 
not possible to observe couplings between ’ ’ 51n and 
“P nuclei. Line broadening must be attributed in 
the first place to quadrupolar relaxation of the 
metallic nucleus and then to the low symmetry of 
the complex. 

We have not managed to prepare adducts of InF, 
with HMPA due to the insolubility of InF, * 3H20 
in this solvent. In spite of this some interesting 
information about indium complexes with such 
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ligands as F- and HMPA may be obtained 
when investigating the In(NO,),-F-(NH,F, 
(CH,),NF)-HMPA-Hz0 systems using “F NMR 
spectroscopy. 

Fast exchange between various indium fluoride 
species slowed down only at ca 258 K, allowing the 
observation of the separate “F lines (4&80 Hz) of 
individual complexes. Varying the HMPA/In(NO& 
molar ratio over the range 6-10 when F-/In(NO,), 
was kept close to 1 allowed us to detect eight res- 
onances of mixed-fluoro/HMPA/aqua species. We 
have no direct evidence for the coordination num- 
ber of indium in these complexes, but the number 
of bands observed together with the results we 
obtained when dealing with “F NMR spectra of 
In3+-F--L-H,0 [L = Cll, Br-, II, NCO-, 
NCS-,24 (NH2)&0, NH,CH,CO, (NH,),CS and 
NH2CH3CSz5] systems allowed us to consider the 
interval of chemical shifts (- 150 to - 175 ppm) 
corresponding to the six-coordinate species. The 
assignment of lines (Table 6) was performed in 
accordance with both the tendency of the ligands 
to cause deshielding of “F nuclei in the complex 
and the dependence of the integration curves on 
HMPA concentration. Chemical shifts (6) of the 
complexes show the additivity of 6 when sub- 
stituting water molecules in InF,(H,O)z::: by 
HMPA (ca 2.5 ppm per substitution). The cor- 
responding values for acido ligands (17, Cll ; 15, 
Br- ; 7, NCS) are significantly higher and demon- 
strate a stronger influence of ionic ligands compared 
with neutral molecules on coordinated fluoride. 

The consideration of interactions of various 
indium halide salts with hexamethylphosphoramide 
leads to several conclusions, notably: HMPA 
molecules can be combined with atoms of all 
halides (from F to I) in the coordination sphere 
of indium(II1). 

The coordination numbers of indium in mixed- 
halide complexes with HMPA differ. The same pre- 

Table 6. ’ 9F resonances for mixed 
InF,(HMPA),(H,O)~:~_, species in 

aqueous solution 

Complex - 6 (ppm) 

InF(HMPA)(H,O):+ 174.2 
InF(HMPA),(H,O):+ 171.4 
InF(HMPA),(H,O):+ 169.2 
InF(HMPA),(H,O)*+ 167.0 
InF(HMPA):+ 164.7 
InF,(HMPA)(H,O): 163.6 
InF,(HMPA),(H,O): 160.6 
InF,(HMPA),(H,O)+ 157.3 

parative technique leads to five-coordinate chloride 
species, whereas the coordination number for the 
iodide complex cation is six. This result is rather 
unexpected because the opposite situation should 
be more likely. The reasons for the preference of 
trigonal-bipyramidal chloride structure has been 
discussed earlier. It can be assumed that the for- 
mation of similar iodide species is hindered by the 
arrangement of three large iodine atoms in the equa- 
torial plane. The systematic discussion of this obser- 
vation needs more structural information and quan- 
titative thermodynamic data on mixed indium 
complexes. Work on this is proceeding. 
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