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A planar structure of an anion cluster 1~+(H;O)s in & 3D supramolecular complex [Ru(bpy)s]z[l+(H20)sFe(CN)g-H,0]
has been determined by single-crystal X-ray analysis. In the supramolecule, the anion cluster I~+(H,0)s, together
with the anion [Fe(CN)s+H,0J?~, acts as a 3D crystal host, and the [Ru(bpy)s]** cations, as the guest molecules,
occupy the vacancies of the 3D host framework. This is the first crystal example of the anion cluster I~+(H,0)s.

Introduction X7+(H0), (X = F~, CI7, Br, I7, OH", n = 1-6) have
also been an important subject of interest in both solution
chemistry and biochemistA?. 22 The anion water clusters
of X7+(H20), have also been extensively investigated both
experimentally and theoretically due to their suitable simpli-
fied model systems for aerosol study and molecular recogni-
tion study to design the X receptdi®s® The X +(H.0),
cluster shows a clear distinction from that of alkali metal

It is not surpising how much scientific attention has been
paid to the apparently simple water molectM/ater is of
fundamental importantance for human life and plays a very
important role in many biological and chemical procegsés.
The water molecule exhibits an enormous complexity of
interactions with other molecules, including other water
molecules:® Structural information of small water clusters
is the first step toward unders_tanding the behavor of bulk (13) Matsumoto, M.: Saito, S.: Ohmine, Nature 2002 416, 409.
water? In the past decade, various hydrogen-bonded water (14) Koga, K.; Gao, G. T.; Tanaka, H.; Zeng, X. Nature 2001, 412,
or ice clusters of (K0), (n = 3—18) and 1DB-3D water 802.

. . (15) Luzar, A.; Chandler, DNature 1996 379, 55.
polymers in different supramolecular systems have been (i) custelcean, R.; Afloroaei, C.: Viassa, M.: Polverejan, Afgew.
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ions because the anion hydration tends to favor surface statesfable 1. Crystal Data and Structure Refinement for Supramolecular

while the cation hydration favors internal statés’® The

[Ru(bpy)]2[l -(H20)sFe(CN)-H20]

study of the X-(H.O), cluster is essential for understanding
the solvation and molecular recognition phenomena of the
anionic system& In anion water clusters of %(H,0),, the
iodine anion water cluster is of particular interest because it
has large polarizability and a large ionic rad#ig\nother
particularly interesting aspect in the iodine anion water cluster
is in the molecular recognition study to design the | receptors.
Currently, the hotly discussed topics in halogen hydration
are whether the halide is inside the clusters or on their surface
and how many water molecules are necessary for its complete
solvation3® So far, various models for the (H,O), anion
cluster have been theoretically predictéd® However,
precise crystal data for the-(H,O), anion cluster, to our
knowledge, are very limited. The key to understanding the
behavior of water is precise structural data of various
hydrogen-bonded water clusters and water polymers in
diverse environments. Thus, studies of small water clusters
in crystal hydrates have the ultimate goal(s) of underestand-
ing the role(s) played by small water clusters in stabilization
and functioning of biomolecules, as well as in designing of
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new material$? For this, we report a planar topological
structure of an1-(H,O)s anion cluster in a 3D supramo-
lecular complex [Ru(bpy)[l -(H20)sFe(CN)-H,O].4°

Experimental Section

X-ray Crystallography and Struction Solution. For the
complex [Ru(bpyj]2[l -(H20)sFe(CN)}-H,0], determination of the

unit cell and data collection were performed on a Bruker Smart

(29) Achatz, U.; Fox, B. S.; Beyer, M. K.; Bondybey, V. E.Am. Chem.
Soc.2001,123 6151; Fox, B. S.; Beyer, M.; Achatz, U.; Joos, S.;
Niedner-Schatteburg, G.; Bondybey, V. E.Phys Chem A. 2000
104, 1147.

(30) Cho, S. J.; Hwang, H. S.; Park, J. M.; Oh, K. S.; Kim, KJSAm
Chem Soc 1996 118 485; Kim, K. S.; Lee, J. Y.; Lee, S. J.; Ha,
T.-K.; Kim, D. H. J. Am. Chem. S0d.994 116 7399; Choi H. S ;
Kim, K. S. Angew Chem, Int. Ed.1999 38, 2256; Lee, C.-W.; Jung,
E. J.; Lee, S. J.; Ahn, K. H.; Kim, K. S]. Org. Chem200Q 65,
7225.

(31) Perera, L.; Berkowitz, M. L. Chem. Physl993 99, 4222. Sremaniak,
L. S.; Perera, L.; Berkowitz, M. LChem. Phys. Letl994 218 377.
Thompson W. H.; Hynes, J. T. Am. Chem. So@00Q 122, 6278.
Chen H. Y.; Shen, W.-SChem. Phys. Let2001 335 475.

