
&Mesoporous Structures

Phenyl Groups Result in the Highest Benzene Storage and Most
Efficient Desulfurization in a Series of Isostructural Metal–Organic
Frameworks

Wen-Wen He,[a] Guang-Sheng Yang,[a] Yu-Jia Tang,[b] Shun-Li Li,[b] Shu-Ran Zhang,[a] Zhong-
Min Su,*[a] and Ya-Qian Lan*[a, b]

Abstract: A series of isoreticular metal–organic frameworks
(MOFs; NENU-511–NENU-514), which all have high surface
areas and strong adsorption capacities, have been success-
fully constructed by using mixed ligands. NENU-513 has the
highest benzene capacity of 1687 mg g¢1at 298 K, which
ranks as the top MOF material among those reported up to
now. This NENU series has been used for adsorptive desul-
furization because of its permanent porosity. The results

indicate that this series has a higher adsorptive efficiency in
the removal of organosulfur compounds than other MOF
materials, especially NENU-511, which has the highest ad-
sorptive efficiency in the ambient atmosphere. This study
proves that the design and synthesis of targeted MOFs with
higher surface areas and with functional groups present is
an efficient method to enhance benzene-storage capacity
and the adsorption of organosulfur compounds.

Introduction

The release of harmful chemicals into our environment has
been a sustained security concern along with the rapid devel-
opment of the industrial world.[1] The effective capture of
these chemicals is of great significance, not only to the envi-
ronment, but also to the people who are at risk for exposure
to such materials.[2] Benzene and its derivatives are one of the
basic petrochemical feedstocks and can be applied in a variety
of chemical industrial processes. However, as volatile and
strongly carcinogenic chemicals, the release of such organic
emissions will cause a lot of health issues, such as aplastic
anemia or leukemia. Adsorption is an efficient way to solve
this problem.[3] Nowadays, filters are often composed of pure
activated carbon or carbon materials with some simple modifi-
cation. The current applications of activated carbon materials
are limited because of the low selectivity toward some chemi-
cals and the lack of control over the highly amorphous nature
of the carbon network. Therefore, researchers are looking for
new materials to adsorb benzene and other volatile toxic
substances effectively.[4]Metal–organic frameworks (MOF) have

emerged as a new class of porous crystalline organic–inorganic
polymer, which have been at the forefront of the materials sci-
ence field over the past few years.[5]Owing to their properties
of high porosity and tunable structural architectures, MOFs
have become one of the most promising materials in the
application of gas/vapor storage and separation.[3a, 6] In 2008,
Yaghi and co-workers reported the good adsorption per-
formance of MOF materials, for which an efficacy greater than
the Calgon BPL activated carbon was demonstrated for the ab-
sorption of benzene molecules.[2] Furthermore, their unique
properties, such as tunable size and various modification of
the ligand in the framework, will open new perspectives on
the application of the storage of benzene and other toxic
substances.[7]

Meanwhile, the desulfurization of fuels is also an urgent
issue worldwide because the sulfur compounds present in
transportation fuels will not only result in the formation of acid
rain, but these compounds also poison noble-metal catalysts
used to reduce CO and NOx emissions.[8] The currently adopted
industrial method is catalytic hydrodesulfurization (HDS), oxida-
tive desulfurization (ODS), oxidation–extraction desulfurization
(OEDS), bio-desulfurization (BDS), and so forth.[9]But the high-
temperature high-pressure catalytic process, high hydrogen
consumption, and the low selectivity for refractory sulfur-
containing compounds, such as dibenzothiophene and its
derivatives, greatly restrict the application of these methods.
Nowadays, adsorption has become a competitive alternative
way to remove sulfur contaminants because the adsorbent can
be regenerated and the whole progress is much milder.[5a, 10]

Recently, MOFs have been applied to the study of desulfuriza-
tion due to the controllability of their structure.[11] Matzger and
co-workers and Jhung and co-workers have carried out a lot of
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excellent work and have made a remarkable contribution to
the study of removing organosulfur compounds by using
MOFs.[12] It ought to be an urgent issue to synthesize efficient
storage materials that can enhance the adsorption and
separation capacities of organosulfur compounds.

On the basis of the above, it is of great importance to
design and synthesize MOFs that can have a high adsorption
capacity for toxic phenyl compounds and can enhance the
separation efficiency of organosulfur compounds simul-
taneously.

