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/. Introduction 

There has been much recent interest in lithium and 
lithium ionophores. This growing interest in lithium 
is mainly due to the actual and potential applications 
of Li+ in science, medicine, and technology.1 Lithium 
salts have been extensively and successfully used for the 
treatment of manic depression and other neurological 
and psychiatric disorders.1"4 Lithium ions also exhibit 
antiviral activity against DNA type viruses.6 However, 
the use of lithium salts as drugs is limited because of 
their side effects and toxicity.3,4 The mechanisms by 
which Li+ is involved in biological systems are unknown. 
No natural molecules are known, nor has any synthetic 
ionophore been prepared that would be selective enough 
to preferentially bind Li+ in its physiological concen
tration. Therefore, the elucidation of coordination 
properties of Li+ should lead both to an improved un
derstanding of its biological activity and to the design 
of better ionophores for it. It is hoped that the eluci
dation of the properties presented here will be useful 
for those who are interested in industrial and techno
logical applications of Li+. 

The coordination chemistry of lithium compounds, 
in general, and lithium ion complexes, in particular, has 

been reviewed partially as is seen in the following list. 
Several of these review articles deal with the molecular 
structures of organolithium compounds, such as lithium 
amides, lithium alkyls, etc. 

1. W. N. Setzer and P. von Rague Schleyer, X-Ray 
Structural Analyses of Organolithium Compounds. 
Adv. Organomet. Chem. 1985,24,353-451.6 The review 
deals with the crystal structures of simple organolithium 
compounds, mixed-metal organolithium compounds, 
structures of lithium compounds without lithium-car
bon bonds, and miscellaneous inorganic lithium com
pounds. 

2. P. Hubberstey, Compounds of the Alkali Metals 
Containing Organic Molecules or Complex Ions. Coord. 
Chem. Rev. 1985, 66, 1-92.7 The review deals with 
complexes of acyclic lipophilic ionophores, crown-ethers, 
salts of carboxylic acids, heterobimetallic complexes 
containing alkali metals, and organolithium compounds. 
The article includes molecular structure data published 
through December 1984. 

3. P. Hubberstey, Compounds of the Alkali Metals 
Containing Organic Molecules or Complex Ions. Coord. 
Chem. Rev. 1986, 75,1-99.8 Crown-ether-lithium com
plexes, lithium salts of carboxylic and dithiocarbamic 
acids, and organolithium compounds through 1985 are 
reviewed. The major emphasis is on the organolithium 
compounds. 

4. P. Hubberstey, Compounds of the Alkali Metals 
Containing Organic Molecules or Complex Ions. Coord. 
Chem. Rev. 1988,85,1-85.9 Crown-ether, spherand, and 
cryptate lithium complexes, salts of carboxylic acids, 
and organolithium compounds through 1987 are re
viewed. The major emphasis is on organolithium com
pounds. 

5. B. O. Bach, Ed., Lithium—Current Applications 
in Science, Medicine, and Technology; Wiley-Inter-
science: New York, NY, 1985.1 This book contains an 
excellent coverage of industrial and medical applications 
of lithium. No molecular structures of lithium com
pounds are presented. 

6. D. Seebach, Structure and Reactivity of Lithium 
Enolates. From Pinacolone to Selective C-Alkylations 
of Peptides. Difficulties and Opportunities Afforded 
by Complex Structures. Angew. Chem., Int. Ed. Engl. 
1988, 27,1624-1654.10 The chemistry of lithium eno
lates is used to demonstrate lithium complex structures 
held together by noncovalent bonds. Detailed crys-
tallographic structural data through 1987 of numerous 
Li enolates and analogous derivatives are presented. 

7. G. Boche, The Structure of Lithium Compounds 
0009-2665/91/0791-0137$09.50/0 © 1991 American Chemical Society 
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277-297.n A summary is presented of recent research 
into the structures of the title compounds. Crystal 
structure determinations are central to the review, but 
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1.4 Seven-Fold Coordination. 
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Pentagonal Wpyramld (PBP) Insertion of a seventh atom above 
the center of one of the rectangular 
faces of a trigonal prism. 

1.5 Eight-Fold Coordination. 
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1.3.1 Sketches showing the three principal types of distortion found 
in real octahedral complexes. 
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1.5.1 The two most important ways of distorting the cube are: (a) to 
produce a square anflpflsm (SA); (b) to produce a dodecahedron (Dh). 
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Figure 1. Coordination polyhedra. 
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TABLE I. Radius (r„) of the Minimal Cavity Enclosed by 
a Oxygen Atoms" and Fit of Li* to the Cavity" 

coordination no., n 
(coordination geometry) 

2 (linear) 
3 (triangular) 
4 (tetrahedral) 
4 (square) 
5 (trigonal-bipyramidal) 
5 (pyramidal) 
6 (octahedral) 
7 (symmetry C31) 
7 (pentagonal-bipyramidal) 
8 (cubic) 
9 (symmetry D3J 
12 (cubo-octahedral) 

radius: 
rm, A 
0.00 
0.22 
0.31 
0.58 
0.58 
0.64 
0.58 
0.83 
0.98 
1.02 

• 1.02 
1.40 

r m / J-Li+ 

0 
0.37 
0.52 
0.97 
0.97 
1.07 
0.97 
1.38 
1.63 
1.70 
1.70 
2.33 

0 Radius of a coordinating oxygen atom is equal to 1.40 A. 

TABLE II. Classification of Lewis Bases'17 

hard borderline soft 
H2O, OH", P-, CH3CO2-, R, N3-, Br, R2S, RSH, RS", I', 

PO4
3", SO4

2", Cl", NO2-, SO2
2", SCN-, S2O3

2", R3P, 
CO3

2", ClO4-, NO3-, N2 R3As, (RO)3P, CN", 
ROH, RO", R2O, NH2, RNC, CO, H", R" 
RNH2, N2H4 

" The symbol R stands for an alkyl or aryl group. 

these are supplemented by solution studies and by 
calculations of structures. 

In the present review article, a tabulation is given, 
based on X-ray crystallographic data, of the bond 
lengths, geometry, coordination numbers, and solvent 
of crystallization of Li+ complexes. The data included 
in the review extend from the earliest publications 
through February 1990. We have attempted in the text 
to draw the reader's attention to the various parameters 
involved in lithium-ligand interaction such as ligand 
coordination sites, ligand conformation changes, ste
reochemical arrangement of ligand binding sites, 
counterion effects, and solvent effects. In addition, 
discussion is included of lithium selective ionophores 
and of the involvement of Li+ in biological cycles. 
Appropriate examples taken from the tables of data are 
used to illustrate the text. The compounds included 
in the review are listed by formula and abbreviation in 
Charts I-XVIII. 

The approach we chose for this review is a structural 
one, centered on the examination of the three-dimen
sional crystal structures of lithium salts and complexes. 
The basic assumption is that the structures of these 
lithium complexes in the solid state resemble their 
structures in solution, and that similar structure-se
lectivity relationships exist, at least to some extent, in 
both media. 

II. Coordination Numbers and Polyhedra 

A. General 

Although coordination compounds are of particular 
importance in the chemistry of transition elements, they 
also play a significant role in the chemistry of all ele
ments having electropositive natures including the al
kali and alkaline earth metal cations. Particular metal 
ions have characteristic coordination numbers and then-
coordination polyhedra have definite shapes or sym
metries. It is important to realize that a given metal 

ion does not necessarily have a single characteristic 
coordination number and geometry. A brief summary 
of cation coordination numbers and polyhedra is now 
presented.12 The coordination polyhedra discussed 
below are illustrated in Figure 1. 

Coordination Number 2 

Coordination number 2 is not common. Such com
plexes have linear arrangements of the metal ion and 
the two ligand atoms. 

Coordination Number 3 

Coordination number 3 is rare. The usual structure 
of these complexes is an approximately equilateral 
triangle of donor atoms with the cation in the center. 
The two most symmetrical arrangements are planar and 
pyramidal. 

Tetrahedral 4 Coordination 

Tetrahedral coordination is common among com
plexes of non-transition metal ions. The tetrahedral 
(Td) configuration is the most stable one for four co
ordination from an electrostatic point of view. 

Coordination Number 5 

Two forms of 5-fold coordination are common. In 
one, the ligands lie at the vertices of a trigonal bipyr-
amid (TBP) while in the other, they lie at the vertices 
of a square pyramid (SP). In many real cases, however, 
the arrangement of ligands is not exactly either of these. 
Another important aspect of five coordinate species is 
the relative ease with which the TBP and SP configu
rations can be interconverted suggesting that the energy 
of interconversion is small. 

Coordination Number 6 

This is perhaps the most common coordination num
ber, and the six ligands almost invariably lie at the 
vertices of an octahedron (Oc) or a distorted octahe
dron. Three principal forms resulting from distortion 
of the octahedron are tetragonal, rhombic, and trigonal. 

Coordination Number 7 

Three geometrical arrangements are known. The 
most regular is the pentagonal bipyramid. A second 
arrangement results from addition of a seventh atom 
at the center of one face of an octahedron. This ad
dition results in the spreading apart of the three atoms 
defining this face. The third arrangement is derived 
by inserting a seventh atom above the center of one of 
the rectangular faces of a geometrical trigonal prism. 

Coordination Number 8 

The most symmetrical arrangement possible is the 
cube (Cb) but this seems to occur only in a few solid 
compounds. This is presumably because there are 
several ways in which the cube may be distorted so as 
to lessen repulsions between nonbonded atoms. The 
two principal ways in which the cube may become 
distorted are as the square antiprism (SA) and the 
dodecahedron (Dh). In general, there is little difference 
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between the energies of the square antiprism and the 
dodecahedral arrangements and the occurrence of both 
is common. 

B. Lithium(I) 

Lithium(I) compounds and complexes exhibit coor
dination numbers varying from 2 to 8.6"10 The binding 
in organolithium compounds6 and lithium(I) complex
es13'14 is predominately electrostatic. Therefore, since 
coulombic forces are undirected, the radius of Li+ (0.6 
A)15,16 plays an important role in determining the final 
structure of a given complex. The coordination number 
of Li+ in a complex is determined primarily by the 
number of binding sites, usually anions (ion-ion in
teraction) and negative poles of the neutral ligand and 
solvent (ion-dipole interaction), that can be packed 
around the Li+ ion. The small radius of Li+ gives the 
possibility for versatile Li+ coordination numbers and 
polyhedra. The mutual repulsion of n coordinating 
atoms precludes their contact with cations smaller than 
a certain critical radius.13-16 For cations smaller than 
this minimal cavity radius (Table I), the interaction 
with the coordination sphere becomes independent of 
the cation radius. The minimal radius of the enclosed 
cavity increases gradually with the number of the co
ordination sites available. From the rm/ru+ values, the 
most favorable coordination numbers for Li+ are ex
pected to be 4, 5, and 6. 

The experimental data presented in this review article 
support the above calculations. Most Li+ complexes are 
4- and 5-fold coordinated. The most selective Li+ ion-
ophores exhibit 4-fold tetrahedral coordination and 
5-fold square pyramidal coordination. 

/ / / . Coordination Sites In Ll+-Ligand 
Complexes 

A. General 

In organic and inorganic complexes, Li+ is usually 
bonded to the ligand via lithium-oxygen (Li-O) inter
actions. Li+ is defined as a hard acid.17,18 Most syn
thetic and natural ionophores, biological macromole-
cules, and solvents contain hard oxygen atoms17,18 as 
potential donors in their binding sites (i.e., hydroxyl, 
keto, carbonyl, carboxylate, ethereal, ester, phosphate, 
silicate, carbonate, etc.) Thus, interaction of Li+ with 
the oxygen atoms of the ligands is expected. To a lesser 
extent, Li+ is coordinated to aliphatic and aromatic 
amines via nitrogen atoms. No interaction has been 
found between Li+ and sulfur atoms.19"22 Interactions 
between Li+ and oxygen donor atoms (hard base) are 
strong while those with the softer nitrogen atoms are 
weaker. The classification of hard and soft bases is 
shown in Table II. 

