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Abstract: A series of platinum complexes with cis-oriented
polyaromatic N-heterocyclic carbene ligands were prepared

and characterized. The relative disposition of the polyaro-

matic ligands about the metal cause these compounds to
behave as metallofolders, featuring a cavity defined by the

void space between the polyaromatic functionalities. The
complexes were used as receptors of organic molecules,

whereby selective affinity was displayed for electron-defi-
cient aromatic substrates, such as 1,2,4,5-tetracyanobenzene

(TCNB), 2,4,7-trinitro-9-fluorenone (TNFLU), and 1,4,5,8-naph-

talenetetracarboxylic dianhydride (NTCDA). The binding af-

finities of two of the metallofolders with these substrates
were determined by means of 1H NMR titrations. Electro-

spray mass spectrometry (ESI-MS) was also used to assess

the affinities. The molecular structure of one of the platinum
folders was determined in the presence of TCNB, showing

the clear interaction between this guest molecule and the
folder formed by the two mutually cis-oriented polyaromatic

ligands. This work demonstrates how the presence of the
mutually cis-oriented polyaromatic ligands may be a very

useful tool for the preparation of metal-based receptors.

Introduction

Metallosupramolecular chemistry was defined by Constable in
1994 as chemistry involving the combination of bridging or-

ganic ligands with metal units in order to synthesize discrete
or polymeric assemblies.[1] Hence, the basis for metallosupra-

molecular design is the availability of (often rigid) ligands with
two or more binding sites that are able to combine with suita-
ble metal fragments to form symmetrical structures with a vari-

ety of shapes and sizes.[2] The two most commonly used strat-
egies for metallosupramolecular design are based on direction-
al bonding and symmetry interactions,[3] both of which rely on
the combination of polytopic rigid ligands and metal frag-

ments with available coordination sites. The mixing of soluble
metal and ligand precursors results in the formation of metal–

ligand bonds that generate the thermodynamically favored
products in a process known as coordination-driven self-as-

sembly;[2b, 3c,g, 4] for this reason, metallosupramolecules are often

referred to as supramolecular assemblies. The resulting prod-

ucts display highly symmetrical structures with well-defined
cavities,[5] which impart unique reactivity and suitability to-

wards applications in catalysis,[6] molecular recognition,[7] and
the stabilization of highly reactive species.[8] Most efforts in the

design of metallosupramolecules are based on forming well-
defined hydrophobic cavities, thereby mimicking enzymes.[9]

For the formation of the cavities, an array of several metals is

needed; this is the reason why metal-organic molecules with
cavities (metallocavitands) have been defined as “multimetallic
complexes”, whereby metal coordination is necessary for cavity
formation.[5b] Therefore, by definition, metallocavitands bearing
only one metal are rare, and mostly consist of metal-based mo-
lecular tweezers.[10]

We recently described a series of N-heterocyclic carbene
(NHC)-based cylinder-like structures with hollow central cavi-
ties, which were prepared by a metal-controlled self-assembly

methodology.[11] Parallel to this research, we also designed
a series of di- and tritopic NHC ligands bearing rigid polyaro-

matic linkers,[12] and found that the catalytic performances of
the corresponding metal complexes were highly influenced by

supramolecular effects, which we attributed to the p–p stack-

ing interactions between the polyaromatic spacers of the li-
gands and the aromatic substrates.[13] In order to study the

nature of these supramolecular interactions, a series of com-
plexes with monodentate NHC ligands with rigid polyaromatic

backbones were obtained,[14] and by well-known host-guest
chemistry approaches, we were able to determine the nature
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of the supramolecular interactions, and also quantify the
extent of the non-covalent binding.[14b] The binding affinities

that we found between the p-stacking additives and the metal
complexes were low,[12d, 14b] because the host–guest interac-

tions were produced on the open surface of the metal com-
plex, rather than in the interior of a cavity. From our point of

view, these results established the basis for the use of mono-
metallic complexes as receptors for molecular recognition, as

an alternative to using the common self-assembly polymetallic

architectures. We thought that we could improve the binding
affinities (and thus the receptor properties) of monometallic

compounds by building a well-defined pocket by coordinating
two polyaromatic-based ligands cis to each other in a pseudo-

square planar metal complex (Scheme 1). The resulting folder-

shaped complex, or organometallic folder (OMFO), should
show enhanced guest affinity within a cavity formed by two

mutually large cis-oriented polyaromatic ligands.
We herein describe a family of cis-platinum(II) complexes

with pyrene- and phenanthrophenazine-NHC ligands, which

we used as receptors for a series of organic molecules. This
demonstrates how the presence of the cis polyaromatic li-

gands constitutes a very useful tool for the preparation of
metal-based receptors.

Results and Discussion

The complexes prepared in this work contain a platinum
center with two cis-NHC ligands decorated with a pyrene or

a phenanthrophenazine fragment. The resulting molecules dis-
play a folder-type structure, in which the two NHC ligands
(functionalized with the rigid polyaromatic fragment) define
the void space. The depth of the folder is defined by the

nature of the polyaromatic ligand; it is therefore deeper in the
case of the phenanthrophenazine-substituted imidazolylidene.
The pyrene-imidazolium salts 1-R (R = Et, nPr, or nBu) were ob-
tained according to the method previously described for 1-
Me.[15] The reaction of 1-R with cis-[Pt(CCPh)2(COD)] (CCPh =

phenylacetylide, COD = 1,5-cyclooctadiene) in the presence of
a base (see Scheme 2) in THF, afforded the cis-pyrene-NHC PtII

complexes 2-Me, 2-Et, 2-nPr and 2-nBu in moderate to excel-

lent yields.
Complexes 2-R were successfully characterized by NMR

spectroscopy, mass spectrometry (ESI-MS) and elemental analy-
ses. The NMR spectra of all three complexes were consistent

with the twofold symmetry of the molecules. The 13C NMR
spectra showed the diagnostic signal due to the presence of

the metallated carbene carbon atoms at 178.1, 178.1, 178.6

and 178.3 ppm, and the signals due to the metallated carbons

of the acetylide appeared at 107.2, 107.7, 106.9 and 106.9 ppm
for 2-Me, 2-Et, 2-nPr and 2-nBu, respectively.

