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A. INTRODUCTION

Synthesis of apparently covalent volatile double alkoxy derivatives of a few electropositive’
metals! promoted a study of the literature regarding coordination compounds of strongly
electropositive elements with significant covalent metal—ligand bonding. Although 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. 2 number of macrocyclic neutral compounds of alkali metals have been found to en-
hance respiration of fungal metabolics. The importance of sodium, potassium, magnesium
and caleium ions in bio-chemical processes has been recently reviewed by Williams2.

On the Pauling scale, the electronegativity values of all alkali and alkali earth metals
vary from 0.7~-1.2. Taking the electronegativity of oxygen as 3.5, the bonds between these
metals and oxygen should be about 85—70% electrovalent in character. Further, in view
of the low fonisation 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 coworkers appear to be confronted with similar
difficulties when, in the first of a recent series of papers on alkali metal complexes, they
tried to deflne such complexes; “Rightly of wrongly, we shall use the word complex here
to imply the existence of a discrete unit of the type ML5", where a1 is number of donor
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groups and a is the number of the charges; if 2 is zero we have a ‘neutral complex’. We
imply nothing concerming the nature of the electron distribution between the metal and
the donor atom when we use the word complex™.

Truter? in a recent review on the *“Crystal Chemistry of d0 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. Cs[Y(CF;COCHCOCF,),]..
(ref. 5), and M[Sc(C73COCHCQCF3),} (ref. 6) {where M =K, Rb or Cs). Another
criterion for defining an alkali meial complex is the formation of a neutral extractable
molecule, e.g. NaCl (p, p'-methylene dianiline)3 adduct which is soluble in chloroform?. A
third criterion may be the extent of sequestration e.g. that of the alkali earth ions by
complexones like EDTA or highly polymeric metaphosphate salts like Calgon. To this list
have been added the tricyclic (so called Football}ligands like N(CH,CH,;OCH,CH,OCH,
CHy);3N, synthesised by Lehn et al.® which have the capacity to enclose alkali and alkaline
earth atoms so completely that even BaSO,4 can be redered soluble. Derived from the Greek
word “Kruptos” meaning “hidden”, such ligands have been appropriately named as “Cryptate™.
A review on cryptates has recently been published?.

In this article, some of the recent work on coordination compounds of alkali 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 soine molecules of biolog-
ical interest is in print!® and therefore, the present review is being limited to non-struc-
tural uspects only as far as the above class of compounds is concerned. In addition, this
article wili include derivatives with metal—carbon and metal—oxygen—carbon bonds in-
cluding double alkoxy derivatives. Some related reviews!03 have recently appeared.

B. ADDITION COMPOUNDS

The first reported coordination compounds of alkali metals were synthesised by
Sidgwick and Brewer!l; these were salicylaldehyde and $-diketonate derivatives consisting
of a salt M*L~. These workers showed that electrovalent (insoluble 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 berzene and chloroform.
Sodium benzoylacetonate also becomes soluble in non-aqueous solvents by the addition of
ethylene glycol, giving non-conducting solutions. The crystal structure of this addition
compound (Na(PhCOCHCOCH;). (HOCH,CH,OH)) has been determined 2.

Alkali metal halides form solid addition compounds with nitrogen donor ligands, e.g-
MX- (amine); (amine = racemic p, p’-diamino-2-3-diphenylbutane!3 or p, p-methylene
dianiine”). 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 chloroform. NMR Studies have shown that only half
the hydrogen atoms of the ligand, p, p"-methylene dianiline, are involved in hydrogen bond-
ing!4. Further, the lowering (53 crn—!) of the N—H vibration in the derivative, (NaCl-

(p, p'-diamino-2, 3-diplienylbutane)s;), is strong evidence for sodium to nitrogen bonding!3,
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TABLE 1
w, ¥
ole;
Ligand V w X Y 2 Compound
isolated
i McCO; H CH, H MeCO,
H MeCO4 Me CH3 Me MeCO4
I MeCONH H CH,y H MeCONH
Iv NH, H CH, H NH, NaX(IV},
v NH, H 50, H NH,
VI MeCOz H S0, H MeCO;
YiI H MeCONH S04 MeCONH H
VIII NHz H 4 P H CO,H
IX HO{CH,),0 H CMe, H HO(CH23:0
X MeCHOHCH,O H CMe; H MeCHOHCH 0
X1 MeCO4 H CMes H MeCO4
XI1 MeCOy Me CMes Me MeCO,
X NH, H (CHp)4 H NH,
X1v NH3 H (CH3)3 H NH,
XV NH, H cu;cI:H- H NH, NaX(XV)a

CHaCH~—

Steric factors play an important role in the formation of these adducts, since a number of
other compounds of varied functionalities, although structurally similar to these ligands
{Table 1) do not form any crystalline complexes with sodium chloride, potassium chloride
or calcium chloride?s 4. This indicates that the above interactions are highly selsctive and
the mechanisms involved may well be similar to those responsible for the behaviour of
membranes which are selectively permeable to inorganic ions'4. The crystal structure of
[NaCl(p, p’-methylene dianiline);1 has been determined!S.

A number of ¢rystalline, water soluble adducts of the alkali metal salts are known; X-ray
structures of some of these [LiCl. dioxane] (ref. 16), [NaBr.2MeCONH,] (ref. 17),
[LiCl.2CgHgN * H,0] (ref. 18) and [XiCl. 2en] (ref. 19), have also been determined. Addi-
tion compounds with triphenylphosphine oxide, [MX - 5Ph;PO} (M = Li* or Na* and X
= univalent anion varying in size from Br— to BPhy ), are stable in water20_ The ease of the
formation of these adducts can be represented by: Li > Na>>K and 1> Br > Cl. There
wppears to be a fairly good parallelism between the salts which form hydrates and those
vhich form adducts with triphenylphosphine oxide. The crystal structure?! of
(Lil + SPh3PO] indicates that four triphenylphosphine oxide molecules are tetrahedrally



