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Twelve complexes 1-12 of general category [M(ligand)(anion)(water),], where ligand = N,N,N',N'-tetrakis(2-hydroxy-
propyl/ethyl)ethylenediamine (HPEN/HEEN), anion = anions of picric acid (PIC), 3,5-dinitrobenzoic acid (DNB),
2,4-dinitrophenol (DNP), and o-nitrobenzoic acid (ONB), M = Ca?*, Sr**, Ba®*, or Na*, x = 1 and 2, and y = 0-4,
were synthesized. All of these complexes were characterized by elemental analysis, IR, *H and *C NMR, and
thermal studies. X-ray crystal studies of these complexes 1-12, [Ca(HPEN)(H,0),](PIC),-H,0 (1), [Ca(HEEN)(PIC)]-
(PIC) (2), Ba(HPEN)(PIC), (3), [Na(HPEN)(PIC)]. (4), Ca(HPEN)(H,0),](DNB),-H,0 (5),Ca(HEEN)(H,O)](DNB),-H,0
(6), [S((HPEN)(H,0):](DNBY); (7), [Ba(HPEN)(H;0)2](DNB)Hz0} 2 (8), { [Ba(HEEN)(H20)](ONB)z} 2 (9), { [SH(HPEN)-
(H20),](DNP),} » (10), {[Ba(HPEN)(H,0),](DNP)2} 2 (11), and [Ca(HEEN)(DNP)](DNP) (H20) (12), have been carried
out at room temperature. Factors which influence the stability and the type of complex formed have been recognized
as H-bonding interactions, presence/absence of solvent, nature of the anion, and nature of the cation. Both the
ligands coordinate the metal ion through all the six available donor atoms. The complexes 1 and 5-11 have water
molecules in the coordination sphere, and their crystal structures show that water is playing a dual character. It
coordinates to the metal ion on one hand and strongly hydrogen bonds to the anion on the other. These strong
hydrogen bonds stabilize the anion and decrease the cation—anion interactions by many times to an extent that the
anions are completely excluded out of the coordination sphere and produce totally charge-separated complexes.
In the absence of water molecules as in 2 and 3 the number of hydrogen bonds is reduced considerably. In both
the complexes the anions case interact more strongly with the metal ion to give rise to a partially charge-separated
2 or tightly ion-paired 3 complex. High charge density Ca?* forms only monomeric complexes. It has more affinity
toward stronger nucleophiles such as DNP and PIC with which it gives partially charge-separated eight-coordinated
complexes. But with relatively weaker nucleophile like DNB, water replaces the anion and produces a seven coor-
dinated totally charge-separated complex. Sr?* with lesser charge/radius ratio forms only charge-separated monomeric
as well as dimeric complexes. Higher coordination number of Sr* is achieved with coordinated water molecules
which may be bridging or nonbridging in nature. All charge-separated complexes of the largest Ba®* are dimeric
with bridging water molecules. Only one monomeric ion-paired complex was obtained with Ba(PIC),. Na* forms a
unique dinuclear cryptand-like complex with HPEN behaving as a heptadentate chelating-cum-bridging ligand.

Introduction may be partly attributed to the enhanced-si#e repulsions

Synthetic and natural macromolecules resemble each othetVithin the ligand moleculé? This is true for the bi- and

in their preference for smaller cations over larger ones. This tricyclic ligands. However,.for the flexible macrocycles, the
complexes of the small cations have been isolated only under
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special conditions. This discrimination may be attributed (DNP), ando-nitrobenzoic acid (ONB), etc. The double
primarily to the strong involvement of such cation$he action ligands offer an advantage of stabilizing the anion in
site—site repulsions may only help in the retreat of the addition to coordinating with the countercation so that similar
macrocycle when it fails to encapsulate the cation. If the cations can be investigated under a diminished (or lifted)
counteranion is stabilized in some way, during complexation anion effect, especially the trio €3 S+, and B&" for

of the cation, it is believed that high specificity for the small which the group discrimination is the most ticklish.
divalent (Ca and Mg) and monovalent (Na and Li) cations

may be noted,contrary to the earlier predictiois. A

On the other hand, selectivity order of the neutral, R Y VEN OH(\N > OH

: . . . 0 O "OR HO

synthetic, open chain, multidentate ligands (sensors/podands)

for a cation is greatly determined by its own structural aspects R=H () ()

and the solvent medium. Apparently the principles of R=CH; (1)

complexation discovered for the metalrown systems are

not applicable to the understanding of the cation selectivities

of the metat-podand systems. On the contrary, the results A/ \N R

of the two systems appear dissimilar. Crown ethers are R{ N N/R\r

usually selective for low charge density cations (iRb", HO  oH Ho OH

Cs') whereas most sensors select the medium charge density R=CH; (a)

cations (Nd&, B&*, SP*, Ca&"). The high charge density ReH (b)

Mg?" is not bound by any of the two under ordinary reaction )

employing organic and aqueous organic media. However,
the simultaneous stabilization of the counteranion by the With binati f | ith the li i
ligand carrying polarizable hydrogens affects the results in Ith com |n§t|on ot our resu ts with the |terat_ .lt

much the same way as in the case of the macrocyclic Iigands.Can be summarized that, in the complexes of acyclic ligands

. . . . A such adl which do not possess a polarizable hydrogen at
With the aim of understanding the chemical principles and ) o . .
the intriguing interactive preferences of N&*, Mg?*, and the end group, the H-bonding interactions are lacking and