(32) Combariza, J. E.; Kestner, N. R.; JortnerJJChem Phys 1994
100, 2851.

(33) Kim, J.; Lee, H.M.; Suh, S. B.; Majumdar, D.; Kim, K. $. Chem.
Phys 200Q 113 5259.

(34) Lee, H. M.; Kim, K. S.J. Chem Phys 2001, 114, 4461.

(35) Perera, L; Berkowitz, M. LJ. Chem Phys 1991, 95, 1954. Caldwell,
J.; Dang, L. X.; Kollman, P. AJ. Am Chem Soc 199Q 112, 9144~
1990. Lee, H. M.; Kim, J.; Lee, S.; Mhin, B. J.; Kim, K. $.Chem
Phys 1999 111,3995.

(36) Lee, H. M.; Kim, D.; Kim, K. S.J. Phys Chem 2002 116, 5509.

(37) Lee, H. M.; Kim, D.; Kim, K. S.J. Phys Chem 2001, 114, 4461.

(38) Achatz, U.; Fox, B. S.; Beyer, M. K.; Bondybey, V. E.Am Chem
Soc 20071, 123 6151

(39) Joannopoulous, J. Mature 2001, 414, 257.

(40) Crystal data for supramolecular [Ru(bgy)Fe(CNX][l] -7H.O, M, =
1604.23,T = 293 K, monoclinic, space groupc, a = 11.178(3) A,
b = 14.824(4) A,c = 23.166(6) A f= 91.429(5}, o. = 90°, V =
6672(3)8, Z = 4, p = 1.597 Mg m3, u(Mo Ka) = 1.192 mn?,
F(000) = 3228, R1= 0.0411 (11 045 obsvd). Though the supramo-

lecular data were reported in our previous paper (Dong, W.; Liao,

D.-Z. J. Coord. Chem.2003 531), the crystal structures of the
17+(H20)s anion cluster and the 3D host framework,0)sFe(CN)*

H>0] have been not previously found and discussed. The good crystal

of supramolecular [Ru(bpy[Fe(CNX][] -7H.O was prepared and
characterized by X-ray crystallography again.

1000 area detector using graphite-monochromated ®loddiation

(A = 0.71073 A) at 293(2) K. Its structure was solved by direct
methods and successive Fourier difference syntheses (SHELXS-
97) and refined by full-matrix least-squares proceduré=dmwith
anisotropic thermal parameters for all non-hydrogen atoms (SHELXL-
97)#1 Crystal data are given in Table 1.

Physical MeasurementsElemental analyses were carried out
using a Perkin-Elmer analyzer model 240. The IR spectra were
recorded as KBr disks on a Shimadzu IR-408 infrared spectropho-
tometer in the 4000600 cnT?! region.

Synthesis.The red crystals of [Ru(bpy}[l -(H2O)sFe(CN)-H,0]
were obtained by slow diffusion of an aqueous solution ¢fk-
(CN)g] into a solution of [Ru(bpyjl2:6H,0 dissolved in a mixed
solvent of CHCN/CH;CHOHCH; (5:1) in an H-shaped tube.

Results and Discussion

Figure 1shows the perspective diagram of th€H,O)s
anion cluster viewed along the crystallograpbiaxis. The
I7+(H20)s anion cluster does not show a surface structure
predicted by theoretical calculation. Thednion and (HO)s
water molecules are located in a plane. In the anion cluster
I7-(H.O)s, €ach t anion connects to two water molecules
through t--O hydrogen bonds forming a V-shaped structure.
The (HO)s water molecules are divided into two groups.
One is water monomer @(3)) connected with anmlanion
and a nitrile nitrogen atom through @ and O-+N hydrogen
bonds. Other (kD)s water molecules form a pentamer water
cluster through ®@-O hydrogen bonds. In the ¢B)s water
cluster, five water molecules locate in a plane and do not
show a cyclic cluster. Five water molecules show different
connected manners. Each O(2) atom connects to the 1(1)
anion and the O(5) and N(15) atoms throughQ, O---O,

(41) (a) Sheldrick, G. MSHELXS-97, Program for solution of crystal
structures University of Gdtingen: Gdtingen, Germany, 1997. (b)
Sheldrick, G. M SHELXL-97, Program for refinement of crystal
structures University of Gdtingen: Giatingen, Germany, 1997.
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Figure 1. The perspective diagram of the-(H20)s anion cluster viewed along the crystallograpbiaxis.

Figure 2. The perspective diagram of the 3D host framewor{H}O)sFe(CN)-H,O]*~ and the guest molecule of [Ru(bg}d" viewed along the
crystallographid axis.

