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Notes

Molecular Ladders with Macrocyclic Platforms molecular ladders constructed of a linear functional ligand witha
macrocyclic unit (Chart 1)1), a prepositioned dinuclear zinc-
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Introduction X
The aggregation of molecular building blocks via self- [Zo,LP (1): 1laX=Me, 1bX = Cl

assembly has recently been of wide interest because the potential

of the ordered network directed either by metal ions or by . ) .

hydrogen bonds offers opportunities to develop new approaches,E”) rf1f10|gty that hasl_flrsf I%?en used in the self-assembly study
for functional materiald.In the former, deliberate designs of 0 aftord macrocyclic platiorms.
transition metals with certain linear bifunctional ligands, e.qg.,
4,4-bipyridine and pyrazine, have generated a few classes of
coordination polymers with diverse architecture and functions  Physical MeasurementsElemental analyses were measured with
such as one-dimensional molecular chains and laddeve; a Perkin-Elmer 1400C analyzer. Infrared spectra (468D cnt?) were
dimensional grids and brick walf§? and three-dimensional  collected on a Nicolet FTIR 170X spectrophotometer at@5using
networks* A number of naked metal ions and protected KBr plates.!H NMR spectra were obtained in a Bruker 500 MHz NMR
mononuclear metal species have been involved in the metal-SPectrometer. Electrospray ionization (ES) mass spectra were recorded

; 3 on a Finnigan MAT SSQ 710 mass spectrometer in a scan range 100
assisted self-assemtiyReported here are two unprecedented 1200 amu. TGA-DTA data were recorded by a CA Instruments DTA-

TGA 2960 simultaneous type analyzer.

Experimental Section

* To whom correspondence should be addressed.

t Nanjing University. Mate_rials. All solvents (_a\_nd c_:hemicals were of a_nalytical grade and
* Universiti Sains Malaysia. used without further purification. 4-Methyl-2,6-diformylphenol and
(1) For reviews, see the following. (a) Robson, R.; Abrahams, B. F.; 4-chloro-2,6-diformylphenol were prepared with high yields according

Batten, S. R.; Gable, R. W.; Hoskins, B. F.; Liu,Supramolecular g an improved oxidation method using active manganese(1V) diéxide.

Architecture American Chemical Society: Washington, DC, 1992;

Chapter 19, (b) Aakeroy, C. B.. Seddon, K.Ghem. Soc. Re 1993 Dinuclear macrocyclic zinc complexed)(were synthesized via a

397. (c) Lawrance, D. A.; Jiang, T.: Levett, IBhem. Re. 1995 95, sodium template method described previously.

2229. (d) Desijraju, G. RAngew. Chem., Int. Ed. Engl995 35, Synthesis of [ZrpL(4,4'-bipy);](ClO4),. Complex 2, having the
2311. (e) Batten, S. R.; Robson,Rgew. Chem., Int. Ed. Endl998 empirical formula [ZaL(4,4'-bipy);](ClO.). (bipy = bipyridine), was
37, 1460. prepared by refluxing [Zst.(H20),](ClO4), (1) (0.384 g, 0.5 mmol for

(2) (@) Gou, S.; You, X.; Xu, Z.; Zhou, Z.; Yu, K.; Yu, Y.; Zhu, Acta

Crystallogr, Sect. C1991 47, 1303. (b) Yu, K.; Gou, S.; You, X,  aand 0.405g, 0.5 mmol fdtb) with 4,4-bipyridine (0.156 g, 1 mmol)

Xu, Z. Acta Crystallogr., Sect. @991, 47, 2653. (C) Chen, X. M.; in acetonitrile-ethanol (1:1, 40 mL) for 1 h, and then the solutions
Tong, M. L.; Lou, Y. J.; Chen, Z. NAust. J. Chem1996 49, 835. were slowly evaporated to nearly 5 mL under reduced pressure and
(d) Lu, L.; Gerardo, M.; Crisci, G.; Niu, T. Ylnorg. Chem 1997, cooled to room temperature. Yellow crystalline solids were collected,

