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A new trinuclear Cu(ir) complex of inositol as a hydrogelatory
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A trinuclear copper(11) complex with inesitol and 2,2'-bipyridine
forms a fibrous hydrogel at pH 12.4, the assembly of discrete
trinuclear complex melecules to form the -metallogel being
assisted by H-bonding and inter- and intramolecular n-stacking
between the bipyridyls.

In recent years the discovery and design of specific hydrogels
and hydrogelators is intended for varied applications from
super-absorbant materials to biosensors. The environmentally
sensitive hydrogels are considered as promising. materials for
drug delivery and tissue engineering because of their ability to
sense changes in.pH, temperature or concentration of meta~
bolite and to release their load as a result of this change
Such hydrogels with additional functionalities offer highly
specific bio-responsiveness.>™!® However, finding biodegrad-
able polymers for biological applications is challenging.'! Here
low molecular weight hydrogelators,'? small molecules
capable of gelling aqueous solvents, can be; more useful and
are finding applications in tissue engineering'*. and controlled
drug release.'**? Aggregation of these small molecule gelators
or formation of supramolecular assemblies i is through hydro-
gen bonds in organogels and through hydrophoblc inter-
actions andjor n-stacking in hydrogels.!¢'3 These kinds of
interactions are found to be 1mp0rtant in bromolecules and
. several sugar based gelators.'®

- Very recently, metallogels are emerging as useful materjals
‘for varied applications.”®? These are either, coordination
polymers, discrete organometallic molecules : or metal com-
plexes forming supramolecular assemblxes or aggregates
.through noncovalent interactions,'>?* lifcluding metal
. coordination. The presence of metal ions is valso known to
- modify gel formation, help in chirality control "and change
~certain-physical propertiés. An overview of’ ‘tHe role of metal
coordmahon in molecular gelation has been presemed by
Fages.” Though a number of coordination polymer gels have
been reported the interest in low—molecular-werght gelators
is for the high potential they have for a wide range of advanced
functional nanoscale materials. Self assembly of such materlals
‘can be tuned -by addmg a second componen’t % A ‘series of
" Ag(r)-and Cu(u) complexes of bis-urea ligands form Soft
tunable metallogels® while Au(i) thiolatés®® and : trimeric
Au{t)' pyrazolates’ form supramolecular . pH-responsrve
hydrogels and phosphorescent organogels, respectively.
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Hierarchical gelation by organooxotin nanoclusters has
also been reported.* Iron(u) complexes formed by azobenzene
substituted triazoles form photoresponsive gels.>> Polypyridyl
hgands appear to play an important role in the luminescent
property of melallogels formed by Re(x} and Pt(n)
complexes. ¥ .

A transition metal complex mvolvmg a polypyndyl ligand
such as 2,2'-bipyridyl and myo—mosrtol one of the most
abundant natural isomers involved.in inositol catabohsm,
appears to be an interesting candidate as 2 molecular hydro-
gelator. Here we report the pH mggered “formation of a
hydrogel, the first of i xts kmd formed bya trmuclear copper(u)
complex.

Inositol being a hexahydroxy compound some of its iso-
mers are expected to have chelalmg abrlrty However, very few

" complexes having inositol oxygen'coordination are cited in the

literature. The cis-inositol can reéidrly form complexes where it
can bmd with one metal § ion. The tndentate ax—ax~ax mode is
preferred by small metal. ions while the dx—eq—ax mode is
preferred by large metal ions. 3637 The myo-inositol uses two
adjacent oxygen sites for coordination with the Fe() center in
myo-inositol oxygenase®™*® and - with' Cu(i) in a copper
complex catalyzed resolution of p L—myo-mOSltOl denvatrves

It uses the O1, O2 sites to bind ‘with Mg2+ and 02, O3 or

05,106 with divalent Ca %% Similar coordmatron has been
observed in the eomplexes formed by lamhamde cauons“"
Thus all oxygen:atoms in;myo- -inositol! can pdrucrpate ‘in
coordination, lhough only two "at a time. Though the -
formation of trinuclear complexes using; all six O .sites by )
inositol appears to be obvious, this i is not 0 because inositol
being a polyol, the. deprotonatlon of all six =OH groups, under
normal pH condmons as used in most cases, is difficult. Metal
coordination, however can. make the protons more acidic,
facilitate deprotonation and hence coordmauon using all

' oxygen sites  at: elevated pH . This" eﬁ'ect can be more

pronounced in the presence "of 'a metal bound to a w-acidic
ligand such as 2 2’—brpyrldyl L .

