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ABSTRACT: The reactions of a pair of enantiomers of
macrocyclic nickel(II) complexes with racemic penicilla-
mine generated two 3D hydrogen-bonded homochiral
frameworks of {[Ni(f-(SS)-L)]2(l-pends)(ClO4)2}n (Λ-1)
and {[Ni(f-(RR)-L)]2(d-pends) (ClO4)2}n (Δ-1). The
frameworks possess 1D tubular pores and opposite right/
left-handed helical porous surfaces (L = 5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane; pends2� =
penicillaminedisulfide anion).

During the past decade, the construction of homochiral
metal�organic frameworks (HMOFs) has become increas-

ingly attractive because of their utility in enantioselective separa-
tion and heterogeneous asymmetric catalysis.1�3 Such HMOFs
can be constructed using totally achiral components4 or achiral
components under chiral influence,5 as well as chiral ligands
as building blocks.6 So far, numerous HMOFs have been
reported,1�6 but few have been assembled directly from racemic
organic ligands.7a�c Generally, the reactions of racemic ligands
with metal salts prefer to generate racemic products,7d�g whereas
with enantiopure metal complexes, it may be easier to produce
chiral compounds, indicative of a promising way to construct
new HMOFs. This method requires easily obtained enantiopure
metal complexes as building blocks. Our previous works have
indicated that easily obtained enantiopure [Ni(R-(SS)-L)](ClO4)2
and [Ni(R-(RR)-L)](ClO4)2 are good building blocks for the
construction of homochiral helical chains (L = 5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane).8 Herein, we use
them to react with racemic penicillamine for the construction of
HMOFs. We have successfully obtained two novel 3D homo-
chiral frameworks, {[Ni(f-(SS)-L)]2(l-pends)(ClO4)2}n (Λ-
1) and {[Ni(f-(RR)-L)]2(d-pends)(ClO4)2}n (Δ-1), with 1D
tubular chiral pores (pends2� = penicillaminedisulfide anion).

The reactions of [Ni(R-(SS)-L)](ClO4)2 and [Ni(R-(RR)-
L)](ClO4)2 with racemic penicillamine in the presence of NaOH
in acetonitrile under ambient conditions gave two chiral com-
pounds,Λ-1 andΔ-1, respectively (see the Supporting Information).
[Ni(R-(SS)-L)]2þ/[Ni(R-(RR)-L)]2þ recognizes the l/d enan-
tiomer from the racemic penicillamine to form [Ni(f-(SS)-L)(l-
pen)]þ/[Ni(f-(RR)-L)(d-pen)]þ (pen� = penicillamine anion).
Two [Ni(f-(SS)-L)(l-pen)]þ/[Ni(f-(RR)-L)(d-pen)]þ then
dimerize to form {[Ni(f-(SS)-L)]2(l-pends)}

2þ/{[Ni(f-(RR)-
L)]2(d-pends)}

2þ through in situ oxidation of the SH group of

penicillamine. Spontaneous resolution occurs during the reac-
tion of racemic [Ni(R-rac-L)](ClO4)2 with racemic penicilla-
mine under the same conditions, and a conglomerate of Λ-1
and Δ-1 was generated in which each crystal is chiral. The
pends2� were formed by the oxidation of atmospheric oxygen
in the presence of macrocylic nickel(II) complexes. The
disulfide was also found in the metabolites of d-penicillamine
excreted in the urine formed by oxidation and exchange
reactions.9

The results of X-ray crystallographic analysis (see the Sup-
porting Information) reveal that Λ-1 and Δ-1 are enantiomers
(Figure 1), with chiral space groups P3221 and P3121 and
absolute structure (Flack) parameters of þ0.01(6) and
�0.04(7) for Λ-1 and Δ-1, respectively. In Λ-1, two
[Ni(f-(SS)-L)]2þ are bridged by an l-pends2� anion to form a
crossbow-shaped dimer of {[Ni(f-(SS)-L)]2(l-pends)}

2þ

(Figure 1), with a S�S distance and a C�S�S�C torsion angle
of 2.047(5) Å and 85.68(8)�, respectively. These values are in
good agreement with the ones reported.10 Λ-1 displays a
distorted octahedral coordination geometry through the coordi-
nation of each NiII ion with four nitrogen atoms of f-(SS)-L in a
folded configuration and one carboxylate oxygen atom and one
nitrogen atom of l-pends2� in the cis position. It is interesting to
note that {[Ni(f-(SS)-L)]2(l-pends)}