Using the hard and soft base scale in Table II, one 
can predict the preferred donor atoms in Li+ complexes. 
Thus, the stability of Li+ complexes decreases as the 
ligand donor atoms are changed as follows: O > N » 
S. 

Krasne and Eisenman23 and Olsher24 have shown that 
the behavior of ligands is partially attributable to the 
properties of the individual ligand coordination or 
binding sites. The properties of these binding sites are 

CHARTI. Carboxylic Acids 
I, HCO2H Formic acid 

II, CH3COtH Acaticacid 
III, HO2CCO2H Oxalic acid 
IV, HO2CCH2CO2H Malonfcadd 
V, HO2C(CH2^CO2H Succinic add 

VI, HO2C(CH2I4CO1H Adipicacid 
VII, H O I C C H I C H C O 2 H Matticadd 
VIII, HOJCCSCCOJH Acttytonadtearboxylic add 
IX, HOCH2CO2H GlyoolicacK) 
X, H O 2 C C H ( O H ) C H 2 C O I H Malic acid 

XI, HO 2 CCH(OH)CH(OH)CO 1 H Tartaric acid 
XII, H O 2 C C H 2 C ( O H X C O I H ) C H 2 C O 2 H Citric acid 

XIII, HO2CCH2OCH2CO2H Oxydlacetlc add 

«v U 
,CO1H 

>COjH 

Phtrtalic acid 

O. ,OH 

O OH 

Squaricadd 

considered to be a major factor in Li+-ligand interac
tion, and therefore influence parameters such as se
lectivity, thermodynamic stability, and conformational 
changes in the ligand.13,14 In addition, complexation of 
a cation by a ligand is affected by the nature of the 
solvent24 and the anion present.23-26 The complex which 
is formed in biological and artificial membranes results 
from the simultaneous interaction of the cation with 
ligand, solvent, and anion binding sites.13,14,23-26 Thus, 
solvent molecules and counterions in addition to ligands 
are regarded as containing possible binding sites in the 
Li+ complexes. Li+ which is already bonded to a ligand 
molecule might interact with additional solvent mole
cule^) and/or the counterion in order to saturate its 
coordination sphere. 

Tables III-VII contain structural information for 
Li+-ligand complexes of 4, 5, 6, 7, and 8-fold coordi
nation. The structural information includes the counter 
anion, the formula of the complex, solvent(s) of crys
tallization, bond distances, geometry, and bonding at
oms, and the reference. The following ligands are in
cluded in one or more of the tables: carboxylic acids, 
amines, amides and peptides, ethers, ketones, alcohols, 
carbamates, phosphates, picrate ion, nitrate ion, and 
nitronate ion. 

B. Carboxylic Acids 

Stable complexes of Li+ with mono-26*7 di-28-34,38-41,86,90 

and hydroxy-36-37,42,87-89,116 carboxylic acids in aqueous 
and nonaqueous solutions have been reported (Chart 
I). The coordination numbers of Li+ in its complexes 
with carboxylic acids are 4, 5, and 6, and the coordi
nation polyhedra are Td for 4-fold coordination Li+, 
TBP and SP for 5-fold coordination Li+, and distorted 
Oc for 6-fold coordinated Li+. The average Li-O dis
tances for the different coordination numbers and 
polyhedra are presented in Table VIII. The versatile 
coordination of Li+ with carboxylates might be ex
plained by the strong electrostatic ion-ion interaction 
between the hard Li+ and the hard carboxylate oxygen 
donor atoms (see Table II). As shown in Table VIII, 
the average Li-O distance increases gradually with the 
number of the carboxylate groups available for coor
dination. 

In most cases, the Li+ is coordinated by carboxylate 
groups of more than one molecule. When the carboxylic 
acid has one of the conformations shown in Figure 2, 
it interacts with the Li+ as a bidentate ligand. 

A few of the crystal structures reported contain more 
than one kind of complex in the unit cell. For example, 
the lithium malonate,30 lithium maleate,33 and lithium 
hydrogen phthalate38,40,41 crystal structures contain two 
crystallographically different complexes in the unit cell 
while there are four crystallographically different 



TABLE III. Li+ 4-Fold Coordination 

ligand, 
L 

anion, 
A--

complex 
formula 

solvent(s) of 
crystallization 

distances, A 

Li+-L Li+-S Li+-A"-
geometry, 

bonding atoms ref 

II 

III 

IV 

XII 

formate 

acetate 

oxalate 

IV hydrogen 
malonate 

malonate 

succinate 

VI hydrogen 
adipate 

VII maleate 

CHO2LiH2O 

C2H302Li-2H20 

C2O4Li2 

C3H2O4JLi2 

C4H4O4Li2 

C6H9O4Li 

C4H204Li2-2H20 

VIII 

X 

XII 

acetylene 
dicarboxylate 

hydrogen 
malate 

hydrogen 
citrate 

citrate 

C4HO4LiH2O 

C4H6O5Li 

CeH607Li(NH4)-H20 

C6H6O7Li3-SH2O 

H2O 

H2O 

H2O 

H2O 

Carboxylic Acids Bond 

H2O 

H2O 

H2O 

H2O 

H20-ethanol 

1.923 
1.954 
1.938 
1.895 
1.895 

2.071 
2.030 
1.996 
1.931 
1.978 
2.042 
1.977 
2.010 
1.962 
2.094 
1.942 
1.932 
1.907 
1.950 
2.043 
1.911 
1.954 
1.943 
1.945 
1.961 
1.940 
1.896 
1.955 
1.977 
1.911 
2.015 
1.935 

1.964 
1.963 
2.022 
1.926 
1.976 
1.979 
1.997 
1.917 
1.930 
1.973 

1.894 
1.917 
1.977 
2.012 
1.959 
1.959 
1.957 

O)0, 
0)a 
0)a 
0)a 
Oh 

O)0 8 

P)« 
0)M 

P)c. 
P )c 
P)0 . 
P )c 
P ) c 
P)M 
0)M 

P)c. 
P)c 
P)« 
P ) c 
P)c 
P)« 
P)c. 
0)M 
P)« 
P ) M 
P)c 
P)» 
p)« 
P)c 
P)a. 
P)a, 
P)c 

P)c 
:o). 
p)« 
p)« 
P)ca 
P)» 
P ) c 
P ) c 
P ) c 
P)OH 

P)» 
P)c 
P)c 
P)M 
P),» 
P )c 
P ) c 

1.974 (0)„ 

2.045 (0)w 
2.045 (0)w 

1.901 (0)w 

1.962 (0)„ 

1.871 (0)„ 

Td, one 0 of three 26 
different formates 
and a water 0 

Td, one O of two 27 
different acetates 
and two water O's 

Td, two O's of two 28 
different oxalates 

Td, two O's each of two 29 
different malonates 

Td," one O of four 30 
different malonates 

Td, one O of four 30 
different malonates 

Td, one O of four 31 
different succinates 

Td, one O of four 32 
different hydrogen 
adipates 

Td,° two O's of one 33 
ligand, one O of 
another ligand and 
one water O 

Td, one O of three 33 
different ligands and 
one water O 

Td, one O of three 34 
different carboxylic 
acids and one water O 

Td, one O of four 35 
symmetry-related 
hydrogen malates; 
three acid O's and 
one hydroxy O 

Td, one O of four 36 
different citrate ions 

Td," one O of four 37 
different citrate ions 



XIV 

XIV 

XIV 

XV 

XVI 

XVI 

XVII 

XVII 

XVII 

XVII 

hydrogen 
phthalate 

hydrogen 
phthalate 

hydrogen 
phthalate 

hydrogen 
squarate 

Br 

cr 

C8(CH3)6Lu(CH3)3-

CH3Ni(C2H4V 

Si(CH3V 

Si(CH3V 

C8H5O4LiH2O 

C„H604Li-2H20 

C8H6O4LiCH3OH 

C4HO4LiH2O 

(C2H8N2J2LiBr 

[Li(C2H8N2)3]Cl 

[Li(C6H16Nj)2]-
tC5(CH3)5Lu(CH3)3] 

[Li(C6H16N2)J-
[CH3Ni(C2H4)2] 

[Li(C6H16N2J15-
Si(CH3J3J2 

[Li(C8H16N2J16-
Si(CH3J3J2 

H2O 

H2O 

methanol 

H2O 

ethylene-
diamine 

ethylene-
diamine 

THF 

THF 

Et2O 

Et2O 

il
l 
i
i
 

PP
? 

P
P

 

iiiiii 
m

m
 

1.895 (0) , . 
1.998 (O)01 

ii
ii
ii
 

PP
PP

PP
 

2.057 (O)0H 
2.057 (O)0H 

Amines 
2.076 (N)11111 

2.076 (N)11111 

2.060 ( N ) m 

2.060 ( N ) -

2.075 (N)11111 

2.075 (N)1n, 
2.067 (N)11111 

2.067 (N)11111 

2.02 (N)8111 

2-02 (N)11111 

2.27 (N)11111 

2.27 (N)11111 

2.12 (N)11n, 
2.16 (N)11111 

2.13 (N).,,, 
2.10 ( N U 
2.16 ( N U 
2.18 (N)11111 

2.21 (N)11111 

2.16 (N)11111 

2.17 (N)11n, 
2.15 (N)1011 

1.957 (0)w Td, one citrate O and 37 
1.931 (0)w three water 0's 
1.946 (0)w 

1.908 (0)w Td, one 0 of three 37 
different citrate ions 
and one water O 

Td," one O of four 38 
different ligands 

1.914 (0)w Td, one O of two 38 
1.931 ( 0 ) v different ligands 

and two water O's 
1.940 (0)w Td, one O of two 39 
1.940 (0)w different ligands 

and two water O's 
Td," one O of four 40, 41 

different ligands 

1.918 (O)0H Td, one O of two 40, 41 
1.939 (O)QH different ligands 

and an O of two 
different methanol 
molecules 

2.035 (0)w Td, one O of two 42 
2.057 (0)w different ligands and 

two water O's 

Td, one N of two 43 
two different solvent 
molecules and two 
N's of a bidentate 
solvent molecule 

Td, one N of two 43 
mondentate solvent 
molecules and two 
N's of a bidentate 
solvent molecule 

Td, two N's of two 44 
different ligands 

Td two N's of two 45 
different ligands 

2.70 (Si) Td, two N's of one 46 
ligand, one of another 
bridging ligand, and a 
Si of the anion 

2.69 (Si) Td, two N's of one 46 
ligand, one of another 
bridging ligand, and 
a Si of the anion 



TABLEIII (Continued) 

ligand, 
L 

XVIII 

XIX 

XX 

XXVI 

XXVIII 

XXIX 

XXIX 

XXX 

XXXI 

XXXII 

XXXIII 

XXXV 

XXXV 

anion, 
A"-

Cu6Ph6-

Ci-

Ph(2-pyr)N-

Cl" 

TpClPB-

I" 

SO4
2-

Br 

Br 

Br 

ClO4-

N(SiICH3Is)2" 

4-CH3-2,6-U-Bu)2-
C6H2O-

complex 
formula 

[Li(C4H8O)(C9H23N3)]-
[Cu8Ph6] 

[Li(C6H6N)2(H2O)Cl] 

[Li[Ph(2-pyr)NH]-
(HMPA) [Ph(2-
pyr)N]] 

[Li(C3H7NO)4]Cl 

[LitCaHgoNA),]-
TpClPB 

[Li[(NH2)2CO]4]I 

[Li2[(NH2)2CO]3S04]-
H2O 

[Li(C4H8N203)4]Br 

[Li(C6H10NA)3H2O]-
BrH2O 

[Li(C6HnN304)4]Br 

[Li(C6H10N202)4]C104 

[LitNlSitCH,),]],-
(OC4H10)] 

[Li(OC6H2CH3-4-
Ct-Bu)2^e)(OEt2)I2 

solvent(s) of 
crystallization 

THF 

pyridine 

hexane-HMPA 

Li+-L 
2.115 ( N U 
2.178 ( N U 
2.136 (N)1n, 
2.050 ( N U 
2.060 (N)n, 

2.078 ( N U 
2.111 ( N U 

Amides, Peptides, and Urea 
iV-methyl-

acetamide 

chloroform 

H2O 

H2O 

H2O 

H2O 

ethyl acetate 

1.95 ( O ) - . 
(average 
value) 

1.883 ( O ) - 1 
1.883 ( O ) - . 
1.889 ( O ) - , 
1.889 ( O ) - . 
1.88 (0)Ur 
1.88 (0)0r 
1.95 (0)Ur 
1.95 (0)Ur 
1.97 (0)Ur 
1.93 (0)Ur 

2.000 (O)0. 
1.960 (O)0. 
1.915 (O)0, 
1-887 ( O ) - . 
1.883 (O)0, 
1.909 (O)0. 
1.943 ( O ) - . 
1.956 (OUa. 
1.969 (O)0. 
1.933 (O)0. 
1.993 (O)0. 
1.952 (O).,^ 
1.937 ( O ) 1 - . 
1.906 ( O ) - . 
1.892 ( O ) - . 