36, 5140. (e) Fuijita, M.; Kwon, Y. J.; Sasaki, O.; Yamaguchi, K.;  washed with ethanol, and dried in a vacuum. Yieléla; 0.497 g (92%);
gg\xroa:th(')JMA.r]n Anctl_s\/m Cl?gr?wlg?r?t %Eld7 E7nZ§1€ag g)3|5-°§75'7€g' (P)'; 2b, 0.527 g (94%). The samples obtained above were subjected directly
Henniger, T. ‘L.;. MgacQ.uarrie, D. C Losier, P.; Rbgers,'Rg D.; to routine analyses2a Anal. Caled for [GaHz6ZnNsOz(CioHaNo):]
Zaworotko, M. J.Angew. Chem., Int. Ed. Engl997, 36, 972. (h) (ClO4)2+(CHsOH): C, 50.82; H, 4.45; N, 10.31. Found: C, 50.54; H,
Blake, A. J.; Champness, N. R.; Khlobystov, A.; Lemenovskii, D. 4.10; N, 10.55. Main IR (crmt): 1616(C=N), 1094, and 623 (CIQ).
A.; Li, W.-S.: Shrader, M. Chem. CommurL997, 2027. 1H NMR (D;0): 6 8.64(m, 4H, pyH), 8.33(s, 4H, HE=N), 7.79(m,
(3) (a) Gable, G. B.; Hoskins, B. F.; Robson, R.Chem. Soc., Chem. 4H, pyH), 7.41(s, 4H, phenyl), 3.99(t, 8H, GH 2.27(s, 6H, CH),

Commun199Q 1677. (b) Fujita, M.; Kwon, Y. JJ. Am. Chem. Soc. Ma- 2+
1994 116 1151. (c) Zaworotko, M. JChem. Soc. Re 1094 283, 2.10(m, 4H, CH). ES-MS: m/z 266 [ZrpL]?"/2. 2b. Anal. Calcd for

(d) MacGillvray, L, R.; Subramanian, S.; Zaworotko, M.JJChem. [C22H20ZN2N4O-Cl2 (C10H8N2)2](ClO4)z+ (C2HsOH): C 46.89 H, 3.76;

Soc., Chem. Commui994 1325. (e) Gudbjartson, H.; Biradha, K.; N, 9.95. Found: C, 46.59; H, 3.55; N, 10.18. Main IR (¢in 1642-

Poirier, K. M.; Zaworotko, M. JJ. Am. Chem. S0d.999 121, 2599. (C=N), 1097, and 624 (Cl®). *H NMR (D20): ¢ 8.49(m, 4H, py
(4) (a) Carlucci, L.; Ciani, G.; Proserpio, D. M.; Sironi, &.Chem. Soc., H), 8.22(s, 4H, H&=N), 7.64(m, 4H, pyH), 7.30(s, 4H, phenyl), 3.84-

Chem. Commuril994 2755. (b) Subramanian, S.; Zaworotko, M. J. (t, 8H, CHy), 1.98(m, 4H, CH). ES-MS: miz 286 [ZnpL]?*/2.

Angew. Chem., Int. Ed. Engll995 34, 2127. (c) Robinson, F.;

Zaworotko, M. J.J. Chem. Soc., Chem. Commu995 2413. (d)

Carlucci, L.; Ciani, G.; Proserpio, D. M.; Sironi, Al. Am. Chem. (6) Huang, W.; Gou, S.; Hu, D.; Meng, @ynth. Commur200Q 30,

So0c.1995 117, 1574. (e) Yaghi, O. M.; Li, GAngew. Chem., Int. 1555.

Ed. Engl 1995 34, 207. (f) Yaghi, O. M.; Li, H.J. Am. Chem. Soc. (7) (a) Gou, S.; Fenton, D. Hnorg. Chim. Actal994 223 169. (b)

1996 118 295. Adams, H.; Bailey, N. A.; Bertrand, P.; Cecilia, O. R.; Fenton, D. E.;
(5) Fujita, M. Chem. Soc. Re 1998 27, 417. Gou, S.J. Chem. Soc., Dalton Tran$995 275.
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Notes

