
1. Introduction

In recent decades, along with the classical molecular chem-

istry of covalent bonds, supramolecular chemistry (or, as

G.-M. Lehn said,1 `chemistry beyond the molecule'), based

on intermolecular non-covalent interactions, has been

developing very rapidly. Various molecular ensembles,

including molecular receptors and their complexes of the

host7guest type, are widely used in biotechnology and

medicine, catalysis, materials science, and analytical chem-

istry.2 ± 5 The main statements of supramolecular chemistry

were formulated after discovering (at the end of the 1960s)
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Metallomacrocycles that include several metal ions with the Lewis acid properties are peculiar antipodes of crown ethers

(referred to as `anticrowns' in the literature). Recently these architectures have been extensively investigated when searching

for efficient and selective anion receptors. In this review, we analyze the data on the molecular and crystal structures of

supramolecular complexes of mercury-containing macrocycles (hosts) with anions or neutral nucleophiles (guests). The

emphasis is on the identification and systematization of the structure types of complexes in dependence of the guest molecule

nature, as well as the macrocycle composition and structure. The factors affecting the selectivity of coordination and

competitive ability of various electron donor moieties of guest molecules to binding to the macrocycle are considered. The

data in the literature on the nonvalent host7guest and host7host interactions, which are responsible for the formation of

molecular complexes and their supramolecular association in crystals, are analyzed. The formulated structural regularities of

these coordination compounds with an unusual type of molecular architecture open ways to design directly promising

molecular materials on their basis.
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the ability of macrocyclic polyethers (crown ethers and

cryptands) to bind selectively cations of alkali and alka-

line-earth metals.6, 7 At the same time, when studying the

complex formation of halides with macrobicyclic mole-

cules,8 an inverse problem was formulated: to search for

systems capable of recognizing and selective binding of

anions. However, for some objective reasons 9 Ð require-

ment of large sizes of macrocyclic systems and their insta-

bility (because of the enhanced reactivity of electrophilic

centres) Ð the `non-covalent' coordination chemistry of

anions has been developed much more slowly.

The most widespread anion receptors are macrocyclic or

cage compounds, for example, protonated cryptands, cata-

pinands, and other macroheterocycles, whose structure

provides formation of a complementary system of hydrogen

bonds with anion.10 ± 16

An alternative type of anion receptors are macrocyclic

compounds containing several Lewis acidic atoms, the so-

called anticrowns (a term proposed by Professor

M.F.Hawthorne et al.17 in 1991 based on the charge-

inversion analogy with crown ethers). Anticrowns are char-

acterized by prearrangement of several coordination

centres, relatively high strength, and directionality of coor-

dination bonds between the Lewis acid and Lewis base.

Additional stabilization of host7guest complexes is

obtained due to the macrocyclic and chelating effects.

Therefore, anticrowns are promising as efficient and selec-

tive anion receptors, and their polydentate properties are of

interest from the point of view of activating molecules in

organic synthesis and catalysis.

First examples of anticrowns were described for

tin-,18, 19 silicon-,20 and mercury-containing 21 macrocycles.

Thereafter diverse metal-containing macrocyclic molecules

have been synthesized; many of them exhibit properties of

anticrowns, forming complexes with anions and neutral

molecules.22 ± 24 However, the main achievements of the

coordination chemistry of anticrowns are related to poly-

mercury-containing macrocycles. Of greatest interest are the

neutral mercury organic derivatives with coordinatively

unsaturated linear C7Hg7C moieties preorganized into a

cyclic system for further coordination with guest molecules.

There are two types of mercury-containing macrocycles for

which systematic studies have been performed:

Ð mercury atoms are combined into a macrocycle via

perfluorinated aromatic or aliphatic moieties (macrocycles

L1 ±L4);

Ð mercury atoms are combined into a macrocycle via

carborane moieties (macrocycles LB1 and LB2).

Macrocycles of both types have become classical exam-

ples of anticrowns, and they are often mentioned in the

publications devoted to the supramolecular chemistry of

anion receptors.10, 25 ± 27

The ability of perfluorinated mercury-containing macro-

cycles to bind various anions was demonstrated by

Professor V.B.Shur et al.28, 29 The coordination of guest

species to planar macrocycle L1 is characterized by the

absence of steric hindrances, which makes it a convenient

model for revealing structural regularities and types of

coordination of anions and neutral Lewis bases to anti-

crowns. Note that 171 structures out of all structurally

characterized complexes of host7guest mercury-containing

macrocycles [>200 structures, according to the Cambridge

Structural Database (CSD),30 version 2021] belong to deriv-

atives of macrocycle L1.

A synthesis of o-carboranylmercury macrocycles LB1

and LB2 and study of their properties were performed

under the guidance of Professor M.F.Hawthorne.31 ± 35 The

enhanced Lewis acidity of mercury atoms is due to the

electron-withdrawing properties of carborane moieties.

Many aspects of the chemistry of mercury-containing

anticrowns and their properties have been considered pre-

viously.28, 29, 35, 36 However, comparative analysis and sys-
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tematization of the structural data on the molecular and

crystal structures of host7guest complexes based on mer-

cury-containing macrocycles have not been performed yet.

It is noteworthy that the concept of a `host ± guest complex'

accepted in this review implies all types of molecular

adducts that contain at least one anticrown molecule and

one molecule (or ion) with Lewis base properties, joined by

nonvalent intermolecular interactions of the donor7accep-

tor type.

When preparing this review, we were not aimed at

considering all complexes of polymercury-containing mac-

rocycles with anions or neutral Lewis bases for which

structural data exist. Our purpose was to reveal types of

supramolecular architecture of complexes, search for struc-

tural regularities, and describe the geometric and energetic

characteristics of the nonvalent interactions implemented

between the guest molecule and macrocycle. To this end, we

analyzed the data on the molecular and crystal structure of

the derivatives (characteristic in our opinion) of primarily

the macrocycle L1, for which the most representative series

of complexes is available in the literature. We will also use

some of the structural data on complexes of other polymer-

cury-containing macrocycles to carry out a comparative

analysis and, based on the results of this analysis, either

extend conclusions to the entire class of compounds, or, vice

versa, emphasize the distinctive features of a complex,

depending on the structure of macrocyclic host molecule.

2. Stereochemical features of mercury(II)
compounds

Organic derivatives of divalent mercury are characterized

by linear structure of the C7Hg7C moiety, which is

explained by the sp-hybridization of the mercury atom.

The mercury atom in inorganic and mixed derivatives

often has a coordination number (CN) larger than 2,

which makes it less accessible for coordination. These and

other stereochemical features of mercury compounds were

described in detail.37 ± 42 The mercury atom in organic

derivatives is often additionally bound to diverse electron-

donating groups. These relatively weak coordination inter-

actions [which are often referred to as secondary bonds,

associated with nonvalent (or dispersion) interactions] are

implemented at distances greatly exceeding the sum of

covalent radii and do not affect the collinearity of covalent

Hg7C bonds. According to the CSD,30 the C7Hg7C

bond angle in all structurally characterized organomercury

compounds, regardless of the presence and number of

additional coordination interactions with the mercury

atom, rarely deviate from 1808 by more than 108 (Fig. 1).

Therefore, the organomercury(II) compounds are relatively

weak Lewis acids, which do not form donor7acceptor

complexes with a significant charge transfer. In addition,

the covalent Hg7C bonds have a pronounced nonpolar

character. As a consequence, the contribution of electro-

static interactions with participation of mercury atom is

significantly diminished. Therefore, electron-withdrawing

substituents (e.g., fluorinated organic ligands) are used to

enhance the coordinating properties of organomercury

compounds.

The complexes considered below are formed due to the

nonvalent interactions between the macrocycle mercury

atoms and the electron-saturated parts of the guest molecule

(Lewis acid and base, respectively). A descriptive criterion

of the presence of these relatively weak interactions in

crystals are shortened (as compared with the sum of van

der Waals radii) interatomic distances.

A standard value is used for the covalent radius (rcov) of

mercury atom: 1.30 �A;37, 43 at the same time, a wide range of

values has been proposed for its van der Waals radius

(Rvdw): from 1.5 to 2.1 �A.37, 38, 44 ± 46 In our review we

accepted the average value: Rvdw= 1.75�A. The choice is

based on the results of quantumchemical calculations [using

the MP2 and CCSD(T) methods] of the dimer associates of

linear molecules HgH2 and HgMe2, according to which

Rvdw= 1.75(7) �A.47 The same value is used to discuss the

mercurophilic interactions.48 The Rvdw values for other

atoms are taken from Ref. 46 which contains a summary

table of radii for all elements.

3. Complexes with halide ions

3.1. Polyanionic chains in the crystal structure of macrocycle
L1 with bromide and iodide ions
The complex formation of macrocycle L1 with halide ions

gave products of two compositions, in which according to

the elemental analysis data, the macrocycle ± halogen ratio

was 1 : 1 or 2 : 1. The structure of the 1 : 1 complexes was

established by the example of compounds with bromide and

iodide ions, which form infinite chains in a crystal

{[(o-C6F4Hg)3Hal]n}n7, where Hal=Br or I.49 ± 51 These

results (published in 1991) initiated further development of

the coordination chemistry of macrocycle L1.

The structure of the polyanionic chain (Fig. 2) in iso-

structural compounds [(o-C6F4Hg)3Hal]7[PPh3Me]+,

where Hal=Br (1) or I (2), and in

[(o-C6F4Hg)3Br]7[PPh4]+ .CH2Br2 (3) is independent of

the counter-ion type or the presence of solvate molecule.

The chains were multidecker structures of alternating pla-

nar macrocycle molecules and halide ions. Each halogen ion

in the chain is bound to six mercury atoms of two neigh-

bouring macrocycles. All Hg7Hal { bond lengths are

equalized and amount (on average) to 3.32 �A for Hg7Br7

and 3.43 �A for Hg7I7. These values are much smaller than

the sum of the van der Waals radii of mercury atom and the

ionic radius 52 of the corresponding halogen
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Figure 1. Histogram of C7Hg7C bond angles in organomercury
compounds according to the CSD (version of 2021).

{A long dash is used in the text to denote interatomic distances and bond

lengths, and an ellipsis is used to denote interatomic interactions and

intermolecular contacts.

F.M.Dolgushin, I.L.Eremenko

Russ. Chem. Rev., 2021, 90 (12) 1493 ± 1519 1495



(RHg
vdw +RBrÿ

vdw = 3.71 �A and RHg
vdw +RIÿ

vdw =3.95 �A), but

exceed the sum of the corresponding covalent radii

(rHg
cov + rBrcov = 2.52 �A and rHg

cov + rIcov = 2.71 �A). The neigh-

bouring macrocycles in polyanionic chains are nonparallel,

which results in a wedge-like shape of sandwich moieties.

Binding to halide ions does not affect the structure of the

macrocycles, and the valence environment of mercury

atoms in them [the C7Hg7C bond angles (1778) and

Hg7C bond lengths (2.08 �A)] coincides with that observed

in the structures of four polymorphs of macrocycle L1

itself.53, 54

Structural studies of compounds 1 ± 3 demonstrated the

ability of perfluorinated mercury-containing macrocycle L1

to bind halide ions with the formation of supramolecular

ensembles of unusual molecular architecture, in which the

central complexing species is anion. Formally, the following

three moieties can be selected in the multidecker structures

of compounds 1 ± 3 (Fig. 2 b ± d ):

Ð pyramidal (composition 1 : 1),

Ð bipyramidal (composition 1 : 2),

Ð sandwich (composition 2 : 1).

Below we present examples of these complexes, whose

composition and structure depend on both the macrocycle

structure and the anion nature.

3.2. Sandwich complexes of three-mercury macrocycles L1
and LB1
When interacting with halide ions, the planar three-mercury

macrocycle L1 forms, along with multidecker structures,

sandwich complexes of the 2 : 1 composition.55 The struc-

ture of the anion complexes [(L1)2Hal]7 [Hal=F (4), Cl

(5), Br (6), I (7)] is shown in Fig. 3. Each halide ion in

sandwich complexes 4 ± 7, as well as in multidecker struc-

tures 1 ± 3, is symmetrically bound to six mercury atoms of

two macrocycle molecules (the geometric characteristics of

these compounds can be compared using the data of

Table 1).

The macrocycles in complexes 5 ± 7 with chloride, bro-

mide, and iodide ions are nonparallel, which leads to a

wedge-shaped structure of sandwich fragments (Fig. 3 b). As

in multidecker structures 1 ± 3, this structural feature is

independent of the cation type and the presence of solvate

molecules. The coordination environment of six-coordinate

halide ions in wedge-shaped sandwich moieties cannot be

described by a regular polyhedron.

