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Abstract-Novel termetallic isopropoxides are reported which may be represented by the 
general formulae : [(Pr’O),M@OPr’),Be@-OPr’),A1(OPr’),l, [(Pr’O),M(yOPr’),Be@- 
OPr’),A1(OPri),], [where M = Ti(IV), Zr(IV) and Hf(IV)] and [(Pr’O),M(p-OPr’), 
Be@-OPri),A1(OPri),] [where M = Nb(V) and Ta(V)]. Attempts to synthesize derivatives 
with the general formula, [(Pr’O),M,&-OPr’),Be@-OPr’),Al(OPr’),l [where M = Ti(IV), 
Zr(IV) or Hf(IV)], were unsuccessful and in all such cases a mixture of M(OPr’), and 
[(Pr’O),M@-OPr’),Be@-OPr’),Al(OPr’),] was obtained. All these derivatives are 
soluble in common organic solvents and with the exception of titanium(IV) derivatives, 
they can be volatilised without noticeable disproportionation. These products have been 
characterized by elemental analyses, molecular weights, IR, ‘H NMR and (in representa- 
tive cases) mass spectral studies also. 

Amongst the interesting series of compounds with 
more than one metallic centre,’ bimetallic alkoxides 
which were initially considered as alkoxo saltsz*3 
have been shown to be coordination compounds 
stabilized by alkoxo bridges.4 Special interest has 
been aroused in these derivatives by the exceptional 
stability and volatility of bimetallic alkoxides of 
strongly electropositive alkali, alkaline earth and 
lanthanide metals such as [M{Zr2(OPr~9}],5*6 [M{Ta 
(W6)1,’ [M’{Nb(OR)&l* and CM’(AWW&lpg 
and in [Ln{Al(OPri)4)3]‘0 (where M = Li, Na, 
K, Rb, Cs ; M’ = Mg, Ca, Sr, Ba; Ln = lanthanides 
and R = Me, Et, Pri, Pr’, Bu” etc.) and the same has 
been sustained by the synthesis of soluble, mono- 
meric, volatile bimetallic alkoxides [M{Al(OR),},] 
of metals (M = Be,“*12 Zn,” Cd,ll Hg,” Mn,i3 
Co i4 Nil5 and CU’~), the simple alkoxides of 
wmch are all insoluble, polymeric, non-volatile com- 
pounds. A novel interest in these compounds 
is indicated by the use of bimetallic p-oxoalkoxides 
as catalysts for the polymerization of propylene 
oxide, lactones, oxiranes, epoxides etc.“*” 

In view of the interest in stable derivatives’ with 
more than two metallic centres, it was considered 
worthwhile to try to synthesize some termetallic 
alkoxides with bridging ligands like [Al(OPrQ,]- 
and [Zr,(OPr’),] -. The strategy planned for this was 

*Present address: Department of Chemistry, SLP 
College, Morar, Gwalior 474001, India. 

t Author to whom correspondence should be addressed. 

to synthesize 1: 1 derivatives like [(Pr’O)M@- 
OPr’),Al(OPr’),] and replace the terminal iso- 
propoxy group attached to the metal “M” with other 
chelating alkoxy ligands involving metals other 
than aluminium. It has already been reported’l 
that attempts to synthesize [(Pr’O)M@- 
0Pr’),A1(0Pr’),] derivatives (M = Be, Zn, Cd and 
Hg) by a reaction of the following type : 

MCl, + 2KOPr’+ Al(OPr’), 

-+ [(Pr’O)M(p-OPr’),Al(OPr’),] + 2KCl 

gave equimolar mixtures of insoluble M(OPr’), and 
soluble [M{(p-0Pr’),A1(0Pr’),}] in all other cases 
except for the case of beryllium, in which a soluble 
and volatile product [(Pr’O)Be@-OPr’),Al(OPr’),] 
was isolated as a viscous liquid. 

The species [(Pr’O)Be@-OPri),Al(OPri),], on 
interaction with isopropoxides of titanium, zir- 
conium, hafnium, niobium and tantalum results in 
the formation of a number of stable novel termetallic 
isopropoxides which are being reported for the first 
time. Amongst the characteristics of these new types 
of derivatives are their solubility in common organic 
solvents and volatility (in the majority of the 
derivatives) on heating under reduced pressure. 