Chart 1. (a) Molecular Ladders and (b) Molecular Ladders

Inorganic Chemistry, Vol. 40, No. 7, 20011713

Table 2. Selected Bond Distances (A) and Angles (deg) for

with Macrocyclic Platforms 2aand2b
2a 2b
bk Bond Distances
////////;;;/l/////////// Zn(1)-N(1A) 2.032(4)  Zn(1)FN(1) 2.044(3)
] Zn(1)-N(2A) 2.019(3)  Zn(1}0O(1) 2.063(3)
Lk Zn(1)-0(1) 2.044(3)  Zn(LXN(2) 2.064(3)
’////// NS T Zn(1)-0O(1A) 2.035(3)  Zn(1)}O(1A) 2.072(2)
/////%///// Zn(1)-N(@3) 2.284(3)  Zn(1¥N(3) 2.321(3)
To— Zn(1)-N(4B) 2.444(4)  Zn(1)}N(4B) 2.401(3)
VY
///////////////////////’ Bond Angles
N(2A)—Zn(1)-N(1A) 100.81(15) N(1}Zn(1)}-O(1)  90.72(11)
N(2A)—-Zn(1)-O(1)  169.32(13) N(BHZn(1)-N(2) 100.89(12)
a b N(1A)—-Zn(1)-O(1A) 89.77(13) O(L}Zn(1)-N(2) 168.40(10)
_ N(2A)—Zn(1)-O(1)  90.54(13) N(1}Zn(1)}-O(1A) 169.59(11)
Table 1. Crystal Data and Structure Refinement & and 2b N(1A)-Zn(1)-O(1)  168.24(13) O(BZn(1)-O(1A)  78.88(10)
2a b O(1A)-Zn(1)-0O(1)  78.82(11) N(SZn(1)-O(1A) 89.52(11)
N(2A)-Zn(1)-N(3) 87.88(12) N(1)}Zn(1)-N(3)  87.06(10)
chem formula GHeaCloNgO12Zn;  CaaH2eClaN4OsZn N(1A)—Zn(1)-N(3) 89.67(13) O(1)¥Zn(1)-N(3) 92.39(10)
mol wt 1194.75 624.76 O(1A)-Zn(1)-N(3) 93.67(11) N(2}zZn(1)-N(3)  88.13(11)
cryst syst monoclinic monoclinic O(1)-Zn(1)—N(3) 93.86(12) O(1A)yZn(1)-N(3) 93.52(10)
space group C2lc C2lc N(2A)—Zn(1)-N(4B) 87.30(12) N(1)}Zn(1)-N(4B) 87.96(11)
a, 25.7884(3) 26.2211(4) N(1A)—Zn(1)-N(4B) 86.01(13) O(1}Zn(1)-N(4B) 92.41(10)
b, A 11.7579(2) 11.8317(1) O(1A)-Zn(1)-N(4B) 92.06(11) N(2}Zn(1)-N(4B) 88.15(11)
c, A 20.1441(3) 20.8467(4) O(1)-Zn(1)-N(4B)  91.51(11) O(1A}Zn(1)-N(4B) 92.24(10)
B, deg 121.353(1) 122.677(2) N(3)-Zn(1)-N(4B)  172.81(13) N(3}Zn(1)-N(4B) 173.12(11)
Vv, A3 5216.13(13) 5443.88(14)
z 4 8 species to 4,4bipyridine in two compounds is 1:2. However,
Deaica g T2 1-351 1-522 it is difficult to specify how two 4,4bipyridine units connect
’é’(&g 12'483 12'§756 to the metal ions in the macrocycle in the same direction or
0 range, deg 5 9957.50 3.76-58.90 inversely. In our previous worR and others’ reports; mono-
max, min transm 0.764 10, 6219 0.8024, 0.6079 functional ligands such as water, halogens, and azide anions as
no. parameters 328 344 well as tetracyanoquinodimethane ligands are found situated on
ggé%zisl;ﬁfg#z 8-8;351 0.1939 ooé%%lo, 0.1534 two sides of the macrocyclic plane to reduce the spatial
Ap, max. min, e A° 0:800’_1.026 0:601’_0.817 repulsion. Is it the case for 4;:8ipyridine? To explore the this

*R1= 3 |[Fo| — [Fl/ZIFol. "WR2 = [F[W(Fo?* — FAF/ T W(F’)TY2

X-ray Crystallography. Single crystals of botl2a and 2b grown
from a mixed solution of acetonitrile and ethanol at a ratio of 2:1 are
subjected to X-ray diffraction measurements. Because crystéls of

diffraction.

linear bifunctional ligand via self-assembly withand to learn
exactly the coordination environment of each zinc(ll) atom,
crystal structures oRRa and 2b are determined by X-ray

An X-ray crystal structure study indicated that the coordina-

and 2b are extremely unstable in the absence of the mother liquor, tion environment around each Zn(ll) atom2a is a distorted
their single-crystal samples with mother solutions are mounted in quartz 0ctahedron in which two apical positions are occupied by the
tubes for measurements. Thus, single-crystal samples of two complexeddridging ligand, 4,4bipyridine (Figure 1). The two axial ZAN

are not microanalyzed because of their quick efflorescences. Reflectionbonds are not equal in length because of the metal atom being
data for2a and2b crystals were measured by a Bruker SMART 1K g little high over the octahedral base plane.