The fluoride ion in complex 4 is located between two

mutually parallel macrocycles (Fig. 3 a). The macrocycle

orientation in this complex corresponds to the staggered

conformation. The coordination environment of fluoride

ion is described by a slightly distorted octahedron with

approximately equal Hg7F7 bond lengths, which amount

to 2.63 �A; i.e., only slightly exceed the Hg7F bond lengths

(2.40 �A) in a mercury(II) fluoride crystal.56

The interplanar spacing in sandwich complex 4 is

3.33 �A, with equals distances of 1.665 �A from the fluoride

ion to the macrocycle mean planes. An important fact is

that the polymorphs of macrocycle L1 53, 54 exhibit aggre-

gation of neighbouring molecules into stacking dimers with

interplanar spacings of 3.3 ± 3.4 �A. A detailed analysis of

the geometric and energetic characteristics of the intermo-

lecular interactions between macrocycles L1 in the struc-

tures of polymorphs of this macrocycle 57 indicates energetic

preference of the centrosymmetric stacking dimer, stabilized

by the Hg_p interactions between the C7C bonds of the

central Hg3C6 ring of one macrocycle and the mercury

atoms of the other macrocycle. The same mutual arrange-

ment of macrocycles in complex 4 indicates the absence of

free space between them, which makes unfavourable their

further approach or formation of a wedge-shaped structure.

With an increase in the halide ion size (and, correspond-

ingly, the interplanar spacing), the sandwich complexes in

structures 5 ± 7 acquire a wedge-shaped configuration. On

the assumption of parallel arrangement of macrocycles in

these complexes with chloride, bromide, or iodide ions, the

interplanar spacings in the sandwiches would be 4.7, 5.0, or
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Figure 2. (a) Fragment of polyanionic chain {[(L1)Hal]n}n7

(Hal=Br or I) in the crystal structures of multidecker complexes
1 ± 3 and (b) pyramidal, (c) bipyramidal, and (d ) sandwich moieties
in these structures. The distances are
Hg7Br7=3.245(3) ± 3.374(3), h3.32i �A; Hg7I7=
3.331(1) ± 3.487(1), h3.43i �A. Created by the authors based on the
data of Refs 49 ± 51.
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Figure 3. Sandwich complexes of macrocycle
L1 with halide ions. (a) Complex with fluoride
ion in the structure of [(L1)2F]7[PPh4]+ (4); the
Hg7F7 distances are 2.6140(2) ± 2.6468(2),
h2.63i �A. (b) The wedge-shaped sandwich com-
plexes in the structures of
[(L1)2Cl]7[NBu4]+ . 2 CH2Br2 (5) [the Hg7Cl7

distances are 3.035(3) ± 3.193(3), h3.10i �A];
[(L1)2Br]7[NBu4]+ . 2 CH2Br2 (6) [the Hg7Br7

distances are 3.122(1) ± 3.323(1), h3.22i �A]; and
[(L1)2I]7[PPh4]+ (7) [the Hg7I7 distances are
3.261(2) ± 3.410(2), h3.35i �A]. Created by the
authors based on the data of Ref. 55.
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5.4 �A, respectively (doubled parameter d in Table 1). The

wedge-shaped structure of sandwich complexes is stabilized

by the dispersion interactions between the closely located

groups of macrocycles. Additional stabilization occurs due

to the filling of the free space in the wedge open cavity with

solvate molecules (in structures 5 and 6) or phenyl sub-

stituents of the counter ion (in structure 7).55

Sandwich complexes with chloride, bromide, or iodide

ions were described for the three-mercury macrocycle

(9,12-Me2-1,2-C2B10H8Hg)3 (Me6-LB1).58, 59 The complexes

have the same structure (Fig. 4), irrespective of the cation

nature and the presence of solvate molecules. In complexes

8 ± 10, o-carboranylmercury macrocycles are parallel to

each other; the halide ion is located at approximately the

same distance from the six mercury atoms, and its coordi-

nation environment corresponds to a distorted octahedron.

The structure of the complexes and the Hg7Hal bond

lengths (see Table 1) are determined by the steric hindrances

between the bulk icosahedral moiety in closely located

macrocycles. Nevertheless, the attractive Hg_Hal7 inter-

actions in complexes 8 ± 10 lead to a decrease in the

interplanar spacing between the parallel Hg3 cores with a

decrease in the halide ion radius:35 I7 (4.90 �A)>Br7

(4.76 �A)>Cl7 (4.67 �A).

Macrocycles L1 and LB1 contain an identical central

nine-membered Hg3C6 ring, which has a planar structure

with intramolecular Hg7Hg distances equal to 3.63 �A in

L1 (Refs 53, 54) and 3.73 �A in LB1.60 The distances from

the macrocycle centroid to the mercury atoms are 2.10 �A
in L1 and 2.16 �A in LB1. The structural similarity of the

central part of the macrocycles leads to the formation of

the same type of sandwich complexes with halide ions. The

steric differences in the structure of the macrocycle

peripheral part determine the structural features of the

complexes that are related to the mutual arrangement of

macrocycles in the parallel or wedge-shaped geometry.

According to Pearson's hard7soft acid7base theory,61

one would expect the Hg_Hal7 interaction would become

more favourable with increasing halogen atomic number.

This tendency manifests itself in the structure of complexes

4 ± 7. The increase in the contribution of the covalent

component of Hg_Hal7 interaction when passing from

F7 to I7 manifests itself in the reduced difference between

the contact length and the ionic radius of the corresponding

halogen (the parameter D in Table 1). This conclusion is

consistent with the mass-spectrometry data on the enhanced

stability of halide complexes of macrocycle L1 in the same

sequence of halogens;62 it is also confirmed by the down-

field shift of mercury signal in the 199Hg NMR spectrum in

solution as a result of the formation of complexes with

halide ions, as compared with a free macrocycle. When

complexing with macrocycle L1, the shift d(Hg) increases in

the sequence F<Cl<Br< I.55 When complexing with

macrocycle LB1, the d(Hg) value increases in the sequence

Cl<Br< I.58

3.3. Chain and pyramidal complexes of three-mercury
macrocycle L2
A macrocyclic system can be modified in order to increase

its internal cavity by changing the length of the bridging

groups combining mercury atoms into a ring, for example,

using macrocycles L2 and L3, in which mercury atoms are

bound by perfluorinated biphenylene moieties. The struc-

ture of the macrocycle containing three mercury atoms

(o,o0-C6F4C6F4Hg)3 (L2) (Fig. 5) was determined in the

Table 1. Geometric characteristics of the complexes of macrocycles L1 and LB1 with halide ions.

Hal Sandwich complexes Sandwich complexes Multidecker complexes
[L1_Hal7_L1] (see 55) [LB1_Hal7_LB1] (see 58, 59) [L1_Hal7_]n (see 49 ± 51)

Hg7Hal,�A d,�A c, deg D,�A Hg7Hal, �A d,�A c, deg D,�A Hg7Hal, �A d,�A c, deg D,�A

F 2.63 1.67 0.0 1.30

Cl 3.10 2.37 30.6 1.29 3.16 2.45 0.0 1.35

Br 3.22 2.51 32.6 1.26 3.21 2.49 0.0 1.25 3.32 2.62 34.2 1.36

I 3.35 2.69 31.1 1.15 3.26 2.57 0.0 1.06 3.43 2.74 36.1 1.23

Note. The following designations are used: d is the distance from Hal7 to the Hg3C6 plane of the macrocycle, c is the dihedral angle between the

macrocycle planes in a sandwich moiety, and D is the difference between the Hg7Hal distance and the ionic radius 52 of the corresponding halide

ion (RF=1.33 �A, RCl=1.81 �A, RBr=1.96 �A, RI=2.20 �A).

Hg

Hg

C

C

B

B

Hal

Hal

a b

Figure 4. Two projections (a, b) of
the sandwich complexes of hexa-
methyl-substituted o-carboranylmer-
cury macrocycle LB1 with halide ions:
[(Me6-LB1)2 .Cl]7[PPN]+ (8),
[(Me6-LB1)2 .Br]7[MePPh3]+ . 2Me2-
CO . 2H2O (9), [(Me6-LB1)2 . I]7

[Li . 4(H2O)]+ . 2MeCN (10) [PPN is
bis(triphenylphosphine)iminium].
Hereinafter the hydrogen atoms are
omitted for simplicity. Created by the
authors based on the data of Refs 58,
59.
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structures of neutral adducts with o-xylene and aceto-

nitrile.63

The central 15-membered Hg3C12 ring in L2 has a

nonplanar structure. Perfluorinated phenylene groups are

located above and below the plane passing through the

mercury atoms and oriented perpendicular to this plane.

The access to the central part of macrocycle cavity is

significantly limited because of the formation of a narrow

channel for the arriving guest molecule. Note that the cavity

size in macrocycle L2 (the intramolecular Hg7Hg distances

are equal to 3.55 �A, the distances from the centroid to the

mercury atoms are 2.05 �A) coincide approximately with the

corresponding parameters of three-mercury macrocycles L1

and LB1; i.e., an elongation of the organic part does not

lead to an increase in the macrocycle cavity. It was also

noted 63 that macrocycle L2 has additional degrees of free-

dom because of the possibility of aromatic ring rotation in

biphenylene fragments. This is a distinction of L2 from

macrocycles L1 and LB1 with a conformationally rigid

structure. These specific features of the spatial structure of

macrocycle L2 manifest themselves at complexing with

halide ions.64

The interaction of macrocycle L2 with salts

[PPh4]+Hal7 (Hal=Cl, Br, I) gives rise to crystalline

compounds [(L2)Hal]7[PPh4]+ . n (solv) (11 ± 13). The

anion complexes in structures 11 ± 13 are chains of alternat-

ing halide ions and macrocycle molecules (Fig. 6,a).

The interaction of macrocycle L2 with salts

[NBu4]+Hal7 gives rise to 1 : 1 anionic molecular com-

plexes in [(L2)Hal]7[NBu4]+ .H2O, where Hal=F (15), Cl

(16), Br (17). In structures 15 ± 17 the Z3-coordinated halide

ion is located in the macrocycle cavity and forms a complex

of pyramidal structure (Fig. 6 b).

Thus, there are two types of complexes of macrocycle L2

with halide ions in crystals:

Ð chain structures with external monodentate coordi-

nation of anion;

Ð pyramidal complexes with internal polydentate coor-

dination of anion.

One can suggest that the cooperative type of halide ion

binding in pyramidal complexes is thermodynamically

preferred over the monodentate coordination in chain

structures. The formation of complexes of both types

upon interaction with chloride and bromide ions is deter-

mined by the kinetic factors of crystallization in the

presence of different cations (Table 2). The formation of

a pyramidal complex with a iodide ion is apparently

sterically unfavourable; thus, a chain structure with exter-

nal anion coordination is formed, irrespective of the

cation type (compounds 13 and 14). In contrast, a complex

with only pyramidal structure (complex 15) was found for

the fluoride ion, which has the smallest size. This selectiv-

ity of coordination types for halide ions and macrocycle

L2 indicates that the latter has good prospects for various

anion-selective applications.

3.4. Pyramidal and bipyramidal complexes of four-mercury
macrocycles L3 and LB2
The structure of macrocycle LB2 (Fig. 7) is determined in

the structure of its neutral adduct with THF,65 as well as in

the structure of the octaethyl-substituted macrocycle with a

solvate chloroform molecule.32 Both these structures lack a

Hg

C

F

Figure 5. Structure of
the macrocycle (o,o0-
C6F4C6F4Hg)3 (L2).
Created by the authors
based on the data of
Ref. 63.

a b

F

F

C

C

Hg Hg

Hal

Hal

Figure 6. Complexes of macrocycle L2 with halide ions. (a) fragment of the polyanionic chain in the crystal structures of
[(L2)Cl]7[PPh4]+ .CH2Cl2 (11), [(L2)Br]7[PPh4]+ .EtOH .Me2CO (12), [(L2)I]7[PPh4]+ (13), and [(L2)I]7[NBu4]+ (14); (b) pyramidal
complexes in the structures of compounds [(L2)Hal]7[NBu4]+ .H2O, where Hal=F (15), Cl (16), or Br (17). Created by the authors based
on the data of Ref. 64.

Table 2. Structure types of the complexes formed as a result of the
interaction ofmacrocycleL2with the [PPh4]+Hal7 and [NBu4]+Hal7

salts (according to the data of Ref. 64).

