
I. Introduction

Circulenes 1 ± 4 have long drawn attention from organic

chemists interested in the improvement and development

of the concept of aromaticity. Hydrocarbon-type circulenes

consist of benzene rings fused with each other at the bonds a

and c to form an annulene macrocycle. These compounds

include, in particular, well-known corannulene 1 ([5]circu-

lene),5 coronene 2 ([6]circulene) 6 and [7]circulene 7 3, as well

as the recently synthesized quadrannulene 4 ([4]circulene),8

[8]circulenes 9 5 and tetrabenzo[8]circulene 10 6. These highly

symmetric molecules can serve as elemental building blocks

of graphene,11 ± 13 fullerenes 14 ± 16 and some nanotubes,17 ± 19

the structural and spectroscopic properties of which were

studied in detail unlike the structure-forming circulene

subunits. It should be noted that studies of the chemistry
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of circulenes substantially supplement and add details to the

rapidly developing electronic structure theory and spectra

of nanoassociates of sp2-hybridized carbon.11 ± 18

The term `heterocirculenes' was proposed for the first

time by Wynberg and Dopper 1 in 1972 for a new class of

polyaromatic heterocyclic compounds Ð heterocyclic ana-

logues of polycyclic hydrocarbon circulenes. These mole-

cules consist of two concentric annulene rings. The inner

ring has no hydrogen atoms (unlike kekulene,2 septulene 3

and higher kekulenes 4), and the outer ring involves heter-

oatoms (oxygen atoms in oxacirculenes, nitrogen atoms in

azacirculenes, sulfur atoms in thiacirculenes or selenium

atoms in selenacirculenes).

Combinations of six- and five-membered rings typical of

fullerenes and nanotubes are also encountered in usual

highly symmetric organic compounds, which have a closed

cyclic structure and include also oxygen- or sulfur-contain-

ing rings. Examples of such compounds are tetraoxa[8]cir-

culenes 20 (TOC) 7 and 8, octathia[8]circulene 21 (OTC) 9

and their selena 22 and aza derivatives 23, 24 10 ± 12 Ð highly

symmetric molecules with the unusual inner skeleton, viz.,

the planar eight-membered carbon ring. Tetraoxa[8]circu-

lenes 7 and 8 were synthesized half a century ago,20 and

their planar structure was established shortly thereafter by

X-ray diffraction.25 ± 27 Octathia[8]circulene was synthesized

much later (in 2006).21 This was an important event in

synthetic organic chemistry. In fact, octathia[8]circulene,

also referred to as sulflower (a portmanteau of sulfur and

sunflower), is a new form of carbon sulfide C2S.21 Besides,

TOC and OTC proved to be quite chemically inert and

thermally stable, due to which their semiconducting proper-

ties can be employed for the design of organic field-effect

transistors 22, 28 ± 31 and light-emitting diodes.32

In organic chemistry, not so many highly symmetric

cyclic hydrocarbons are known (benzene, coronene, coran-

nulene, fullerenes). All these molecules have high-order

symmetry axes and possess, to certain extent, unique phys-

ical and chemical properties studied in detail by both

experimental and theoretical methods.11 ± 19 The theory of

electronic properties of tetraoxa[8]circulenes, sulflowers and

other hetero[8]circulenes has not been considered in detail

and not generalized until recently, despite abundant exper-

imental data on the physics and chemistry of these organic

compounds. The present review covers the latest advances

in investigations of structural, aromatic and spectroscopic

properties of hetero[8]circulenes and possible applications

of these compounds in semiconductor nanoelectronic devi-

ces.

II. X-Ray molecular structures of
hetero[8]circulenes

II.1. Hydrocarbon benzocirculenes

Wynberg and Dopper 33 proposed a simple model for

explaining the structures and shape of circulene molecules

(both hydrocarbon and heterocyclic). According to this

model, the shape of the circulene molecule is determined

by the sum of the sector angles (Ssect ) of individual rings

comprising the macrocycle. According to the X-ray diffrac-

tion data,33, 34 the sector of the benzene ring is 608, whereas
the sectors of the five-membered heterocycles are substan-

tially smaller and are equal to 458, 328 and 358 for

thiophene, furan and pyrrole, respectively (Fig. 1). How-

ever, in the study by Chernichenko et al.,35 the sector angle

of furan was taken equal to 308. In this approximation,
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Wynberg ±Dopper's structural model is geometrically rig-

orous. In accordance with this model, coronene is the only

planar representative of hydrocarbon circulenes. For this

compound, the sum of the sector angles is 3608
(Ssect= 60866=3608), which corresponds to an

unstrained structure of the macrocycle. The X-ray diffrac-

tion data support the planar structure of coronene mole-

cules 2.36

If the sum of the sector angles of circulene is smaller

than 3608 (`sector deficit'), the macrocycle adopts a trun-

cated cone shape. This shape was revealed by X-ray dif-

fraction for quadrannulene 4 (Refs 8 and 37) and

corannulene 1 (Ref. 38). For these compounds, the sums

of the sector angles are 2408 and 3008, respectively. If the
sum of the sector angles of circulene is larger than 3608
(`sector excess'), the macrocycle adopts a corrugated (sad-

dle-shaped) structure. This structure was established by

X-ray diffraction for [7]circulene 7, 39 (Ssect=

60867=4208) and the recently synthesized [8]circulene

(Ssect= 60868=4808). This fact provides excellent sup-

port for the quantum chemical predictions of the saddle-

shaped structure of [8]circulene published earlier 40 ± 43 and

it is in complete agreement with Wynberg ±Dopper's struc-

tural model.33 Evidently, the larger the sector deficit or the

sector excess, the higher the strain of the macrocycle,

resulting in destabilization of the molecule. This is why

higher representatives of hydrocarbon circulenes were not

isolated in the individual state and are studied by theoretical

methods.40 ± 43 Thus, it was shown 43 that an increase in the

size of the macrocycle of benzo[n]circulenes (n=9± 20)

causes the helical twisting of their molecules, i.e., the

saddle-shaped conformation is gradually transformed into

the helical topology of the molecular skeleton of benzocir-

culenes.

II.2. Heterocyclic circulenes
The introduction of five-membered heterocycles into circu-

lenes can substantially extend the range of stable circulene

molecules. First heterocirculene 8 of the tetraoxa[8]circu-

lene class was synthesized by Erdtman and HoÈ gberg 20 in

1968 by the cyclooligomerization of 1,4-naphthoquinone in

the presence of strong mineral acids.44 ± 48 The simplest TOC

7 was prepared from the starting p-benzoquinone in 1970 in

a similar fashion (Scheme 1).44 Somewhat later, Wynberg

and Dopper 1 reported the synthesis of the first thiacirculene

13 from the corresponding hexahelicene using an original

procedure through the intermediate formation of dehydro-

helicene (Scheme 2).1, 49

Molecules 7 and 8 are unstrained and perfectly planar,

as evidenced by X-ray diffraction data.25 ± 27 This is in

complete agreement with Wynberg ±Dopper's model

(Ssect= 30864+60864=3608). The X-ray diffraction

data for thiacirculene 13 are absent in the literature; how-

ever, a weakly corrugated structure (Ssect=

45863+60864=3758) was predicted 33 for this com-

pound based on Wynberg ±Dopper's model. Our quantum

chemical calculations confirm this conclusion.

A new breakthrough in the synthesis of tetraoxa[8]cir-

culenes and thiacirculenes was achieved by research teams

headed by Christensen (Denmark) 32, 50 and Nenajdenko

(Russia).21, 22 A considerable drawback of TOC is their

poor solubility in polar and nonpolar solvents, due to

which researchers encountered serious difficulties in purify-

ing, identifying and studying spectroscopic properties of

these compounds. To eliminate this drawback, Christensen

and co-workers 32, 50 improved the procedure for the syn-

thesis initially proposed by Erdtman and HoÈ gberg (see

Scheme 1) 20, 44 ± 48 and were the first to synthesize undecyl-

substituted TOC 14 ± 18 readily soluble in dichloromethane

and ethanol.

Independently of Christensen, Rathore and Abdel-

wahed 51 synthesized bicycloalkyl derivatives of TOC 19

S O N
H
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Figure 1. Sector angles for benzene and some heterocycles.35
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and 20 soluble in dichloromethane and benzene. These

derivatives form stable radical-cation salts upon the electro-

chemical oxidation. Wynberg ±Dopper's model predicts a

planar structure for macrocyclic TOC 14 ± 20 (Ssect= 3608)
because each circulene is based on the parent structure of

TOC 7.

In 2006 the Russian research team headed by

V Nenajdenko synthesized the first fully heterocyclic circu-

lene Ð octathia[8]circulene (sulflower) 9 Ð by the vacuum

pyrolysis of the corresponding cyclic polythiol 90

(Scheme 3).21

Scheme 3

Wynberg ±Dopper's model predicts a planar structure

of sulflower 9 (Ssect= 45868=3608), which was confirmed

by X-ray diffraction data.21, 52, 53 sym-Tetraselenatetra-

thia[8]circulene 10 prepared two years later has a similar

planar structure.22, 28

Azaoxa[8]circulenes 23, 24 prepared by the group of

Pittelkow are the latest synthesized heterocirculenes.

Among these compounds are azatrioxa[8]circulene 23 11, its

dibenzo derivative comprising two naphthalene moieties 23

and diazadioxacirculene 24 12. Assuming that the sector

angles of the furan and pyrrole molecules are almost equal

(*308), Wynberg ±Dopper's model predicts a planar struc-

ture for azacirculenes. According to the X-ray diffraction

data,23, 24 azacirculene molecules are also planar (apart

from alkyl groups) with slight deviations from the planarity

for circulene molecules 11 due to strong intermolecular p-
stacking interactions in the crystal between two adjacent

parallel planes of the macrocycles.

Therefore, the application of Wynberg ±Dopper's model

to circulenes 1 ± 20 gives qualitatively valid conclusions

about the strain and shape of the macrocycles. More

detailed data on the structures of heterocirculenes, includ-

ing the geometric parameters of the molecules and the

characteristic features of the molecular architecture of the

single crystals, can be obtained by X-ray diffraction. The

present review focuses on the interpretation of the struc-

tures of hetero[8]circulenes and their spectroscopic charac-

teristics.

Table 1 summarizes data on the molecular structures of

hydrocarbon and heterocyclic circulenes determined by

X-ray diffraction, the bond lengths being averaged taking

into account the number of equivalent bonds depending on

the symmetry of the molecule. As can be seen in Table 1, the

average lengths of the bonds a and c in the inner and outer

rings of hydrocarbon circulenes 1 ± 4 vary in narrow ranges

of 1.413 ± 1.457 and 1.414 ± 1.440 �A, respectively. The

exception is a substantial elongation of the bond c in

quadrannulene 4 due to the strained macrocycle. A slight

alternation of the bonds a, a 0 and c, c 0 is observed in the

inner and outer rings of saddle-shaped benzo[8]circulenes 5,

6 and hetero[8]circulenes 7, 8, 10 ± 12. The average devia-

tions (DRÿ) between the bond lengths a, a 0 and c, c 0 for the
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molecules of these heterocirculenes calculated by Eqn (1)

are 0.016 and 0.024 �A, respectively:

DRÿ � njlÿ l 0j
n

(1)

where n is the number of circulenes in the set (n=5), l and l 0

are the corresponding adjacent bond lengths. For benzo[8]-

circulenes 5 and 6, the alternation parameter DRÿ is 0.028

and 0.048 �A, respectively. Therefore, the characteristic

feature of hetero[8]circulenes is the presence of the planar

cyclooctatetraene ring (COTR) with a slight alternation, as

opposed to the hypothetically planar COTR with the point-

group symmetry D4h characterized by the strict alternation

of single (1.472 �A) and double (1.351 �A) bonds.54 ± 56

The length of the radial bonds b in benzocirculenes 1 ± 5

gradually increases in the order from the molecules with a

angular deficit to the planar unstrained structure of coro-

nene in the series 4> 1> 2, reaches the maximum in

[7]circulene 3 and then slightly decreases in structures 5

and 6 with an angular excess. In planar hetero[8]circulenes,

the radial bond lengths vary in a narrow range of

1.373 ± 1.406 �A and depend on the nature of the heteroa-

tom. The peripheral bond lengths d in hydrocarbon circu-

lenes decrease from 1.403 to 1.338 �A in a series of circulenes

1> 2> 3 with an increase in the angular excess. In higher

hydrocarbon [n]circulenes (n=8± 20), starting with [8]cir-

culenes 5, the macrocycle is substantially deformed and

twisted,43 resulting in that the length of the bonds d slightly

varies and takes values close to 1.36 �A. In hetero[8]circu-

lenes 7, 8, 11 and 12, the bond d is somewhat longer and its

length varies in a range of 1.377 ± 1.398 �A depending on the

nature of the heteroatom, except for TOC 8, in which the

bond d is elongated due to the fusion with the benzene ring.

