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There is an increasing interest in designing better modified metal-alkoxide precursors for the deposition of metal-oxides and
organic-inorganic hybrid materials by sol-gel/MOCVD techniques. In the alkoxide based sol-gel processes, gelation occurs
through the development of a polymeric network formed as a consequence of the initial hydrolysis of the metal-alkoxides in
the presence of water and its subsequent polymerization by condensation mechanism. Modifiers such as B-diketones, car-
boxylic acids, Schiff's bases, glycols etc. can modify the relative reaction rates (by chelation effect) providing a better route
to the formation of the gelatinous precipitate required for ceramic material applications. Such organically modified metal-
alkoxides and related precursors also allow the introduction of organic moieties for organic-inorganic hybrid material ap-
plications.

Considerable amount of research work has been reported from our laboratories on various synthetic and structural as-
pects of derivatives containing M-O-C, M-S-C and M-N-C functionalities during the last three decades, yet much of the later
developments coincided with the synthesis and characterization of the modified precursors for material applications. The
present article deals with the synthesis and structural aspects of some modified metal-alkoxides and related precursors of

some main group p-block and early d-block elements having potential applications in material science.

Introduction

Chemically modified metal-alkoxides and related de-
rivatives play an important role as precursors to ceramic
materials by sol-gel processing or metal-organic chemical
vapour deposition technique. This has resulted in an intense
activity in the field of nano-technology, an area of current
interest due to the dramatic change in material properties at
nanometer scale. The solution based sol-gel technology has
been employed extensively in the production of high qua-
lity (amorphous or crystalline) oxide ceramics at low tem-
perature with specified mechanical, optical, electronic and
physicochemical properties in a variety of shapes from pow-
ders to fibers including deposition of thin films on various
substrates. Applying the sol-gel process, it is also feasible
to control the entire synthetic route from precursor to the
final targeted material at the molecular level, which is
unachievable with traditional sintering or precipitation
methods.

An understanding of the sol-gel path involves an under-
standing of the reactions and processes occurring at the mo-
lecular level. A most simplified sol-gel process involves
the following basic steps :

hydrolysis evaporation
Solution ———— Colloidal ———

of precursor sol of solvent
material

sintering

Xerogel Aerogel

In the beginning these aerogels were prepared using in-
organic precursors (e.g. metal salts) requiring long gelation
time and high sintering temperatures!. However, the use of
metallo-organic precursors, mainly the metal(heterometal)-
alkoxides2~ gave a major breakthrough to this technology
because of the various advantages over the traditional meth-
ods including uniformity in processing, control over the sto-
ichiometry, reduced sintering temperatures and the forma-
tion of volatile side products.

In the alkoxide based sol-gel processes, gelation occurs
through the development of a polymeric network formed
as a consequence of the reactions of the following types :

RO-M-OR + H,0O — RO-M-OH + ROH
RO-M-OH + HO-M-OR — RO-M-0-M-OH + ROH

(R = alkyl group)

¥Acharya P. C. Ray Memorial Lecture (2003) delivered under the auspices of Indian Chemical Society on 24 December 2004 at Delhi, India.
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Once the hydrolysis is initiated the above reactions oc-
cur simultaneously. The nature of the resultant network
structure would depend on the relative kinetics of (i) the
initial hydrolysis of the metal-alkoxides in the presence of
water and (ii) its subsequent polymerization by condensa-
tion mechanism. A polymeric gel is obtained if the hydroly-
sis reaction is much faster than the polymerization by con-
densation mechanism. On the other hand, a gelatinous pre-
cipitate or a colloidal gel is obtained when the kinetics of
the above two reactions are fast enough and become simi-
lar. Modifiers such as B-diketonates, glycols etc. can modify
the reaction kinetics by chelation effect3. It appears that the
resultant steric hindrance by anisotropic growth of oligo-
mers inhibits the rapid hydrolysis that causes the formation
of the polymeric gels.

A great deal of research work on various synthetic and
structural aspects on derivatives containing M-O-C, M-S-
C and M-N-C functionalities has been reported from our as
well as other laboratories>~!3. The initial aim of synthesiz-
ing the metal-alkoxides and related derivatives was to pre-
pare a wide variety of compounds of empirical formula
LxM(OR)y (where R is an alkyl group, L a neutral or an-
ionic ligand and x and y are integers), the synthesis of which
may not be possible by any other route in the required high
purity. But much of the later developments in this field co-
incided with an interest in designing better precursors for
the deposition of metal oxides and organic-inorganic hy-
brid materials by methods such as the sol-gel or MOCVD.

Therefore, the current research interest is on the synthe-
sis and characterization of tailor made precursors of these
alkoxides prepared by the partial replacement of alkoxo
groups with less hydrolysable groups such as oxo-, B-
diketonates, carboxylates and many other chelating or non-
chelating modifires, which tend to lower their rate of hy-
drolysis2#12:13, Furthermore, such organically modified
metal alkoxides and related precursors allows the introduc-
tion of organic moieties for organic-inorganic hybrid mate-
rial applications”’m. Syntheses of these materials require
that the oxide cluster and organic compound should be
soluble in a common organic solvent and a bond formation
should be there to maintain a compatible single phase.

The present article deals with the synthesis and struc-
tural aspects of some modified metal-alkoxides and related
precursors of some main group p-block and early d-block
elements having potential applications in material science.