EXPERIMENTAL 

Stringent precautions were taken to maintain 
anhydrous conditions throughout the experimental 
work in view of the extremely hydrolysable nature of 
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the newly synthesized derivatives. The general 
method of synthesis is as follows. 

All of these derivatives were synthesized 
(Table 1) by dissolving each constituent metal 
alkoxide Ti(OPri),,lg Zr(OPr’), - Pr’OH,” Hf 
(OPri),PriOH,21 Nb(OPr’),,” Ta(OPri)sz2 [(Pr’O) 
Be(~-OPri)2A1(OPri)2]1’ in benzene, mixing them 
together and refluxing the total contents for N 1 h 
in each case. As [ClBe(~-OPri)2A1(OPri)2]23 is in- 
soluble in benzene, its solution was prepared in 
isopropanol ; on adding a benzene solution of 
[K{M2(OPr’)g}]6~24 (where M = Ti, Zr or Hf) to it, 
an exothermic reaction took place and the white 
insoluble product (identified as KCI) was separated 
out in this case by filtration. Excess solvent was 
stripped off under reduced pressure. With the 
exception of the titanium derivatives (which 
disproportionate), the products obtained distil 
unchanged on heating under reduced pressure 
(Table 1). All these termetallic derivatives are soluble 
in common organic solvents, e.g. benzene, chloro- 
form and isopropanol. 

Metal estimations (as mixed oxides) were carried 
out by standard methods.” Isopropoxy groups were 
estimated by dichromate oxidation26 (Table 1). 

IR and ‘H NMR spectra were recorded on a 
Perkin-Elmer 577 and R-32 spectrophotometer 
respectively. CDCl, was made anhydrous by storing 
over molecular sieves (type 4A) for N 24h. TMS was 
used as internal standard. Mass spectra were 
recorded on a JEOL DMX-300. 

Molecular weights were measured in a semimicro 
ebulliometer (Gallenkamp) equipped with a ther- 
mistor sensor using benzene or isopropanol as 
solvent. 

RESULTS AND DISCUSSION 

During the successful synthesis of a 1: 1 bimetallic 
isopropoxide of beryllium and aluminium 
[(PriO)Be(~-OPri)2A1(OPri)2], it was observed that 
this derivative exhibits a strong tendency to dimerize 
even on standing. This has been explained by the 
tendency of the t&coordinate beryllium in the 
monomeric species to attain four-coordinate 
environment through dimerization.” 

In view of the above tendency of beryllium atoms, 
it was conjectured that it might be possible to satisfy 
it by formation of new bridges with alkoxides of 

*In the cases of zirconium and hafnium isopropoxides, 
their crystalline adducts M(OPr’),- Pr’OH were taken, but 
for simplicity these are represented by the reactive speeia 
M(OPr’),. 

other metals, leading to the synthesis of stable 
termetallic alkoxides, with three different metals in 
the same molecule. This has been achieved by 
carrying out the reactions of the product 
[(Pr’O)Be(p-OPri),A1(OPri),] with the isoprop- 
oxides of titanium, zirconium, hafnium, niobium 
and tantalum resulting in the preparation of a 
number of stable novel termetallic isopropoxides 
for the first time. The results obtained are discussed 
under the following heads : 

Termetallic isopropoxides of titanium, zirconium or 
hafnium with berylliumand aluminium with thegeneral 
formulae [(PriO),M~-OPr~2Be&-OPf)2Al(OPr~2] 

and C{(~‘O)2M{ol-o~32Beol-OW),A1(OPr3,),1 

These derivatives have been synthesized as 
represented by the following equations : 

[(PriO)Be@-OPr~2Al(OPr~2] + M(OPrv,* 

2 [(Pr’O),M@-OPr3, 

Be(p-OPri),Al(OPr’),], (1) 

Cr,) 

