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A {Co,0,} Cubane Incorporated within a Polyoxoniobate Cluster

Zhijie Liang, Dongdi Zhang, Pengtao Ma, Jingyang Niu,* and Jingping Wang*®

Abstract: A novel octacobalt-containing polyoxoniobate,
NagK;,[H,C050,(Nb010),]:39H,0, has been prepared by
a combination of hydrothermal and diffusion methods.
The polyanion [H,C040,(NbsO,,),]"®" incorporates a tetra-
meric assembly of Lindqvist-type [NbsO,,]®~ fragments
trapping a {Co",Co",} cluster which comprises a central
{Co",0,} cubane core, surrounded by another four Co"
ions linkers. Furthermore, magnetic measurements show
that the compound exhibits antiferromagnetic interac-
tions.

- /

The design and synthesis of novel transition metal (TM)-con-
taining polyoxometalates (POMs), an important subclass of the
POM family, is predominantly driven by attractive magnetic
and photocatalytic properties.” However, the number of
known polyoxoniobates (PONbs) is less than those of other
POMs, owing to the basic nature of PONbs in aqueous
media.”® Generally, the synthetic strategy utilized to obtain
TM-containing PONbs has involved choosing a metal that is
base-soluble or protected by chelating ligands.”>* Examples of
this interesting type of PONb include copper-containing deriv-
atives {Cu,,Nbss}™ and {Cu,ssNbsg},™ {CuNb,,},"™ titanium-con-
taining derivatives {Ti,,;Nbg},*® {TiNbg},*™ and {Ti,Nbg},*? and va-
nadium-containing derivatives  {V,Nbg},*™  {V,Nb,.},"
{V3Nb,,1 < 7°1 {PV,Nb 3,7 {VgNbg},"® {PV(Nb,,},"¢ and {VNb,,}.""
Some other TM-containing PONbs are also known, such as
{MNbg} (M=Co, Cr, Mn, Fe, N, {Cr,Nb,.},*? {MnNb,},®"
{MNb,,} (M=Co, Mn, Ni,®***" and {Co,,Nbs;}* Among the
aforementioned TM-containing PONbs, titanium-substituted
and vanadium-incorporating derivatives have been widely in-
vestigated. Moreover, the titanium and vanadium ions in the
reported compounds are mostly of d° electron configuration.
In contrast, incorporating TMs having d electrons may lead to
interesting properties, such as magnetic and electro-optical
properties. Whereas complexes of polyoxotungstates and poly-
oxomolybdates incorporating a larger number of Co ions have
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been reported (Table S1 in the Supporting Information), re-
ports of Co analogues in PONDbs are still very rare.

In the course of our ongoing investigation into large Nb-
oxo clusters based on the Lindgvist-type anion [NbsO,,*~ and
TM ions,"™* we present herein the tetrameric Co-containing
PONb-based NagK;,[H,Co50,(NbsO;5),]:39H,0 (1), which con-
tains an octanuclear mixed-valent cluster including an append-
ed {Co",0,} cubane motif. To our knowledge, compound 1 rep-
resents the first member of the mixed-valent PONb-based Co
family. It was obtained by the hydrothermal reaction of
K;HNb¢O,s:13H,0 and CoCl,6H,0 with NH; in aqueous
medium, followed by the diffusion method. Although hydro-
thermal and test tube diffusion method has been separately
used in the syntheses of PONbs.">*<'% However, the combina-
tion is quite rare.