- ) the anion interacts strongly with the cation resulting in the
Ca&" atoms in the natural systefa broad-based chemical gy g

and crystallographical investigations on the alkali and formation of fight ion pair$** The ligands carrying
alkaline earth metal cations in general was undertaken andpolarlzable hydrogens (like dipodal ligantisand tripodal

. . . . . ligandlll ) pl I role. Th rdinate with th ion
a series of the cations in comparable environments with gandlll ) play a dual role. They coordinate with the catio

. . . i and also interact with the counteranion producing an
regard to charge neutralizer and the ligand were investigated P g

using cyclic multidentate ligands. The work was later on extensive network of H-bonding. The latter leads to a
9 cy . 9 i . . decrease in the catieranion interactions to the extent that
extended to include double-action acyclic multidetate

) . the cation and anion no longer remain within a bondin
ligand$1%11such asl—Ill . The charge neutralizers found g 9

to be the most suitable are corresponding anions of picric (11) (a) Hundal, G.; Martinez-Ripoll, M.; Hundal, M. S.; Poonia, N. S.
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P., Ibers, J. A., Joregnsen, C. K., Neilands, J. B., Reinen, D., Williams,
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distance of each other resulting in totally charge-separated
complexes in most of the casBaP9/1516A partial charge
separation or a tight ion pair is seen only in the case of a
metal ion of high charge density paired with a very strong
nucleophilé®11e150.17gr for a large-sized metal ion whose
coordination sphere is not satisfied by coordinating to the
ligands alongicd.18

Working along the same lines, we have now included the
tetrapodal ligands\,N,N',N'-tetrakis(2-hydroxypropyl)eth-
ylenediamine IVa) (HPEN) andN,N,N’,N'-tetrakis(2-hy-
droxyethyl)ethylenediamind\{b) (HEEN) in our studies.
There is a big gap, as discovered during the literature survey,
regarding the complexation properties and structures of their
complexes. To the best of our knowledge only one X-ray Figure 1. ORTEP drawing of compleg, showing the labeling scheme.
crystallographic stud;? has been done so far, and that is a The anion and the hydrogens attached to the carbons have been removed

. for clarity. 5 is isostructural with one extra lattice water molecule.

complex Cu(HPEN)(CIg).-H-O. Presently we are reporting
12 new complexes of ligand¥ . These complexes belong _ _
to the general type M(aniogfligand)(H0), in different None of these hydrogens were refined, and they were made to ride

stoichiometries. The main aim of this investigation is to study °" (heir respective atoms. The hydrogens bonded to secondary and
the coordination modes of the ligands, their behavior as tertiary carbons were assigned an isotropic thermal parameter which

doubl fi i d d th | | d b ter i was 1.2 times th&is, value of their carrier atom, whereas hydrogens
ouble-action ligands, an € role playe y water in of primary carbons were given B, value of 1.5 times that of

deciding the catiofranion interactions. their carrier. The hydrogens of hydroxyl groups were given a fixed

Uiso Value of 0.052. The dihedral angles, least-squares planes,

hydrogen bonding, and torsion angles were measured using
All the details regarding the instruments, chemicals and synthetic Computer program PARSY.

methods used, elemental, spectroscopic, thermal, and crystal dataR

and treatment of disordered structures are being included as esults

Supporting Information. o _ Description of Structures. [Ca(HPEN)(H,0),](PIC),*
X-ray Data Collection, Structurt_a Determination, gnd Rgfme- H,0] (1). The complex possesses a 2-fold axis of rotation

ment. Data were collected on a Siemens P4 four-circle diffractom- passing through O2W and &aand midway bisecting the

eter using graphite-monochromatized Ma A = 0.710 73 A) C5—C5A bond (where A= —x + 1,y, —z+ 1/2). The C&"
radiations. The data were corrected for Lorentz and polarization . Y ;

effects?0 An absorption correction was applied usigigscans! ion is eight c_oordi_nated through all the four hydroxy| groups,
The structures were refined by full-matrix least-squares refinement both the.am'ne n'trOgen.S' and two Wat‘_ar molecules (Figure
methods based dF?, using SHELXTL-PCZ Complex neutral atom ~ 1)- A lattice water O2W is also present in the complex. The
scattering factors were used for the calculati®¥s anisotropic two picrate anions do not directly interact with the metal
refinement of non-hydrogen atoms was done for all the complexes ion but remain outside the coordination sphere. The complex
except for some disorderd atoms in a few cases (as given in theis thus a charge-separated complex (tipeChart 1). There
note on disordered structures). All the hydrogens were attachedare extensive intermolecular H-bonding interactions (Figure
geometrically except for those bonded to hydroxyl oxygens and 2) involving the hydroxyl oxygens, water molecules, phenolic
water molecules which were located from difference Fourier maps. oxygen, and oxygens of theenitro groups of the picrate ion.
The phenolic oxygen OS5 is forming two H-bonds with the

Experimental Section

(15) (a) Rogers, R. D.; Bond, A. FActa Crystallogr 1992 C48 1782.