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

coordinated to the Hthium 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, [Lil - 4Ph;PO], is also known22 and this presumahly
contains a tetrahedrally coordinated lithium cation without the loose fifth triphenyl-
phosphine oxide molecule. Calcium and magnesium perchlorates?3 and tetrafluoroborates??
form addition compounds with triphenylphosphine oxide of the type,

[Meg(TPQ),] [BF1,; IMg(TPO),] [C104]5; [Ca(TPO),(0CI0,)] [C104] and [Ca(TPO)4} {BF,],.
Phenacyldiphenylphosphine oxide, (FPh,P(O)CH,C(0)Ph) forms 1:1 complexes with
{ithium bromide and [ithium iodide, and a 31 complex with magnesium perchiorate. The
IR spectra of these compounds through the shifting of C = 0(45 cm—1) and P = 0(25 cm™—1)
frequencies, indicate chelation by neutral ligands?5. Surprisingly, larger alkali cations

such as rubidium and caesium do not form any complexes25 of this type. The adducts of
the alkali halides MX{where M = Li*, Na*, K", Cs* and X = {1—, Br—, I7) with chelating
ditertiaryphosphine oxide, (Ph,P(O)CH,{O)Fh,) and of sodium iodide with
R5P(Q)CH,H(O)R, (where R = Bu, BuO, p-MeOCgH,) and

Ph,P(O)CH,F(O) (OEt}CH,P{O)Phy have been studied conductometrically in acetonitrile28.
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 [ML]*X~. The nature of the complex formed appears to be determined
by the following three factors: (i) the sizes of MY and X, (ii) the polarizability of X~
which appears to play an important role in the formation of the undissociated complex
[MXL] whereas the formation of the dissociated compies [ML]TX™ seems to depend on
the ionisation potential of the cation, and (iii) the nature of the substituent on the phos-
phorus atoms=26,

Alkali metal salts also form adducts with thioutea?? and sulphur dioxide28. Lithium
iodide gives unstable adducts with ammonia?? and alcohols30. More recently, some alkali
metal xanthates>*, malonates>2 and glycinates>> have been reported. Complexes of alkali
and alkali earth metals with carbohydrates have also been reviewed 4.

Nyhotm and coworkers3 have described the formation of adducts of the type
ML - nHL, 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 {111}, o-nitro-
phenol (IV), anthranilic acid (V}, 2,4-dinitrophenol (VI}, o-nitro benzoic acid (V1I},
1,10-phenanthroline (VII) or.2,9-dimethil-1,10-phenanthroline (IX)) (fig. 1).

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., m =0) ot
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
measuring the molar conductance in N-methyl pyrrolidone for a series of compounds that
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Fig. 1. The siructure 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 lipands were

found to chelate the metal, forming five membered rings for (1), six membered rings for (II),
(HD), (IV}, (V) and (VI) and a seven membered ring for (VII), which actually fonns an acid
salt. Increase in radius (or decrease in ionisation potential) of the rmetal 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(Q)Ph (ref. 35), K*{ONCHC(O)Ph] ~
» CgHg(INO4 )YOH (ref. 36) and the sodium perchlorate adduct of bis- [N, N'-ethylenebis (sali-
cylidene iminato) copper {II})] ref. 37) have been determined.

C. COMPOUNDS CONTAINING METAL-CARBON BONDS

Organic derivatives of alkali metals are highly reactive and are useful chemical reagents.
Most of these depict the expected ionic character38, but a few depict apparently covalent
behaviour also. Organolithium compounds e g. ethyl lithium, #-propyl lithium, n-butyl
lithium, tertiary buty! lithium and Me,SiCH, L], are in general readily soluble in hydro-
carbon solvents and can be purified by distillation or sublimation 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 = alky!l or aryl). The above difference appears to arise from
the small size and higher polarising power of the lithium jon makirg the lithium—carbon
bond more covalent in nature. Most of the organolithium compounds, however, involve
lithium being associated in different coordination states (Table 2).

The existence of the addition compound, (EtLi) {EtOLi),, was shown by molecular
weight determination in cyctohexane solution indicating that the initial coordination of
two lithium ethoxide molecules takes place at two coordination sites of the hexamer?3.
Ethyl and tertiary butyl lithium form volatile pentane soluble complexes when they are
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TABLE 2
Properties of spme lithium alkyls

Compound B.p. Degree of Solvent

(°C/mm) association
CH;3Li 4 Etker or THF {ref. 39)
CaHsLi 90/ 6D Berzene¥9s3®
CaHg™Li 30--90/* Benzene or ¢yclohexane®!»38
CqaHpLi Ether or THF (ref. 39)

2

CHa:CHLi THF (ref. 43)
CsHsCHZ Li Ether or THF (ref. 39}

6
4
CaHofLi 70/0.1 4 Benzene or hexana®
3
i
(CH3)38iCH, Li 100/0.0001 4 Benzene or hexane®*

*  Under highly reduced pressure (not clearly specified).
@ = Tetrameric §n crystal.
= Hexazmeric in vapour.
THF = Tetrahydrofuran.

mixed together#6, n-Butyl lithium forms with tetramethy] ethylenediamine a chelate com-
plex which is monomeric, soluble in parafins and acts as a catalyst for the polymerisation
of ethylene47,

Maz
H G ——HK
LiBu"
H,C —N""
Me2
The crystal structure?8 of methyl lithium reveals tetrameric units of (CH;Li)4
(Figure 2). In this structure, the carthon atoms are apparently six coordinate {almost

octahedral), and each can be regarded as being bound to three hydrogen atoms in a normat

Fig. 2 The structure of a methyl lithium tetramer™>.
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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 resultsin strong three dimensional association which is responsible for the low volatility
and the stability of methyl lithium, The structure of ethyl lithium 4? 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 species®0. Recently, evidence for
some covalent bonding in benzyl lithium5! and 1 and 2-naphthyl methyl derivatives of
lithium, sodium and potassium3Z 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 beryllium and magnesium to calcium, strontium znd barfum; these
have been reviewed elsewhereS3. Magnesium forms highly reactive organic derivatives
which are essentially covalent in structure. Dimethyl magnesium is a white solid and can
be sublimed in poor yield>* whereas the dimethyl derivatives of calcium, strontium and
barium are insoluble in common organic solvents and are non-volatile35. The polymeric
structure involving metal—metal interactions of dimethy! magnesium has been confirmerd
by X-ray diffraction’®. Diethyl, dipropy! and dibutyl magnesium can be volatilised under
reduced pressure; these are insoluble in benzene and are likely to be elactron-deficient
polymers. By contrast, di-n-amylmsgnesium has been reported to dissolve a5 a dimer in
benzene>?. That this difference may be due to steric factors appears to be canfirmed by
the recent synthesis®7A of hydrocarbon soluble dineopentylallyl magnesium, the NMR
spectrum of which indicates a dynamic allyl system with almost equal cis and rrans 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 purified by vacuum sublimation?8.