To investigate the source of Co®" in the compound,
CoCl,-6 H,0 was replaced in the reaction mixture by Co;0,. Un-
fortunately, no crystal was obtained. We speculated that a part
of the Co®" ions were oxidized to Co®" ions as a result of air
oxidation by vigorous stirring in the alkaline PONb solution
during the reaction. The balanced chemical reaction for the
formation of the polyanion [H,C0,0,(NbsO,),]"®" (1a) is given
in Equation (1):

8[Co"L,] + 4[HNbO,]”" + 0, + 60H —

[H,C030,(NbgO14),]"* + 8nL + 4H,0 M
where ligand L=NHj. To explore the role of the ligand and the
influence on configuration, a series of experiments were car-
ried out. Compound 1 could be formed by using 1,10-phenan-
throline instead of NH; as the ligand (Scheme 1). However,
when using ethanediamine or 1,3-diaminopropane as ligands,

No ligand
 ———

1,10-phenanthroline
—_—

{CosNb24}

ethylenediamine 1 | Co(en)s]>[NbsOs]-8H:0

1,3-diaminopropane

-— 5 No diffraction point

Scheme 1. The effect on experimental results of changing ligands.
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yellow crystals and purple crystals were obtained, respectively
(see Scheme 1). Compound 1, however, can be crystallized
without the need for organic ligands, in contrast to reports in-
dicating an essential stabilizing role of organic ligands in the
formation of TM-containing PONbs. 24

Bond valence sum™ (BVS) calculations for 1 indicate that
the values for Co ions fall into the ranges 2.07-2.12 and 3.12-
3.20 (Table S2 in the Supporting Information), confirming that
both 4+2 and +3 oxidation states are in the compound, in
good agreement with the results of X-ray photoelectron spec-
troscopy (XPS; Figure S1 in the Supporting Information).

Single-crystal X-ray diffraction analysis of the obtained black
crystals shows that 1 crystallizes in the monoclinic space group
P2/c. The gigantic polyanion 1a has dimensions of about 16 x
16 A (Figure S2 in the Supporting Information). In the struc-
ture of 1a, [H,C040,(NbsO,.),]"®" (Figure 1a), there is a {Cog}

Figure 1. a) Ball-and-stick representation of 1a; b) simplified view of the
{Cog0,} core; c) coordination geometry of the external Co" ions; d) poly-
hedral/ball-and-stick view of the linking model of {Co",0,} cubane, Co", tet-
rahedron, and PONb. All hydrogens, potassium ions, sodium ions, and lattice
water molecules are omitted for clarity.

cluster (Figure S3 in the Supporting Information), which can be
regarded as a distorted {Co",0,} cubane attached to four
“outer” Co" cations via the four oxygen atoms of {Co",0,} (Fig-
ure 1b,c). This distorted cubane-shaped, mixed-valent cobalt-
oxo cluster, {Co",0,}, consists of four Co" centers with four p,-
0" anions acting as bridging ligands, which has already been
reported for cobalt clusters."? In its simplest form, the extend-
ed cubane unit can therefore be regarded as a {CozO,} core.
Co1, ColA, Co3, and Co3A lie in one plane. Co2, Co2A, Co4
and Co4A lie in the other plane. The {Cog} cluster exhibits ide-
alized C,, symmetry (Figure 1b). The {Co",0,} cubane is distort-
ed with Co-O-Co angles of 96.8(3)-98.3(3)°, 0-Co-O angles of
81.7(3)-94.9(3)° and the Co-O distances fall into the range of
1.915(6)-1.955(6) A. Interestingly, the four independent cobalt
ions in 1a display coordination geometries in two distinct
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ways; the Co" ions form distorted CoO4 octahedra with three

bridging oxygen atoms from the same [NbsO,]®” cluster and
three oxygen atoms from {Co",0,} cubane, whereas the oxida-
tion state of the tetracoordinated cobalt is +2, which is de-
fined by three terminal oxygen atoms from three [NbsO,o]®
clusters and one oxygen atom from {Co,O,} cubane. As men-
tioned above, the reason that the presence of Co" centers in
Ta is attributed to air oxidation. Interestingly, mixed-valent
cobalt clusters are very rare among POMs."® Furthermore, two
protons should be added for charge-balance considerations
and the BVS values of all oxygen atoms in 1a suggest that the
protons delocalize over the entire architecture (Table S3 in the
Supporting Information).

