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Synthesis of apparently covalent volatile double alkoxy derivatives of ri‘few electropositive’ 
metals1 promoted a study of the literature regarding coordination compounds of strongly 
electropositive elements with significant covalent metal-l&and bonding. Aithough only a 
few coordination complexes of alkali and alkali earth metals have been reported, interest in 
this field has grown recently because of their importance in the metabolism of plants, 

e.g. a number of macro~ycl~~ neutral ~orn~unds of alkali metals have been found to en- 
hance respiration of fungal metabolics. The importance of sodium, potassium, magnesium 
and calcium ions in bio-chemical processes has been recently reviewed by Williams2. 

Un the Pauling scale, the electronegativity values of all alkali and alkali earth metals 
vary from 0.7-I 2, Taking the electronegativity of oxygen as 3.5, the bonds between these 
metals and oxygen should be about 8%70% electrovalent in character. Further, in view 
of the low ionisation potential of such metals and their hard acidic character, the concept of 
any covalent compounds between these and hard bases like oxygen and nitrogen is rather 
difficult to understand. Nyholm and coworkers3 appear to be confronted with similar 
difficulties when, in the first of a recent series of papers on alkali metal complexes, they 
tried to defme such complexes; “Rightly of wrongly, we shall use the word complex here 

to imply the existence of a discrete unit of the type Me, where n is number of donor 
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groups and a is the number of the charges; if a is zero we have a ‘neutral complex’. We 
Imply nothing concerning the nature of the electron distribution between the metal and 
the donor atom when we use the word complex*‘. 

Truter4 in a recent review on the “Crystal Chemistry of do Cations” has attempted to 
suggest the criteria for defining a complex of an alkali metal. The first plausible criterion 
could be the capacity to volatilise as a distinct species, e.g. CsfY(CF,COCHCOCF,),].. 
(ref. S), and M[~~~,~~COCHCOCF~~~~ (ref. 6) (where M = R, Rb or Cs). Another 
criterion for defining an alkali metal complex is the formation of a neutral extractable 
molecule, e.g. NaCl (p, p’-methylene dianiline)~ adduct which is soluble in chloroform7. A 
third criterion may be the extent of sequestration e.g. that of the aIkali earth ions by 
complexones like EDTA or highly poIymeric metaphosphate salts Iike Calgon. To this list 
have been added the tricyclic (so called FootbalI) ligands like N(CH$H~OCH~CH~OCHZ 

CI-I&N, synthesised by I.ehn et al8 which have the capacity to enclose alkali and alkaline 
earth atoms so completely that even BaSO, can be redered soluble. Derived from the Greek 
word “Kruptos” meaning “hidden”, such ligands have been appropriately named as “Cryptate”. 
A retiew on cryptates has recently been publishedo. 

In this article, some of the recent work on coordination compounds of a&Ii and 
alkaline earth metals is summarised. A review dealing mainly with structural aspects of ad- 

ducts, crown compounds and cryptates of alkali ions as well as some molecules of biolog- 
ical interest is in printlo and therefore, the present review is being limited to non-struc- 
tural zspects only as far as the above class of compounds is concerned. In addition, this 
article will include derivatives with metal-carbon cd metal-oxygen-carbon bonds in- 
cluding double alkoxy derivatives. Some related reviewsl@‘have recently appeared. 

B. ADDITION COMPOUNDS 

.The fust reported coordination compounds of alkali metals were synthesised by 
Sidgwick and Brewer”; these were salicylaldehyde and f3-diketonate derivatives consisting 
of a salt M*L-. These workers showed that electrovalent (insolubIe in an organic solvent) 
sodium benzoylacetonate, when recrystallised from 96% ethanol takes up two molecules 
of water; this new derivative is soluble in organic solvents such as benzene and chloroform. 
Sodium benzoylacetonate also becomes soluble in non-aqueous solvents by the addition of 

ethylene glycol, giving nonconducting solutions. The crystal structure of this addition 
compound (Na(PhCOCHCOCH& (HOCH$H20H)) has been determined12. 

Alkali metal halides form solid addition compounds with nitrogen donor ligands, e.g. 
m (amine)3 (amine = racemic p, p’-diamino-2-3-diphenyIbutane13 or p, p’-methylene 
dianiline7j. Some of these, for example (NaCl (p, p’-methylene dianiline)$, precipitate 
out from aqueous solution, but are soluble in chloroform; the analogous bromide complex 
although isomorphous is insoluble in chtoroform. NMR Studies have shown that only half 
the hydrogen atoms of the ligand, pI p’-methylene dianiline, are involved in hydrogen bond- 
ing14. Further, the lowering (53 cm-l) of the N-H vibration in the derivative, (NaCl- 
(p, p’-diamino-2,3*diphenylbutane)~), is strong evidence for sodium to nitrogen bonding13. 



COORDINATION COMPOUNDS WITH COVALENT CHARACTERISTICS 3 

TABLE 1 

Ligsnd V W X Y Z Compound 
isolated 

I 

Ii 

III 

IV 

V 

VI 

Vii 

WI 

IX 

X 

XI 

Xii 

XIli 

XIV 

XV 

MecO* 

MeCO2 

MeCONH 

NH2 

NH2 

Met% 

H 

NH2 

HOICH2120 
M eCHOHCH2 0 

Met322 

MeCOp, 

NH2 

NHz 

NH2 

H CHZ 

Me -2 

H CH2 
H CH2 

H so2 

H so2 

MeCONH SO2 

H so2 

H isfez 

H CMe2 

H CMe2 

Me CMe2 

H C-H212 

H fCH2)3 

H 

Me 

H 

H 

H 

Ii 

MeCONH 

H 

H 

H 

H 

hfe 

H 

H 

H CH3CH- H 
CH3CH- 

MeCO2 

MeCOz 

MeCONH 

NH2 

NH2 

MecO~ 

H 

C’32H 

HO(CHd2O 

MeCHOHCHzO 

MeCQ 

MeCOZ 

NH, 

NHz 

NH2 

NaXUW3 

NiX(XW3 

Steric factors play an important role in the formation of these adducts, since a number of 
other compounds of varied function&ties, although structurally similar to these lipds 

(Table 1) do not form any crystalline complexes with sodium chloride, potassium chloride 
or calcium chlorideT* 14. This indicates that the above interactions are highly selective and 
the mechanisms involved may well be similar to those responsible for the behaviour of 
membr~es which are selectively permeable to inorganic ions14. The crystal structure of 
ENaCl(P. p’-methylene dianiline)3] has been deter&edls. 