A number of organo-calcium halides have been prepared by the reaction beiween
calcium and organic halides in ethereal solvents, the reactivity of which appears to follow
the order RI > RBr > RCl (ref. 59). The red complex [PhyCCaCl - 2THF] formed from
calcium amalgam and triphenylchloromethane in tetrahydrofuran is monomeric in benzene
but probably contains triphenyl-methyl anions and could be in the form of ion pairs50.

Bis (triphenylmethyl) calcium forms an adduct with tetrahydrofuran, [Ca(CPhs}), - 7THF]
(ref. 61). Bis{2-phenylethynyl)calcium, strontium and barium have been prepased recently
and are soluble in tetrahydrofuran®l. A benzene soluble complex of strontium,

{Et;5r - EtZn], has been reported52, The tetrahydrofuran complex [BuMg - 2THF], is
soluble in benzene but cryoscopic molecular weight measurements show that it is partly
dissociated®3.

Most of the Grignard reagents are soluble in ether, tetrahydrofuran, 1,2-dimethoxyethane
and diglyme forming solvated species®4. A number of soluble organomagnesium halides
may also be prepared in hydrocarbons®5 indicating a certain amount of covalent character,
e.g., ethylmagnesiumiodide is soluble in boiling benzene, The mono-etherate of tertiary butyl
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magnesium chloride is dimeric in benzene and this has been assigned the following bridged
structure®?,

By l.‘\ /OEtz
Mg Mg
I/' s

/C
ELo” e

N/

Bu’

A number of Grignard reagents are formed in good yields in benzene sclution when one
mole of triethylamine is present for every gram atom of magnesium. The monoarmine com-
plex of ethyl magnesium bromide is dimeric in benzene$6, Benzene soluble thiomagnesium
alkyls are also known®7, Several alkyl magnesium alkoxides have been prepared by alcoholy-
sis of the dialkyls in ether and can be obtained free from ethes. Derivatives like ethy] magne-
sium isopropoxide, 2thy] magnesium tertiary butoxide and isopropyl magnesium isopropoxide
are tetypmeric in benzene, whereas ethyl magnesium s-propoxide, isopropyl magnesium
methoxide and isopropyl magnesium ethoxide yield higher oligomers, but in poor yields
some of these can be purified by sublimation95,

On the basis of NMR and molecular weight data, evidence has been recently presented8A
regarding the existence, in solution, of a stable alkoxy—alkyl mixed bridged organo-
magnesivm compound, which appears to be essentially dimeric in concentrated solutions
with the following forms in dynamic equilibrium.

Me P:fe h;*le
I
Ph—C--Ph Fh—‘I:—P‘h. Phwti:—F'h
{
Et,0. O . Me EtO. 0. _©
Mg Mg —_ M ZMI(
Me o OEt, Ma Me OEt,
Ph——C;:-—Ph
Me

D. COMPOUNDS CONTAINING METAL-OXYGEN--CARBON BONDS

A number of alkali metal alkoxides, e.g. lithium ethoxide, lithium isopropoxide, lithium
tertiary butoxide, sodium isopropoxide and potassivm tertiary butoxide are solubie in
benzene and cyclohexane and can be volatilised®® under reduced pressure (Tabie 3).

It is interesting to note that the molecular weight of lithium tertiary butoxide is lower
in benzene than eyclohexane indicating that the solvent also plays a role in the dissociation
of such compounds. From NMR data%?, it was suggested that the M—O bond in these
alkali meta! alkoxides exhibits a degree of covalency, which depends on the inductive
effect of the alkyl group.

Lithium methoxide has a two-dimensional layer structure analogous to that of the
hydroxide. Each oxygen is bonded to four lithiums 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 fonic
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TABLE 3 :
Properties of some alkali metal alkoxides®®

Compounds B.p. Degree of Solven!
CC/mm) association

LiOEt 155/0.001

LiOPr 170/0.1 11 Cyclohexane

LiDBuf 110/0.1 4 Benzene

LiOBuf 110/0.1 s Cyclohexane

KORuf 145/0.001

although a giant covalent polymeric form can not be entirely ruled out?0.

The alkoxides of magnesium, calcium, strontium and barium are insoluble in common
organic solvents due to their polymeric nature and have not been studied in detail. The
products formed?0A in the reactions of magnesium alkoxides with magnesium halides
have been characterised by X-ray and IR techniques to be 3Mg(OR), - MgHal,; - nROH and
not the normmally expected entities, (HalMgOR). Acetone reacts with methyl magnesium
bromide to yield tertiary butoxide magnesium bromide which is dimeric in benzene and
ether. It forms an adduct with ether, tertiary butoxide magnesium bromide diethy! ether,
which has the following structure®8.

EtzO\Mg/ oau’,\ Mg/ Br

£ TNopw” ™

B OEts

The metal chelates containing the anions of f-diketones as ligands were reported’! and
a few of these can be volatilised under reduced pressure. The dipivaloylmetharie derivatives
were found to be exceptional in that sublimates of lithium, sodium and potassium were ob-
tained??; magnesium acetylacetonates can also be sublimed in poor yields$4. The acidic
hydrogen atoms of the enol tautomer of the ligand is replaced by an alkali metal to give a
compound of the type

;Q;r o
ReL . M*
o

o

where M is an alkali metal. The lowest.sublimation temperatures in the series were exhibited
by fluorine- containing f-diketonate complexes (Table 4).