Group 13 metalloorganics
Group 13 elements find a special place in the field of
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semiconductor devices'®. Metalloorganic compounds fea-
turing bonds between group 13 and 15 elements!”!8 and
between 13 and 16 elements!?=23 have interest due to their
applications as precursors for MOCVD and sol-gel prepa-
ration of the desired materials.

Aluminium alkoxides and oxoalkoxides are rich with
the accessibility of the soluble forms, oligomeric charac-
teristics, interesting coordination chemistry and geometries
and most importantly the ease of hydrolysis, a property in-
creasingly exploited for the low temperature synthesis of
oxide ceramics by sol-gel process!3-20:21.23,

Amongst aluminium-alkoxides, the chemistry of alu-
minium-isopropoxides received considerable attention. It
had been reported to depict varying degree of molecular
association, e.g. 2- >4. On this aspect, a conceptual approach
was directed by Mehrotra?4, using the phenomenon of "age-
ing" as depicted below :

[AI(OPri);], ——> [AI(OPrl);]3 ——> [AI(OPri)3],

Liquid Solid
state state

Vapour
state

Existance of tetrameric structure in solution has been
confirmed by 'H and 2’ Al NMR spectral studies?>26, The
27 Al NMR spectrum in toluene exhibits two sets of signals
atd 1.72 ppm and § 65.0 ppm in the range of six- and four-
coordinated Al atoms, respectively. This inference got
further support by the solid state single crystal X-ray dif-
fraction study of [Al(OPri)3]427.

It has been shown that the decrease in electronegativity
of the bridging group between two metal centers results in
increase in "Metal-Metal' repulsions in dimeric systems.
Probably because of this reason, the thio analogues of
organoaluminium alkoxides, which are dimeric in the gas-
eous state becomes polymeric in the solid state with large
Metal-Metal distances?8,

Due to the high susceptibility of aluminium-alkoxides,
a control on the hydrolysis rate was achieved by the use of
chemical modifiers. In this regard partially substituted alu-
minium-alkoxide-B-diketonate complexes provided very
interesting considerations towards structural aspects as well
as their activity as catalysts and as ceramic precursors®”.
Complexes of the formula [AI(OR),(B-diketonate)l, exis}
as asymmetric dinuclear complexes (when R = OPr',
OSiMe,, t-Bu) containing tetrahedral and octahedral Al
sites, on a two fold-axis (Fig. 1).

Prolonged standing of the compound [Al(OPri)Z(acac)]z
in solution at room temperature yields a white crystalline
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Fig. 1. Crystal structure of | Al(OSiMe,),(acac)],.

solid [Al(OPri)z(acac)]3. X-Ray diffraction study reveals
an interesting distribution of ligand moieties on the three
aluminium atoms. Two octahedral Al atoms are bonded with
two and one acetylacetonate moieties, respectively, while
the third tetrahedral Al atom is bonded with two terminal
and two bridging isopropoxy moieties. However, the use of
highly sterically crowded triphenylsilenol, in place of
isopropanol resulted in the formation of four-coordinated
monomers. With smaller alkoxo-ligands like methoxy, a
polymeric white flocculent solid was obtained.

Complexes of the formula [AI(OR)(B-diketonate),] are
dimeric with the possibilities of existence of stereoisomers,
which is reflected in their NMR spectra. Crystal structure
analysis [Al(OPri)(Etzacac)z]z demonstrate steric crowd-
ing around both the octahedral Al atoms. It is interesting to
mention here that the aluminiumtris(B-diketonate) com-
plexes are monomeric with hexa-coordinated Al center3?.
These studies do indicate that chelating ligands reduce the
Lewis acidity of the resulting complexes.

' Systematic studies on some novel heterocyclic deriva-
tives containing aluminium(li) atoms in different coordi-
nation states have been recently reported from our labora-
tories using the reactions of the following type :

(acac),Al(u-OPr'),Al(OPri), + n LH ——
(acac),Al(u-OPri),Al(OPr'), L +nPriOH

(where n =1 or 2; when LH is a monofunctional ligand like
8-hydroxyquinoline3!, oximes?2, triphenylsilanol33, O-ami-
nobenzoic acid3*, 2-pyridylmethanol33, amino alcohols?,
Schiff's bases3” and n = 1, when LH is a bi-functional li gand
like mercaptoalcohol?®, glycols?? etc.).

In addition to the above, some bridged glycolate com-
plexes of aluminium(iir) have also been prepared by the
reaction of (acac),Al(n-OPr'),Al(OPr'), with glycol in
1 : 2 molar ratio in anhydrous benzene??.

All these dinuclear derivatives, (acac),Al(u-
OPri)zAl(OPri)z_nLn, have been characterized by elemen-
tal analysis and spectroscopic (IR and multinuclear NMR)
studies. 27Al1 NMR spectral studies appear to be the most
important tool for structural characterization of
aluminium(1ii) derivatives. The range of 2’ Al NMR chemi-
cal shifts of all these complexes indicate the presence of
AM atoms in different coordination states (Fig. 2a). Fol-
lowing general structure may be proposed for these deriva-
tives (Fig. 2b). It appears that the introduction of organic
functionalities might play a significant role in modifying

] 1
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Fig. 2. (a)27AlI NMR spectrum of a representative complex392
(b) Proposed structure for (acac), Al(u-OPr'),AILL".
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the solubility and reactivity of the resulting alkoxide de-
rivatives to make them better precursors for high-purity
metal-oxide based ceramic materials.

