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ABSTRACT: The conversion from a [2 + 2] nested
double-helical column, {[Mn,(ptptp)(suc)(H,0),]
1.5H,0}, (1), to a cationic spiral staircase, {[Mn,(ptptp)-
(suc)ys(H,0);]-Br-0.5H,0}, (2), has been achieved
through ionic liquid anion stimulations under solvothermal
conditions. The conversion does not change the
antiferromagnetic interactions.

elicity is a highly attractive topological motif not only

because of its fascinating structure but also for its realistic
and potential applications in many fields.'~* To date, the self-
assembly of a helical structure has been paid remarkable attention,
and a large number of helical coordination polymers (CPs) have
been reported since the pioneering work of Lehn.>® However,
several cases about [1 +1]->* [2 + 1]—,5b 3+ 1]—,5C’d and [3+2]-
type>® multihelical arrays, which contain two kinds of nested
helices with the same helix axis, have been created. Among these
coaxial nested helices, the rarest presents opposite orientation.>®
Besides, the reported [ + n]-type multihelical arrays need to be
extracted arduously from complicated three-dimensional (3D)
frameworks. It is still a formidable challenging task for chemists to
encapsulate different helical units into a one-dimensional (1D) [n
+ n] coaxially nested helical system. Herein, we report an
unprecedented heterochiral 1D [2 + 2] coaxially nested double-
helical column, {[Mn,(ptptp)(suc)(H,0),]-1.5H,0}, (1),
formed by using outer double helices (Mn-ptptp),, as a template
to encapsulate inner double helices (Mn-suc),, in a hierarchical
self-assembly process (H,ptptp = 2-(5-{6-[5-(pyrazin-2-yl)-1H-
1,2,4-triazol-3-yl]pyridin-2-yl}-1H-1,2,4-triazol-3-yl ) pyrazine;
H,suc = succinic acid). To the best of our knowledge, 1 is the first
example of a 1D CP that has [2 + 2] coaxially nested double-
helical chains with reverse chirality.

Ionic liquids (ILs) have received increasing attention as the
solvent of choice for the synthesis of crystalline materials such as
zeolites and CPs.”~'® Earlier reports showed that ILs could
display several different types of behavior, such as templating by
only the cation or by both the cation and anion simultaneously,
and serve as a mineralizing agent or solvent only without being
occluded in the final structure, which illustrates that ILs can play
multiple functions even in the same systems.” '° These
achievements inspire us to select ILs as anion sources to tune
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Scheme 1. Conversion from 1 to 2

[RMI]Br

the configuration of the column in 1. As expected, solvothermal
reaction of 1 and 1 mL of [RMI|Br (RMI = I-alkyl-3-
methylimidazolium; R = ethyl, propyl, or butyl) in CH;CN/
H,0 led to {[Mn,(ptptp)(suc)os(H,0);]-Br-0.5H,0}, (2),
which resembles a 1D cationic spiral staircase (Scheme 1). The
better dissolving capacity of ILs at high temperature and the more
effective structure regulator of the IL Br™ anion are two crucial
factors of the conversion from 1 to 2. Besides, the large chiral
channel formed by the outer double-helical chains in 1 may act as
a “molecular container” or a “molecular reactor”, where the inner
double-helical chains were disturbed by the IL Br™ anions in the
postsynthesis process.

X-ray crystal structure analysis revealed that 1 crystallizes in the
high-symmetry tetragonal space group P4,/n. The asymmetric
unit of 1 contains two crystallographically independent Mn**
ions, one ptptp ligand, one suc ligand, two coordinated water
molecules, and one and a half free water molecules (Figure S1 in
the Supporting Information, SI). The apical Mnl ion is
coordinated by two terminal bidentate binding sites of two
ptptp ligands and two carboxylate oxygen atoms of two suc
ligands, resulting in a distorted octahedral {N,O,} coordination
geometry. The Mn2 ion is embedded in the central tridentate
binding site of the ptptp ligand, along with one carboxylate
oxygen atom from the suc ligand and two coordinated water
molecules to complete a distorted octahedral {N;0O;} coordina-
tion geometry.