E. MACROCYCLIC POLYETHER COMPLEXES

Pedersen?3, described a large number of macrocyclic polyether “crown’ compounds with
Ui, Na, K, Rb, Cs, NHy, Ca, Sr, Ba, Ag, Aul, Cd anc Cellljons.
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TABLE 4
Properties of some alkali metal 8-dli.l-;etonah:s"'h1

Compound M.p. Sublimation
o temperature
("C/0.01 mm}

Li{(CH3)3 CCOCHCOC({CH3)3 ] 256 d 200
{Na[{CH3)3CCOCHCOC(CH3), ) ig0d 200
K{{CH3}3CCOCHCOC(CH3}al 180 1704
Na|CFyCOCHCUOCH;3} 246 4d 190
NaJCF3C0OCAC00C, He ) 46{176-177) 150
NaCF3CQCHCQQCH, | 125(164—167) 160
NafCF,COC(CH3¥_0OC, Hs} 1100188190} 180
Li[CF3COCHCOC(CH3 )3 1 2504d 190

Na[ CF3COCHCOC{CH3)3 | 230-232 185
K{CF,COCHCOC{CH i3} 14205 195
RbjCFyCOCHCOC(CH3) 3| 159162 180
Cs[CF3yCOCHCOC(CH3 )] 186187 190G
LifCF3COCHCOCF 3 } 3004 200
Na{CF3COCHCOCF 3} 250d 185
K[CF3COCHCOCT 3} 230d 200
Rb[CF3COCHCOCF; ] 200 d 195 d
Cs[CF3COCHCOCE; | 215-217 195
NajCF3COCHCOC-H;; 300 d 200

The complexing power of crowns for alkali metal ions is so strong as to leach sodium ions
from the walls of an ordinary glass container’4. Dicyclohexyl-15-crown-S so far appears to
be the best complexing agent for sodium ions. Most of the alkali and alkiline earth metal
salts give a complex with 1 metal: 1 crown, which are formed by the ion-dipole interaction
between the cations (held in the center of ring) and the negatively charged coplanar four,
five or six oxygen atoms

(metal)*—» solvent + “crown’ = ‘crown’— (metal)" + n solvent

Amongss the factors which appear to determine the stability?3 of metal-—-crown com-
plexes, the folowing 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 (iii) the solvation tendency of the cations and (iv) the steric
hindrance in the polyether ring, i.e., the relative sizes of the cations and the hole in the
ring. (Table 5). Rings containing four coplanar ligand atoms are quite common, for ex-
ample in porphyrins. However, SiX oxygen atoms provide octahedml coordination for
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TABLE S
Ionic diameters atd hole sizes (R) {refs 73, 77)

Cation Ionic diameter Polyether ring Hote size
Li* 1.36 14 _crown—4 1.2-1.5
Na* 1.94 15—crown—5 1.7-2.2
Kt 2.66 18-crown -6 2.6-3.2
Ru* 2.94 21 —crown—7 34-43
Cst 3.34

transition metals’5. In some cases, where the cation appears to be too large to fit in the
haole, the compiex probably has a sandwich structure, since 2°1 and even 3:2, crown:cation
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., 15—18 for
Na*, 18 for K* and 1821 for Cs* (Table 5)..

It is reported that the small lithium ion is not efficiently complexed by most of the
commen crown ligands. On the other hand, bis-tertiary butyl cyclohexyl-14-crown-4 with
asmall 1.2—1.5A cavity shows a preference for lithium over other alkali ions. Slightly larger
tertiary butyl cyclohexyl-15-crown-5 complexes sadium the best of the alkali metal ions,
and dicyclohexyl-18-crown-6 is best with potassium fon. The importance of these crown
complexes has been shown 4 in their possible use as polymerisation catalysts, in cation
separation and in preparing ion sensitive electrodes. Recently, the potassium permauganate
complex of dicyclohexyl-18-crown-6 has been used as efficient oxidising agent; e.g. olefins
are cleaved, alkyl benzenes are oxidised to aromatic acids, and alcohols and aldehydes give
the corresponding acids’®.

Employing the ultraviclet absorption maximum74 of the picrate anion at 357 mu
followed by detailed potentiometric studies’’ using cation selective electrodes, Frensdorff
has determined the stability constanis for the 1:1 complexes of a number of cyclic poly-
ethers (12 to 60 membered rings of C—C—O units) with severa] alkali cations (Li*, Na*, K*
and Cs*) in water and methanol (Table 6). A comparison of the stability constants (log K)
of the three cations (Na*, K* and Cs*) with dicyclohexyl-18-crown-6 reveals that the
constant for potassium ion is the highest by more than one order of magnitude’”. The
data for stabitity constants of derivatives formed by two biological species nonactin and
monactin with lithium, sodiitm and potassium ions also show selectivity towards potassium
jons’8 (Table 6). This can be understood of the basis of a competition between comptex
atom and solvation tendencies. Thus, the largest cations have the lowest stability constants
due to their weaker attraction for ligand 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 potassinm show the highest
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TABLEG
Stability constants{log K) for the reaction [M™"} (solvated), + L = [ML™§ {salvated)y +(x — y} solvent

Ligand Refer-  Solvent Lit Na*t K* Rb* ot Mgt ca?t s?t Ba?t
ence
EDTA 79 Ha{O 2.8 1.7 8.6 10.6 8.6 7.8
Nonactin 78 CH,OH 2.1 3.7
Monactin 78 CH,0H 3.0 54
Dicyclohexvl- 77 CH;0H 218 .30
idcrown4
Dicyclohexyl- 77 CH1OH 3.71 3.53 2.78
15-crowa-5
H0  <1.0 <03 06
18-crown-6 77 CHL0OH 4.32 6.10 4.62
H:02 Q.3 2.06 0.8
Cycloheayl 17 CH>OH 409 5.8% 4.30)
18-crown-6
H,0 <07 0.8 190 0.8
Dicyclohexyl- 77 CH,O0H 4.08 6.01 4.61
iBcrown-5
isomer A H-0O 06 1.6 2.2 1.2
Dicyclohexyl- 77 CH3CH 3.68 5.38 3.49
18-crown-6
isomer B
Dibenzo-21- 77 CH;0H 2.40 4,30 4.20
crown-T
Cryptate 8 Hy O 3.6 5.1 3.7 4.1 13.0 {50

stability constants. The effect of sclvent on these stability constants can be seen in Table 6,
wherein the constants in aquecus solutions are three to four decades lower compared to
those in methanol. This suggests a 1nuch stronger solvation of the cations by water, com-
pared to that by methanol, with which the polyether has to compete??.