(b) Rogers, R. D.. Jezl, M. L.; Bauer, C. Biorg. Chem 1994 33 coordinated water O1W and lattice water O2W. These two
5682. (c) Yamagauchi, I.; Miki, K.; Yasuoka, N.; Kasai,Bull. Chem. water molecules are also H-bonded to the oxygens O10 and
Soc. Jpnl1982 55, 1372. ni

(16) (a) Taeb, A.; Krischner, H.; Kratky, @. Kristallogr. 1986 177, 263. O7 of Fhe 0-nitro groups, throth the same hydrogens,
(b) Voegele, J. C.; Thierry, J. C.; Weiss, Rcta Crystallogr 1974 respectively. The second hydrogen of O1W also H-bonds
B30, 56. (c) Voegele, J. C.; Thierry, J. C.; Weiss ARta Crystallogr — to O7 of a symmetry-related PIC. Hydroxyl oxygen O1 is
1974 B30, 66. (d) Naiini, A. A,; Young, V. G., Jr.; Verkade, J. G. . . . . .
Polyhedron1997, 2087. showing interctions with O6 and O10 of tleenitro groups

(17) (a) Naiini, A. A.; Pinkas, J.; Plass, W.; Young, V. G., Jr.; Verkade, J. whereas the other hydroxyl oxygen O2 is donating a H-bond

G. Inorg. Chem 1994 2, 1290. (b) Voegele, J. C.; Thierry, J. C.; ; ;
Weiss, R.Acta Crystallogr 1974 B30, 62. to the lattice water O2W. Thus, the coordinated water

(18) Voegele, J. C.; Thierry, J. C.; Weiss, &ta Crystallogr 1974 B30, molecule is involved in three whereas the lattice water
70. H _ ; P i

(19) Orama, O.; Orama, M.; Schubert, Einn. Chem. Lett1979 136. molecule forms as much as six H pond'”g |n_teract|ons.

(20) Siemens XSCANS, X-ray Single-Crystal Analysis Systersion 2.1 [Ca(HEEN)(PIC)](PIC) (2). The eight-coordinated Ca
Siemens Analytical X-ray instruments Inc.: Madison, WI, 1994. ion is bonded to hexadentate HEEN (Figure 3) with two

21) North, C.; Phili D. C.; Math F. Act tall 1 A24, . . . . . .

1) 350{. + G- Philips, D. C.; Mathews, F. Bcta Crystallogr 1968 A24 remaining coordination sites being occupied by the phenolate

(22) Sheldrick, G. M.SHELXTL/PC. Siemens, XSCANS, X-ray Single- oxygen O12 ana-nitro oxygen O13 of one of the picrate
Crystal Analysis System, Version 2.3%iemens Analytical X-ray ; ; ; ; ;
instruments Inc.. Madison, W1, 1994. anions. The second picrate ion remains uncoordinated

(23) (a) Cromer, T.; Liberman, DJ. Chem. Phys197Q 53, 1891. (b)
Cromer, T.; Mann, BActa Crystallogr 1968 A24, 321. (24) Nardelli, M.Comput. Chem1983 7, 95.
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Figure 2. Hydrogen bonding in complek Hydrogens attached to carbon
atoms have been removed.

Chart 1. Modes of Coordination of the Tetrapodands

| I\N/_\N/] | I\N/_—\N
N4 /HJ

O/M\
H

(anion)n

(anion}1

1 n=0 (a) N n=t(@m=1

=2(b),m=2

H
(anion) O {anion)

{an=1,m=1
(b)n=2,m=0

M W

LA
V”\J"

-4

{anion)

resulting in a partially charge-separated complex (iyag.
The picrate anion which is coordinated to the?Cian does
not participate in any inter- or intramolecular H-bonding.

Hundal et al.

Figure 3. ORTEP drawing of comple®, showing the labeling scheme
and 70 interaction. Hydrogens attached to carbon atoms have been
removed.12 is isostructural with the anion being DNP instead of PIC.

Figure 4. ORTEP drawing of comples, showing the labeling scheme
and H- bonding. Hydrogens attached to carbons have been omitted for
clarity.

O5 forms two H-bonds with two hydroxyl groups O1 and
04. 06 and 011 belonging to tlwenitro groups of this PIC
also form H-bonds to these hydroxyl groups. The other two
hydroxyl groups O2 and O3 form intermolecular H-bonds
with their symmetry-related counterparts. The uncoordinated
PIC anion also has face to fage--x interactions (3.8 A)
with the coordinated anion. The H-bonding and these inter-
actions probably prevent its interaction with the?Céan.
Ba(HPEN)(PIC); (3). The complex has a 10-coordinated
B&" (Figure 4). Two picrate ions directly coordinate to’Ba
ion through the phenolic oxygen and one oxygen of the
o-nitro group to form an ion-paired complex (tyfib ). The
complex shows only intramolecular H-bonding between the
four OH groups and phenolic oxygens and the oxygens of
the o-nitro groups of both the picrates. The hydroxyl group
03 forms an H-bond to the phenolic O5, and O2 donates an
H-bond to O6 of the-nitro group of one of the PIC groups.
The other two hydroxyl groups O1 and O4 H-bond with
oxygens O13 and O18 of thenitro group of the second
PIC. In this complex the ligantdlanion interactions are less

The uncoordinated picrate anion is involved in intramolecular in number and the nucleophilicity of the PIC is not quenched
H-bonding interactions with the HEEN. The phenolic oxygen and a tight ion-paired complex is formed.

2080 Inorganic Chemistry, Vol. 41, No. 8, 2002
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Figure 7. ORTEP drawing of comple®, showing the labeling scheme.
Hydrogens attached to carbons and anions have been removed for clarity.