Parameter F7 Cl7 Br7 I7

Complexes with [PPh4]+Hal7 salts

Structure Chain Chain Chain

Hg7Hal,�A 2.857 2.872 3.179

Complexes with [NBu4]+Hal7 salts

Structure Pyramid Pyramid Pyramid Chain

Hg7Hal,�A 2.505 2.987 3.076 3.174
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guest molecule in the macrocycle cavity. The central

12-membered Hg4C8 ring has an identical bent butterfly-

like (saddle) conformation. The proximity of the geometric

parameters of macrocycles in these structures to the stand-

ard values (the mean values of the bond length and bond

angles are, respectively, Hg7C=2.09 �A and

C7Hg7C=1698, Hg7C7C=1188) and the absence of

strong interactions with the guest molecule suggest that the

bent macrocycle conformation corresponds to its equili-

brium structure, and the influence of the 9- and 12-sub-

stituents of the carborane moieties on the macrocycle

structure is minimal. The distances between neighbouring

mercury atoms in macrocycles are 3.654 ± 3.775 �A. The

distances from the mercury atoms to the centre of four-

mercury macrocycle are 2.55 ± 2.65 �A;32, 65 these values

exceed significantly the corresponding distances in the

three-mercury macrocycles L1 (2.10 �A), LB1 (2.16 �A), and

L2 (2.05 �A).64

When studying the complexing of four-mercury macro-

cycle LB2 with halide ions, complexes of two types were

structurally characterized (Table 3): 1 : 1 complexes, in

which the anion is located in the macrocycle cavity, and

1 : 2 complexes, in which two anions are bound to the

macrocycle, and a bipyramidal structure is formed (Fig. 8).

Tetrameric o-carboranylmercury macrocycles are con-

formationally nonrigid because of the rotation around the

Hg7Ccarborane bond. The 12-membered Hg4C8 ring in

complexes with anions may change its conformation from

planar to bent, in the form of a butterfly (the angle between

the `butterfly wings' reaches 808). Apparently, the bent

macrocycle conformation is thermodynamically more

favourable; it coincides with its uncoordinated form and is

characterized by the least deviations of the C7Hg7C and

C7C7Hg angles from ideal values: 1808 and 1208, respec-

Hg

C

B

Figure 7. Structure of the
unsubstituted four-mercury
macrocycle LB2 in
(LB2) . 4(THF) . 2H2O. The
hydrogen atoms and THF
and water solvate molecules
are omitted. Created by the
authors based on the data of
Ref. 65.
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Figure 8. Typical structures of the complexes of tetrameric o-carboranylmercury macrocycles with halide ions: (a)
[(Me8-LB2) .F]7[NMe4]+ (18);66 (b) [(LB2) .Cl]7[Li]+ (19);17, 32 and (c) [(LB2) . I2]27 . 2 [AsPh4]+ . 2Me2CO (23).67 Created by the authors
based on the data of the aforementioned studies.

Table 3. Averaged geometric parameters for the complexes of tetrameric o-carboranylmercury macrocycles with halide ions.

Anionic complex Hg7Hal, Macrocycle Hg7Hg, �A Hal7{Hg4}, C7Hg7C C7C7Hg Ref.
�A conformation (side/ �A angle, angle,

(see a) diagonal) deg deg

1 : 1 complexes

[(Me8-LB2) .F]7 (18) 2.606 Butterfly (798) 3.685/5.212 0.00 173.2 119.5 66

[(LB2) .Cl]7 (19) 2.944 Planar 4.129/5.840 0.38 162.1 126.0 17, 32

[(LB2) .Br]7 (20) 3.063 Planar 4.104/5.807 0.96 163.0 126.6 32

[(Ph4-LB2) . I]7 (21) 3.125 Butterfly (1468) 4.051/5.728 1.25 162.3 125.0 68, 69

[(Ph4-LB2) .Cl]7 2.824 Butterfly (1138) 3.980/5.637 0.14 166.5 123.3 69

(22, three isomers)

1 : 2 complexes

[(LB2) . 2 I]27 (23) 3.415 Planar 3.942/5.568 1.96 155.3 123.1 32, 67

[(Me8-LB2) . 2 I]27 (24) 3.421 Planar 3.935/5.561 1.99 155.4 122.9 70

[(Me16-LB2) . 2 I]27 (25) 3.395 Planar 3.949/5.585 1.93 155.9 122.9 70

[(I8-LB2) . 2 I]27 (26) 3.362 Planar 3.901/5.515 1.91 154.6 122.4 71

[(Et8-LB2) . 2Br]27 (27) 3.334 Planar 3.939/5.569 1.83 157.3 123.5 70

a The angle between the `butterfly wings' is given in parentheses for the bent conformation.
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tively. The macrocycles in the bent conformation are

characterized by the minimum size of internal cavity (see

Table 3). In this case, the cavity is optimal for incorporation

of a fluoride ion (complex 18), which is located in the same

plane as the four mercury atoms, with the Hg7F distances

being 2.5567(5) and 2.6544(6) �A (see Fig. 8 a).66

The interaction with larger halide ions leads to macro-

cycle flattening. Apparently, the sharp increase in the ionic

radius along the halogen series (when passing from fluorine

to chlorine) is critical for preserving the equilibrium macro-

cycle conformation. The macrocycle flattening leads to an

increase in the steric strain and growth of the internal cavity

(the transannular Hg7Hg distances increase by

0.5 ± 0.6 �A). Due to this, the chloride ion can be located in

the macrocycle cavity thus giving 1 : 1 complexes (see

Fig. 8 b). The chloride ion in complexes 19 and 22 is located

almost in plane with the four mercury atoms, and the

Hg7Cl distances are, respectively, 2.944(2) �A (Refs 17,

32) and 2.745(4) ± 2.896(11) �A.69 Due to the enlarged size

of bromide and iodide ions, 1 : 1 complexes with a pyrami-

dal structure are formed. The deviations of anions from the

plane of four mercury atoms in complexes 20 and 21 are,

respectively, 0.96 and 1.25 �A (see Table 3 for the parameter

Hal7{Hg4}).

Along with the 1 : 1 pyramidal complexes, bromide or

iodide ions form unusual complexes of bipyramidal struc-

ture and the 1 : 2 composition with the macrocycle LB2 (see

Fig. 8 c). Note that the formation of bipyramidal structures

with two-anion coordination is not observed for three-

mercury macrocycles (including the three-mercury o-carbor-

anyl macrocycle LB1). One can suggest that the ability of

macrocycle LB2 to bind simultaneously two anions is

determined by the presence of four mercury atoms, whose

cooperative effect is much stronger than in three-mercury

macrocycles.

Bipyramidal dianionic complexes 23 ± 27 have the same

structure, irrespective of the nature of counter ions

([AsPh4]+, [NBu4]+, K+, Li+), the presence of solvate

molecules and substituents in o-carboranes.32, 67, 70, 71 The

central Hg4C8 ring of the macrocycle in complexes 23 ± 27

has a planar structure; two halide ions are located at both

sides of the plane, at identical distances from it, and barely

deviate from the axial symmetry of the macrocycle. The

largest spread of the Hg7I distances [3.277(1) ± 3.774(1) �A]

is observed for complex 23; it is explained by the electro-

static repulsion of two anions, the distance between which

[3.969(1) �A] is much smaller than the doubled radius of

iodide ion (4.40 �A).32

The presence of two anions in bipyramidal complexes

23 ± 27 leads to an increase in the Hg7Br and Hg7I bond

lengths by 0.25 ± 0.30 �A in comparison with the correspond-

ing distances in pyramidal complexes 20 and 21 (see

Table 3). At the same time, the Hg7Br and Hg7I bond

lengths in bipyramidal complexes 23 ± 27 of the four-mer-

cury macrocycle LB2 coincide in fact with the correspond-

ing bond lengths in multidecker complexes 1 ± 3 of the three-

mercury macrocycle L1, in which bipyramidal moieties can

also be selected (see Fig. 2, Table 1).

Thus, the conformational mobility, enlarged cavity size,

and larger number of mercury atoms provide structural

variety of the complexes of four-mercury macrocycle LB2

with halide ions: complexes with an anion encapsulated in

the macrocycle cavity; 1 : 1 pyramidal complexes; and 1 : 2

bipyramidal complexes, in which two anions are bound to

the macrocycle. For comparison, the conformationally rigid

three-mercury macrocycle LB1 forms only sandwich com-

plexes when interacting with halide ions.

The four-mercury macrocycle L3, in which mercury

atoms are bound by perfluorinated biphenylene groups,

was described.72 The structure of this macrocycle (Fig. 9)

was determined in the structures of neutral adducts with

o-xylene or acetonitrile. The mercury atoms in L3 lie in a

plane, occupying the vertices of slightly distorted parallelo-

gram with sides of 3.39 and 5.28 �A and diagonal distances

of 5.27 and 7.12 �A. The perfluorinated phenylene rings are

oriented approximately perpendicular to the plane of four

mercury atoms and located at both sides of the plane. The

size of the transannular cavity in L3 (the distances from the

centroid to the mercury atoms are nonequivalent and

amount on average to 2.6 and 3.6 �A) is much larger than

that in the three-mercury macrocycle L2 (2.05 �A); it is

comparable with the cavity size in the four-mercury macro-

cycle LB2 (2.6 �A). The standard values of the Hg7C bond

lengths (2.07 �A) and C7Hg7C bond angles (1758) in L3

indicate the absence of steric strains during the formation of

macrocyclic structure.

Only one complex of macrocycle L3 with anion was

described in the literature: [(L3)Cl]7[Li(12-crown-4)2]+

(28).72 Here, the chloride ion is located at the centre of

macrocycle cavity, with equivalent Hg7Cl distances; it is

lifted by only 0.79 �A above the plane of mercury atoms

(Fig. 10). The symmetrically coordinated halide ion con-

tracts the macrocycle, changing its shape from a parallelo-

gram to almost a square [with sides of 3.9195(4) ±

4.2219(4) �A]; the C7Hg7C bond angles deviate strongly

from the equilibrium value and amount to 1678 on average.

The macrocycle lability is facilitated by the nonrigidity of

biphenylene moiety.72

A noteworthy feature is the proximity of the internal-

cavity geometric characteristics for the four-mercury mac-

rocycles LB2 and L3 in complexes 19 17, 32 and 28.72 The

chloride ion coordination in these complexes is in fact the

F

F

C

C

a b

Hg

Hg

Figure 9. Two projections (a, b) of mac-
rocycle L3 in neutral adduct with o-xylene
(L3) . 2 (o-Me2C6H4). Created by the
authors based on the data of Ref. 72.
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same; it is described by a strongly flattened pyramidal

structure. Both macrocycles are conformationally mobile.

By analogy with the four-mercury o-carboranylmercury

macrocycle LB2, one would suggest the existence of a large

variety of structure types of complexes with halide ions for

the macrocycle L3; they are expected to be obtained in

further studies.

3.5. Bipyramidal complexes of five-mercury macrocycle L4
The macrocycle L4 is the only example of a five-mercury

macrocycle with studied anticrown properties.28, 64, 73, 74

The structure of macrocycle L4 was described for a

neutral crystal solvate with two water molecules and two

pyridine molecules.75 The central ten-membered Hg5C5 ring

has a planar structure, and the CF3 groups are symmetri-

cally located above and below the plane of this ring

(Fig. 11 a). The undistorted valence environment of mer-

cury atoms (the mean bond angle is C7Hg7C=1768) and
the values of Hg7C bond lengths (2.11 �A) indicate the

absence of steric strains during the formation of macro-

cyclic system. The transannular Hg7Hg distances are

3.312(2) ± 3.354(2 �A, and the cavity size for the five-mer-

cury macrocycle L4 (the distance from the centroid to

mercury atoms is 2.84 �A) is close to the corresponding

characteristics of four-mercury macrocycles LB2 and L3.

The interaction of macrocycle L4 with the salts

[PPh4]+Cl7, [PPh4]+Br7, or [PPh3Me]+I7 gives rise to

bipyramidal 1 : 2 complexes in structures 29 ± 31 64, 73, 74

(Fig. 11 b). A brief but very illustrative description of these

complexes was given by Shur et al.73: `The complexes have

an unusual shape of a spinning top, the equatorial girdle of

which is the mercury-containing metallacycle, whilst the

axis direction is fixed by the halide ions located above and

below the metallacycle plane at approximately equal dis-

tances from the mercury atoms'. Bipyramidal complexes

29 ± 31 have anomalously short Hal7Hal distances

(Table 4) in comparison with the doubled ionic radius of

the corresponding halogens. Obviously, this energetically

unfavourable shortening of the distance between two anions

is due to the cooperative character of interaction of each

halide ion with five mercury atoms of the macrocycle. The

Hg7Br and Hg7I bond lengths in bipyramidal complexes

30 and 31 of the five-mercury macrocycle L4 are close to the

corresponding bond lengths in bipyramidal complexes

23 ± 27 of the four-mercury macrocycle LB2 (see Table 3).