A large specific surface area, based on huge channels or
large cages in the 3D structure, plays a central role in the
efficient adsorption properties of MOFs.[13] However, a
framework with a large void space is generally susceptible to
interpenetration, thus precluding high porosity. Therefore, how
to overcome interpenetration is a key point in the
synthesis of high porosity materials. One powerful strategy to
design and construct non-interpenetrating structures is the
use of mixed ligands to build porous MOFs, which not only
have stable non-interpenetrating structures, but also possess
relatively high surface areas.[13b, 14]

We have tried to add methyl groups and aromatic rings
onto the inner surface of the pores to enhance the adsorption
capacity of the toxic phenyl compounds. These functional
groups may enhance the interactions between the host and
guest and efficiently help to improve the adsorption abilities
of these toxic compounds. Based on the structure–property
insight mentioned above, we identified and synthesized four
bidentate ligands H2TDC (TDC = thieno[2,3-b]thiophene-2,5-di-
carboxylate), H2DMTDC (DMTDC = 3,4-dimethylthieno[2,3-b]-
thiophene-2,5-dicarboxylate), H2MPTDC (MPTDC = 3-methyl-4-
phenylthieno[2,3-b]thiophene-2,5-dicarboxylate), and H2DPTDC
(DPTDC = 3,4-diphenylthieno[2,3-b]thiophene-2,5-dicarboxylate)
with different amounts of methyl and phenyl groups. We took
advantage of the favorable constructional properties of these
bidentate thiophene-containing ligands by combining them
with a H3BTB (BTB = benzene-1,3,5-tribenzoate) ligand and by
using the solvothermal method, thus successfully designing
and synthesizing a series of isoreticular MOFs (i.e. , NENU-511–
NENU-514 ;NENU = Northeast Normal University) with the same
network topology. Nitrogen sorption isotherms indicate that
these four compounds all have high surface areas. The ben-
zene capacities of this NENU series are superior to those of the
other MOF materials reported, and NENU-513 has the highest
capacity for benzene storage, thus demonstrating the benefits
of introducing phenyl rings. This NENU series also has a higher
adsorptive efficiency for the removal of organosulfur com-
pounds than other MOFs in the ambient atmosphere. This
type of material may be applied as an efficient adsorbent to
the chemical industry in the future.

Results and Discussion

Heating a mixture of Zn(NO3)2·6 H2O, H2TDC (H2DMTDC,
H2MPTDC, or H2DPTDC),and H3BTB dissolved in N,N-diethyl-
formamide (DEF) at 85 8C for 48 hours afforded pure-phase
NENU-511–NENU-514as colorless crystals(the synthetic details

are given in the Supporting Information). Microscope pictures
of NENU-511–NENU-514 reveal that all of these four crystals
have high crystallization qualities.

Single-crystal X-ray analysis reveals that NENU-511 crystal-
lizes in the tetragonal space group P63/m. The formula of
NENU-511 was determined as Zn4O(TDC)(BTB)4/3 from a combi-
nation of elemental analysis and thermogravimetric analysis
(TGA). Analysis of the structure reveals two different micropo-
rous cages (cages I and III ; Figure 1 a) and one mesoporous

cage (cage II ; Figure 1 a). Each {Zn4O(CO2)6} unit is connected
by six BTB ligands to a six-connected node, and each BTB
ligand connects three {Zn4O(CO2)6} units, for which each car-
boxylic group binds to one {Zn4O(CO2)6} unit. Such connectivity
leads to a highly porous extended 3D framework with a
typically 3D (3,6)-connected umt topology (Figure 1 b), which
is isoreticular to UMCM-2.The use of PLATON/SQUEEZE
showed that the accessible void in the desolvated structure of
NENU-511 corresponded to 82.42 % of the total volume.

Due to the large pores in the structures and disorderly
nature of the substituent groups, the crystal data of the
NENU-512–NENU-514 are not very good. However, powder X-
ray diffraction (XRD) studies showed that NENU-512–NENU-
514 have adopted the same structural features of NENU-511
and that all of the peaks match very well (Figure 2). This classic
structure joins a select group of isoreticular frameworks that
are tolerant to ligand substitution.