Received: October 15, 2013
Published: January 7, 2014

dx.doi.org/10.1021/ic402598p | Inorg. Chem. 2014, 53, 685—687


pubs.acs.org/IC

Inorganic Chemistry

Communication

Figure 1. Hierarchical assembly of a [2 + 2] nested double-helical
column constructed from outer and inner double helices with opposite
orientation in 1. Some atoms of the ptptp ligands are omitted for clarity in
parte.

(b)

(d) ®

Figure 2. Hierarchical assembly of a cationic spiral staircase constructed
from outer double helices and inner steps in 2. Br™ anions are marked
gold. Some atoms of the ptptp ligands are omitted for clarity in part e.

The most striking feature of 1 is that the linkages between the
Mn?* ions and ptptp and suc ligands form an unprecedented
heterochiral [2 + 2] nested double-helical column constructed
from two kinds of double-helical chains in opposite orientation
with the coaxial 4, screw axis (Figure 1). Like a set of Russian
nesting dolls, these [2 + 2] double-helical chains are deployed as
beautiful double-wall square tubes viewed down the ¢ axis (Figure
1f). On the basis of the distance from the screw axis, 1 can be
distinguished as outer and inner walls. The Mn1 ions are wrapped
by head-to-tail ptptp ligands, along with Mn2 ions inlayed in the
central tridentate binding sites of the ptptp ligands, to form a
distinct helical chain (Mn-ptptp), (Figure 1a). Two such (Mn-
ptptp), chains wind around each other to form an outer wall,
resulting in a large chiral channel with a diameter of 9.53 A, which
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is restricted in order to ensure reasonable coordination
geometries of Mn®" ions and to ensure space enough to
accommodate the suc ligands (Figure 1b). Combined with the
Mn?* ions, the suc ligands form other kinds of double-helical
chains (Mn-suc),, as the inner wall, which is encapsulated by the
outer wall (Figure lc,d). The arrangements of the outer wall
provide an opportunity to develop the inner wall, which, in turn,
should play an important role in the stability of the column. The
outer and inner walls share the same Mn ions, which brings about
the same separation (c) between adjacent chains of each type of
double-helical chain and the same pitch (2¢) (Figure le). Viewed
along the ¢ axis, the outer and inner walls exhibit pseudo-24-ring
and pseudo-28-ring configurations, respectively.

More wonderfully, the outer wall transfers a reverse chirality to
the inner wall and hence determines the orientation of the inner
double-helical chains. In this sense, the outer wall, offerring
potential reverse helical coordinate-bonded identification sites,
acts as a template for generation of the opposite helical chains
inside. In fact, helical CPs containing [n + n] coaxially nested
helices with opposite orientations are extremely rare. Interactions
of face-to-face 7-+- stacking between these columns with reverse
orientations extend the 3D racemic supramolecular network
(Figure SS in the SI).

The particular properties of ILs and the unique structural
features of the [2 + 2] nested double-helical column provide the
potential for conversion from 1 to 2, which crystallizes in the
space group P4,bc. The asymmetric unit of 2 contains two
crystallographically independent Mn* ions, one ptptp ligand, a
half suc ligand, one IL Br~ anion, three coordinated water
molecules, and a half free water molecule (Figure S2 in the SI).
The distorted octahedral geometry {N,O,} around the apical
Mnl ion is quite different from those in 1, in which one suc ligand
is substituted by a water molecule. The {N;O;} coordination
environment around the central Mn2 ion is the same as that
observed in 1.

Compared to 1, the most remarkable change of 2 is the
disappearance of inner double-helical chains (Mn-suc),, although
outer double-helical chains (Mn-ptptp), still exist (Figure 2a,b).
Because of the stimulating effect of IL Br™ anions, the halved suc
ligands have to change its screwed arrangement (Figure 2c,d) and
act as steps to hold together outer double-helical chains to form a
chiral cationic spiral staircase (Figure 2e,f). As can be seen in
Figures 2 and S6 in the SI (see also Table S3 in the SI), the IL Br~
anions are accommodated in the helical groove of the cationic
spiral staircase and interact with three coordinated water
molecules through three O—H---Br hydrogen bonds with the
following properties: O-+Br distances 3.236(4)—3.401(4) A; O—
H---Br angles 148.6—172.7°. 2 may be regarded as an analogue of
DNA in terms of topology, except that the hydrogen-bonding
interaction between the two strands is substituted by suc ligands
coordinating to Mn*" ions. This arrangement has not been
previously reported.