Ethers 
Et2O 

Et2O 

1.943 (0)et 

1.96 (0)rt 

distances, A 
Li+-S 

1.935 (O)., 

1.939 (0)w 

1.815 (O) 

1.916 (0)w 

Li+-A"" 

2.329 (Cl) 

2.091 (N) 

1.93 (O) 
1.94 (O) 

2.055 (N) 
2.055 (N) 

1.86 (O)^1 
1.86 (OU, 

geometry, 
bonding atoms 

Td, three N's of a 
ligand and an O of 
the solvent 

Td, one N of two 
pyridine Uganda, a 
solvent O, and the 
anion 

Td, one pyridine N 
of two different 
Uganda, one N from 
anion, and one 
solvent O 

Td, one O of four 
different ligand 
molecules 

Td, two O's of two 
different ligand 
molecules 

Td, one O of four 
urea Uganda 

Td, one O of two 
ligand molecules and 
two O's of an anion 

Td, one O of four 
different peptide 
molecules 

Td, one 0 of three 
different peptides 
and one solvent O 

Td, one O of four 
different ligand 
molecules 

Td, one O of four 
different peptide 
molecules 

Three coordinate, one 
N of two different 
anions and one ligand 
O bridges two Li 

Three coordinate, one 
O from ligand and 

ref 
47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58,59 

60 

two aryl O's 



XXXV AsPh8- [Li2(C4H10O)2(AsPh2)J Et2O 1.974 (O)-
1.997 (O)-

XXXV YbCl2[C6(CH3)J2" 

XXXVI Ph-CO-P=C(O)Ph" C18H20O4PLi 

[Li(C4H10O)2YbCl2- Et2O 
[C6(CH3)S]2] 

DME 

1.924 (0)„ 
1.935 (O)., 

1.944 (0)B 
2.152 (0)tt 

XXXVIi c r Li(C4H8Oj)-Cl 1,4-dioxane 1.88 (O)-
1.95 (O)-

XXXVII AsPh2-

XXXVIII [Fe2(CO)6IC(O)Ph)-
(M2-PPh2)J" 

XXXVIII [U(C2B9Hu)2Cl2] 

Li(C4H8Oj)3(AsPh2) 1,4-dioxane 

[Li(C4H8O)3][Fe2(CO)6- THF 
[C(O)Ph](M2-PPh2)J 

[Li(C4H8O)3]- THF 
[U(C2B9Hu)2-ClJ2 

XXXVIII Ag[Cl(Si(CH3)J]2- [Li(C4H8O)4]- THF 
[Ag[C[Si(CH3)JJ2] 

XXXVIII Lu(C8Hg)4" [Li(C4H8O)4]-
[Lu(C8H9)J 

THF 

XXXVIII Yb[CH[Si(CH3)JJ3Cr [Li(C4H8O)4][Yb[CH- THF-Et2O 
[Si(CH3)JJ3Cl 

XXXVIII Cu6Ph6-

XXXVIII Li[C[Si(CH3)JJ2" 

XXXIX NCS" 

[Li(C4H8O)4][Cu6(Ph)6] THF-Et2O 

[Li(C4H8O)4]- toluene-THF 
[Li[C[Si(CHs)3I3]J 

Li(C9H24O3)NCS acetonitrile 

1.953 (O)-
1.931 (O)-
1.937 (O)-

2.063 (O)-
2.002 (O)-
1.902 (O)-

2.05 (O)-
1.88 (O)-
1.91 (O)-
1.90 (O)-
2.02 (O)-
1.88 (O)-
192 (O)-
1.86 (O)-
183 (O)-
1.97 (O)-
1.98 (O)-
2.04 (O)-
1.87 (O)-
1.95 (O)-
2.02 (O)-
1.91 (O)-
1.949 (O)-
1.993 (O)-
1.935 (O)-
1.987 (O)-
1.88 (O)-
1.91 (O)-
2.01 (O)-
1.97 (O)-
1.83 (O)-
1.96 (O)-
1.98 (O)-
2.05 (O)-
1.910 (O)-
1.946 (O)-
1.940 (O)-

2.708 (As) Td, one O of two 61 
2.757 (As) different solvent 

(or ligand) molecules 
and one As of two 
different anions 

2.390 (Cl) Td, one O of two 62 
2.412 (Cl) different Uganda and 

two anions 
2.044 (O) Td, one O of two 63 
2.044 (O) different phosphide 

molecules and two O's 
of a solvent (or ligand) 
molecule 

2.39 (Cl) Td, two anions, one 0 64 
2.42 (Cl) of two different solvent 

(or ligand) molecules, 
and two anions bridge 
two Li+'8 

2.660 (As) Td, three O's of three 61 
different ligand 
molecules and As 
of anion 

1.902 (O)̂ y, Td, one O of three 65 
solvent (or ligand) 
molecules and acyl O 
of anion 

Td," an O of four 66 
different solvent 
(or ligand) molecules 

Td, an O of four 66 
different solvent 
(or ligand) molecules 

Td, an O of four 67 
different solvent 
(or ligand) molecules 

Td, an 0 of four 68 
different solvent 
(or ligand) molecules 

Td, an O of four 69 
different solvent 
(or ligand) molecules 

Td, an 0 of four 47 
different solvent 
(or ligand) molecules 

Td, one 0 from four 70 
different THF solvent 
(or ligand) molecules 

1.958 (N)NCS Td, three O's of ligand 71, 72 
and N of the anion 



TABLE III (Continued) 

ligand, 
L 

XL 

LII 

LV 

LV 

LV 

LVIII 

LIX 

LX 

LX 

XXIII 

LXXXII 

LXX 

LXXI 

anion, 
A"-

ClO4-

picrate 

ClO4-

NCS" 

NCS" 

ClO4-

B r 

2,4-pentanedionato 

Cl" 

C6H6CHNO2-

C3H6NS2" 

C5H10NS2-

complex 
formula 

Li(C15H30O3)ClO4 

[Li(C6H2N3O7)^H2O]-
Ci4H20O5 

[Li(C12H24O6MH2O)2]-
ClO4 

[Li(C12H24O6MH2O)2]-
SCN 

Li(C12H24O6)(H2O)-
(NCS)2-

[Li(C21H36NO8)-
[(NH2J2COl]-ClO4 

Li(C3H8O)Br 

Li (C 6 HA) 2 

Li(C5H7O2J2 

C15H36N4O4(LiCl)2-
2H2O 

Li(C6H5CHNO2) 

[Li(H2O)4]C3H6NS2 

[Li(H2O)4]C6H10NS2 

solvent(s) of 
crystallization 

acetonitrile 

H2O 

ethanol-H20 

ethanol-H20 

ethanol-H20 

ethanol-urea 

acetone 

hexane 

H20-ethanol 

ethanol 

Li+-L iii 

2.070 (0) , t 

2.124 (0) e t 

2.073 (O)* 
1.995 (0) r t 

1.991 (0) e t 

2.20 (N)111n 

1.98 (0) r t 

Ketones 
2.01 (O)0. 
1.91 (0)» 

1.923 (0)ke 

1.941 (0) t a 

1.926 (0)k e 

1.926 (O)11. 
1.953 (0)k e 

1.955 (0)k e 

1.967 (O)k, 
1.953 (Ok, 

Alcohols 
1.941 (O)0H 
1.943 (O)0H 
1.922 (O)QH 

1.919 (O)NO2 

1.925 (0) N 0 2 

1.927 (0)NO2 

Carbamates 
H20-ethanol 

H2O 

distances, A 

Li+-S 

1.86 ( 0 ) , 
1.87 ( 0 ) , 

1.922 ( 0 ) , 
1.906 ( 0 ) , 

1.966 ( 0 ) , 
1.899 ( 0 ) , 

1.996 ( 0 ) , 

190 (O)n, 
1.95 (0)ur 

1.927 ( 0 ) , 

1.979 (O)0H 

1.913 (O), 
1.907 (O), 
1.954 (O), 
1.941 (O), 
2.019 (O), 
2.049 ( 0 ) , 
1.895 (O), 
1.897 (O), 

Li+-A"" 

1.950 (Wc1O4 

1.92 (0)p h 

2.04 (0)NO2 

1.998 (N)NCS 

2.011 (N)NCS 

2.51 (Br) 
2.55 (Br) 

geometry, 
bonding atoms 

Td, three O's of ligand 
and an 0 of anion 

Td, two O's of anion 
and an 0 of two 
solvent molecules 

Td, two O's of one 
ligand and an 0 of 
two solvent molecules 

Td," two O's of one 
ligand and an 0 of 
two solvent molecules 

Td, one 0 of ligand, 
one 0 of solvent 
molecule, and an N 
of two different anions 

Td, one ether 0 and one 
aromatic N of ligand 
and one 0 from two 
different urea molecules 

Td, one 0 of two different 
solvent (or ligand) 
molecules and two anions 

Td,- two O's of two 
different ligands 

Td, two O's of two 
different ligands 

Td, one 0 of three 
different ligand 
molecules and an 0 
of a solvent molecule 

Td, one 0 of three 
different ligand 
molecules and an 0 
of a solvent molecule 

Td, one O of four 
different water 
molecules 

Td, one O of four 
different water 
molecules 

ref 

71,72 

73 

74 

74 

74 

75 

76 

77 

78a 

78b 

19 

20 



LXXII C7H14NS2" [Li(H2O)4]C7H14NS2 H2O 

LXXIII CsH8NS,- [Li(H2O)4]C6H8NS2 H2O 

LXXIV T 

Lxxv cr 

[Li(C18H15OP)4]I 

[Li[OP[N(CH3)2]3]-
(H2O)2]Cl 

Phosphates 
diethyl ether- 1.97 (O) 

hexane 

diethyl ether-
hexane 

(average 
value) 

1.984 (O)HMPA 
2.013 (O)HMPA 

LXXV Li6[N=CPh2I6" 

LXXV Cl" 

[Li[OP[N(CH3)2]3]4]-
[Li5(N=CPh2)6]-
[0=P[N(CH3)2]3] 

[ClLi-0=P[N(CH3)2]3]4 hexane 

EtjO-toluene 1.900 (O)PQ 
1.839 (0)p0 
1.861 (0)po 
1.770 (0)po 
1.858 (0)po 

LXXVII C21H26N7O14P2" C21H26N7O14P2Li^H2O H20-methanol 2.13 ( N ) ^ 
1.92 (0)po 
1.88 (0)po 
1.86 (0)po 

LXXVIII CiS-(CO)4Mo(PhCO)- CiS-(CO)4Mo(PhCOLi)- THF-benzene 1.93 (0)p h o 
[EtOP(C4H9NO)2]- [EtOP(C4H9NO)2] 2.12 (N)111n 

2.10 (N)11111 

" Crystal structure contains more than one molecule in the asymmetric unit. 