By using the same synthetic protocol, but using the phenan-
thro[4,5-abc]phenazine-imidazolium salt 3-nBu, complex 4-nBu

was obtained in 45 % yield. The NMR spectra of the complex
were consistent with its binary symmetry. The 13C NMR spec-

trum showed the signal for the magnetically equivalent car-

bene carbons at 190.5 ppm. The electrospray mass spectrum
of the complex displayed a peak at m/z 1333.6, attributed to

[M++Na]+ .
The molecular structure of 2-Me was confirmed by single

crystal X-ray diffractometry (Figure 1, left). The molecule con-
sists of a platinum center with two pyrene-imidazolylidene li-

gands and two phenylacetylides in a cis disposition. The two

pyrene-imidazolylidenes and the two phenylacetylides are sym-

Scheme 1. Two systems with polyaromatic NHC ligands.

Scheme 2. Synthesis of the complexes.

Figure 1. Molecular structures of complexes 2-Me (left) and 2-nBu (right). El-
lipsoids at the 50 % probability level. tert-Butyl groups shown as wireframes.
Hydrogen atoms omitted for clarity. In 2-Me two molecules of CHCl3 omit-
ted, and hexane is represented in the space-filling diagram. Selected bond
distances (a) and angles (8) for 2-Me: Pt(1)@C(1) 2.041(4), Pt(1)@C(2) 2.031(5),
C(2)@C(3) 1.163(7), C(1)-Pt(1)-C(1) 92.8(2), C(2)-Pt(1)-C(2) 89.4(3). For 2-nBu:
Pt(1)@C(1) 2.048(4), Pt(1)@C(4) 2.027(4), Pt(1)@C(2) 2.016(5), Pt(1)@C(3)
2.037(5), C(1)-Pt(1)-C(4) 92.00(16), C(2)-Pt(1)-C(3) 86.99 (17).
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metry-related. The Pt@C(carbene) bond distance is 2.041(4) a.
The torsion angle formed by the imidazolylidene ring and the

metal coordination plane is 66.958, which is far from being per-
pendicular. The pyrene fragments of the carbene ligands show

a bow-shaped distortion, in which their concave sides are
facing each other. Interestingly, one molecule of hexane occu-

pies the cavity formed by the two pyrene-imidazolylidene li-
gands, indicating that the pocket generated by these two li-

gands tends not to remain empty. This suggests that this

folder-type molecule may be used as a host in the recognition
of selected organic molecules. This structure can be compared

with the molecular structure of complex 2-nBu (Figure 1, right).
In this case, the average torsion angle established between the

pyrene-imidazolylidene ligands and the coordination plane is
66.928, very similar to that found in 2-Me. The Pt@C(carbene)
bond distances are 2.027(4) and 2.048(4) a. Interestingly, the

folder formed by the two pyrene-imidazolylidene ligands does
not trap a solvent molecule, but it does not remain empty, be-

cause two N-nBu wingtips from each of the imidazolylidene li-
gands occupy the void space of the cavity.

The 1H NMR spectra of 2-Me and 2-nBu were recorded in
CDCl3, C6D6, and [D6]DMSO. The 1H NMR spectra of 2-Me were

concentration-dependent in CDCl3 and C6D6. As the concentra-

tion of the complex increased, the signals associated to the
protons of the pyrene ring were shifted upfield, and those re-

lated to the phenyl ring of the phenylacetylide ligand were
shifted downfield, as a consequence of the formation of self-

associated assemblies. Plotting the chemical shift changes
versus the concentration of the complexes allowed us to calcu-

late the dimerization constants. These constants were 40 and

3900 m@1, for the dimerization of 2-Me in CDCl3 and C6D6, re-
spectively (see Supporting Information for more details). These

results suggest that the association constants decrease with
the polarity of the solvent, in the order C6D6>CDCl3>

[D6]DMSO, indicating the increased ability of polar solvents to
solvate the planar electron-rich surfaces of the pyrene-func-
tionalized complex. This affinity of the polar molecules of the

solvent with the complexes is also reflected by the mass spec-
tra of complexes 2-Me and 2-nBu in DMSO, which in all cases
displayed intense peaks assigned to [M++DMSO++Na]+ . For the
case of 2-nBu, we observed that the 1H NMR spectra did not
show concentration dependence in any of the three solvents
used, therefore suggesting that self-association for this com-

plex is negligible.
We thought that the pyrene fragments in complexes 2-Me,

2-nBu and 4-nBu, could provide an electron-rich environment
that could be used for the recognition of electron-deficient ar-
omatic guests. Since the two metal complexes with the nBu

substituents showed a reduced tendency to self-associate, we
considered 2-nBu and 4-nBu to be the best choices of host.

The aromatic guests that we chose for our study were 1,2,4,5-
tetracyanobenzene (TCNB), 2,4,7-trinitro-9-fluorenone (TNFLU),
and 1,4,5,8-naphtalenetetracarboxylic dianhydride (NTCDA)

(Scheme 3). For the titrations, we chose [D6]DMSO as the opti-
mum solvent, because it provided the highest solubility of all

guests used. TNFLU is also very soluble in chloroform, thus for

this guest we also performed the titration in CDCl3 in order to
compare the result with that obtained in [D6]DMSO.