Figure 5. ORTEP drawing of complex, showing the labeling scheme.
Hydrogens attached to carbons have been removed for clarity. oxygen of theo-nitro group O6. It accepts an H-bond from
hydroxyl oxygen O2 of the symmetry-related HPEN ligand.
O5 also shows an intermolecular H-bonding interaction with
04 whereas 06 accepts another bond from the hydroxyl
oxygen O1. Thus, both O5 and O6 act as double H-bond
acceptors and a total of five H-bonding interactions are
observed in the crystal lattice.
[Ca(HPEN)(H20),](DNB)»2H,0 (5). Ca&" is located at
2-fold axis of rotation which passes midway through the C5
and C5 bond (I= —x + 1,y, —z + 1/2). It is eight
coordinated by a hexadentate HPEN and two water mol-
ecules. Both DNB anions are lying outside the coordination
sphere resulting in a totally charge-separated complex (type
Ib). Two lattice water molecules O2W and O2W!I are also
Figure 6. Showing hydrogen bonding in compldxHydrogens attached  present. Its structure is similar tb The complex exhibits
to carbons have been removed for clarity. extensive intra-and intermolecular hydrogen-bonding interac-
tions. The polar hydroxyl groups of the ligand HPEN,

[Na(HPEN)]o(PIC), (4)' The “complex IS a .chargg- coordinated and lattice water molecules, and DNB anions
separated seven-coordinated centrosymmetric dimer (Figure

. o participate in hydrogen bonding. The carboxyl oxygen O5
5). Each HPE.N _I|gand shows heptagientate coordination tOis H-bonded to the coordinated water O1W, and the second
Na' ion by bridging between two Naions through one of

. oxygen O6 is triply H-bonded to the hydroxyl oxygen O1
gisstgﬁg?)gl 202(;/ g(%gSAOgngy;:\;&eége?xnerdai‘gtzn'\:;zois and the lattice water molecule O2W. The second hydroxyl
2.560(4) A. Thus, Na ion is encapsulated in an almost oxygen O2 donates an H-bond to the lattice water molecule.

h . . ) . O1W also forms an H-bond with its symmetry-related
(s; gzgc(g; (;:\r)p ;ﬁgﬂiﬁg g;}véiyihtzgﬁﬁydéf;i;;e dlisst?arr?caetir counterpart. Thus, both the coordinated and lattice yvater
(2'412(3) 2.393(3). 2.505(3) A) and also greater than the molecules act as donors as well as acceptors and in the

Na—04 distance (2.443(3) A) (= —x, —y + 1, -z + 1). pr?ég?ljége,\l?(ng)‘]s(gﬁg? Z.Eezlg fGV)V_aéa?f i;hs_r]r%ld COoor-
Therefore, O4 is further away from Ndhan the rest of the

: . dinated by hexadentate ligand (HEEN) and a water molecule
oxygens but is closerto.the cgntrosymmetrlcally.relgted Na O1W (Figure 7). The charge neutralizer DNB groups are
This type of unsymmetrical bridging where the bridging atom excluded from the coordination sphere (typg of the metal
of one molecule is closer to the metal ion of second molecule ion but are hydrogen bonded with the hydroxyl groups of
in the d|m_er IS a unique fegture in this compl_ex. The overall the ligand HEEN. The complex has extensive intra- and
structure is, however, similar to that found in case of [Na-

(TEA)(CIOs)s] and [Na(TEA)IL, where two hydroxyl oxy- intermolecular hydrogen-bonding interactions.The hydroxyl

FTEA bridaing bet Ni formi hai 01 forms an intramolecular H-bond with carboxyl oxygen
gens o are bridging between Nens forming chains O5 whereas 02 and O3 form intra and intermolecular bonds
or parallel sheets in the crystdf$:2> The crystal structure

h H-bonding involving hvd | henoli with carboxyl O11 of the DNB. Other two carboxyl oxygens
SNOWS H-bonding INvolving Nydroxy! 0Xygens, a Pnenolic og 504 912 form two intramolecular H-bonds with coor-
oxygen, and one of the oxygens of tbenitro group of

iCrate (Fi 6). The hvd | 03 is forming t dinated water O1W and lattice water O2W, respectively.
plcrae( igure 6). The hydroxy oXygen Ls 1S Torming tWo 9y js also donating an H-bond to hydroxyl 02, and O2W,
intramolecular H-bonds to the phenolic oxygen O5 and

to O4. Thus, coordinated water molecule O1W is only
(25) Naiini, A. A; Pinkas, J.. Plass, W.: Young, V. G., Jr.; Verkade, J. G. donating hydrogen bonds but the lattice water molecule acts
Inorg. Chem 1994 33, 2137. as donor as well as acceptor of hydrogen bonds.
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Figure 10. ORTEP drawing of comple®, showing the labeling scheme.

The anions and the hydrogens attached to the carbons have been removed
Figure 8. ORTEP drawing of compleX, showing the labeling scheme. for clarity. 11 is isostructural.

Hydrogens attached to carbons and anions have been removed for clarity.

3
A 2 o

02WA - o012
4 {0+ Pos ™

. o0 A
s 2 ‘of c22 4
Y O, ) 03 %
2 »)
2
'y b f N2 150 1
3, v =

)

Figure 9. ORTEP drawing of comple8, showing the labeling scheme. Figure 11. Hydrogen bonding in comple®. Hydrogens attached to
The anions and the hydrogens attached to the carbons have been removegarpons have been removed for clarity.

for clarity. 10 is isostructural except for the fact that it lacks lattice water
molecules.