1.870 (0)w Td, one O of four 21 S 
2.031 (O). different water =r 
2.011 (O). molecules | 
1.877 (0)w S 
1.907 (0)w Td, one O of four 22 O 
1.923 (O). different water 5 
1.906 (0) . molecules §• 
2.000 ( 0 ) w £ 

o 

Td, one O of four 79 £ 
different TTP f 
molecules 3 

1.940(0). Td, one O of two HMPA 80 o 
1.936 (O). ligands bridging two 3 

Li+'s and two different 
water O's 

Td, one O of four 81 
different ligands 

2.357 (Cl) Td, one 0 of HMPA 82 
2.441 (Cl) molecule and three 
2.415 (Cl) Cl-

Td, one O of one ligand 83, 84 
and one O and one 
adenine N of another 
ligand resulting in 
polymer 

1.88 (O) Td, two N's and 0 of 85 
phosphite ring and 
benzoylate 0 

S 

< o 

p 
IO 



TABLE IV. Li+ 5-Fold Coordination 

ligand, 
L 

III 

IX 

XI 

XI 

XIII 

XVIII 

XVIII 

XXI 

XXII 

XXIII 

anion, A" 

hydrogen 
oxalate 

glycolate 

tartrate 

tartrate 

hydrogen 
oxydiacetate 

Br 

Br 

ClO4 

BPh4" 

Cr 

complex 
formula 

HC2O4Li-H2O 

C^jH^C^lji 

C4H4O6LiNH4-H2O 

C4H4O6LiTl-H2O 

LiC4H6O5 

(C9H23N3)Li(Br)2-
Li(C9H23N3) 

(C9H23N3)Li(Br)2-
Li(C9H23N3) 

[Li(C14H31N5]ClO4 

[Li(C17H25N5]BPh4 

[Li(C16H36N4O4)ICl-
LiCl-2H20 

solvent(s) of 
crystallization 

distance ranges, 

Li+-L 

Carboxylic Acids 
H2O 

H2O 

H2O 

H2O 

H2O 

hexane 

methanol 

H20-methanol 

chloroform 

2.070 (O)01 

2.273 (O)0. 
2.014 (O)0. 
1.952 (O)0. 
2.357 (0)OH 
1.988 (O)0. 
1.998 (0)OH 
2.020 (O)0. 
1.957 (O)0. 
2.036 (O)0. 
2.199 (O)0H 
2.060 (O)0. 

1.928 (O)0. 
1.995 (O)0. 
2.114 (O)0. 
2.190 (O)0H 
2.038 (O)0. 
2.052 (O)0. 
2.031 (O)0. 
2.040 (O)0. 
2.122 (O)0, 

Amines 
2.16 ( N U 
2.28 (N)111n 

2.19 (N)11111 

2.19 (N)11111 

2.31 (N)11111 

2.24 (N)11n, 
2.008 ( N U 
2.083 ( N U 
2.037 ( N U 
2.056 ( N U 
2.015 (N)11111 

2.14 ( N U 
2.45 (N)11111 

2.21 (N)11111 

2.26 (N)11111 

2.26 ( N U 
2.079 (N)11111 

2.131 (N)11111 

2.346 (N)11111 

2.347 ( N U 
1.948 (O)0H 

Li+-S 

2.055 (0)w 

2.046 (0)w 

2.026 (0)w 

2.049 (0)w 

A 
Li+-A"" 

2.51 (Br) 
3.20 (Br) 

2.57 (Br) 
2.87 (Br) 

comments 

TBP, two O's of one anion 
and one O of another 
anion and two water O's 

TBP, two O's of bidentate 
ligand one carboxylate 
0 of two ligands and one 
hydroxy O of another 
ligand 

TBP, two O's of a 
bidentate ligand, one 
carboxylate O of two 
different ligands, and 
one solvent 0 

TBP, two O's of bidentate 
ligand, one carboxylate 
O of two different ligands, 
and one solvent 0 

TBP, two O's of one 
bidentate ligand (one 
carboxylate, one ethereal) 
and one carboxylate 0 
of three different ligands 

TBP," three N's of amine 
in equatorial positions, 
two B - in axial positions 

TBP, three N's of amine 
in equatorial positions, 
two B r in axial positions 

SP, five N's of ligand 

SP, five N's of ligand 

SP, four N's and one 
side arm O of ligand 

ref 

86 

87 

88 

89 

90 

91 

91 

92 

93 

78 

XXXIV B r [Li(C64H78N10O10)-
CH3CN]Br-2CH3CN 

Amides and Peptides 
acetonitrile 2.09 (O)10nJa. 2.07 (N)AN 

2.12 (OUidl! 
2.04 (OU,de 
2.24 (OU,de 

SP, four carbonyl O's of 
ligand and N of solvent 

94,95 



XLI 

XLI 

XLII 

XLV 

XLV 

XLV 

SCN-

N[Si(CH3)3]2 

SCN" 

SCN-

ClO4 

Li(C8H16O4)NCS 

[Li(C8H16O4)N-
[Si(CH3)J2] 

[Li(C13H18O4)NCS] 

[Li(C18H20O4)NCS] 

[Li(C18H20O4)H2O]ClO4 

[Li(C18H20O4)H2O]I 

acetonitrile 

THF-Et2O-
hexane 

methanol-Et^O 

2,2,2-trifluoro-
ethanol 

2,2,2-trifluoro-
ethanol 

2,2,2-trifluoro-
ethanol 

XLV picrate 

XLVI SCN" 

XLVI SCN-

XLVIII SCN" 

XLIX SCN" 

XLIX NO3 

Li(C18H20O4)(C6H2O7N3) methanol-E^O 

Li(C18H20O5)NCS 

Li(C18H20O5)SCN 

Li(C18H20O6)SCN 

Li(C19H22O5)SCN 

Li(C19H22O5)NO3 

acetonitrile 

acetonitrile 

acetonitrile 

acetonitrile 

Ethers 
2.08 (O)* 
2.06 (0).t 
2.05 (O)* 
2.14 (O)* 
2.332 (O)* 
2.393 (0)et 

2.094 (O)* 
2.108 (O)91 

2.164 (O)* 
2.033 (O)1* 
2.059 (O)* 
2.012 (0)et 

2.033 (O)* 
2.033(O)01 
2.054 (O)61 

2.054 (O)* 
2.03 (O)* 
2.01 (O)* 
2.02 (O)* 
2.04 (O)6, 
2.07 (O)* 
2.04 (0).t 
2.07 (O)* 
2.11 (O)* 
2.12 (O)* 
2.27 (O)* 
2.04 (O)* 
1.85 (O)* 
2.048 (O)* 
2.032 (O)* 
2.025 (O)* 
2.038 (O)* 
1.971 (O)* 
2.004 (O)* 
2.014 (O)* 
2.024 (O)* 
1.980 (O)* 
2.004 (O)* 
2.018 (O)* 
2.046 (O)* 
1.999 (O)* 
2.001 (O)* 
2.049 (O)* 
2.068 (O)* 
2.007 (O)* 
2.018 (O)* 
2.025 (O)* 
2.036 (O)* 
2.043 (O)* 
2.046 (O)* 
2.048 (O)* 
2.016 (O)* 

1.960 (N) SP, four ethereal O's of 96 
ligand and N of anion 

1.965 (N) SP, four ethereal O's of 97 
ligand and N of anion 

1.945 (N) SP, four ethereal O's of 98 
ligand and N of anion 

1.960 (N) SP, four ethereal O's of 99 
ligand and N of anion 

1.92 (0)w SP, four ethereal O's of 100 
ligand and water O 

2.80 (0)„ SP, four ethereal O's of 100 
ligand and water O 

1.78 (O). SP, four ethereal O's of 100 
ligand and water O 

1.916 (0)pic SP, four ethereal O's of 101 
ligand and phenolate O 
of anion 

2.014 (N) SP,° four ethereal O's of 102 
ligand and N of anion 

1.974 (N) SP, four ethereal O's of 
ligand and N of anion 

2.000 (N) SP, four ethereal O's of 102 
ligand and N of anion 

1.983 (N) SP, four ethereal O's of the 102 
ligand N of anion 

1.936 (0)nit SP, four ethereal O's of the 
ligand and one nitrate 0 



TABLEIV (Continued) 

ligand, 
L 

L 

LIII 

LIV 

LVI 

LVII 

LXI 

LXIV 

LXV 

LXVII 

LXXIX 

LXXX 

LXXX 

anion, A" 

carboxylate 
of ligand 

SCN-

picrate 

picrate 

r 

ClO4 

SCN-

r 

FeCl4" 

[C41H40NO7P2Mo]-

picrate 

picrate 

complex 
formula 

C20H21O7Li-XSH2O 

[Li(C12H24O4)NCS] 

Li(C28H38O4)(C6H2N3O7) 

C32H4g012-Li2(C6H2N307)2-
2H2O 

C26H62014-2LiI-4H20 

Li(C21H18N2O2)ClO4 

Li(C33H68N2O4)NCS 

[CyCIo(Ci2H20O12)S]2-LiI3-
I2-8H20 

[LiI(CH3C6H2O)(CH3-
C6H2OCH3)(CHj)3-
(CH3C6H2O)J2]FeCl4 

[C41H40NO7P2Mo]Li]-

Li(C6H2N307)2(H20) 

Li(C6H2N307)2(H20) 

solvent(s) of 
crystallization 

H20-methanol 

methanol 

chlorobenzene + 
1% THF 

acetonitrile-
petroleum ether 

ethyl acetate-
acetone 

chloroform 

H20-methanol 

THF-benzene 

distance ranges, 

Li+-L iiii 
Iiii 

2.08 (O)., 
2.07 (O)., 
2.08 (O)., 
2.09 (O)., iiii 

!!Ii 

2.234 (0) r t 

1.983 (O)., 
2.067 (O)., 

198 (O)., 
2.21 (O)., 
2.12 (O)., 

2.17 (O)., 
2.17 (0)„ 
2.12 (N)1n. 
2.12 ( N U 
1.950 (0).™,,. 
1.979 (0)mUh 

2.229 (O)., 
2.085 (0) r t 

not reported 

2.036 (O)., 
2.003 (O)., 
2.007 (O) -

2.085 (O)* 
2.052 (O)* 

Phosphates 
CH2Cl2-pentane 

methanol 

2.02 (O)11110 

2.09 (O)0110 

2.01 (O)0110 

2.23 (N)11n an 
Iiii 

2.032 (O)NO2 

2.039 (O)NO2 

1979 (O)1^ 
1.986 (O)111111 

Li+-S 

1.908 (0)w 

1.962 (0)w 

1.96 (0)w 

1.93 (0)w 

1.959 (0)w 

1.928 (0)w 

A 

Li+-A"" 

2.04 (N) 

1.883 (0)pic 

1.936 (O)010 

2.00 (0) 

2.032 (N) 

1-92 (0)„ 

comments 

SP, four ethereal O's of 
ligand and water O 

SP, four ethereal O's of 
ligand and N of anion 

SP, four ethereal O's of 
ligand and phenolate O 
of anion 

TBP for both Li+, three 
ethereal O's, one solvent 
O and, one phenolate O 
of anion for each Li+ 

TBP for both Li+, three 
ethereal O's of ligand 
and by two water O's 
for each Li+ 

SP, two O's and two N's 
of one ligand and one 0 
of anion 

SP, four O's of ligand 
and the N of the anion 

SP, four hydroxyl groups 
of two glucoses provide 
the basis of a square 
pyramid, the apex being 
formed by a water O 

TBP, five ethereal O's 
of the ligand 

TBP, the three ethereal 
O's, a N, and a 
carboxylate O, all of 
one ligand 

SP," one nitro O and 
one phenolate O from 
two different anions 
and one water 0 

SP, one nitro 0 and 
one phenolate 0 from 
two different anions 
and one water 0 

ref 

103 

104 

105 

106 

107 

108 

109 

110 

111, 112 

113 

114 

114 

'Crystal structure contains more than one molecule in the asymmetric unit. 
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Figure 2. Carboxylic acids that function as polydentate ligands. 