2þ dimers are connected
through intermolecular hydrogen bonding between the uncoor-
dinated oxygen atoms of l-pends2� in one dimer and two
secondary amines of f-(SS)-L of an adjacent dimer (Figure S1
in the Supporting Information), resulting in a left-handed helical
chain along the 32 axis (Figure 2a). Each helix contains three
{[Ni(f-(SS)-L)]2(l-pends)}

2þ dimers with a pitch of 17.8 Å.
Similar intermolecular hydrogen bonds of corresponding dimers
of {[Ni(f-(RR)-L)]2(d-pends)}

2þ enantiomers lead to the for-
mation of a 1D right-handed helical chain along the 31 axis inΔ-1
(Figure 2b), demonstrating the existence of a correlation be-
tween the chirality of building blocks and the helicity of 1D
helical chains constructed by these chiral building blocks.8a

In Λ-1, the outside [Ni(f-(SS)-L)]2þ linked to the left-
handed helical chains through the S�S bonds (Figure 2a) are
also connected by intermolecular hydrogen bonds between the
uncoordinated oxygen atoms of l-pends2- and two secondary
amines of f-(SS)-L of {[Ni(f-(SS)-L)]2(l-pends)}

2þ in adjacent
chains. This leads to the formation of three additional left-handed
helical chains surrounding the originally formed left-handed
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helical chains (Figure 3a, left). Thus, it can be considered that
each left-handed helical chain is connected with three adjacent
left-handed helical chains through the S�S bonds, resulting in a
novel honeycomb-like 3D homochiral framework with 1D chiral
tubular pores (Figure 3a, left), with a pore size of 7.5 Å � 7.5 Å.
This leads to a very large solvent-accessible volume of 32.0%,
calculated by PLATON.11 The topology of the framework is
similar to that of the reported [Mn3(HCOO)4(DCam)]n
framework.12 InΔ-1, the similar intermolecular hydrogen-bond-
ing connections result in a 3D homochiral framework with 1D
chiral tubular pores of opposite handedness (Figure 3a,
right).

InΛ-1, there is also the existence of intermolecular hydrogen-
bonding interactions between two uncoordinated oxygen atoms
of l-pends2� in one {[Ni(f-(SS)-L)]2(l-pends)}

2þ dimer and
four secondary amines of two f-(SS)-L in an adjacent dimer (see
Figure S2a in the Supporting Information). The {[Ni(f-(SS)-
L)]2(l-pends)}

2þ dimers are connected through the above
hydrogen-bonding interactions to generate 1D right-handed
helical chains along the walls of the tubular pores (Figure 3b,
left). Each pore contains double-stranded right-handed helical
chains. Thus, the surface of the tubular pores in Λ-1 is right-
handed helical (Figure 3b, left). In contrast, the surface of the

tubular pores inΔ-1 is left-handed helical because of the opposite
chirality of {[Ni(f-(RR)-L)]2(d-pends)}

2þ (Figure 3b, right).
The pores are filled with disordered solvent molecules, which are
easily lost at room temperature, because of the hydrophobic
nature of the tubular pores (Figure S3 in the Supporting
Information). The results of X-ray diffraction measurements
indicate that all of the peaks displayed in the measured patterns
closely match those in the simulated patterns generated from the
single-crystal diffraction data (Figure S4 in the Supporting
Information), demonstrating single phases of Λ-1 and Δ-1
formed.

The results of circular dichroism (CD)measurements confirm
the chiral nature ofΛ-1 andΔ-1. As shown in Figure 4a, the bulk
crystals ofΛ-1 in water show negative and positive Cotton effects
at 220 and 243 nm, respectively, while the bulk crystals ofΔ-1 in
water show opposite Cotton effects at the same wavelengths.
Each crystal of the conglomerate, which was randomly picked
from the bulk crystals, shows dichroic signals similar to those
of Λ-1 or Δ-1 (Figure 4b), indicating spontaneous resolution
occurring during the reaction of racemic [Ni(R-rac-L)](ClO4)2
with racemic penicillamine. In addition, the results of solid-state
CD spectral measurements also confirm their chirality in the
crystalline state (Figure S5 in the Supporting Information).

Figure 1. Pair of enantiomers of {[Ni(f-(SS)-L)]2(l-pends)}
2þ and

{[Ni(f-(RR)-L)]2(d-pends)}
2þ in Λ-1 and Δ-1, respectively. Color

code: Ni, light blue; S, yellow; N, deep blue; O, red; C, gray.