It is worthwhile to mention here that the corresponding
boron analogous, [(B-diketonate)B(OPri)z] are monomeric
and their further reaction with a variety of glycols in anhy-
drous benzene resulted in the formation of tetra-coordinated
boron(Ii) complexes4l'42. In the ''B NMR spectra of these
derivatives, the presence of two set of resonances with un-
equal intensity indicate the existence of equilibrium between
tri- and tetra-coordinated structures.

The studies on a wide variety of compounds of
aluminium(It) exhibiting unsymmetrical structures, indi-
cate that the steric and electronic factors play a very impor-
tant role in aluminium(alkoxo)(B-diketonate) chemistry33—40,
Therefore, attempts have also been made. to prepare other
derivatives using similar chelating ligands. In this context a
new heteroleptic precursor, [bis(N-phenylsalicylidene-
iminato)-aluminium-di-pu-isopropoxo-diisopropoxo-
aluminium(111)], has been prepared by the reaction of
Al(OPri)3 and N-phenylsalicylidene imine in 1 : | molar
ratio in refluxing anhydrous benzene®3.

AI(OPr), + HO(CgH,)CH=NC,H, 2enzene
{O(C¢gH4)CH=NC¢H; } ,Al(u-OPri),AI(OPr'), + Pr'OH

I

Compound I is obtained in quantitative yield as the sole
product without co-existence of any geometrical isomer
(Fig. 3). This fact was also confirmed by its 27 Al NMR spec-
tra in which only two resonances were observed at 8 7.8
and 40.1 ppm, which were assigned to 6- and 4-coordinated
aluminium(iIt) atoms, respectively. The crystal structure of
I, exhibits interesting variations in Al-O(alkoxo) bond dis-
tances :

(i) 1.932(3)-1.909(3) A for Al(hexa-coordinated)-
O(bridging),

(ii) 1.792(3)-1.799(3) A for Al(tetra-coordinated)—-
O(bridging), and

(i) 1.704(3)-1.685(3) A for Al(tetra-coordinated)—
O(terminal)

Reaction of I with alkoxyalkanolsin 1 : I and I : 2 mo-
lar ratios in refluxing anhydrous benzene yield alkoxo-
bridged complexes of the type [C4H4O{ CH=N(C¢Hs)}1,
Al(u-OPr'),AI(OCH,CH,0R),(OPr'),_,. Multinuclear
NMR studies indicate monodentate behaviour of alkoxy-
alkanol moieties and retention of 6- and 4-coordination in
these binuclear derivatives also.
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Fig.3. Crystal structure of {O(C6H4)CH=NC6H5}2Al(p.-OPri)2-
Al(OPr'),.

Similarly further reaction of I with diols yielded termi-
nal chelated-alkoxo-bridged, bis(N-phenylsalicylidene-
iminato) Al complexes*.

As coordination number five appears to be less com-
mon in AI'l derivatives, therefore preparation of some
heteroleptic complexes of Al with N-phenylsalicylidene-
iminato and internally functionalized oximes in various sto-
ichiometric ratios is quite interesting45. Crystal structure
analysis of one of the derivatives, [C¢H4O{CH=
N(C¢Hs)}1,AI{ON=C(Me)C4H;S-2] revealed Al atomina
distorted trigonal bipyramidal environment with all the three
oxygen atoms at equitorial positions (Fig. 4). The axial po-
sitions are occupied by the nitrogen atoms of the N-
phenylsalicylideneimine ligand moieties.

Fig. 4. Crystal structure of [C4H,OCH=NC¢H;],Al[ONC(Me)C,4H;S|.

In view of the above interesting findings, some
organoaluminium(ill) complexes have also been synthesized
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by the reaction of triethylaluminium ethrate adduct (Et; Al
Et,0) with a variety of aminoalcohols, which are of special
interest due to the presence of both hydroxyl as well as
amino groups*%2, On the basis of the molecular weight mea-
surements of both the 1 : 1 (dimer) and 1| : 2 (monomer)
derivatives and the range of 27A] chemical shifts (8 67.3-
71.2 ppm) exhibited by them, presence of penta-coordina-
tion around Al atom was suggested. Similarly, penta-coor-
dination in mono and di-ethylaluminium(iir) complexes with
internally functionalized oximes has been suggested with
the help of 27 Al NMR studies*, Crystal structure analysis
of an ionic complex, [AI{C,H,O(CH=NCH;s)},
{C6H4(OH)CH=NC6H5}2]+Br‘, obtained during the reac-
tion of Et, AlBr with a Schiff's base, on the other hand re-
vealed octahedral environment around aluminium(lil) atom
(Fig. 5)*7.

Fig.5. Crystal and molecular structure of [Al{ C¢H,O(CH=NC¢H;)},

{CgH,(OH)CH=NCH; },|*Br.

Group 14 metalloorganics and related derivative

Heavy group 14 elements exhibit most varied coordina-
tion chemistry of any similar group of elements in the peri-
odic table. The metalloorganic compounds of these elements
find extensive applications in industries because of their
catalytic*3-30 and biological activities®'”2 as well as their
increasing use in material science3-34, Thin films of these
M-oxides are widely used as semiconductors and have po-
tential applications in light-emitting diodes, in infrared de-
tectors and in opto-electronic devices.