Myo-inositol {(Hgins), when allowed to react with three
equivalents of cupric acetate, results in the formation of a
trinuclear complex, [Cus(ins)(H,0)q), at pH 9.8 (C,= 15.63,
H = 3.35%; Calé.:fOTfC(,HigOlzCu;;l C= l$.23, H = 3.80%).
The' complex has features of inositol in ‘its FTIR 'spectrum
alorig with the stretching and bending vibrations -of
coordinated water. The FAB mass spectrum of the complex
has a peak corresponding to the species, {Cug(ins)]* at mfz 363
(calc. 363) which.confirms the trinucleating ability of inositol.
Other peaks corresponding to [Cu(Hinsj(H,0),]" at 277
(277), [Cua(Hsins)(Hz0)2] " at 339 (339), [Cus(ins)(H20):]*
at 399 (399), among others, also support the formation ol‘ a
trinuclear complex (see ESI{).
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Scheme 1 Synthesis of the trinuclear Cu(nn) complex hydrogelator.

The molecule, being small and sufficiently polar, can easily
become aquated rather than forming a gel at all pH values. It
also does not form copper hydroxide at higher pH. However;
this molecule provides the basic framework for the formation
of discrete trinuclear complexes by replacing the water mole-
cules with aromatic ligands. These can be expected to have
n-stacking or hydrophobic interactions leading to supra-
molecular assemblies and provide cavities for entrapping
water molecules. Attempts were made {o examine the
possibility of metallogel formation by substituting water
molecules by 2,2"-bipyridine at various pH values.

The reaction of inositol with 3 equivalents of copper and
varying amounts of 2,2’-bipyridine (bipy) was carried out. No
gel formation was observed with 1 or 2 equivalents of bipy at
all pH and varying concentrations. The reaction of 10 ml 2.5%
aqueous solution (1.388 mmol}) of inositol was carried out with
3 equivalents of [Cu(bipy)]** complex obtained by reacting
0.831 g (4.163 mmol) of cupric acetate monohydrate and
0.650 g {4.163 mmol) of bipy in 25 ml water (Scheme 1).
Subsequently the pH was raised o 12.4 with aqueous sodium
hydroxide. The solution was held at 6070 °C for 30 min and
allowed to settle at room temperature. This resulted in the
formation of a transparent green gel. The gelation was
confirmed by the inverted test tube method (see ESIT).

A similar reaction with higher concentrations resulted in the
formation of a thick gel while lower concentrations resulted in
the formation of a loose gel suspended in solution.

A xerogel was prepared by drying the gel at 120°C-for3 h to
constant weight. 100 mg of xerogel dissolved in 1.5 ml of water
on heating at 60--70 °C and subsequent cooling at RT resulted
in the re-formation of the gel. The Ty value determined by the
ball-drop method was found to be 46 °C. Scanning electron
microscopic (SEM, Fig. 1) analysis of the xerogel indicates the

formation of a compact fibrous structure made up of fibrils-

each having 2-4 pm diameter and > 50 pm length.
The xerogel was thoroughly washed with ethanol to remove
any loosely held sodium hydroxide. The dried residue is a

Fig. 1 SEM images of the metallogel.
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Fig. 2 ESI-MS of the complex {Cus(ins)(bipy)a).

single compound (complex) which forms a gel on addition of
water at pH 12.4. Thermogravimetric analysis of the complex
indicates the presence of nine water molecules in hydrogen
bonded or coordinated form. The first water molecule is lost at
141 °C (1.18%), three subsequent weight losses between
141-165 °C (17.11%), 165-221 °C (30.43%) and 221-368 °C
(9.78%) correspond to a total of three bipy and eight water
molecules (see ESIT).