Figure 3. (a) Space-fillingmodel ofΛ-1 (left) andΔ-1 (right), showing
honeycomb-like 3D homochiral frameworks with 1D tubular pores. (b)
Side view of 1D right-handed (left) and left-handed (right) helical pores
in Λ-1 and Δ-1, respectively.

Figure 2. (a) 1D hydrogen-bonded left-handed helical chain inΛ-1 and
(b) 1D hydrogen-bonded right-handed helical chain in Δ-1.
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In summary, two novel 3D homochiral frameworks ofΛ-1 and
Δ-1 with 1D tubular pores have been constructed by the reactions
of chiral precursors [Ni(R-(SS)-L)](ClO4)2 and [Ni(R-(RR)-L)]-
(ClO4)2 with racemic penicillamine. The porous surface is right-
and left-handed helical inΛ-1 andΔ-1, respectively. In addition, the
chirality of the 1D tubular pores in 3D homochiral frameworks are
controlled by the chirality of the precursors. The 1D hydrophobic
chiral pores in Λ-1 and Δ-1 make it possible to recognize and
separate racemic alcohols such as 2-butanol, which is an ongoing
investigation in our laboratories.

’ASSOCIATED CONTENT

bS Supporting Information. Synthesis, crystallographic
data, selected bond distances and angles, and structural figures
of Δ-1 and Λ-1. This material is available free of charge via the
Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: joyce_xiang1211@hotmail.com (H.X.), lutongbu@mail.
sysu.edu.cn (T.-B.L.).

’ACKNOWLEDGMENT

This work was supported by the NSFC (Grants 20625103,
20831005, and 20821001) and the 973 Program of China (Grant
2007CB815305).

’REFERENCES

(1) (a) Liu, Y.; Xuan,W.; Cui, Y.Adv. Mater. 2010, 22, 4112. (b) Lin,
W. Top. Catal. 2010, 53, 869. (c) Ma, L. Q.; Abney, C.; Lin, W. Chem.
Soc. Rev. 2009, 38, 1248. (d) Lee, J. Y.; Farha, O. K.; Roberts, J.; Scheidt,
K. A.; Nguyen, S. T.; Hupp, J. T. Chem. Soc. Rev. 2009, 38, 1450.

(2) (a)Yuan,G.Z.; Zhu,C. F.;Xuan,W.M.;Cui, Y.Chem.—Eur. J.2009,
15, 6428. (b) Li, G.; Yu, W. B.; Cui, Y. J. Am. Chem. Soc. 2008, 130, 4582.

(3) (a) Dang, D. B.; Wu, P. Y.; He, C.; Xie, Z.; Duan, C. Y. J. Am.
Chem. Soc. 2010, 132, 14321. (b) Yoshinari, N.; Konno, T. Chem.—Eur.
J. 2009, 15, 10021. (c) Wang, M.; Xie, M. H.; Wu, C. D.; Wang, Y. G.
Chem. Commun. 2009, 2396. (d) Wu, C. D.; Hu, A.; Zhang, L.; Lin, W.
J. Am. Chem. Soc. 2005, 127, 8940.

(4) (a) Kimura, M.; Hatanaka, T.; Nomoto, H.; Takizawa, J.;
Fukawa, T.; Tatewaki, Y.; Shirai, H. Chem. Mater. 2010, 22, 5732. (b)
Sun, M. L.; Zhang, J.; Lin, Q. P.; Yin, P. X.; Yao, Y. G. Inorg. Chem. 2010,
49, 9257. (c) Chen, S. C.; Zhang, J.; Yu, R. M.; Wu, X. Y.; Xie, Y. M.;
Wang, F.; Lu, C. Z. Chem. Commun. 2010, 46, 1449. (d) Liu, L.; Hong,
D. J.; Lee, M. Langmuir 2009, 25, 5061. (e) Li, X. Z.; Li, M.; Li, Z.; Hou,
J. Z.; Huang, X. C.; Li, D. Angew. Chem., Int. Ed. 2008, 47, 6371. (f) Sun,
D.; Ke, Y.; Collins, D. J.; Lorigan, G. A.; Zhou, H. C. Inorg. Chem. 2007,
46, 2725. (g) Wu, S. T.; Wu, Y. R.; Kang, Q. Q.; Zhang, H.; Long, L. S.;
Zheng, Z.; Huang, R. B.; Zheng, L. S. Angew. Chem., Int. Ed. 2007,
46, 8475.