Some interesting features about the structures of the host–
guest complexes could be directly extracted from the 1H NMR
spectra taken from our titration experiments. Figure 2 shows

some representative spectra from the titration of 4-nBu with

TNFLU in CDCl3. As can be seen from the spectra, the addition
of the guest resulted in an upfield shift of the signals due to
the protons of the phenanthrophenazine fragment of the NHC

ligand (a, b, c, d and e), whereas the signals due to the protons
of the phenylacetylide remained unchanged. A maximum neg-

ative shift of 0.26 ppm was achieved for the case of proton a.
This result is consistent with the interaction of the guest with

the polyaromatic fragments of the NHC ligands within the

inner cavity of the metallofolder, rather than with the phenyl
ring of the phenylacetylide. A p–p stacking interaction be-

tween the polyaromatic moiety of the NHC ligand and the
molecule of TNFLU could be the driving force for the encapsu-

lation. Similar results could be obtained for the titrations with
all other guests, and for the titrations using complex 2-nBu.

Scheme 3. Electron-deficient aromatic guests used in this study.

Figure 2. Representative region of the 1H NMR (500 MHz) titration spectra of
4-nBu with TNFLU in CDCl3. The spectra were recorded using a constant
concentration of 4-nBu (1 mm) at 298 K. The inset plot represents the bind-
ing isotherms.
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Analysis of the 1H NMR titrations allowed the stoichiometry
and association constants (Ka) of the host–guest adducts to be

determined.[16] The analysis of the binding isotherms showed
that the curve fittings were best represented by the formation

of 1:1 complexes. This conclusion was also supported by the
fact that fitting to a 1:1 stoichiometry gave the lowest residu-

als compared to other potential stoichiometries. The 1:1 associ-
ation constants, K11, were calculated by global nonlinear re-
gression analysis, in which all protons showing chemical shift

variations were simultaneously included.[16a, 17] The association
constants that we obtained are shown in Table 1. In most

cases, the titrations were performed in [D6]DMSO, in which the
guests showed higher solubility. Only in the case of the titra-

tion of TNFLU could the experiments also be carried out in
CDCl3, due to its higher solubility. For the titration of 4-nBu

with TCNB in DMSO, the chemical shift variations were so low
(Ddmax&0.04 ppm) that we could not determine an accurate

value of the association constant. The association constants

were higher in CDCl3 than in [D6]DMSO, in agreement with the
higher ability of DMSO to solvate the electron-rich surfaces of
the ligands in 2-nBu and 4-nBu (compare entries 2 and 3 for ti-
trations with TNFLU). As can be seen from the results, both 2-

nBu and 4-nBu show low to moderate affinities for electron-de-
ficient aromatic substrates (1 m@1>K11>22 m@1), and also show

no tendency to bind an electron-rich polyaromatic substrate
such as pyrene. The metallofolder with a larger cavity, 4-nBu,
consistently produced higher binding constants. Among the

electron-deficient substrates, TNFLU gave the highest associa-
tion constants for both complexes under study, as expected

according to its higher electron deficient character compared
to the rest of the substrates. On the contrary, TCNB showed

the lowest (measurable) affinity. It is worth mentioning that for

the titrations with this guest, the phenyl ring proton signals
from the phenylacetylide ligands were also upfield shifted. This

indicates that for TCNB, the guest interacts simultaneously
with the inner part of the folder (formed by the two pyrene-

imidazolylidene ligands), and also with the phenylacetylide li-
gands.

In addition to the 1H NMR titrations, we also evaluated the
affinity of hosts 2-nBu and 4-nBu with the different electron-

deficient aromatic guests by mass spectrometry. ESI-MS is one
of the most versatile and widespread techniques for this pur-

pose, because it allows noncovalent complexes to be gently
transferred from solution to gas phase.[18] The ESI-MS spectra

of complexes 2-nBu and 4-nBu, with an excess of the different
guests and in the presence of NaI, showed prominent peaks
corresponding to [M++I++X]@ in the negative mode (in which X
is the corresponding guest molecule). These results are in
agreement with the 1:1 host–guest stoichiometry found by the
NMR titrations. We next addressed the potential of the ESI
technique to qualitatively elucidate the relative binding affini-

ties of 4-nBu towards all electron-deficient aromatic guests.
ESI-MS-based methods are known to be very useful for quanti-

tatively evaluating host–guest binding events.[18b, 19] In competi-

tive ESI-MS experiments, the ESI mass spectrum of a selected
host is investigated in the presence of a set of potential

guests, so that different host–guest complexes can be simulta-
neously identified and quantified. The competitive ESI mass

spectrum (negative scan mode) taken from solutions of 4-nBu
with three equivalents of guest in a CH2Cl3/CH3CN mixture is

shown in Figure 3. In this negative ESI mass spectrum, we ob-

served the formation of the supramolecular complexes formed
between 4-nBu and all substrates used. Ion abundances indi-

cate the tendency of TNFLU and NTCDA to preferably bind
with 4-nBu, whereas the adduct with TCNB shows a much less-

intense peak as a consequence of its lower affinity, in agree-
ment with the results obtained by the NMR methods.