An account of the properties including crystal structures80-32 of crown complexes of
alkali metals appears in a recent reviewl9, In addition, light has been thrown on the
crystal structures of somewhat similar biological systems, e.g., silver salt of Nigercin or
Polyetherin A (refs. 83, 84), potassium salt of nonactin®3: 86, potassium salt of valinomycin87
and ferroverdin®3.

F. MACROCYCLIC RINGS CONTAINING NITROGEN AND OXYGEN OR SULPHUR

Replacement of two or four oxygen atoms by sulphur in the crown-5 or crown-6 com-
pounds drastically reduces their complexing power for alkali and alkali earth metals while
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Fig. 3. The structure of macrocyclic rings containing nitrogen and oxygen ot sulphur,

Fig. 4. Structures of chiral macracyclic ethers.

maintaining it for silver’3. The ligand (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 ate replaced by sulphur in this igand, it loses
its complexation tendency with alkali metals89,

Recently, chiral macrocyclic amino ethers have been isolated (Fig. 4) which form com-
plexes with alkali and alkali eacth cations in neutral media®0.

G. CRYPTATES

Cryptates are formed by the incorporation of ether linkages in place of some of the
methylene groups in macrobicyclic diamines8. A few of these are shown in Fig. 5; they
are also called “Football ligands™. These cryptates are powerful complexing agents: even
barium sulphate can be dissolved in their aqueous solutions and potassium permanganate
is taken up by benzene solutions. The rate of uptake appears to be related to the nature
of the anion, the presence of traces of water and temperatureS. The stability constants of
the complexes (Fig. 5(2)) between alkali and alkali earth chlorides are shown in Table 6.
Potassium has a greater stability constant than sodium or rubidium while lithium and
cacsium 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
methylene groups takes place as the metal salt is added to a chloroform solution of ligand,

S AN 38 NS
NUNONOTVR N NosoaUR N /OO N

Lo Kool o,

Cad b} (€3]

sms /“ ' g
N _/ 0N 0N B S OA LT
[\.«5\_,‘5-) k,oL/C\)
[£. B2 <>
Fig. 5. Structures of some cryptates (Football iigands).
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(Fig. 5(a)) indicating that the complex formation is complete when the ratio of metal: ligand is
1:1. More detailed studies were made ?! of sodium, potassium, rubidium, caesium, calcium,
strontium and barium halide complexes in both deuterium oxide and deuterotrichloro-
methane (CDCl3). When ligands (Fig. 5(d) and 5(e)) were used?! 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{C,gH35N40¢) SCN - H,O, has
been determined?2,

H. BIMETALLIC COMPOUNDS CONTAINING METAL~-CARBON BOND

In hydrocarbon solvents, finely divided alkahi metals react with trimethylaluminium at
room temperature to yield compounds of type M[AlMe4] (M = Li, Na and K). The order of
reactivity has been found®? 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 insoluble in saturated hydrocarbons, and can be regarded
as salts: KY[AIR,4]~, but the sodium and more particularly the lithium compounds are
solubie in hydrocarbons, e.g., Li{AIEt,]. These may be recrystallised from a benzene—
hexane mixture and can be sublimed in vacuum. Li[AlEt,} has a polymeric structure, in
which both lithium and aluminium atoms are tetrahedrally surrounded by methylene
groups??

Na{AlBug] is freely soluble in hydrocarbon solvents including cyclohexane?S. However,
the jonic character”® of Na[AlR,4] salts can be substantiated by their equivalent conduct-
ances being comparable to those of the tetraalkyl ammonium salts.

The preparation, IR spectra and crystal structures of alkali tetramethyl, as wel as some
tetraphenyl indates, M{In(R}4] (M = Li, Na, K, Rb, Cs and R = Me or Ph) have been
described by Hoffmann and Weiss?6A. In all these, the {InR4}™ 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
Li[Al,HEt¢] and Na{AlHMe4] (ref. 97, 98). These hydride complexes are commonly
soluble in hydrocarbons; e.g. NaJAIHEt;} and K[AIHEt;] are soluble in benzene. The
order of reactivity” of these derivatives increases from lithium to potassium through
sodium. The difference is mainly due to the hydride of the smallest cation (Li*) having
the highest lattice energy which has to be broken before the initiation of the reaction.
Similar effects also accur in the reactions of atkali halides to aluminium alkyls?8. The
formation of complexes is favoured when the cation is large and the anion is small. The
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1:1 fluoride complexes, e.g. NaJAIEt;F], K[AIEt;F], are more soluble in saturated
hydrocarbons and have lower conductances in a fused state than the 1:2 complexes, e.g.
Na[Al,EtF|, and K[Al EtgF] (ref. 99). Crystal structure of the 132 potassiwn fluoride
complex has shown that the fluorine atom is symmetrically placed between the
aluminium atoms100,

The lithium derivatives, R, AOLi, which are soluble in taluene, act as donors toward
RjAL

R
RAIOLI +  RHAT e Li [R,A!:, '_‘.nm'z:[
.