Framework UMCM-1 has a similar structure to the frame-
works in this NENU series. There are one type of microcage-
like pore in UMCM-1, which is constructed from six BDC link-
ers, five BTB linkers, and nine {Zn4O} clusters and one type of
1D meso-channel-like pore with an internal dimension of ap-
proximately 2.7 Õ 3.2 nm. In contrast to the pores constructed

Figure 1. a) Microporous cages (I and III) and a mesoporous cage(II) in
NENU-511. The big yellow ball is placed in the structure for clarity and to in-
dicate space in the cage. Zn = blue tetrahedra; O = red balls ; S = yellow
balls ; C = gray balls. Hydrogen atoms are omitted for clarity. b) The (3,6)-con-
nected topology network in NENU-511. 3-connected nodes = red triangles;
6-connected nodes = blue octahedra. c) Natural tiling spaces of the umt top-
ology.
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by H2BDC ligands, the NENU series has new cage elements
(Figure 3).To further determine the component of the structure,
we used1H NMR spectroscopic analysis to provide direct proof
of the presence of the two organic ligands coordinated to the
{Zn4O} clusters in NENU-512–NENU-514.[15]1H NMR spectro-
scopic measurements of acid-digested activated samples con-
firm the complete removal of the solvent molecules. Further-
more, the 1H NMR spectra of NENU-512–NENU-514 show the
presence of the two mixed ligands in different ratios. For
example, the integral area of the H atoms in the 1H NMR
spectrum of NENU-512 shows the exact ratio of the two

ligands(H2DMTDC/H3BTB) to be 3:4, which is consistent with
the real structure of NENU-511. To sum up, optical microscopy,
powder XRD studies, and 1H NMR spectroscopic analysis of dis-
solved samples all indicate the isoreticular structure and the
phase purity of these four materials (see the Supporting
Information).

This high calculated porosity encouraged us to study the
gas-sorption properties of the evacuated framework. The
sample was fully activated by the synthetic procedure given in
the Supporting Information, and the integrity of the framework
was confirmed by powder X-ray diffraction (PXRD) studies (see
Figure S2 in the Supporting Information). The N2-sorption iso-
therms of the NENU series show characteristic type-I behavior
for microporous materials (see Figure S3 in the Supporting In-
formation). Calculated from the nitrogen-adsorption data, the
estimated BET surface areas of NENU-511–NENU-514 are 4240,
3648, 3554, and 3457 m2g¢1, respectively, and the correspond-
ing Langmuir surface areas are 6491, 5640, 5438, and
5320 m2g¢1, respectively. The porosity distribution, obtained by
using the original density-functional theory method, showed
a main narrow pore-width distribution inNENU-511 of 14.8 æ,
which is consistent with the single-crystal structure analysis.
The pore-width distributions of the other three compounds
are similar to that of NENU-511, with small differences owing
to the existence of the methyl and phenyl groups on the
ligands (see Figure S4 in the Supporting Information).

The H2-adsorption behaviors of these four compounds were
also investigated (see Figure S5 in the Supporting Information).
The corresponding H2-uptake capacities of NENU-511–NENU-
514were 1.22, 1.30, 1.34, and 1.38 wt %, respectively, at 77 K
and 1 bar. In terms of the NENU series, the H2-uptake capacity
varied little, which is in contrast with the variation of the
surface areas. According to previous reports, the H2-uptake
capacity in the low-pressure region is mainly controlled by the
hydrogen affinity toward the framework.[16] Rather than
large-sized pores, tiny pores (larger than the kinetic diameter
of H2 = 2.89 æ) are more favorable. So when the surface area
decreases, the H2uptake of the NENU series increases.

The high porosity of the NENU frameworks allows potential
access by a variety of organic vapor molecules, particularly the
most common hydrocarbon benzene. The sorption behavior of
benzene at 298 K is shown in Figure 4 and features typical
type-I isotherms. The amounts adsorbed for benzene of NENU-
511–NENU-514 are 1556, 1519, 1687, and 1311 mg g¢1, respec-
tively. To the best of our knowledge, the benzene capacities of
NENU-511–NENU-514 are superior to that of the other MOF
materials (i.e. , higher than MOF-199and the derivative com-
pound UMCM-1;[2] see the Supporting Information), especially
for NENU-513, which has had the highest capacity in benzene
storage up to now. The adsorption density of NENU-513 ach-
ieved a level of 0.67 g cm¢3, which corresponds to 424 benzene
molecules per unit cell at adsorption saturation. This value is
very close to the density of liquid benzene (0.88 g cm¢3).

Careful analysis of these four adsorption curves showed that
the benzene adsorption of NENU-511 and NENU-512 reach
their saturation at P/P0 = 0.20. In the structures of NENU-511
and NENU-512, there are no special functional groups in the

Figure 2. X-ray powder diffraction patterns of simulated NENU-511 and
as-synthesized NENU-511–NENU-514.