"The ESI-MS analysis of the trinuclear complex
{Fig. 2) has the base peak at m/z = 330 corresponding to
[Cus(ins)(bipy)s(H,0)]’ " along with [Cus(ins)(bipy)s(H,0)s
+ 3HP™" at mfz 332 and [Cus(ins)(bipy); + 3H]™ at m/z 278
as major peaks and [Cu(bipy)P* (219), [Cu(bipy):]™ (375),
[Cu(ins)(bipy)]* (393) and [Cu(ins)(bipy)s}* (549) as minor
peaks with lower abundance. This confirms that the residue is
a trinuclear complex with formula [Cus(ins)(bipy);(H,0)}.

The FTIR spectrum (KBr) of the complex was compared
with inositol and bipy. It shows all the major bands of both
inositol and bipy. The C-H stretching in alkane (inositol) at
2903 em™' is shifted to 2854 cm™' in the complex, which
confirms the coordination of inositol. The characteristic C-C
multiple bond stretching and the ring C-N vibrations in bipy,
observed at 1579, 1557, 1453 and 1416 cm™, are split
and shifted in the complex at 1664, 1600, 1562, 1445 and
1406 cm™". The latter two overlap with the absorptions in
inositol. These and the strong characteristic absorptions at
1250, 1029, 895 and 776 cm™' confirm the presence and
coordination of the bipy while the absorptions at 1111, 731
and 657 cm™' confirm the presence of inositol (see ESIY).

Unlike the xerogel, the complex does not form a gel on
adding water; instead the gel is formed on addition of 1.5 ml
water of pH 124 to 100 mg of complex. Thus, both bipy as
well as the hydroxyl ion seem to have important roles in the gel
formation. In the electronic spectrum of [Cu(bipy)**, an
absorption maximum is observed at 675 nm corresponding
to the ligand fiéld transition, while this is shifted to 657 nm in
the spectrum of the solution containing inositol-Cu-bipy

* {1 :3:3) at natural pH, corresponding to the increase in the

ligand field. At pH 12.4, the absorption maximum is observed
at 665 nm. Thus the coordination of inositol is evident. The
absorption at ~248 nm is found to shift gradually to higher
energy, at ~ 236 nm, with increase in pH, while the intensity of
absorption at 300 and 310 nm decreases. The absorption at
300 nm shifts to 297 nm as the pH approaches 12.4. The small
shifts in the energy of transitions within coordinated bipy can
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be due'to a very small change in the strength of Cu(i1) to bipy
w-interactions, which can be brought about by axial coordina-
tion of hydroxyl ion resulting in the change in energy of metal
orbitals.

Geometry optimization of zhe complex [Cus(ins)(bipy)s] °

using Universal Force Field indicates the presence of intra-
molecular n-stacking. The optimization up to the first layer of
solvation with water indicates the presencé of both intra- and
intermolecular n-stacking between coordinated bipy and
formation of large voids (see ESIT). )

As the hydroxy! ions are essential for gel formation, they
must be forming intermolecular ~-OH bridges between the
trinuclear complex molecules through axial coordination and
also probably through H-bonding with inositol. A close exam-
ination of the sugar-based hydrogelators reported earlier®
reveals that the sugars with one axial OH can have, more
H-bonds and close-packing with n-stacking between the phenyl
substituents making them better gelators. Myo-inositol has
striking similarity, with one axial ~OH, {hus there can be similar
H-bonding and orientational effects. It appears that the ﬁbrous
super-structure is formed dueto the presence of axial coordma-
tion and H-bonding by ~OH, and the n:~st¢1cked bipy: are
helping in the formation of hydrophoblc cavities that cai hold
waler molecules to forma gel “Thus, the complex {Cu;(ms)(b:py)ﬂ

is the first discrete trmuclear complex of its type wnth gel |

forming ability. We are further exploring-the magnetxc and
other physical properties of this and similar systenis. [

The authors gratefully acknowledge the University Grants
Commission, New Delhi for financial support and CDRI i
Lucknow, for the mass spectral ana1y31s o '