The involvement of these derivatives in sol-gel tech-
nology for the preparation of thin films or nanocomposites
of inorganic and hybrid materials is a current thrust area of
research because of the low cost of the starting mate-
rials>>%6. SnO, thin films doped with other elements ex-

JICS-2

hibit best mechanical, chemical and thermal stabilities and
least toxicity>’.

The alkoxide chemistry of germanium was initiated by
Key e al. 5899 and extended by Mehrotra and co-workers®!~63
Generally, germanium compounds are stable in the tetrava-
lent state. However, the stabilization of divalent germanium

compounds require sterically demanding ligands.

Recently, we reported® some interesting reactions of
Ge(OPr'), with glycols to yield dimeric complexes of the
following type :

2Ge(OPr'), + 4HO-G-OH ———>
[Ge(0-G-0),], + 8Pr'OH

Mixed ligand complexes of the type, (OPri)zGe(O-G-
0), have also been prepared and characterized. The com-
pound (OPri)zGe(O2C2H4) exhibits dispropotionation re-
action :

4(OPri),Ge(0,C,H,) —>

Ge,(0,C,Hy)4 + 2Ge(OPri),

X-Ray diffraction study of Ge,(0,C,H,), revealed in-
teresting feature in its bond lengths and bond angles. The
four-membered Ge,O, ring is planar (Fig. 6). The Ge-O
bonds within the digermanoxane ring differ very much (Ge-
0; 1.835 and 2.082 A). Each oxygen atom of the ring be-
longs to the bridging and chelating five-membered diolato
ligand with envelope conformation. Germanium atoms are
in distorted trigonal-bipyramidal configuration. The second
diolato-ligand acts only chelating and has a less distorted
envelope conformation.

Fig. 6. Crystal structure of Ge(OCH,CH,0),.

When monofunctional ligands having additional donor
sites, e.g. alkoxyalkanols, react with Ge(OPr'), in various
stoichiometries, only tetra-coordinated species of the type
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[Ge(OCH,CH,O0R), (OPr!),_,] (where R = Me, Et and Bu;
n = 1-4) were obtained®®. On the basis of the molecular
weight measurements and spectroscopic data, a tetrahedral
geometry around Ge atom has been proposed. Some vola-
tile tetra-coordinated triorganogermanium(lv) complexes
with internally functionalized oximes have also been re-
ported66. Spectroscopic data indicate that the heteroatoms
of the oximato moiety are not taking part in coordination.

A comparison of the structure of [Ge(OCH,CH,0),1],
with the related structure of [TiO(acac),],, revealed that
the Ti,O, ring is also planar but symmetrical®’ (Fig. 7a). In
this titanoxane ring the titanium atoms are in"somewhat dis-
torted octahedral environment. On the other hand the cor-
responding OV(B-diketonate),, is monomeric and exhibits
penta-coordination around vanadium atom (Fig. 7b)%8,

(b)
Fig. 7. Crystal structure of (a) [(Ti(acac),0)l], and (b) OV(B-diketonate),.

A related heteroleptic zirconium derivative, [(acac),Zr
{ONC(Me)Py-2},], exhibits the presence of a central zir-
conium atom in coordination number eight®®2, The two
acetylacetonato-O,0' ligands are bonded in cisoidal man-
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ner and the two oximato ligands are linked in a n2-N,O fash-
ion to the central zirconium atom (Fig. 8a). Participation of
oxime-N in coordination may be due to the increased size
of the central atom. Although Zr-N distances are the largest
(=2.24 A). The oximato-N atoms lie closer to the trans-axial
positions of the oxygen atoms of the acac rings (=166°). A
similar type of bonding has also been observed in
OV{ONC(Me)C4H;0-2}5 (Fig. 8b)%°.
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Crystal structure of (a) [(acac),Zr{ ONC(Me)CsH,N-2},] and
(b) OV {ONC(Me)C,H;0-2};.

Fig. 8.

In addition to the above the first (chloro)alkoxo-cad-
mium-zirconate derivative, [{ Cd[Zrz(OPri)g](u-Cl)}z], has
also been characterized by X-ray crystallography (Fig. 9)
exhibiting interesting structural variations’. Such deriva-
tives may be potential candidates for ceramic materials by
the sol-gel processing.
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Fig. 9. Crystal structure of [{ Cd[Zry(OPr)o](1-CD 15 -

Interest in the chemistry of organotin oxide networks is
due to the accessibility of a wide range of structural pat-
terns like drum-shaped, cubic, caped tetrahedron etc.
and their applications as precursors in material science’374.
In this regard organostannoxanes have received consider-
able attention because such derivatives may also exhibit a
variety of unique structures, e.g. in the structure of unsym-
metrical stannoxanes, of the formula [{C H{C(O)
CHCO(CF3)Sn(Me), }O{SnMe,(0,CCFj3)}],, obtained by
the condensation reaction of dimethyltin oxide with
C¢HsCOCH,COCF; and CF3COOH in 2 : | : | molar ratio
in refluxing benzene, both the exo- as well as the endo-
cyclic-tin atoms are penta-coordinated with tbp geometry
and none of the ligand moieties are taking part in bridging
the tin atoms’>? (which is generally very common in the
solid-state structures for such type of compounds®&: 76.77)
(Fig. 10).

