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COORDINATION CHEMISTRY OF ALKALI AND
ALKALINE EARTH CATIONS WITHIN THE GROUP
DISCRIMINATIONS THROUGH X-RAY STRUCTURAL
STUDIES OF COMPLEXES WITH BENZO-15-CROWN-5%
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A number of crown ether complexes of alkali and alkaline earth cations have
been examined using X-ray structural data, The results obtained have been
discussed in the light of their discriminating features in coordination behaviour
along with their respective groups.
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INTRODUCTION

NATURE has always been using different group members of alkaliM+) and
alkaline earth(M?2*) cations for the control and function of diverse natural processes.
The efficiency of such processes invariably depends on a striking difference in the
chemical behaviour of the adjacent group congeners—Na and K, and Mg and Ca.
The role of these four cations in geology! as well as biology? is dominant. The
geological systems derive the benefit of an outstanding tendency of Ca for forming
the static hard structures while under the same conditions K and Mg behave
mobile. The same is practically true of the biological systems wherein K and Mg
behave mobile and get transported across the cell membrane much more efficiently
than Na and Ca. The latter cations, thereby, serve the extracellular requirements
-of the system which include maintenance of the osmotic pressure(Na) and formation
of the hard bone structure(Ca). Any possible control on the function of these
cations, which is so frequently needed for biological systems in particular, is possible
only if the chemist understands their chemistry. With this aim, we set out in mid-
seventies to investigate the interactivity of M+ as well as M2+ in an extensive
manner employing inorganic (X) as well as organic (L) anions as charge neutralizers
and crown ethers (Fig. 1) as ligands.

RESULTS AND DISCUSSION

Our earlier work on MX-Crown systems using benzo-15-Crown-5 (B15 C5) and
-dibenzo-30-crown-10 (DB30 C10) ethers demonstrated to distinguish Na and K
in vitro. It is found irrespective of the charge neutralizing X is Br, I or NCS, NaX

*Presented at the INSA Golden Jubilee Symposium on Recent Trends in Inorganic Chemistry
held in Calcutta in December 1985.
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Fic 1 The crown ethers used in the present work,

(a) Benzo-15-crown-5 (B15C5)
(b) Dibenzo-30—crown-10 (DB30C10).

species consistently yield 1:1 complexes with BI15CS for all the NaX-BI5C5
proportions and for all the solvating media (ethanol. acetone, methanol-water) used
for the synthesis of the complexes. On the contrary, for KX, the solid complexes.
are invariably of the 1:2(K:B15C5) stoichiometry under all the conditions even when
insufficient (1:1) B15C5 is used for the chemical reactions.

X-ray crystallography of Nal.BI5C5.H,O revealed the cations to be
coordinated to all the five oxygens of the crown and to the water molecule.? The
latter displays ‘“double action” in that it holds also the iodide ion at its polarised
proton to generate a polymeric structure (Fig 2a). Such a double action molecule
of water may be treated as an ‘“‘anion” and the complex is ““anion paired”. The
KI(B15C5)s, on the contrary (Fig 2b), was found to be a charge separated sandwich
of K with two molecules of B15CS5 and we find that the ligandophilicity of this
type is an important feature of K irrespective of the nature of the counter acting
anion.* All results are indexed in Table L.

The results with the much larger crown ether, DB30C10, which can be
considered as two molecules of BI3CS for all purposes, were seemingly surprising.
With KX species, it invariably yielded 1:1 complexes while NaX species formed
bimetallic 2:1 products.’ This is despite that K could also form 2:1 products
through necessary axial displacement of the two cations. X-ray structural analysis®
of KI (DB30C10) (Fig. 2c) revealed charge separation of KI; while in doing so the
crown molecule undergoes an extensive conformational change to wrap around the
cation. About the bimetallic complexes, we predicted a planar configuration of
the complexed crown and an anion-paired state of the cation (Fig. 2d) even before
the crystallographic work. Later X-ray analysis of (NaNCS), (DB30C10)" indeed
revealed it to be so. The results obtained with DB30C10 and B15CS led to an
irresistible conclusion in that K exhibits a ligand over anion preference while Na
behaves anionphilic even after complexation with a potential ligand such as a
crown ether.