Notes and references

1 H. Yang, H. Lxu, H. Kang and W. Tan J Am. Chem. Soc., 2008,
130, 6320-6321.

2 J. Kim, N. Singh and L. A. Lyon Clzem Mafet
2527-2537.

3 J. Kim, N. Singh and L. A. Lyon, Btomalecules, 2007 8, 1157-1]61.

4 (@) T. Miyata, N.-Asami and T. Uragami, Nature, 1999, 399
766-769; (b) T. Miyata, M. Jige and T. Nakaminami, Proc. Nall
Acad. Sci. U. 8. A.; 2006, 103; 1190-1193. '

5 (@) D. C. Lin, B. Yurke and N. A. Langrana,, J. Biomech. Eng,
2004, 126, 104-110; (b) Y. Murakami and’ M. Maeda, Macro-
molecules, 2005, 381, 535-1537; {¢) T, Liedl, H. Dietz, B. Yurke

2007, 19,

and!F. Simmel, Small, 2007, 3, 1688-1693; (i) B. Weli, 1. Cheng,

K. Q. Luo and Y. Mi} Angew. Chem., Int. Ed., 2008, 47, 331-333.

6 {a) C. Li, J. Madsen, S. P. Armes andA L. Lewxs Angew. Chem.,
Int. Ed., 2006, 45, 3510-3513; (b) J. K. Oh, D. 1. Siegwart, H. Lee,
G. 'Sherwood, L. ‘Peteanu, J. O. Lollmger, ‘K. Kataoka and
K. Matyjaszewski, J. Am. Chem. Soc.; 2007, 129, 5939-5945.

7 P. D. Thomton, R. 1. Mart and R. V. le_m Adv "Mater., 2607, 19
1252-1256.

8 (a) J. D. Ehrick, S. K Deo T W. Brownmg, L. G. Bachas,

M. J. Madou and"S." Daunert, Nat, Mater.;: 2005, 4, 298-302;

“(b) W. L. Murphy, W.'S. Dilimore, J Modxca and M. Mrksich,
Angew. Chem., Int.. Ed:, 2007, 46, 3066-3069. .

$ D. Liang, A. K. Agrawal D J. Beebe and H. Jiang, Nature, 2008,
442,:551-554.

10 S. Webb, 4nal. Chem., 2006 78, 7378.

11 K. E. Uhrich, S. M. Cannizaro, R. 8. Langer
K. M. Shakeshefl, Chem. Rev., 1999, 99, 3181.

and

12 L. A, Estroff and A. D. Hamilton, Chem. Rev,,
1201--1218.

13 K. Y. Lee and D. J. Mooney, Chem. Rev., 2001, 101, 1869.

{4 B. Xing, C. W. Yu, K. H. Chow, P. L. Ho, D. Fuand B. Xu, J. 4m.
Chem. Soc., 2002, 124, 14846.

15 J. C. Tiller, Angew. Chem., Int. Ed., 2003, 42, 3072.

16 H. Fenniri, P. Mathivanan, K. L. Vidale, D. M, Sherman,
K. Hallenga, K. V. Wood and 1. G. Stowel{ J. Am. Chem. Soc.,
2001,.123, 3854,

17 ¥, N. Israclachvili, Mtermolecular and Surface Forces, Academic
Press, New York, 2nd edn, 1991.

2004, 104(3),

‘18 A. Ajayaghosh and S. J. George, J. Am. Chem. Sec., 2001, 123,

5148-5149.

"9 N. Amanoikura, Y. Kanekiyo, S. Shinkai and D. N, Remhoudt

: J. Chem. Soc., Perkin Trans. 2, 1999, 1995-2000.
20 (a)J. H. Holtz, J. S. W. Holtz, C. H. Munro and S. A. Asher, Anal.
Chem., 1998, 70, 780; () J. H. Holtz ‘mdS A. Asher, Nature, 1997,
389, 829
L2 F. Gelman, 1. Blum andD Avnir, J. Am Chem. Soc.;, 2000, 122,
11999,

22 E. Lai and B. W. Birren, Elecnopkotem of Large DNA Molecules:
Theory and Applications, Cold Spring Harbor, NY, 1990C.

23 B. Xing, M. F. Choi and B. Xu, Chent. Commun., 2002, 4, 362.

" 24 (@) P. Terech and R. Weiss, Chem. Rev, ]997 97, 3133;

(b) J. H. Van Esch and B. L. Feringa, Aﬂgew Clxem t. Ed.,
., 2000, 39, 2263. i
i 25 H. Ihara, T. Sakurai, T. Yamada, T. Hashlmoto, M Takafuji,
!+ T.Sagawa and H. Hachisako, Langnmuir, 2002, 18, 7120-7123.