In conclusion it should be noted that all heterocirculenes

7 ± 12 contain a planar eight-membered ring, tetraoxa[8]cir-

culenes 7, 8 and their N-substituted aza analogues 11, 12

(AOC) being characterized by slight bond length alternation

in the inner COTR in a range of 1.41 ± 1.43 �A. All hydro-

carbon circulenes, except for coronene 2 consisting only of

benzene rings, are characterized by strong out-of-plane

deformation.

III. Crystal structures of hetero[8]circulenes

The planar molecular structure of heterocirculenes 7 ± 10 is

responsible for the characteristic features of their single-

crystal structures (Fig. 2). Thus, the crystals of tetraoxa[8]-

circulene 8 are monoclinic (space group P21/n) and are

composed of closely spaced continuous molecular columns

linked by a network of CH_O contacts.27 Each column

consists of planar molecules arranged in a parallel manner;

the distance between the nearest planes is 3.38(2) �A. In each

pair of adjacent molecules, there are numerous C_C con-

tacts with distances of <3.5 �A [the shortest distance is

3.41(3) �A] and several C_O contacts (3.41 �A).27 The

molecular crystals of the simplest tetraoxa[8]circulene 7

have a similar structure.26 The only difference between

these two crystal structures is that the shortest interatomic

distances between adjacent molecules within the columns of

TOC 8 correspond to Ca_Ca contacts, whereas the shortest

interatomic distances between molecules TOC 7 are

observed for Ca_Cb contacts (between the furan rings).

This indicates that adjacent molecules are shifted to a

different extent. All other parameters of the crystal struc-

tures of TOC 7 and 8 are very similar.

The crystals of thiacirculenes 9 and 10 have a layered

structure (see Fig. 2 b) like the crystals of TOC 7 and 8

(see Fig. 2 a). According to the X-ray diffraction data, the

distance between adjacent parallel molecules in the columns

of sulflower 9 is *3.5 �A.21 The molecules in adjacent

columns are tilted with respect to each other by 1318. The
S_S distance between adjacent molecules is as short as

3.25 �A, which is comparable with the distance between two

sulfur atoms in one molecule (3.23 �A). The electrostatic

repulsion between the sulfur atoms in adjacent columns

Table 1. Bond lengths in circulenes 1 ± 13 determined by X-ray diffraction.

Circulene Ssect7360 /deg a (a 0) /�A b /�A c (c 0) /�A d (d 0) /�A Structure type Ref.

1 760 1.413 1.391 1.440 1.403 truncated cone 38

2 0 1.425 1.433 1.415 1.346 planar 36

3 60 1.457 1.434 1.414 1.338 saddle-shaped 7

4 7120 1.450 1.359 1.496 1.396 truncated cone 37

5 120 1.442 1.417 1.432 1.357 saddle-shaped 9

(1.470) (1.417) (1.349)

6 120 1.434 1.413 1.462 1.404 " 10

(1.482) 1.462 (1.414) (1.358)

7 0 1.406 1.390 1.394 1.377 planar 26

(1.421) (1.390)

8 0 1.414 1.374 1.421 1.439 " 27

(1.430) (1.391)

9 0 1.419 1.380 1.751 " 21

10 0 1.436 1.373 1.793 " 22

(1.433) 1.793 (1.854) " 22

11 0 1.403 1.406 1.405 1.398 " 23

(1.426) (1.393)

12 0 1.407 1.402 1.402 1.396 " 24

(1.428) (1.390)

13 15 7 7 7 7 saddle-shaped 33
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decreases due to the specific mutual orientation of the

molecules. Thus, the sulfur atom of one molecule is located

between two sulfur atoms of the adjacent molecule, i.e.,

three nearest sulfur atoms form an almost regular triangle.

Each pair of parallel molecules is stabilized by intermolec-

ular C_C and C_S interactions; the distances between the

interacting atoms are 3.5 ± 3.6 and 3.5 ± 3.7 �A, respec-

tively.52, 57 Therefore, the molecular crystals of octathia[8]-

circulene are stabilized by numerous intermolecular

contacts responsible for low solubility of sulflower in

organic solvents and high thermal stability (the compound

sublimes in the temperature range of 450 ± 530 8C with no

signs of decomposition 21). The crystal packing of sym-

tetraselenatetrathia[8]circulene 10 (STC) is distinguished

by larger intermolecular distances (3.6 �A between parallel

molecules in the columns and 3.2 ± 3.3 �A between the

nearest molecules in adjacent columns 28) compared to

octathia[8]circulene 9.

It is interesting that the vacuum sublimation of OTC

affords two phases of white and red colour.52 The white film

corresponds to the amorphous state of OTC with the

chaotic arrangement of the molecules, whereas the red film

consists of single-crystalline OTC having the strictly

ordered crystal structure. Evidently, different colours of

these phases are associated with the different structural

organization of amorphous and crystalline sulflower.

Thus, the presence of strong intermolecular interactions in

the crystal packing of OTC is responsible for the appear-

ance of an intense colour, whereas the disordered amor-

phous phase is white. However, the amorphous and

crystalline forms of STC have the same white colour.57 It

is hypothesized that intermolecular interactions in single

crystals of STC are insufficiently strong to cause perturba-

tions of electron shells of adjacent molecules and the

splitting of the energy levels necessary for the colour to

appear. This conclusion is in qualitative agreement with the

results of calculations of the intermolecular interaction

a

a

b

b

c

c

a

b

Figure 2. Crystal packing modes of TOC 8 (a) 27 and sulflower 9
(b).21

a c

b
d

Se

S

C

M1

M1

M2 M1

M2

M5

M6

M5

M6

M1A3

A2

A2
A2 A2

A2
A2

A2

A2
A2

A4 A4

A2

A2
A1

A1
A1

M2
M2

A3

A3 A3
A3

A3

A3

A3

A3A3

A3

A3

A3

A3

M4
M4

M6

M5

A3

A2

A3

M3

M3 M3

M4 M4

M3M5

A1

M6

Figure 3. Crystal packing modes of octathia[8]circulene 9 (a, b) and sym-tetraselenatetrathia[8]circulene 10 (c, d ).57

The side view (a, c) and the top view (b, d ). Six molecules are numbered from M1 to M6; the corresponding dimers are from A1 to A4.

460 G V Baryshnikov, B F Minaev, V AMinaeva Russ. Chem. Rev. 84 (5) 455 ± 484 (2015)



energy 57 for the crystal packing modes of OTC and STC

taking into account six molecules (Fig. 3). An analysis of

the electron density distribution function r(r) in terms of

Bader's method 58 (Atoms in Molecules, quantum theory,

QTAIM analysis) using an additive scheme based on the

partitioning of the crystal packing into dimers 57 and the

subsequent application of Espinosa's correlation depend-

ence 59, 60 for calculations of the intermolecular interaction

energy provided an estimate of the crystal packing energy of

OTC and STC at 756.8 and 749.7 kcal mol71, respec-

tively 57 (Table 2). The p-stacked dimers A1 make the great-

est contribution to the crystal packing energy (see Fig. 3).

The total stabilization energy is 712.3 and 79.7 kcal

mol71 for OTC and STC, respectively (see Table 2). How-

ever, the stabilization energy of the dimer A1 of OTC

estimated 61 at the M06-2x/6-31+G(d,p) level of theory is

722.5 kcal mol71, which is almost twice higher compared

to the results of our calculations.57 It is difficult to explain

this difference in the energy estimates because the algorithm

of calculations employed in the study 61 was not described in

detail. In particular, it is unknown whether the correction

for basis set superposition errors and the zero-point energy

correction were applied. Moreover, the energy of p-stacking
interactions estimated in terms of the density functional

theory (DFT) strongly depends on the extent to which the

non-local Hartree ± Fock orbital exchange 62 is taken into

account since the contribution of the latter to the M06-2x

functional is rather high (54%).63 Therefore, the stabiliza-

tion energy of the dimer A1 of OTC calculated in the

study 61 is apparently substantially overestimated because

of the overestimation of the orbital exchange.

The intermolecular S_S and S_Se interactions in the

dimers A2 ±A4 (see Fig. 3 a,c) are rather weak; however,

taking into account the number of equivalent dimers in the

hexamer, they provide strong binding of adjacent molecular

columns and are to a large extent responsible for high

stability of the crystals of OTC and STC.

Besides, the characteristic distinguishing feature of cir-

culenes 9 and 10 is the morphology of in-vacuum prepared

films. According to the results of atomic force micro-

scopy,22 the surface area and the height of the crystal nuclei

of octathia[8]circulene 9 are 12 000 nm2 and 10 ± 12 nm,

respectively, after the film growth for 1 min, whereas the

crystal nuclei of circulene 10 reach substantially smaller

sizes (the surface area is 1200 nm2 and the height is

2 ± 5 nm) during the same period of time. The grains of

sulflower 9 continue to grow with time and fill the surface of

the support, after which the growth occurs in the direction

perpendicular to the surface of the substrate. Due to a much

smaller size, the grains of circulene 10 fill the total surface of

the substrate at once with no signs of the lateral growth to

form a high-dispersion film compared with circulene 9.

The functionalization of hetero[8]circulenes leads to

changes in the structural organization of the crystals. In

particular, the introduction of alkyl substituents into the

outer perimeter of circulenes hinders stacking interactions

between the molecules in the crystal.23, 24, 64 Thus, in the

condensed state tetra-tert-butyl-substituted azatrioxa[8]cir-

culene 11 (Fig. 4 a) is associated to form isolated p-stacked
dimers (the distance between the parallel planes of the

molecules is 3.4 �A), resulting in a slight deformation of the

macrocycle and a sligh deviation from the planarity of

COTR to form a truncated cone-shaped structure. The

presence of four tert-butyl and two n-propyl substituents

in the outer perimeter of diazadioxa[8]circulene 12 interferes

with the formation of p-stacked dimers in the crystalline

phase (see Fig. 4 b): the molecules form infinite zigzag

ribbons in the ac plane rotated with respect to each other

by 458. A similar zigzag arrangement of molecules in the

crystal and the absence of aggregation (the tilt angle of the

ribbons is *708) is observed also in tetra-tert-butyltetra-

oxa[8]circulene (But4-TOC) 21 characterized by the regular

arrangement of the substituents along the outer perimeter

(Fig. 5 a).64, 65

Interesting data on the observed aggregation of

But
4-TOC in solution and the crystalline phase have been

reported.64

Table 2. Total energy of intermolecular interactions in dimers of
octathia[8]circulene 9 and sym-tetraselenatetrathia[8]circulene 10.57

Circulene Energy /kcal mol71

A1 A2 A3 A4 hexamer a

9 712.3 73.0 74.4 72.6 756.8

(722.5) b (72.2) b (72.1) b (71.4) b

10 79.7 74.0 72.9 72.7 749.7

a The stabilization energy of the hexamer was estimated by the formula

2A1+4A2+4A3+A4.
b The values in parentheses were taken from Ref. 61.

a

a

c

c

b

b

b

a

Figure 4. Crystal packing modes of azaoxa[8]circulenes 11 (a) 23

and 12 (b).24
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In this case, the fact of aggregation is rather strange

taking into account the presence of four bulky tert-butyl

substituents in the outer perimeter, which usually hinder

the aggregation of organic molecules.66 ± 68 The unusual

behaviour of this circulene in solution was explained 64

based on the mechanism of cooperative polymerization.69

Besides, it was shown 65 that the aggregation of But
4-TOC

can also occur by a key ± lock mechanism involving the

aggregation and, in particular, dimerization of the mole-

cules in such a manner that a molecule of one of the four

possible regioisomers 65 provides a free space for the

location of tert-butyl groups of a molecule of another

regioisomer. In this situation, one molecule acts as a lock

that accepts a specific key molecule. This mechanism is

supported by the X-ray diffraction data for two

regioisomers of But
4-TOC 21 and 22 (see Fig. 5), which

differ in the arrangement of tert-butyl substituents. Thus,

regioisomer 21, in which the But groups are arranged in a

regular manner, does not form p-stacked dimers in the

crystalline phase, as shown above. However, p-stacked
dimers were found in the crystal packing of regioisomer 22

(see Fig. 5 b) characterized by a large free volume in the

outer perimeter due to the irregular arrangement of the

substituents. Therefore, the aggregation of regioisomers

of But
4-TOC in solution is possible only in the presence of

several regioisomeric forms, and the quantitative distribu-

tion over the conformers is to a large extent determined by

the positions of the tert-butyl groups and stabilization

effects through intramolecular CH O hydrogen bonds

(see Fig. 5).65

IV. Quantum chemical studies of the structures of
hetero[8]circulenes

IV.1. Hypothetical heterocirculenes
Modern quantum organic chemistry is being actively devel-

oped due to a great progress in computational technologies,

the design of various software for quantum chemical simu-

lation accessible to a broad range of users and the improve-

ment of quantum chemical approximations. As a result,

quantum chemistry currently provides qualitatively new

predictions because it can be used to simulate the structure

and properties of new molecules and materials in early steps

of their design.