2[(Pr’O)Be@-OPr?2Al(OPr~2] + M(OPrq,* 

c6”,6 [(Pr’O),M{@-OPr3, 

w-ow2Al(o~32~2l~ (2) 

cr2) 

where M = Ti(IV), Zr(IV) or H@V). 
Both types of derivatives, T, and T2, synthesized as 

shown above are soluble in common organic solvents 
(Table 1). In the case of titanium, both the 1: 1 (‘I+,) and 
1: 2 (T,) products are pale yellow viscous liquids which 
disproportionate on heating under reduced pressure 
into Ti(OPr’), (45”C/O.O5 mm) and [(pr’O)w- 
OPr?,Al(OP?),] (128”C/O.O5 mm). By contrast, the 
corresponding derivatives in the cases of zirconium and 
hafnium, both (T, and T,) types can be volatilised 
unchanged under reduced pressure to colourless 
viscous liquids at 139 and 137°C for the T, derivatives 
and at 132 and 129°C for T, derivatives (all at 0.05 mm 
pressure), the hafnium products exhibiting slightly 
lower boiling points compared to zirconium analogues 
for the both types of derivatives. 

Ebullioscopic measurements indicate that the 
titanium derivative T, like all T, derivatives exhibits 
monomeric nature in benzene while their T, type 
zirconium and hafnium analogues depict dimeric 
behaviour (‘fable 1); these derivatives, expectedly 
depict monomeric nature in isopropanol : 683 obs. (616 
talc). 698 (659) and 734 (746) for titanium, zirconium 
and hafnium derivatives respectively. 

The above observations can be easily understood on 
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the basis of known differences in the properties of 
titanium on the one hand and zirconium or hafnium on 
the other. 

Of the termetallic isopropoxides described in Table 1 
both the titanium derivatives (I’, and T,) dis- 
proportionate on heating under reduced pressure 
yielding volatile Ti(OPr’), (49”C/O.l mm)?’ but the 
zirconium and hafnium products (both T, and Tz type 
distil unchanged around 129139”C/O.O5 mm. 

In fact, the extraordinarily low boiling point of 
Ti(OPr’), might actually facilitate the dissociation of 
termetallic isopropoxides, which might be represented 
by the following types of equilibria: 

[(PriO),TigL-OPr@&-OPr~&l(OP~j~] 

=$ [Pr’OJ3e@-OPr~,Al(OPr?,l +Ti(OP&, 

[(PriO)zTi(@-OPri),~-OPrr)~Al(OPr~~}J 

GS 2[(Pr’O)E+-OP&Al(OPr~J + Ti(OPr’j,. 

It appears that the extent of dissociation even in the 
titanium species (Table 1) is insignificantly low under 
ambient conditions to be detected by the traditional 
molecular weight measurements (which normally have 
an accuracy of f 5x), but during attempts to distil 
these products under reduced pressure, the equilibrium 
is gradually shifted to the right as the comparatively 
more volatile titanium isopropoxide is removed by 
distillation. 

Conversely, the higher volatility of the termetallic T, 
isopropoxides of zirconium and hafnium [e.g. b.ps for 
T, :Zr derivative, 139”C/O.O5 mm, Hf derivative 
137”C/O.O5 mm as compared to the constituent simple 
isopropoxides (b.ps : Zr(OPr’),, 172”C/O.35 mm and 
HgOPr’), 17o”C/O.35 mm]2oa2’ would tend to shift the 

equilibria preferably to the formation of termetallic 
species as shown below : 

C(~WW~-OP&4W1(opr3,1+ M(OPr% 

G$ [(PriO),M&OPrr),R+-0Pfj2Al(OP+j2], 

(T,) 

2[(PriO)Be&-OPrr)2Al(OPr~2] + M(OPr’), 

clr2) 

where M = Zr(IV) or Ht(IV). 
The slightly higher boiling points of T, than T2 

derivatives may easily be understood by the observed 
dimeric nature of T,. 

The slightly lower boiling points of hafmum 
compared to zirconium ternary analogues are similar 
to the earlier reported2’ differences in boiling points of 
simple alkoxides of the two metals. 

IR spectra of these derivatives mainly depict 
absorptions in four regions of interest, i.e. 1175-930 
cm-’ {four or five [very strong (vs) or strong (s)] 
absorptions} : 850-800 cm- ’ {two [vs, s or medium 
(m)] absorptions} : 770-630 cm- ’ {three or four 
[vs, s or m] absorptions) and 630-530 cm- ’ {two 
[vs, s, m or weak] absorptions}, which have been 
assigned 27-30 to voRi, v,,, vU and v,, are 
indicative of different modes of bonding Though 
no definitive assignments have been made yet 
in general the higher ones are assignable to terminal 
while lower ones to bridging groups.27-30 

On the basis of the above discussions, the 
following tentative structures O-III) may be 
proposed for these derivatives : 

. 