Different models have been proposed to describe the

binding of halide ions to polymercury-containing macro-

cycles. For example, the bonds between a halide ion and

three mercury atoms of macrocycle can be considered as

Cl

Cl
Hg

Hg

C

C

F
F

a b

Figure 10. Two projections (a, b) of the
chloride complex of macrocycle
L3 in the structure of
[(L3)Cl]7[Li(12-crown-4)2]+ (28);
Hg7Cl=2.9221(14) ± 3.0205(15),
h2.96i �A. Created by the authors based
on the data of Ref. 72.
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Figure 11. Structures of the (a) five-
mercury macrocycle L4 75 and (b)
bipyramidal complexes of this mac-
rocycle with halide ions in
[(L4)Cl2]27 . 2 [PPh4]+ (29),73

[(L4)Br2]27 . 2 [PPh4]+ (30),74 and
[(L4)I2]27 . 2 [PPh3Me]+ (31)64. Cre-
ated by the authors based on the data
of the aforementioned studies.

Table 4. Geometric parameters of bipyramidal complexes
[(L4)Hal2]27.

Parameter Cl (29) 74 Br (30) 75 I (31) 64

Hg7Hal, �A 3.089(6) ± 3.229(3) ± 3.396(1) ±

3.388(8), 3.453(3), 3.546(1),

h3.24i h3.34i h3.48i
Hal7{Hg5}, �A 1.69, 1.56 1.83, 1.79 2.05, 1.99

(see a)

Hal7Hal, �A 3.25(1) 3.616(5) 4.036(1)

Hg7C,�A 2.05(2) ± 2.04(2) ± 2.09(2) ±

2.13(1), 2.20(3), 2.17(2),

h2.10i h2.12i h2.12i
C7Hg7C, deg 172.1(5) ± 170.2(9) ± 173.8(6) ±

176.1(5), 174.5(8), 178.0(6),

h174.4i h172.9i h175.4i
aDistances from halide ions to the plane of five mercury atoms.
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donor7acceptor two-centre two-electron interactions

between lone electron pairs of the anion and unoccupied

orbitals of mercury atoms oriented towards each other. To

describe the binding in complexes with four-mercury macro-

cycles and in complexes with a sandwich structure, a model

of three-centre two-electron bonds with participation of

unoccupied orbitals of two mercury atoms was sug-

gested.32, 58, 59, 67

A description independent of the number of mercury

atoms in macrocycle was proposed by analogy with p-com-

plexes of transition metals, for which a model of generalized

chemical bonding had been developed.76 The interaction

between the halide ion and macrocycle within this model is

described by a headlight-shaped s-type bond and two two-

lobe bonds of the p-type.77 ± 79 This model can be used to

describe pyramidal and bipyramidal complexes, including

those formed by the five-mercury macrocycle; however, it is

inapplicable to sandwich complexes. The four valence

atomic orbitals of the halide ion cannot form generalized

chemical bonds (three with each macrocycle). In addition,

the results of calculations of sandwich complexes by the

MNDO method 79 contradict experimental data, which

indicate their symmetric structure.

According to the DFT calculations (TZP-ZORA/TPSS

level),80 the interaction of halide ions with five-mercury

macrocycle L4 in bipyramidal complexes [(L4)Hal2]27

(Hal=Cl, Br, I) has an electrostatic character. The inter-

actions are 97% determined by the ion ± dipole contribution

and are characterized by an insignificant (0.13 e) charge

transfer from anions to the macrocycle; this charge transfer

is the same for the entire halogen series.80

The conclusion about the basically Coulomb (ion ±

dipole) character of interaction between halide ions and

polymercury-containing macrocycles is in agreement with

the significantly enlarged (in comparison with the sum of

covalent radii) Hg7Hal distances and the absence of any

significant changes in the valence environment of mercury

atoms (the C7Hg7C angles and Hg7C bond lengths

retain their standard values).

Summing up the data in the literature on the structure of

complexes of polymercury-containing macrocycles with

halide ions, we should emphasize the following fundamental

issues. All macrocycles are characterized by cooperative

(polydentate) binding of halide ion. Depending on the

internal size of macrocycle, an anion can either be located

at the cavity centre (as in complex 18 of the four-mercury

macrocycle LB2 with a fluoride ion) or be shifted along the

symmetry axis of the macrocycle with formation of a

pyramidal moiety (which is implemented in all other studied

complexes of mercury-containing anticrowns with halide

ions). In the latter case, complexes of three structure types

can be formed, which differ in the macrocycle-to-halogen

stoichiometric ratio: sandwich (2 : 1 composition), pyrami-

dal (1 : 1 composition), and bipyramidal (1 : 2 composition).

Along with the steric factors, which determine the coordi-

nation availability of mercury centres, or the conforma-

tional mobility of some macrocycles, which facilitates more

efficient binding of different-size anions, the composition of

a complex and the corresponding type of supramolecular

architecture are affected by the number of mercury atoms

per macrocycle. The total effect of three Lewis acidic centres

in three-mercury macrocycles is insufficient for binding

more than one anion with the macrocycle; thus, depending

on the steric conditions, either sandwich or pyramidal

complexes can be formed. The presence of more than three

mercury atoms per macrocyclic molecule leads to the

formation of bipyramidal structures, in which two anions

are bound simultaneously with the macrocycle.

Despite the significant differences in the structure of

macrocycles, the Hg7Hal distances in complexes with

halide ions have characteristic values, which change system-

atically with a change in the structure type (Table 5). The

smallest distances are observed in pyramidal 1 : 1 complexes,

where the anion is bound to three or four mercury atoms of

the macrocycle (L2 or L3 and LB2, respectively). In sand-

wich complexes with three-mercury macrocycles L1 and

LB1, the anion is bound to six mercury atoms, and the

Hg7Hal distances are increased by 0.1 ± 0.15 �A. The largest

Hg7Hal distances are observed in bipyramidal complexes

of four- and five-mercury macrocycles (LB2 and L4, respec-

tively), which is explained by the electrostatic repulsion of

two anions.

4. Complexes with polyatomic anions

Polymercury-containing anticrowns form complexes not

only with monoatomic halide anions but also with various

polyatomic anions. In this case, the regularities of the

formation of complexes of different structure types, depend-

ing on the macrocycle structure, are retained. The largest

number of anionic complexes (11 structures, according to

the CSD) were characterized for the planar three-mercury

macrocycle L1 (compounds 32 ± 42, Table 6).

Almost all anionic complexes of macrocycle L1 have a

sandwich structure and 2 : 1 composition. There are also

multidecker 1 : 1 structures (compound 32), in which the

anion is also located between two mercury-containing

macrocycles. Other structure types of anionic complexes

(pyramidal or bipyramidal), suggested based on theoretical

calculations or existing spectral data for solutions,89 can

barely be found in crystals. The only example of a pyrami-

dal 1 : 1 complex was described for the [B10H10]27 dianion

in structure 37.

The complexing of other mercury-containing macro-

cycles with polyatomic anions has been poorly studied. A

few examples include the complexes of four-mercury macro-

cycle LB2 with polyhedral dianion [B10H10]27 (Ref. 87) and

nitrate ion,88 as well as the complex of five-mercury macro-

cycle L4 with nitrate ion and doubly charged sulfate ion.64

Table 5. Mean values of Hg7Hal bond lengths in the anionic
complexes of mercury-containing anticrowns with cooperatively
bound halide ions.64

Macrocycle Structure type Bond length,�A

Hg7F Hg7Cl Hg7Br Hg7I

Three-mercury macrocycles

L1 Sandwich 2 : 1 2.63 3.10 3.22 3.35

LB1 Sandwich 2 : 1 3.16 3.21 3.26

L2 Pyramid 1 : 1 2.51 2.99 3.08

Four-mercury macrocycles

L3 Pyramid 1 : 1 3.05

LB2 Pyramid 1 : 1 2.61 2.94 3.06 3.12

LB2 Bipyramid 1 : 2 3.33 3.40

Five-mercury macrocycle

L4 Bipyramid 1 : 2 3.24 3.34 3.48
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These compounds, as well as the complexes of the afore-

mentioned macrocycles with halide ions, are characterized

by the formation of bipyramidal 1 : 2 structures, in which

two anions are bound to a macrocycle. The structure types

of the complexes of mercury-containing macrocycles with

polyatomic anions are given in Table 6.

4.1. Complexes of macrocycle L1 with linear anions
Complex 32 of macrocycle L1 with pseudohalide SCN7 ion

in crystal has a structure of a wedge-shaped multidecker

sandwich (Fig. 12 a),81 identical to that of polyanionic

chains in structures 1 ± 3 with bromide and iodide ions (see

Fig. 2). The thiocyanate ion is bound to two neighbouring

macrocycles via a sulfur atom with nonequivalent Hg7S

distances. The linear anionic molecule is located in the open

part of wedge-shaped sandwich (the wedge angle is 36.98).
The coordination of thiocyanate ion in complex 32 can

be explained by the affinity of mercury and sulfur atoms.

However, taking into account the ambiguity of the spectral

data obtained in solutions,81 one cannot completely exclude

the possibility of coordination to the CN group. For

example, in sandwich complex 33 82 with cyanoborohydride

anion BH3CN7 (Fig. 12 b), both anionic groups (cyanide

and borohydride) are involved in binding with macrocycles,

and the linear anion is oriented perpendicular to the planes

of parallel macrocycles. The nitrogen atom of the cyanide

group is symmetrically bound to the three mercury atoms of

the macrocycle [the Hg7N distances are

2.713(15) ± 2.780(14) �A]. The binding of the BH3 group to

the macrocycle, presumably via three-centre B7H_Hg

interactions, is evidenced by shortened Hg7B distances:

3.24(4) ± 3.41(4) �A.82

Complex 33 with parallel arrangement of macrocycles

differs from the sandwich moieties in complexes with

thiocyanate (32) and halide (1 ± 7) ions, having a wedge-

shaped structure. The parallel arrangement of macrocycles

in complexes 1 ± 7 would lead to an unfavourable (with

respect to the free-space filling) interplanar spacing *5 �A
(see Table 1, doubled parameter d ). The distance between

the macrocycles in complex 33 is 6.88 �A, which allows for

incorporation of fragments of neighbouring molecules with

intermolecular distances 3.4 ± 3.5 �A, characteristic of van

der Waals contacts (for example, stacking contacts between

aromatic rings). This is confirmed by the crystal packing of

compound 33 (Fig. 12 c), which consists of alternating anion

and cation layers.82

4.2. Complexes of macrocycles L1 and LB2 with polyhedral
dianions [B10H10]27 and [B12H12]27

The complexes of macrocycles L1 and LB2 with polyhedral

borane dianions [B10H10]27, [B12H12]27, and

[B12H11SCN]27 have been structurally characterized

(Fig. 13, see Table 6).84, 85, 87 Binding to macrocycles is

implemented due to the bridging B7H_Hg interactions

of two types. In all complexes one of the BH groups is

directed towards the macrocycle centre and bound to all

mercury atoms (polydentate Zn-coordination). In addition,

some polyhedron vertices are bound to macrocycle mercury

atoms, one mercury atom per vertice (monodentate

Z1-coordination). Under these conditions, the dianion

forms a maximally possible number of contacts with elec-

tron-deficient mercury atoms of the macrocycle. For exam-

ple, decaborane [B10H10]27, which has the geometry of two-

cap square antiprism (D4d symmetry), is involved in the

Z3-coordination of one of the equatorial BH groups in

complexes 37 and 38 with the three-mercury macrocycle

L1 (see Fig. 13 a,b). Two more decaborane vertices are

involved in the Z1-coordination. In bipyramidal complex

Table 6. Characteristics of complexes of mercury-containing anticrowns with polyatomic anions.