The feasibility of such inferences about the Lewis acid status of such cations as.
constituting the “chemically similar pairs” motivated us for an extensive chemical
and crystallographic work on all the cations of the alkali and alkaline earth groups
(general abbreviation, M*+).  This, of course, excludes Be while H+ has recently
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Fic 2 Schematic structural diagrams of
(a) Nal. BI5C5.H,;0
(b) KI(BI5CS),
(¢) KI(DB30C10) and
(@) (NaNC8), (DB30C10) . H;0 (water molecule shown),

been included in the list. For obvious reasons, we kept the crown ether (B15C5)
and the anions (Pic and Dnb) unchanged wherein Pic and Dnb denoted 24,6~
trinitrophenolate and 3, 5-dinitrobenzoate respectively.

The X-ray structural results of M(Pic)s (B15C5)s systems are displayed
schematically in Fig. 3. It shows that crown/picrate reference exhibited by the
cations grades understandably from Li to Cs. The most high charge density Li
behaves exclusively anion-cum-solventphilic,® (Fig. 3a); H* forms the complex
H(Pic)B15CS) 2H,O which is isomorphous with the Li-complex. Na can be dehy-
drated by the crown but it does behave anionphilic® even in a complexed state by
the crown ether (Fig. 3b). K continues to show up ligandophilic and undergoes
charge separation even from the chelating Picl0 (Fig. 3¢). The behaviour of Rb and
Cs, which yield isomorphous 1:1 complexes,!! is seemingly erratic, for according to
the Ion cavity radius concept!? they should yield 1:2 sandwiches with this crown
ether. Structural analysis reveals that Pic dictates on the cation and does not
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TaABLE 1
The donor atom contacts around the cation in M**—B15C5 complexes

Compound Bond distance (K)
[Na(B15C5) (HO))I Na...0, 2.35-2.43
Na...OH,, 2.29
[K(BL5C5),]1 K...0, 2.78-2.96
[K(DB30C10))L K...0, 2.85-2.93
(NaNCS), (DB30C10) Na.. O, 2.40-2.4%
Na. . O(bridge) 2.53, 2.59
No..N 236
[Li(Pic) . 2H,0} (B15C5) Li—O, 1.85-2.03
Na(Pic) (B15C5) Na...0, 2.40-2.50
Na...0, 2.35; Na...ONO, 2.51
[K(B15C35),] (Pic) K...0, 2.81-3.00
Cs(Pic) (B15C5)s Cs...0, 3.00-3.24
Cs ..0-, 3.03: Cs...0ONO, 3.01-3.42
[K(B15C5),]NO;H,0? K..0,2.78-3.00
[Ca(Pic)e. 3H, 0] (B15C5) Ca...0-,2.28,2.32;
Ca...ONO, 2.46-2.61
Ca...OH,, 2.42
Ba(Pic); (B15C5).H,0¢ Ba...O, 2.80-3.00

Ba...0, 2,64, 2.76;
Ba...ONO, 2.83, 2,99
Ba..AOHz, 2.71
HDnb(B15C5).H,0O Hydroxyl carbon makes no contact
with any oxygen of the
hydrated B15C5 moiety.