Furthermore, the overall architecture, exhibiting an approxi-
mate T4 symmetry, can be considered an octanuclear{Cog} clus-
ter stabilized by four classical [NbgO;,]*" building blocks
(Figure 2). Four [NbsO,,®" units are bridged by four cobalt(ll)

Figure 2. Representations of the various building blocks of 1a: polyhedral
structure of the [NbsO,,]®~ unit and {Cog}.

ions. The total charge of 1a is 18—, which is balanced in the
solid state by 12 potassium and 6 sodium counter cations. No-
tably, if each [NbsO,,]®” units acts as a node, four [NbsO,o®
units are located in the four vertices of a tetrahedron. The
{Co",0,} cubane resides in the center of this tetrahedron, while
four Co" cations are situated outside it (Figure 1d). It differs
from [Fe,s5(PW,),]."™ The two sets of cobalt environments,
Co1, Col1A, Co2, Co2A and Co3, Co3A, Co4, Co4A, each exhibit
severally tetrahedral geometries. Therefore, the structure incor-
porates three tetrahedra, which is unique in PONbs. Neighbor-
ing units link together forming a one-dimensional chain in the
ab and bc plane [078-K1-040 98.1(2)°, 079-K15-039 126.0(4)°],
and then form a two-dimensional plane via a series of potassi-
um-oxygen and sodium-oxygen bonds [075-K7-047 114.0(3)°,
035-K6-01  113.5(3)°, 033-K8-07 116.6(3)°; Na1-O09WwW
2.407(10) A, K2—011 2.825(8) A; Figure S4 in the Supporting In-
formation]. The formula is based on three different analytical
methods, namely single-crystal X-ray diffraction, elemental
analysis, and thermogravimetric analysis (TGA). The TGA indi-
cated the presence of 39 water molecules in the crystal struc-
ture of 1a (Figure S5 in the Supporting Information).

Note that 1a resembles structurally the {Co,,;Nbss} cluster
previously reported by our group.® In the latter case, the
structure is composed of six [NbyO,,]° blocks and a {Co,,} clus-
ter that contains a double-cubane core, {Co,0,(OH)¢*" and
seven external Co ions. Six cobalt ions in this {Co,} core are

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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connected to each [NbsO,;,]® unit by three bridging oxygen
atoms, forming the main skeleton. Both 1 and {Co,,Nb,¢} con-
tain cubane cores and Lindqvist-type anions {Nb¢O,,}, with the
difference that the former contains mixed Co" and Co" ions
and the latter contains only Co" ions. The {Co,Nbsg} cluster
comprises two trigonal-antiprismatic fragments. However,
1 contains three tetrahedra. In addition, the types of coordina-
tion geometry for cobalt ions are markedly different.

The solid-state magnetic susceptibility of 1 was studied in
the range of 2-300 K under an external magnetic field of
2000 Oe (Figure 3). The y,,T value of 1 gradually declines with
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Figure 3. Temperature dependence of the molar magnetic susceptibility y,,
and the product y,,T for 1 between 2 and 300 K.

decreasing temperature and reaches a minimum of 2.30 emu
mol™'K at 2 K. The effective moment ¥, T decreases continu-
ously with decreasing temperature, indicating the presence of
antiferromagnetic exchange interactions, which is further con-
firmed by a negative Weiss constant § =—9.16 K derived by fit-
ting the Curie-Weiss law to the magnetic data between 2 and
300 K (Figure S6 in the Supporting Information). Such antiferro-
magnetic coupling with a cubane core has been previously re-
ported.™ The value of y,, increases from 0.03 emumol~' at
300K to 0.18 emumol™ at 40K, and then exponentially in-
creases to reach a maximum of 1.15 emumol™ at 2 K.