Furthermore, 2 could also be obtained solvothermally by the
one-pot reaction, indicating that ILs play an important role in the
hierarchical self-assembly process of 2. The addition of small
amounts of [RMI]Br can change the chemistry of the solvent,
which can lead to great differences in the final structure compared
to pure solvothermal conditions. Not only could the IL Br™ anion
be occluded in the final structure as a template but also the IL
cation could exert important effects on the formation of 2 despite
the fact that they do not enter the final structure (see the SI). 2 isa
rare example that clearly demonstrates the structure-directing
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function of IL anions for ultimate solid products under the
combination of solvothermal and ionothermal conditions.”®

The molar magnetic susceptibilities for 1 and 2 in the 2—300 K
range obey the Curie—Weiss law, giving Weiss constant 6 = —3.90
K and Curie constant C = 8.85 cm® K mol ™ for 1 and § = —5.1 K
and C = 8.7 cm® K mol™" for 2. The magnetic behavior and
negative 6 value suggest that antiferromagnetic interactions are
operative in 1 and 2. Because of the very similar magnetic
exchange pathways in both complexes, conversion from 1 to 2
does not change the antiferromagnetic interactions (Figure S11
in SI).

In conclusion, we have successfully synthesized the first
examples of a [2 + 2] nested double-helical column (1) and a
cationic spiral staircase (2) through hierarchical self-assembly.
Conversion from 1 to 2 stimulated by the IL Br™ anions could be
achieved by introducing ILs into the solvothermal conditions. We
are in the process of probing the multiple functional role of ILs in
the synthesis of functional CPs.
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X-ray crystallographic data in CIF format and experimental
details for the measurement. This material is available free of
charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Authors
*E-mail: zangsqzg@zzu.edu.cn.
*E-mail: houhongw@zzu.edu.cn. Fax: +86-371-67761744.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was funded by the National Natural Science
Foundation (Grants 21371155 and 91022013) and Research
Fund for the Doctoral Program of Higher Education of China
(Grant 20124101110002).

B DEDICATION

Dedicated to Professor Xinquan Xin on the occasion of his 80th
birthday.

B REFERENCES

(1) (a) Piguet, C.; Bernardinelli, G.; Hopfgartner, G. Chem. Rev. 1997,
97, 2005—2062. (b) Albrecht, M. Chem. Rev. 2001, 101, 3457—3497.
(c) Kesanli, B.; Lin, W. B. Coord. Chem. Rev. 2003, 246, 305—326.
(d) Piguet, C.; Borkovec, M.; Hamacek, J.; Zeckert, K. Coord. Chem. Rev.
2005, 249, 705—726. (e) Han, L, Hong, M. C. Inorg. Chem. Commun.
2005, 8, 406—419. (f) Leong, W. L; Vittal, J. J. Chem. Rev. 2011, 111,
688—764.

(2) (a) Nakano, T.; Okamoto, Y. Chem. Rev. 2001, 101, 4013—4038.
(b) Pérez-Garcia, L.; Amabilino, D. B. Chem. Soc. Rev. 2002, 31, 342—
356. (c) Schmuck, C. Angew. Chem., Int. Ed. 2003, 42, 2448—2452.
(d) Albrecht, M. Angew. Chem., Int. Ed. 2005, 44, 6448—6451.
(e) Yashima, E.; Maeda, K; Furusho, Y. Acc. Chem. Res. 2008, 41,
1166—1180. (f) Juwarker, H.; Suk, J. M.; Jeong, K. S. Chem. Soc. Rev.
2009, 38, 3316—3325.