Compound Compo- Structure type a Hg7Y,�A (see b) Ref.
sition

[(L1)(SCN)]7 . [NBu4]+ (32) 1 : 1 Multidecker sandwich (36.98) Hg7S, 3.43 81

[(L1)2(BH3CN)]7 [PPN]+ (33) 2 : 1 Sandwich (08) Hg7N, 2.75 82

Hg7B, 3.30

[(L1)2(SO4)]27 . 2 [PhNMe3]+ . 3EtOH .Me2CO (34) 2 : 1 Sandwich (43.38) Hg7O, 2.65 83

[(L1)2(NO3)]7 . [PPh4]+ (35) 2 : 1 Sandwich (34.68) Hg7O, 2.93 83

[(L1)2(NO3)]7 . [PPN]+ (36) 2 : 1 Sandwich (08) Hg7O, 2.92 83

[(L1)(B10H10)]27 . 2 [NBu4]+ .MeOH (37) 1 : 1 Pyramid Hg7H, 2.7 84

Hg7B, 3.36

[(L1)2(B10H10)]27 . 2 [PPN]+ .Et2O (38) 2 : 1 Sandwich (20.18) Hg7H, 2.52 84

Hg7B, 3.28

[(L1)2(B12H12)]27 . 2 [NBu4]+ (39) 2 : 1 Sandwich (59.48) Hg7H, 2.55 84

Hg7B, 3.31

[(L1)2(B12H11SCN)]27 . 2 [NBu4]+ (40) 2 : 1 Sandwich (50.58) Hg7H, 2.65 85

Hg7B, 3.42

[(L1)2(Fe(CN)6)]37 . 3 [PPN]+ .Et2O . 3Me2CO (41) 2 : 1 Sandwich (11.18) Hg7N, 2.79 86

[(L1)2(Fe(CN)5NO)]27 . 2 [PPN]+ (42) 2 : 1 Sandwich (08) Hg7N, 2.94 86

[(Et8-LB2)(B10H10)2]47 . 4 [PMePh3]+ . 2MeCN (43) 1 : 2 Bipyramid Hg7H, 3.2 87

Hg7B, 3.54

[(LB2)(NO3)2 .H2O]27 . 2 [K(18-crown-6]+ .H2O .Me2CO (44) 1 : 2 Bipyramid Hg7O, 2.92 88

[(LB2)(NO3)2]27 . 2 [K(18-crown-6]+ (45) 1 : 2 Bipyramid 7 88

[(L4)(NO3)2]27 . 2 [PPh4]+ (46) 1 : 2 Bipyramid Hg7O, 2.95 64

[(L4)SO4]27 . 2 [PPh4]+ .Me2CO .EtOH (47) 1 : 1 Pyramid Hg7O, 2.89 64

a The values of the dihedral angle between macrocycle planes (wedge angle) are given in parentheses for sandwich complexes; b the distance from

the macrocycle mercury atoms to the Y atom of the anion involved in the polydentate Zn-coordination.
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43 (Fig. 13 d ) with the four-mercury macrocycle LB2, one

of apical decaborane vertices is directed towards the macro-

cycle centre. As a result, an optimal set of monodentate

B7H7Hg interactions of four equatorial vertices of each

decaborane and four mercury atoms of the macrocycle is

implemented. In the case of interaction of macrocycle LB2

with dodecaborane [B12H12]27, the complex is not formed,

which is explained by the lower nucleophilic ability of

dodecaborane and incompatibility with respect to the sym-

metry of icosahedral dianion with the four-mercury macro-

cycle.35, 87 Complexing of sterically unhindered macrocycle

L1 with dianion [B12H12]27 has been established not only in

crystal (compound 39) but also in solution, as confirmed by

the spectral data.84 The wedge-shaped sandwich complex in

structure 39 is characterized by an extraordinary large

wedge angle (the dihedral angle between the macrocycle

planes is close to 608). One would suggest that this struc-

tural feature of the complex indicates directionality of

polydentate interactions, which involve BH groups in

meta-positions of icosahedron.

In the case of complexing of [B10H10]27, [B12H12]27,

and [B12H11SCN]27 dianions with macrocycle L1, the
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Figure 12. (a) Fragment of polyanionic chain in the crystal structure of compound 32,81 (b) sandwich complex with a cyanoborohydride
anion in the structure of compound 33,82 and (c) mutual arrangement of sandwich complexes in this structure [dotted lines show the
shortest intermolecular contacts Hg_p(C) 3.30 ± 3.61 �A and p(C)_p(C) 3.32 ± 3.46 �A]. Created by the authors based on the data of the
aforementioned studies.
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Figure 13. Structures of the complexes with polyhedral dianions (a, b)
[B10H10]27 and (c, d ) [B12H12]27 in the crystal structures of compounds (a)
37,84 (b) 38,84 (c) 39,84 and (d ) 43.87 Created by the authors based on the data of
the aforementioned studies.

F.M.Dolgushin, I.L.Eremenko

1504 Russ. Chem. Rev., 2021, 90 (12) 1493 ± 1519



absorption bands that are due to the coordinated BH

groups are shifted by 157 ± 200 cm71 relative to the signals

from uncoordinated groups in the IR spectra of solutions

(THF, THF ± acetone).84, 85 This fact not only confirms the

complexing of boron hydrides with macrocycle L1 in

solution but also indicates the high strength of B7H_Hg

interactions.90 At the same time, molecular fragments of the

complexes retain their retain their structure in the crystal.

The unique ability of mercury-containing anticrowns to

bind diverse anion particles was demonstrated by an exam-

ple of sandwich complexes of macrocycle L1 with metal-

complex hexacyanoferrate(III) and nitroprusside anions

(correspondingly, complexes 41 and 42).86 In each complex

the anion is bound to macrocycles via four cyanide groups.

The contribution of the Coulomb component to the inter-

action of anions with macrocycle clearly manifests itself in

the decrease in the Hg7N distances in structure 41 with a

triply charged anion [Fe(CN)6]37 as compared to structure

42 with a doubly charged [Fe(CN)5NO]27 anion (2.79 and

2.94 �A, respectively).86

4.3. Complexes of macrocycles L1, LB2, and L4 with nitrate
and sulfate ions
Like most anion complexes of macrocycle L1, the com-

plexes with sulfate and nitrate ions in 34 ± 36 have a

sandwich structure (Fig. 14).83 Being bound to the macro-

cycles, anions are involved in cooperative interaction (the

oxygen atom is Z3-coordinated to three mercury atoms)

and additionally bound to one of the mercury atoms

(Z1-coordination). The Hg7O bond lengths in the pyr-

amidal moieties corresponding to the Z3-coordination are

significantly shortened in the complex with sulfate ion

(2.65 �A) as compared with the same bonds in complexes

with nitrate ion (2.93 �A).83 Like in complexes 41 and 42

with metal-complex cyanide anions, the difference is

explained by the value of negative charge of the anion

guest and the corresponding contribution of electrostatic

interaction.

The influence of counter ion on the structure of anion

complexes and the ways of their self-organization in crystals

were studied by an example of sandwich complexes with a

nitrate ion in the presence of [PPh4]+ in compound 35 and

[PPN]+ in compound 36.83 The sandwich complex in 35 has

a wedge-shaped structure (the wedge angle is 34.68),
whereas in 36 the macrocycles of the sandwich complex

are parallel (Figs. 14 b,c).

Irrespective of the mutual arrangement of macrocycles

in sandwich complexes, the Hg7O bond lengths corre-

sponding to Z3-coordination coincide (Table 6). At the

same time, in complex 36 with a parallel arrangement of

macrocycles, the Hg7O distances corresponding to the

monodentate Z1-coordination are much larger [3.137(8)

and 3.543(8) �A] than the corresponding distances in

wedge-shaped complex 35 [2.885(3) and 2.723(3) �A].83

Apparently, the shorter contacts are consistent with the

more favourable wedge-like shape of sandwich complex.

The thermodynamic preference of wedge-shaped struc-

ture is confirmed by the results of quantumchemical calcu-

lations (M052X/SDD).91 Irrespective of the initial structure

of sandwich complex with a nitrate ion (wedge-shaped or

parallel arrangement of macrocycles), optimization leads to

the wedge-shaped sandwich geometry with an angle of 408
between macrocycles.

The general regularity of the crystal structure of anionic

sandwich complexes of macrocycle L1 is that the parallel or

close-to-parallel arrangement of macrocycles (wedge angle

<208) is implemented in all structures with a [PPN]+

cation. The sandwich complexes in structures with tetrahe-

dral [NR4]+ or [PR4]+ cations have a wedge-shaped geom-

etry with a wedge angle >308 (see Table 6).

Anionic sandwich complexes in crystals are combined

into stacks. The aggregation of complexes into stacks occurs

via numerous shortened contacts Hg_Carom and

Carom_Carom between the external sides of macrocycles of

neighbouring sandwiches. These contacts correspond to the

stacking Hg_p and p_p interactions with interplanar

spacings of 3.3 ± 3.5 �A.82 ± 86 The structure of stacks and

their packing are identical in different crystal structures;

they are determined by only the shape of sandwich complex.

Wedge-shaped sandwiches form zigzag stacks (Fig. 15 a).

These stacks in crystals are shielded from all sides by cations

and solvent molecules, whose terminal groups fill the free

space in the wedge. Sandwich complexes with parallel

macrocycles form staircase stacks (see Figs 12 c and 15 b).

The free space in sandwiches is filled with perfluoropheny-

lene moieties of the macrocycles from neighbouring stacks,

which leads to the formation of anion layers.

Among described structures, there are complexes with

nitrate ions of tetramer o-carboranylmercury macrocycle

LB2 88 and cyclic pentamer perfluoroisopropylidenemer-

cury L4.64 In contrast to sandwich complexes 35 and 36 of

the three-mercury macrocycle L1, the complexes of four-
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Figure 14. Structure of the sandwich complexes of macrocycle L1 with (a) sulfate and (b, c) nitrate ions in the crystal structures of
compounds (a) 34, (b) 35, and (c) 36. Created by the authors based on the data of Ref. 83.

F.M.Dolgushin, I.L.Eremenko

Russ. Chem. Rev., 2021, 90 (12) 1493 ± 1519 1505



or five-mercury macrocycles have a bipyramidal structure

(Figs. 16 a ± c), which is in agreement with the behavioural

regularities of polymercury-containing macrocycles in

complexing with halide ions. A similarity of the

coordination of nitrate ion with different macrocycles

was noted.64

Coordination of doubly charged sulfate ion with the

five-mercury macrocycle L4 leads to the formation of a 1 : 1

complex having a pyramidal structure (Fig. 16 d ).64 A

specific feature of sulfate ion binding in this complex is the

location of one of anion oxygen atoms at the centre of

macrocycle cavity, with identical Hg7O distances, equal to

2.843(8) ± 2.902(7) �A.

Despite the limited number of examples of complexes of

different mercury-containing macrocycles with polyatomic

anions, the existing structural data give grounds to draw

some general conclusions. Like in complexes with halide

ions, the structure of macrocycle (cavity size, conforma-

tional rigidity, steric features of substituents) and the

number of mercury atoms in it determine the most stable

structure types of supramolecular complexes with poly-

atomic anions: sandwich, pyramid, bipyramid, or anion

location in the macrocycle cavity. The main type of anion

binding is the polydentate Zn-coordination (cooperative

binding). At coordination of anions having several nucleo-

philic centres, additional monodentate interactions
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Figure 15. (a) Zigzag stack of wedge-shaped sandwich complexes in the structure of compound 35 and (b) interpenetrating stacks of
sandwich complexes with parallel arrangement of macrocycles in the structure of compound 36. Created by the authors based on the data
of Ref. 83.
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(d ) sulfate ions. Bipyramidal com-
plexes in structures of compounds
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(Z1-coordination) correspond to the optimal arrangement

of anion and macrocycle with the largest number of Cou-

lomb contacts.

5. Complexes of macrocycle L1 with neutral
molecules

Systematic studies of complexing with neutral guest mole-

cules have been performed for only the planar three-mer-

cury macrocycle L1 (146 structures, according to the CSD).

For the rest of the macrocycles, there are only scattered

data on the random formation of complexes with polar

solvents, in which chemical reactions have been carried out.

There are known structures of adducts of macrocycle L2

with o-xylene or acetonitrile;63 macrocycle L3 with o-xylene,

acetonitrile, or acetone;72 macrocycle LB1 with acetoni-

trile,60, 92 acetone, and water;93 and macrocycle LB2 with

THF and water.65 In our opinion, the current situation can

be explained by several reasons. Due to the planar structure

and coordination availability of mercury atoms, the macro-

cycle L1 forms a large variety of complexes with guest

molecules of different nature, thus providing model com-

pounds for studying the complexing of mercury-containing

anticrowns. The macrocycle planar structure facilitates also

the formation of stable supramolecular associates, which

opens ways to design new crystalline materials. Finally, the

relative availability and simplicity of macrocycle synthesis

allows many research teams to contribute to this field.