Based on the coordination pattern of the Co ions, Co" ions
represent d’ high-spin centers whereas Co" ions are d® low-
spin (S=0). The unpaired electrons will be on the Co" centers.
From the perspective of magnetism, therefore, compound 1 is
effectively tetranuclear. This observation has also been previ-
ously reported."® When the y,T value of 9.12 emumol 'K at
room temperature (300 K) is compared with that of the spin-
only value of 7.50 emuKmol™' for 4 non-interacting Co" ions
(§=3/2) with g=2.0, we can see that there is spin-orbit cou-
p"ngﬁﬂ

In summary, a novel tetrameric PONb has been successfully
constructed by a new synthetic strategy. This is the first mixed-
valence cobalt aggregate in PONb chemistry, and the second
largest example of a Co-containing PONb. This synthetic strat-
egy could potentially be extended beyond the synthesis of
1 to construct further novel frameworks based on other TMs.
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Further possibilities for the assembly of nickel-, manganese-,
and iron-containing PONbs are under consideration in our

group.

Experimental Section
Synthesis of 1

Method 1: NH; (0.320 mL) was added to a stirred solution of
CoCl,:6 H,0 (0.068 g, 0.284 mmol) in water (1.25 mL). The resulting
solution was added dropwise to a stirred aqueous solution (10 mL)
containing K;HNbsO,5:13H,0 (0.525 g,0.385 mmol) and the pH
value was adjusted to 12.00 by addition of NaOH solution
(2 molL™). The resulting suspension was transferred to a Teflon-
lined autoclave and kept at 160°C for 22 h. After slow cooling to
room temperature, a dark green solution was obtained, filtered,
and then transferred to a straight glass tube. Diffusion between
three phases produced black virgate-shaped crystals after two
weeks. Yield: 10% (based on K;[HNbO;,]-13H,0). IR (KBr pellet):
893, 870, 718, 537, 506 cm ™' (Figure S8 in the Supporting Informa-
tion); elemental analysis (%) calcd for K;,NagHg,CogNb,,0;;5: Co
8.91, K 8.86, Na 2.61, Nb 42.12; found: Co 8.67, K 9.03, Na 2.34, Nb
41.65.

Method 2: Same procedure as for method 1, except in the absence
of NH;. The pH value was adjusted to 12.50 by addition of NaOH
solution (2 molL™). Yield: 13% (based on K;[HNb4O,,]-13 H,0).

Method 3: 1,10-phenanthroline (0.033 g, 0.183 mmol) was added
to a stirred solution of CoCl,-6H,0 (0.090 g, 0.378 mmol) in water
(0.833 mL). The resulting solution was added dropwise to a stirred
aqueous  solution (1T0mL)  containing K;HNb¢O;413H,0
(0.667 g,0.489 mmol) and the pH value was adjusted to 12.00 by
addition of NaOH solution (2 molL™"). The resulting suspension
was transferred to a Teflon-lined autoclave and kept at 160°C for
22 h. After slow cooling to room temperature, a dark green solu-
tion was obtained, filtered, and then transferred to a straight glass
tube. Diffusion between three phases produced black virgate-
shaped crystals after two weeks. Yield: 9% (based on
K;[HNb4zO;,]-13 H,0).

Acknowledgements

The authors gratefully acknowledge support from the National
Natural Science Foundation of China and the Natural Science
Foundation of Henan Province.

Keywords: cubanes magnetism mixed-valence

polyoxometalates - transition metals

[11 @) Z.Y. Zhang, Q.P. Lin, D. Kurunthu, T. Wu, F. Zuo, S.T. Zheng, C. J.
Bardeen, X. H. Bu, P.Y. Feng, J. Am. Chem. Soc. 2011, 133, 6934-6937;
b) J. Y. Niu, G. Chen, J.W. Zhao, P.T. Ma, S.Z. Li, J. P. Wang, M. X. Li, Y.
Bai, B.S. Ji, Chem. Eur. J. 2010, 16, 7082-7086; c) Z. L. Wang, H. Q. Tan,
W. L. Chen, Y. G. Li, E. B. Wang, Dalton Trans. 2012, 41, 9882-9884; d) B.
Godin, Y. G. Chen, J. Vaissermann, L. Ruhlmann, M. Verdaguer, P. Gou-
zerh, Angew. Chem. Int. Ed. 2005, 44, 3072-3075; Angew. Chem. 2005,
117, 3132-3135.