. 26 F. Fages, Angew. Chem., Int. Ed., 2006, 45, 16801682,
;27 B. Xing, M. F. Choi and B. Xu, Cltem—E'ur g 2002 8(21),
! 5028-5032, and referehces therein. -

.28 A.R. Hirst and D. K. Smith, Chem—~Eur. J., 2005, 11, 5496-5508.

129 L. Applegarth, N. Clark, A. C. Rlchardson A. D. M. Parker,
; 1. Radosavijevic-Evans, A. E. Goseta, J. A. K. Howard and
i J. W. Steed, Chen. Comnum., 2005, 5423-5425. .

301 Odnozola 1. Loinaz; J. A. Pomposo and H.J. Grande,.l Mater.
. Chem., 2007, 17, 4843-4845.

131 A. Klshxmum, T. Yamashita and. T. Aldd J. Am Chem Soc.,
2005, 127, 179-183.

32 U. Hahn, A. R. Hirst, J. L. Delgado, A: Kaeser, B. ‘Delavaux-
Nicot, J.-F. Nierengarten and D. K. Smith; Chem Commun., 2007,
4943—4945

33 8. Kume;, K. Kuroiwa and N. Ktmxzuka, C’Iwm Comnum 2006,
2442-2444.

34 S.-T. Lam, G. Wang and V. W.-W, Yam, O:ganomezaliws, 2008,
27, 4545—4548

(35 AL Y.-Y. Tam, K. M.-C. Wong, G. Wang and V. W—W Yam,
Chem. Commun., 2007, 2028-2030. ' .

.36 R. D. Hancock and K. Hegetschwexier, J. Chem. Sac Dalton
Trans., 1993, 2137-2140:

37 Y- Zheng, R: L. Ornstein and J. A. Leary, THEOCHEM 1997,
389, 233-240. ¢ .

138 G. Xing, E. W. Barr, Y. Diao, L. M Hcﬂ'art K. S. Prabhuy,

{  R.‘). Arner, C. C. Reddy, C. Krebs! and oM J Bollinger,

' Biochemistr v, 2006, 45, 5402-5412. !

\39 G.'Xing,' Y. Diao, L..M. Hoffart, E: W Barr, K. S. Prabhu,

i R. L. Armer, C: C. Reddy,C Krebs and 1. M., 1. Bollmger, Proc.
Natl: Acad. Sci. U. S. A., 2006, 103, 6130-6135. :

40 P. ‘M. ‘Brown, T. T. Cdradoc-Dawes James, M! J Dickson,

© G..J. 8. Cooper, K. M. Loomes and E. N. Baker, Proc. Nail.

i Acad. Sci. U. S. A., 2006, 103, 15032~ 15037 '

41 Y. Matsumura, T. Maki, K: Tsurumakx and O. Onomura,
Tetmhedron Lett., 2004, 45, 9131-9134:

42 W.'J. Cook and C E. Bugg, Acta Crystallogr.,
2404,

43 G. Blank, Acta Crystallogr., Sect. B, 1973, 29, 1677.

44 L. Yang, D. Tao, Y. Sun, X. Jin, Y. Zhao, Z. Yang, S. Weng,
J. Wu and G. Xu, J. Mol. Struct., 2001, 560, 105-113.

45 S. Shinkai and O. Gronwald, C/xem ~Eur. J., 2001, 7, 4328-4333,

Sect. B, 1973, 29,

This journal is % The Royal Society of Chemistry 2009

Chem. Commun.,. 2009, 2341-2343 | 2343