CHARTII. Amines 

XVl, H 1 N C H I C H I N H I MiyttnrtUmlna 
XVH, (CH1I1NCH1CHtN(CHd, TMEOA 

CH1CH1N(CH^, 
XVIII, C H 1 - N PMDETA 

^CHJCHJN(CHJ, 

CHART III. Cyclic Polyamines 
CH1 

CP) 
xxi /

N^N>T - N . 

4r 
4,10-Dimethyl-1,4,7,10,15-penta-
azabicycto[5.5.5.]heptadecane 

Pyridine 

XX I 

Ph(2-Pyr)NH 

r 9̂ 
i 

CH1 

5,12,17-Trtmethyl-1,5,9,l2,l7-penta-
azabicycla[7.5-5]nonadecane 

^ O H 

>—N N—v 

H O ^ 

l.4,7,l0-T«tra(2-hydTOye%l|-
1,4,7,10-tetraazacydododecane 

ZN V/ C\. Y\ 

6,13-Bi8(2-chlo«»thyl)-6H,13r+tripyrido[cd,rQ,lm]-
(15.4,7,9,10,i3]heptaazapentadectne 

complexes in the crystal structure of lithium citrate.37 

Sometimes the complexes are chemically similar as in 
the case of lithium malonate30 where the two complexes 
have tetrahedral geometry with each of the four coor
dinating sites occupied by an oxygen of four different 
malonates. However, in some cases the complexes are 
chemically different. For example, in the lithium citrate 
structures three of the complexes have tetrahedral ge
ometry. In one of these the coordinating sites are oc
cupied by an oxygen from four monodentate citrates 
while the other two complexes each contain one citrate 
oxygen and three water oxygens in their coordination 
sites. In the fourth complex, the Li+ is Oc coordinated 
to four oxygen atoms from two ligands and two solvent 
molecules. Sometimes polymorphs are formed. An 
example is found in the lithium tartrate system in which 
one polymorph contains a complex with trigonal bipy-
ramidal geometry88 while the other contains a complex 
with square pyramidal geometry.89 The above findings 
can be explained by the availability of flexible ligands 
with hard base donor atoms which provide one or more 
binding sites available for interactions with Li+ as well 

as the ability of lithium to form complexes with solvent 
and anionic ligands. The existence of polymorphs in 
the Li+-tartrate system may provide an example of the 
relative ease with which the TBP and SP geometries 
can be interconverted. 

Two facts suggest that carboxylate binding sites in 
biological systems will not be selective for Li+. First, 
there are a large variety of carboxylate conformations 
for complexations (see Figure 2). Second, all of the 
alkali metal ions as well as some other cations present 
in biological systems interact strongly with hard bases 
(e.g. carboxylate oxygens) and so will compete with Li+ 

for these sites. 

C. Amines 

Li+ forms stable complexes with aliphatic43-47,78,91"93,116 

and aromatic48,49,117 mono- and polyamines in nona
queous solutions (Charts II and III). The coordination 
of Li+ by amine nitrogens might be explained as the 
result of interaction of the hard Li+ with the hard amine 
base nitrogen (see Table II), and the ion (Li+)-dipole 
(amine nitrogen) interaction. The coordination num
bers of Li+-amine complexes are 4, 5, and 6, and the 
coordination polyhedra are Td for 4-fold coordination, 
TBP and SP for 5-fold coordination, and distorted Oc 
and pentagonal based pyramidal for 6-fold coordination. 
The average Li-N distances for the different coordi
nation numbers and polyhedra are presented in Table 
IX. 

The minimal radius of the enclosed cavity increases 
gradually with the number of the amine nitrogens 
available for coordination. When the amine has one of 
the conformations shown in Figure 3 it interacts with 
the Li+ as a polydentate ligand. 

The strong interaction of Li+ with aromatic nitro
gens48,83,84 might elucidate, at least in part, the binding 
of Li+ in biological systems. 

D. Amides and Peptides 

Li+ forms complexes with amides50,52,53'118 di-
amides,51,109,118 linear peptides,54-56 and cyclic pep-
tides,57,94,95 (Charts IV-VI). The linear peptide com
plexes are formed in aqueous solution, while the re
maining complexes are formed in nonaqueous solutions. 
The coordination numbers of Li+ complexes with amide 
and peptide carbonyl oxygens are 4, 5, and 6, and the 
coordination polyhedra are Td, SP, and distorted Oc 
for 4-fold, 5-fold, and 6-fold coordination, respectively. 
The average Li-O distances for the different coordi
nation numbers and polyhedra are presented in Table 
X. 

The interaction between amides and Li+ is of the 
ion-dipole type13,14 with the interaction energies be
coming larger with increasing dipole moments of the 
ligands.134,135 The strength of interaction of Li+ in
creases from primary to secondary to tertiary amides, 
and as the number of methyl groups in a given amide 
ligand increases. The heat of interaction of a metal ion 
with the amide is more negative than that with water, 
and the heats of interaction with amides decrease in the 
sequence Li+ > Na+ > K+.134,135 These findings might 
explain the effectiveness of lithium salts as protein 
denaturating agents136 and the nonselective binding of 
Li+ to protein molecules in different biological systems.1 



TABLE V. Li+ 6 Fold Coordination 

ligand, 
L anion, A"" 

complex 
formula 

solvent(s) of 
crystallization 

distance ranges, A 

Li+-L Li+-S Li+-A"- comments ref 

XII dihydrogen 
citrate 

XII citrate 

XVI I-

XXIV PF„-

XXV ClO4-
XXVII 

XXXVI C18H24B 

XLII ClO4-

XLII picrate 

XLIII NO3" 

XLIV NO3 

CcOTxi^lji 

C6H607Li3-5H20 

[Li(C2H8N2)3]I 

[Li(C21H20Cl2N7)-
(CH3OH)]PF6 

[Li(CH3CONH2)16-
( C H 3 C O N H C O C H 3 ) ] -
ClO4 

[Li(C4H10Oj)2C18H24B] 

Li(C13H18O4)ClO4 

Li(C13H18O4)(C6H2N3O7) 

Li(C14H20O4)NO3 

Li(C16H24O4)NO3 

Carboxylic Acids 
H2O 

H20-ethanol 

ethylene-
diamine 

CH3OH 

methanol 

DME 

2,2,2-trifluoro-
ethanol 

methanol-Et^O 

acetonitrile-
toluene 

acetonitrile-
toluene 

1.96 (O)0, 
2.12 (O),. 
2.17 (O)011 

2.10 (O)01 

2.22 (O)0H 
2.49 (O)0H 
1.998 (O)0, 2.222 (0)„ 
1.998 (O)0, 2.222 (0)w 

2.198 (O)0H 
2.198 (O)0H 

Amines 
2.20 (N)111n 

(average 
value) 

2.160 (N)1n, 2.041 (O)0H 
2.257 (N)111n 

2.152 (N)111n 

2.148 (N)11111 

2.271 (N)11111 

Amides 
1.99 ( O ) . ^ 
2.02 ( O ) . ^ 
2 . 1 6 (O)111111116 

2.11 (OJ^je 
2.03 ( O ) . ^ 
2.353 (0)e t 

2.353 (0) r t 

2.000 (0)„t 

2.000 (0)„t 

Ethers 
2.14 (0) e t 

2.08 (0)e t 

2.03 (0)r t 

1.98 (0) e t 

2.15 (0)e t 

2.05 (0)e t 

2.09 (0) e t 

2.01 (0) e t 

2.040 (0) e t 

2.011 (0)e t 

2.098 (0)e t 

2.051 (0) e t 

2.041 (0)r t 

2.021 (0)e t 

2.099 (O)111 

2.052 (0) e t 

2-77 (0) a 0 4 

Oc, two O's of two 
bidentate ligands and 
one O of two mono-
dentate ligands 

Oc, two O's of two 
bidentate ligands 
and two water O's 

Oc, two N's of three 
different ligand 
molecules 

pentagonal-based 
pyrimide, five N's of 
ligand and one solvent 
molecule 

Oc, two O's from one 
diacetamide ligand, one 
0 from three different 
acetamide ligands, and 
one 0 from an anion 

2.06 (H) 
2.06 (H) 

1.91 (0) 
2.05 (0) 

1.96 (0)phn 

2.26 (0) N 0 2 

2.300 (0) 
2.072 (O) 

2.074 (0)ni t 

2.286 (0)ni t 

Oc, two O's from two 
different solvent (or 
ligand) molecules and two 
hydric H from anion 

Oc, four ethereal O's of 
ligand and two O's of 
bidentate anion 

Oc, four ethereal O's 
of ligand and two O's 
of bidentate anion 

SP, equatorial positions 
occupied by four ethereal 
O's of ligand and axial 
position occupied by two 
O's of bidentate NO3" 

SP, equatorial positions 
occupied by four ethereal 

115 

37 

116 

117 

118 

119 

120 

101 

121 

122 

O's of ligand and axial 
position occupied by two 
O's of bidentate NO3-



LI 

LXII 

LXIII 

[In(CHa)3Cl]" Li(C13H2905)(In(CH3)3Cl) benzene 

SCN- [Li(C14H28N2O4)NCS]. 
0.5H2O 

[Li(C14H28N2O4)]! 

methanol 

acetone 

LXVI cr [Li(C48H48O6)ICl THF-Benzene 

2.09 (0)r t 

2.28 (0). t 

2.24 (0) r t 

2.29 (0) e t 

2.27 (0)e t 

2.255 (O)1* 
2.222 (0) e t 

2.161 (0) r t 

2.151 (O)* 
2.205 ( N U 
2.210 (N)8n, 
2.288 (N)11n, 
2.288 (N)8n, 
2.173 (0) e t 

2.173 (O)84 

2.081 (0)r t 

2.081 (0) r t 

Spherands 
2-138 (0) e t 

(average 
value) 

2.40 (Cl) 

LXIX carboxylate [LKCajHssOnM-HjO methanol 
Natural Ionophores 

2.098 (0) r t 

2.099 (0) e t 

2.097 (0) e t 

2.098 (0)„t 

2.162 (O)0H 
2.038 (O)0H 

Lithium Salts 
LXXXI NO, LiNO,-3H20 2.082 (O). 

2.082 (0)w 

2.082 (0)„ 
2.082 (O), 

2.206 (0)ni t 

2.206 (0)ni t 

Oc, five ethereal O's 
of ligand and Cl- of 
anion 

Oc, four ethereal O's 
of ligand and two N's 

Oc, four O's and two 
N's of ligand 

123 

124 

125 

Oc, six ethereal O's of 
ligand 

Oc, four ethereal O's 
and two hydroxy O's 
of ligand 

Oc, one O of four 
different waters and 
one O of two 
different NO3" 

111, 

126 

127 
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TABLE VI. Li+ 7-Fold Coordination for Spherands 

Oteher et al. 

solvent(s) of 
ligand, L anion, An" complex formula crystallization 

distance ranges, A 
Li+-L comments ref 

LXVIII cr [Li(C52H62O7)ICl THF-benzene 2.291 (0)et 
2.030 (O)* 
2.062 (0)et 
2.262 (0)et 
2.393 (O),, 
2.334 (0)et 
2.430 (O)61 

seven coordinate, seven Ul , 112 
ethereal O's of ligand 

^ 

N N N 

/ I \ 
\ / ~ A / 

N N 

/ \ 
Figure 3. Amines that function as polydentate ligands. 