012, respectively. The remaining two Ol1 and O2 are

[SF(HPEN)(H;0)3](DNB). (7). 7 is a charge-separated H-bonded to the terminally coordinated water O1W and
(type Ic) complex where St is nine coordinated to the lattice water O3W, respectively. Other two carboxyl oxygens
ligand and three water molecules (Figure 8). Both inter- and O5 and O11 are also H-bonded to the water molecules. The
intramolecular hydrogen-bonding interactions have beenWater molecules O1W and O3W are accepting as well as
observed in the title complex. The polar hydroxyl groups of donating hydrogen bonds while O2W is only acting as a
HPEN, water molecules, and carboxyl oxygens of DNB donor. The coordinated terminal water molecule O1W and
extensively participate in hydrogen-bonding interactions. The the lattice water molecules are connecting one dimeric unit
carboxyl oxygens O5 and O6 of one DNB are forming With another in the crystal structure.
intramolecular H-bonds to hydroxyl oxygens 04 and 02, [Ba(HEEN)(H20)2]2(ONB)4 (9). The complex is a charge-
respectively. The 011 and 012 of the second carboxyl group separated centrosymmetric dimer (Figure 10). Each Rm
are intermolecularly H-bonded to hydroxyl group O3 and in the dimer is coordinated to one hexadentate HEEN and
water molecule O3W, respectively. O12 also forms two four bridging water molecules (typdib ). The complex is
intermolecular H-bonds with O2W and one more intramo- involved extensively in inter- and intramolecular hydrogen-
lecular H-bonds with O3W. Thus, this carboxyl group is bonding interactions. Two of the carboxyl oxygens O6 and
involved in five H-bonds. Water molecule O1W acts as an 010 are forming intramolecular H-bonds with the hydroxyl
H-bond donor toward hydroxyl oxygens O4 and O2. oxygens O4 and O3, respectively (Figure 11). The remaining

[Ba(HPEN)(H;0),]2(DNB)4#2H,0 [8]. This charge-sepa- two carboxyl oxygens O5 and O9 are intermolecularly
rated (typdlla ) complex is a centrosymmetric dimer (Figure bonded to the hydroxyl groups O2 and O1. O5, O6, and 010
9). Each B&" ion is nine coordinated to the ligand and one are also accepting H-bonds from water molecules O1W and
terminally bonded and another bridging water molecule. O2W and behaving as double H-bond acceptors. Hydroxyl
There are also present two lattice water O3W molecules in oxygen O1 accepts an intramolecular H-bond from O1W.
the dimer. The complex is extensively involved in inter- as Thus, it behaves as a donor as well as acceptor.
well as intramolecular hydrogen-bonding interactions. Two  [Sr(HPEN)(H 20)2]2(DNP), (10). The complex is a cen-
of the four hydroxyl groups O4 and O3 of the ligand are trosymmetric dimer. With the coordination number around
donating hydrogen bonds to the carboxyl oxygens O6 andeach St* ion being 9, the structure of the complex (type
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Table 1. 3C NMR Chemical Shifts (ppm) of Complexes of HEEN

Complex —0OCH, —NCH; —NCH;
[Ca(HEEN)(PIC)](PIC) ) -0.03 -0.10  +0.19
[Ca(HEEN)(HO)[(DNB):H:0 (6) ~ —1.03 ~ —0.90  —0.52
[Ca(HEEN)(DNP)[(DNPH,O (120  —0.50  —-1.13  —0.84
Chart 2
O\‘C':eo
D b
o\,Iq S '?‘/O
\ o] o]
_ o PIC
Figure 12. Hydrogen bonding in complet0. Hydrogens attached to DNB
carbons have been removed for clarity.
o]
]
Illa) is similar to that of8. The phenolic oxygen O5 of one 2 eN\o
of the DNP anions is hydrogen bonded to the hydroxyl group ‘
O3 and water molecule O1W (Figure 12). The second Nd
phenolic oxygen 010 is doubly H-bonded to both the water oo
molecules O1W and O2W. O1W is also H-bonded to DNP
hydroxyl oxygen O2. Nitro groups of the anions are not
involved in any H-bonding interactions. ligand compete for their coordination toward metal ions, and

[Ba(HPEN)(H20)]2(DNP), (11). The complex is a charge-  so their!H and 3C NMR spectra should be affected with
separated, centrosymmetric dimer (typl ) with a structure any change in their coordination. HH NMR since the
similar to that of9. The complex shows extensive hydrogen- coordination shifts are small and are also affected by the
bonding interactions. The phenolic oxygen O5 forms three extent of water present in DMS@; it was not possible to
H-bonds with the hydroxyl groups O1 and O4 and water measure the coordination shifts. However in the casé®f
molecule O2W. The second phenolic oxygen O10 is also NMR spectra, the coordination shifts are appreciable so these
having two H-bond interactions with hydroxyl oxygen O3 have been calculated and analyzed (for HEEN complexes),
and water molecule O1W. The oxygen of the nitro group to comment on the effect of metal ions on their complexation
014 is forming one intramolecular H-bond with hydroxyl toward ligands and counteranions (Table 1). These changes
oxygen O2 whereas O6 and O11 are H-bonded with the are consistent with the complexation of HEEN to the cation

water molecules. (0.10-1.42 ppm upfield for*C NMR).
[Ca(HEEN)(DNP)](DNP)(H20) (12). 12is a partially A comparison of various HEEN complexes was made to
charge-separated (typka) complex with C&" ion coordi-  their corresponding salts (Chart 2). A downfield shift for all