These are useful catalysts for the polymerisation of acetaldehydel101,

The coordination chemistsry of organo aluminium compounds has been discussed
critically in a recent review by Lehsnkuhi!02, Dimethyl and diethyl magnesium, which are
polymeric insoluble substances, are slowly dissolved by trimethyl or triethyl aluminium
forming viscous complexes of the form Mg[Al,Rg]. These are soluble in atiphatic hydro-
carbons and have an electron-deficient structure analogous to that of Li[AlEt,]

cH H
ev._ _CHz.  CH;. = __Et
A - S M
Et “CHy” "CHy Et
CHy 3

Attemnpted distillation of MgjAl,Meg] results in the separation of trimethyl aluminium
and the formation of crystalline MeMg[AlMe,4] which can be distilled103 in a high vacuum
at 70~-75°C. Alkali earth complexes are formed10? by reaction of the type

4Et, Al + M(OR), ~ M[AlEt,], + 2ZEt,AIOR
where M = Ca, 51, Ba.

L BIMETALLIC COMPOUNDS CONTAINING METAL-OXYGEN--CARBON 30NDS

An interesting example of an apparently covalent compound of thi- class reported
recently appears to be the volatile bi-metallic derdvative Cs[Y(HFA)4] (ref. 5), where

TABLE 7
Properties of same of alkali earth complexes of triethylalumi.n.iumlm
Complex M.p. B.p.

cc CC/mm)
CalAlEts]2 40 90-95/10~2
St{AIEty} 109 122-123/10

BafAlEts), 38 > 160f102
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HF A is hexafluoracetylacetone. 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 ligand can occur, as depicted in the mass spectrum
of the derivative, without prior foss of a caesium jon. This strength of the ion pair has
been ascribed to the interaction between strongly electropositive caesium ion and the
sheath of the electronegative fluorine atoms of the ligand. The work has been extended®
to compiexes of the type M{ScL,], where M =K, Rb or Cs and L = acetylacetone,
trifluoroacetylacetonate or hexafluoroacetylacetone. In this series also, the hexafluoro-
acetylacetonate derivative depicts the highest thermal stability.

In the crystal’ of Cs[Y{CF3COCHCOCF3),}, the yttrium atom is surrounded by
eight oxypen atoms at the corners of a dodecahedren; this arrangement 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).

Anocther series of compounds of electropositive elements showing apparently covalent
behaviour is.that of double alkoxides. The formation of a large number of such deriva-
tives was noticed about 50 years ago by Meerwin and Bersin!?% who carried out titra-
tions of the alkoxides of a number of less basic metals such as Sb, Sn, SelV, Ti, Zr, B, Al,
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);], Na[Sb(OEt),], Na[Sb(OEt)¢ ], Na, [Sn(OEt)g],
K{AI(OPri) ], Ca [AI(OEt)4],, MgIAi(OPri)4}2, Mg[AI(OEt)4], are quite stable, the last
three could be volatilised under reduced pressure. Even K{AI(OPr)),] and Cs{AI(OPri),}
have recently been sublimed in poor yields1%6. 107, Compared to alkali aluminium iso-
propoxides, the corresponding boron derivatives M[B(OR),] (refs. 105, 108) appear to be

less stable, disproportonating to give volatile alkyl borates.
Using the technigue of Meerwein and Bersin105, Gilman and coworkers!0? synthesised

a preen crystalline compounds, NaJU{OEt)¢] in 1956 which could not be volatilised. How-

Fig. 6. Stucture® of the anion in Cs*(Y(CF3COCHCOCF3)4) ™.
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ever, the corresponding calcium derivative Ca[U(OEt)g j; could be volatilised under reduced
pressure. Similarly, Bartley and Wardlaw110 were able to isolate a number of double alkali
zirconium ennea-alkoxides of the type, M{Zr5(OR)o}, (Where M = Li, Na, K, £ Ca, T}, and
R = Et, Pr?, Prl, Bu” or Bu®) by titrating aikaii alkoxides with zirconium alkoxides in alcoholic
media using thymolphthalin as the indicator. Compounds of the type M[Ti,(OR)g] are also
known!il A pH metric titration technique has been more recently used to show evidence
for the existence of anionic species such as {B(OMe)4] ™, [AOMe)4] ™, [Ti(OMe)g]™,
[Nb(OMe)g] ™ and [Ta(OMe)g] ~ in the titrations of corresponding metal chlorides with
lithium methoxide in methanolt12.

The sublimate obtained from the reactions of zirconium isopropoxide, isopropanoclate
and MOPr in isopropanot in 1:1 anrd 2:1 molar 1atios correspondedms' 107 {5 the
formulag, M, [Zr3(OPr), 4] and M{Zro(OPri)g] (where M = Li, Na, K and Cs). For both
of these double alkoxides, the ineasured molecular weights in boiling benzene correspond
to their formula weights. All the isopropoxy groups in these derivatives are readily inter-
changed with ethanol and methanol. However, when exchange reactions were carried out
with branched alcohels, replacement of the isopropoxy groups seemed to be hindered, e.g.
M, [Zr4(OBu)g(OPri)4], appears to be the final praduct in the alcholysis reaction with
secondary butanol. Similar steric effects were also observed with tertiary alcohols as in-
dicated by the nature of the products, e.g. LifZry(OPr1)4(OBuf)s], Li[Zr,(OPr)(OAm)s].
In contrast to the isopropoxides, the reaction of zirconiwm tertiary butoxide with atkali
tertiary butoxide, in all molar ratios, yielded the volatile products M{Zr{OBu?)s], which
were found to be dimeric in boiling benzene. The compounds M{Th,(OPri)e],
M{Ti(OPri) s PrOH], Li[Ti(OPri)e], Li[Ti,(OBu")gl, M{Sn(OPri)5] and M[Sn,(OPri)]
(where M = Li or Na) have also been prepared!!3 and are soluble in common organic solvents
but disproportionate on heating to yield their respective alkoxides.