CCD diffractometer system at 293(2) K using graphite monochromated
Mo Ko radiation ¢ = 0.710 73 A) at a detector distance of 4 cm and
a swing angle of-35°. The collected data were reduced by using the
program SAINT? and the empirical absorption correction was done
by using the SADABSprogram. Both structures were solved by direct
methods and refined by a least-squares methoBqg# by using the
SHELXTL-PCY software package, with 6631 of 18 8423 and 6741

of 14 839 @b) [I > 20(1)] unique absorption-corrected reflections. All
non-H atoms were anisotropically refined. Except for the water

(ZnyL(H,0),](CIO),

hydrogens in2b, all other hydrogen atoms were geometrically fixed + oy
and allowed to ride on the attached atoms. The crystallographic results CoHsOH

are summarized in Table 1, and selected bond distances and bond angles ;
are listed in Table 2. Further details are provided in Supporting N N
Information.

Results and Discussion

According to the microanalytical data, it can be easily
deduced that the ratio of the dinuclear zinc(ll) macrocyclic

(8) Siemens,SAINT Software Reference Manuakrsion 4; Siemens
Analytical X-Ray Systems, Inc.: Madison, WI, 1996.

(9) Sheldrick, G. M. SADABS, Program for Empirical Absorption
Correction of Area Dectector DatdJniversity of Gottingen: Gottin-

o s
N N
q 0 J
N N
’d ’d
N N
| |
s o
N N
; 0 J
N. N
N
2

The most significant feature is that the crystal structur@af

gen, Germany, 1996.
(10) SiemensSHELXTL Reference Manyafersion 5; Siemens Analytical

X-Ray Systems, Inc.: Madison, WI, 1996. 29, 515.

(11) (a) Pilkington, N. H.; Robson, Rust. J. Chem197Q 23, 2226. (b)
Hoskins, B. F.; Mcleod, N. J.; Schaap, H. Aust. J. Chem1976
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Figure 3. View of the 2-D network depicting the connection via
nonclassical hydrogen bonds 2.

Figure 1. Structure of the complex cation dfa with the atom-

f the metal m h | n important role in yielding th
numbering scheme. Hydrogen atoms are omitted for clarity. of the metal ato as played an important role in yielding the

framework of the ladder. It is due to the inlay of macrocyclic
platforms throughout the structure that has stabilized the
resulting ladder motif by overcoming the spatial repulsion
between the macrocycle and bipyridine ligands through coor-
dination bonding and by generating-s interactions between
pyridine rings.

An X-ray structural analysis revealed tt2it possesses almost
the same molecular ladder motif 2a However, the substituted
chlorine atom on the top position of the phenyl ring has led to
a distinction of ladder arrays in two crystal patterns. Because
of the two phenolic oxygen atoms bridging the two zinc atoms
on the macrocyclic ring, this results in the molecular ladder
being interrupted by macrocyclic platforms. It is interesting to
note that the macrocyclic platforms of the neighboring molecular
ladders in2a are mutually staggered without any connections,
forming a one-dimensional network while 2t adjacent ladders
are linked by C-H---Cl hydrogen bonding, forming a two-
dimensional network (Figure 3). This kind of weak nonclassical
hydrogen bonding ir2b arises from the intermolecular interac-
tion between the top chlorine atom of one macrocyclic