The results of the first structural study of macrocycle L1

for a crystal solvate with 4-phenylpyridine, which, as the

authors noted, does not form shortened intermolecular

contacts with the macrocycle, were published in 1981.94 In

the same study, the ability of macrocycle L1 to form

adducts with polar organic molecules was described based

on IR and Raman spectroscopy, thermogravimetry, and

microanalysis data. However, the structure of these adducts

was not determined. The structural variety of the complexes

of macrocycle L1 with neutral molecules having Lewis base

properties was demonstrated later in X-ray diffraction

studies of its adducts with nitriles, ketones, amides, alde-

hydes, nitro compounds, aromatic molecules, etc. Some

results of the first structural analyses were considered in

reviews.28, 36 However, many new compounds with macro-

cycle L1 have been synthesized in the last decade, and the

comparison of the structural data for all investigated classes

of neutral guest molecules becomes a relevant task.

5.1. Molecular complexes with neutral Lewis bases
The first molecular complexes of macrocycle L1 with

neutral guest molecules possessing Lewis base properties

were obtained for organic nitriles and carbonyl compounds

(Fig. 17).95 ± 100 The interaction of the C=O and C:N

groups with the macrocycle activates molecules in subse-

quent reactions of nucleophilic addition.28 The interest in

the application of such adducts in organic synthesis and

catalysis is still retained.101 ± 103

In contrast to the anion complexes of macrocycle L1,

which are sandwich or multidecker structures, the com-

plexes of this macrocycle with neutral monofunctional

Lewis bases are characterized by a pyramidal (1 : 1 compo-

sition) or bipyramidal (1 : 2 composition) structure

(Table 7).

All complexes contain a common moiety, in which the

nucleophilic centre of guest molecule is bound to all

mercury atoms of the macrocycle (Z3-coordination). More-

over, an additional guest molecule may be bound to each
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Figure 17. Examples of structures of molecular complexes
of macrocycle L1 with nitrile (a, b, c) and carbonyl (d, e,
f ) compounds. Pyramidal 1 : 1 complexes with (a) butyro-
nitrile (48) 96 and (d) acetone (49);99 bipyramidal 1 : 2
complexes with (b) acetonitrile (50) 95 and (e ) acetophe-
none (51);98 and 1 : 3 complexes with (c) benzonitrile
(52) 95 and ( f ) acetone (53).98 Created by the authors
based on the data of the aforementioned studies.
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mercury atom (Z1-coordination), which leads to 1 : 3 com-

plexes. Crystals of 1 : 2 or 1 : 3 complexes are often decom-

posed in air (with partial loss of guest molecules) to more

thermally stable compounds of the 1 : 1 composition, pre-

sumably of pyramidal structure.95 ± 98

The interactions between the nucleophilic centre of the

guest molecule and the macrocycle mercury atoms are

assigned to weak ones, with essentially elongated (in com-

parison with the sum of covalent radii) Hg7Y distances

(Y=N, O). Nevertheless, all complexes contain a pyrami-

dal moiety, having the same structure in different crystal

environments, a fact suggesting directionality of coopera-

tive interaction with the macrocycle. The following charac-

teristic features of this interaction are distinguished:36, 64

Ð the Hg7N bond lengths of pyramidal moieties of

complexes with nitriles fall in a narrow range of

2.87 ± 2.99 �A; the deviation of the C:N bond vector from

the normal to the macrocycle plane is less than 108; the

nitrile group has a cylindrical symmetry with one lone

electron pair of nitrogen being symmetrically bound to

each mercury atom of the macrocycle;

Ð the Hg7O bond lengths in pyramidal moieties of

complexes with E=O groups (E=C, S, P) vary in a wide

range: from 2.76 to 3.12 �A; the deviation of the E=O bond

vector from the normal to the macrocycle plane exceeds 208;
the oxygen atom has two lone electron pairs, a feature

impeding symmetric binding to three mercury atoms of the

macrocycle;

Ð the Hg7N or Hg7O bond lengths in pyramidal

moieties are independent of the complex stoichiometry; for

example, for Z3-coordinated acetone molecules in 1 : 1

complex 49 and in 1 : 3 complex 53, the Hg7O distances

are, respectively, 2.87 �A (Ref. 99) and 2.88 �A (Ref. 98);

Ð pyramidal moieties exhibit dependence of Hg7O

distances on the Lewis basicity (donor ability) of nucleo-

phile; the mean values of distances increase in the series

DMSO (2.80 �A)<amides (2.85 �A)<ketones (2.90 �A) in

correspondence with the decrease in the donor number of

these molecules with respect to SbCl5 in 1,2-dichloroethane

(Gutman number 104): DMSO (29.8 kcal mol71)> amides

(26.6 ± 27.8 kcal mol71)> ketones (17.0 ± 17.1 kcal mol71);

Ð binding to the macrocycle does not lead to any

significant changes in the structure of the molecules

involved in complexing; however, the IR spectra exhibit a

significant red shift of the stretching vibration band

n(E=O) relative to the uncoordinated Lewis base; this

shift increases with an increase in the nucleophile donor

ability.28

Pyramidal complexes form stable associates in crystals;

these associates are stacking dimers, in which the free sides

of macrocycles of the complexes are closely spaced (the

interplanar spacings are 3.3 ± 3.4 �A) and intermolecular

Hg_Hg and Hg_p contacts are formed (Fig. 18). The

existence of mercurophilic interactions in stacking dimers

with the Hg7Hg distances ranging from 3.512 to 4.093 �A
explains the luminescence properties of macrocycle L1 and

its complex with acetone in the solid state.53, 99, 105 The

Hg7Hg distance in a stacking dimer in structure 48 is

3.372(2) �A;96 it is the shortest among all known intermo-

lecular Hg_Hg contacts without bridging ligands.

In contrast to monofunctional nitrile or carbonyl guest

molecules, bifunctional Lewis bases, when interacting with

the macrocycle L1, form complexes of sandwich structure or

multidecker structures, coordinating simultaneously two

macrocycle molecules (Fig. 19). A expressive example is

the formation of complex 54 in the reaction with acetylace-

tone,106 where the macrocycle L1 binds selectively the less

stable keto tautomer (see Fig. 19 a). Sandwich complexes of

the 2 : 1 composition with acetylacetone (54),106 p-benzo-

quinone (55),107 maleic anhydride (56),107 and nitroxide

NIT-Ph (57) (NIT-Ph is 4,4,5,5-tetramethyl-2-phenyl-4,5-

dihydro-1H-imidazole-1-oxyl 3-oxide) have been structur-

ally characterized,108 as well as multidecker 1 : 1 structures

with malononitrile (58),109 malonic ether (59),109 and NIT-

Ph (60).108 The binding of oxygen or nitrogen atoms to

Table 7. Structure type of the complexes of macrocycle L1with neutral
monofunctional Lewis bases (Y).

Structure type Y Ref.

CH2=CHCN 95

PrnCN 96

MeCHO 98

Me2CO 99

Ph2CO 98

(Me2NC6H4)2CO 101

(ClC6H4)CHO 102

FcCHO a 103

MeCN 95

Me2NCHO 96

Me2NAc 97, 100

(Me2N)3PO 97

PhAc 98

AcOEt 97

Me2SO 97

Me2CO 98

PhCN 95

aFc is ferrocenyl.
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Figure 18. Centrosymmet-
ric stacking dimer in
structure 48 of the pyra-
midal complex with
butyronitrile. Dashed
lines show the Hg_Hg
contacts. Created by the
authors based on the
data of Ref. 96.
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macrocycles in all complexes is similar to the Z3-coordina-

tion in pyramidal moieties of complexes with monofunc-

tional carbonyl or nitrile compounds.

Neutral sandwich complexes form stack packings, in

which neighbouring macrocycles are combined into stack-

ing dimers like pyramidal complexes (Fig. 18). In most of

sandwich complexes, the macrocycles have a parallel ori-

entation. This structure is stabilized by mutual penetration

of stacks shifted by 1/2 or 1/3 of the sandwich height d

(Fig. 20). The d value in all structures is multiple of

3 ± 3.5 �A,64 which corresponds to the conventional distances

for stacking contacts between aromatic systems. There is an

obvious analogy with stack packings in crystals of anion

sandwich complexes (see Fig. 15). The difference is deter-

mined by the presence of bulky counter ions, which hinder

the formation of close contacts between anion stacks; as a

consequence, sandwich moieties acquire a wedge-shaped

structure.

The wedge-shaped structure of neutral sandwich com-

pounds is implemented only when the macrocycle L1

interacts with NIT-Ph (see Fig. 19 d ). Apparently, this

structural feature is determined by the difference in the

electronic states of oxygen atom in carbonyl group and

nitroxide NO
.
. The N7O bonds in structures 57 and 60

with NIT-Ph, like the C:N group in complexes with

nitriles, are oriented perpendicular to the planes of coordi-

nated macrocycles.108

The structure of the complexes of this macrocycle with

nitromethane, nitrobenzene, 5-nitroacenaphthene, and

1-nitropyrene has been described.110 The study of the

complexing with nitro compounds was initiated by the

data on the high catalytic activity of macrocycle L1 in

phase transfer nitration of aromatic compounds.111 In

addition, the interest in the structure of these complexes is

caused by the difference between the coordinating proper-

ties of nitro group and the coordinating properties of nitrile
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Figure 19. Examples of complexes with bifunctional Lewis bases: (a) acetylacetone (54),106 (b) p-benzoquinone (55),107 (c) malonic ether
(59),109 and (d ) nitroxide NIT-Ph (57).108 Created by the authors based on the data of the aforementioned studies.
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or carbonyl groups, which contain only one atom with

Lewis basicity.

The 1 : 1 complexes with nitromethane (61) and nitro-

benzene (62) have a pyramidal structure, similar to that of

the pyramidal complexes with nitriles or carbonyl com-

pounds. Both oxygen atoms of the nitro group are involved

in coordination to the macrocycle (Fig. 21 a); one of them is

bound to three mercury atoms of the macrocycle, while the

other is bound to only one mercury atom.110

The increase in size of the aromatic system in the guest

molecule, as in the complexes with 5-nitroacenaphthene

(63) and 1-nitropyrene (64), diminishes the contribution of

the coordination interactions with heteroatoms and, as a

consequence, changes the compound structure. The inter-

molecular stacking Hg_p and p_p interactions

(Fig. 21 b) with the formation of stack structures become

dominant.110

5.2. Crystalline adducts with aromatic compounds and other
conjugated systems
The ability of macrocycle L1 to bind aromatic compounds

was demonstrated by Professor F.P.GabbaõÈ et al.36 Adducts

are formed due to the secondary interactions of mercury

atoms with the electron-saturated p-system of the guest

molecule.

The crystal structure of the adduct with benzene (65) 112

is built from compact stacks (Fig. 22), which consist of

alternating macrocycle and benzene molecules with an

interplanar spacing of 3.24 �A. Binding of a benzene mole-

cule is described as the m6-Z2:Z2:Z2:Z2:Z2:Z2-coordination

with the Hg7Cbenzene distances equal to 3.408 and 3.457 �A.

The large number of weak contacts increases the adduct

stability (according to the thermogravimetric data, benzene

loss begins 70 8C).112 In addition, it is suggested that direc-

tional interactions are formed due to the donation of

electron density from the p-orbitals of benzene C7C

bonds to the unoccupied 6p-orbital of mercury atoms [the

benzene rotation barrier is estimated to be

52(4) kJ mol71].113

Stack packings are also formed in crystalline adducts of

macrocycle L1 with polycyclic aromatic hydrocarbons:

naphthalene, biphenyl, triphenylene,114 fluorene,115 pyr-

ene,116 and phenanthrene.117 These stacks are formed due

to the secondary Hg_p interactions with Hg7Carom intera-

tomic distances of 3.2 ± 3.5 �A and approximately the same

interplanar spacings of 3.3 �A.64 Additional stabilization of

guest molecules in stacks occurs due to the stacking inter-

actions of their aromatic moieties with the perfluoropheny-

lene rings of macrocycles.