•N 

CHARTIV. Amides 

o 
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AcetamkJe 
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XXVII O H 1 - C - N H - C - C H , 

CHARTV. Urea 

N-MothylacetamMe 

O 
Il 

H j N - C - N H 2 

Figure 4. Amides that function as polydentate ligands. 

—o. p— 
- 0 W 0 " o 
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Figure 5. Ethers that function as polydentate ligands. 

The radius of the enclosed cavity increases gradually 
with the number of the amide carbonyl oxygens 
available for coordination. When the amide has one of 
the conformations shown in Figure 4 it interacts with 
Li+ as a bidentate ligand. Unprotected C-terminal 
peptides have additional carboxylate binding sites 
which provide intramolecular counterions. 

E. Ethers, Ketones, and Alcohols 

Li+ forms stable complexes with monoeth-
erS)58-6i,64-7i,48-55 diethers,61-63 linear polyethers,62'119 and 
cyclic polyethers72-75-96-107-109-111-112-120-126-128-133 in nona
queous solutions (Charts VII, VIII, and X-XV). The 
interaction between ethers and Li+ is of the ion-dipole 
type.12,23 Ethereal oxygens are hard bases16-18 that in
teract strongly with Li+. The coordination numbers of 
Li+ in its complexes with ethers are 3, 4, 5, 6, 7, and 8, 
and the coordination polyhedra are pyramidal for 3-
fold, Td for 4-fold, SP and TBP for 5-fold, distorted Oc 
for 6-fold, modified trigonal prism for 7-fold, and square 
antiprism for 8-fold coordination. The average Li-O 
distances for the different coordination numbers and 
polyhedra are presented in Table XI. 

The radius of the enclosed cavity increases gradually 
with the number of the ethereal oxygen atoms available 

for coordination. The most favorable distance, r, for 
Li-O interaction should be r < rLi+ + r02- = 0.6 + 1.40 
= 2.00 A.15,16 This r value is obtained when the coor
dination number is 4 or 5, and the coordination geom
etries are Td, SP, or TBP.15-16 These findings might 
explain why the most selective ionophores for Li+ have 
coordination numbers 414-15,137 and 5109-138-140 and their 
coordination geometries are Td14-61-137 and SP.109-138"140 

When the ether has one of the conformations shown in 
Figure 5 it interacts with Li+ as a polydentate ligand. 
THF molecules coordinate Li+ more effectively than 
other monoethers. THF units are building blocks of the 
natural antibiotic monensin, which forms a stable com
plex with Li+.126 

There are few crystal structures of Li+ ketone com
plexes76-77 (Chart IX). In those reported the Li+ is Td 
coordinated by the carbonyl oxygens of the keto groups. 
The average Li-O distance is 1.946 A. The complexes 
are formed in nonaqueous solutions. 

Crystal complexes of Li+ with alcohols are 
r a r e 78a,78b,no T h e Li+ i8 Td and SP coordinated to the 
hydroxyl oxygen atoms. The average Li-O distance is 
1.935 A for the 4-fold Td coordinated Li+. 

F. Phosphates 

Li+ forms stable complexes with phosphates79-84,113 

(Chart XVI). The Li+ is 4-fold Td coordinated in all 
complexes,79-84 except one,113 in which it is 5-fold co
ordinated. The average Li-O distance is 1.911 A. The 
complexes are formed in nonaqueous solutions. This 
information has important biological implications since 
Li+ is reported to associate with phosphate nucleotides 
such as ATP, ADP, AMP, GTP, IMP, IDP, and IT-
p 5,ui rpne n a t u r e 0f these and other Li+-phosphate 
interactions of biological importance may be better 
understood by reference to the structural data con
tained herein. 
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TABLE VII. Li+ 8-Fold Coordination for Ethers 
distance 

ligand, solvent(s) of ranges, A 
L anion, A"~ complex formula crystallization Li+-Li comments ref 

XLI 

XLI 

XLI 

XLI 

XLI 

XLI 

XLI 

XLI 

XLI 

PPh2-

AsPh2-

CHPh2-

CPh8-

SbPh2-

Sb8Ph4-

2,4,6-(CH3)8C6H2-P-
B[2,4,6-(CH8)8C6H2]2-

Ph8SiNSiPh3-

B(2,4,6- (CHj)3CgHj)8' 

[Li(C8H1604)2]PPh2 

[Li(C8H1604)2]AsPh2 

[Li(C8H1A)2]CHPhJ 

[Li(C8H16O4)J]CPh3 

[Li(C8H1A)2]SbPh2-
0.33C4H8O 

[Li(C8H1A)2]Sb3Ph4 

[Li(C8H1A)2]2,4,6-(CH3)3-
C6H2-P-B(2,4,6-(CH3)3-
C6H2J2 

[Li(C8H1604)2]Ph3SiNSiPh3 

[Li(C8H1604)2]B[2,4,6-
(CH3J3C6Hj] 

THF-

THF-

THF-

THF-

-Et2O 

-Et2O 

-Et2O 

-Et2O 

THF-Et2O 

THF-Et2O 

THF -Et2O 

THF-Et2O 

THF -Et2O 

2.478 ( 
2.323 ( 
2.361 ( 
2.308 ( 
2.323 ( 
2.430 ( 
2.315 ( 
2.457 ( 
2.436 ( 
2.269 ( 
2.420 ( 
2.418 ( 
2.430 ( 
2.399 ( 
2.287 ( 
2.284 ( 
2.415 ( 
2.423 ( 
2.398 ( 
2.295 ( 
2.287 ( 
2.411 ( 
2.374 ( 
2.400 ( 
2.40K 
2.411 ( 
2.396 ( 
2.375 ( 
2.297 ( 
2.287 ( 
2.371 ( 
2.395 ( 
2.439 ( 
2.268 ( 
2.422 
2.417 
2.430 
2.400 
2.288 
2.285 
2.479 
2.324 
2.360 
2.309 
2.322 
2.431 
2.316 
2.455 
2.275 
2.263 
2.285 
2.401 
2.355 
2.297 
2.361 
2.268 
2.266 
2.265 
2.220 
2.259 
2.266 
2.205 
2.220 
2.259 
2.255 
2.400 
2.423 
2.393 
2.423 
2.393 
2.254 
2.400 

O)., 
O).. 
O)H 
O).. 
O).. 
0 ) r t 

O).. 
O).. 
O)., 
O).. 
0).« 
0)« 
0).. 
0).. 
O).. 
0)., 
0)« 
O).. 
O).. 
0)„ 
0).» 
O).. 
O)., 
O).. 
0),« 
O)., 
O)., 
O).. 
O).. 
0)„ 
O)., 
O)., 
O),, 
O)., 
0)., 
0)., 
0)., 
O)., 
0)., 
0)., 
0)., 
0)., 
0)., 
0)., 
O)., 
O)., 
0)rt 
0)rt 
O)., 
O)., 
0).. 
O).. 
O).. 
O).. 
O).. 
O).. 
O).. 
O)., 
O)., 
O)., 
CO)* 
(O)., 
O)., 
O)., 
(O)., 
(O)., 
(O)., 
(O)., 
(O)., 
(O)., 
(O)., 
(O)., 

SA, sandwich complex, 
four ethereal O's of 
two different Uganda 

SA, sandwich complex, 
four ethereal O's of 
two different ligands 

SA, sandwich complex, 
four ethereal O's of 
two different ligands 

SA, sandwich complex, 
four ethereal O's two 
different ligands 

Sa, sandwich complex, 
four ethereal O's of 
two different ligands 

SA, sandwich complex, 
four ethereal O's of 
two different ligands 

SA, sandwich complex, 
four ethereal O's of 
two different ligands 

SA, sandwich complex, 
four ethereal O's of 
two different ligands 

SA, sandwich complex, 
four ethereal O's of 
two different ligands 

128, 129 

128, 129 

129, 130 

129,130 

61 

61 

131 

132 

133 
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TABLE VIII. Average Li-O Distances of Li+-carboxylic 
Acid Binding Sites Involved in Li* Complexation 

coordination coordination average Li-O 
no., n geometry distance, A 

4 
5 
5 
6 

Td 
TBP 
SP 
distorted Oc (tetragonal) 

1.957 
2.071 
2.057 
2.145 

TABLE IX: 
Complexes 

Average Li-N Distances in Lithium-Amine 

coordination 
no., n 

coordination 
geometry 

average Li-N 
distance, A 

aliphatic aromatic 
nitrogen nitrogen 

4 Td 2.089 2.080 
5 TBP 2.228 
5 SP 2.247 
6 distorted Oc (tetragonal) 2.348 
6 pentagonal 2.198 

based pyramid 

CHARTVI. Peptides 
O 

X X X +H,N—CH,-C—NH-CH1 -COO" 

Glycylolycine 

CH, O 
m l + H , N - C — C — N H - CH1-COO" 

H 

L-Alanyfc^cine 

0 0 
+ Il Il 
H 1 N - C H , - C — N H - C H 1 - C - N H - C H 1 - C O O 

GtycyWcytolycine 

,.CH, 

1 T 
C H , ' " - ^ , , 

Cyciodlearcosyl 

P r o — M n - Phe— V H - Pro 
XXXIV I (MiI-I 

Pro—Pht—Pht—AU- Pro 

G. Water Molecules 

Li+ forms stable complexes with water molecules,19"22 

in which the cation is coordinated by four water mol
ecules in Td geometry. In many other cases, water 
molecules are included in the coordination sphere of Li+ 

in order to saturate its coordination sphere or because 
of incomplete replacement of the water molecules of the 
hydration shell by the ligand binding sites. Water 
molecules are involved in Li+ complexes with coordi
nation numbers 4,5, and 6, and coordination polyhedra 
of Td, SP, TBP, and Oc. The average Li-O distances 
for the different coordination numbers and polyhedra 
are presented in Table XII. From the table, it is seen 
that the average Li-O distance is independent of the 
number of H2O molecules in the hydration shell in 
4-fold Td geometry. The same phenomenon is found 
in 5-fold TBP coordinated Li+ complexes, when either 
one or two water molecules are coordinated to the Li+. 