We were able to obtain single crystals of 2-nBu suitable for

X-ray diffraction analysis from a [D6]DMSO solution containing
TCNB. The resulting structure showed the co-crystallization of

2-nBu and TCNB (Figure 4). The asymmetric unit cell contains
one molecule of 2-nBu and one molecule of TCNB, with 50 %

occupancy at each side of the metal complex. The structure
also shows one molecule of DMSO trapped inside the pyrene-

based folder of the metal complex. The metric parameters of

the molecule are very similar to those shown by 2-nBu in
Figure 1. For example, the Pt@C(carbene) bond lengths are

2.040 and 2.024 a. The average torsion angle established be-
tween the pyrene-imidazolylidene and the coordination plane

of the molecule is 70.478, thus slightly larger than that in the
structure of 2-nBu depicted in Figure 1. The torsion angle be-

tween the two NHC ligands is 92.10(13)8 (taken as the mea-
surement of the C(1)-Pt(1)-C(4) angle), which is almost identical
to the corresponding angle shown for 2-nBu shown in Figure 1
[92.00(16)8] . Similarly, the angles established by the two phe-
nylacetylide ligands are very similar in the structures of 2-nBu,

both with and without the tetracyanobenzene guest (88.868
and 86.998, respectively). These parameters indicate that the

orientation of the ligands is rather rigid, with little flexibility to
favor an interaction with the guest. The most significant fea-
ture of the structure is the presence of the molecules of TCNB,

which show clear p–p stacking interactions with one of the
pyrene walls, and a phenyl ring of one of the phenylacetylide

ligands, featuring interplanar distances of 3.425 and 3.443 a,
respectively. This interaction of the two faces of the molecule

Table 1. Binding constants of 2-nBu and 4-nBu with different electron-
deficient arenes (DMSO, 25 8C).[a]

K11, [M@1]
Entry Guest Solvent 2-nBu 4-nBu

1 TCNB [D6]DMSO 1:0.5[b] n.d.[c]

2 TNFLU [D6]DMSO 9:1 22:1
3 TNFLU CDCl3 21:1 47:1
4 NTCDA [D6]DMSO 8:1 10:1
5 pyrene [D6]DMSO &0 &0

[a] K11 values calculated by global nonlinear regression analysis.[16a, 17] Titra-
tions were carried out at 298 K using constant concentrations of host.
[b] For this case, the curve-fitting program generates a more precise
value of 0.8:0.1 m@1. However, the binding is very weak, so the fitting is
based only on the early part of the binding, with less than 50 % of the
complex formed. Accordingly, for this specific case we prefer to give
a value of 1:0.5 m@1 to this constant. [c] n.d. = not determined; Dd were
too low to make an accurate estimation of the constant.
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was already predicted by the NMR titrations (vide supra); the

overall stoichiometry of the adduct formed is 1:1, considering
the 50 % occupancy of each TCNB molecule. Another interest-

ing feature of the structure is that each molecule of tetracya-
nobenzene is trapped by two host molecules. This presents an

optimal assembly, in which the TCNB molecule is trapped by
two host molecules, thereby forming two rectangular cages;
one consisting of two pairs of phenylacetylenes, and one con-

sisting of two pairs of phenanthrophenazine fragments. This
arrangement is shown in Figure 5.

Conclusions

In summary, we prepared a series of organometallic folders
(OMFOs) for the recognition of aromatic substrates within the

cavity formed by the cis-oriented polyaromatic-based ligands.
As shown by their molecular structures, these molecules tend

to fill the void space formed by the folder. The molecules were
tested for the recognition of aromatic substrates, for which

they showed a selective affinity for electron-deficient mole-
cules. Although the host–guest association constants were

low, our molecules were able to effectively discriminate be-
tween electron-rich and electron-deficient aromatic substrates.

Although the binding affinities found are not as high as those
observed for other organic-based molecules tailor-made for

the recognition of similar systems, we believe that the simplici-

ty of the preparation of these complexes together with their
great potential may soon make organometallic folders into

highly competitive systems. By simply changing the nature of
the metal, its oxidation state, the nature of the co-ligands, or
the net-charge of the complex, we believe that the recognition
abilities of metallofolders could be easily tuned, so that highly

efficient and selective systems may soon be developed. This,
combined with the simplicity of the preparation of our new
types of receptors, may trigger the inspiration of researchers in
the field of organometallic supramolecular chemistry.
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Figure 3. Selected region of the ESI-MS spectrum (negative scan mode) of a mixture of 4-nBu and three equivalents of TCNB, NTCDA and TNFLU. Non-as-
signed peaks correspond to solvated forms of the complexes, such as [M++I++2CH3CN]@ , [M++I++TCNB++CH3CN]@ , etc.

Figure 4. Molecular structure of complex 2-nBu–TCNB. Ellipsoids at the 50 %
probability level. Hydrogen atoms and solvent (DMSO) omitted for clarity.
tert-Butyl groups shown as wireframes for clarity. Two molecules of tetracya-
nobenzene shown as space-filling diagrams. Selected bond distances (a)
and angles (8): Pt(1)@C(1) 2.040(3), Pt(1)@C(4) 2.024(3), Pt(1)@C(2) 2.010(3),
Pt(1)@C(3) 1.990(4), C(1)-Pt(1)-C(4) 92.10(13), C(2)-Pt(1)-C(3) 88.86(12).

Figure 5. Crystal packing of complex 2-nBu–TCNB. The array of molecules is
represented along the c axis.

Chem. Eur. J. 2017, 23, 7272 – 7277 www.chemeurj.org T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim7276

Full Paper

http://www.chemeurj.org


Conflict of interest

The authors declare no conflict of interest.

Keywords: host–guest chemistry · N-heterocyclic carbenes ·
organometallic folder · platinum · supramolecular chemistry

[1] E. C. Constable, Chem. Ind. 1994, 56 – 59.
[2] a) M. M. J. Smulders, I. A. Riddell, C. Browne, J. R. Nitschke, Chem. Soc.

Rev. 2013, 42, 1728 – 1754; b) E. C. Constable, Coord. Chem. Rev. 2008,
252, 842 – 855; c) J. R. Nitschke, Acc. Chem. Res. 2007, 40, 103 – 112;
d) P. J. Steel, Acc. Chem. Res. 2005, 38, 243 – 250; e) F. Werthner, C. C.
You, C. R. Saha-Moller, Chem. Soc. Rev. 2004, 33, 133 – 146.