For instance, [8]circulene 5 0, which was synthesized as

late as in 2013,9 was studied in detail by quantum chemical

methods at different levels of theory 40 ± 42 10 years prior to

its successful synthesis, and the calculated shape and struc-

tural parameters proved to be consistent with the X-ray

diffraction data 9 (circulene 50 is a simpler analogue of

compounds 5 containing no methyl and aryl substituents,

the cyclic structure of which was correctly predicted to have

a saddle-shaped form with D2d symmetry).40 ± 42 The struc-

ture and some energy properties of quadrannulene 4 were

also predicted 43 shortly before the first synthesis 8 of this

bowl-shaped representative of benzocirculenes in 2010.

Therefore, the specific features of the electronic structures

of hypothetical heterocirculenes or those which were not

isolated in the individual state deserve special consideration

in the present review.

Nakamura et al.70 synthesized planar tetramer 23 of

the free-base porphyrin and the corresponding tetrame-

a c
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Figure 5. Equilibrium structures of two regioisomers (21 and 22) of tetra-tert-butyltetraoxa[8]circulene (a, c) and their crystal packing
modes (b, d ) (intramolecular hydrogen bonds determined by the QTAIM method are indicated by dashed lines).65
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talloporphyrins 24 (see Refs. 70 ± 72) based on planar

tetraaza[8]circulene. The structural parameters of tet-

ramers 23 and 24 were studied 70 ± 72 in terms of the density

functional theory 73, 74 using the B3LYP exchange corre-

lation functional 75, 76 and the 6-31G(d) 77 (for N, C and H

atoms) and Lanl2DZ 78 (for Zn atoms) basis sets. (The

structural data are presented in Table 3 at the end of

Section IV.) It was shown that the alternation of the bond

lengths a and a 0 (DR) in the inner COTR is rather small

(0.039 and 0.052 �A for tetramers 23 and 24, respectively,

where M=Zn); however this alternation is substantially

larger than that observed for TOC 7 and 8 (DR=0.015

and 0.016 �A, respectively) and azaoxa[8]circulenes 11 and

12 (DR=0.023 and 0.021 �A, respectively). For compar-

ison, the parameter DR for free cyclooctatetraene with D2d

symmetry and hypothetical planar COTR with D4h sym-

metry is substantially larger (0.133 and 0.121 �A, respec-

tively).54, 79 Therefore, the characteristic equalization of

the C7C bond lengths is observed in the inner ring of

hetero[8]circulene molecules, which is inherent in most of

aromatic molecules.80 However, quantum chemical calcu-

lations in terms of the theory of nucleus-independent

chemical shifts (NICS) 80, 81 for circulenes 9 ± 12, 14 ± 20,

23 and 24 disprove the aromatic character of COTR and

predict its antiaromaticity.23, 24, 70 ± 72, 82, 83 (In the case

under consideration, the terms `aromaticity' and `antiar-

omaticity' imply the prevalence of diatropic/paratropic

ring currents in the cyclic conjugated system, which is the

necessary characteristic feature of aromatic/antiaromatic

systems.)

The structural and aromatic properties of hypothetical

heterocirculenes 25 and 26 were recently studied by

Gribanova et al.84, 85 by the DFT/B3LYP/6-311G(d)

method.73 ± 76, 86 In particular, it was shown that the shape

of the macrocycle of these heterocirculenes is governed by

the balance between the steric factor and the effect of the

p-electron delocalization depending on the electronegativity

of the heteroatoms X and Y. An increase in the size of

peripheral Y atoms and the expansion of the inner ring lead

to a gradual change from the bowl-shaped structure of

circulenes (Y=N, BF2) to the planar and then to the

saddle-shaped structure (Y=P, As, AlF2 , GaF2), which is

in good agreement with Wynberg ±Dopper's structural

model.33 In addition, it was shown 84, 85 that [8]circulenes

25b (n=4, X=N, Y=BF2) and 25c (n=4; X=Y=BF2)

can undergo stacking dimerization to form hypothetical

heterofullerenes, for which high stability and proton affinity

were predicted. An idea of the design of functional hetero-

fullerenes based on heterocirculenes has also been pro-

posed.87 In particular, it was shown that the fullerene

C32N16 constructed by the stacking dimerization of hetero-

circulene 27 (N-containing analogue of sulflower 9) is

thermodynamically stable and is highly prone to hydro-

genation.
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The structure of hypothetical decathia[10]circulene 28

was studied 88 by the B3LYP/6-311G(d) method 73 ± 76, 86 in

the ground and electronically excited states. It was shown

that circulene 28 has a corrugated shape in the singlet

ground electronic state (the point symmetry group C2).

This is in good agreement with Wynberg ±Dopper's model

(Ssect= 108645=4508). The S_S distance between adja-

cent thiophene rings is 3.03 ± 3.04 �A and this value is shorter

than the corresponding distance in circulene 9 (3.23 �A).

This is associated with the contraction of the thiophene

rings along the lateral edges in circulene 28 due to an

expansion of the macrocycle. In the triplet state, the

symmetry of the decathia[10]circulene molecule is Cs , and

the molecule is strongly deformed, resulting in a large

scatter in the bond lengths a and a0 in the inner ring

(see Table 3 at the end of Section IV). The bonds b, c and

c 0 are also essentially nonequivalent. Evidently, the state T1

of circulene 28, which is discussed in Ref. 88, either does not

have a pronounced minimum or appears as a local mini-

mum on the potential energy hypersurface for the T1 state.

The recently studied 89 hypothetical circulenes 29 ± 31

containing four boron atoms are of particular interest in

view of their electronic structures. In particular, it was

shown that the presence of electron-deficient boron atoms

has a substantial effect on the p-electron delocalization in

the macrocycle. As a consequence, circulenes 30b and 31 are

fully aromatic (the inner COTR and the surrounding rings

become aromatic as opposed to all known hetero[8]circu-

lenes), whereas circulenes 29 and 30a contain, on the

contrary, the antiaromatic inner ring surrounded by a non-

aromatic system of rings. Actually, the large bond length

alternation parameter for the C=C bonds in the inner

COTR of compounds 29 and 30a is indicative of the absence

of effective cyclic conjugation responsible for the produc-

tion of diamagnetic (`aromatic') ring currents. It should be

noted that circulenes 29 and 30 have a planar structure

characteristic of most of unstrained hetero[8]circulenes,

whereas circulene 31, as well as its structural analogue

[8,5]coronene, are bowl-shaped.90

IV.2. Synthesized hetero[8]circulenes
Quantum chemical studies of the structures of the synthe-

sized hetero[8]circulenes cover all classes and include, in

particular, thia[8]circulenes 91 ± 95 9 and 10, tetraoxa[8]circu-

lenes 92, 96 ± 99 7, 8 and 15 ± 18 (R=H) and azaoxa[8]circu-

lenes 23, 24, 100 11 and 12 (Table 3). Calculations with full

Table 3. Bond lengths in molecules of selected heterocirculenes estimated by quantum chemical calculations.

Circulene a Approximation a (a 0) /�A b�A c (c 0)�A d (d 0)�A DR b Ref.

7 S0 (D4h) B3LYP/6-31G(d,p) 1.396 7 7 7 0.035 92

(1.431)

B3LYP/6-31G(d) 1.396 1.400 1.400 1.403 0.035 96, 97

(1.431) (1.385)

7 T1 (C2v) UB3LYP/6-31G(d) 1.424 1.421 1.378 1.437 0.028 96

(1.396) (1.385)

8 (D4h) B3LYP/6-31G(d) 1.415 1.387 1.424 1.445 0.014 97

(1.429) (1.380)

9 (D8h) B3LYP/6-31G(d,p) 1.425 1.381 1.766 0 91, 92

PW-91/TZP 1.420 1.380 1.760 0 93

B3P86/6-31G(d,p) 1.418 1.378 1.755 0 94

10 (D4h) B3P86/6-31G(d,p) 1.429 1.383 1.738 0.002 94

(1.431) (1.870)

11 (Cs) B3LYP/6-31G(d) 1.401 1.412 1.409 1.403 0.029 100

(1.430) (1.397)

12 (Cs) B3LYP/6-31G(d) 1.402 1.415 1.402 1.405 0.034 100

(1.436) (1.394)

15, 16, 18 (C2v), B3LYP/6-31G(d) 1.413 1.385 1.425 1.446 0.017 98

17 (D2h) (R=H) (1.430) (1.382) (1.403)

23 B3LYP/6-31G(d) 1.401 1.401 1.407 1.408 0.039 71

(1.440) (1.436)

24 B3LYP/6-31G(d)(C, N, H)/ 1.392 7 7 7 0.052 70

(M=Zn) Lanl2DZ (Zn) 1.444

28 S0 (C2) B3LYP/6-311G(d) 1.479 1.399 1.723 7 88

28 T1 (Cs) UB3LYP/6-311G(d) 1.376 ± 1.471 1.386 ± 1.485 1.725 ± 1.769 7 88

29 (C4) B3LYP/6-31G(d) 1.403 1.449 1.384 1.393 0.123 89

(1.526) (1.542)

30a (C4) B3LYP/6-31G(d) 1.392 1.398 1.741 0.072 89

(1.464) (1.588)

30b (C8) B3LYP/6-31G(d) 1.434 1.410 1.588 0 89

31 (C4) B3LYP/6-31G(d) 1.405 1.458 1.425 0.019 89

(1.386) (1.579)

COTR (D4h) CASSCF(8,8)/6-31G(d,p) 1.472 0.121 54

(1.351)

a S0 is the singlet ground state, T1 is the lowest triplet excited state; b for the bonds a and a 0.
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geometry optimization predict a planar structure of the

macrocycle for all the above-mentioned circulenes. In par-

ticular, a molecule of TOC 7 in the singlet ground state is

planar (point symmetry group D4h). The inner eight-mem-

bered ring has a system of short (1.396�A) and long

(1.431 �A) C7C bonds: short bonds belong to the benzene

rings; long bonds, to the furan rings. The excitation of TOC

7 to the first triplet excited state is accompanied by

distortion of the molecular symmetry (point symmetry

group C2v) as a result of the formation of the antiquinoid

structure of the benzene rings compared to the pure aro-

matic structure in the singlet ground state. Besides, there is

a different pattern of the single and double bond alternation

in the inner COTR. Tetraoxa[8]circulene molecules 15 ± 18

(R=H) containing naphthalene moieties have identical

structural parameters (the deviations of the bond lengths

are not larger than 0.00 �A; the bond angles differ by no

more than 18). The distinguishing feature of these com-

pounds is the small alternation parameter for the inner ring

(DR=0.017 �A). The parameter DR for tetraoxa[8]circulene

8 containing four naphthalene moieties is even smaller and

is equal to 0.014 �A. This is indirect evidence that the inner

COTR has a weak antiaromatic character. This conclusion

correlates well with the calculations of other aromaticity

indices in the series of TOC 7, 8 and 15 ± 18 (R=H).82, 83

In our studies, we always pay attention to the triplet

state T1 , optimize its geometry and endeavour to predict

phosphorescence and other properties of the triplet T1. In

terms of the spin-catalysis concept,12 the triplet state is not

only responsible for the photochemical properties of the

substance but also greatly influences its catalytic reactions

(both in the presence of homogeneous and heterogeneous

catalysts). The triplet T1 may also have an effect on the

magnetic properties and NMR spectroscopic parameters of

diamagnetic compounds.