Fig. 10. Crystal structure of [{C¢HsC(O)CHCO(CF3)Sn(Me), }-O-
{SnMe,(O,CCF3)}],.

It is interesting to mention here that the reaction of Mn
powder with CF3COOH gave a product Mn(O,CCFy), 1
The aggregation of 1 is directed by different N-containing
bases. Pyridine (Py), for example, forms’? the mono
nuclear complex [Mn(O,CCF3),(Py),] (Fig. 11) and
benzonitrile (benz) yields the trinuclear complex
[Mn3(02CCF3)6 (benl)6].

71,72
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Fig. 11. Crystal structure of [Mn(O,CCF3),(Py),].

Recently, we reported the syntheses and structures of
some novel tetraorganodistannoxanes with internally
functionalized oximes’8:7°. Diorganotin(1v) complexes of
the type [{R,Sn(ON=C(Me)Py-2)},0], (R = Bu", Pr", Et
and Me) have been synthesized by condensation reactions
and characterized by elemental analysis, IR and NMR (!H,
13C and '19Sn) spectroscopy78

4R,Sn0 + 4HONC(Me)Ar ———>
[{R,Sn(ONC(Me)An)},01, + 2H,0

Like 27 Al NMR spectroscopy, the 1197 NMR spectros-
copy is also an important tool for the structural elucida-
tions. Two sets of 119Sn chemical shifts are observed in the
119§ NMR spectra of all these compounds (in the region &
—-190.8 to —220.4 and -219.9 to —239.4 ppm) indicating the
presence of two types of environment around the tin atoms.
These stannoxanes exhibit dynamic behaviour in solution,
which is reflected in the 'H and !3C NMR spectra of these
complexes. Only a single set of ligand proton and carbon
signals had appeared in spite of their different bonding pat-
terns within a stannoxanes frame work. Crystal structure
analysis of Bu- and Et-tin derivatives revealed interesting
structural variations. In the structure of dibutyl derivative
cach tin is bonded to the uninegative ligand moiety, which
is very similar to the previously reported tetraorgano-
distannoxane structures (Fig. 12a). However in the case of
diethyl derivative (Fig. 12b) each of the exo-cyclic tin at-
oms is bonded to two oximate anions and the oxime-nitro-
gen of one of the anions is coordinated to the endo-cyclic
tin atoms. Both endo- and exo-cyclic tin atoms in dibutyl-
and diethyl-derivatives are in distorted tbp configurations
with the R groups occupying the equatorial positions. The
four-membered Sn,0, ring is planar and asymmetrical (Sn-
0, =2.048 and ~2.19 A). These molecules adopt a staircase
conformation in the solid-state.
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Fig.12. Crystal structure of (a) [{Bu",Sn(ONC(Me)CsH4N-2)},0],
and (b) [{ Et,Sn(ONC(Me)CsH,N-2)},0],.

Crystal structure analysis of [{Me,Sn(ON=C(Me)
Py)},01,.2[2-Py(Me)C=NOH] %, which is a hydrolysis
product obtained during the reaction of Me,SnCl, with the
sodium salt of the ligand in 1 : 2 molar ratio, revealed two
unique characters (Fig. 13); (i) this is the first structural
motif in which two free oximes are connected to the
stannoxane frame work in this manner, a property which
may be of use in the preparation of hybrid materials, and
(ii) the four-membered Sn,0, ring is symmetrical. It is in-
teresting to compare the degree of hydrogen bonding in the
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o4 NSy C2)
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Fig. 13. Crystal structure of [{Me,Sn(ONC(Me)CsHyN-2},0],.2[2-
Py(Me)C=NOHI.
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complex with that in the free acid’8.

Monoorganotin(1v) trichloride adducts of these
functionalised oximes in 1 : 1 and 1 : 2 molar ratios have
also been synthesized80. The !19Sn NMR spectra of all these
derivatives displayed a single resonance in the region &
—400 to —406 ppm, which falls in the range of hexa-coordi-
nated tin atom. Crystal structure analysis of the adduct
BuSnCl;.HON=C(Me)Py (I) and its hydrolysis product
[BuSnCl,{ON=C(Me)Py}O],SnBuCl (II) revealed very
interesting bonding features®!. In compound (I) both C=N
and ring nitrogens are taking part in coordination to give a
distorted octahedral environment around tin atom (Fig. 14a).
Compound (IT) appeared to be a trinuclear species with Sn-
O-Sn bonds, again with hexa-coordinated tin atoms (Fig.
14b).

(b)

Fig. 14. Crystal structures of (a) BuSnCl;.HON=C(Me)Py and (b)
[BuSnCl,{ON=C(Me)Py}O},SnBuCl.

It would be worthwhile to mention here, that condensa-
tion reaction of R,SnO with salicylaldoxime afforded a new
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class of trinuclear organotin clusters [R,Sn],(R,Sn0)-
(ONZO)(ONZOH)(HONZO0)]32. The interesting feature of
these trinuclear species is that, the monofunctional Uy-bridg-
ing ligand [bridging two five-coordinated tin atoms Sn-3
and Sn-2] is susceptible to the attack of a nucleophile. Sev-
eral reactions have been reported by substituting this p,-

bridging ligand and every time the same structure was
obtained®-- 83,

Since oximes are an important class of organic ligands
which can form salts and complexes, some volatile
triorganotin(1v) complexes have also been synthesized with
internally functionalized oximes®*. On the basis of tin-hy-
drogen [Z.I(l 19Sn—lH)] and tin-carbon [l.l(l l‘)Sn-”C)J cou-
pling constants as well as the range of !'2Sn chemical shifts,
a tetrahedral geometry around the tin atom has been pro-
posed through oxygen atom of the ligand moiety.