(3) (a) Hou, J. Z.; Li, M.; Li, Z. S.; Zhan, Z.; Huang, X. C,; Li, D. Angew.
Chem., Int. Ed. 2008, 47, 1711—1744. (b) Ayme, J. F.; Beves, ]. E.; Leigh,
D. A;; McBurney, R. T.; Rissanen, K.; Schultz, D. J. Am. Chem. Soc. 2012,
134, 9488—-9497. (c) Bao, X. W,; Liu, J; Liu, L.; Gémez-Coca, S.; Ruiz,
E.; Tong, M. L. Inorg. Chem. 2013, 52, 1099—1107. (d) Wang, B.; Zang,
Z.P.;Wang, H. H.; Dou, W,; Tang, X. L; Liu, W. S.; Shao, Y.L,; Ma, J. X;
Li, Y. Z.; Zhou, J. Angew. Chem., Int. Ed. 2013, 52, 1—6.

687

(4) (a) Chen, X. M; Liu, G. F. Chem.—Eur. J. 2002, 8, 4811—4814.
(b) Tanaka, K.; Tengeiji, A.; Kato, T.; Toyama, N.; Shionoya, M. Science
2003, 299, 1212—1213. (c) Jouaiti, A.; Hosseini, M. W.; Kyritsakasb, N.
Chem. Commun. 2003, 472—473. (d) Jeong, K. S.; Kim, Y. S.; Kim, Y. J.;
Lee, E.; Yoon, J. H.; Park, W. H,; Park, Y. W.; Jeon, S. J.; Kim, Z. H.; Kim,
J.;Jeong, N. Angew. Chem,, Int. Ed. 2006, 45, 8134—8138. (e) Long, D. L.;
Kogerler, P.; Farrugia, L. J.; Cronin, L. Chem—Asian J. 2006, 1,352—357.
(f) Shyu, E.; Supkowski, R. M.; LaDuca, R. L. Inorg. Chem. 2009, 48,
2723-2725. (g) Yang, Q. X.; Huang, L. F.; Zhang, M. D.; Li, Y. Z.; Zheng,
H. G; Ly, Q.Y. Cryst. Growth Des. 2013, 13,440—44S. (h) Hu, F. L.; Wy,
W.; Liang, P.; Gu, Y. Q;; Zhu, L. G.; Wei, H.; Lang, J. P. Cryst. Growth Des.
2013, 13, 5050—5061.

(5) (a) Zheng, S. T.; By, J. J.; Wu, T.; Chou, C.; Feng, P. Y.; By, X. H.
Angew. Chem., Int. Ed. 2011, 50, 8858—8862. (b) Liu, Y. C.; Zhang, H. B.;
Tian, C. B;; Lin, P.; Du, S. W. CrystEngComm 2013, 15, 5201—5204.
(c) Zang, S. Q;; Su, Y,; Li, Y. Z;; Ni, Z. P.; Zhu, H. Z.; Meng, Q. J. Inorg.
Chem. 2006, 45, 3855—3857. (d) Hou, L; Jia, L. N.; Shi, W. J.; Du, L. Y.;
Li,J.; Wang, Y. Y.; Shi, Q. Z. Dalton Trans. 2013, 42, 6306—6309. () Sun,
Y. Q; Zhang, J.; Chen, Y. M,; Yang, G.Y. Angew. Chem,, Int. Ed. 2005, 44,
5814—5817. (f) Zang, S. Q.; Su, Y.; Duan, C. Y,; Li, Y. Z; Zhu, H. Z,;
Meng, Q.J. Chem. Commun. 2006, 4997—4999. (g) Sun, X. L.; Song, W.
C.; Zang, S. Q; Dy, C. X,; Hou, H. W.; Mak, T. C. W. Chem. Commun.
2012, 48, 2113—2115. (h) Dong, X. Y.; Li, B.; Ma, B. B.; Li, . J.; Dong,
M.M,; Zhu, Y. Y,; Zang, S. Q; Song, Y.; Hou, H. W,; Mak, T. C.W. J. Am.
Chem. Soc. 2013, 135, 10214—10217.