A number of crystalline, water soluble adducts of the alkali metal salts are known; X-ray 

tiructures of some of these &lCl. dioxane J (ref. 16), [NaBr,2MeCONHz] (ref. 17), 
[LiCl.2C6H5N * Hz01 (ref. 18) and [IiCl.2en] (ref. 19), have also been determined. Addi- 
tion compounds with trlphenylphosphine oxide, [MX * SF%$‘O] (M = L.i+ or Na+ and X 
= univalent anion varying in size from Br- to BPhy), are stable in water2*. The ease of the 
Formation of these adducts can be represented by: Li > Na > K and I > Br > Cl. There 

appears to be a fairly good p~~leBsm between the salts which form hydrates and those 
which form adducts with t~phenylphosp~ne oxide. The crystal structure21 of 
[LiI - 5ph3PO] indicates that four ~phenylphosp~e oxide molecules are tettahedrally 



4 P_N.KA~~R,R.C.MEHROT~ 

coordinated to the lithium ions through oxygen, and the iodide ions occupy isolated posi- 
tions distant from lithium. The fifth triphenylphosphine oxide molecule is enclosed by 

the rest of the structure. The adduct, &il - 4Ph$O], is also known22 and this presumably 
contains a tetrahedrally coordinated lithium cation without the loose fifth triphenyl- 
phosphine oxide molecule. Calcium and magnesium perchlorates and tetrafluoroborates24 
form addition compounds with ~iphenylphosp~e oxide of the type, 

[M~~)41 WF4&& [~~T~~41[~0412; rc~(~~~4(~~0~~ I(J04land fWTW41 fBF41~ 
~enacyl~phenylphosp~e oxide, (~2~O)CH~C(O)Ph~ forms 1~1 complexes with 
lithium bromide and lithium iodide, and a 3:1 complex with magnesium perchlorate. The 
IR spectra of these compounds through the shifting of C = O(45 cm-l) and P = c(25 cm-l) 

frequencies, indicate chelation by neutral Iigands q2s. Surprisingly, larger alkali cations 
such as rubidium and caesium do not form any complexesa of this type. The adducts of 
the alkali halides MX(where M = Li+, Na+, K+, Cs’ and X =: Cl-, Br-, I-) with chelating 
ditertiaryphosphine oxide, (Ph$‘(O)CH$(O)Phl3 and of sodium iodide with 
RaP(O)CH,F(O)Ra (where R = Bu, BuO, pMeOCsH4) and 
Ph2P(0)CHZP(O)(OEt)CHZP(O)Ph~ have been studied conductometrically in acetonitrilea6. 
It was found that during the introduction of the ligand in a few cases, the electrical con- 

ductance of the solutions decreased due to the formation of an undissociated complex 
[MXL]; in other cases the electrical conductance increased due to the formation of a dis- 
sociating complex jMLj*X-. The nature of the complex formed appears to be determined 
by the following three factors: (i) the sizes of M+ and X-, (ii) the polarizabihty of X- 

which appears to play au important role in the formation of the undissaciated complex 
[MXL] whereas the formation of the dissociated comples [ML] +X- seems to depend on 
the ionisation potential of the cation, and (ii) the nature of the substituent on the phos- 
phorus atomsz6. 

Alkali metal salts also form adducts with thiourea27 and sulphur dioxide2*. Lithium 
iodide gives unstable adducts with ammonia 29 and alcohols3*. More recently, some alkali 
metal ~anthates~~, malonates32 and glycinates 33 have been reported. Complexes of alkali 
and alkali earth metals with carbohydrates have also been reviewed34. 

Nyholm and coworkers3 have described the formation of adducts of the type 

ML - n HL, by mixing the metal hydroxide or ethoxide with the ligand in a medium of low 
dielectric constant (usually absolute ethanol), (where M = alkali metal and HL = 8- 
hydroxy quinoline (I), isonitroso-acetophenone (II), 1-nitroso-2-naphthol (III), o-nitro- 
phenol (IV), anthranilic acid (V), 2,4dinitrophenol (VI), o-nitro benzoic acid (VII), 
1 ,I O-phenanthrohne (VIII) or.2,9-dimethyl-1, IO-phenanthroline (IX)) (fig. I). 

In some of the above systems, only one product is isolated irrespective of the propor- 
tion of the reactants; in others, it has been possible to obtain ML (i.e., n = 0) or 
ML * nHL (n = 1 or 2) by increasing the proportion of HL in the system. These adducts 
have been characterised as true compounds using the following criteria: (a) these have 
higher melting points than the approximate mixtures, (b) distinct infrared spectra and (c) 
capacity to form single crystals for which X-ray data were obtained. It has been shown by 

rne~u~g the molar conductance ins-me~yl pyrrolidone for a series of compounds that 
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Fig. 1. The structure of ligands which form adducts of the type ML.nHL. 

potassium, rubidium caesium derivatives behave similarly while there are considerable 

differences amongst potassium, sodium and lithium compounds. All the ligands were 
found to chelate the metal, forming five membered rings for (I), six membered riilgs for (II), 
(Hi), (IV), (V) and (VI) and a seven membered ring for (VII), which actually forms an acid 

salt. Increase in radius (or decrease in ionisation potential) of the metal appears to facilitate 
the isolation of adducts in the solid state whereas ion pairing in solution is naturally stronger 
for smaller cations. It was also found that hydrogen bonding is not essential for the forma- 
tion of adducts between the chelating ligand and the alkali metal salt of the chelate anion. 
Crystal structures of K+[PhC(O)CH = NO] - HON-CHC(O)Ph (ref. 3S), K*[ONCHC(O)PhJ - 
- C6H@02)OH (ref. 36) and the sodium perchlorate adduct of bis-[N,N’-ethylenebis (sali- 

cylidene iminato) copper (II)j ref. 37) have been determined. 

C. COMPOUNDS CONTAINING ?vfETAL-CARBON BONDS 

Organic derivatives of alkali metals are highly reactive and are useful chemical reagents. 

Most of these depict the expected ionic character 38, but a few depict apparently covalent 
behaviour also. Org~oli~um compounds e.g. ethyl lithium, n-propyl lithium, n-butyl 
lithium, tertiary butyl lithium and Me$iCH&i, are in general readily soluble in hydro- 

carbon solvents and can be purified by distillation or subIimation under reduced pressure 
whereas corresponding sodium, potassium, rubidium and caesium compounds are non 
volatile and insoluble in benzene; the latter are, therefore, commonly regarded as salts 
M+R- (M = Na, K, Rb, Cs; R = alkyd or aryl). The above difference appears to arise from 

the small size and higher p&uisiig power of the lithium ion m&g the lithium-carbon 
bond more covalent in nature. Most of the org~oli~um compounds, however, involve 
lithium being associated in different coordination states (Table 2). 

The existence of the Addition compound, (E&i): <EtOL&, was shown by molecular 
weight determination in cyclohexane solution indicating that the initial coordination of 
two lithium ethoxide molecules takes place at two coordination sites of the hexameP5. 
Ethyl and tertiary butyl lithium form volatile pentane soluble complexes when they are 
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TABLE 2 

Properties of some fithium afkyts 

Compound Degree of 
association 

Solvent 

CH3Li 

QH5E.i 

C4HP”Li 

C4HgnLi 

C4 Hg’ti 

CH2:CHLi 

CeH$XiZLi 

(CH&SiCH2Li 

go/+ 

so-go/* 

70/O. It 

l~o/o.oaol 

4 Etter or THF (ref. 39) 

60 Benzene40*3B 

6 Ben tene or cyctohexane4’ P’S 

4 Ether or THF (ref. 39) 

4 Benzene or hexane42 

3 THF (ref. 43) 

3. Ether or MF (ref. 39) 

4 Benzene or hexaneW 

* Under highly reduced pressure (not clearly specified). 
a 

b 
= Tetrameric in crystal. 
= Hexarneric in vapour. 