[3] a) C. G. Oliveri, P. A. Ulmann, M. J. Wiester, C. A. Mirkin, Acc. Chem. Res.
2008, 41, 1618 – 1629; b) B. J. Holliday, C. A. Mirkin, Angew. Chem. Int.
Ed. 2001, 40, 2022 – 2043; Angew. Chem. 2001, 113, 2076 – 2097; c) B.
Linton, A. D. Hamilton, Chem. Rev. 1997, 97, 1669 – 1680; d) D. S. Law-
rence, T. Jiang, M. Levett, Chem. Rev. 1995, 95, 2229 – 2260; e) W. Lu, Z.
Wei, Z.-Y. Gu, T.-F. Liu, J. Park, J. Park, J. Tian, M. Zhang, Q. Zhang, T. Gen-
tle III, M. Bosch, H.-C. Zhou, Chem. Soc. Rev. 2014, 43, 5561 – 5593;
f) D. L. Caulder, K. N. Raymond, Acc. Chem. Res. 1999, 32, 975 – 982;
g) T. R. Cook, Y.-R. Zheng, P. J. Stang, Chem. Rev. 2013, 113, 734 – 777.

[4] a) M. Fujita, M. Tominaga, A. Hori, B. Therrien, Acc. Chem. Res. 2005, 38,
369 – 378; b) M. Fujita, Chem. Soc. Rev. 1998, 27, 417 – 425; c) R. Chakra-
barty, P. S. Mukherjee, P. J. Stang, Chem. Rev. 2011, 111, 6810 – 6918; d) S.
Leininger, B. Olenyuk, P. J. Stang, Chem. Rev. 2000, 100, 853 – 907; e) P. J.
Stang, B. Olenyuk, Acc. Chem. Res. 1997, 30, 502 – 518; f) A. M. Castilla,
W. J. Ramsay, J. R. Nitschke, Acc. Chem. Res. 2014, 47, 2063 – 2073; g) L.
Chen, Q. Chen, M. Wu, F. Jiang, M. Hong, Acc. Chem. Res. 2015, 48, 201 –
210; h) T. R. Cook, P. J. Stang, Chem. Rev. 2015, 115, 7001 – 7045; i) X. Su,
I. Aprahamian, Chem. Soc. Rev. 2014, 43, 1963 – 1981.

[5] a) P. Ballester, M. Fujita, J. Rebek, Jr. , Chem. Soc. Rev. 2015, 44, 392 – 393;
b) P. D. Frischmann, M. J. MacLachlan, Chem. Soc. Rev. 2013, 42, 871 –
890.

[6] a) C. J. Brown, F. D. Toste, R. G. Bergman, K. N. Raymond, Chem. Rev.
2015, 115, 3012 – 3035; b) S. H. A. M. Leenders, R. Gramage-Doria, B. de
Bruin, J. N. H. Reek, Chem. Soc. Rev. 2015, 44, 433 – 448; c) P. Dydio,
J. N. H. Reek, Chem. Sci. 2014, 5, 2135 – 2145; d) T. S. Koblenz, J. Wasse-
naar, J. N. H. Reek, Chem. Soc. Rev. 2008, 37, 247 – 262; e) M. Raynal, P.
Ballester, A. Vidal-Ferran, P. W. N. M. van Leeuwen, Chem. Soc. Rev. 2014,
43, 1660 – 1733.

[7] a) S. Dong, B. Zheng, F. Wang, F. Huang, Acc. Chem. Res. 2014, 47,
1982 – 1994; b) K. Ariga, H. Ito, J. P. Hill, H. Tsukube, Chem. Soc. Rev.
2012, 41, 5800 – 5835; c) B. Chen, S. Xiang, G. Qian, Acc. Chem. Res.
2010, 43, 1115 – 1124.

[8] A. Galan, P. Ballester, Chem. Soc. Rev. 2016, 45, 1720 – 1737.
[9] J.-N. Rebilly, B. Colasson, O. Bistri, D. Over, O. Reinaud, Chem. Soc. Rev.

2015, 44, 467 – 489.
[10] a) C. M. ]lvarez, L. A. Garcia-Escudero, R. Garcia-Rodriguez, J. M. Martin-

Alvarez, D. Miguel, V. M. Rayon, Dalton Trans. 2014, 43, 15693 – 15696;
b) Y. Tanaka, K. M. C. Wong, V. W. W. Yam, Angew. Chem. Int. Ed. 2013, 52,
14117 – 14120; Angew. Chem. 2013, 125, 14367 – 14370; c) H. J. Yoo, C. A.

Mirkin, A. G. DiPasquale, A. L. Rheingold, C. L. Sternt, Inorg. Chem. 2008,
47, 9727 – 9729; d) H. Lang, R. Packheiser, B. Walfort, Organometallics
2006, 25, 1836 – 1850; e) A. M. Brown, M. V. Ovchinnikov, C. A. Mirkin,
Angew. Chem. Int. Ed. 2005, 44, 4207 – 4209; Angew. Chem. 2005, 117,
4279 – 4281; f) N. C. Gianneschi, S. H. Cho, S. T. Nguyen, C. A. Mirkin,
Angew. Chem. Int. Ed. 2004, 43, 5503 – 5507; Angew. Chem. 2004, 116,
5619 – 5623; g) J. B. Diccianni, C. Hu, T. Diao, Angew. Chem. Int. Ed. 2017,
56, 3635 – 3639; Angew. Chem. 2017, 129, 3689 – 3693; h) Y. Tanaka,
K. M. C. Wong, V. W. W. Yam, Chem. Eur. J. 2013, 19, 390 – 399; i) T. F. Fu,
Y. F. Han, L. Ao, F. Wang, Organometallics 2016, 35, 2850 – 2853; j) B.
Doistau, C. Rossi-Gendron, A. Tron, N. D. McClenaghan, L. M. Chamor-
eau, B. Hasenknopf, G. Vives, Dalton Trans. 2015, 44, 8543 – 8551.