a) A. Goiffon, E. Philippot, M. Maurin, Rev. Chim. Miner. 1980, 17, 466 -
476; b) M. Nyman, Dalton Trans. 2011, 40, 8049 - 8058.

a) T. M. Alam, M. Nyman, B. R. Cherry, J. M. Segall, L. E. Lybarger, J. Am.
Chem. Soc. 2004, 126, 5610-5620; b)E. Balogh, T. M. Anderson, J.R.
Rustad, M. Nyman, W. H. Casey, Inorg. Chem. 2007, 46, 7032 -7039.

S

=

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/ja201670x
http://dx.doi.org/10.1021/ja201670x
http://dx.doi.org/10.1021/ja201670x
http://dx.doi.org/10.1002/chem.201000824
http://dx.doi.org/10.1002/chem.201000824
http://dx.doi.org/10.1002/chem.201000824
http://dx.doi.org/10.1039/c2dt30663h
http://dx.doi.org/10.1039/c2dt30663h
http://dx.doi.org/10.1039/c2dt30663h
http://dx.doi.org/10.1002/anie.200463033
http://dx.doi.org/10.1002/anie.200463033
http://dx.doi.org/10.1002/anie.200463033
http://dx.doi.org/10.1002/ange.200463033
http://dx.doi.org/10.1002/ange.200463033
http://dx.doi.org/10.1002/ange.200463033
http://dx.doi.org/10.1002/ange.200463033
http://dx.doi.org/10.1039/c1dt10435g
http://dx.doi.org/10.1039/c1dt10435g
http://dx.doi.org/10.1039/c1dt10435g
http://dx.doi.org/10.1021/ja0398159
http://dx.doi.org/10.1021/ja0398159
http://dx.doi.org/10.1021/ja0398159
http://dx.doi.org/10.1021/ja0398159
http://dx.doi.org/10.1021/ic700845e
http://dx.doi.org/10.1021/ic700845e
http://dx.doi.org/10.1021/ic700845e
http://www.chemeurj.org

CHEMISTRY

’(V;'* ChemPubSoc A European Journal
Dvrtld Europe Communication
[4] a) G.L. Guo, Y.Q. Xu, J. Cao, C. W. Hu, Chem. Eur. J. 2012, 18, 3493 - [9] a) P.T. Ma, G. Chen, W. Wang, J. P. Wang, Russ. J. Coor. Chem. 2011, 37,

Chem. Eur. J. 2015, 21, 8380 - 8383

3497; b)J.Y. Niu, F. Li, J.W. Zhao, P.T. Ma, D.D. Zhang, B. Bassil, U.
Kortz, J. P. Wang, Chem. Eur. J. 2014, 20, 9852-9857; c) K. Hegetschweil-
er, R. C. Finn, R.S. Rarig, J. Sander, S. Steinhauser, M. Worle, J. Zubieta,
Inorg. Chim. Acta 2002, 337, 39-47; d) R. P. Bontchey, E. L. Venturini, M.
Nyman, Inorg. Chem. 2007, 46, 4483 -4491; e) G. L. Guo, Y. Q. Xu, J. Cao,
C.W. Hu, Chem. Commun. 2011, 47, 9411-9413; f) R. Tsunashima, D. L.
Long, H.N. Miras, D. Gabb, C.P. Pradeep, L. Cronin, Angew. Chem. Int.
Ed. 2010, 49, 113-116; Angew. Chem. 2010, 122, 117-120.

[5] J.Y. Niu, P.T. Ma, H. Y. Niu, J. Li, J. W. Zhao, Y. Song, J. P. Wang, Chem.