H. Other Inorganic Anions 

Valuable information about the coordination of Li+ 

is obtained from the crystal structures of inorganic 
lithium salts (Table XIII). In general, these crystal 
structures resemble those of sodium salts. A coordi
nation number of 6 is common. In some structures, the 
coordination number drops to 4. In an octahedral hole 
in a NaCl-type lattice comprised of large anions, Li+ 

may rattle around, e.g., in LiI, so that the instantaneous 
number of nearest neighbors is less than six. Lithium 

TABLE X. Average Li-O Distances in Lithium-Amide and 
-Peptide Complexes 

coordination 
no., n 

coordination 
geometry 

average Li-O 
distance, A 

4 Td 1.923 
5 SP 2.036 
6 distorted Oc (tetragonal) 2.180 

CHARTVII. Ethers 

XXXV CH 1 CH 2 -O-CH 1 CH, 

Diethyl ether 

XXXVII 0 0 

CHARTVIII. Crown-Ethers 

XXXVl C H 1 - O - C H j C H 1 - O - C H , 

Dtmettioxyethane 

O 

R n 

^o or 

.W. 
XXXIX, 12C3 R-H 
XL, Me1IJCS R.CH9 

a: x 

a—I 
\-J 

o o 

D O 

XLIII, B14C4 R-H 
XLIV, Me1BI«4 R. CH1 

u C J 

Ri 
XLV DB14C4 H; 
XLVI lym(OH)DBt4C4 OH; 
XLVII CiXOH)1DBI 4C4 OH: 
XLVBI TrInKOH)1OeU(M OH; 
XLIX «ym(CHsOH)Dei4C4 CH1OH; 
L sym(0CHlCOlH)DB14C4 OCH1COiH1 H; 

r^ 
\_^° J C t> 

\— O 0—' 

C^7 

- 0 ^ 0 -

LV, j <-. J 

LVm \ } 18,18'Soirobi I9C6 

C ") 
O. O O O ^ 

W W W 
2,6-PyrK3o-27-Crown-9 

can replace either Na+ or Mg2+ in a six-coordinate hole, 
but it prefers a somewhat smaller hole than does Na+. 
It is unlikely to compete with K+ or ions larger than 
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CHARTIX . Ketones 

o 
LlX Il 

C H 1 - C - C H , C H 1 - C - C H 1 - C - C H , 

2,4-P«ntan«dion6 
(aceylacatone) 

CHART X. Amino Ethers and Cryptands 

^o i r or 

4,7,13,16-Tetraoxa-1,10-diazabicydO[B.8.2)eicosane 

, ^ - U U - * . 

to' 
CHARTXI. Amido Ethers 
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CHART XIV. Natural Ionophores 

CHART XV. Dithiocarbamates 

H / \ 0-i 
LXX1 R . C H 3 Dimethyldithiocartjamate 
LXXI, R • C j H ; DlethyWitNocalbamate 
LXXII , R . C H ( C H 3 ) J DiiscfiropyW'thiocartiamale 

1 -Py^oWinecartwciithioate 

CHART XVI. Organophosphorus Compounds 

f\-l 
LXXlV X = . 

, C H 1 
0 V .. . 

«™ C H / T V 
C H , ' ' N C H , 

HMP* 

Triphenylphosphine oxkje TPP 
Oibenzoylpbosphtfe 

NH 1 

H ' N A Q IMr oJ-oXo £& 

CHARTXII. Cyclodextrins 

LXV Cydo 

y « / Ho\^ 

CH, 

CjH1O-

TM 
O 

CHARTXIII. Spherands 

Ca2+ as the latter cations have a higher coordination 
number (>8). In order to have six neighbors at ionic 
bond distances, such that the anions and cations are in 
contact, the anions must be small relative to the cations, 
otherwise, lower coordination numbers (4 and 5) are 
favorable. This reflects the Pauling "radius-ratio" ef
fect,16 that small cations fit best in a lattice of small 

TABLE XI. Average Li-O Distances in Lithium-Ether 
Complexes 

coordination 
no., n 

coordination 
geometry 

average Li-O 
distance, A 

3 
4 
5 
5 
6 
7 

8 

pyramidal 
Td 
SP 
TBP 
distorted Oc (tetragonal) 
modified 
trigonal prism 
square antiprism 

1.951 
1.962 
2.032 
2.099 
2.265 
2.257 

2.341 

TABLE XII. Average Li-O Distances in Lit hi Um-H2O 
Complexes 

no. of H2O average 
coordination coordination molecules in Li-O 

no., n geometry hydration shell distance, A 

Td 

TBP 

SP 
distorted Oc 

(tetragonal) 

1 
2 
3 
4 
1 
2 
1 
2 
4 

1.933 
1.948 
1.945 
1.944 
1.994 
1.998 
1.906 
2.222 
2.082 

anions. The picture is more complicated when anions 
of higher charge are involved, for example, O2", CO3

2", 
PO4

3". Although some of these anions are large they 
produce a large charge field because of their high 
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TABLE XIII. Crystal Structures of Lithium Inorganic Salts142143 

compd 
LiCl 
LiBr 
LiI 
LiH 
LiD 
Li2O 
Li2O2 
Li-O0 

Li2S 
(Li2SiO3), 
Li3PO4 
Li2SO4-H2O 
Li-O0 

0 Range of Li-O distances in 

coordination 
no., n 

6 
6 
6 
6 
6 
6 
6 
6 
6 
4 
4 
4 
4 

lithium inorganic salts. 

coordination 
geometry 

Oc 
Oc 
Oc 
Oc 
Oc 
Oc 
Oc 
Oc 
Oc 
Td 
Td 
Td 
Td 

Li-anion 
distance, A 

2.565 
2.748 
3.001 
2.043 
2.033 
2.050 
1.962 
2.16(average) 
2.504 
2.103 
1.955 
2.015 
1.98(average) 

range of 
distances, A 

1.96-2.41 

1.86-2.05 

CHART XVII. Lithium Salts 
0,N 

=~0-H 
LXXX L i O - ( \ > ~ N O i LXXXI1 UNOj Lithium Nitrate LXXXII 

0 , N ' 

Lithium Picrate 

, . OLI 

Lithium Mitronate 

charge.144 The anions require more than one monova
lent cation, e.g., in M3PO4, so that small cations have 
great packing advantage. Li+ and Mg2+ have a pref
erence for anions with small radius, r, and high charge, 
2, i.e., anions with high z/r. This explains why Na+ 

occurs in nature as a chloride, but Li+ and Mg2+ occur 
mainly as silicates. This difference introduces an ad
ditional restriction in the biological availability of Li+ 

and Mg2+ from the soil, for while chlorides are water 
soluble silicates are not. The above results might ex
plain the strong interactions between Li+ and phos
phate nucleotides, e.g., ATP, ADP, AMP, IMP, and 
ITP. The Li-O distances in inorganic salts are similar 
to those of organic complexes in Td and Oc coordina
tion geometries. 

IV. Conformational Changes of Linear and 
Cyclic Uganda In LHhlum Complexes 

The coordination number of lithium complexes with 
linear ligands varies from 2 to 6, while that with cyclic 
ligands varies from 4 to 8. This difference is due to the 
structures of the ligand molecules involved. Linear 
molecules have one or more binding sites available for 
variable coordination numbers of interaction with Li+ 

due to the molecule flexibility. Li+ is either 4-fold Td28 

or 5-fold TBP86 when coordinated to oxalic acid, Td36,37 

and Oc37,116 when coordinated to citric acid, and Td43 

and Oc116 when coordinated to ethylenediamine. Cyclic 
ligands have restricted flexibility, and their possible 
conformational changes are limited. The conformations 
of the Li+ complexes of these ligands are dictated by 
those of the free ligands. The three oxygen atoms in 
12C3 crown ethers provide a basis for a trigonal-py
ramidal structure.72 Most of the crown ether mole
cules96"105 and the cyclic peptides94,95 which possess four 
donor oxygen atoms, provide a basis for SP coordina
tion. The DB14C4 molecule is preorganized for SP 
coordination with Li+. Biycyclic and spherand ligands 
provide optimal preorganized cages for Li+ binding. 
Coordination numbers found with these ligands are 

6|82«iiui2 6ui,u2,i26 and 7 uuia Eight-fold coordination 
is achieved by the formation of a sandwich complex of 
Li+ with two 12C4 molecules in aprotic organic me
dia.128-133 Trace amounts of H2O cause the decompo
sition of the complex. The use of cyclic ligands allows 
the positioning of more donor atoms close to the Li+ 

than is possible with noncyclic ligands. The structural 
data show that both linear and cyclic ligands can bind 
Li+ in its favorable 4 and 5 coordination numbers. 
Linear ligands may have the advantage of rapid com-
plexation and decomplexation rates of their Li+ com
plexes. This feature has resulted in the use of linear 
ligands in lithium selective electrodes. The large 
equilibrium constants for the interaction of Li+ with 
cyclic and bicyclic ligands makes these viable candidates 
for diagnostic uses. 

V. Counterlon Effects 

Transport of cations by ionophoric carrier molecules 
from one aqueous phase to another aqueous phase 
through hydrophobic membranes is important because 
of possible biological23 and industrial1 applications. 
Complexation occurs between the cation and the 
binding sites of the ionophore. In the case of neutral 
carrier molecules, the cation flux has a strong inverse 
dependence on the solvation energy of the accompa
nying counterion.145 Successful transport depends, 
therefore, on the readiness of the anion to leave its 
aqueous environment and enter the organic phase. 
Common practice is to employ large, poorly hydrated 
anions that may interact by polar and dispersion forces 
with the membrane medium,145 picrate being the fa
vorite anion chosen for this purpose.146 This simple 
picture is obscured, however, by the additional effect 
of ion pairing between the cation and the anion(s).145"150 

In water and other highly solvating media, the charged 
complex and the anion are separately solvated.147,151"153 

In poorly solvating media, such as hydrophobic organic 
solvents, pronounced ion pairing occurs and complexed 
ion pairs or ligand separated ion pairs are formed. 
Water molecule(s) from the cation and solvent mole
cule^) from the anion first solvation shells are probably 
displaced in this ion pairing if it leads to a contact 
pair.147,150 The extent of the electrostatic cation-anion 
interactions, which are typical of Li+ complexes, de
pends on the following properties of the anion: charge, 
ionic radius, shape, polarizability, and lipophilicity.147 

These properties are extremely important for the dis-
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TABLE XIV. Coordination of Lithium Picrate and Its Complexes with Crown-Ethers 

ligand 
LXXX 
XLV 
LIV 
LII 
XLII 
LVI 

averag 

coordination 
no. symmetry 
5 SP 
5 SP 
5 SP 
4 Td 
6 distorted Oc 
5 TBP 

;e Li-O (A) distance 

ethereal 
no. of 
sites 

-
4 
4 
-
4 
3 

oxygens 
Li-O, A, 
average 
-
2.035 
2.092 
-
2.087 
2.095 
2.077 

coordination sites in 
phenolate oxygens 
no. of Li-O, A, 
sites average 

2 
1 
1 
1 
1 
1 

1.982 
1.916 
1.883 
1.925 
1.960 
1.936 
1.933 

lithium picrate complexes 
o-nitro 

no. of 
sites 

2 
-
-
1 
1 
-

oxygens 
Li-O, A, 
average 
2.035 
-
-
2.040 
2.26 
-
2.112 

number 
of sites 

1 
-
-
2 
-
1 

H2O 
Li-O, A, 
average 

1.928 
-
-
1.865 
-
1.962 
1.918 

ref 
114 
101 
105 
73 
101 
106 
-

solution of the complex in solvents of low polarity. The 
contribution of the anion to the transport selectivity is 
also important. It was recognized that the presence of 
lipophilic anions in the membrane phase gives rise to 
significant changes in the cation selectivity of neutral 
carrier based sensors.51-164,165 Solvent polymeric mem
branes containing DB14C4 are most selective for lith
ium ions.156 Incorporation of lipophilic anions, such as 
tetra-(p-chlorophenyl)borate, into the membrane leads 
to an improvement in lithium selectivity. Bulky po-
larizable soft anions in aprotic nonpolar organic solvents 
form ligand separated Li+ ion pairs.61,128"133 For exam
ple, in one case, the Li+ is in a sandwich complex of two 
12C4 molecules.61,128"133 Trace amounts of moisture 
decompose the complexes. In other cases, solvent-sep
arated Li+ ion pairs are formed, e.g., hydrates of lithium 
carbamates,19"22 and THF-solvated lithium salts of 
U(C2B9Hn)2Cl2-,

66 Ag(C[Si(CH3)3]3}2-)
66 AsPh2",61 Lu-

(C8Hg)4",68 and Cu5Ph6".70 There are examples of soft 
spherical anions that form separate ion pairs with the 
Li+ complexes, and the coordination sphere of the Li+ 

is saturated by the ligand binding sites and solvent 
molecules, such as H2O,55,73,74,78,100,103,104 CH3OH,117 

CH3CN,94,95 THF,47 and urea.75 No crystal structures 
of separated ion pairs of Li+ complexes with hard anions 
have been reported. 