THF = Tetrahydrofuran. 

mixed together 46 n-Butyi lithium forms with tetramethyl ethylenediamine a chelate com- 
plex which is monomeric, soluble in parafins and acts as a catalyst for the polymerisation 
of ethylene 47. 

The cry2 structttre4* of methyl Iithium reveats tetrameric units of (C~~~)~ 
(Figure 2). in this structure, the carbon atoms are apparenfty six coordinate (almost 
oct~edr~), and each can be regarded as being bound to three hydrogen atoms in a normal 

Fig- 2. The stmcture of P methyl Lithium tetmmer”. 
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way and to three lithium atoms by two-electron four-center bonds. The methyl groups 
of each tetramer unit appear to be quite close to the lithium atoms of an adjacent tetramer, 
This results in strong three dimensional association which is responsible for the low volatility 
and the stability of methyl lithium. The structure of ethyl lithium49 on the other hand may 
be regarded as a polymer derived from weakly associated tetramers, each of which consists 
of two strongly associated dimers, The mass spectrum of vaporised ethyl lithium indicates 
that the hexamer and tetramer units are the predominant speciesso. Recently, evidence for 
some covalent bonding in benzyl lithium 5I and 1 and 2-naphthyl methyl derivatives of 

lithium, sodium and potassiums2 has been provided by 7Li and 13C NMR spectroscopy. 
Organic derivatives of bivalent electropositive elements calcium, strontium and barium 

have been comparatively much less studied due to loss in stability in the metal-carbon 
bond in passing from bexylhum and magnesium to calcium, strontium end barium; these 
have been reviewed elsewhere 53_ Magnesium forms highly reactive organic derivatives 

which are essentially covalent in structure. Dimethyl magnesium is a white solid and can 

be sublimed in poor yields4 whereas the dimethyl derivatives of calcium, strontium and 
barium are insoluble in common organic solvents and are non-volatile55. The polymeric 
structure involving metal-metal interactions of dimethyl magnesium has been confirmed 

by X-ray diffraction 56. Diethyl, dipropyl and dibut~-ma~esium can be volati~sed under 

reduced pressure; these are insoluble in benzene and are likely to be electron-deficient 
polymers. By contrast, di-n-amylmagnesium has been reported to dissolve as a dimer in 

benzene5’. That this difference may be due to steric factors appears to be confirmed by 
the recent synthesis57A of hydrocarbon soluble dineopentylallyl magnesium, the .NMR 
spectrum of which indicates a dynamic ally1 system with almost equal cis and frans forms. 

Ionic formulations closely related to ferrocene have been suggested for the bis- 
cyclopentadienyl derivatives of magnesium, calcium, strontium and barium which are 
soluble in organic solvents and can be purilied by vacuum sublimations8. 

A number of organo-calcium halides have been prepared by the reaction between 
calcium and organic halides in ethereal solvents, the reactivity of which appears to follow 
the order RI > RBr > RCl (ref. 59). The red complex [Ph$CaCl * 2THF] formed from 
calcium amalgam and triphenylchlorometbane in tetrahydrofuran is monomeric in benzene 
but probably contains triphenyl-methyl anions and could be in the form of ion pair&O. 
Bis (triphenylmethyl) calcium forms an adduct with tetrahydrofuran, [Ca(CPhg)2 - 7THF] 
(ref. 61). B&(2-phenylethynyl)calcium, strontium and barium have been prepared recently 
and are soluble in tetrahydrofuran 61. A benzene soluble complex of strontium, 
fEt2Sr - Et$Zn], has been reported 62. The tet~y~of~an complex fBu$Mg - 2THFf, is 
soluble in benzene but cryoscopic molecular weight measurements show that it is partIy 
dissociated63. 

Most of the Grignard reagents are soluble in ether, tetrahydrofuran, 1,2&rnethoxyethane 
and diglyme forming solvated species @. Akrmber of soluble organomagnesium halides 

65 may also be prepared in hydrocarbons indicating a certain amount of covalent character, 
e.g., ethylmagnesiumiodide is soluble in boiling benzene, The mono-ether&e of tertiary butyl 
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magnesium chloride is dimeric in benzene and this has been assigned the following bridged 
structurefi3. 

But 
’ Wf 

dCf\ ,0=2 

EQO’ ‘Cl’ 
M9 

’ 9”” 

A number of Grignard reagents are formed in good yields in benzene solution when one 
mole of triethylamine is present for every gram atom of magnesium. The monoamine com- 
plex: of ethyl magnesium bromide is dimeric in benzeneG6. Benzene soluble thiomagnesium 

aIkyls are also known 67. Several alkyl magnesium aIkoxides have been prepared by alcohoiy- 
sis of the dialkyls in ether and can be obtained free from ether. Derivatives like ethyl magne- 
sium isopropoxide, ethyl magnesium tertiary butoxide and isopropyl magnesium isopropoxide 

are tetuameric in benzene, whereas ethyl magnesium n-propoxide, isopropyl magnesium 
methoxide and isopropyl magnesium ethoxide yield higher oligomers, but in poor yields 

some of these can be purified by sublimatio@. 
On the basis of NMR and molecular weight data, evidence has been recently presentedeaA 

regarding the existence, in solution, of a stable alkoxy-alkyl mixed bridged organo- 
magnesium compound, which appears to be essentially dimeric in concentrated solutions 
with the following forms in dynamic equilibrium. 

“;“” Y 
Ph-~4% Ph-Cf-Ph 

Et20\ 
0 0 

Me’ 
Mg”) ‘Mg’ 

‘Me’ ’ cvzto 

D. COMPOUNDS CONTAINING METAL-OXYGEN-CARBON BONDS 

A number of alkali me&I a&oxides, e.g. lithium ethoxide, lithium isopropoxide, lithium 
tertiary butoxide, sodium isopropoxide and potassium tertiary butoxide are soluble in 

benzene and cyclohexane and can be volatihsed6g under reduced pressure (Table 3% 
It is interesting to note that the molecular weight of lithium tertiary butoxide is lower 

in benzene than cyclohexane indicating that the solvent also plays a role in the dissociation 
of such compounds. From NMR data69, it was suggested that the M-O bond in these 

alkah meta! a&oxides exhibits a degree of covalency, which depends on the inductive 
effect of t!!e alkyl group. 