Eur. J. 2007, 13, 8739-8748.

a) C. A. Ohlin, E. M. Villa, J. C. Fettinger, W. H. Casey, Angew. Chem. Int.
Ed. 2008, 47, 5634-5636; Angew. Chem. 2008, 120, 5716-5718; b) C. A.
Ohlin, E. M. Villa, J. C. Fettinger, W. H. Casey, Dalton Trans. 2009, 15,
2677 -2678; c) M. Nyman, L. J. Criscenti, F. Bonhomme, M. A. Rodriguez,
R.T. Cygan, J. Solid State Chem. 2003, 176, 111-119.

a) P. Huang, C. Qin, X. L. Wang, C. Y. Sun, G. S. Yang, K. Z. Shao, Y. Q. Jiao,
K. Zhou, Z. M. Su, Chem. Commun. 2012, 48, 103-105; b) J. H. Son, C. A.
Ohlin, E. C. Larson, P. Yu, W. H. Casey, Eur. J. Inorg. Chem. 2013, 10-11,
1748-1753; ¢)J. H. Son, C. A. Ohlin, R.L. Johnson, P. Yu, W.H. Casey,
Chem. Eur. J. 2013, 19, 5191-5197; d) J. Q. Shen, Q. Wy, Y. Zhang, Z. M.
Zhang, Y.G. Li, Y. Lu, E.B. Wang, Chem. Eur. J. 2014, 20, 2840-2848;
e) J. Q. Shen, Y. Zhang, Z. M. Zhang, Y. G. Li, Y. Q. Gao, E. B. Wang, Chem.
Commun. 2014, 50, 6017-6019; f) P. Huang, E. L. Zhou, X. L. Wang, C. Y.
Sun, H.N. Wang, Y. Xing, K. Z. Shao, Z. M. Su, CrysttngComm 2014, 16,
9582-9585.

a)J. H. Son, J.R. Wang, W. H. Casey, Dalton Trans. 2014, 43, 17928-
17933; b)J. H. Son, C. A. Ohlin, W.H. Casey, Dalton Trans. 2013, 42,
7529-7533; ¢) J. H. Son, C. A. Ohlin, W. H. Casey, Dalton Trans. 2012, 41,
12674-12677; d) J. H. Son, W. H. Casey, Dalton Trans. 2013, 42, 13339-
13342.

[10]

[l
[12]

[13]

[14]

[15]
[16]

[17]

772-775; b) C. M. Flynn, Jr., G.D. Stucky, Inorg. Chem. 1969, 8, 178-
180.

a)J. Y. Niu, X. Fu, J. W. Zhao, S.Z. Li, P.T. Ma, J. P. Wang, Cryst. Growth
Des. 2010, 10, 3110-3119; b) G. Chen, C. Z. Wang, P. T. Ma, J. P. Wang, J.
Cluster Sci. 2010, 21, 121-131; ¢)G. L. Guo, Y.Q. Xu, B.K. Chen, C. W.
Hu, J. Coord. Chem. 2011, 64, 1032-1041.

I. D. Brown, D. Altermatt, Acta Crystallogr. Sect. B 1985, 41, 244 -247.

a) M. Murrie, S.J. Teat, H.S. Evans, H.U. Gudel, Angew. Chem. Int. Ed.
2003, 42, 4653-4656; Angew. Chem. 2003, 115, 4801-4804; b)G.
Aromi, A.S. Batsanov, P, Christian, M. Helliwell, A. Parkin, S. Parsons,
A. A. Smith, G. A. Timco, R. E. P. Winpenny, Chem. Eur. J. 2003, 9, 5142 -
5161; c) E. C. Yang, D. N. Hendrickson, W. Wernsdorfer, M. Nakano, L. N.
Zakharov, R. D. Sommer, A. L. Rheingold, M. Ledezma-Gairaud, G. Chris-
tou, J. Appl. Phys. 2002, 91, 7382 -7384.

a) L. C. W. Baker, T. P. McCutcheon, J. Am. Chem. Soc. 1956, 78, 4503 -
4510; b) F. Y. Song, Y. Ding, B. C. Ma, C. M. Wang, Q. Wang, X.Q. Du, S.
Fu, J. Song, Energy Environ. Sci. 2013, 6, 1170-1184.