O---N hydrogen bonds, respectively; each O(5) atom con- atom and a nitrile nitrogen atom through-€D and G--N
nects to O(6), O(2), and N(18) atoms througk-O and hydrogen bonds, respectively. Obviously, the coplana®{k
O:---N hydrogen bonds; each O(6) atom connects to three water cluster is a new conformer different from the cyclic
different oxygen atoms O(1), O(7), and O(5) through-O pentamer water cluster. In the-(H,O)s anion cluster, the
hydrogen bonds. The O(7) and O(1) atoms show similar I---O distances are O(8)I(1) = 3.551 A and O(2}+I(1) =
connectivity. Each O(7) or O(1) atom connects to the O(6) 3.571 A and the bond angle is O(8)(1):--O(2) = 96°. The
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Figure 3. The packing diagram of the supramolecule [Ru(Bpf)(H20)sFe(CN)}-H2O] viewed along the crystallographizaxis.

shortest @-O and N--N distances are O(6Y0(7)= 2.777
A and O(4)-°N(16) = 2.708 A, respectively. The::+O

distances are shorter than the averaged theoretical value of

3.67 A for the lowest-energy Batonformerd” The shorter
I---O distances show stronger interactions between the |
anion and water molecules through-O hydrogen bonds
in this supramolecular complex.

Figure 2 shows the perspective diagram of the 3D host
framework [F(H20O)sFe(CN)-H,O]*~ and the guest molecule
of [Ru(bpy)]?" viewed along the crystallographlz axis.
Each I+(H,O)s anion cluster connects four [Fe(CJy
anions through ©-N hydrogen bonds. Each [Fe(C{¥
anion links to four +(H,O)s anion clusters through ©N
hydrogen bonds and two other [Fe(GN) anions through
two bridging water molecules, resulting in an elaborate 3D
porous host framework. The [Ru(bglf) cations as the guest
molecules occupy the vacancies of the 3D cubic framework
(Figure 3). The @-N distances are O(4yN(13) = 2.754
A and O(4)-*N(16)= 2.708 A, and the N(16)-O(4)-+*N(13)
bond angle is~122. The shortest Fe-Fe distance is 10.915
A. Generally, the repulsion betweenand [Fe(CNjJ3-, as
well as between two [Fe(Chf~ anions, dominates in the
3D anionic host framework {(H20)sFe(CN}-H,OJ*". It is
very interesting that not only the [Fe(Ci{§§ and I +(H,O)s
anions but also two different [Fe(C§J~ anions connect
together through ©-N hydrogen bonds in the 3D anionic
host framework [{(H,O)sFe(CN)-H,O]*~. Obviously, the
guest cation [Ru(bpy)?* located at the vacancies of the 3D
cubic framework plays an important role in stabilizing the
3D anionic host framework {(H,O)sFe(CN}-H.O]*". Se-

Table 2. Selected Bond Distances (A) and Bond Angles (deg) of
Crystal Host [H(H20)sFe(CN)-H,0]*~

I(1)—0(2) 3.571 O(5)-N(6) 2.7463
I(1)—0(3) 3.551 0(6Y0(7) 2.777
O(3)-N(14) 2.987 0(6Y0(1) 2.832
0(2)-N(15) 2.805 O(1FN(17) 2.896
O(5)-N(18) 2.803 O(4¥N(13) 2.754
0(2)-0(5) 2.859 O(4)-N(16) 2.708
0(3)-1(1)—-0(2) 96 O(5))0(6)-0(7) 100
N(14)-0@3)-I(1) 96 0(1)-0(6)-0(7) 140
I(1)-0(@2)-0() 115 O(2¥0(5)-N(18) 101
I(1)-O(2)-N(15) 138 O(6Y-O(5)-N(18) 134
O(5-0(2)-N(15) 105 O(6¥-O(1)-N(17) 120
0(2-0(5)-0(6) 122 N(13}-O(4)-N(16) 122
0(1)-0(6)-0(5) 118

IR Spectra and Elemental AnalysesIR spectra of the
complex [Ru(bpyil[l -« (H20)sFe(CN)-H-0] exhibit the bands
expected for terminal CN stretching (2112, 2052 énand
the bands for 2,2,-bipy stretching (1631, 1603, 1461, and
1422 cml). The results of the elemental analyseslaire
as follows. Anal. Found: C, 49.56; H, 3.61; N, 15.88%;
Calcd for GeHsoFeNigO7RuU: C, 49.43, H, 3.74; N, 15.72%.

Conclusions

In conclusion, a planar topological structure of af{f,O)s
anion cluster in a 3D supramolecular complex [Ru(Bpy)
[1-(H20)sFe(CN}-H,0O] has been determined by single-
crystal X-ray analysis. The novel planar topological model
of an I"+(H,O)s anion cluster has been not theoretically
predicted. Thel1-(H,O)s anion cluster favors internal states
in the supramolecular environment. In the supramolecule,

lected bond distances (A) and bond angles (deg) of the crystalthe anion cluster 1-(H.O)s, together with the anion

host [I-(H.O)sFe(CN)-H,0]*~ are given in Table 2.

[Fe(CN)-H,0]?>", acts as a 3D crystal host and the [Ru-
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