The photophysical properties of the adducts of macro-

cycle L1 with aromatic molecules were described in detail by

Taylor et al.36 For example, adducts with pyrene, naphtha-

lene, and biphenyl exhibit, respectively, red, blue, and green

luminescence, which makes them promising for organic

light-emitting diode (OLED) technologies.116

The structure of adducts with toluene, o-xylene,

m-xylene, o-xylene, and mesitylene was studied to trace the

influence of steric factors.118 Stacks of alternating macro-

cycle and substituted-arene molecules with Hg7Carom dis-

tances of 3.2 ± 3.5 �A were found to be formed in all

structures. It was noted that aromatic molecules are ori-

ented randomly relative to the macrocycle, which is

explained by the weakness of donor7acceptor interactions

and significant contribution of less directed electrostatic

and dispersion forces.113, 118

The influence of electron factors on the coordination of

aromatic system with macrocycle L1 was studied by an
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Figure 21. (a) Pyramidal complex
61 with nitromethane (the Hg7O
distances are 3.03 �A) and (b)
stack packing of alternating mol-
ecules of macrocycle L1 and
5-nitroacenaphthene in structure
63. Created by the authors based
on the data of Ref. 110.
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Figure 22. (a) Fragment of stack packing in crystal structure 65 of
the adduct of macrocycle L1 with benzene and (b) mutual orienta-
tion of the macrocycles and guest molecule in a sandwich moiety in
structure 65. Dotted lines are the shortened Hg_Cbenzene contacts.
Created by the authors based on the data of Ref. 112.
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example of a series of adducts with halobenzenes PhHal

(Hal=F, Cl, Br, I).119 The formation of stacks of alternat-

ing macrocycle and arene molecules was observed for only

the adduct with fluorobenzene (Fig. 23 a), which is isostruc-

tural to the benzene adduct 65. The formation of stack

structures is atypical of other halobenzenes, which demon-

strate formation of isolated 1 : 2 complexes for chloro- and

bromobenzenes or 1 : 3 complex for iodobenzene (Fig. 23 b).

The interaction of guest halobenzene molecules with the

macrocycle occurs mainly with participation of halogen

atoms [Hg7Cl=3.436(3) ± 3.709(3), h3.53i �A;

Hg7Br=3.4772(7) ± 3.7734(7), h3.58i �A; Hg7I=

3.639(1) ± 3.965(1), h3.78i �A], whereas the aromatic rings

are located at the periphery of the contact region and

involved to a greater extent in the stacking interactions

with the perfluorophenylene rings of macrocycles. The

Hg7Hal bonds in neutral complexes are significantly

elongated (by 0.5 �A on average) in comparison with similar

bonds in anionic complexes of mercury-containing anti-

crowns with halide ions (see Table 5).

In contrast to the interaction with halobenzenes, the

interaction of the macrocycle L1 with 1-halonaphthalenes

(Hal=Cl, Br, I) 120 leads to the formation of stack struc-

tures, similar to that with naphthalene and other polyar-

omatic molecules (Fig. 23 c). The preferred coordination

centre is the aromatic system of bicyclic moiety (the

Hg7Carom bond lengths are 3.25 ± 3.53 �A). The halogen

atom participates in the formation of stack packing only in

the structure with 1-iodonaphthalene.120

The elongation of the conjugation chain in the guest

molecule makes its coordination to the macrocycle stronger

and more favourable. In adducts with benzene derivatives

(benzonitrile,95 acetophenone,98 nitrobenzene,110 haloben-

zenes 119), the main coordination centre is the electron-

donating heteroatom. In adducts with polycyclic com-

pounds (5-nitroacenaphthene or nitropyrene,110 1-halo-

naphthalenes 120), Hg_p interactions form stack

structures. It is noteworthy that an increase in the p-system
of the guest molecule often leads to spontaneous crystal-

lization, immediately after mixing the components (adducts

with triphenylene 114 or pyrene 116). The adducts with non-

planar polycycles, corannulene and its derivatives, which

also have a stack structure in crystals, have been

described.121, 122 Intermolecular interactions in these

adducts convert the structure of macrocycle L1 from planar

to bowl-shaped (Fig. 24 a). The above facts suggest mainly

dispersive interaction with p-conjugated molecules.

The formation of stack structures is observed also for

adducts with unsaturated heterocyclic molecules, carba-

zole 123 and N-methylcarbazole.124 An unexpected result

was the formation of the same structure type in complexes

with tetrathiafulvalene derivatives 125 ± 127 or polycondensed

thiophenes 128, 129 (Fig. 24 b), for which one would expect

coordination to the lone electron pairs of sulfur atoms.

When the macrocycle L1 interacts with p-acceptors,
such as 7,7,8,8-tetracyanoquinodimethane 125 or 1,2,4,5-tet-

racyanobenzene,130 coordination occurs to the nitrile

groups (the Hg7N distances are 3.01 ± 3.34 �A), similar to

the Z3-coordination of nitriles in complexes 48, 50, and 52.

Under these conditions the p-system of guest molecules is

oriented perpendicular to the macrocycle plane and is not

involved in binding to the macrocycle (Fig. 24 c).

Adducts with acyclic p-systems, such as polyynes, were

described 131, 132 (Fig. 24 d ). The coordination is determined

by the interaction of mercury atoms with the polarized

p-system of aromatic substituents rather than with the

more rigid acetylene groups.

Electrostatic interactions contribute strongly to the

stabilization of the adducts of mercury-containing macro-

cycle L1 with polar p-systems. This feature was demon-

strated by the example of adducts with azulene (66) and

6-(N,N-dimethylamino)pentafulvene (67),132 whose mole-

cules can be presented by resonance forms with charge

separation (Scheme 1).

Stack structures 66 and 67 exhibit a general regularity in

the arrangement of the five-membered ring in the space

between the parallel macrocycle planes, whereas the rest of

the guest molecule is located at the periphery

(Fig. 25 a). The interplanar spacings in the sandwich moiety

of structure 67 are 3.17 �A, and the Hg_C contacts are

shortened to 3.07(2) �A, a distance much shorter than that in

the structures with benzene and other aromatic molecules.

There are published data on the complexing with ferro-

cene (68) 134, 135 and nickelocene.134 Complexes with metal-

locenes have an unusual double sandwich structure, in

which a metallocene is located between two parallel macro-

cycles (Fig. 25 b). The characteristics of Hg_p-contacts
between Cp (cyclopentadienyl) ligands and macrocycles
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Figure 23. (a) Fragment of stack packing in the crystal structure of the adduct of macrocycle L1 with fluorobenzene,119 (b) 1 : 3 complex
with iodobenzene (the coordination is similar to that for 1 : 3 complexes with carbonyl compounds, see Fig. 17 f ),119 and (c) fragment of
stack packing in the crystal structure with 1-iodonaphthalene.120 Created by the authors based on the data of the aforementioned studies.
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coincide with those observed in stack structures 66 and 67.

A similar sandwich structure is observed for the complex

with paracyclophane,136 in which benzene rings are bound

to macrocycles according to the Z2:Z2:Z2-type [the

Hg7Carom distances are 3.110(4) ± 3.557(4), h3.39i �A], sim-

ilar to the benzene coordination in structure 65.

The competition of different electron-saturated moieties

for the coordination to macrocycle L1 during its complex-

ing with heterocyclic ferrocene analogues, pentaphospha-

ferrocene and pentaarsaferrocene [Cp*Fe(Z5-E5)] (Cp* is

pentamethylcyclopentadienyl, E=P or As) (Fig. 26 a,b)

was studied.137 The cyclic ligands P5 or As5 are isoelectronic

analogues of the Cp ligand with a delocalized p-system;

each heteroatom has simultaneously a lone electron pair,

which forms an alternative way for binding to the macro-

cycle. The cyclic As5 ligand of pentaarsaferrocene, as well as

Cp in complex 68, is oriented almost parallel to the macro-

cycle plane and forms several shortened Hg_As contacts,

which indicates participation of the p-electron density of

heterocycle in binding with mercury atoms (Fig. 26 b). In

contrast, in the complex with pentaphosphaferrocene, the

lone pair of one out of five phosphorus atoms of the P5

ligand is involved in binding to the macrocycle (see

Fig. 26 a) with the formation of a pyramidal structure. In

this geometry, the five-membered heterocycle is oriented
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Figure 24. Examples of structures with guest molecules containing a conjugation
chain: fragments of stack structures in crystals with (a) dibenzocorannulene 122

and tolane (d ) 132 (dashed lines are shortened Hg_C contacts, which are less than
3.5 �A) and sandwich complexes with (b) tetrathiafulvalene and (c) 7,7,8,8-tetra-
cyanoquinodimethane.125 Created by the authors based on the data of the
aforementioned studies.
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Figure 25. (a) Fragment of stack structure
66 with azulene [Hg7Cazulene=
3.178(9) ± 3.584(9) �A] 133 and (b)
sandwich complex 68 with ferrocene
[Hg7CCp=3.189(10) ± 3.561(14) �A].134, 135

Created by the authors based on the data of
the aforementioned studies.
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almost perpendicular to the macrocycle plane (the dihedral

angle is 628). The preferred coordination of cyclic P5 ligand

via the lone pairs of phosphorus atoms is confirmed by the

similar structure of three adducts with different sets of steric

substituents in the cyclopentadienyl ligand of pentaphos-

phaferrocene [CpRFe(Z5-P5)], where CpR=C5H57nBu
t
n,

n=1± 3.137

The structure of the adducts of macrocycle L1 with a

three-decker molybdenum complex [(CpMo)2(m-Z6:Z6-P6)]

has been described (Fig. 26 c); the coordination in these

adducts is implemented only to the lone pairs of phosphorus

atoms, while Cp ligands are not involved in binding to the

macrocycle.138

Based on the DFT calculations and analysis of elec-

trostatic potential distribution for a series of adducts

with complexes containing E2 ligands (E=P, As, Sb,

Bi), it was concluded that the character of interaction

with a mercury-containing macrocycle is mainly electro-

static.139

5.3. Complexes with crown ethers and their heteroanalogues
Mercury-containing anticrowns, capable of binding anions,

are peculiar antipodes of crown ethers, which exhibit a high

affinity to cations. This charge-inverted analogy suggests

complexing between crown compounds and anticrowns.

Currently the creation of such ditopic ligands is of great

interest for studying the biochemical processes of pair

transport of various ions through a cell membrane.26

Adducts with crown ethers (12-crown-4, 18-crown-6, 15-

crown-5, and 1,3,5-trioxane) 140, 141 and their heteroana-

logues containing sulfur atoms (9-thiacrown-3 and 1,3,5-tri-

thiane) 142 or nitrogen [octaazapentacyclooctacosane,

1,4,8,11-tetraazacyclotetradecane (cyclam) and N,N,N-tri-

methyl-1,3,5-triazacyclohexane] have been obtained for the

macrocycle L1.143 Symmetric complexes of cellular struc-

ture are formed with six-membered heterocycles:

1,3,5-trioxane (Hg7O=2.87 �A140), 1,3,5-trithiane

(Hg7S=3.20 �A142), and N,N,N-trimethyl-1,3,5-triazacy-

clohexane (Hg7N=2.91 �A143) (Fig. 27 a). Adducts with

a b c

Hg

Hg

Hg

Fe

As
Fe

F F

C

C

CP
P

Mo

Figure 26. Structure of the adducts of macrocycle L1 with heterocyclic analogues of metallocenes: (a) sandwich dimer of the complex with
[Cp*Fe(Z5-P5)] [distances Hg7P=3.2878(9) ± 3.5281(11) �A],137 (b) complex with [Cp*Fe(Z5-As5)] [distances
Hg7As=3.3014(4) ± 3.6325(5) �A],137 and (c) sandwich complex with [(CpMo)2(m-Z6:Z6-P6)] [mean distance Hg7P= h3.36i �A].138

Created by the authors based on the data of the aforementioned studies.
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Figure 27. Examples of adducts of macrocycle L1 with crown ethers and their hetero-
analogues: (a) cellular structure of the {(L1)(1,3,5-trioxane)} complex; (b) sandwich
complex {(L1)2(18-crown-6)(H2O)2}, Hg7Ocrown= 3.23 �A, Hg7Ow=2.90 �A;140 (c)
sandwich complex {(L1)2[H2-cyclam]2+(Cl7)2}, Hg7Cl=3.01 �A;143 and (d) sandwich
complex {(L1)2(9-thiacrown-3)}, Hg7S=3.38 �A.142 Created by the authors based on
the data of the aforementioned studies.
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oxygen- or nitrogen-containing macrocyclic molecules have

multicomponent compositions, where the interaction with a

mercury-containing macrocycle is implemented either with

participation of solvate water molecules (characteristic of

crown ethers) 140 or a chloride ion formed as a result of

cyclam molecule protonation in chlorine-containing sol-

vents 143 (Fig. 27 b,c). Direct contacts between macrocyclic

molecules are rare. In contrast, reactions with sulfur-con-

taining molecules give rise to complexes only due to the

interaction between crown and anticrown macrocyclic mol-

ecules (Fig. 27 d ).142 This difference in the heterocycle

coordination is explained by the favourability of the inter-

action of easily polarizable mercury atoms with sulfur

atoms (soft base) in comparison with rigid oxygen or nitro-

gen atoms. NMR data also indicate the preference of

complexing of macrocycle L1 with sulfur-containing mole-

cules.142

5.4. Macrocycle L1 in coordinating solvents
The macrocycle L1 is virtually insoluble in noncoordinating

and nonpolar solvents. Therefore, polar solvents (THF,

alcohol, CH2Cl2, etc.) are used to perform spectroscopic

measurements and carry out reactions with guest molecules.