A comparison of the structural parameters of aza[8]cir-

culenes 11 and 12 with those of furan, pyrrole and benzene

molecules shows that the condensation leads to a more

substantial elongation of the C7O and C7N bonds com-

pared with the C=C bonds of the benzene moieties.

However, on the whole, there is a tendency to the expansion

of benzene, furan and pyrrole rings involved in the macro-

cycle (compared to the free molecules) and to equalization

of C=C, C7O and C7N bond lengths in the outer

perimeter. The bond length equalization in the outer perim-

eter of azaoxa[8]circulenes and tetraoxa[8]circulenes attests

to their aromatic character, like the characteristic signals of

`aromatic' protons in the 1H NMR spectra.23, 24 Although

being planar, the inner octatetraene ring has the antiaro-

matic character, as evidenced also by recent calcula-

tions 23, 24 of nucleus-independent chemical shifts 80, 81 in

the centre of the octatetraene ring [NICS(0)] and 1 �A
above the centre [NICS(1)]. These indices have positive

values and attest to the dominant role of antiaromatic

paramagnetic ring currents in COTR.

Sulflower molecules 9 and 10 are distinguished among

all other hetero[8]circulenes by high symmetry and the

absence of hydrogen atoms. According to the results of

DFT calculations, octathia[8]circulene 9 has the singlet

ground state 1A1g and the point group of symmetry D8h .

Therefore, the structural parameters of these compounds

include only three bond lengths (see Table 3). Due to high

symmetry, the bond length alternation in the inner ring is

unavoidably absent, which is in agreement with the X-ray

diffraction data. For selenium-containing sulflower 10, the

alternation parameter is negligibly small (0.002 �A); how-

ever, this is not evidence of the aromaticity of the com-

pound. Numerous calculations 52, 92, 94 demonstrated that

sulflowers are systems with unusual electronic structures.

Thus, the inner ring is strictly antiaromatic, and the sur-

rounding system of thiophene and selenophene rings is

aromatic and stabilizes the planar structure of these mole-

cules. The calculation of the ring current strength in

molecule 9 by the GIMIC (gauge including magnetically

induced current) method 101, 102 showed that the total ring

current is almost equal to zero (70.2 nA T71). This is

indicative of the mutual compensation of the paratropic

ring current in the inner eight-membered ring and the outer-

perimeter diatropic ring current (Fig. 6 a). Similar conclu-

sions were drawn for selenasulflower 10 (the total current

strength is 0.6 nA T71) and tetraoxa[8]circulene 7 (Fig. 6 b;

72.2 nA T71), as well as for all other tetraoxa[8]circulenes

and azaoxa[8]circulenes, with the difference that weak

induced magnetic currents are observed in the selenophene

and benzene rings of the latter compounds.

In summary of the structural part of the review, it

should be noted that the application of Wynberg ±Dopper's

structural model 33 to heterocirculene molecules gives qual-

itatively correct predictions of the shape of these molecules,

which are usually in good agreement with the X-ray

diffraction data. However, in some cases, the structure of

heterocirculenes proved to be sensitive to stacking interac-

tions between molecules in the crystal,23 which are not taken

into account in terms of Wynberg ±Dopper's model. In

addition, this model is not geometrically rigorous, because

the sector angles for most of the rings differ from the ideal

values of 308, 458 or 608 (see Refs 33 ± 35) and vary depend-

ing on the efficiency of p-conjugation. As a consequence,

some structures which are planar according to the results of

X-ray diffraction study and quantum chemical calculations

have an angular excess or deficit. For example, assuming

that the sectors of furan and pyrrole are 328 and 358,
respectively (rather than 308, which was used for simplicity

in the studies 23, 35), circulene molecules 7 and 12 have a

sector excess of 88 and 148. These values correspond to a

quasiplanar saddle-shaped structure and are inconsistent

with the X-ray diffraction data. Evidently, in these cases,

the effective p-conjugation is essential for the planar struc-

ture. This factor is responsible for the specific aromatic

a b

Figure 6. Ring current density in octathia[8]circulene 9 (a) and
tetraoxa[8]circulene 7 (b).103 The diatropic ring current density is
shown in blue; the paratropic ring current density is red.
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character of the macrocycle as a whole and stabilizes its

planar structure.

V. Spectroscopic properties of hetero[8]circulenes

The optical spectra of hetero[8]circulenes are of particular

interest because these compounds are promising materials

for organic light-emitting diodes (OLED) 32 and organic

field-effect transistors.22, 29 ± 31, 95, 104, 105 However, research-

ers encountered serious difficulties in investigating the

optical spectra of hetero[8]circulenes because of very low

solubility of these compounds in the majority of known

solvents. This problem can be eliminated by introducting

alkyl substituents (for example, Prn, But, n-C11H23) into the

outer perimeter of hetero[8]circulenes.46, 50, 64 Alkyl deriva-

tives of heterocirculenes are readily soluble in organic

solvents. This allowed researchers to study their spectro-

scopic properties by different experimental methods of

molecular spectroscopy and mass spectrometry.

V.1. Mass-spectrometric studies
The first mass spectra of heterocirculenes were obtained by

HoÈ gberg 44 ± 46 for TOC 7 and 8 and their derivatives

(electron impact ionization, the electron energy was 70 eV,

the temperature in the chamber was 250 8C). The mass

spectrum of circulene 8 shows only three characteristic

signals at m/z 560 (M+, 100%), 280 (M2+, 36%) and

186.7 (M3+, 6%) (Table 4). No other signals with an

intensity of >1% were observed in the mass spectrum of

TOC 8. These data attest to exceptionally high stability of

the molecular ions M+, M2+ and M3+ of TOC 8, as well as

to the p-electronic character of these ions, i.e., unpaired

electrons of the radical cations M+ and M3+ and of the

excited M2+ cation lie in the p-orbitals and are strongly

delocalized.

In contrast to TOC 8, the mass spectrum of

tetraoxa[8]circulene 7 obtained under the same conditions

is more complicated. It was shown 44 that, apart from

unfragmented molecular ions M+ and M2+, the mass

spectrum contains ions that are formed as a result of

efficient dissociation of M+ and M2+ with the successive

elimination of four CO fragments (Mr=28) (see Table 4).

In our opinion, the unidentified peaks at m/z 152 and 120

belong to the [M72CO]2+ and M3+ ions, respectively. The

mass spectra of alkyl-substituted TOC 14 (R=Me, Prn) 46

display, apart from characteristic signals of M+ and M2+

ions, the elimination of alkyl substituents. Thus, peaks

corresponding to the successive elimination of six methyl

groups from the molecular ion were identified in the mass

spectrum of TOC 14 (R=Me).46 The intensity of these

peaks monotonically decreases with an increase in the

number of lost methyl groups. In the mass spectrum of

propyl-substituted TOC 14, numerous peaks were identified

and assigned to the successive elimination of 19 alkyl

carbon atoms from M+ and M2+ ions (see Table 4).

Circulenes 15 ± 18 (R=H) belong to mixed TOC

because these compounds contain benzene and naphthalene

moieties in different ratios. All these compounds give

similar mass spectra,45 which show two main peaks belong-

ing to mono- and dications M+ and M2+. The experimental

data on the fragmentation of M+ and M2+ accompanied by

the elimination of CO groups (like for TOC 7) are absent.

Dopper and Wynberg made an essential contribution to

investigations of the mass spectra of heterocirculenes 1, 33 by

studying a series of thia[7]circulenes 13 and 32 ± 34 with

different numbers of tiophene units in different positions.

The mass spectra of these circulenes show only peaks

Table 4. Parameters of main peaks in the mass spectra of heterocirculenes.

Circulene m/z (assignment, intensity) Ref.

7 360 (M+, 100%), 332 ([M7CO]+, 1.2%), 304 ([M72CO]+, 7%), 304 ([M73CO]+, 3.5%), 44

248 ([M74CO]+, 11%), 180 (M2+, 14%), 152 ([M72CO]2+, 4%), 124 ([M74CO]2+, 16%),

120 (M3+, 1.2%)

8 560 (M+, 100%), 280 (M2+, 36%), 186.7 (M3+, 6%) 44, 45

9 448 (M+) 35

10 639.5 (M+, 81%), 319.8 (M2+, 15%), 685 (38+, 2%), 589 (37+, 8%), 560 (39+, 39.5%), 22

479.7 ([M72 Se]+, 9.4%)

11 625 (M+) 23

13 368 (M+, 100%), 184 (M2+, 40%) 1, 33

14 (R=Me) 472 (M+, 100%), 457 ([M7CH3]+, 14%), 236 (M2+, 17%), 228.5 ([M7CH3]2+, 13%) 46

14 (R=Prn) 696 (M+, 100%), 348 (M2+, 16%); 667 (17%), 639 (5%), 623 (4%), 595 (4%), 333.5 (7%), 46

319.5 (6.5%), 305 (11%), 291 (25%), 269 (7%)

15 (R=H) 410 (M+), 205 (M2+, 16%) 45

16 (R=H) 460 (M+, 100%), 230 (M2+, 33%) 45

17 (R=H) 510 (M+, 100%), 255 (M2+, 57%) 45

15 ± 18 (R=n-C11H23) 15: 1335 (M+); 16, 17: 1077 (M+); 18: 818.4 (M+) 32

19, 20 19: 680.8 (M+); 20: 624.7 (M+) 51

21 584.7 (M+) 64

23, 24 23: 2724.1 (M+); 24 (M=Zn): 2977.4 (M+); 24 (M=Cu): 2968.5 (M+) 70, 71

32 362 (M+, 100%), 181 (M2+, 35%) 33

33 374 (M+, 100%), 187 (M2+, 80%) 33

34 368 (M+, 100%), 184 (M2+, 50%) 33

35 306 (M+) 33

36 290 (M+), 145 (M2+) 33
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assigned to the molecular ions M+ and M2+. The further

fragmentation of these ions is minor, which attests to their

high stability. For example, the intensity of the [M7S]+,

[M7H2S]+, [M7CHS]+, [M7CH3S]+ and [M7C2S2]+

fragment ions is not higher than 4%.33 The exception is

tetrathia[7]circulene 33. In the mass spectrum of the latter

compound, the intensity of the peak of [M7CHS]+ ions is

8%. It should be noted that this is the only ion identified in

the mass spectra of all thia[7]circulenes 13 and 32 ± 34.

Thiacoronene 35 is yet another example of the synthe-

sized heterocirculenes. A characteristic feature of this com-

pound is that it is easily oxidized to form the corresponding

sulfone. The mass spectrum of the latter shows, apart from

a molecular ion peak at m/z 338, intense peaks at m/z 290

and 145 assigned to mono- and dications of oxocoronene

36.33 The unusually intense peak at m/z 290 attests to high

stability of the molecular ion of oxocoronene 36.

Up-to-date mass-spectrometric studies of heterocircu-

lenes 23, 24, 32, 51, 70, 71 are usually limited to the identification

of the molecular ion M+ with the goal of establishing the

molecular formula of the compound as a supplement to

more reliable NMR spectroscopy. In particular, mass spec-

trometry was used to confirm the qualitative and quantita-

tive compositions of sulflower 9, azacirculene 11, TOC

15 ± 20 and porphyrin tetramers 23 and 24.

The mass spectrum of circulene 10 is rather compli-

cated,22 which is not typical of most of hetero[8]circulenes.