NaDnb(B15C5) H,O Na...O, 2.41-2.56, Na...O" 2.45
[K(B15C5),] (Dnb.2HDnb) K...0, 2.76-3.10
K...O-, >7

[Ca(Dnb), (B15CS)] (B15CS . 3H,0) Ca...0, 2.52-2.78
Ca...0, 2.46, 2.47

[Ba(Dnb), (B15C5), Ba...0, 2.89-3.09
Ba...0, 2.64-2.96

a. The complex Rb(pic) (B15C5) is isomorphous.
b. The complex Rb(B15C5),NO;. H,0 is isomorphous.
c. The complex Sr{pic),(B15C5) . H,O is isomorphous.

permit it to polarize two molecules of the crown ether at a time (needed for consti-
tuting the sandwich). The cation yields to the anion-eflect and stays contended
only with a 1:1 complexation but satisfies its coordinative saturation through
an unusual chelation also with the p-nitro function of the Pic belonging to the
adjacent molecule in the lattice (Fig. 3d). The overall behaviour is, nevertheless,
understandable for a low charge density and a large cation. For MNO; (M = Na
K, Rb, Cs) species, Na forms 1:! complexes and Rb yielded monohydrated 1:2
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Fic 3 Schematic structural diagrams of M(Pic) (B15C5), systems
(@) [Li(Pic) (H,0)5] (BI5CS)
(b) Na(Pic) (B15C5)
(¢) The charge separated [K(B15C5),)(Pic)
(d) Cs(Pic) (B15C5) and
(¢) M(B15C5);NO;.H,;0 (M = K* or Rb+) complexes.
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sandwich in which Rb behaves like K in getting charge separated while the water
molecule bonds with the isolated NO; ion (Fig. 3e).

The X-ray structural analysis of M(Dnb) (B15C3). complexes (Fig. 4) confirms
the conclusions derived from the study of M(Pic)-complexes (Fig. 3). Herein, H+
and Li constitute 1:1 monohydrated isomorphous complexes (Fig. 4a) and fail to
undergo interaction with any oxygen of the B15C5.H,O moiety.!?3 The larger Na
of decreased charge density undergoes chelation with the crown ether and maintains
a contact also with the Dnb carboxylate group (Fig. 4b).14 As expected, K again
constitutes a charge separated 1:2 sandwich (Fig. 4¢)!5 despite that the more
nucleophilic Dnb has to undergo disproportionation with the protic medium
(ethanol) to generate DnbH for yielding the electrostatically stabilized Dnb 2
DnbH~ homoconjugate.

The X-ray structural results of M(Pic), (B15C5) systems (Fig. 5) shows that
crown/anion preferences of the divalent cations also varies with their size and charge
density.  Thus Ca in Ca(Pic); (B15C5).3H,0 (Fig. 54) exhibits a total anion-cum-
solvent preference!é as Li does while Sr and Ba (which constitute 1:1 monohydrated
isomorphous complexes undergo complexation with the crown (Fig. 5b)!7 but
maintain contacts with the charge neutralizing Pic anions as Na does.

Fig. 6, which displays schematically the X-ray structural results of the
M(Dub),(B15CS5) complexes, reveals that calcium is indeed anionphilic and in the
complex Ca(Dub),(B15C5),.3H,0,8 maintains chelation through the bidentate carbo-
xylate of each Dub in preference to a possible charge separation through the second
molecule of BI5SC5 which is present in the lattice (Fig. 6a). Contrary to this behaviour
the smaller congener, Ba on complexation with the crown ether undergoes ion pair
loosening so that 1:1 complex Ba(Dnb),(B15C5) becomes 2:2,19 wherein each of the
four Dnb anion acts as a mondentate towards each Ba and hold the two Ba (B15C5)*?
moieties together (Fig. 6b). We are still in the course to know whether the
analogous Sr complex is isomorphous the Ba-one or in some way different.

Fic 4 Schematic structural diagrams of M(Dnb) (B15C5), systems
(a) M(Dnb) (B15C5.H,0 (M = H*or Li*)
(b) Na(Dnb) (B15CS) . H;O
(©) [K(B15CS),] (Dnb.2HDnb).
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Fic 5 Schematic structural diagrams of M(Pic),(B15C5) systems

(a) Ca(Pic),(B15C5) . 3H,0
(b)) M(Pic),(B15C5). H,O (M = Ba* or Sr#*),

Admittedly, the o-donor B15CS5 is an useful discriminating ligand2® essentially
towards the monovalent alkali cations. This or any other o-donor ligand, however
potential, is not likely to provide as complete a picture for the divalent alkaline
earth cations. For a close comparative understanding of the Lewis acid status of

these cations we are now getting increasingly involved in the study of N-donor
macrocycles, essentially the pyridine-based ones.