(6) (a) Lehn, J. M. Acc. Chem. Res. 1978, 11, 49—57. (b) Lehn, J. M.;
Rigault, A.; Siegel, J.; Harrowfield, J.; Chevrier, B.; Moras, D. Proc. Natl.
Acad. Sci. U. S. A. 1987, 84, 2565—2569. (c) Hasenknopf, B.; Lehn, J. M.;
Kneisel, B. O.; Baum, G.; Fenske, D. Angew. Chem.,, Int. Ed. 1996, 35,
1838—1840. (d) Lehn, J. M. Science 2002, 295, 2400—2403.

(7) (a) Cooper, E. R;; Andrews, C. D.; Wheatley, P. S.; Webb, P. B;
Wormald, P.; Morris, R. E. Nature 2004, 430, 1012—1016. (b) Parnham,
E. R; Morris, R. E. J. Am. Chem. Soc. 2006, 128, 2204—2205.
(c) Parnham, E. R; Wheatley, P. S.; Morris, R. E. Chem. Commun.
2006, 380—382. (d) Yonemoto, B. T.; Linb, Z; Jiao, F. Chem. Commun.
2012, 48, 9132—9134. (e) Wei, Y.; Marler, B.; Zhang, L.; Tian, Z,;
Graetscha, H.; Gies, H. Dalton Trans. 2012, 41, 12408—124185.

(8) (a) Jin, K;; Huang, X. Y.; Pang, L.; Li, J.; Appel, A.; Wherland, S.
Chem. Commun. 2002, 2872—2873. (b) Dybtsev, D. N.; Chun, H.; Kim,
K. Chem. Commun. 2004, 1594—1595. (c) Lin, Z. J.; Slawin, A. M. Z;
Morris, R. E. J. Am. Chem. Soc. 2007, 129, 4880—4881. (d) Lin, Z. J.;
Wragg, D. S.; Warren, J. E.; Morris, R. E. . Am. Chem. Soc. 2007, 129,
10334—1033S. (e) Zhang, J.; Chen, S. M.; Bu, X. H. Angew. Chem., Int.
Ed. 2008, 47, 5434—5437.

(9) (a) Xu, L.; Yan, S. H.; Choi, E. Y; Lee, J. Y.; Kwon, Y. U. Chem.
Commun. 2009, 3431—3433. (b) Ren, H.; Ben, T.; Wang, E; Jing, X. F;
Xue, M. B,; Liu, B,; Cui, Y.; Qiu, S. L.; Zhu, G. S. Chem. Commun. 2010,
46,291-293. (c) Chen, W. X;; Xu, H. R; Zhuang, G. L; Long, L. S,;
Huang, R. B,; Zheng, L. S. Chem. Commun. 2011, 47, 11933—11935.
(d) Kang, Y.; Chen, S. M.; Wang, F.; Zhang, J.; Bu, X. H. Chem. Commun.
2011, 47, 4950—4952. (e) Du, D. Y;; Qin, J. S.; Sun, C. X.; Wang, X. L;
Zhang, S.R.; Shen, P.; Li, S.L.; Su, Z. M,; Lan, Y. Q. J. Mater. Chem. 2012,
22,19673—19678.

(10) (a) Reichert, W. M.; Holbrey, J. D.; Vigour, K. B.; Morgan, T. D.;
Broker, G. A.; Rogers, R. D. Chem. Commun. 2006, 4767—4779. (b) Fei,
Z.; Geldbach, T.]J.; Zhao, D.; Dyson, P. J. Chem.—Eur. ]. 2006, 12,2122 —
2130. (c) Parnham, E. R.; Morris, R. E. Acc. Chem. Res. 2007, 40, 1005—
1013. (d) Morris, R. E. Chem. Commun. 2009, 2990—2998. (e) Ahmed,
E.; Ruck, M. Dalton Trans. 2011, 40, 9347—9357. (f) Freudenmann, D.;
Wolf, S.;; Wolff, M.; Feldmann, C. Angew. Chem., Int. Ed. 2011, S0,
11050—11060. (g) Li, C. P.; Du, M. Chem. Commun. 2011, S958—5972.

dx.doi.org/10.1021/ic402598p | Inorg. Chem. 2014, 53, 685—687


http://pubs.acs.org
mailto:zangsqzg@zzu.edu.cn
mailto:houhongw@zzu.edu.cn