Diorganotin(1v) bis chelates have also received much
attention®5-88_ In the X-ray crystal structure of bis(4-ben-
zyl-2,4-dihydro-5-methyl-2-phenyl-3H-pyrazol-3-onato)
dibutyl tin(1v), the butyl groups are occupying the trans po-
sitions of the octahedron. Four oxygen atoms of the
pyrazolone moieties and the central tin atom lie in the same
plane®3. Similar kind of structure has been observed for sul-
phur donar chelates6. The molecule, dibutyltinbis
(neopentylenedithiophosphate) has a distorted trans octa-
hedral geometry (Fig. 15).

caog cuny ca

Fig. 16. SnClzbis(N,N-di(hiocurbamuto-S. S).

material in the field of computers. In continuation of our
work on group-14 elements and in order to develope a
chelating agent for lead ions, we investigated the interac-
tion of heterocyclic B-diketones with lead(11) iso-
propoxide95. The molecular structure of Pb[CH;COC=
CON(C¢H5)IN=CCHj;], revealed that three molecules are
present in the asymmetric unit (Fig. 17). Each lead atom is
bonded by two heterocyclic B-diketone ligands. Further each
heterocyclic B-diketone is chelated to the central lead atom
with two unequal Pb-O bonds. A close inspection of the O-
Pb-O bond angles, indicates the stereochemical implica-
tions of the lone pair on lead to angular distortions and is
occupying an equatorial position of distorted trigonal
bipyramidal environment of lead atom.

Fig. 15. Crystal structure dibutyltinbis(neopentylenedithiophosphate).

Some metalloorganic derivatives of tin(1)87-88 and
(1v)89-94 have also been synthesized. Crystal structure analy-
sis of SnCl,bis(N,N-dithiocarbamato-$,5) revealed a cis-
octahedral geometry around the tin atom with Cl-Sn-Cl
angle of 91.85(3) (Fig. 16)°L.

The usefulness of lead(il) and (1Iv) compounds has gen-
erated a considerable research activities around them for a
long time. Lead zirconium titanate (PZT) is a promising

Fig. 17. Crystal structure of Pb{CH3;COC=CON(C¢Hs)]N=CCH,],.

Some triethyl lead(1v) complexes have also been syn-
thesized by the metathetical reactions of Et;PbCl with in-
ternally functionalized oximes®. These golden yellow vis-
cous oily derivatives have been characterized by their ele-
mental analysis and spectroscopic techniques. The range
of 207Pb NMR chemical shift and the value of 2J(H-Pb)
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and "J(C-Pb) [n = | and 2] indicate tetrahedral coordina-
tion at Pb atom.

Attempts to distill these in vacuo lead to decomposition
to give tetraethyl lead (confirmed by 'H NMR).

2Et;PbL. —— Et,Pb + Black residue

Group 15 metalloorganics

Interest in the chemistry of group 15 elements is grow-
ing continuously because of the structural variations, syn-
thetic challenges and wide ranging applications found in
the metalloorganic compounds of these elements?0—%8.
These compounds are now extensively used as molecular
precursors in MOCVD and sol-gel techniques to deposit a
wide variety of inorganic materials including semiconduct-
ing materials. Besides these, organometallic compounds of
group 15 elements also exhibit biocidal properties and find
extensive applications in organic synthesis?®. Although sev-
eral metal xanthates, dithiocarbonates and dithiophosphates
have been used as molecular precursors in CVD processes
for the synthesis of metal-sulphides, but the use of group
15 organometallic derivatives with these ligands for the
preparation of pure M,S; is of more recent origin. A con-
siderable amount of research work has been reported from

our laboratory on metallo-organic compounds of group 15
elements.

Earlier studies on arsenic derivatives in its both +3 and
+5 oxidation states revealed interesting structural fea-
tures!00-116  Eormation of two new aminoarsines
[(CF3)2ASN(SiMe3)&] (1) and [(CF;)As{N(SiMe;), },] (2)
have been reported!Y”. Oxidative chlorination of 1 gave an
intermediate product [(CF3),AsCly(NSiMe;),]!!0 (3) and
[(CF3)AsCIN(SiMe,)], '8 (4). Pyrolysis of (4) yielded tri-
meric (5) and tetrameric (6) arsazenes.

[(CF;3),AsN(SiMe3),] + Cly — >
)]

3)

!
Pyrolysis . .
—————— [{CF;)AsCIN(SiMe;)),
@
[(CF;),AsN]4 + [(CF;),AsN]y
(6) ®

Crystal structure analysis of tetrameric [(CF3),AsN],
(6) revealed that there is a barely significant alternation of

the As-N bond length in the eight-membered ring (Fig. 18a).
Similarly it had been shown that [(CF3)AsClN(SiMe3)]2
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(4)‘08 (Fig.18b) was the first organoarsenone in which four-
membered As,N, ring contained five-coordinated As at-
oms. [(CF3)2A5C\2(NSiMe3)2] (30 exhibits a trigonal
bipyramidal geometry with axial chlorine atoms (Fig. 18c).