Double alkoxides of the type M[M'(OR)¢], (M’ = Nb or Ta; M = Li, Na, K, Cs, $Ca and
R = Me, Et, Pl or But) were prépared!07, 114 by reaction of the corresponding metal
alkoxides with alkali alkoxides 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)4]), (where M = Na or K; R = Pyl or Buf), sublime under reduced pressures with
slight decomposition. Complexes of the type M[M'(OR),], (where M = Al or Ga, M = Lj,
Na and R = Pri, Buf and Me, Et for Ga) and M{AI(OMe),], (where M = Li, Na, K, 3 Ca,
Sr, Ba) were prepared106: 115, 116 by the reactions of M'(OR); with MOR in a 1:1 molar
ratio. These complexes are almost inscluble in their respective alcohols as well as in
benzene, M{M'(OPri), ], (M = X or Cs), is however, soluble in isopropanot and on heating
it sublimes in a poor yield. If the component isopropoxides are taken in the ratio 3:2, the
products correspond in analysis to M3 [Al,{OPri)g] (where M = Li, Na or K). The potassium
derivative is in this case also soluble in isopropanrol. A number of double alkoxides of
beryllium, e.g. Li, [Be(OMe),4 - 2LiOMe], Li; [Be(OEt)4], Li{Be(OPri)3] and
Na [Re(OPri);] were also isolated}17 by the reactions of beryllium alkoxides with alkali
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Fig. 7. Titration between M(OPrl)4 and M(OPrY). 1 (o) NaOPr M/4.77 vs Zr(OPrh), POOH M/80.49.

il (A} I(OP]" M/9.97 vs Zr(OPrl)4 PIIOH M743.01. I].l (® NaOPr! M/9.20 vs T:(OPII).; M/37.7. IV (X}
KOPd M/9.94 vs T:(OP:'}.; Mf37.7.M=Naor K, M = Ti or Zr.

MOLAR RATIO

alkoxides in parent alcohols. The complex LifBe(OPr}),} is dimeric in boiling isopropanot
where other complexes, e.g., Li; [Be(OEt)4 1 and Li; [Be(OMe),2110Me}, once isolated
ftom clear solution, could not be redissolved in the parent alcohols. Complexes of the
type, Liy [Zn(OMe)gl, Lig[Zn(OEt)g], Li;[Zn(OEt)4), LilZn{OEt)5], Li[Zny(OEt)s5 ],
Na{Zn,(OEt)5], Li[Zn(OPri)4 ] have also been reported 1%, Only Li{Zn(OE¢t)3] is mono-
meric in benzene whereas all other double alkoxides show dissociation in the parent
dlcohol.

The very low conductivity of Na[Zr,(OPrl), ] measured in isopropanol indicates that
it does not dissociate to give highly conducting sodium isopropoxide. The conducto-
metric titrations of zirconium and hafnium isopropoxide in isopropanol with sodium and
potassivm isopropoxides in iso propanal show that on addition of alkali isopropoxide to
M(OPr‘)4 PrOH, the conductivity was slmost constant till the molar ratio of alkali
Isopropoxide to M(OP‘:‘)4 reaches 0.5 after which the conductivity curve (Fig. 7) shows a
sharp rise, indicating that excess of alkali isopropoxide begins to contribute its conductiv-
ity to the solutionl13,

However, titrations of titanium isosropoxide with alkali isopropoxides showed a rise in
conductivity from almost the beginning indicating that although NafTi)(OPri)4] can be
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MOLAR RATIO

Fig. 9. The stiucture of double alkali aluminium isopropoxides.

isolated, it is appreciably dissociated in isopropanol solution!13. Titration of niobium and
tantalum isopropoxides with sodium and potassium isopropoxides in isopropanct gave
sharp inflexions at 1:1 molar ratiol 14 (Fig. 8).

The Iower stability of mixed methoxides and ethoxides 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 alkoxides are shown in
Table 8.

The structure of double alkali aluminium isopropoxides, M{AI(OPri),} (where M is Li,
Na or K) is suggested by Mehrotra and Mehrotral» 112 g5 shown in Fig. 9 indicating the
solvation of two molecules of isopropanol. This tendency of solvation is facilitated by the
increasing size of the alkali metals from lithium through sodium to potassium, increasing
the solubility of these derivatives respectively. Similar observations were also noted!? for
Na*[PhCOCHCOCH,]~ [HOCH,CH,OH]. Remarkably, covalent and volatile derivatives
M[M',(OPri)g] (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 actahedra (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 froin two or three isopropoxy
groups linked to the zirconium or halfnium atoms. This structure is supported by the
alcoholysis studies of Bartley and Wardlaw!10 in which they found that treatment of



2¢ P.N. KAPOOR, R.C. MEHROTRA

TABLE 8
Properbes of some double alkoxides of electropositive elements

Compounds Boiling points Molecufar Solvent Reference

or sublimation complexity

femp.

CCimm)
K[AIOP), ] 180-85/0.5 106
Cs[ A{OP1),4 ] 300-310/0.25 107
Caj{AOMe}3] 2 220/4.0 105
Ca{AHOPr)4]4 230-40/3.0 105
Mg[Al{OPD4] 2 130—42/2.0 105
K[Ga(OPd),] 260-70/0.4 106
Li[ Z:{OBuf}31 130-40/0.2 1.34 Benzene 113
Na{Zr(OBuf)g} 200--10/1.0 113
K{Zr{OBuf)s} 130—40/0.2 1.40 Benzene 113
Li[ Zr3(OEt)g | 260/0.2 2.10(1)* Benzene 110
Li[Zz4(OPr")q] 226/0.3 L.HL)* Benzene 110
Lif Zr2{OP)y] 207/3.0 1.00 Benzene 110
Li{ Zr; (OBuM)g] 221-35/0.3 1.60 Benzene 110
Li[ Zr3(OBuf)g] 200-10/0.2 1.00 Benzene 110
Lif Zra(OEt}4{0Buf )5 ] 200/1.0 1.00 Benzene 110
Li{ Zra{OPr')g.Pr'OH] 160/0.2 1.00¢1}* Benzene 110
Na[Zr,(OMclo ) 360/0.005 110
Na[Zr3{OEt}g] 230/0.1 1.2(1)* Benzene 110
NafZra{OPri)g} 1.10 Benzene i10
MNa[Z1,{0P)g] 220/0.29 1.00 Benzene 110
Naf Zr2(OBuM),} 218--25/0.37 1.00 Benzene 110
K[Zry (OPr)g] 200/0.2 1.00 Benzene 110
Cs[Zr(OPr)g] 150-200/0.1 107
K[Zr3(OBuf)gs | 238/0.38 1.00 Benzene 110
cﬂIZl‘q{OEt)13} 280/vacuum 110
Liz [ Zra{OE) 4] 200-10/0.5 1.10 Benrene 106
Liz {Zr3(OP1Y) 4] 200-10/0.5 0.97 PrOH 113
Na; [Zr3(OFr')y4] 185-95/2.0 1.00 Benzene 113
Cs3{Zz3{OPr'} 41 220-230/0.1 107
K[ Zra(OPr" 4] 200—10/0.2 113
K[HOBuf )] 178/0.5 140 Benzene 120
Ll Hf3 (OPH)y ] 200/0.7 1.00 Benzene 120
Na{ Hfz(OPri)q] 170-90/0.1 0.90 Benzene 120
K{Hf3({0Et)g] 235/0.6 1.10 Benzene 120
K{Hf;{OPl)y] 180-90/0.2 1.10 Benzene 120
Cs[HE2 (OPrY) o] 230~40/0.1 107
K[Hf;(OBuft}s} 220-40/0.3 1.00 Benzene 120
Li; {Hf2(OPr')14] 200/0.5 1.00 Benzene 120
Na; [Hf3(OPrl) 4] 170-80/0.3 0.70 Benzene 120
K1 [Hf2(OP) 4] 190/0.4 1.00 Benzene 120
K2 [Hf3(OE1);4] 180-90/0.1 1.00 Benzene 120
Cs3 [HE5{OP) 14} 160-70/0.2 107
Li{ Ta(OMe)4] 260/0.1 i14
Li{ Ta(OEt)4] 330/0.2 1.00 EtOH 114