In particular, peaks of unsymmetrical circulenes of compo-

sition C16S5Se3 (37) and C16S3Se5 (38), as well as of

dehydrohelicene C16H2S4Se3 (39), were identified in this

spectrum. These compounds are formed as impurities 35 in

the synthesis of the target circulene 10. Unfortunately, only

the molecular ion at m/z 448 (M+) was identified in the

mass-spectrometric study of sulflower 9.35 Therefore, the

formation of stable multicharged cations and, in particular,

a dication can only be suggested by analogy with valence-

isoelectronic TOC 7 and STC 10.

V.2. NMR and EPR spectroscopic studies
The NMR spectra of the majority of heterocirculenes are

difficult to record because of very low solubility of these

compounds. In particular, Wynberg and Dopper 33 failed to

measure 13C NMR spectra of thia[7]circulenes 13 and

32 ± 34, but recorded their 1H NMR spectra in carbon

disulfide. These spectra show well-known multiplets at

7.6 ppm characteristic of fused sulfur-containing hetero-

cycles.33 These experimental data refute the assumption

that polarized resonance structures are present as an

admixture to the ground electronic state of thia[7]circulenes,

as it was suggested 1, 33 for corannulene 1.

Thia[7]circulenes 13 and 33 can undergo electroreduc-

tion to form the corresponding radical anions. Taking into

account the symmetry, the radical anions of compounds 13

and 33 contain three and four groups of equivalent protons,

respectively, as was established by EPR spectroscopy.33 The

proton hyperfine splitting constants (a /G) are presented in

Fig. 7.

Radical cations of sulflower 9 were also studied by EPR

spectroscopy.21 Only a few solvents dissolve sulflower,

among which is trifluoromethanesulfonic acid acting as a

strong oxidant. The dissolution in this solvent gives a purple

solution (the acid and the starting amorphous sulflower are

colourless), and the EPR spectrum shows a broad singlet

(g-factor 2.008). Most likely, this signal is due to radical

cations of sulflower as paramagnetic species, the presence of

which accounts for a change in the colour of sulflower upon

the dissolution. Our calculations of the anisotropy of the

g-factor for the radical cation of sulflower 9 by the linear

response method 106 gave the positive shift Dg=0.0099 in

good agreement with the experimental data

(Dg=0.0057).21

Unlike other thiacirculenes, sulflower 9 was character-

ized also by 13C NMR spectroscopy in the condensed phase

under magic angle spinning (MAS) conditions.107 This

technique provides high-resolution spectra. Due to high

symmetry of circulene 9, the 13C NMR spectrum of this

compound shows only two signals at d 125 and 138 ppm

assigned to two groups of equivalent Cb and Ca atoms in the

inner and outer perimeters of the macrocycle, respectively.

The signal at d 138 ppm is observed also in the 13C NMR

spectra of fused di-, tri- and tetratrienes.108, 109 The signal at

d 125 ppm is not reproduced in the 13C NMR spectra of

these solutions. This is attributed to a specific character of

the shielding of the nuclei of Cb atoms in the inner

antiaromatic COTR due to paratropic ring currents.

The spectroscopic features of unsubstituted tetraoxa[8]-

circulenes were poorly studied by 13C and 1H NMR spec-
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of circulenes 13 and 33.33
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troscopy because of low solubility of these compounds, in

contrast to alkyl-substituted TOC, which were character-

ized by 13C and 1H NMR spectroscopy. The most useful

information for the estimation of the aromatic character of

the macrocycle in TOC is provided by 1H NMR spectro-

scopy. Unfortunately, it is impossible to draw conclusions

about the aromatic properties of the macrocycle in octaal-

kyltetraoxa[8]circulene 14 based on its 1H NMR spectrum

(R=n-C11H23) 32, 50 because all aromatic protons are

replaced, and the 1H NMR spectrum dispalys only multip-

lets at d 1.27 ± 3.17 ppm 50 characteristic of aliphatic pro-

tons.

The 1H NMR spectra of mixed TOC 15 ± 18

(R=n-C11H23) 32 show, apart from signals of aliphatic

protons at d 0.9 ± 3.05 ppm, multiplets at d 7.45 ± 8.5 ppm

assigned to different groups of aromatic protons of unsub-

stituted naphthalene moieties. Signals of aromatic protons

at d 7.68 (s, 4H) and 7.71 (s, 2H), 7.60 (s, 2H) ppm in the
1H NMR spectra of isomeric tetra-tert-butyltetraoxa[8]cir-

culenes 21 and 22, respectively,64 provide a direct evidence

of the aromatic character of the benzene and furan rings in

TOC molecules (Fig. 8). The aliphatic hydrogen atoms give

characteristic resonance signals at d 1.70 (s, 36H) and 1.75

(s, 18H), 1.70 (s, 18H) ppm, respectively.

A similar pattern is observed in the 1H NMR spectrum

of azatrioxa[8]circulene 11.24 Aromatic protons adjacent to

the furan ring give a characteristic singlet at d 7.67

(s, 2H) ppm, whereas the resonance signal of protons

adjacent to the pyrrole ring is slightly shifted upfield:

d=7.34 (s, 2H) ppm.

It is interesting to study heterocirculene molecules in

terms of the NICS theory, which is often applied to

investigate the aromaticity of organic compounds 80 and,

in particular, of planar cycloocatatetra-

enes.22, 23, 54 ± 56, 80 ± 85, 110 ± 114 In terms of the concept of

nuclear magnetic resonance, the NICS indices correspond

to the absolute values of the magnetic shielding, which are

calculated at certain points of the molecule. As a rule, the

NICS indices are calculated in the centre of the ring

[NICS(0)] and at points above the centre with a step of n

generally multiple to 1 �A [NICS(n)]. The NICS(1) values

were recommended 80, 81 for the use instead of the NICS(0)

indices in order to more correctly take into account p-elec-
tronic effects. Significantly negative values of NICS(0) and

NICS(1) in the centre of the ring attest to induced diatropic

ring currents, which corresponds to the aromaticity,

whereas the positive values of NICS indices at these points

are indicative of paratropic ring currents, i.e., of antiaro-

maticity.80

According to this criterion, it was found that the inner

eight-membered ring in most of circulene molecules

7 ± 12,23, 24, 52, 92, 94, 115 15 ± 19,82, 83 porphyrins 23, 24

(Refs 70 and 71) and hypothetical circulenes 25, 26, 29 ± 31

(Refs 84, 85 and 89) is characterized by positive values of

NICS(0) and NICS(1) (Table 5) and, consequently, has an

antiaromatic character. For example, the NICS(0) and

NICS(1) indices for tetraoxa[8]circulene molecules calcu-

lated in the centre of the eight-membered ring vary in ranges

of 6.55 ± 9.23 and 3.79 ± 5.99 ppm, respectively (Fig. 9). In

the case of the formation of TOC dications, which were

identified in mass-spectrometric experiments, the inner ring

retains the antiaromatic character (Fig. 10). However, in

the case of the formation of dianions (for example, in the

electrochemical reduction), the eight-membered ring

acquires the aromatic character, and the dianion becomes

`doubly aromatic'.22, 23 It should be noted that the benzene

and furan rings of TOC retain the aromatic character upon

double ionization (in the case of the formation of both

dications and dianions, see Fig. 10). Therefore, the dianions

of TOC and AOC can be considered as systems having

`double' aromaticity and, consequently, they would be

expected to be highly stable.

As can be seen in Fig, 9, all benzene rings in neutral

TOC molecules are characterized by significantly negative

values of NICS(0) and NICS(1), which vary in ranges from

710.53 to 77.56 and from 710.06 to 77.89 ppm, respec-

tively. These values are rather close to the corresponding

values for the free benzene molecule. The same conclusion is

true also for the naphthalene moieties of TOC as compared

with free naphthalene (see Fig. 9). However, the NICS(0)

and NICS(1) indices for the free and fused furan rings are
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Figure 8. Structures of two regioisomers of tetra-tert-butylte-
traoxa[8]circulene (groups of equivalent aromatic protons are
drawn in different colours).

Table 5. Indices NICS (ppm) for the inner COT ring in hetero[8]circulene molecules.

Circulene NICS(0) NICS(1) Ref. Circulene NICS(0) NICS(1) Ref.

9 5.6 2.4 52, 115 25a (n=4) 73.3 to 6.6 7 85

[9]2+ (S1) 35.3 36.0 103 25a (n=5) 3.8 to 5.5 7 85

[9]2+ (T0) 71.4 73.1 103 26a 0.3 to 3.4 7 85

10 5.7 3.0 115 29 41.5 a 25.9 a 89

[10]2+ (S1) 36.9 37.9 103 30a 35.5 a 20.8 a 89

[10]2+ (T0) 2.1 70.2 103 30b 715.0 a 755.5 a 89

23 21.7 7 71 31 735.7 a 751.2 a 89

24 (M=Zn) 61.7 7 70 COT (D4h) 30.1 7 81

a The zz component of the magnetic shielding (NICSzz); the z axis is perpendicular to the plane of the molecule.
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substantially different in magnitude due to considerable

delocalization of the p-system of furan between adjacent

benzene rings. Therefore, there is a ribbon-like fused aro-

matic system of the benzene and furan rings closed around

the antiaromatic COTR in TOC molecules. Similar conclu-

sions were drawn by Radenkovic' et al.83 based on calcu-

lations of the ring current density in tetraoxa[8]circulenes.

Two types of ring currents were found in TOC molecules:

paratropic ring currents in the inner COTR and diatropic

currents in the outer perimeter, as it was shown in Fig. 6.{

In summary, it should be noted that all TOC under consid-

eration conventionally belong to nonaromatic compounds

in terms of the magnetic criterion of aromaticity estimated

by GIMIC (gauge including magnetically induced current is

close to zero), which, on the first glance, is contradictory to

low reactivity of these compounds. However, a detailed

consideration demonstrates that every chemical transforma-

tion of TOC, in particular the addition of reagents at

multiple bonds, leads to the disruption of aromatic systems

of furan and pyrrole rings, the aromatic character of which

is correctly predicted by both theoretical and experimental

methods. In our opinion, it is the specificity of the struc-

tures of TOC and other planar heterocirculenes that is

responsible for their nontrivial electronic structures. These

structures have no analogues among known compounds

and require further investigation.

It is easy to demonstrate that hetero[8]circulene mole-

cules do not meet the `annulene in annulene' concept,116

according to which the outer and inner perimeters should be

antiaromatic (because they have 4 n p-electrons: n=2 for

the inner ring and n=6 for the outer one) and characterized

by the presence of only paratropic ring currents.

The introduction of pyrrole rings instead of furan

moieties into the macrocycle of TOC does not lead to

substantial changes in the aromaticity of circulenes (see

Fig. 10).23, 24 The inner eight-membered ring of azacircu-

lenes has antiaromatic character in the case of neutral and

dicationic forms (see Fig. 10 b,c) and acquires aromatic

character in the dianion of AOC. The pyrrole, furan and

benzene rings retain the aromatic character upon double

ionization, as in TOC molecules.

Sulflowers 9 and 10 are isoelectronic analogues of TOC

and AOC; however, the aromaticity of the dications of OTC

9 and STC 10 is rather unusual. The calculations showed

that the highest occupied molecular orbitals (HOMO) of

OTC and STC are doubly degenerate (Fig. 11 a), in contrast
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Figure 9. Indices NICS(0) (top row, bold-face type) and NICS(1) (bottom row) in tetraoxa[8]circulene, benzene, naphthalene and furan
molecules calculated by the GIAO/B3LYP/6-311+G(d,p) method.82

{ In terms of the magnetic criterion, aromatic systems are those, in which

diatropic anticlockwise ring currents dominate, the antiaromatic systems

are those, in which paratropic clockwise ring currents play a key role, and

the nonaromatic systems are those with the total zero current.
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to tetraoxa[8]circulenes and azaoxa[8]circulenes. Conse-

quently, the double ionization (oxidation) of circulenes 9

and 10 should give rise to dications in the triplet electronic

state according to Hund's rule (see Fig. 11 b).