II ” 
Dimeric in benzene M=Zr(IE) or HfWl 

PriO,A,lg< ,F<p/r< /F< ,OPr' 

p,‘o/ \o~Be\o~~\o/“\o/“apri 
Pd Pr' 0. Pr’ Pr’ 

Pr’ 

m 
Monomeric in benzene M = Zr(~l or HfUT) 
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Table 2. PMR spectral data of termetallic isopropoxides ofTi( Zr(IV), Hf(IV), Nb(V) and Ta(V) with Be(H) and Al(II1) 

Sl. 
No. Compound 

1 TiBeAl(OPr’), 

8 TaBeAl(OPr’),, 

ZrBeAl(OPr?, 
HfBeAl(OPr’), 
TiBeAl(OPr?,, 
ZrBe,Al,(OPr’),, 
HfBe&(OP&, 
NbBeAl(OPr’),, 

Chemical shift* (6) 

@pm) 

4.85m, 4H(OC!-B); 4.3Om, SH(OCJ-T); 1.62dt (CH,-B) and 1.52d,t 

(G&-T) 541 
4.15m, 9H(OCH-BT); 1.32dt (CBS-B), 1.15dt (CH,-T) 54H$ 
4.15m, 9H(OCH-BT); 1.32dt (C&-B), 1.08dt (CXI,-T) 54H$ 
4.2Om,14H(OCH-BT); 1.4Om, 84H(C_H,-BT) 
4.18m, 14H(OCJ-BT); 1.25dt (C!,-B), l.lOdt (C&-T) 84H$ 
4.15m, 14H(OCH-BT); 1.25dt (C&-B), 1.05dt (CH,-T) 84HS 
4.95m, 4H(OCH-B); 4.35m, 6H(OCH-T); 1.47d, 24H(C&-B); 
1.33d, 36H(CH,-T) 
4.8Om, 4H(OCJ-I-B); 4.17m, 6H(OCH-T); 1.48dt and 1.28dt 
(C&-B), 1.21dj and 1.14dt &X,-T), 6OHS 

* Solvent CDCL, : m, multiplet ; d, doublet ; B, bridging; T, terminal. 
t Overlapped each other and appeared to be a triplet. 
$ Integration could not be differentiated between bridging and terminal groups. 

The ‘H NMR spectral data of all the products of integration ratio of - 4 : 5 in accordance with the 
the T, and Tz (Table 2) show that as expected the structure I for the same. The absorptions occurring 
spectra for zirconium and hafnium derivatives are in the higher side may be assigned to terminal 
similar in nature. In all the cases for T1 derivatives, groups.3’-33 The relative ratio of the methyl signals 
signals due to methine protons appear as the septets (Table 2) assignable to terminal and bridging 
centred at 4.85 and 4.30 6 for titanium ; and at 4.15 6 isopropoxy groups are in general (although not 
for zirconium as well as hafnium derivatives ; these exact) conformity with the tentative structures 
are as usual not so well defined. However, the suggested for the Tz products except in the spectrum 
methine protons in the spectrum for the titanium of titanium (T,) product (Table 2) in which case a 
derivative T, (Table 2) showed rather a clear symmetrical unresolved spectrum only could bc 
separation of almost two septets centred, as recorded. This might indicate the presence of more 
indicated above at 4.85 and 4.30 6, with an than one species, presumably due to dissociation of 

m/z 

Raw I?. Sigma 

ilensity intensity (%I 

Bose peok:m/z 269.0, intensity 945.0 

Fig. 1. Mass spectrum of [(PriO)3Ti~-OPri),B~-OPri)~Al(OPri)~]. 
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this product to some extent, even at ambient 
t~n~~~rrpvs~~~~~~~~~~~~~~f~~~~~ *j &I=. 
ebullioscopic method) may be ascribed to the steric 
strain produced on the central titanium atom 
bonded to six isopropoxy groups. Thus, the pmr 
spectra also suppurt the pruposed stru&ures fur 
these derivatives. 