Lithium methoxide has a two-dimensional layer structure analogous to that of the 
hydroxide. Each oxygen is bonded to four litbiums and a methyl group in the form of 

square pyramid with oxygen at the center and methyl at the apex. Each lithium is 
surrounded by four oxygens in the form of a squashed tetrahedron. In view of the 
environment of the oxygens, the simplest view would be to consider it to be ionic 
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TABLE 3 
Properties of some alkali metal alkoxSd9 

Compounds B-p. 
~Clmrn) 

Degree of 
association 

Soben: 

LiOEt 

LiOPri 

LiOBu* 

LiOBu’ 

KOBu’ 

15s/o.oor 

170/o. L 

f lo/o.1 

I LO/O. I 

145/0.0~1 

II Cyclohexane 

4 Benzene 

6 Cyclohexane 

although a giant covalent polymeric form can not be entirely ruIed out70. 
The a&oxides of ma~e~um, calcium, strontium and barium are insoluble in common 

organic solvents due to their polymeric nature and have not been studied in detail. The 
products formed70A in the reactions of magnesium alkoxides with magnesium halides 
have been characterised by X-ray and IR techniques to be 3~g(~R)~ * MgUalz - nROH and 
not the normally expected entities, ~H~MgOR). Acetone reacts with methyl magnesium 
bromide to yield tertiary butoxide ma~esinm bromide which is dimeric in benzene and 
ether. ft forms an adduct with ether, tertiary butoxide magnesium bromide diethyl ether, 
which has the following structure”*. 

E’P, 
Mg 

, O&8, 
Mg 

/=- 

er/ ‘O&t’ ’ Ofa2 

The metal chelates containing the anions of jkliketones as ligands were reported71 and 
a few of these can be voiatihsed under reduced pressure. The dipiv~oy~eth~e derivatives 

were found to be exceptional in that sub~ates of ~t~urn, sodium and po~~~urn were ob- 
tained72; ma~es~um ace~~acet~nates can also be sublimed in poor yiefds54. The acidic 
hydrogen atoms of the enol tautomer of the ligand is replaced by an alkali metal to give a 
compound of the type 

R 
‘C _-0- 

* <---- 

T&-&o M+ 

R' 
where M is an alkali metal. The lowestsublimation temperatures in the series were exhibited 
by fluorke- containing &diketonate complexes (TabIe 4). 

E. MACROCYCLIC POLYETHER COMPLEXES 

pedcrsen73, described a large number of macrocyclic polyether ‘%rown” compounds with 
ti, Ha, K, Rb, Cs, HHq, Ca, Sr, Ba, Ag, Aux, Cd and CeUi ions. 
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The ~.~~~ple~ing power of crowns for alkali metal ions is SQ strong BS ta leach sodium ions 

from the wdlls of an ordinary gbs container 7*. Dicyclohexyf-1 S-crown-5 so far appears to 
be the best compIexi.ng agent for sodium ions. Most of the alkali and ak&ine earth metal 
salts g&e a complex with I metal : 1 crown, which are formed by the ion-&pole interactiorr 
between the cations (held in the center of ring) and the negatively charged coplanar four, 
f3ve or six oxygen atoms 