[11] a) C. Mejuto, G. Guisado-Barrios, D. Gusev, E. Peris, Chem. Commun.
2015, 51, 13914 – 13917; b) N. Sinha, F. Roelfes, A. Hepp, C. Mejuto, E.
Peris, F. E. Hahn, Organometallics 2014, 33, 6898 – 6904; c) C. Segarra, G.
Guisado-Barrios, F. E. Hahn, E. Peris, Organometallics 2014, 33, 5077 –
5080.

[12] a) E. Mas-Marz#, J. A. Mata, E. Peris, Angew. Chem. Int. Ed. 2007, 46,
3729 – 3731; Angew. Chem. 2007, 119, 3803 – 3805; b) S. Gonell, M. Poya-
tos, E. Peris, Chem. Eur. J. 2014, 20, 9716 – 9724; c) A. Prades, E. Peris, M.
Alcarazo, Organometallics 2012, 31, 4623 – 4626; d) H. Vald8s, M. Poya-
tos, E. Peris, Organometallics 2015, 34, 1725 – 1729; e) S. Gonell, M.
Poyatos, E. Peris, Angew. Chem. Int. Ed. 2013, 52, 7009 – 7013; Angew.
Chem. 2013, 125, 7147 – 7151; f) G. Guisado-Barrios, J. Hiller, E. Peris,
Chem. Eur. J. 2013, 19, 10405 – 10411.

[13] E. Peris, Chem. Commun. 2016, 52, 5777 – 5787.
[14] a) H. Vald8s, M. Poyatos, G. Ujaque, E. Peris, Chem. Eur. J. 2015, 21,

1578 – 1588; b) H. Vald8s, M. Poyatos, E. Peris, Inorg. Chem. 2015, 54,
3654 – 3659.

[15] S. Gonell, E. Peris, ACS Catal. 2014, 4, 2811 – 2817.
[16] a) P. Thordarson, Chem. Soc. Rev. 2011, 40, 1305 – 1323; b) K. Hirose, J. In-

clusion Phenom. Macrocyclic Chem. 2001, 39, 193 – 209; c) D. Brynn Hib-
bert, P. Thordarson, Chem. Commun. 2016, 52, 12792 – 12805.

[17] A. J. Lowe, F. M. Pfeffer, P. Thordarson, Supramol. Chem. 2012, 24, 585 –
594.

[18] a) Z. Chen, S. G. Weber, Trac-Trends in Anal. Chem. 2008, 27, 738 – 748;
b) J. M. Daniel, S. D. Friess, S. Rajagopalan, S. Wendt, R. Zenobi, Int. J.
Mass Spectrom. 2002, 216, 1 – 27; c) C. A. Schalley, Int. J. Mass Spectrom.
2000, 194, 11 – 39.

[19] a) N. Kodiah Beyeh, M. Goeth, L. Kaufmann, C. A. Schalley, K. Rissanen,
Eur. J. Org. Chem. 2014, 2014, 80 – 85; b) N. K. Beyeh, D. P. Weimann, L.
Kaufmann, C. A. Schalley, K. Rissanen, Chem. Eur. J. 2012, 18, 5552 –
5557; c) H. Mansikkam-ki, C. A. Schalley, M. Nissinen, K. Rissanen, New J.
Chem. 2005, 29, 116 – 127; d) S. Ruiz-Botella, P. Vidossich, G. Ujaque, C.
Vicent, E. Peris, Chem. Eur. J. 2015, 21, 10558 – 10565; e) C. A. Schalley,
Mass Spectrom. Rev. 2001, 20, 253 – 309; f) E. C. Kempen, J. S. Brodbelt,
Anal. Chem. 2000, 72, 5411 – 5416; g) S. M. Blair, E. C. Kempen, J. S. Brod-
belt, J. Am. Soc. Mass Spectrom. 1998, 9, 1049 – 1059.

Manuscript received: November 10, 2016

Accepted manuscript online: April 12, 2017

Version of record online: May 10, 2017

Chem. Eur. J. 2017, 23, 7272 – 7277 www.chemeurj.org T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim7277