Figure 3. The {Zn4O(CO2)6} unit is connected with BTB and different TDC
ligands to form MOFs. The cage(II) representations of NENU-512–NENU-514
were simulated by using MaterialsStudio.[15b] Zn: blue tetrahedrons; C: gray
balls ; O: red balls ; S: yellow balls. The methyl and phenyl groups of the TDC
ligand are highlighted in green and pink.
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pore. The high adsorption capacities of NENU-511 and NENU-
512 can be generally ascribed to the large diameter of the
pores in the structures, which are very spacious so that the
pores can accommodate a large amount of benzene mole-
cules; furthermore, the adsorption difference between NENU-
511 and NENU-512 is mainly caused by the different sizes of
their pores. On the other hand, the adsorption of benzene
ofNENU-513 and NENU-514 reach saturation earlier at P/P0 =

0.10. The difference between these two types of saturation can
be attributed to the existence of the phenyl rings on the inner
surfaces of NENU-513 and NENU-514. There are a lot of
phenyl rings in NENU-513 and NENU-514 that are raised on
the inner surface of the pores; therefore,p–p* stacking interac-
tions between the benzene molecules and the host framework
may help these guests to arrange themselves in an efficient
way to favor the stacking configurations with the framework.
Thanks to this strong interaction and relatively high porosity,
NENU-513 has the highest benzene capacity of 1687 mg g¢1 at
298 K. There are too many phenyl rings on the inner surface of
NENU-514 relative to NENU-513, and the repulsion caused by
steric effects weakens thep–p* attractions; therefore, the ad-
sorption property of NENU-514 is inferior relative to NENU-
513. The combination of the effects caused by the reduction
in porosity and the repulsion mentioned above results in an in-
ferior adsorption capacity of NENU-514relative to the other
frameworks in the NENU series. In conclusion, we may suggest
that the introduction of an appropriate amount of phenyl
rings to the pore helped the formation of strong guest–host
interactions between molecules and frameworks, thus resulting
in the excellent benzene-adsorption performance of
NENU-513.

Motivated by the permanent porosity and gas/solvent-sorp-
tion capabilities of the frameworks, NENU-511–NENU-514
were employed as adsorbents for desulfurization. We analyzed
the adsorption capacities of the NENU series for 12 hours to
calculate the adsorption efficiency. The adsorption experiments
were carried out at 3500 ppmw S in isooctane for benzothio-
phene (BT) and dibenzothiophene (DBT), and all these four
compounds exhibited relatively high capacities for the organo-
sulfur compounds.

Frameworks NENU-511–NENU-514 exhibited tremendous
capacities for BT and DBT: the BT capacities were 72, 45,36,and
32 g S (kg MOF)¢1(1500 ppmw S), which are equivalent to 300,
189,150,and 133 g BT (kg MOF)¢1(1500 ppmw S), and the DBT
capacities were 84, 69,63,and 61 g S (kg MOF)¢1(1500 ppmw S),
which were equivalent to484, 395,360,and 348 g DBT (kg
MOF)¢1(1500 ppmw S), respectively (Figure 5). As far as we

know, the BT capacity of NENU-511 considerably exceeds that
of other reported MOFs materials, and the DBT capacity of
NENU-511 is close to that of the best-performing MOF known
to date (i.e. , UMCM-153 has a capacity of89 g S (kg MOF)¢1;
1500 ppmw S) and superior to that of other MOF materials.[17]

Thus, each unit cell of NENU-511 can contain about 46.7 BT
molecules or 54.8 DBT molecules at 1500 ppmw S.

The N2-sorption isotherms of BT@NENU-511, BT@NENU-512,
BT@NENU-513, and BT@NENU-514 or DBT@NENU-511,
DBT@NENU-512, DBT@NENU-513, and DBT@NENU-514 at
77 K show that the BET surface areas and Langmuir surface
areas decreased after the adsorption of BT and DBT (Figure 6).
This observation further proves that the BT or DBT molecules
are trapped inside the pores of these compounds. The results
obtained in this study are in good agreement with previous
observations.

According to previous reports, the adsorption capacity in
a given MOF may be determined by many factors, such as the

Figure 4. Benzene-adsorption isotherms for NENU-511–NENU-514 at 298 K.