(metal)+-4 solvent + ‘crown’ * %~own’- (metal)” -I- n sokent 

Amongso the factors which appear to determine the stabbility73 of met&-crown com- 
plexes, the f&owing may be mentioned: (i) the number of coplanarity of oxygen atoms 
in the polyether ring and their symmetry, (ii) the basicity of the oxygen atoms and the 
electrical charge on the ions (ii) the so~v~~~on tendency of the cations and (iv) the steric 
~~~ in the polyether ring, i.e., the reiative sizes of the cations and the hole in the 
ring, (Table 53. Rings containing four coplanar Ggand atoms are quite ~ornrno~, for exe 
ample in porphyrins. However, six oxygen atoms provide octahedral ~oor~ati~~ for 
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TABLE 5 

Ionic diameters axd hole sizes (A) (refs. 73,771 

Cation Ionic diameter Polyetlter ring Hole size 

Li+ 1.36 14-crown-4 1.2-1.5 

Naf 1.94 1%crown-5 1.7-2.2 

K+ 2.66 18-croown-6 2.6-3.2 

Rb+ 2.94 21 -crowri-7 3.4-4.3 

CSi 3.34 

transition metals~s. In some cases, where the cation appears to be too large to frt in the 
hole, the complex probably has a sandwich structure, since Zf and even 3~2, crown:ca~on 
ratios were obtained. Selectivity towards different cations varies with polyether ring size, 
the optimum ring size being such that the cation can just fit into the hole, i.e., 1%-18 for 

Na*, 18 far K* and 18-21 for Cs+ (Table 51.. 

It is reported that the small lithium ion is not eficiently complexed by most of the 
common crown ligands. On ‘he other hand, bis-tertiary butyl cyclohexyl-14-crown-4 with 

a small la--1.5% cavity shows a preference for lithium over other aikaii ions. Sightly larger 
tertiary butyl cyclohexyl-l S-crown-S complexes sodium tie best of the alkali metal ions, 
and dicycloherryI-I 8-crown-6 is best with potassnun ion. The importance of these crown 
complexes has been Shown74 in their possible use as polymerisation catalysts, in cation 
separation and in preparing ion sensitive electrodes. Recently, the potassium permaraganate 
complex of dicyc~ohexyl-18-crown6 has been used as efficient oxidising agent; e.g. oiefms 
are cleaved, alkyl benzenes are oxidised to aromatic acids, and alcohols and aidehydes give 
the corresponding acids7q 

Employ~g the ultraviolet absorption maximum74 of the picrate anion at 357 rryt 
followed by detailed potentiometric studies77 using cation selective eh?ctrodes, Frensdorff 
has determined the stability constants for the 1~1 complexes of a number of cyclic poly- 
ethers (12 to 60 membered rings of C-C-0 units) with several alkali cations fU.*, Na”, K+ 
and Cs*) in water and methanol (Table 6). A comparison of the stability constants (log rc) 
of the three cations (Na*, K’@ and Csi) with dicyclohexyi-18-crown-6 reveals that the 
constant for potassium ion is the highest by more than one order of maguitude77. The 
data for stability constants of derivatives formed by two biological species nonactin and 
rno~a~~ with lithium, sod&m and potassium ions also show selective towards potassim 
ions’* (Table 6). This can be understood of the basis of a competition between complex 
atom and solvation tendencies. Thus, the largest cations have the lowest stability constants 
due to their weaker attraction for &and molecules. Conversely, the smallest cations ex- 
hibit the greatest attraction for ligand as well as solvent molecules, but the latter factor 
sometimes makes them too strongly solvated for the polyether to compete successfully 
for them. In such cases, obviously the medium sized ions like potassium show the highest 
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TABLE 6 
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Sta bilitv c~nsran~s(~og lu) for the reaction [M *l (solvated)x + L = 1 hfL”+‘f (solvated)y f Q - y) solvent 

Ligand 

- 

Refer- Solvent Li* Naf K* Rb+ Cs+ F&g’* Cazf Sr” Ba2+ 
ewe 

EDFA 

NOZXiCtin 

Manrtctin 

Dicycfohexyl- 
tb-crown-4 

~icyc~o~exyl- 
15-crown-5 

1 BdXOWXl& 

Cyciohcxy~- 
I 8-crotm6 

~icyclobexyl- 
18crowri-6 
isomer A 

Dicyclohexyl- 
Il-cIOWXl-6 

isomer B 

Dibenzo-Zt- 
crown-7 

Cryptate 

79 

78 

78 

77 

77 

77 

77 

77 

77 

77 

8 

Hz0 2.8 1.7 5.6 10.6 8.6 7.8 

CN30H 2.1 3.7 

CHJOH 3.0 5.4 

CHjOH 2.18 1.33 

CH3OH 3.71 

n2o <LO <a3 

CH&-Xf 4.32 

H20 0.3 

CHJON 4.09 

%O <a7 0.8 

CH30H 4.08 

H2Q 0.6 1.6 

C&OH 3.68 

CW3OH 2.40 

H2O 3.6 

3.58 2.78 

0.6 

6.10 4.62 

2.06 0.8 

5.89 4.30 

f.90 0.8 

6.01 4.61 

2.2 1.2 

5.38 3.49 

4.30 4.20 

5.l 3.7 4.1 13.0 15.0 
_ ._ 

stability constants. The effect of solvent on these stability constants can be seen in Table 6, 
wherein the constants in aqueous solutions are three to four decades lower compared to 
those in methanol. This suggests a much stronger solvation of the cations by water, com- 

pared to that by methanol, with which the polyether has to compete77. 
An account of the properties including crystal structures80-82 of crown complexes of 

alkali metals appears in a recent review lo. In addition, light has been thrown on the 
crystal structures of somewhat sinilar biological systems, e.g., silver salt of Nigercin or 
Folyetherin A (refs. 83,84), potassium salt of nonactir& a6, potassium salt of v~~omyc~87 
and ferroverdin88. 

F- MACROCYCLIC RINGS CONTAINING NITRQGEN AND OXYGEN OR SULPHU~ 

Replacement of two or four oxygen atoms by stiphur in the crown3 or crown-6 corn- 
pounds drastically reduces their complex&g power for alkali and alkali earth metals while 



Fig. 3. The strwufe of macrocyclic rings coning ~~~~~ and oxygen or wlphur. 

Fig- 4. Stmctures of chid macrocyclic ethers. 

maintidning it far silver l3- The l&and (Fig. 3) containing four oxygen and two nitrogen 
atoms is able to form chloroform soluble complexes with alkali metal thiocyanates, which 

are unstable in water*. When oxygen atoms are replaced by sulphur in this ligand, it loses 
its complexation tendency with alkali metals*9. 

Recently, chiral macrocyclic amino ethers have been isolated (Fig. 4) which form com- 

plexes with alkali and alkali earth cations in neutral med~g~. 

C. CRYPTATES 

Crypt&es are formed by the incorporation of ether linkages in piace of some of the 
methylene groups in macrobicyclic d&mines *. A few of these are shown in Fig. 5; they 
are also called “Football ligands”. These crypt&es are powerful complexlng agents: even 
barium sulphate can be dissolved in their aqueous soIutions and Potassium permaog~ate 
is taken up by benzene solutions. The rate of uptake appears tu be related to the nature 
of the anion, the presence of traces of water and temperature*. The stability constants of 
the complexes (Fig. 5(a)) between alkali and alkali earth chlorides are shown in Table 6. 

Potassium has a greater stability constant than sodium or rubidium while lithium and 