J. W. Zhao, H.P. Jia, J. Zhang, S.T. Zheng, G. Y. Yang, Chem. Eur. J. 2007,
13, 10030-10045.

Y.Z. Gao, Y. A. Zhang, J. Zhang, Inorg. Chem. Commun. 2015, 54, 85-88.
a) G. . Chilas, M. Stylianou, M. Kubicki, T. Vaimakis, P. Kgerler, A. D. Ker-
amidas, T. A. Kabanos, Inorg. Chem. 2008, 47, 4451-4453; b) P. Alborés,
E. Rentschler, Angew. Chem. Int. Ed. 2009, 48, 9366-9370; Angew. Chem.
2009, 721, 9530-9534.

B.S. Bassil, S. Nellutla, U. Kortz, A.C. Stowe, J. van Tol, N.S. Dalal, B.
Keita, L. Nadjo, Inorg. Chem. 2005, 44, 2659 —2665.

Received: January 22, 2015
Published online on April 23, 2015

www.chemeurj.org

8383

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/chem.201103390
http://dx.doi.org/10.1002/chem.201103390
http://dx.doi.org/10.1002/chem.201103390
http://dx.doi.org/10.1002/chem.201402730
http://dx.doi.org/10.1002/chem.201402730
http://dx.doi.org/10.1002/chem.201402730
http://dx.doi.org/10.1016/S0020-1693(02)00991-X
http://dx.doi.org/10.1016/S0020-1693(02)00991-X
http://dx.doi.org/10.1016/S0020-1693(02)00991-X
http://dx.doi.org/10.1021/ic0624118
http://dx.doi.org/10.1021/ic0624118
http://dx.doi.org/10.1021/ic0624118
http://dx.doi.org/10.1039/c1cc12329g
http://dx.doi.org/10.1039/c1cc12329g
http://dx.doi.org/10.1039/c1cc12329g
http://dx.doi.org/10.1002/anie.200903970
http://dx.doi.org/10.1002/anie.200903970
http://dx.doi.org/10.1002/anie.200903970
http://dx.doi.org/10.1002/anie.200903970
http://dx.doi.org/10.1002/ange.200903970
http://dx.doi.org/10.1002/ange.200903970
http://dx.doi.org/10.1002/ange.200903970
http://dx.doi.org/10.1002/chem.200700612
http://dx.doi.org/10.1002/chem.200700612
http://dx.doi.org/10.1002/chem.200700612
http://dx.doi.org/10.1002/chem.200700612
http://dx.doi.org/10.1002/anie.200801883
http://dx.doi.org/10.1002/anie.200801883
http://dx.doi.org/10.1002/anie.200801883
http://dx.doi.org/10.1002/anie.200801883
http://dx.doi.org/10.1002/ange.200801883
http://dx.doi.org/10.1002/ange.200801883
http://dx.doi.org/10.1002/ange.200801883
http://dx.doi.org/10.1016/S0022-4596(03)00354-2
http://dx.doi.org/10.1016/S0022-4596(03)00354-2
http://dx.doi.org/10.1016/S0022-4596(03)00354-2
http://dx.doi.org/10.1039/C1CC15684E
http://dx.doi.org/10.1039/C1CC15684E
http://dx.doi.org/10.1039/C1CC15684E
http://dx.doi.org/10.1002/chem.201204563
http://dx.doi.org/10.1002/chem.201204563
http://dx.doi.org/10.1002/chem.201204563
http://dx.doi.org/10.1002/chem.201303995
http://dx.doi.org/10.1002/chem.201303995
http://dx.doi.org/10.1002/chem.201303995
http://dx.doi.org/10.1039/c3cc49245a
http://dx.doi.org/10.1039/c3cc49245a
http://dx.doi.org/10.1039/c3cc49245a
http://dx.doi.org/10.1039/c3cc49245a
http://dx.doi.org/10.1039/C4CE00960F
http://dx.doi.org/10.1039/C4CE00960F
http://dx.doi.org/10.1039/C4CE00960F