nated by a hexadentate ligand and one DNP anion. DNP isthe aromatic carbons i# and 12 (Table 2) shows that the
coordinating through its phenolic oxygen and one of the anion not only remains coordinated to the metal ion as in
oxygens of theo-nitro groups. The structure of the complex Ca(PIC) salt but is also involved in H-bonding interactions.
is similar to that found fo2. Unlike 2 there is one lattice  An upfield shift for all the aromatic carbons and carboxylate
water molecule O1W in the complex. The coordinated DNP carbon in6 indicates that the anion is set free on complex-
is not forming any H-bond with the ligand or the lattice ation of HEEN to the metal and a charge-separated complex
water. The second DNP is not coordinating to the metal but of Ca(DNB), is formed. On this basig,2 could be predicted
is only involved in H-bonding interactions. Its phenolic to form an ion paired/partially charge-separated complex,
oxygen 010 is accepting two intra- and one intermolecular and it has been found to be so in its crystal structure also.
H-bonds from three hydroxyl groups O1, O4, and O2, Thus, phenolates seem to have more affinity fof'Cthan
respectively. The fourth hydroxyl group O3 is donating a benzoates.
H-bond to the lattice water molecule. TheH NMR spectrum of HPEN exhibits multiple signals
for all protons. Similarly, its*C NMR spectrum shows six
signals each for NClHand OCH carbons. This is due to the
Spectral Studies In the solution state, these complexes presence of four chiral centers in HPEN which results in a
(1) can retain the geometries as observed in the solid statemixture of diastereomers. So it was not possible to make a
(2) can attain new geometries, and (3) can completely comparison of the chemical shifts of the ligand to that of its
dissociate to give mixtures of metal salts and ligands. In casecomplexes. A comparison of various complexes was made
3 the NMR spectra of the complexes should be quite similar with their corresponding salts. Unlike HEEN complexes, the
to the ones observed for their separate components, but ilHPEN complexes do not show a simple relationship of the
cases 1 and 2 the coordination shifts can be helpful in change in chemical shift on complexation to the type of
defining the coordination behavior of ligands and the structure in the solution phase. THe¢ and'3C NMR spectra
counteranions in the solution phase.The counteranion andin the case o8B, are however remarkable. ThE NMR of

Discussion
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Table 2. Change in Chemical Shifts (ppm) of Anions in Different Complexes

complex a b c d e f
[Ca(HPEN)(HO):](PIC),:Hz0 (1) -0.35 -0.50 —0.24 -0.33
Ca(HEEN)(PIC)](PIC) 2) +0.45 +0.34 +0.57 +0.51
Ba(HPEN)(PIC) (3) -0.04 -0.22 +0.13 -0.10
[Na(HPEN)L(PIC)], (4) +0.44 +0.51 +0.65 +0.66
[Ca(HPEN)(HO)](DNB)2+2H,0 (5) -0.95 -0.20 -1.33 -1.26 -1.48
[Ca(HEEN)(HO)](DNB)2-H:z0 (6) -1.95 —-2.37 —2.22 -2.18 -1.35
[Sr(HPEN)(HO):](DNB). (7) -0.62 —0.06 -0.35 0.0 +0.32
[Ba(HPEN)(HO)2]2(DNB)4-2H,0 (8) +1.62 +1.49 +3.68 -8.23 +0.30
[Sr(HPEN)(H:0)2]2(DNP), (10) -0.71 -0.73 -0.72 -0.77 -0.61 -0.74
[Ba(HPEN)(HO):](DNP), (11) -0.02 —0.04 —0.05 -0.15 +0.42 -0.01
[Ca(HEEN)(DNP)](DNPH,0 (12) +0.36 +0.17 +0.28 +0.29 +0.09 +0.65
8 exhibits only one doublet ai 1.03 ppm (for the—CHjs four types of coordination depending on the size of metal
group), and it$*C NMR shows only one signal due to each ion, type of anion, and availability of the solvent. In types
of the chemically equivalent GINCH,CH, , NCH,CH, and Il andV, ligands behave as hexadentate chelating ligands

CH carbons. These results indicate that during formation of whereas typéV has a heptadentate chelating-cum-bridging
the Ba(DNB) complex, only one of the diasteromer separates mode of coordination. Formation of a 1:2 complex (tye

out. On using a 1:1 equiv ratio of HPENBa(DNB),, 11— like TEAab.dgf16ac18250yld only be possible for a metal
12% of8 was obtained, and on increasing the concentration ion with larger size and higher coordination number. The
of HPEN to 2-4 equiv, the amount of the complex increased largest metal ion B4 in our report is known to have a

to 20—45%. Their results indicate that Ba(DNBjreferably coordination number of 910 so none of the reported
complexes with only one of the diastereomer of HPEN and complexes have a 1:2 metal ligand ratio. Tlaetype of
other diastereomers remain in solution. In the case arfid complexation is quite rare in the case of neutral tripodand
7, both 'H and *3C NMR spectra have multiple signals TEA ligand and has been fouH# only in the case of Li.
attributed to complex formation by more than one diastere- In the present case, this is expected to be a much preferred
omer. A comparison of thé’C NMR of Ba(DNB), to 8 type of coordination for Cd in the absence of strongly
shows that on complexation all the-a signals are shifted binding anions and in the presence of a solvent capable of
downfield except “d”, which is shifted upfield by —8.23 H-bonding. A typdb structure given byl and5 is ideal for
ppm. As the aromatic ring cannot undergo any conforma- C&" in coordination number 8 in the presence of water
tional change during complexation, these changes in chemicalmolecules, but typdla is found in2 and12 when there is
shifts can be due to the variation of electron density only. no water molecule present or a strongly binding anion is
The signal d shows electron gain and points toward the present in the complex. The ZBrcomplex10 has a StSr
presence of an electron-rich group at “e” whereas all other nonbonding distance of 4.346(2) A, which is comparable to
carbons feel the effect of electron withdrawal. An upfield 4.402 and 4.565 A found in dimeric [Sr((EO4Y®)(DNB),]»