Full Paper

https://doi.org/10.1039/C2CS35254K
https://doi.org/10.1039/C2CS35254K
https://doi.org/10.1039/C2CS35254K
https://doi.org/10.1039/C2CS35254K
https://doi.org/10.1016/j.ccr.2007.10.020
https://doi.org/10.1016/j.ccr.2007.10.020
https://doi.org/10.1016/j.ccr.2007.10.020
https://doi.org/10.1016/j.ccr.2007.10.020
https://doi.org/10.1021/ar068185n
https://doi.org/10.1021/ar068185n
https://doi.org/10.1021/ar068185n
https://doi.org/10.1021/ar040166v
https://doi.org/10.1021/ar040166v
https://doi.org/10.1021/ar040166v
https://doi.org/10.1039/B300512G
https://doi.org/10.1039/B300512G
https://doi.org/10.1039/B300512G
https://doi.org/10.1021/ar800025w
https://doi.org/10.1021/ar800025w
https://doi.org/10.1021/ar800025w
https://doi.org/10.1021/ar800025w
https://doi.org/10.1002/1521-3773(20010601)40:11%3C2022::AID-ANIE2022%3E3.0.CO;2-D
https://doi.org/10.1002/1521-3773(20010601)40:11%3C2022::AID-ANIE2022%3E3.0.CO;2-D
https://doi.org/10.1002/1521-3773(20010601)40:11%3C2022::AID-ANIE2022%3E3.0.CO;2-D
https://doi.org/10.1002/1521-3773(20010601)40:11%3C2022::AID-ANIE2022%3E3.0.CO;2-D
https://doi.org/10.1002/1521-3757(20010601)113:11%3C2076::AID-ANGE2076%3E3.0.CO;2-S
https://doi.org/10.1002/1521-3757(20010601)113:11%3C2076::AID-ANGE2076%3E3.0.CO;2-S
https://doi.org/10.1002/1521-3757(20010601)113:11%3C2076::AID-ANGE2076%3E3.0.CO;2-S
https://doi.org/10.1021/cr960375w
https://doi.org/10.1021/cr960375w
https://doi.org/10.1021/cr960375w
https://doi.org/10.1021/cr00038a018
https://doi.org/10.1021/cr00038a018
https://doi.org/10.1021/cr00038a018
https://doi.org/10.1039/C4CS00003J
https://doi.org/10.1039/C4CS00003J
https://doi.org/10.1039/C4CS00003J
https://doi.org/10.1021/ar970224v
https://doi.org/10.1021/ar970224v
https://doi.org/10.1021/ar970224v
https://doi.org/10.1021/cr3002824
https://doi.org/10.1021/cr3002824
https://doi.org/10.1021/cr3002824
https://doi.org/10.1021/ar040153h
https://doi.org/10.1021/ar040153h
https://doi.org/10.1021/ar040153h
https://doi.org/10.1021/ar040153h
https://doi.org/10.1039/a827417z
https://doi.org/10.1039/a827417z
https://doi.org/10.1039/a827417z
https://doi.org/10.1021/cr200077m
https://doi.org/10.1021/cr200077m
https://doi.org/10.1021/cr200077m
https://doi.org/10.1021/cr9601324
https://doi.org/10.1021/cr9601324
https://doi.org/10.1021/cr9601324
https://doi.org/10.1021/ar9602011
https://doi.org/10.1021/ar9602011
https://doi.org/10.1021/ar9602011
https://doi.org/10.1021/ar5000924
https://doi.org/10.1021/ar5000924
https://doi.org/10.1021/ar5000924
https://doi.org/10.1021/ar5003076
https://doi.org/10.1021/ar5003076
https://doi.org/10.1021/ar5003076
https://doi.org/10.1021/cr5005666
https://doi.org/10.1021/cr5005666
https://doi.org/10.1021/cr5005666
https://doi.org/10.1039/c3cs60385g
https://doi.org/10.1039/c3cs60385g
https://doi.org/10.1039/c3cs60385g
https://doi.org/10.1039/C4CS90101K
https://doi.org/10.1039/C4CS90101K
https://doi.org/10.1039/C4CS90101K
https://doi.org/10.1039/C2CS35337G
https://doi.org/10.1039/C2CS35337G
https://doi.org/10.1039/C2CS35337G
https://doi.org/10.1021/cr4001226
https://doi.org/10.1021/cr4001226
https://doi.org/10.1021/cr4001226
https://doi.org/10.1021/cr4001226
https://doi.org/10.1039/C4CS00192C
https://doi.org/10.1039/C4CS00192C
https://doi.org/10.1039/C4CS00192C
https://doi.org/10.1039/C3SC53505C
https://doi.org/10.1039/C3SC53505C
https://doi.org/10.1039/C3SC53505C
https://doi.org/10.1039/B614961H
https://doi.org/10.1039/B614961H
https://doi.org/10.1039/B614961H
https://doi.org/10.1039/C3CS60027K
https://doi.org/10.1039/C3CS60027K
https://doi.org/10.1039/C3CS60027K
https://doi.org/10.1039/C3CS60027K
https://doi.org/10.1021/ar5000456
https://doi.org/10.1021/ar5000456
https://doi.org/10.1021/ar5000456
https://doi.org/10.1021/ar5000456
https://doi.org/10.1039/c2cs35162e
https://doi.org/10.1039/c2cs35162e
https://doi.org/10.1039/c2cs35162e
https://doi.org/10.1039/c2cs35162e
https://doi.org/10.1021/ar100023y
https://doi.org/10.1021/ar100023y
https://doi.org/10.1021/ar100023y
https://doi.org/10.1021/ar100023y
https://doi.org/10.1039/C5CS00861A
https://doi.org/10.1039/C5CS00861A
https://doi.org/10.1039/C5CS00861A
https://doi.org/10.1039/C4CS00211C
https://doi.org/10.1039/C4CS00211C
https://doi.org/10.1039/C4CS00211C
https://doi.org/10.1039/C4CS00211C
https://doi.org/10.1039/C4DT02078B
https://doi.org/10.1039/C4DT02078B
https://doi.org/10.1039/C4DT02078B
https://doi.org/10.1002/anie.201306025
https://doi.org/10.1002/anie.201306025
https://doi.org/10.1002/anie.201306025
https://doi.org/10.1002/anie.201306025
https://doi.org/10.1002/ange.201306025
https://doi.org/10.1002/ange.201306025
https://doi.org/10.1002/ange.201306025
https://doi.org/10.1021/ic8008909
https://doi.org/10.1021/ic8008909
https://doi.org/10.1021/ic8008909
https://doi.org/10.1021/ic8008909
https://doi.org/10.1021/om058042p
https://doi.org/10.1021/om058042p
https://doi.org/10.1021/om058042p