At (R
S

Fl48)

(b)

(©)

Fig. 18. Crystal structures of (a) [(CF3),AsN],, (b) {(CF;)AsCIN
(SiMey)], and (¢) [(CF3),AsCly(NSiMe,), .
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Fig. 19. Crystal structure of [-BuNAsCl|,.

NMR studies of [t-BuNAsCl],, prepared by a new
route!!! indicated the presence of only one isomer. The four-
membered ring As,N, is planner, with coplanar orientation
of C-atoms of the r-Bu group, as demonstrated by its X-ray
diffraction studies (Fig. 19). The two Cl atoms lie 2.073(3)
A to the same side of this plane, which is in contrast to the
corresponding methyl analogue (the two Cl atoms are ori-

ented in the opposite direction to each other).

Interesting structural variations in arsoraness promoted
us to examine the As-O heterocycles containing
trifluoromethyl groups! 12 Crystal structures of
[As(CF3),0(0H)], (1), [As(CF3)O(OH)Cl], (2) and of a
novel cage molecule [Asy(CF3)gO4(OH)¢} (3) have been
carried out (Fig. 20a-c). The structures of the compounds
(1) (Fig. 20a) and (2) (Fig. 20b) are very similar. The ar-
senic atom is trigonal bipyramidally coordinated with equa-
torial trifluoromethyl and hydroxyl groups. The four-mem-
bered As,O, rings are planner and asymmetrical. In case of
compound (3) (Fig. 20c) the four-membered As,0, ring is
symmetrical where as the As(1)-O-As(2) bridges are very
unsymmetrical. This unsymmetry equalizes the effective
coordination states of As atoms, which are normally +3 (with
anet charge of +1) and +5 (with a net charge of —1), respec-
tively. The structures reported here indicate that when elec-
tron withdrawing groups are attached to an As atom which
is also bonded to oxygen, oligomers containing four-mem-
bered As,O, rings are formed in preference to monomers
having As=0 double bonds.

cw

(a)

(b)

(©)

Fig. 20. Crystal structures of (a) [As(CF3),0(OH)],, (b) [As(CF;)O
(OH)CI1, and (c) [As4(CF3)4Og(OH)¢).

Crystal structure analysis of phenyl 'bis(O-
isopropylxanthato-S,S")arsenic(lil) revealed square pyrami-
dal geometry around the arsenic atom'!”. The apical posi-
tion is occupied by a phenyl group and the steriochemically
active lone pair of electrons is present trans to it (Fig. 21).

Fig. 21. Crystal structure of phenyl bis(O-isopropylxanthato-S§,5”)-
arsenic(llI). ‘

Interaction between arsenic(lil)isopropoxide with 1,2-
dihydroxybenzene in 1 : 1 and 1 : 2 molar ratios in reflux-
ing benzene under anhydrous conditions, yielded
[(Pr'0)As(OC4H,0)] and H[As(OC¢H,0))'18 -
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As(OPri); + HO(C¢H,)OH —2nzene

. | s—| .
[(Pr0)As(OC4H,0)] + 2PHOH
As(OPr); + 2HO(CgH,)OH —2ene

| ] .
HIAS(OC¢H,0),] + 3PriOH

Further reaction of H{As(OCgH,40),] with MOCH; and
pyrrolidine (where M = Li, Na and K) in | : | molar ratio
yielded products of the type M[As(OC4H40),] and
[C4HgNH,][As(OC4H,0),], respectively. It is interesting
to mention here that the reaction of H{As(OCcH40),] with
pyrrolidine in methanol appears to yield initially
[C4HgNH,][As(OCgH,40),]. Attempts to crystallize it from
methanol yielded a yellow crystalline oxidized solid,
[C4HgNH,][(MeO),As(OCcH,40),]. X-Ray diffraction
study revealed that both 1,2-dihydroxybenzene moieties are
asymmetrically chelated to arsenic with two short 1.841A
and two long 1.868 A (Fig. 22) As-O bond lengths. Two
methoxy groups also bonded to arsenic(V) atom at an aver-
age distance of 1.784 A forming six-coordination around
1t.

Fig. 22. Crystal structure of [C4;HgNH,](MeO),As(OC4H,O),].

Recently we reported the synthesis and strtucture of
some triorganoarsenic(V)bis(2-heteroarylmethylket-
oximato) complexes by the reactions of the type as shown
below!19:

Pr'As(OH), + HON=C(Me )CsH/N-2 —>
(R = Pri, Ar=2-NCsH,)
[Pri;As(OH){ON=C(Me )CsH,N-2}]

R3AsCl, + Cl, + 2NaON=C(Me)Ar —>
— NaCl|R,As(OH),

[R;As{ON=C(Me)Ar},]
| Rsasc
[R;AS(Cl){ON=C(Me)Ar}]
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(where R = Pri. Bui; Ar = C;HyN-2, C4H;0-2, C4H;3S-2)

On the basis of NMR (lH and 13C) data, it was con-
cluded that both the hetero atoms (oxime-N and hetero-
atom present on the aromatic ring) are not taking part in
coordination with central As atom. Controlled hydrolysis
of a representative monochloro-complex [Pri3As(C|){ON=
C(Me)C4H;0-2} has been carried out to yield crystals of
Pri3As(OH)CI which was confirmed by single crystal X-
ray diffraction study.