Mass spectral studies of the product [(Pr’O),Ti@ 
OPr’),Be@-OPr’),Al(OPr?,l have been carried out 
and tentative assignments have been made. The 
mass spectral data of the derivative exhibited (Fig. 1) 
a weak signal of molecular ion at 617* (A) [mol- 
ecular weight M = 615 ; (M + 2H)] and an intense 
signal at 556*(B) [M -59(OPr’)] (a usual frag- 
ment reported in isopropoxy derivatives of 
metals).34-37 The identity of the termetallic product 
is also corroborated3’ by non-appearance of sig- 
nals for the constituent alkoxides at 331* [(Pr’O) 
IBeA@O R;‘19r OK at ‘Z&S* ,_UJ(O P&I. However, 
signals at 316*(C) [331- 15(CH,)], 269*(D) 
[(284 - 15(CH,)] and 241*(E) I(284 -43(Pr’)] etc. 
were observed in notable intensity. These 
would have resulted either as fragments from 
termetallic species or could be due to fragmentation 
co5 _mobucrS ~~s&%QJ ‘Irom S@ji &~~o&-imn ti 
the parent derivative to its constituent alkoxides. 
Assignments of other signals have been deliberately 
avoided as these would be more speculative in 
nature. 

Attemptedsynthesesofthederivatives with thegeneral 
formula [(Pr’O),M,@-OP#),Be&-OPr&U(OP&] 
(where M = Ti(IV), Zr(IV) or Hf(IV) 

Instead of obtaining a single compound T, as 
X..fi-7%7&?? *j %z@ <z$ “JI {P,, W&&Wi!S -Jc % 
products were obtained in both the cases as 
represented by eqns (4) and (6) ; this was indicated by 
the observed apparent molecular weights of these 
pru&xls being airbrush I& te &~rekiI v&~es fur 
T* Attempts were made to separate both 
constituents by dissolving them in limited amounts 
of isopropanol. The tetraisopropoxide isopropano- 
lates, M(OPr’), * Pr’OH (M = Zr or Hf) crystallized 
out in the cases of the zirconium and hafnium 
derivatives, eqns (4) and (6), due to their poor 
solubility in isopropanol ; the remaining products 
were identified as derivatives T, as shown above. 
However, Ti(OPr’), could not be separated in the 
case of titanium derivative as it does not form a 
sparingly soluble isopropanolate. When the com- 
plex T, was heated under reduced pressure, it 
d@rqoortionaXed and the total T$O P& contents 

distilled out 45”C/O.O5 mm) followed by [(Pr’O) 
Be(p-OPr’),Al(OPr’)J (128”C/O.O5 mm). 

Termetallic isopropoxides of niobium or tantalum with 
beryllium and aluminium with the general formula 
lYcpr’o),W+0~P@Wz&~i-W2J 

These derivatives have been synthesized by the 
interaction of Nb(OPr’), or Ta(OPr’), with 
[(Pr’O)Be@-OPr’),Al(OPr’),] in 1: 1 molar ratios as 
indicated by the equation : 

M(OPr’), + [(Pr’O)m-OPr’),Al(OPr’),l 

c6Hd [(Pr’O),M@-OPr’),Be(p-OPri),Al(OPri)J, 

Cr,) 

where 1K = iV@‘VJ or I%[‘. 
The derivatives T4 could be distilled Gable 1) 

unchanged as cofourless viscous liquids in almost 

[(Pr’O)Be@-OPrf),Al(OPri)J + 2M(OPri)4* 

[(Pr’O),M&OPr’),Be@-OPr’),Al(OPr’),] 
C6H6 

+ F3) 

[(Pr’O),M@-0Pr9,Be(yOPr’),A1(OPri)J + M(OPr9, 

(T,) 

(3) 

(4) 

[Cl Be (p-OPr’),Al(OPr’),] + [K{M,(OPr’),)] 

[(PriO),M,(~-OPri)zBe(~-OPr~,Al(OPri)J + KC11 
Pr’OH 

__( CeHs 
or31 

[(Pr’0),M~-0Pr~,Be@-0P&A1(0Pr’),] + M(OPr’),+ KC11 

(5) 

(6) 

where M = Ti(IV), Zr(IV) or HKIV). 

* See footnote to eqn (2). 
quantitative (85-92;~) yields af 112 and 12WC 
respectively at 0.05 mm for the niobium and 
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tantalum derivatives. Both these derivatives are 
soluble in benzene in which they are monomeric. 