Figure 5. a) BT-adsorption isotherms for NENU-511–NENU-514 at 298 K from
solutions in isooctane. b) DBT adsorption isotherms for NENU-511–NENU-
514 at 298 K from solutions in isooctane.
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pore volume, pore shape, or the active sites on the inner sur-
face of the pore. In the case of the NENU series, the most im-
portant factor is the spacious pores of the four compounds.
Therefore, the amount of the organosulfur compounds ad-
sorbed (BT or DBT) increases when the specific surface area of
the compound becomes larger. In addition, the interactions
between the aromatic linkers in the framework and conjugated
organosulfur compounds may also play important roles in the
adsorption process.[18] There are four conjugated benzene rings
in the ligand of H3BTB, and these high atomic charges result in
high aromatic interactions with the BT or DBT molecules. Fur-
thermore, the thiophene rings on the inner surface may also
have strong affinity to the same thiophene rings of the orga-
nosulfur compounds. In summary, the outstanding adsorption
performances of this NENU series for BT and DBT may be
attributed to a combination of the reasons mentioned above.

By comparing the adsorption capacity of the NENU series to
the other classic MOFs previously reported, it is shown that
NENU-511 has the highest adsorptive efficiency for BT and the
second highest adsorptive efficiency for DBT, which is only
slightly less than UMCM-153. Thus, NENU-511 is an excellent
adsorbent for desulfurization.

Conclusion

We have successfully designed and synthesized a series of
isoreticular MOFsNENU-511–NENU-514with the same network
topology, by using the solvothermal reaction, and which all
have high surface areas and strong adsorption capacities.
Among these frameworks, NENU-513 had a benzene capacity
of 1687 mg g¢1, which is equivalent to 424 benzene molecules
at 298 K. To the best of our knowledge, the benzene capacity
of NENU-513ranksas the top among the MOF materials report-
ed up to now, which demonstrates the benefits of introducing
phenyl rings. With the permanent porosity obtained, the
NENU series was used for adsorptive desulfurization, the re-
sults of which indicate that this NENU series has a higher ad-

sorptive efficiency in the removal of organosulfur compounds
than other MOF materials, especially NENU-511, which has the
highest adsorptive efficiency in the ambient atmosphere. This
study has proven that the design and synthesis of targeted
MOFs with higher surface areas and the presence of functional
groups is an efficient method to enhance benzene storage
capacity and the adsorption of organosulfur compounds. This
synthetic strategy presents a progressive evolution for the con-
struction of porous MOFs with mixed ligands, and functional
applications of these MOFs in other adsorption fields are
currently underway.[19]
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Chem. Int. Ed.2008, 47, 6766 – 6779; Angew. Chem.2008, 120, 6870 –
6884;c) S. Yang, X. Lin, A. Dailly, A. J. Blake, P. Hubberstey, N. R. Champ-
ness, M. Schrçder, Chem. Eur. J. 2009, 15, 4829 – 4835;d) L. J. Murray, M.
Dinca, J. R. Long, Chem. Soc. Rev. 2009, 38, 1294 – 1314;e) J. Sculley, D.
Yuan, H.-C. Zhou, Energy Environ. Sci. 2011, 4, 2721 – 2735.

[17] J. K. Schnobrich, O. Lebel, K. A. Cychosz, A. Dailly, A. G. Wong-Foy, A. J.
Matzger, J. Am. Chem. Soc. 2010, 132, 13941 – 13948.

[18] S.-L. Li, Y.-Q. Lan, H. Sakurai, Q. Xu, Chem. Eur. J. 2012, 18, 16302 –
16309.

[19] The Supporting Information includes the experimental details, N2- and
H2-adsorption data, PXRD patterns, TGA, IR spectroscopic data, and ad-
ditional figures for the NENU series. CCDC 102453 (NENU-511) contains
the supplementary crystallographic data for this paper. These data are
provided free of charge by The Cambridge Crystallographic Data
Centre.

Received: February 27, 2015
Published online on May 26, 2015

Chem. Eur. J. 2015, 21, 9784 – 9789 www.chemeurj.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim9789