(P[“3AS(CI) { ON:C(Me)C4H3O_2 } + H20
Pri;As(OH)Cl + HON=C(Me)C,H;0-2

In the structure of [Pri3As(OH)]+Cl‘, the [Pri3As(OH)]+
core is exhibiting a distorted tetrahedral geometry around
AsY atom (Fig. 23).

Fig. 23. Crystal structure of [Pri;AsOH]*CI™.

The Cl ion is bonded with the OH group of the
Pri;As(OH)* unit, through hydrogen bonding [H(1)-CI(1)
2.177 A}

Similar kind of complexes of antimony(V) have also
been reported with simple!?? as well as more recently with
internally functionalized oximes'21122 by a similar route
as indicated above for corresponding arsenic derivatives.
Crystal structure analysis of [Me3Sb{ON=C(Me)C4H;0-
2},], [Me3Sb{ON=C(Me)C4H;S-2},] and [Ph;Sb{ON=
C(Me)CsH4N-2},] exhibit tri gonal bipyramidal monomeric
structures with no intermolecular interactions. Two oxime
moieties are coordinated to the central antimony atom with
the two oxygen atoms occupying axial position (Fig. 24).

Some complexes of antimony in its oxidation number
three have also been prepared!23-128, X-Ray crystallo-
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Fig.24. Crystal structures of (a) [Me;Sb{ ONC(Me)C4H;0-2},]. (b)
[Me;Sb{ONC(Me)C,H;3S-2},] (b).

) ~
c(13) s!lﬁ-"if\a <(14)
o)

[¢]

graphic investigations on H[Sb(SCH,CH,0),] have pro-
vided the existence of weak intermolecular ‘secondary bond-
ing’ (the chelate ring remains unsymmetrical) and the overall
coordination polyhedron is a distorted trigonal bipyramid
(Fig. 25)123. The corresponding O, 0'-analogue NH4[Sb(O-
CeH,4-0),] exhibits two five-membered chelate ring of 1,2-
dihydroxy benzene in its structure!3. Other bimetallic het-
erocycles M[Sb{OC(Me),C(Me),0},] (M =Li, Na, K and
also NiCl and Ni) containing five-membered chelate rings,
have been synthesized by the reaction of Sb(OPri)3 with
appropriate ligands'26.

Hiwy

Fig. 25. Crystal structure of H[Sb(SCH,CH,0),].

Group V chalcogenide materials, including binary and
ternary compounds such as Bi,Te; and CuSb,, have at-

JICS-3

tracted considerable attention due to their good photovollatic
properties and high thermoelectric powerl2%:130 1n this
context some monoorganobismuth(Ill) complexes of xan-
thates, dithiocarbonates and dialkyldithiophosphates in
I : 1l and 1 : 2 stoichiometry have been prepared and
characterized!3!132,

MeBiCl; + M (S S) — [MeBiCI(S S)] + MC! {

MeBiCl, + 2M (S S) — [MeBi(S S),] + 2 MCl l

These compounds have been characterized by their ele-
mental analysis and spectroscopic (IR, ]H, l3C, 31p and
13C CPMAS NMR) data. Crystal structure analysis of
[MeBiCI{S,CNEt,}] has also been carried out!32. The cen-
tral Bi atom is penta-coordinated with Bi-CI-Bi bridges re-
sulting in a polymeric structure (Fig. 26). The dithiocar-

ct2)
Bi(1) i’

Fig. 26. Crystal structure of [MeBiCI(S,CNEt,)].

bamate moiety is chelated in an unsymmetrical manner
[Bi(1)-S(1); 2.6702(19) A and Bi(1)-S(2); 2.6786(19) A] :

Presence of two sets of resonances for the ligand car-
bon atoms in the 13C CPMAS NMR spectra of 1 : 2 deriva-
tives, indicated the dimeric structures of these compounds
in the solid state!3!. X-Ray diffraction analysis of
[MeBi(S,COMe),] revealed a distorted square pyramidal
environment around bismuth atom. The two bidentate xan-
thate ligands lie in the plane each having one shorter [Bi(1)-
S(1); ~2.747 A] and one longer bond [Bi(1)-S(2); 2.918 A].
A longest bond distance of 3.253(1) Ais present between
central Bi atom and S atom of the adjacent molecule to
give a polymeric structure.

To assess weather these complexes can serve as molecu-
lar precursors for the synthesis of the pure Bi,S; either by
spray or aerosol assisted CVD methods, thermal behaviour
of few representative complexes have been studied. When
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[MeBi{SZC(OPri)z}], was refluxed in xylene a blackish grey

powder was obtained. It has been identified as Bi,S3 from

XRD pattern (Fig. 27a). The scanning electron micrographs
(Fig. 27b) of this product taken at different resolutions
showed large aggregates of microcrystals.

(@)

Y L8

Lo TS
23KV £3.2300 S¥nm 936408 .

(b)

Fig. 27. (a) XRD pattern and (b) scanning electron micrographs of Bi,S;.

The above results suggest that the earlier reported thio-
complexes of bismuth(1rr) in which BiS¢ core is present,

may also be the potential precursors for pure BiyS;
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