IR spectra of these complexes are similar to those 
of T, and T, derivatives, showing terminal and 
bridging vOPri, v&o and vAla in the same regions. 
vN~ and vTa-O absorptions have also been observed 
in the expected regions [for T4: 56Ovs, 53Ovs; 58Om, 
530w for Nb(V) and Ta(V) derivatives respectively], 
the higher ones being assigned to terminal and the 
lower ones to bridging isopropoxy groups.27-30 

On the basis of molecular weight and IR spectral 
data, the derivatives T, could be assigned the 
following plausible structure : 

M = NbW or To(P) 

The ‘H NMR spectrum of [(Pr’O),Nb@- 
0Pri)2Be(~-OPri)2Al(OPr’)2] (Table 2) appears to 
be in conformity with the above plausible structure. 
The methine signals appear in the form of two 
septets at b-values of 4.95 and 4.35 in the ratio of 
- 2 : 3. Similarly the methyl signals appear in the 
form of two doublets centred at values of 1.47 and 

* m/z values. 

Base peak: m/z 329.0, intensity 919.0 

(I’) IH’) (G’) 

I 

460 450 so0 550 600 650 700 m/z 

1.33 in the ratio of - 2 : 3. For the tantalum analogue, 
the two septets for methine protons appeared 
(Table 2) at &values of 4.80 and 4.17 again in the 
ratio of - 2: 3, which also corroborates with 
structure IV. 

The methyl protons in the pmr spectrum of 
the latter tantalum product T4, [(Pr’O),Ta(p- 
0Pr~2Be&-OPri)2A1(OPr’),l, however, are more 
complicated (Table 2). Although exact integration 
for terminal and bridging groups was not possible 
individually yet the spectrum could be considered to 
be consisting of two doublets centred at 1.40 and 
1.28 6 with considerable overlapping at 1.21 and 
1.14 6 in the ratio of roughly 2 : 3. Similar differences 
have been recorded3’ in the ‘H NMR spectra of nio- 
bium and tantalum pentaisopropoxides. The 
spectrum of tantalum penta-isopropoxide3g 
showed three doublets in the methyl portion of the 
spectrum and nineteen peaks (about three septets) 
in the methine portion of the spectrum, in con- 
trast to that of niobium penta-isopropoxide, 
which gave only a broad methine signal at 4.70 6 
and an averaged doublet due to methyl portions 
at 1.20 6. 

Mass spectral studies have also been carried out in 
the case of [(Pr’O),Nb(p-OPr’),Be@- 
OPr’),Al(OPr’),]. The mass spectral data of this 
derivative exhibited (Fig. 2) a molecular ion peak at 
717*(A) [molecular weight M = 719; (M--H)] 
followed by a weak signal at 704*(B’) [M - 15(CH,)] 
and an intense signal at 66O*(C’) [M -59(OPr’)] 
which supported formation of the product.35-38 
Other notable signals can be tentatively explained as 
arising from the fragmentation of termetallic 
derivative according to the following assignments : 

Raw R. Sigma 
m/z intensity intensity (%I 

3 I 2.6 339.9 
406.9 442.5 

2.72 

Fig. 2. Mass spectrum of [(Pr’0)4Nb(~-OPr’),Be@-OPri)~Al(OPri)2]. 
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647*(D’) [M- 59(OPr’)- 13(CH)], 603*(E’) 13. 
[647(Pr’+ lH)], 589*(F’) [603 - 14(CHz)], 533*(G’) 
L-589 - 56(C4H,)], 520*(H’) [533 - 13(CH)], 474*(1’) 14. 

[533- 59(oW~~, %w$~ [388{N~Qlq~) -f LH3, 15, 
374*(K’) [388 - 14(CH,)] and 316*(L’) [331 
- 15(CH3)] etc. It may be emphasized that 16, 
the SpecV-mn bib not etij,2 &?JJa~ for 1be CDYJ- 

stituent alkoxides, i.e. at 331* for [(Pr’O)Be@ 

Iz 

OPr$A@X&J or at 388+ far Nf$OP& which 2~ 

corroborates the identity of T, and shows that the lg. 

termetallic product is not merely a mixture of the 
constituent alkoxides.37 20. 
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