Full Paper

http://dx.doi.org/10.1021/ja060946u
http://dx.doi.org/10.1021/ja060946u
http://dx.doi.org/10.1021/ja060946u
http://dx.doi.org/10.1021/ic702085x
http://dx.doi.org/10.1021/ic702085x
http://dx.doi.org/10.1021/ic702085x
http://dx.doi.org/10.1021/ic702085x
http://dx.doi.org/10.1021/ja208408n
http://dx.doi.org/10.1021/ja208408n
http://dx.doi.org/10.1021/ja208408n
http://dx.doi.org/10.1021/jp302713m
http://dx.doi.org/10.1021/jp302713m
http://dx.doi.org/10.1021/jp302713m
http://dx.doi.org/10.1016/j.micromeso.2013.09.005
http://dx.doi.org/10.1016/j.micromeso.2013.09.005
http://dx.doi.org/10.1016/j.micromeso.2013.09.005
http://dx.doi.org/10.1039/C1RA00309G
http://dx.doi.org/10.1039/C1RA00309G
http://dx.doi.org/10.1039/C1RA00309G
http://dx.doi.org/10.1021/ie3004545
http://dx.doi.org/10.1021/ie3004545
http://dx.doi.org/10.1021/ie3004545
http://dx.doi.org/10.1021/ie3004545
http://dx.doi.org/10.1002/chem.201102754
http://dx.doi.org/10.1002/chem.201102754
http://dx.doi.org/10.1002/chem.201102754
http://dx.doi.org/10.1002/chem.201102754
http://dx.doi.org/10.1039/c0sc00144a
http://dx.doi.org/10.1039/c0sc00144a
http://dx.doi.org/10.1039/c0sc00144a
http://dx.doi.org/10.1021/ja802121u
http://dx.doi.org/10.1021/ja802121u
http://dx.doi.org/10.1021/ja802121u
http://dx.doi.org/10.1021/ja802121u
http://dx.doi.org/10.1021/ja906034k
http://dx.doi.org/10.1021/ja906034k
http://dx.doi.org/10.1021/ja906034k
http://dx.doi.org/10.1021/ja906034k
http://dx.doi.org/10.1039/C0CC03482G
http://dx.doi.org/10.1039/C0CC03482G
http://dx.doi.org/10.1039/C0CC03482G
http://dx.doi.org/10.1002/anie.201105113
http://dx.doi.org/10.1002/anie.201105113
http://dx.doi.org/10.1002/anie.201105113
http://dx.doi.org/10.1002/ange.201105113
http://dx.doi.org/10.1002/ange.201105113
http://dx.doi.org/10.1002/ange.201105113
http://dx.doi.org/10.1002/ange.201105113
http://dx.doi.org/10.1039/C0CC04759G
http://dx.doi.org/10.1039/C0CC04759G
http://dx.doi.org/10.1039/C0CC04759G
http://dx.doi.org/10.1039/C0CC04759G
http://dx.doi.org/10.1021/ja809985t
http://dx.doi.org/10.1021/ja809985t
http://dx.doi.org/10.1021/ja809985t
http://dx.doi.org/10.1021/ja809985t
http://dx.doi.org/10.1002/anie.200705020
http://dx.doi.org/10.1002/anie.200705020
http://dx.doi.org/10.1002/anie.200705020
http://dx.doi.org/10.1002/anie.200705020
http://dx.doi.org/10.1002/ange.200705020
http://dx.doi.org/10.1002/ange.200705020
http://dx.doi.org/10.1002/ange.200705020
http://dx.doi.org/10.1126/science.1192160
http://dx.doi.org/10.1126/science.1192160
http://dx.doi.org/10.1126/science.1192160
http://dx.doi.org/10.1002/anie.200901964
http://dx.doi.org/10.1002/anie.200901964
http://dx.doi.org/10.1002/anie.200901964
http://dx.doi.org/10.1002/ange.200901964
http://dx.doi.org/10.1002/ange.200901964
http://dx.doi.org/10.1002/ange.200901964
http://dx.doi.org/10.1002/ange.200901964
http://dx.doi.org/10.1021/ja4100244
http://dx.doi.org/10.1021/ja4100244
http://dx.doi.org/10.1021/ja4100244
http://dx.doi.org/10.1021/ja4100244
http://dx.doi.org/10.1002/chem.200802292
http://dx.doi.org/10.1002/chem.200802292
http://dx.doi.org/10.1002/chem.200802292
http://dx.doi.org/10.1039/b802256a
http://dx.doi.org/10.1039/b802256a
http://dx.doi.org/10.1039/b802256a
http://dx.doi.org/10.1039/c1ee01240a
http://dx.doi.org/10.1039/c1ee01240a
http://dx.doi.org/10.1039/c1ee01240a
http://dx.doi.org/10.1021/ja107423k
http://dx.doi.org/10.1021/ja107423k
http://dx.doi.org/10.1021/ja107423k
http://dx.doi.org/10.1002/chem.201203093
http://dx.doi.org/10.1002/chem.201203093
http://dx.doi.org/10.1002/chem.201203093
https://summary.ccdc.cam.ac.uk/structure-summary?doi=10.1002/chem.201500815
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://www.chemeurj.org