Lif Ta{OP")¢ ] 180-80/0.1 0.95 Pr'OH 114
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TABLE B {continued)
Compounds Boiling points Molecular Solvent Reference

or sublimation caomplexity

temp.

¢ C/mm)
Na[Ta(QPrg 1 200-10/0.2 0.92 PHOH 114
K{Ta(OPrl)s) 210--20/0.1 il4
Cs] Ta{OPr)1 210-20/0.15 107
Li{ Nb(OBu?)s} 110--20/0.1 0.80 BufQH 114
Naf Nu(OBut)z] 110-20/0.1 114
KINb(OBul,] 110-20/0.1 114
Cs[NB(OP] 180-90/0.15 107
Li[Ta{OBuf )41 110-20/0.1 0.65 BufQH 114
Nai{Ta{OBuf)sl 110-20/0.1 114
Ca[Nb(OEt)g] 2 165/0.2 0.97 Henzene 107
CaINB(OPrY)4 ] 5 185-95/0.3 1.2 Benzene 107
Ca{Ta(OEtis] 2 15370.2 0.91 Benzene 107
Ca Ta(OPrf)5] 2 195-215{0.2 0.8 Benzene 107
Ca{Ta(OEt)3(OBuf)3]; 190-200/0.2 107
Caj U(OEt)g] 2 200/0.001 109

* Molecular weight in parent alcohcl.

M[Zr,(OPri)y] with excess tertiary butanol yielded M[Zr,(OPr),(OBuf)] (where
M = Li, Na, K). The NMR spectral1? of alkali hafnium double isopropoxides (Fig. 11)
e.g. LifHf; (OPri)gl and K [Hf,(OPri)e}, show two pairs of methy! protons, of which peak
areas are approximately in the ratic 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 suggested} for derivatives
like M, [M'3(OPri), 4] (where M = Li, Na, K, M’ = Zr, or Hf). However, the NMR spectra

of Li, [Hfy (OPh) 1a] and K [Hf3(OPri); 4] lend greater support structure (ii). This structure
possesses four bridging isopropoxy groups and ten terminal isopropoxy groups attached

to the three hafnium atorns. The NMR spectra (Fig. 13) of bath 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 1:3 . 5:2.5, which would indicate that the ratio of the area of the doublets

\\ / \ /
prlo/ \.P”/ \

Fig. 10. The structure uf M(Mg(ﬂi’r‘}g} where M = Li, Na or K, M’ = Zr or Hf.
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ta} () g

Fig. 11. {a) The NMR, spectrum of the methyl group protons of K(Hfg(OPri)gl in CCl4 in cycies per
second at 60 MHz. (b) The NMR spectrum of the methyl group protons of Li[HE(OPrt)g ) in OClL, in
cycles per second at 60 MHz,

(A + BR(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 (nicbium)
alkoxides (Fig. 15) could then be represented by the following plausible structures?.

The difference in behaviour between the double alkali zirconium isopropoxides and
tertiary butoxides may be due to steric factors hindering the sharing of Zr(OR)g
octahedra through a face as has been suggested for Na[Zr,(OPri)g] (Fig. 10).

Pt pd
RN P e
a—'o/ ™~ o é\': el \op,a
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Fig. 12. Structures suggested for derivatives such as Mg [M5(0OPr);4]. M = Li, Na, K; M’ = Zr of Hf.
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{a} {o}

Fig. 13. {2} The NMR spectrum of the methy! group protons osz[Hf;;(GPlj}u] in €Cl, in cycles per
second 60 MHz. (b) The NMR spectium of the methy! group proton of Liy [Hfy(OPr')14] in CCly in
cycles per second.
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Fig. 14. The structure of M [Zz(OBut)g] (dimen).

Fig. 15. The stucture of double alkali tantalum {nichium) alkoxides.

TABLE ¢
Methyl groton peaks of some double isopropoxides of halfnfum in c.p.s from tetramethyl
danall
Compound Solvent Peaks Area ratio
A B? C D
Li[Hf2(OPr)s} CCly 81 (4.5 745 68 1:1:2:2
K{Hf(OP*)s } CCly 9 {73} 73 67 1:1:2:2
Liz [HI3{OPr')¢q CPCly 81 15} 15 69 1:1:25:25
K2 [HI3(0P1Y) 4] CCl,y 81 (74.5) 4.5 63 1:1:25:25

4 Values within parenthesis indicate overlapping peaks.
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