This assumption was stated for the first time in the

study 95 for sulflower 9, but no experimental or theoretical

justification was proposed. Our calculations by the B3LYP/

6-31+G(d) method proved that the triplet state is the

ground state for the dications of sulflowers 9 and 10, the

thiophene and selenophene rings in the triplet state being

aromatic (see Table 5), whereas the inner COT ring being

nonaromatic [the NICS(0) and NICS(1) indices are close to

zero, Table 6]. The singlet state of the dications of sul-

flowers 9 and 10 (see Fig. 11 c) is 4 kcal mol71 higher in

energy and, in addition, is fully antiaromatic (i.e., destabi-

lized), including the thiophene and selenophene rings.

The `double' aromaticity is characteristic also of neutral

hypothetical circulene 25a (n=4; X=Y=N), for which

the magnetic NICS criterion implies the aromatic character

of the inner COT ring (see Table 5) and the surrounding

heterocycles.85 Evidently, this is due to the predominant

contribution of the resonance structure, in which COTR

acquires an arbitrary charge 2+ due to the electron-with-

drawing environment of the nitrogen atoms. The same

conclusion is true for circulenes 30b and 31 containing

strongly electron-deficient boron atoms in the outer perim-

eter. For the free dication of COTR with the point group of

symmetry D8h , the NICS(0) index is 76.4 ppm,81 which is

rather close to 73.3 ppm for circulene 25a (n=4;

X=Y=N). The inner COT ring in circulenes 26a is non-

aromatic, because the planar structure of this ring is

distorted and the corresponding NICS(0) indices are close

to zero.

Partially annulated hetero[8]circulenes (quasicirculenes)

belong to the family of planar cyclooctatetraenes, and some

quasicirculenes contain alkene protons directly attached to

the eight-membered rings.117 ± 120 Due to this fact, the

aromatic properties of these compounds can be studied by
1H NMR spectroscopy. Dehydrohelicenes should be con-

sidered as the first synthesized heterocyclic quasicircu-

lenes.34, 49, 121, 122 The synthesis of these compounds is

based on the intramolecular cyclization of the correspond-

ing heterohelicenes,120 and they are the starting compounds

in the synthesis of thia[7]circulenes. More recently, dehy-

drohelicenes 39 and 40 containing the inner eight-membered

core 35, 123 and the cyclic dimer of dithienothiophene 41

(Ref. 92) were synthesized. Unfortunately, these compounds
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Figure 11. Schematic representation of HOMO of neutral OTC
and STC (a) and of the triplet (b) and singlet (c) states of their
dications.
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do not contain alkene protons directly attached to the eight-

membered ring, which could give characteristic signals in

the 1H NMR spectra indicative of the aromatic properties.

Structures 40 ± 46

Until recently, only two quasicirculenes containing such

unsubstituted protons were known. These are hydrocarbons

42 and 43, in which cyclooctatetraene is annulated to

biphenylene 117 and fluorene,119 respectively. However, in

2013 Aita et al.120 reported the synthesis of the first

dithienothiophene-annulated cyclooctatetraene 44 contain-

ing unsubstituted alkene hydrogen atoms. It was shown that

the signals of these protons appear in the 1H NMR spec-

trum in the region of 4.4 ± 4.7 ppm, and this is indicative of

the antiaromatic character of the inner eight-membered

ring. Our quantum chemical calculations at the GIAO/

B3LYP/6-311+G(d,p) level of theory confirmed the anti-

aromatic character of the inner eight-membered ring of

quasicirculenes 40 and 42 ± 46 based on the positive values

of NICS(0) and NICS(1).118 We also found that the aroma-

ticity of dithienothiophene quasicirculenes strongly depends

on the positions of the sulfur atoms in the annulated moiety.

For example, the inner COTR of quasicirculene 44 is

strictly antiaromatic [NICS(0)=+22.7 ppm, NICS(1)=

+17.5 ppm] and its properties are similar to those of free

COTR with D4h symmetry [NICS(0)=+30.1].81 The cor-

responding values of NICS(0) and NICS(1) for hypothetical

quasicirculene 45 are much smaller (+6.2 and +3.5 ppm)

and attest to the weak antiaromatic character of COTR.

This large difference in the NICS indices for two isomers 44

and 45 is due to distortion of the C=C bond alternation in

the inner COTR of quasicirculene 45. Thus, the calculated

bond lengths at the base of three thiophene rings proved to

be almost equal (within 0.01 �A), resulting in the violation of

the structural criterion of antiaromaticity of COTR, which

requires the strict alternation of single and double bonds.

The strict alternation of single and double bonds in the

series of quasicirculenes 45, 46 and 40 containing the odd

number of thiophene moieties makes it impossible to predict

the existence of the corresponding quasicirculenes contain-

ing an even number of thiophene rings. These compounds

should contain at least one sp3-hybridized carbon atom in

the annulated moiety or have a cationic structure to meet

the condition of planar COTR (as it was shown for

structures 47a,b with for thiophene rings).

Structures 47

As follows from the aforesaid, only quasicirculenes 45,

46 and 40 with an odd number of thiophene rings can exist

as planar partially annulated molecules. This is consistent

with the fact that only dehydrohelicene 40 has been synthe-

sized, whereas quasicirculenes with an even number of

thiophene rings were not prepared. We believe that quasi-

circulenes 45 and 46 can be synthesized and will have a

planar structure.

The behaviour of quasicirculenes 42 ± 44 in the double

ionization is similar to that of tetraoxa[8]circulene 7,
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Table 6. Indices NICS (ppm) for five- and six-membered rings in heterocirculenes.

Circulene NICS(0) NICS(1) Ref. Circulene NICS(0) NICS(1) Ref.

9 79.8 a 77.4 a 52, 115 25a (n=4) 714.0,e 78.9,e 76.4 e 7 85

[9]2+ (S1) 117.1,a 129.4 a 109.3,a 119.9 a 103 25a (n=5) 714.5,e 76.9,e 72.8 e 7 85

[9]2+ (T0) 75.7 to712.4 a 74.2 to710.6 a 103 26a 714.2,e 77.6,e 74.1 e 7 85

10 79.8,a 79.1 b 7 115 29 f 46.6,g 19.4 d 19.9,g 71.8 d 89

[10]2+ (S1) 141.5,a 124.9 a 130.3,a 116.4 a 103 30a (see f) 72.5,g 25.1 a 42.1,g 70.3 a 89

129.4 b 124.2 b 30b (see f) 20.1,g 20.3 g 77.7,g 77.7 g 89

[10]2+ (T0) 78.0,a 79.72 a 6.7,a 8.4 a 103 31 (see f) 6.5,g 71.0 h 732.6,g 734.5 h 89

75.2 to713.1 b 73.8 to711.3 b

23 74.8,c 75.2 d 7 71

aThiophene; b selenophene; c pyrrole; d benzene, eX,Y=N, P, As; f only the zz component of the magnetic shielding tensor (NICSzz) is given; the z

axis is perpendicular to the plane of the molecule; g borole, h cyclopentadienyl.
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azaoxa[8]circulene and diazadioxa[8]circulene (see

Fig. 10). For example, the inner COTR in the dianions

of quasicirculenes 42 ± 44 acquires the aromatic character,

in contrast to the dianions of quasicirculenes 40, 45 and

46, the inner ring of which has a weakly pronounced

antiaromatic (almost nonaromatic) character, as evi-

denced by small positive values of NICS(0) and NICS(1).

Upon double oxidation, all quasicirculenes 40 and 42 ± 46

retain the antiaromatic character of COTR and the aro-

matic character of the annulated moiety. The DFT calcu-

lations predict the triplet ground electronic state for the

dications of circulenes 40 and 46.

V.3. IR and Raman spectra of heterocirculenes
Raman and IR absorption spectra provide important infor-

mation for the analysis of the electronic and geometric

structures of hetero[8]circulene molecules.52, 97

Vibrational spectra of heterocirculenes were almost

not available until recently. For example, in the works by

Wynberg and Dopper 1, 33 aimed at the synthesis of

thia[7]circulenes, almost no IR spectroscopic data were

obtained, except those for intermediates of the synthesis,

certain functional groups of which were identified. In

particular, intense absorption bands n(C=O) at 1711

and 1720 cm71 were identified for di(methoxycarbonyl)-

trithia[7]circulene (analogue of compound 13 with two

methoxycarbonyl groups in one of the two fused benzene

rings), and it was shown that aliphatic CH groups are

absent.1 The IR spectrum of tetraoxa[8]circulene 8 is

relatively simple (due to high molecular symmetry) and

shows a number of unidentified bands (665, 760, 920,

1030, 1060, 1110, 1350, 1425 cm71).20 The spectrum of

TOC 14 (R=Prn) 46 is similar to the spectrum of com-

pound 11 and displays similar bands at 740, 940, 1090,

1230, 1380, 1460, 1690 cm71 and unassigned high-fre-

quency bands at 2860, 2920, 2950 cm71. Some progress

in the assignment of the observed spectral lines of these

specific compounds was reached by using a combined

approach to the analysis of vibrational spectra of heter-

o[8]circulenes based on experimental studies and quantum

chemical simulation by the DFT method.97 ± 100 In partic-

ular, it was shown that the vibrational spectra of heter-

o[8]circulenes have a characteristic and, in many aspects,

unique set of lines, the frequency and mode of which

substantially differ from those of the corresponding lines

in the spectra of structure-forming benzene, pyrrole,

furan, thiophene and naphthalene molecules.97 ± 100 These

results are extremely important for the analysis of

vibronic effects in the UV-Vis absorption and lumines-

cence spectra of hetero[8]circulenes, many of which show

vibrational bands.23, 24, 96

V.3.a. IR and Raman spectra of octathia[8]circulene

Sulflower 9 was the first heterocirculene, the IR and Raman

spectra of which were studied in detail both experimentally

and using quantum chemical calculations.52 The IR spec-

trum of this compound is very simple (Fig. 12 a) due to high

symmetry of the molecule (point symmetry group D8h) and

the presence of a large number of symmetry-forbidden

vibrational modes. Only in-plane e1u and out-of-plane a2u
vibrational modes are allowed in the IR spectrum. The

totally symmetric in-plane a1g vibrations, as well as the

doubly degenerate in-plane e2g vibrations and out-of-plane

e1g vibrations, are allowed in the Raman spectrum.52 There

is a total of 66 intramolecular vibrations (3N76, where the

number of atoms N=24, all e modes are degenerate)

distributed between the symmetry modes as follows:

Gvib=3 a1g+2 a2g+3 b1g+3 b2g+2 e1g+6 e2g+

+3 e3g+2 a2u+2 b1u+1 b2u+5 e1u+3 e2u+6 e3u

In the low-frequency region of the IR spectrum, there

are only two absorption bands at 278 and 500 cm71; the

former band has low intensity and was assigned 52 to in-

plane e1u vibrations of the macrocycle, and the latter high-

intensity band belongs to out-of-plane a2u bending vibra-

tions of the macrocycle. The doublet bands n(C7S) at

651/657 and 948/958 cm71, n(C=C) at 1037, 1110,

1405 cm71 and a very weak out-of-plane vibration band

of the macrocycle at 726 cm71 were identified in the

medium-frequency range.52 However, some weak bands in

the IR spectrum of sulflower (1345, 979, 864, 797 cm71) are

unidentified and, evidently, belong to symmetry-forbidden

vibrations, which are weakly allowed under the effect of

intermolecular interactions in the crystal structure. Unlike

the IR spectrum, the Raman spectrum of sulflower 9 is more

complicated (see Fig. 12 b) and is sensitive to the type of the

crystal structure.

Thus, the Raman spectrum of single-crystalline sul-

flower 9 displays a larger number of lines compared to the

Raman spectrum of an amorphous sample. Besides, these

lines in the spectrum of a crystalline sample are more

intense. In the low-frequency range of the Raman spectrum

(below 200 cm71) of amorphous sulflower 9, the Raman

bands are very weak and strongly broadened and, conse-

quently, their maxima cannot be determined with high

accuracy. However, in the spectrum of a crystalline sample

these lines are well-allowed and identified at 149 and

164 cm71 (see Ref. 52). It was assumed 52 that these lines

are due to out-of-plane e3g vibrations of the macrocycle,

which are forbidden in the Raman spectra for the point

symmetry group D8h , but they are weakly allowed as the

molecular symmetry in the crystal lattice decreases.52

In-plane vibrations of the macrocycle give a series of

Raman lines in the region below 600 cm71, among which

an intense doublet line with maxima at 345 and 338 cm71

should be distinguished. According to the results of the

study,52 the C7S stretching vibrations correspond to

medium-intensity bands at 630 and 829 cm71. In the

frequency range >1000 cm71, there are lines assigned to

different vibrational modes of C=C bonds.52 The IR and

Raman spectra of crystalline sulflower 9 are characterized

by Davydov splitting of Raman lines and IR absorption

bands 124 caused by resonance interactions between

excited molecules due to the excitation transfer from one

molecule to another (referred to as a vibrational exci-

ton).124 The splitting of the lines in the Raman spectrum

of crystalline sulflower 9 is rather large (2 ± 4 cm71).52

This is evidence of strong intermolecular interactions in

the crystalline state.