However, the solvent molecule competes with the guest

molecule, coordinating macrocyclic mercury atoms, which

leads to dissociation of host7guest complexes with rela-

tively weak Lewis bases, such as crown ethers 140, 142 and

nitrile,95, 96 carbonyl,97, 107 or nitro compounds.110

Structural studies of the adducts of macrocycle L1 with

the most popular solvents yielded some information about

the behaviour of mercury-containing anticrowns in solu-

tions. Complexes with acetone,98, 99 acetonitrile,95 THF,144

ethanol,144 and methylene chloride 137 were characterized.

Different crystallization conditions lead to the formation of

different structures, in which one macrocycle assembles

from one to four solvent molecules around itself. Similar

examples were described for adducts with acetone 98, 99 (1 : 1

and 1 : 3 complexes) or dimethyl sulfide 145 (1 : 1 and 1 : 4

complexes). The product of crystallization from THF is a

cocrystal of 1 : 2, 1 : 3, and 1 : 4 complexes in structure 69

(Fig. 28). The example of this cocrystal shows most clearly

that complexes of mercury-containing macrocycle with

different numbers of coordinated solvent molecules are

simultaneously present in solution. One would suggest that

the macrocyclic mercury atoms will be shielded to a greater

extent with an increase in the solvent coordinating ability.

The coordinative saturation of mercury atoms with solvent

molecules should hinder their coordination with guest

molecules. The revealed specific features of the solvation

of mercury-containing macrocycles must be taken into

account when obtaining new molecular host ± guest com-

plexes in a medium of coordinating solvents.64

5.5. Models of binding macrocycle L1 to neutral Lewis bases
The favourability of the Z3-coordination of electron-satu-

rated moiety of guest molecule is confirmed by ab initio

calculations (DFT method) of the electronic structure of

mercury-containing macrocycle L1.36, 108, 146 The calcula-

tions show that the highest occupied molecular orbital

(HOMO) is localized mainly on perfluorophenylene rings,

whereas the main contribution to the lowest unoccupied

molecular orbital (LUMO) is from the 6p orbital of mercury

atoms (44%).108 The central part of the macrocycle, where

the Lewis acid properties are most pronounced, determines

the direction along which the guest nucleophilic molecule

interacts with the macrocycle (Fig. 29). The calculated

energy difference for the frontier orbitals is 3.36 eV;108 i.e.,

the LUMO of the macrocycle is high on the energy scale and

thus cannot be efficiently overlapped with the guest-mole-

cule donor orbitals. Therefore, it was suggested 36, 108 that

the binding in complexes of mercury-containing macrocycle

L1 with neutral Lewis bases is determined to a greater

extent by electrostatic rather than covalent (donor ±

acceptor) interactions. This property is clearly demon-

strated by the electrostatic potential distribution, where

the positive potential is localized in the central part of the

macrocycle and the negative potential is localized at the

periphery of fluorinated macrocycle (see Fig. 29).146

Depending on the nature of the guest nucleophilic

centre, one can observe systematic differences in the struc-

tural characteristics of the pyramidal moieties formed in the

case of Z3-coordination; for example, in complexes with

carbonyl and nitrile compounds (see Section 5.1). The same

structural features of pyramidal moieties were observed in

1 : 1 complexes of macrocycle L1 with EtOH (70), THF

(71),144 and Me2S (72) 145 (Fig. 30). The plane of oxygen

atoms in structures 70 and 71, which is set by two sub-

stituents, is oriented perpendicular to the macrocycle plane,

and the Hg7O distances are nonequivalent (Table 8). The

dimethyl sulfide molecule, bound symmetrically to all mer-

cury atoms, is located in the bisectral plane of the wedge-

shaped moiety of multidecker structure 72 (see Table 8).

Based on the structural data, the binding of dimethyl sulfide

to macrocycle L1 is described 145 as a four-centre two-

electron interaction due to the overlap of the sulfur

unshared electron pair, directed towards the macrocycle

centre, with three unoccupied 6p orbitals of mercury atoms

(Fig. 31 a). Similar considerations can be used to describe
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Figure 28. Complexes of macrocycle L1 with THF of the (a) 1 : 2, (b) 1 : 3, and (c) 1 : 4 compositions in the structure of co-crystallizate 69.
Created by the authors based on the data of Ref. 144.

F.M.Dolgushin, I.L.Eremenko

1514 Russ. Chem. Rev., 2021, 90 (12) 1493 ± 1519



the binding of the oxygen atom of ether or carbonyl groups

or the nitrogen atom of nitrile groups with the macrocycle

L1 (Figs. 31 b,c).64

These simple geometric representations are confirmed

by the quantumchemical calculations of crystal structures

71 and 72 (PBE functional, plane-wave basis set).144 An

analysis of the electron density function r(r) showed that

one lone pair of O(1) is located on the Hg(1)7O(1) line

(Fig. 32 a), while the other is directed towards the centre of

the opposing C7C bond of the macrocycle (Fig. 32 b). The

critical points CP(3,71), corresponding to interatomic

interactions,147 were found for three Hg7O bonds of the

guest molecule with the macrocycle. An estimation of the

Hg_O interaction energy from the calculation data con-

firms their nonequivalence [the Hg(1)7O(1) coordination

bond is energetically more favourable (by a factor of about

3) than the two other Hg7O bonds] and yields total values

of 7.1 and 7.6 kcal mol71 for complexes 71 and 72,

respectively.144 Thus, binding occurs with participation of

all mercury atoms of the macrocycle, but with significantly

different lengths and energy characteristics of coordination

Hg7O bonds. The directionality and nonequivalence of

these interactions are determined by the orientation of the

lone pairs of the oxygen atom.144

Based on the calculated characteristics of the function

r(r) at CP(3,71), the Hg7O bonds were described as

interactions of closed shells, and it was concluded that

these interactions have preferred electrostatic character.144

The same conclusion about the mainly electrostatic and (or)

dispersion character of interaction of three-mercury macro-

cycle with neutral guest molecules was drawn proceeding

from analysis of the calculated function r(r) in adducts with

pentaphosphaferrocene and pentaarsaferrocene

[Cp*Fe(Z5-E5)], where E=P or As;137 with molybdenum

complexes containing E2 ligands (E=P, As, Sb, Bi);139 and

with the Ni(salen) complex.148

Along with the interactions with the guest molecule, the

interactions between the host molecules also play an impor-

tant role in the formation of the crystal structure of

complexes of macrocycle L1. A calculation of the energy

of pair intermolecular interactions in polymorphs of macro-

cycle L1 showed that the most stable supramolecular

association of macrocycles corresponds to the stacking

dimers in the stack packings stabilized by the Hg_p and

p_p interactions.57 The following two types are selected

among the complexes of macrocycle L1 with neutral guest

molecules:
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Figure 29. (a) Lowest unoccupied molecular orbital and (b) electro-
static potential surface in the macrocycle L1 according to the DFT
data.36 Presented with kind permission of the ACS Publications.
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Figure 30. Structure of the 1 : 1 complexes of macrocycle L1 with (a) EtOH (70),144

(b) THF (71),144 and (c) Me2S (72).145 Created by the authors based on the data of the
aforementioned studies.

Table 8. Hg7Y bond lengths (�A) in complexes 70, 71,144 and 72.145

Bond Complex 70 Complex 71 Complex 72
(Y=O) (Y=O) (Y=S)

Hg(1) ±Y 2.907(3) 2.853(3) 3.571(3)

Hg(2)7Y 3.145(3) 3.251(3) 3.543(7)

Hg(3)7Y 3.134(3) 3.229(3) 3.576(7)
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Figure 31. Multicentre interaction of (a, c) one or (b) two lone pairs
of heteroatom with the macrocycle L1.64
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Ð complexes with Lewis bases, in which binding occurs

between electron-deficient mercury atoms of the macrocycle

and the lone pair of the electron-donating heteroatom of the

guest molecule;

Ð adducts with unsaturated molecules, containing an

open or closed conjugation chain (arenes, polyarenes, poly-

ynes, corannulenes, etc.), in which binding is due to the

Hg_p and p_p interactions.

The first-type compounds are discrete pyramidal, bipyr-

amidal, or sandwich complexes, whose association in crys-

tals is determined by the ability of macrocycles to form

stacking dimers. Crystals of second-type compounds are

most often constructed from two-component stacks of

alternating macrocycle and guest molecules, similar to the

stack packings in polymorphic structures of macrocycle

L1.57 The general regularities of the formation of crystal

structure of macrocycle L1 with diverse guest molecules are

determined by the similarity of the energetic and geometric

characteristics of intermolecular macrocycle_guest and

macrocycle_macrocycle interactions.57 For example, the

ability of macrocycle L1 to structure amorphous mixtures

due to the directionality of intermolecular interactions has

successfully been used to design components of polymer

solar cells.149

6. Conclusion

In the recent years, an increasing number of publications

have been devoted to the synthesis of metallomacrocyclic

compounds and study of their properties.23, 24, 150, 151 The

interest in these compounds is determined by their diverse

application potential; in particular, an important issue is the

formation of systems for binding and recognizing anions.

Guest-molecule binding is due to intermolecular nonvalent

interactions. A detailed description of nonvalent interac-

tions, their classification, and the role in the engineering of

smart materials and devices can be found in exhaustive

review.152 An analysis of the intermolecular interactions by

modern calculation methods 153 can be performed for only

the compounds for which the crystal structure was exper-

imentally determined. There is no much progress in the

prediction of complex multicomponent structures;154, 155

therefore, the crystallochemical analysis of existing struc-

tures and identification of structural regularities in series of

related compounds remain important for their crystal and

molecular design.

The regularities of the molecular and crystal struc-

tures of complexes of mercury-containing anticrowns

with anions and neutral molecules, presented in this

review, give grounds to formulate a number of general

statements. The following types of stable supramolecular

architectures of complexes can be selected: sandwich,

pyramid, bipyramid, or guest in the macrocycle cavity

(for example, in the complex of LB2 macrocycle with a

fluoride ion). The preference of a particular supramole-

cular architecture is determined by the macrocycle struc-

ture (the presence of steric substituents, conformational

rigidity, internal-cavity size) and the number of mercury

atoms in it. The cooperative interaction of the nucleo-

philic centre of the guest with all metal atoms of the

macrocyclic host has a pronounced directionality to the

macrocycle centre and determines the general structure of

the complex.

The good prospects of anticrowns in various applica-

tions (such as phase-transfer catalysis and ion-selective

applications), as well as the possibility of forming molec-

ular materials with photophysical or magnetic properties,

determine the demand for them and initiate the search for

new types of macrocyclic hosts. An important step in this

direction has been made in the last years; it concerns the

synthesis of host7guest complexes of mercury-contain-

ing macrocycles L2 and L3. The spatial structure of

macrocycles determines their selectivity in binding guest

molecules, which indicates their good prospects for var-

ious anion-selective applications. Another interesting

direction is the search for new macrocyclic hosts, includ-

ing other metal ions with Lewis acidic properties. For

example, a close analogy with the properties of macro-

cycle L1 was found for cyclic pyrazolates of Group 11

metals.156 ± 161

We believe that the design regularities of supramolecular

complexes of mercury-containing macrocycles, described in

this review, are general for other macrocyclic Lewis acids

and will be useful for further development of the coordina-

tion chemistry of anticrowns.
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7. List of acronyms and designations

Cp Ð cyclopentadienyl,

Cp* Ð pentamethylcyclopentadienyl,

DFT Ð density functional theory,

Fc Ð ferrocenyl,

NIT-Ph Ð 4,4,5,5-tetramethyl-2-phenyl-4,5-dihydro-

1H-imidazole-1-oxyl 3-oxide,

OLED Ð organic light-emitting diode,

PPN Ð bis(triphenylphosphine)iminium,

rcov Ð covalent radius,

Rvdw Ð van der Waals radius,

r(r) Ð electron density function,

solv Ð solvent molecule in crystal solvate.

a b

O(1)

C(14) C(1)
Hg(2) Hg(3)

Hg(1)

O(1)

H(1)

Figure 32. Electron localization function (ELF) cross sections in
structure 71 in the (a) O(1)7Hg(1)7C(1) and (b)
O(1)7Hg(2)7Hg(3) planes. The valence electron concentration
ranges (ELF>0.5) are shown by solid blue lines; the isoline step
is 0.05.144 Presented with kind permission of the ACS Publications.
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