(5) (a) Morris, R. E.; Bu, X. Nat. Chem. 2010, 2, 353. (b) Zhang, J.;
Chen, S.; Nieto, R. A.; Wu, T.; Feng, P.; Bu, X. Angew. Chem., Int. Ed.
2010, 49, 1267. (c) Dang, D.; Wu, P.; He, C.; Xie, Z.; Duan, C. J. Am.
Chem. Soc. 2010, 132, 14321. (d) Zhang, J.; Chen, S.; Wu, T.; Feng, P.;
Bu, X. J. Am. Chem. Soc. 2008, 130, 12882. (e) Lin, Z.; Slawin, A. M. Z.;
Morris, R. E. J. Am. Chem. Soc. 2007, 129, 4880.

(6) (a) Goncharova, I.; Sykora, D.; Urbanov�a, M. Tetrahedron:
Asymmetry 2010, 21, 1916. (b) Yuan, G.; Zhu, C.; Liu, Y.; Xuan, W.;
Cui, Y. J. Am. Chem. Soc. 2009, 131, 10452. (c) Barrio, J. P.; Rebilly, J. N.;
Carter, B.; Bradshaw, D.; Bacsa, J.; Ganin, A. Y.; Park, H.; Trewin, A.;
Vaidhyanathan, R.; Cooper, A. I.; Warren, J. E.; Rosseinsky, M. J. Chem.
—Eur. J. 2008, 14, 4521. (d) Zhang, J.; Chen, S.; Zingiryan, A.; Bu, X. J.
Am. Chem. Soc. 2008, 130, 17246. (e) Zhang, J.; Chen, S.; Bu, X. Angew.
Chem., Int. Ed. 2008, 47, 5434.

(7) (a) Liu, Y.; Xuan, W.; Cui, Y. Inorg. Chem. 2009, 48, 10018. (b)
Chen, S.; Zhang, J.; Bu, X. Inorg. Chem. 2009, 48, 6356. (c) Hao, H. Q.;
Liu,W. T.; Tan,W.; Lin, Z. J.; Tong,M. L.CrystEngComm 2009, 11, 967.
(d) Li, C.; Deng, K.; Tang, Z.; Le, J. J. Am. Chem. Soc. 2010, 132, 8202.
(e) Appelhans, L. N.; Kosa, M.; Radha, A. V.; Simoncic, P.; Navrotsky,
A.; Parrinello, M.; Cheetham, A. K. J. Am. Chem. Soc. 2009, 131, 15375.
(f) Zhang, J.; Bu, X. Chem. Commun. 2009, 206. (g) Zhang, J.; Bu, X.
Angew. Chem., Int. Ed. 2007, 46, 6115.

(8) (a) Zheng, X. D.; Lu, T. B. CrystEngComm 2010, 12, 324. (b)
Zheng, X. D.; Jiang, L.; Feng, X. L.; Lu, T. B. Dalton Trans. 2009, 6802.
(c) Zheng, X. D.; Jiang, L.; Feng, X. L.; Lu, T. B. Inorg. Chem. 2008,
47, 10858. (d) Ou, G. C.; Jiang, L.; Feng, X. L.; Lu, T. B. Inorg. Chem.
2008, 47, 2710.

(9) (a) Lecavalier, D. R.; Crawhall, J. C. J. Rheum. 1981, 8, 20. (b)
Planas-Bohne, F. J. Rheumol. 1981, 8, 35.

(10) (a) Shiotsuka, M.; Koumura, H.; Suwaki, Y.; Asai, M.; Tatemitsu,
H.; Ozawa, T.; Masuda, H. Transition Met. Chem. 2009, 34, 353. (b)
Horikoshi, R.; Mochida, T. Coord. Chem. Rev. 2006, 250, 2595. (c) Ltoh,
S.; Nagagawa, M.; Fukuzumi, S. J. Am. Chem. Soc. 2001, 123, 4087. (d)
Thich, J. A.; Mastropaolo, D.; Potenza, J.; Schugar, H. J. J. Am. Chem. Soc.
1974, 96, 726.

(11) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7.
(12) Zhang, J.; Chen, S.; Valle, H.; Wong, M.; Austria, C.; Cruz, M.;

Bu, X. J. Am. Chem. Soc. 2007, 129, 14168.

Figure 4. Aqueous CD spectra of (a) Λ-1 (black) and Δ-1 (red) and
(b) 11 single crystals picked up randomly from the conglomerate, in
which 6 are Δ-1 and 4 are Λ-1.