http://dx.doi.org/10.1039/C4CE00960F
http://dx.doi.org/10.1039/C4DT02020K
http://dx.doi.org/10.1039/C4DT02020K
http://dx.doi.org/10.1039/C4DT02020K
http://dx.doi.org/10.1039/c3dt50887k
http://dx.doi.org/10.1039/c3dt50887k
http://dx.doi.org/10.1039/c3dt50887k
http://dx.doi.org/10.1039/c3dt50887k
http://dx.doi.org/10.1039/c2dt31760e
http://dx.doi.org/10.1039/c2dt31760e
http://dx.doi.org/10.1039/c2dt31760e
http://dx.doi.org/10.1039/c2dt31760e
http://dx.doi.org/10.1039/c3dt51798e
http://dx.doi.org/10.1039/c3dt51798e
http://dx.doi.org/10.1039/c3dt51798e
http://dx.doi.org/10.1134/S1070328411090065
http://dx.doi.org/10.1134/S1070328411090065
http://dx.doi.org/10.1134/S1070328411090065
http://dx.doi.org/10.1134/S1070328411090065
http://dx.doi.org/10.1021/ic50071a048
http://dx.doi.org/10.1021/ic50071a048
http://dx.doi.org/10.1021/ic50071a048
http://dx.doi.org/10.1021/cg100236c
http://dx.doi.org/10.1021/cg100236c
http://dx.doi.org/10.1021/cg100236c
http://dx.doi.org/10.1021/cg100236c
http://dx.doi.org/10.1007/s10876-010-0296-8
http://dx.doi.org/10.1007/s10876-010-0296-8
http://dx.doi.org/10.1007/s10876-010-0296-8
http://dx.doi.org/10.1007/s10876-010-0296-8
http://dx.doi.org/10.1080/00958972.2011.561486
http://dx.doi.org/10.1080/00958972.2011.561486
http://dx.doi.org/10.1080/00958972.2011.561486
http://dx.doi.org/10.1107/S0108768185002063
http://dx.doi.org/10.1107/S0108768185002063
http://dx.doi.org/10.1107/S0108768185002063
http://dx.doi.org/10.1002/anie.200351753
http://dx.doi.org/10.1002/anie.200351753
http://dx.doi.org/10.1002/anie.200351753
http://dx.doi.org/10.1002/anie.200351753
http://dx.doi.org/10.1002/ange.200351753
http://dx.doi.org/10.1002/ange.200351753
http://dx.doi.org/10.1002/ange.200351753
http://dx.doi.org/10.1002/chem.200304993
http://dx.doi.org/10.1002/chem.200304993
http://dx.doi.org/10.1002/chem.200304993
http://dx.doi.org/10.1063/1.1450813
http://dx.doi.org/10.1063/1.1450813
http://dx.doi.org/10.1063/1.1450813
http://dx.doi.org/10.1021/ja01599a001
http://dx.doi.org/10.1021/ja01599a001
http://dx.doi.org/10.1021/ja01599a001
http://dx.doi.org/10.1039/c3ee24433d
http://dx.doi.org/10.1039/c3ee24433d
http://dx.doi.org/10.1039/c3ee24433d
http://dx.doi.org/10.1002/chem.200701331
http://dx.doi.org/10.1002/chem.200701331
http://dx.doi.org/10.1002/chem.200701331
http://dx.doi.org/10.1002/chem.200701331
http://dx.doi.org/10.1016/j.inoche.2015.02.016
http://dx.doi.org/10.1016/j.inoche.2015.02.016
http://dx.doi.org/10.1016/j.inoche.2015.02.016
http://dx.doi.org/10.1021/ic8004213
http://dx.doi.org/10.1021/ic8004213
http://dx.doi.org/10.1021/ic8004213
http://dx.doi.org/10.1021/ic048269x
http://dx.doi.org/10.1021/ic048269x
http://dx.doi.org/10.1021/ic048269x
http://www.chemeurj.org