V.3.b. IR and Raman spectra of tetraoxa[8]circulenes

Tetraoxa[8]circulene 7 is the simplest representative of the

class. The IR and Raman spectra of this compound were

studied in most detail.97 ± 100, 125 Circulene molecule 7 has

the point symmetry group D4h , consists of 36 atoms and
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gives 102 normal vibrations (NV) distributed between the

symmetry modes as follows:

Gvib=34 eu+9 a1g+8 a2g+9 b1g+9 b2g+16eg+

+ 4 a1u+4 a2u+5 b1u+4 b2u

It should be noted that only in-plane eu vibrations and

out-of-plane a2u vibrations are active in the IR spectrum; in-

plane a1g , b1g , b2g vibrations and out-of-plane eg vibrations

are active in the Raman spectrum. The same selection rules

are valid for normal vibrations of TOC 8 (a total of 174

NV), which are distributed between symmetry modes as

follows:

Gvib=15 a1g+14 a2g+15 b1g+15 b2g+58 eu+7 a2u+

+8 b1u+7 b2u+7 a1u+28 eg

The IR and Raman spectra of all unsubstituted tetra-

oxa[8]circulenes show bands of characteristic CH vibrations

of aromatic rings: stretching vibrations n(CH) in the fre-

quency range of 3080 ± 3030 cm71, in-plane bending vibra-

tions d(CH) in the range of 1240 ± 950 cm71 and out-of-

plane bending vibrations below 900 cm71. It should be

noted that in-plane bending vibrations d(CH) are usually

mixed with n(CO) of furan rings and in-plane bending

vibrations of the rings. For example, the most intense line

at 1240 cm71 in the Raman spectrum of TOC 7 (Fig. 13) is

assigned to NV belonging to bending vibrations d(CH)

strongly mixed with stretching vibrations n(CO). Out-of-

plane bending vibrations g(CH) in the vibrational spectra of

tetraoxa[8]circulenes have low intensity and are virtually

absent in the IR and Raman spectra described in our

studies.96 ± 98

Carbon ± carbon stretching vibrations of benzene and

furan moieties are usually observed in experimental IR

spectra at 1650 ± 1430 cm71 (Ref. 126). The symmetric

stretching vibrations do not cause changes in the dipole

moments of TOC 7 and 8 and, consequently, they are

inactive in the IR spectrum. On the contrary, asymmetric

C ±C stretching vibrations are active and appear in the

experimental IR spectrum of TOC 7 as strong absorption

bands at 1421 and 1472 cm71 (Fig. 14) corresponding to

NV of the doubly degenerate eu symmetry.

In the Raman spectrum of TOC 7, the most intense line

belongs to a1g-type NV observed at the experimental fre-

quency of 1670 cm71 and assigned to C=C stretching

vibrations of benzene and furan moieties.

Skeletal vibrations of the rings in TOC molecules are

associated with the expansion and contraction of all bonds

in the benzene and furan rings and in the octatetraene ring

and are characterized by strong mixing between these in-

plane bending vibrations. This vibrational mode appears as

breathing of the above-mentioned rings and is present in

doubly degenerate modes observed at the experimental

frequency of 870 cm71.

It is interesting to analyze the IR spectrum of TOC 7 in

the triplet excited state. This spectrum can be measured by

the time-resolved infrared (TRIR) technique.127 The TRIR
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Figure 12. IR spectrum (a) and Raman spectrum (b) of crystalline octathia[8]circulene 9.52
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method allows for the determination of the time of the

formation of the triplet state after the excitation of the

molecule. The triplet excited state is short-lived and gives

strong absorption in the IR spectral region because the IR

spectra of the ground and triplet states are usually substan-

tially different.127

Quantum chemical calculations 125 precisely predicted

the difference between the IR absorption spectra of the
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triplet and singlet states of TOC 7. The excited T1 state has

low symmetry (point symmetry group C2v) unlike the singlet

ground state (point symmetry group D4h). Correspondingly,

the degeneration of eg and eu-type vibrations is absent in

this triplet; these vibrations are frequency-split (point sym-

metry group C2v) and the selection rules for these vibrations

are different. The largest frequency shifts in the IR spectrum

of triplet TOC 7 are observed for NV corresponding to in-

plane bending vibrations of benzene rings. Thus, Kekule-

type vibrations in the singlet ground state have a lower

frequency (1359 cm71) compared with the corresponding

vibrations in the triplet atate (1395 cm71), but their inten-

sity is higher in the ground state. As can be seen in the

qualitative scheme of potential energy curves (Fig. 15) with

different curvature in the upper- and low-lying states, the

frequencies of Kekule-type vibrations in the triplet excited

state lie at a higher energy compared with the singlet ground

state of the TOC molecule.125

V.3.c. IR and Raman spectra of azaoxa[8]circulenes

The vibrational spectra of circulenes 11 and 12 consisting of

94 and 104 atoms show 276 and 306 normal modes,

respectively, which are distributed in the point symmetry

group Cs among the symmetry modes a 0 and a 00. Almost all

normal modes that give the observed lines in the Raman

spectra are in-phase and totally symmetric (a 0). Normal

vibrations of a 00 symmetry are more IR-active. Four NV

n(CH) of benzene moieties belong to C7H stretching

vibrations in the Raman spectrum of circulene 11, and

only two of them are rather active in Raman spectra and

appear in the experimental spectrum as a weak doublet at

3091 and 3076 cm71 (Fig. 16).100 Similar doublet lines are

observed in the IR and Raman spectra of diazadioxa[8]cir-

culene 12 (IR, 3070 and 3048 cm71; Raman, 3089 and

3049 cm71; see Figs. 16 and 17, respectively).128 In-plane

CH bending vibrations d(CH) of aromatic rings are not

themselves individual normal modes and, in most cases, are

mixed with stretching vibrations n(CO), n(CN) and n(CC).
In the experimental Raman spectrum of circulene 11, the

contribution of vibrations d(CH) is observed in the lines at

1257, 1198, 1134 and 1034 cm71. These corresponding

E

Figure 15. Qualitative scheme of potential energy curves illustrat-
ing the difference in the frequencies of Kekule-type vibrations in
the ground and excited states of a TOC molecule.125
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vibrations appear as experimental lines at 1255, 1188, 1138

and 1047 cm71 in the Raman spectrum of diazadioxa[8]cir-

culene 12. The IR spectra of azaoxa[8]circulenes show lines

of mixed vibrations d(CH) in the same range (1254 ±

1044 cm71). Since out-of-plane CH bending vibrations do

not cause changes in polarizability, they are weakly active

and are not observed in the Raman spectrum. However,

these vibrations appear as medium-intensity bands with

maxima at 848 and 846 cm71 in the IR spectra of circulenes

11 and 12, respectively.

Stretching vibrations of aromatic rings n(CC) were

identified in the experimental Raman spectra of azaoxa[8]-

circulenes in the region of 1653 ± 1329 cm71, the line at

1653 cm71 being the most intense one in the Raman

spectrum of circulene 11. In the IR spectra, this vibrational

mode appears as weak bands in the region of 1632 ±

1576 cm71 (see Fig. 17). In the IR and Raman spectra of

circulenes 11 and 12, Kekule-type stretching vibrations

n(CC) are observed in the narrow frequency region of

1340 ± 1320 cm71 and they overlap with other broadened

vibrational lines due to low intensity.

In-plane skeletal bending vibrations of benzene and

naphthalene moieties are observed as ring-breathing modes

and their bending modes. Many of these modes are mixed

with other vibrational modes, generally with n(CO) and(or)

d(CH). The in-phase breathing of all benzene rings in the

Raman spectra of circulenes 11 and 12 was assigned to

experimental lines at 1228 and 1223 cm71; the in-phase

breathing of the whole macrocycle is observed at 484 and

494 cm71. In the IR spectra of azaoxa[8]circulenes, the

breathing modes are weakly active and overlap with more

intense bands.

Azaoxa[8]circulenes differ from tetraoxa[8]circulenes

studied earlier 97 ± 100, 125 in that they contain pyrrole moi-

eties. Therefore, vibrations of pyrrole moieties are worthy

of special analysis. Heteroaromatic compounds of pyrrole

and furan groups usually give three Raman lines belonging

to C=C stretching vibrations at 1580, 1490 and 1400 cm71

(Ref. 126). In the Raman spectrum of circulene 11, the first

of these lines (Cb7Cb0 stretching vibration of pyrrole)

completely overlaps with C=C bands of benzene rings.

The second and third lines are shifted to lower frequencies

and appear at 1462 and 1383 cm71. In the Raman spectrum

of diazadioxa[8]circulene 12, the Cb7Cb0 stretching vibra-

tions form a strong line at 1394 cm71. In the IR spectra of

azacirculenes, Cb7Cb0 vibrations do not form individual

bands and are mixed with other vibrational modes. For

example, in the spectrum of compound 12 n(Cb7Cb0)

vibrations give contributions to weak bands at 1632 and

1257 cm71, a medium-intensity band at 1238 cm71 and a

very strong band at 1054 cm71 (see Fig. 17). The asymmet-

ric Ca=Cb stretching vibrations are weakly active in

Raman spectra of azacirculenes, except for the band at

1360 cm71 in the spectrum of circulene 12. Besides, the

Ca=Cb bonds of pyrrole and furan moieties are simulta-

neously C=C bonds of benzene rings. Therefore, it is not

always possible to treat these vibrations separately. In the

IR spectra of circulenes 11 and 12, Ca=Cb stretching

vibrations of pyrrole rings give contributions to bands in

the range of 1420 ± 1150 cm71. The C7O stretching vibra-

tions in the IR and Raman spectra of azaoxa[8]circulene

molecules are usually mixed with bending vibrations d(CH),

in-plane ring bending vibrations and other vibrational

modes in the range of 1390 ± 950 cm71.

In the IR and Raman spectra of azacirculenes, charac-

teristic lines of macrocycles are overloaded with vibrations

of alkyl substituents;23, 24 however, quantum chemical cal-

culations made it possible to precisely identify the positions

of `alkyl' bands 100, 128 and separate them from the observed

vibrational spectra.
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Figure 17. IR spectrum of diazaoxa[8]circulene 12 calculated at the DFT/B3LYP/6-31G(d) level of theory (1) and the experimental
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V.3.d. Conversion of vibrational activity to Raman intensity

The activities of normal modes (Si) in Raman spectra

calculated by the density functional theory 73 ± 76 are not

identical to the experimentally observed Raman intensities

(Ii) because the calculations do not take into account the

laser excitation frequency and the real ambient temperature.

The activity of NV observed in the Raman scattering is

calculated using the polarizability derivative of the electron

shell. Recall that in the density functional theory all

parameters of electron shells are calculated ab initio simul-

taneously with the total energy minimization using the

specified functional. Therefore, the calculated Raman spec-

tra in the coordinates of activity cannot be directly com-

pared with the experimental Raman spectra. In addition, a

considerable drawback of the calculated Raman spectra is a

substantial underestimation of the activity of low-frequency

vibrations, which are often very active in the observed

Raman spectra of azaoxa[8]circulenes 100, 128 and tetra-

oxa[8]circulenes.97, 99

Equation (2) for the conversion of the Raman activity

(Si) to the corresponding intensity (Ii) of the ith NV has

been proposed.129, 130 We adjusted this equation for calcu-

lations of the Raman spectra of azaoxa[8]circulenes 100, 128

and tetraoxa[8]circulenes.99 The results of calculations using

this equation are in good agreement with the experimental

spectra.