CONCLUSIONS

An examination of the BI5C5 anion (solvent)preferences shown by the cations in
crystal lattice, the following inferences can be made.

Alkali Cations

Li is anion-cum-solventphilic. Na is anionphilic even in the complexed state.
K is constantly ligandophilic and can easily be charge-separated. Rb does not
appear to possess a recognizable independent Lewis acid status for it either mimics
K(when charge neutralizer is relatively charge delocalized) or Cs(when the charge
neutralizer is strongly cation pairing). Cs is complexable, with the o-donor macro-
cycle in particular, but counter anion maintains an effective control and restricts the
Cs-ligand interaction.

Alkaline Earth Cations

Mg is strongly solventphilic and for a double-action solvent such as water it
shows even exclusive solvent/anion and solvent/ligand preference. Ca is drastically
different from Mg in being highly anionphilic (in fact Ca is most highly anionphilic
of all the M** ions) and forms insoluble compounds (in vitro) and hard structures
(in vivo). Sr does not appear to display a recognizable individual Lewis acid status;
for the strongly pairing counter anions it mimics Ca(as in simple inorganic salts)
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Fic 6 Schematic structural diagrams of M(Dnb),(B15C5),, systems
(a) Ca(Dnb)y(B15CS5),.3H,O
(b) Dimerized Ba(Dnb); (B15CS).

but for weakly pairing anions it mimics Ba(as in complexed salts such as a picrate
or a perchlorate). Ba behaves practically like Na in being easily complexable by a
multidentate and in displaying anionphilicity in the complexed state.

REFERENCES

1. P Handerson Inorganic Geochemistry Pergamon Press Oxford (1981)

2. M N Hughes The Inorganic Chemistry of Biological Processes Wiley New York (1981)
3. M A Bush and M R Truter J chem Soc Perkin Trans 2 (1972) 341

4. P R Mallinson and M R Truter J chem Soc Perkin Trans 2 (1972) 1818

5. N'S Poonia and M R Truter J chem Soc Dalton Trans (1973) 2062



(=T~ B ST B~ Y

12,
13.
14.
15.
16.
17.

18.
19.
20,

COORDINATION CHEMISTRY OF ALKALI AND ALKALINE EARTH CATIONS 939

. M A Bush and M R Truter J chem Soc Perkin Trans 2 (1972) 345

. D Owen and M R Truter J chem Soc Dalton Trans (1979) 1831

. V W Bhagwat H Manohar and N S Poonia Inorg nuc/ Chem Lett 16 (1980) 373

. DL Ward AT Popov and N S Poonia Acta Cryst C 40 (1984) 238

. V W Bhagwat H Manohar and N S Poonia Inorg nucl chem Lett 17 (1981) 207

. K Venkatasubramanian K Joshi N S Poonia W R Montfort S R Ernst and M L Hackert

J Incl Pheno 3 (1985) 453
C J Pedersen J Am chem Soc 89 (1967) 7017
N S Poonia J Inc! Pheno 3 (1985) 000
K Venkatasubramanian N S Poonia and S Coudhary (Unpublished)
W X Xu Clinger M L Hackert and N S Poonia J Incl Pheno (Communicated) 3 (1985) 163
V M Bhagwat H Manohar and N S Poonia Inorg nuc! Chem Lett 16 (1980) 289

K ‘Venkatasubramanian N S Poonia K Clinger S R Ernst and M L Hackert J Incl Pheno 1
(1984) 319

P D Cradwick and N S Poonia Acta Cryst B 33 (1977) 197
D L Ward A I Popov and N S Poonia Acra Cryst Sect C 40 (1984) 1183
N S Poonia Pushpa Bagdi and K S Sidhu  J Incl/ Pheno (1985) (Unpublished)