caesium have values too small to measure, indicating that the ligand is highly selective 
on the basis of the radius of the metal. Shifts in the NMR spectra of the proton of the 

me~ylene groups takes place as the metal salt is added to a c~orofo~ solution of ligand, 



14 P.N. KAPOOR, R.C. MEHROTRA 

(Fig. 5(a)) illdicating that the complex formation is complete when the ratio of metal: ligand is 
1: 1. More detailed studies were made 91 of sodium, potassium, rubidium, caesium, calcium, 

strontium and barium halide complexes in both deuterium oxide and deuterotrichloro- 

methane (CDCl$. When ligands (Fig. S(d) and S( e )) were used91 cryptate compounds 

having 1~1 composition were obtained with alkali metals, but NMR spectra showed that 
the only hydrogens affected are on the methylene groups attached to the nitrogen. The 
crystal structure of the rubidium thiocyanate complex, Rb(C18H36N$&) SCN - H20, has 
been determinedg2. 

H. BIMETALLIC COMMPOUNIX CONTAINING METAL-CARBON BOND 

In hydroc~bon solvents, fmely divided alkali metals react with t~e~yl~~~i~ at 
room temperature to yield compounds of type M[AlMe4] (M = Li, Na and I()_ The order of 
reactivity has been foundg3 to be Li < Na < K. Similarly, ethyl complexes have also been 

prepared which have lower melting points than the corresponding methyl complexes. The 
potassium compounds are almost ~soluhle in saturated hydrocarbons, and can be regarded 
as salts: K+[AlR&, but the sodium and more p~ticul~ly the lithium compounds are 
soluble in hydrocarbons, e.g., l2fAlQ.J. These may be recrystallised from a benzene- 
hexane mixture and can be sublimed in vacuum. LifAlEt4 f has a polymeric structure, in 
which both iithium and alum&Gum atoms are tetrahedrally surrounded by methyiene 
groupG4 

Na[AIBu4] is freely soluble in hydrocarbon solvents including cyclohexanegs. However, 
the ionic characterg6 of Na[AlR4] salts can be substantiated by their equivalent conduct- 

antes being comparable to those of the tetraalkyl ammonium salts. 
The pieparation, IR spectra and crystal structures of alkali tetramethyl, as well as some 

tetraphenyl indates, M~In~R)4] (M = Li, Na, EC, Rb, Cs and R = Me or Ph) have been 
described by Ho~rn~ and Weiss g6A. In all these, the [InR,j- anions are tetrahedral and 
are isolated from alkali cations. Differences in structure amongst similar derivatives from 
different alkali cations are explained by their ionic sizes. 

Alkali metal hydrides react with aluminium alkyls, giving adducts of the type 
LilAl#Et~l and Na[A_lHMesf (ref. 97,98). These hydride complexes are commonly 
soluble in hy~oc~bo~; e.g. Na[AlHEt, f and KfAlHEt3 f are soluble in benzene. The 
order of reactivityg3 of these derivatives increases from lithium to potassium through 

sodium. The difference is mainly due to the hydride of the smallest cation fLi*) having 
the highest lattice energy which has to be broken before the initiation of the reaction. 
Similar effects also occur in the reactions of alkali halides to aluminium alkylsg8. The 
formation of complexes is favoured when the cation is large and the anion is small. The 
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1~1 flu&de complexes, e.g. N~[AIE~+JF], K~~Et~F~, are mure soluble in saturated 
hydro~bo~ and have lower conduc~~ in a fused state than the I:2 complexes, e.g. 
Na[AIZEtsFf , and K[AlzEt6F] (r&f: 99). Crystal structure of the 1~2 potassium fluoride 
eompjex has shown that the fluorine atom is ~~et~c~y placed between the 
ahuuinium atornalOO. 

The Whium derivatives, R$WXi, which are sohrble in toluene, act aa donors toward 
R&Q 

R&1Ol_, + R&Al - Li 1 
These are useful cata&sts for the po&rnerisation of a~et~dehydelO~- 

The coordination chemistry of organ0 aluminium compounds has been discussed 
critically in a recent review by Lehmkuhl Bo2. Dimetbyl and diethyl magnesium, which are 
polymeric insoluble substances, are slowly dissolved by trimethyl or triethyl alumhnhrm 
forming viscous complexes of the form Mg[&R& These are sohrble in alipbatic hydro- 
carbons and have an electron-deficient structure analogous to that of Li[AlEt,] 

Et, __- El3 2--._ __.- “c~$.. 
‘Al Et,Al-..CH ,_.-“‘Ng-...cH _.a- 

/Et 

CH”, CH”, 
‘Et 

Attempted distillation of Mg[A.&@e8] resriits in the separation of trimethyl aluminh~m 
and the formation of crystalline MeMg[~Me~~ which can be distiUed~~3 in a high vacuum 
at 70-75°C. Alkali earth complexes are formedrW by reaction of the type 

4Et3Al + M(OR), -+ M[AlEt& + 2Et+lOR 

where M = Ca, Sr, Ba. 

I, BIMETALLIC COMPOUNDS CONTAINING METAL-OXYGEN-CARBON t30NDS 

An interesting example of an apparentiy covalent compound of thir, class reported 
recently appears to be the volatile b&metallic derivative CS[Y(HFA)~] (ref. S), where 

TABLE 7 

Properties of some of alkali earth complexes of triethylaluminium’W 
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HFA is hexailuoracetylacetone. Apart from volatility, the feature of this derivative 
which attracted attention is that the caesium ion appears to be held so strongly to the 
complex anion that the loss of the ligaud can occur, as depicted in the mass spectrum 
of the derivative, without prior loss of a caesium ion. This strength of the ion pair has 
been ascribed to the interaction between strongly electropositive caesium ipn and the 
sheath of the electronegative fluorine atoms of the I&and. The work has been extended6 
to complexes of the type M fScL4], where M = K, Rb or Cs and L.= acetylacetone, 

triffuoroaeetyIacetor?ate or hexafIuoroacetyIacetone. In this series also, the hexafluoro- 
acetylacetonate derivative depicts the highest thermal stability. 

In the crystals of Cs ~Y(CF~COC~CGCF~)~], the yttrium atom is surrounded by 

eight oxygen atoms at the corners of a dodec~e~on; this ~~gerne~t allows the electro- 
negative atoms to be further apart than in the cubic form. The oxygen atoms are in contact 
with only one yttrium atom, so the whole anion is a complex (Fig. 6). 

Another seiies of compounds of elec~opos~t~e elements showing app~en~y covalent 
behaviour is.that of double a&oxides. The formation of a large number of such deriva- 
tives was noticed about 50 years ago by Meerwin and Bersin105 who carried out titra- 
tions of the a&oxides of a number of less basic metals such as Sb, Sn, Sew, Ti, Zr, B, A!., 

Zn, Be, Mg and Ca with alkoxides of strongly electropositive elements like, Li, Na, and K, 
using thylmolphthalein as an indicator. Generally, the titrations were carried out in parent 
alcohols, but some of these could be accomplished even in inert solvents such as benzene. 
These alkoxo salts, e.g. K[Zn(OEt)3], Na[Sb(OEt&], Na[Sb(OEt)6], Na2[Sn(OEt&j], 
RfAl(OPri)& Ca[Al(OEt)&, Mg[Al(~~i)~]~, Mg[~(OEt)~]~ are quite stable, the last 