https://doi.org/10.1021/om058042p
https://doi.org/10.1002/anie.200500689
https://doi.org/10.1002/anie.200500689
https://doi.org/10.1002/anie.200500689
https://doi.org/10.1002/ange.200500689
https://doi.org/10.1002/ange.200500689
https://doi.org/10.1002/ange.200500689
https://doi.org/10.1002/ange.200500689
https://doi.org/10.1002/anie.200460932
https://doi.org/10.1002/anie.200460932
https://doi.org/10.1002/anie.200460932
https://doi.org/10.1002/ange.200460932
https://doi.org/10.1002/ange.200460932
https://doi.org/10.1002/ange.200460932
https://doi.org/10.1002/ange.200460932
https://doi.org/10.1002/anie.201611572
https://doi.org/10.1002/anie.201611572
https://doi.org/10.1002/anie.201611572
https://doi.org/10.1002/anie.201611572
https://doi.org/10.1002/ange.201611572
https://doi.org/10.1002/ange.201611572
https://doi.org/10.1002/ange.201611572
https://doi.org/10.1002/chem.201201942
https://doi.org/10.1002/chem.201201942
https://doi.org/10.1002/chem.201201942
https://doi.org/10.1021/acs.organomet.6b00429
https://doi.org/10.1021/acs.organomet.6b00429
https://doi.org/10.1021/acs.organomet.6b00429
https://doi.org/10.1039/C4DT03230F
https://doi.org/10.1039/C4DT03230F
https://doi.org/10.1039/C4DT03230F
https://doi.org/10.1039/C5CC05114B
https://doi.org/10.1039/C5CC05114B
https://doi.org/10.1039/C5CC05114B
https://doi.org/10.1039/C5CC05114B
https://doi.org/10.1021/om500973b
https://doi.org/10.1021/om500973b
https://doi.org/10.1021/om500973b
https://doi.org/10.1021/om500729b
https://doi.org/10.1021/om500729b
https://doi.org/10.1021/om500729b
https://doi.org/10.1002/anie.200700535
https://doi.org/10.1002/anie.200700535
https://doi.org/10.1002/anie.200700535
https://doi.org/10.1002/anie.200700535
https://doi.org/10.1002/ange.200700535
https://doi.org/10.1002/ange.200700535
https://doi.org/10.1002/ange.200700535
https://doi.org/10.1002/chem.201304952
https://doi.org/10.1002/chem.201304952
https://doi.org/10.1002/chem.201304952
https://doi.org/10.1021/om3003834
https://doi.org/10.1021/om3003834
https://doi.org/10.1021/om3003834
https://doi.org/10.1021/acs.organomet.5b00208
https://doi.org/10.1021/acs.organomet.5b00208
https://doi.org/10.1021/acs.organomet.5b00208
https://doi.org/10.1002/anie.201302686
https://doi.org/10.1002/anie.201302686
https://doi.org/10.1002/anie.201302686
https://doi.org/10.1002/ange.201302686
https://doi.org/10.1002/ange.201302686
https://doi.org/10.1002/ange.201302686
https://doi.org/10.1002/ange.201302686
https://doi.org/10.1002/chem.201300486
https://doi.org/10.1002/chem.201300486
https://doi.org/10.1002/chem.201300486
https://doi.org/10.1039/C6CC02017H
https://doi.org/10.1039/C6CC02017H
https://doi.org/10.1039/C6CC02017H
https://doi.org/10.1002/chem.201404618
https://doi.org/10.1002/chem.201404618
https://doi.org/10.1002/chem.201404618
https://doi.org/10.1002/chem.201404618
https://doi.org/10.1021/acs.inorgchem.5b00250
https://doi.org/10.1021/acs.inorgchem.5b00250
https://doi.org/10.1021/acs.inorgchem.5b00250
https://doi.org/10.1021/acs.inorgchem.5b00250
https://doi.org/10.1021/cs500735u
https://doi.org/10.1021/cs500735u
https://doi.org/10.1021/cs500735u
https://doi.org/10.1039/C0CS00062K
https://doi.org/10.1039/C0CS00062K
https://doi.org/10.1039/C0CS00062K
https://doi.org/10.1023/A:1011117412693
https://doi.org/10.1023/A:1011117412693
https://doi.org/10.1023/A:1011117412693
https://doi.org/10.1023/A:1011117412693
https://doi.org/10.1039/C6CC03888C
https://doi.org/10.1039/C6CC03888C
https://doi.org/10.1039/C6CC03888C
https://doi.org/10.1080/10610278.2012.688972
https://doi.org/10.1080/10610278.2012.688972
https://doi.org/10.1080/10610278.2012.688972
https://doi.org/10.1016/j.trac.2008.06.008
https://doi.org/10.1016/j.trac.2008.06.008
https://doi.org/10.1016/j.trac.2008.06.008
https://doi.org/10.1016/S1387-3806(02)00585-7
https://doi.org/10.1016/S1387-3806(02)00585-7
https://doi.org/10.1016/S1387-3806(02)00585-7
https://doi.org/10.1016/S1387-3806(02)00585-7
https://doi.org/10.1016/S1387-3806(99)00243-2
https://doi.org/10.1016/S1387-3806(99)00243-2
https://doi.org/10.1016/S1387-3806(99)00243-2
https://doi.org/10.1016/S1387-3806(99)00243-2
https://doi.org/10.1002/chem.201103991
https://doi.org/10.1002/chem.201103991
https://doi.org/10.1002/chem.201103991
https://doi.org/10.1039/B415401K
https://doi.org/10.1039/B415401K
https://doi.org/10.1039/B415401K
https://doi.org/10.1039/B415401K
https://doi.org/10.1002/chem.201501139
https://doi.org/10.1002/chem.201501139
https://doi.org/10.1002/chem.201501139
https://doi.org/10.1002/mas.10009
https://doi.org/10.1002/mas.10009
https://doi.org/10.1002/mas.10009
https://doi.org/10.1021/ac000540e
https://doi.org/10.1021/ac000540e
https://doi.org/10.1021/ac000540e
https://doi.org/10.1016/S1044-0305(98)00082-8
https://doi.org/10.1016/S1044-0305(98)00082-8
https://doi.org/10.1016/S1044-0305(98)00082-8
http://www.chemeurj.org