shift of this carbon can be explained by the formation of and [Sr(EO3)(DNBj]-2H,0O complexes%2cComplex8 has

free DNB carboxylate ion during complexation of Bavith one terminal bonded water and one bridging water (type
HPEN, decreasing electrostatic interactions between car-llla ), whereas9 and 11 have two bridging waters and no
boxylate and B&, in complex8. It causes formation of CO terminal water (typellb ). The Ba-Ba nonbonding distance

and shifts the signal d upfield. The downfield shift of@a in these complexes varies as 4.832(1), 4.291(1), and 4.196(1)
reflects involvement of nitro groups in H-bonding. These A, respectively, showing an increase in the dimeric associa-
results are in consonance with the X-ray structur8.ofhe tion with increasing number of bridging water molecules.
Ca" complex retains its charge-separated structure in the Complex3 adopts allb type of coordination forming an
solution form also as is obvious from an upfield shift of all ion-paired monomeric complex. Out of the four anions,
of the aromatic carbons of DNB. There is almost no change picrate seems to have the highest affinity fo?Bao that it
in the chemical shift values of “b” and “d” carbons Tso replaces the water molecules completely from the complex.
it is impossible to make a comment on it. Most probably it The typelV mode of coordination is shown by only Nén
dissociates in solution phase into its salt. In the solid state complex4, where HPEN is behaving as a chelating-cum-
also this was observed to be a rather unstable complexbridging ligand. The structure is similar to that found in the
dissociating very easily within 23 days. The Ba(PIG) case of [Na(TEA)I} and [Na(TEA)(CIQ),]. TEA, however,
complex of HPEN 8) in solution phase does not follow any forms an ion paired complex, but is a totally charge-
consistent trend and seems to have a different structure inseparated complex. Due to wrapping by larger HPEN which
solution than that observed in the solig.10, and11 retain does not leave space for an anion to enter into the coordina-
their solid-state charge-separated structures in the solutiontion sphere, one hydroxyl group undergoes bridging to satisfy
4 has downfield shifting suggesting removal of ligand from the coordination of N& The tendency of bridging by
the metal ion in solution. hydroxyl groups is much less in comparison to TEA where
Bonding Modes of HPEN and HEEN Both HPEN and polymeric sheets or chains are formed due to bridging.
HEEN have six potential donor atoms and may adopt Nevertheless, the nonbonding Nila distance of 3.430(3)
different modes of coordination to the metal ion (Chart 1). A in 4 is much shorter than 3.979(1) and 3.722(2) A found
The 1:1 metal ligand complexes may adopt any of the first in [Na(TEA)(CIOy);] and [Na(TEA)IL complexes.
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Role of Solvent and Hydrogen Bonding Except for the
three complexes of picrate2—4, the remaining nine

distance in each complex is shorter than its corresponding
M—N distance by~0.2 A. The longer M-N distance

complexes have water molecules in the coordination sphere,indicates that the metal is relatively far away from nitrogen
as lattice water or both. From the crystal structure data for and is closer to oxygens. So the pseudocavities being offered
1 and5—11, involvement of water molecules in producing in each case are elliptical in shape (excéptin 4 Na' is
extensive hydrogen-bonding interactions is quite evident totally encapsulated in an almost spheroidal cavity offered
(Figures 2, 6, 11, and 12). Water here is displaying a dual by heptadentate bridging-cum-chelating ligand HPEN. To
role; it is coordinating to the metal ion on one side and is cover the metal ion completely, the bridging O4 moves a
H-bonding to the anion on the other hand. As the ligands little away from Na and comes closer to the centrosymmetri-
are offering a pseudocryptand-like cavity and are wrapping cally related N& in the dimer. There is no preformed cavity
around the metal ion in three dimensions, only a small surfacein podands, and they fold during complexation to provide a
of metal ion is exposed to additional donor atoms from Pseudocavity; therefore, this cavity size may vary depending
outside. This exposed portion can be conveniently occupiedon the metal ion in question. The nitrogens N1 and N2 of
by smaller water molecules which push relatively bigger these ligands remain at the top of the pyramid, and four
anions outside the coordination sphere; thus, water moleculedlydroxyl oxygens converge together to form the complex.
are relatively preferred by the metal ion in comparison to The cavity sizes were calculated by measuring-O

the anions. Ligands HPEN and HEEN also have a dual nonbonding distances between those two pairs of oxygens
character as they contain four polarizable hydroxyl hydro- which are trans to each other {M—0O angles close to
gens. So apart from grabbing the metal ion, they also H-bond 187°). These OO distances range 4.568.894 A for C&",

to the anions and water molecules. A combination of (1) 4-992-5.069 A for St*, and 5.049-5.498 A for B&*
polarizable hydroxyl oxygens available for H-bond donation, cOmplexes. Thus, in the order fromTdo Ba*, the ligands
(2) water molecules which are capable of H-bond donation/ 9radually open up to accommodate the ions of increasing

acceptance, and (3) H-bond-accepting phenolic, carboxyl, Orradii. Mean plane calculations indicate that smallet ldad
nitro oxygens gives rise to an extensive H-bonding network C&" are more in toward the pseudocryptand cavity with the

in of these complexes. This stabilization of the anion, via 'arger B&" ions out of the cavity and medium-sizec?Sis