three could be voiatilised under reduced pressure. Even KfAl(OP&j and Cs[Ai(OP&f 
have recently been sublimed in poor yields 1& lo’. Compared to alkali aluminium iso- 

propoxides, the ~o~espon~ng boron derivatives M [B(ORj4] (refs. I OS, 108) appear to be 
less stable, d~proportiona~g to give volatile a&y1 borates. 

Using the techni@e of Meerwein and BersinloS, Gilman and coworkersr09 synthesised 

a green crystaliine compounds, ~a~U(OEt)~] in 1956 which could not be volatilised. How- 

o=c =O @=F 

Fig, 6, Structure5 of the anion in Cs+W(CF&XXXCoCF~~4)-, 
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ever, the corresponding calcium derivative Ca[U(OEt)& could be volatilised under reduced 
pressure. Similarly, Bartley and Wardlawl1* were able to isolate a number of double &ali 
zirconium ermea-alkoxides of the type, MIZr$OR)g], (where M = Li, Na, K, $ Ca, Tl, and 
R = Et, pr”, Pri, flu” or Bus) by titrating alkali alkoxides with zirconium alkoxides in alcoholic 
media using thymolphthalin as the indicator. Compounds of the type M[T~z(OR)~] are also 
knownllt. A pH metric titration technique has been more recently used to show evidence 

for the existence of anionic species such as [ B(OMe)J, [Al(OMe)b J-, [Ti2(OMe)9]-, 
[~~OMe)~~ - and fTa(OMe)J - in the titrations of corresponding metal chlorides with 
lithium methoxide in methanoli12. 

The sublimate obtained from the reactions of ~rconium isoproptide, isopropanoIate 
and MOPr” in isopropanol in 1’1 and 2~1 molar ratios correspondedla* lo7 to the 

formulae, Mz[Zrj(OPri)14] and M[Zr2(Ol?&J (where M = Li, Na, K and Cs). For both 
of these double a&oxides, the measured molecular weights in boiIing benze.ne correspond 
to their formula weights. AJl the isopropoxy groups in these derivatives are readily inter- 
changed with ethanol and methanol. However, when exchange reactions were carried out 
with branched alcohols, replacement of the isopropoxy groups seemed to be hindered, e.g. 
MZ[Zr~(0BuS)g(OPri)6], appears to be the final product in the alcholysis reaction with 
secondary butanol. Siiihu steric effects were also observed with tertiary alcohols as in- 

dicated by the nature of the products, e.g. Li[Zr,(OP&(OBut),], LifZr2(OPr~.+(OAm~.& 
In contrast to the isopropoxidCs, the reaction of zirconium tertiary butoxide with alkali 
tertiary butoxide, in all solar iatios, yielded the volatile products MIZr(OBuf)& which 
were found to be dimeric in boiling benzene. The compounds MIThz(OPri)g] , 
MITi(OP&PriOH], LifTi,(OPr’)g], Li[Tia(OBuQ& M(Sn(OP&] and M[Snz(OP&j 
(where M = J_.i or Na) have also been prepared 113 and are soluble in common organic solvents 

but disproportionate on heating to yield their respective a&oxides. 
Double alkoxides of the type M[M’(OR)& (M’ = Nb or Ta; M = Ll, Na, K, Cs, @a and 

R = Me, Et, Pri or But) were prepared lo77 1 l4 by reaction of the corresponding metal 
alkoxides with alkali a&oxides in the parent alcohols. Solubility of these derivatives 
appears to decrease from lithium to potassium. The tantalum derivatives are more stable 
than niobium derivatives which tend to disproportionate on heating. The derivatives, 

M [Ta(OR)& ( w h ere M = Na or K, R =: Pri or Bu’), sublime under reduced pressures with 

slight decomposition. Complexes of the type M~M’(OR)~], (where M’ = Al or Ga, M = Li, 
Na and R = Pri, Buf and Me, Et for Ga) and M[Al(OMe)& (where M = Li, Na, K, +Ca. 
Sr, Ba) were prepared106* lls- It6 by the reactions of M’(OR)s with MOR ln a 1~1 molar 
ratio. These cdmplexes are almost insoluble in their respective alcohols as well as in 
benzene. M[M’(OP&], (M = K or Cs), is however, soluble in isopropanol and on heating 
it sublimes in a poor yield. If the component isopropoxldes are taken in the ratio 3:2, the 
products correspond in analysis to MS [Al2(0Pri)9] (where M = Li, Na or K). The potassium 
derivative ls in this case aIs0 soluble in ifopropand. A number of double alkoxldes of 
beryllium, e.g. Liz pe(OMe)q - 2LiOMe], Li~~OEt)& LifBe(OP&J and 
NafBe(Ol%i)g] were also isolated 1 l7 by the reactions of beryllium alkoxldes with alkali 
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MOLAR RATIO - 
M’K?P&~ 

Fig. 7. Titration between M(Ol$)d gnd M(OP&. f Co) NaOPi M/4.77 vs Zr(OP& _P$OH M/80.49. 
Ii (&_KOP# M/9.97 vs @(OPti) PtiOH M/43.01. III (0) NaOPti M/9.20 vs Ti(OP& M/37.7. IV (X) 
KOPf M/9.94 vs Ti(OP& M/37.7. hi = Na or K, M’ = Ti or Zr. 

alkoxidcs in parent akohols. The complex Li[Be(OPri)3] is dimeric in boiling isopropanof 
where other complexes, e.g., Liz [Be(OEt)J and Liz [Be(OMe)42LiOMe], once isolated 
from clear solution, could not be redissolved in the parent alcohols. Complexes of the 
type, =4 [Zn(CMe)& G4 [Zn@Et)& ~2[Zn(CEt~41, Li iZnKW31, J3Zq@W5 1, 
Na[Zq(OEt)5], LifZnfOPri)~] have also been reported1f8. Only Li[Zn(OEt)s] is mono- 
meric in benzene whereas all other double a&oxides show dissociation in the parent 
alcohol, 

The very low conductivity of Na fZrz(OP& f measured in isopropanoi indicates that 
it does not dissociate to give highly conducting sodium isopropoxide. The conducto- 
metric titrations ofzirconium and hafnium isopropoxide in isoptopanol with sodium and 
potassium isopropoxides in kropropanoi show that on addition of alkali isopropoxide to 
M(OPri)q- FriOH, the conductivity was &nost constant tiU the molar ratio of alkab 
isopropoxide to M(OPr$ reaches 0.5 after which the conductivity curve (Fig. 7) &ows a 
sharp rise, indicating that excess of alkatiisopropoxide begins to contribute its conductiv- 
ity to. the soluti&W, 

However, tit&ions of titanium iso?ropoxide with alkali isopropoxides showed a rise in 
conductivity from almost the beginning indicating that although NafTiz(OFri)gl can be 
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Fig. 8: Titration between hf’(OP& and M(OPr$. I (0) NaOP& M/4.77 vs Ta(OPr$ M/93.74. fI$X) 

KOPr’ M/4.96 vs Ta(OPr$ M/93.74. III (0) NaOPr’ M/4.77 vs Nb(OPr$ hU94.24. XV (A) KOPr’ 
hf/4.98 vs Nb(OPr’) M/94.91. hf = Na or K, hl’ = Nb or Ta. 

Fig. 9. The structure of double alkali ~umin~um isopropoxides. 

isolated, it is appreciably dissociated in isopropanol solution113. Titration of niobium and 
tantalum isopropoxides with sodium and potassium isopropoxides in isopropanol gave 
sharp inflexions at I: 1 molar ratio’ r4 (Fig. 8). 

The lower stability of mixed methoxides and et&oxides compared to the isopropoxides 
and the higher stability of tantalum compared to niobium analogues are reflected in the 
corresponding titration curves (Figs. 7 and 8). 

The boiling points and molecular complexities of some double alkoxidek are shown in 
Table 8. 

The structure of double alkali aluminium isopropoxides, M[~~ORi)~~ (where M is Li, 

Na or K) is suggested by Mehrotra and Mehrotrals 1 I9 as shown in Fig. 9 indicating the 