) ) o framework of one ladder and the hydrogen atom attaching to a
Figure 2. (a) View of the 1-D network and (b) space-filling view of o iqine ring of the neighboring ladder. The geometric dimen-
the molecular ladder with macrocyclic platforms and their crystal ': . . .
packing along thex axis in 2a. sions of the H-bonding here is 2.898 A'in length and 1388

angle. Although the existence of-&---Cl hydrogen bonds is
exhibits an infinite 1-D molecular ladder motif composed of still controversiaf? this kind of interaction has been found to
4,4-bipyridine molecules with two zinc atoms df in very be prfesent in more than 1QO crystal structgral reports, vyhich
close proximity €3.2 A) (Figure 2). Both pyridine ring planes contain structural patterns I|I@b.13_ In comparison to those in
in one 4,4-bipyridine molecule, staggered with a dihedral angle (he literature, the length of ++Cl in 2b is among the values
of 6.3 and paralleled with their counterpart, are perpendicular "ePorted. _ _
to the least-squares planes in which two metal atoms are situated. !N @ddition, C-H---O bonding has also been observed in the
Itis of much interest to note thae has rectangular hydrophobic ~ ¢rystal structure of both compoungaandzb. In 2a, there are
cavities (3.150 Ax 11.758 A), where the 4.bipyridine ligands ~ three types of such hydrogen bonds (2.554 A, 129.21593
connect the Zn(ll) ions to serve as the “side rails” (long sides) A, 141.43; and 2.591 A, 132.33 where the H-bondmg
and where the phenoxy oxygen atoms on the ring link the Zn- @cceptor is from one oxygen atom of the perchlorate anions.
(I) ions to act as the “rungs” (short sides). To our knowledge,
this is the first instance of molecular ladders that have no (12) (&) Koch, U.; Popelier, P. L. Al. Phys. Chem1995 99, 9747. (b)
. Desiraju, G. RAcc. Chem. Red996 29, 441.
interpenetrated network entangled or guest molecules clathrateq13) Navon, O.; Bernstein, J.; Khodorkovsky, Nngew. Chem., Int. Ed.
in the ladder cavity. It is suggested that the coordination behavior Engl. 1997, 36, 601.
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But the related H-bonding donor comes from different sources, macrocyclic dinuclear species are rarely involved in this aspect.
the first two from the first carbon atom of the 1,3-propanedi- The results reported herein offer two new types of coordination
amine group of the macrocyclic framework and the last from a polymers based on the macrocyclic dinuclear zinc(ll) compo-
pyridine unit. In complexb, such C-H---O H-bonds are 2.564  nent. By use of linear 4,4ipyridine ligands, 1-D networks and
A, 156.50 and 2.592 A, 132.1% respectively. The H-bonding  2-D ones via H-bonding have been isolated. We are in the
acceptor is one oxygen atom of perchlorate anions too, but theprocess of studying other pyridine-based ligands to construct
former H-bonding donor comes from a AréHNR group of other frameworks with this kind of macrocyclic unit via
the macrocyclic framework and the latter from the pyridine unit. coordinating bonds or supermolecular interactions. These results
The X-ray determination results reveal that there are methanolwill be reported in due course.
and ethanol molecules in the crystal packin@aflt is believed . i i
that a small amount of methanol exists in the ethanol that is Acknowledgment. Financial support of this work by the
used without further purification, although the ethanol is so- National Natura] Science Foundation of China (Nos. 29871016
labeled as analytic grade. While purified ethanol is utilized in nd 29823001) is gratefully acknowledged. S.G. thanks the State

2b, only an ethanol as well as water molecules is found in its Department of Education for a key research grant. H.K.F. thanks
crystal structure. the Malaysian Government and Universiti Sains Malaysia for

TGA—DTA analysis of 2a gives the following: gradual ~ Research Grant R&D No. 305/PF1Z1K/610942.
4.25% weight loss from 15 to 14% and Sta?'l'ty to 215C; Supporting Information Available: Crystallographic data fo2a
then 28.68% weight loss in a range of 21#50°C and stability and2b, including tables of crystal structure refinement data, positional
to 340°C; and finally explosion at 341C. The data suggest parameters, bond lengths and angles. This material is available free of
the compound lost solvent molecules angl-bipyridine units charge via the Internet at http://pubs.acs.org.
initially and then decomposed. The thermal behavioRlofs 10013611
similar to that of2a.

Although the decorated mononuclear metalloporphyrin com- (14) (a) Kumar, R. K. Balasubramanian, S.. Goldbergnbrg. Chem

plexes constructing coordinating polymers and hydrogen- 1998 37, 541. (b) Sliwa, W.; Mianowska, Blransition Met. Chem.
bonding chained polymers have been actively studied recently, 200Q 25, 491.