H-bonding by water, excludes them from coordination to the YiNg between these extremes.

metal ion producing a total charge separation in all of these R0l€ of Anions In this report only PIC and DNP have
eight complexes 5—11). been seen to coordinate to the metal ior2jr3, and 12,

The Ba(PIC) complex of HPEN ) has no water respec_tlvely. The ONB and DNB anions ha\_/e notgwgn any
- . ion-paired complex and are extensively involved in H-
molecules in its structure. There are only four intramolecular bonding interactions. The Ca(DNEjomplexes with HPEN
H-bonding interactions between hydroxyl oxygens and the 9 ' P

anion. Lack of extensive H-bonding in the crystal results in and HEEN b and6) are both charge separated. Ca(RIC)

| d fth leophilicity of th ) d lead gives a charge-separatédomplex with HPEN and partially
alesser decrease of In€ nucieop IICII)_IO € anion and lea Scharge-separa\teﬁ complex with HEEN, and Ca(DNP)
to an increase in catieranion interactions. This gives rise

. . . . ) gives a partially charge-separaté? A similar situation is
to a tight ion-paired complex. Similarly compléxwhich found in C&* complexes with TEA. Both Ca(TEAIDNB),

lacks water also gives rise to a partially charge—separatedand Ca(TEA)PIC), are charge separatéd/but Ca(TEA)-
complex. The picrate anion which is directly coordinated to (DNP), is an ion-paired comple}e From ,these results. it
the metal ion is not involved in any H-bonding, but the 5 e concluded that a high charge density cation likke Ca
uncoordinated one is forming four intramolecular H-bonds | .< the strongest affinity for DNP and PIC and a lesser
with hydroxyl oxygens of HEEN and is also being stabilized tfinity for weaker nucleophiles such as benzoates. The
by a face to facer--x interaction (3.8 A). The samelis trueé  c+_anjon interaction thus decreases along the series DNP
in the complext2. Only the uncoordinated DNP is involved - p|c >DNB. Sr(DNBY), and Sr(DNP) complexes of HPEN
in a strong H-bonding interaction with the ligand and the (7 and10) are both charge separated. Also Sr(TEBNP),,
water molecule. This further endorses the observation thatSr(TEA)z(PIC)z, SI(TEAR(N3)2, SI(TEAR(NOs),, and Sr-
simultaneous stabilization of the counteranion decreases itSTEA),CI, are all charge-separated complek#é16acigp+
nucleophilicity. [Na(HPENJ(PIC), is the only complex  has |esser charge density thar?Gand its interactions are
a charge-separated complex. Although the ionic radii of Na by a pseudocryptate ligand TEA or even by water in the
and C&" are comparable, the charge/radius ratio ot'Ga case of tetrapodands.
more than Na. At the same time, due te-CH; groups of Ba?* has a larger size and hence has a lesser charge density
the HPEN ligand, there is steric crowding around the'Na  than even St so is expected to form only charge-separated
ion which discourages coordination by the anion. Therefore, complexes. The situation in Ba complexes is not that
in the absence of water molecules, Nsatisfies its coordina-  simple as because of its size it prefers a higher coordination
tion sphere by sharing one hydroxyl oxygen between two number than its predecessors. Tetrapodands by forming 1:1
metal ions, resulting in a charge-separated complex. metal ligand complexes are not able to fully encapsulate the
Cavity Shape and SizeBoth the ligands offer a pseudo- metal ion and satisfy its coordination number. In the absence
cryptand type of cavity on complexation. The-ND(ligand) of competing solvent molecules it picks up the anion to form
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an ion-paired complex. Even a weaker anion would find its Conclusions

way to the metal producing partially charge-separated or ion-  The hydrogen bonding among ligandOH groups,
paired complexes although the interaction would be a weakercoordinated water molecules, and the anion is a very
one. This is well illustrated in TEA complexes of BaBa- important interaction. In all charge-separated complexes the
(TEA):(acetatey is a partially charge-separated comptx,  negatively charged end of the anion is involved in extensive
and Ba(TEA)(CIOq), and Ba(TEA)(PIC), are both loose  hydrogen bonding with-OH groups and coordinated water
ion pairst'¢2*These three anions form weak ninth and tenth molecules. This results in decreasing the nucleophilicity of
interactions with B&". Only a strong nucleophile like DNP  the anion, and charge-separated complexes are likely to form.
gives a strong ninth bond with Bain the case of Ba(TEA) The ion-paired or partially charge-separated complexes are
(DNP), in the absence of a competing solvélitin the formed when the H-bonding interactions are diminished or
presence of an H-bonding solvent like water, even DNP is absent due to (1) the nonavailability/lesser number of solvent
displaced by it to give a charge-separated completlin molecules, (2) the presence of only intramolecular H-
where the coordination number 10 is achieved by two bonding, (3) the stronger affinity of the anion for the metal

bridging water molecules. Similarl and 9 are totally ion, (4) the stabilization of the anion moiety due to other
charge-separated complexes ofBdue to the presence of interactions such as---x interactions, and (5) the disfavor-
dual character water molecules. Only the Ba(HPERIC), able orientation of the anion with respect to the polarizable

(3) complex is a true ion pair in the absence of any water H of the ligand.
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