solvation of two molecules of ~soprop~ol. This tendency of solvation is facilitated by the 
increasing size of the alkali metals from Iithium through sodium to potassium, increasing 
the solubility of these derivatives respectively. Similar observations were also notedI for 
Na*[PhCOCHCOCH& [HOCH$HaOH]. Remarkably, covalent and volatile&&atives 
M[M’2(OE%i)p] (where M = Li, Na or K, M’ = Zr or Hf) may have structures of the type 
in which nine isopropoxy groups are arranged around the two zirconium atoms by sharing 
the faces of two octahedra (Fig. 10). This structure assumes that the oxygen atoms of the 
alkali isopropoxide forms two donor linkages with each zirconium or hafnium atom. The 
alkali atom, in its turn, may be accepting donor linkages from two or three isopropoxy 
groups Linked to the zirconium or halfnium atoms. Phis structure is supported by the 
alcohoiysis studies of Bartley and W~~awllo in which they found that treatment of 
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TABLE 8 

properties of some double a&oxides of electropositive elements 

Compounds BOilin points 

or subiimation 

temp. 
tWmm) 

Moiecular 

complexity 
Soivent Reference 

K[ANOPr$] 
cst AIcoml I 
fiI AWM$4 12 

~tAKO~~412 
MfdAI(OP~‘I4 12 
K[Ca(OP& I 
Li[2r(OB~t)~] 

Na[ Zr(OBd), J 
K[Z~(OBU~)~~ 
Lit Zr2(OEt)9 I 
WZr2OPr!%f 
LqZr2~OPti)gl 
Li[Zr2(OBun)g] 

Li[Ztl(OBus)g] 

Li[Zr2(OEi}4(OJ$t),] 
LifZr~(OP&g.PrroHJ 
NaiZrdOMe)9f 
NafZrdOEt)9,1 
W%(OPx-f%I 
Na[Zr~(OPr%l 
Na[ Zr~fOBu")g j 
K[ZrzCOPr$gf 
Cs[ zr2 (OPr’Ig 1 
K [ Zrz (OBU”)~ ] 

Ca[Zr4WWt81 
Li2[Zr3(0Et)r.+] 
Li2[Zr3(OPrr)r4f 

Na+WOPf’h4l 
~l~3(+%41 
KzIZr3W’r%41 
K( Hf(OBur)s ] 
Li(Hfi(OP&] 
NaIHfz(OPr’)g 1 

K[Hf&Xt)g J 
K[Hf2COPr’)g) 

~~Hf~(OPrr)gJ 
KfHf2WBun)gf 

f-WHfdOPtI2d 
Na2 WdOQhl 
Kz[Hf~(OPr’hl 
K2tHf3(OW.r.a1 
-2W3(OP~h41 

fi[Ta(OM~)~f 
LifTa(OEt)c, 1 

Li[ TalOP& f 

iso-8SJO.S 
3OO-31010.25 
220J4.0 
230-4OJ3.O 

130-42f2.0 
260-70J0.4 
130-4OjO.2 

2OO-1OJl.O 
1304OJO.2 
260J0.2 

22610.3 
207f3.0 
221-3.SJO.3 

200-10/0.2 

200/7.0 
160J0.2 
36010.005 
23OJO. 1 

220J0.29 
218-2510.3‘7 

20010.2 
190-2OOlO.t 
238J0.38 
28OJvacuum 
200-1OfO.S 
200-lO/O.S 
185-9512.0 
220-23OJO.l 

200-1010.2 
178/O.S 

200J0.7 
170-go/o.1 

23510.6 
180-9OJO.2 

2304OJO. 1 
2204OJO.3 
2OO10.5 
170-8010.3 
19010.4 
18O-90/O. 1 
160-70j0.2 
260/O. 1 
330J0.2 
160-80J0.1 

1.34 

1.40 

2.10(l)* 

1.7(l)’ 
1.00 
1.60 

1.00 
1.00 
1.00(l)* 

l-2(1)* 
1.10 
1.00 
1.00 
1.00 

1.00 

1.10 
0.97 

1.00 

1.40 

1.00 
0.90 
1.10 
1.10 

1.00 
1.00 
0.70 

1.00 
1.00 

1.00 
0.95 

Benzene 

Benzene 
Benzene 

Benzene 
Benzene 
Benzenl 
Benzene 
Benzene 
Benzene 

Benzene 
Benzene 
Benzene 
Benzene 
Benzene 

Benzene 

Bepzenc 
P&H 
Benzene 

Benzene 

Benzene 
Benzene 

Benzene 
Benzene 

Benzene 
Benzene 
Benzene 
Benzene 
Benzene 

E@H 
P&H 

106 

107 
105 
105 

105 
106 
113 
113 
113 
110 

110 
110 
110 

110 
110 
110 
110 
110 
110 
110 
110 

1X0 
107 
110 

110 
106 
113 

113 
107 
113 
120 

120 
120 
120 
120 

107 
120 
120 
120 
120 
120 
107 
114 
3.14 
114 
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Compounds BoiIing paints 
or subIimation 
temp. 
CC/mm) 

M0ltXUfar 

complexity 
Suivem: Reference 

Na[Ta(OP&,j aOO-lOlO. 0.92 P&i 114 
KITa(OP&f 210-2010~1 114 
Cs[Ta=961 210-20/0.15 107 
LijNb(O&&] 1 lo-20/O-l 0.80 ButOH 114 
Na[Nb(OBuf)6) 110-20/o. 1 114 
KINb(OBUf)61 llO-20/0.1 114 
=s[m(oPr’),] 180-90/0.15 107 
Lit TafOBu’ 16 ] 1 IO-20/o. I 0.65 BurOH 114 
NajTa(0BUr)6] 110-20/0.x 114 
WNWWal z ifiqo.2 0.97 Benzene 107 
caIWOPr%l2 18%9510.3 I.2 Benzene 107 
Ca[Ta(OEt)6 12 153/0.2 0.91 Benzene 107 
WTaWr% 12 195-21qo.2 0.8 Benzene 107 
Ca[TaCOEt)3COBut)s12 190-200/0.2 107 
Ca[ U<OEt)6] 2 200/0.00 I 109 

* Molecular weight in parent alcohol. 

M[Zr2(OPG)91 with excess tertiary butanol yielded M[Zr2(ORi)4(0Bur)S] (tihere 
M = Z_.& Na, IQ. The NMR spectra 1 lg of alkali hafnium double isopropoxides (Fig. 11) 

e.g. ti[Hf+Ri)9] and R[Hf2(0Ri)g], show two pairs of methyl protons, of which peak 

areas are approximately in the ratio of 1:1:2:2 which corresponds to six terminal and three 
bridging isopropoxy groups (as shown in the structure given in Fig. 10). 

On similar lines, the following structures (Fig. 12) have been suggested1 for derivatives 
Eke M2 [M’3(0Ri)14] ( w h ere M = L.i, Na, K, M’ = Zr, or Hf). However, the NMR spectra 
of Liz fHf3(ORi)14] and K2[Hf3~OR~)14] Iend greater support structure (ii)_ This structure 
possesses four bridging isopropoxy groups and ten terminal isopropoxy groups attached 
to the three hafnium atoms. The NMR spectra (Fig. 13) of both compounds also shows the 
existence of two types of methyl proton peaks. Although the ratios of the areas of the ob- 
served peaks A, C and D could not be accurately measured, they are approximately 

represented as I : 3 _ 52.5, which would indicate that the ratio of theareaofthe doublets 

Fig. 10. The structure of M(Mi(OP&9) where M = Li. Na or K, M‘ = Zr or Hf. 
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ta) 

Pig. 11. (a} The NMR spectrum of the methyl group protons of K(Hfi(Opr$l in CC& in cycles per 
second at 60 MHz. (b) The NMR spectrum of the methyl group protons of Li[HfZtOP&J in CC4 in 
cycles per second at 60 MHz. 

(A + B>(C + D) is about 1~2.5 (Fig. 13). The methyl proton peaks reported for the above 
compounds are given in Table 9. 

The structures of M [Z~(OBU~)~] (dimer) (Fig. 14) and double alkali tantalum (niobium) 
alkoxides (Fig. 15) could then be represented by the following plausible structuresl. 

The difference in behaviour between the double alkali zirconium kopropoxides and 

tertiary butoxides may be due to steric factors hindering the sharing of Zr(OR)6 
octahedra through a face as has been suggested for Na[Zrz(OP&,] (Fig. LO). 

Fig. 12. Str~~tuxw suggestedfor derivatives such as MZ [M>(OPr&]. M = LA, Na, K; M’ = Zr of Hf, 
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Fig. 13. (a) The NMR spectrum of the methyl group protons afKs[ Hfs(OP&j itl CCb in cYCl@s Per 
second 60 MHz. (b) The NMR spectrum of the methyl group proton of Liz [Hf~(Ow)14] in CC4 in 
cycles per second 

gut opri P4 
0 ^_ * PPfJn-A-- 0 .yRi 

Fig. 14. The structure of .%I [Zr(OBuf)s 1 Mimer). 

Fig_ i 5. The structure of double alkali tantalum @iobiumf a&oxides. 

TABLE 9 

Methyl troton peaks of some double. isopropoxides of halfni~m in c.p.s from tetwnethyl- 
siIane” 

Compound Solvent Peaks Area ratio 

A B” C D 

Lit Hf&OE& j CCL4 81 (74.5) 74.5 68 i:1:2:2 

KIHf&OP&f 78 (73) 73 67 l:f:2:2 

Liz[Hf&X’r$t~ CX& 81 (75) 75 69 l:i:2.S:2.5 

K2W3Kdd CC4 81 (74.5) 74.5 68 1 : 1 : 2.5 : 2.5 

a Vaiues with& parenthesis indicate overlapp@ peaks. 
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