Anions of dicarboxylic acids, such as succinate,31 

malonate,29,30 maleate,33 phthalate,38"41 and oxalate28,86 

which function as bidentate ligands, enhance Li+ 

transport in erythrocytes by an anionic cation transport 
mechanism.4 Lithium ion forms crystal complexes with 
the above carboxylate ions. In all of these structures, 
the carboxylate ions function as bidentate ligands 
suggesting a similarity between crystal and solution 
structures of Li+ complexes. 

The counterion effect is illustrated by the coordina
tion chemistry of lithium picrate with crown ethers. 
Examples are presented in Table XIV. The Li+ has 
coordination numbers 4, 5, and 6, and coordination 
geometries of Td, SP, TBP, and distorted Oc, respec
tively. The picrate in some complexes is a monodentate 
ligand101,106,106 binding through the phenolic oxygen. In 
other cases, it is a bidentate ligand73,114 where the ad
ditional binding site is an oxygen of an o-nitro group. 
Whether the picrate ion is monodentate or bidentate 
appears to depend upon whether one or two donor sites 
are needed to saturate the coordination sphere. When 
there are constraints because of the ligand molecule 
conformation, additional water molecules interact with 
the Li+ in order to saturate its coordination 
sphere.67,106,114 The mono- and bidentate property of 
the picrate ion may have implications on extraction and 
selectivity studies of alkali picrates in solution. Crystal 

structure studies of lithium thiocyanate99 and lithium 
picrate101 complexes of DB14C4 reveal that the Li+ is 
SP coordinated. The four ethereal oxygens of DB14C4 
provide the basis of a square pyramid, and the apical 
site is occupied by the anion. Replacement of the 
chelating anions thiocyanate and picrate by the 
nonchelating bulky spherical anions iodide100 and per-
chlorate100 causes the formation of separate ion pairs 
in which the complexed cation is separated from the 
anion by a water molecule. It is assumed that complex 
formation in these cases is by a stepwise replacement 
mechanism presented in the following equations: 

M1+(S)n + L = M2+S^1L + S(solvent) (1) 

M2+S^1L + L = M2+S1 m-2 l j2 L2 + S etc. 

M2+SLn-I + L = M2+Ln + S 

M2+ + nL = M2+Ln 

(2) 

(3) 

(4) 

Equilibria 1 and 2 would be predominant when the 
cations are nearly fully solvated. Further ligand binding 
occurs, until the solvent (S) molecules in the solvation 
shell of the cation (M2+) are replaced by the ligand (L) 
binding sites (equilibria 3 and 4). 

The solvent molecules are replaced by the ligand 
binding sites. The replacement of each water molecule 
in the hydration sphere requires the contribution of 
much energy.13,157"159 By changing the anion, it is 
possible to change the coordination sphere of the 
Li+,100"103,120 a parameter that affects the kinetics and 
thermodynamics of Li+ complexation. 

VI. Solvent Effects 

Cation binding and selectivity by ionophores are af
fected by the nature of the solvent.13,14,147,163,154,160,161 In 
general, oxygen-donor solvents and nitriles solvate hard 
acceptors well and soft ones poorly. On the other hand, 
amines and sulfur-donor solvents solvate soft acceptors 
strongly and hard acceptors poorly. The thermody
namic stability of a complex is, in general, inversely 
proportional to the solvation of the ligand and of the 
metal ion or complex. Complex formation will, there
fore, be weaker in solvents where the acceptor is 
strongly solvated. When the dielectric constant is lower 
than 10, ion-pair formation with its resultant neutral
ization of charge becomes important, and the stabilities 
of neutral complexes increase dramatically.147,153 The 
solvation of anions follows a quite different pattern than 
that of cations. The donor properties of the solvents 
are of minor importance for the solvation of anions, 
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CHART XVIII. Lithium-Selective Ionophores 
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CHART XVIII (Continued) 

1 S-Crown-4 derivatives 

7^ 
HO1C 

D-C10H2, 

16-Crown-4 derivatives 

R H 

R j—0 O—v R 

R >—O 0 — ' R 
41(LIII)" H 
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which are donors themselves. The halides are especially 
strongly solvated in solvents capable of forming hy
drogen bonds. The strength of the hydrogen bonds 
formed by the halides decreases in the order Cl" > Br" 
> I". Bulky, spherical hydrophobic anions may interact 
with the solvent molecules by polar and dispersion 
forces.147 

By using solvents with different properties, such as 
dielectric constant, donicity, etc.,163 one may have dif
ferent complexes involving the same ligand molecule 
and cation salt. Lithium hydrogen phthalate crystal
lizes from aqueous solution in a Td coordination in 
which two of the binding sites are phthalate carboxylate 
oxygen atoms and the other two are H2O molecules.38 

By changing the solvent to methanol, the two H2O 
molecules in the coordination sphere of Li+ are replaced 
by two CH3OH molecules.40 The combination of highly 
solvating solvents such as H2O, THF, HMPA, and soft 
polarizable anions causes the formation of solvent-sep
arated ion pairs. Examples are the lithium tetrahydrate 
carbamates in aqueous solutions,19-22 the tetra-THF-
solvated Li+ in THF solutions67"71 and tetra-HMPA-
solvated Li+ in Et^O-toluene solution.81 As was shown 
in the previous section, it is difficult to differentiate 
between the counterion and the solvent effects. Both 
factors contribute to the formation of the complex. 
Both the anion and the solvent molecules compete with 
the ligand binding sites for the saturation of the Li+ 

coordination sphere. Mainly, the Li+ is coordinated by 
the ligand binding sites and the counterion, but there 
are examples where the counterion is replaced by sol
vent molecules, such as H2O,56'73-74'78'100-103'107 CH3OH,117 

CH3CN,94-96 THF,47 and urea.76 Water molecules are 
involved in the coordination sphere, when Li+ is 4, 5, 
or 6 coordinated. The presence of trace amounts of H2O 
prevents the formation of Li+ complexes with coordi
nation numbers lower than 4 and higher than 6. The 
replacement of solvent molecules by the ligand binding 
sites upon cation complex formation is illustrated in 
equations 1-4. The stepwise mechanism is affected by 
both the anion and the solvent molecules.147,163 

VII. Lithium-Selective Ionophores 

There has been much recent interest in lithium-se
lective ionophores primarily because of their possible 
biological and medical applications. No natural iono
phores have been identified that exhibit significant 

preference toward Li+, and, in fact, no synthetic iono-
phore has been prepared that would be selective enough 
to preferentially bind Li+ in its physiological concen
tration.3,4 Therefore, it is desirable to elucidate the 
basic principles of lithium coordination, which, hope
fully, may lead both to the design of better ionophores 
for Li+ and to the understanding of its biological ac
tivity. There are both linear51,108,109,162"166,168'176 and 
cyclic138"140,156,166,167,169"179 synthetic ionophores for Li+ 

(see Chart XVIII). 
The most effective and favorable binding sites in Li+ 

selective ionophores are amide and ethereal oxygens. 
It is probably due to the fact that both amide and 
ethereal oxygens are hard bases that can form Td and 
SP coordination polyhedra with optimal cavity radius 
for Li+ binding. It is important that all of the Li+ 

ionophores except one (compound 1) have four or five 
binding sites. The crystal structures of compounds 1, 
6, 12, 15, 22, 38, and 41 show that compound 1 forms 
a sandwich complex with Li+ in Td geometry, while all 
of the other ligands are pentacoordinated to the Li+ in 
SP geometry. These results are consistent with the 
theoretical calculations16 and the experimental data15 

of optimal cavity radius for LL+ binding. Hexadentate 
Li+ selective ligands are achieved by the synthesis of 
rigid-cage molecules with very small cavity radius,16,16 

such as, ciyptands92'93,125,160'161 and spherands.101,102 

Otherwise, hexadentate ligands are an unlikely choice 
for Li+ selective complexation, because they might also 
bind Na+ effectively. The coordination number and 
geometry around the Li+ is dictated by the ligand. 
Since two molecules of 1 provide four donor oxygen 
atoms in a Td geometry, there is no possibility for other 
geometrical arrangements. The linear amino and amido 
ethers 6 and 12 provide the square basis of the 5-fold 
SP coordination. Model structures of these ligands 
show that their participation in TBP geometry is un
favorable. AU of the cyclic polyethers having four 
ethereal oxygens (15,22, 38, 41) provide the square basis 
for 5-fold SP coordination.179 The coordination number 
and geometry around the Li+ is dictated by the ligand. 
In all of the pentacoordinated complexes, when the 
ligand provides four binding sites, the fifth site is oc
cupied by either the anion96"99,102,104,106,108'109 or solvent 
molecule.100,103 In the Li+ ionophores, both the linear 
and the cyclic compounds are relatively rigid, and it 
appears that the coronand lithium complexes in the 
crystal resemble their structure in solution. Additional 
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support for this assumption comes from the correlation 
between crystal structure studies28-31,33,38"41,86 and en
hancement of Li+ transport through erythrocyte mem
branes4 by Li+-dicarboxylic acid complexes. Therefore, 
similar structure-selectivity relationships exist in both 
media. 

VIII. Lithium Ions In Biological Systems 

The effect of lithium on behavior has been estab
lished beyond doubt during the past several decades. 
Lithium ions have been effective in the treatment of 
human mania,1,2 and sometimes even of human de
pression.1 Some biochemical reactions influenced by 
Li+, such as inhibition of carbohydrate transport,180"181 

influence on cyclic AMP metabolism,182,183 the combined 
effect with dopamine and vanillyl mandelic acid,184 in
ositol phospholipid metabolism,141 and activity against 
DNA type viruses6 have been reported. However, the 
physiological effect of Li+ is still not well under
stood.1,3,4,186,186 

Lithium ions form stable solution complexes with 
nucleosides,187 uramildiacetic acid and its homologue,188 

ATP,6 ADP,6 pyrophosphate,6 and the antibiotic lasa-
locid A.189 Of particular interest is the interaction be
tween Li+ and carboxylic acids. Succinate, malonate, 
maleate, phthalate and oxalate enhance Li+ transport 
through erythrocyte membranes.4 Lithium ions form 
crystal complexes with most of the carboxylic acids that 
are involved in the citric acid cycle,190 citrate,36,37,116 

malate,36 succinate,31 malonate,29,30 acetate,27 formate,26 

glycolate,87 and NAD+.83,84 The formation of stable 
complexes with the building blocks of the citric acid 
cycle and NAD+ on one side and the interaction with 
ADP and ATP on the other side suggests that Li+ may 
interfere with the most essential biological metabolic 
cycles of living cells. The strong interaction with am
ides60"53,118 and peptides54"67,94,96 might explain the ef
fectiveness of Li+ as a denaturating agent of proteins. 
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ad adenine 
am amine 
AN acetonitrile 
An" anion 
B benzo 
12C3 12-crown-3 
14C4 14-crown-4 
ca carboxylate 
Cb cube 
a-CD a-cyclodextrin 

Dh 
DME 
Et 
et 
Et2O 
HMPA 
L 
NAD 
nit 
Oc 
OH 
PBP 
Ph 
phn 
pho 
pic 
PO 
pyr 
S 
SA 
SP 
Td 
TBP 
t-Bu 
THF 
TpClPB 
TPP 
Ur 
w 

dodecahedron 
dimethoxyethane 
ethyl 
ether 
diethyl ether 
hexamethylphosphoramide 
ligand 
nicotinamide adenine dinucleoside 
nitrate 
octahedron 
hydroxyl 
pentagonal bipyramid 
phenyl 
phenolate 
phosphine 
picrate 
phosphate 
pyridine 
solvent 
square antiprism 
square pyramid 
tetrahedron 
trigonal bipyramid 
tert-butyl 
tetrahydrofuran 
tetra-(p-chlorophenyl) borate 
triphenylphosphine oxide 
urea 
water 
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