Ii �
f�n0 ÿ ni�4Si

ni�1ÿ exp�ÿhc0ni=kT��
(2)

where n0 is the laser excitation frequency (we used a

Nd : YAG laser emitting at 9398.5 cm71 with 300 mW

initial power; a germanium diode cooled to 77 K served as

a detector), ni is the frequency of the ith NV (cm71), c0 is the

velocity of light in vacuum (2.997961010 cm s71), h is

Planck's constant (6.6261610727 erg s), k is the Boltzmann

constant (1.3806610716 erg K71) and f is the conversion

coefficient of the intensity. The calculated values of Ii are

usually expressed in parts of unity to compare them with the

corresponding normalized experimental spectra.

An analysis of Eqn (2) shows that the term

exp(7hc0ni/kT ) exponentially decreases with increasing

vibrational frequency ni and gives a considerable contribu-

tion (>0.1) at ni not higher than 476 cm71. This is why the

calculated intensities Ii of low-frequency Raman lines are an

order of magnitude higher (and sometimes even larger) than

the corresponding values of the activity Si . In the other part

of the Raman spectrum (from 477 to 4000 cm71), the term

exp(7hc0ni/kT ) is so small that it can be ignored and the

denominator of Eqn (2) can be assumed to be equal to ni .
Therefore, the term (n07ni)4, which rapidly decreases with

an increase in ni, is a key factor that determines the absolute

value of Ii in the medium-frequency range; the Si/ni ratio (if

the exponential term is ignored) is a minor factor that

determines the Raman line intensity and almost disappears

at Si>100 �A4 (amu)71 (amu is atomic mass unit).

V.4. UV-Vis absorption and luminescence spectra of
hetero[8]circulenes
UV-Vis absorption spectra of heterocirculenes were

described in detail. In particular, the UV-Vis absorption

spectra of thia[7]circulenes 13 and 32 ± 34 in chloroform 33

display a pronounced vibrational structure similar to that

observed for dehydrohelicenes.122 The first long-wavelength

absorption maximum of circulenes 13 and 32 ± 34 undergoes

a red shift, on the average, by 20 nm with respect to the

corresponding band of dehydrohelicenes. In addition, the

absorption spectra of thia[7]circulenes are poorly sensitive

to the number of thiophene rings in the macrocycle.

V.4.a. Absorption spectra of octathia[8]circulene

In contrast to thia[7]circulenes, the absorption spectra of

octathia[8]circulene 9 do not display vibrational structure

(Fig. 18),52, 95 but these spectra are highly sensitive to the

type of the crystal structure. Thus, amorphous circulene 9

does not absorb in the visible part of the spectrum and has a

white colour. The absorption spectrum of this compound

shows two intense bands with maxima at 206 and 244 nm

(see Fig. 18). However, single-crystalline sulflower 9 is red-

coloured due to additional weak absorption bands in the

visible part of the spectrum at 416 and 527 nm.52 Awaga

and co-workers 95 attributed the colour of sulflower in thin

films (*500 nm) to the light interference; however,

*10 mm thick microcrystals are also red.52 Evidently, the

colour of crystalline sulflower 9 is not associated with the

interference in thin films and is caused by the existence of

strong intermolecular interactions,52, 57 i.e., the absorption

in the visible part of the spectrum is due to collective

excitations. In the amorphous state, the UV absorption is

caused exclusively by isolated molecules, as was established

by quantum chemical calculations:52, 91, 125 the experimental

absorption spectrum of amorphous sulflower is almost

identical to the calculated absorption spectrum of the

isolated molecule.52, 91, 125 Sulflower molecule 9 is highly

symmetric and belongs to the point symmetry group D8h .

Therefore, the spectra of this compound obey complex

selection rules characterized by numerous forbidden tran-

sitions upon electronic excitation. The calculations by the

TD DFT method (time-dependent density functional

theory) method predict the most intense absorption band

at 239 nm assigned to the doubly degenerate X1A1g? 21E1u

transition,124 which is related to the maximum of the

observed intense band at 244 nm. In addition, there is a

clear-cut shoulder calculated at 262 nm (X1A1g? 11E1u
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Figure 18. Normalized UV spectra of octathia[8]circulene.
(1) The band of a freshly sublimed white film (the time of
sublimation was 2.5 min),52 (2) the specrum calculated at the
TD DFT/B3LYP/6-31G(d) level of theory.125
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transition) 125 corresponding to the band profile at 277 nm

determined by the computer deconvolution of the observed

absorption profile 52 (the deconvolution is not shown in

Fig. 18).

A weak overtone of the computer deconvolution 52 at

308 nm can be related to the first calculated singlet ± singlet

X1A1g? 11E3g transition at 315 nm.125 This transition is

forbidden and becomes allowed as a results of vibrational

electronic coupling and mixing with the 1E1u states due to

e2u vibrations. This may account for a low but non-zero

intensity of this long-wavelength band.

V.4.b. Absorption spectra of tetraoxa[8]circulenes and

azaoxa[8]circulenes

The UV-Vis absorption spectrum of tetraoxa[8]circulene 7

in dichloromethane 32, 96 is presented in Fig. 19 (curve 3).

The spectrum shows a very weak band with a maximum at

415 nm due apparently to the first electronic transition

X1A1g? 11A2g .96, 125 In the region of 358 ± 376 nm, there

are two more intense bands, and a very intense band with a

maximum at 264 nm is observed in the UV region of the

spectrum. On the UV border of this spectrum, a growing

medium-intensity band is observed (see Fig. 19).

Based on quantum chemical calculations at the

TD DFT/B3LYP/6-31G(d) level of theory, it was estab-

lished that the first transition X1A1g? 11A2g in the UV-Vis

spectrum of TOC 7, which we relate to the experimental

maximum at 415 nm, occurs exactly at 415 nm and corre-

sponds to the excitation from the highest occupied molec-

ular orbital of 2b2u symmetry to the lowest unoccupied

molecular orbital (LUMO) of 2b1u symmetry (Fig. 20).96, 125

This transition at 415 nm is forbidden in the electric dipole

approximation and is allowed as a magnetic dipole transi-

tion. It has a relatively large magnetic moment of the

transition mz=3.4 mB (mB is Bohr magneton). The corre-

sponding oscillator strength ( f ) for the purely magnetic

transition is 1.161077. This value cannot explain the

observed intensity, the experimental estimate of which is

3 ± 4 orders of magnitude higher ( f& 1073). Evidently, this

transition is due to the vibrational electronic coupling

between the 1A2g and 1Eu states due to eu vibrations.

The X1A1g? 1Eu transitions are allowed in the electric

dipole approximation and are polarized in the plane of the

molecule. In terms of the perturbation theory, eu vibrations

lead to the mixing of the 1A2g and 1Eu states and permit the

X1A1g? 11A2g transitions to borrow intensity from the

allowed doubly degenerate X1A1g? 1Eu transition. There-

fore, the S0? S1 transition becomes weakly allowed and is

observed in the experimental absorption spectrum due to

which fluorescence of TOC 7 is weakly allowed and is

attributed to the break-up of two closely spaced singlet

excited states of 1Eu and 1A2g symmetry with a total

quantum yield F=0.09.32, 96 The next two more intense

absorption bands of TOC 7 (358 and 376 nm) are due to the

X1A1g? 11Eu electronic transition. Our calculations imply

only one allowed transition in this region. Therefore, we

assigned these bands to a vibronic progression. The 0 ± 0

vibrational electronic transition at 376 nm is more intense

than the 0 ± 1 transition at 358 nm. The absorption spec-

trum of TOC 7 shows also the 0 ± 2 transition as a weak

inflection in this absorption band (*342 nm).125 This

vibronic progression is characterized by an approximately

equal 0.16 eV interval and should correspond to the totally

symmetric a1g vibration at 1240 cm71 [the vibrational mode

n71 is assigned as d(CH)/n(CO), in-phase n(CC)].97, 125

As in the UV-Vis spectrum of the simplest TOC 7, the

vibrational structure is pronounced in the spectra of other

symmetrical tetraoxa[8]circulenes. An example is the

absorption spectrum of circulene 17 (R=H), in which

bands at 412 and 390 nm are clearly seen (Fig. 21), but

only one 1Ag? 1B1u electronic transition was found in this

region by calculations. Therefore, we assigned the second

absorption band (390 nm) to the 0 ± 1 vibronic transition.

Similar spectroscopic properties are characteristic of

circulene 16 in the absorption region of 320 ± 400 nm. The

characteristic feature of this spectrum is the presence of two

closely spaced electronic transitions calculated at 368 and

389 nm, which correspond to one broad absorption band

with a maximum at 377 nm (see Fig. 21). In the experimen-

tal spectrum, each transition has a pronounced vibrational

structure: more intense 0 ± 0 bands and less intense 0 ± 1

vibronic satellites are clearly seen. Since compounds 16 and

17 are isomers, their UV-Vis absorption spectra are on the

whole similar, but the vibrational structure of the spectrum
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Figure 19. Normalized UV-Vis spectra of tetraoxa[8]circulene 7.96

(1) Calculated at the TD DFT/B3LYP/6-31G(d) level of theory
taking into account the solvent effect (CH2Cl2), (2) calculated in the
vacuum approximation, (3) experimental.
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Figure 20. Frontier molecular orbitals of tetraoxa[8]circulene 7
calculated by the DFT/B3LYP/6-31G(d) method.96

The transition between these orbitals gives a weak (forbidden) band
at 415 nm.
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of 16 is less pronounced. For circulenes 16 and 17, the first

electronic transition is symmetry-allowed and the fluores-

cence quantum yields of these compounds are rather high

(F=0.51 and 0.83, respectively). The fluorescence spectra

of all tetraoxa[8]circulenes (Fig. 22 presents their compar-

ison) and of azaoxa[8]circulenes 11 and 12 (Ref. 24) also

have a pronounced vibrational structure and are mirror

symmetric 32, 96 with respect to the corresponding absorp-

tion spectra, thus indicating insignificant changes in the

molecular structure and vibrational frequencies in the

excited state of TOC molecules.

It should be noted that the Stokes shift for most TOC

is rather small (TOC 15 ± 18), whereas the corresponding

shift for the simplest TOC 14 is considerably larger

(see Fig. 22) due to the specific features of its emission

spectrum. Thus, the first electronic transition in the

absorption spectrum of TOC 14 at 415 nm is forbidden

in the electric dipole approximation and gives almost no

contribution to the fluorescence spectrum, whereas the

doubly degenerate S2 state exhibits good fluorescence. At

first glance, this is in contradiction to Kasha's rule.

However, the kinetics of fluorescence quenching of TOC

14 actually displays two relaxation channels: fast (5.5 ns)

and slow (10 ns).32 These channels apparently correspond

to emission from the S2 and S1 states, respectively. We

performed quantum chemical calculations 96 of the emis-

sion spectrum of TOC 7 (analogue of TOC 14 with R=H)

taking into account both Franck ± Condon and Herz-

berg ± Teller effects and showed that the fluorescence

intensity from the S1 state is weak (but non-zero), while

the almost mirror symmetric emission spectrum reflects

the vibrational structure of the S07S2 transition with a

large Stokes shift (Figure 22 shows the 0 ± 0 and 0 ± 1

bands both in absorption and emission spectra). Accord-

ing to the results of calculations by the TD DFT method,

this transition is characterized by a considerable oscillator

strength (0.35) responsible for high intensity in the emis-

sion. In other TOC molecules (15 ± 18), the first S07S1
transition is symmetry-allowed and is characterized by a

considerable oscillator strength. It should be noted that

only a progression of this transition with an intense 0 ± 0

line having a small Stokes shift is observed in the emission

spectrum. This is also consistent with high fluorescence

quantum yields of all TOC, except compound 14.
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Figure 21. Normalized UV-Vis
spectra of tetraoxa[8]circulenes 16
(a) and 17 (b).32

The solid line indicates the spec-
trum calculated by the TD DFT/
B3LYP/6-31G(d) method taking
into account the solvent (CH2Cl2)
effect; the dashed line represents
the spectrum calculated in the vac-
uum approximation; points indi-
cate the experimental data.
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line) spectra of a series of tetraoxa[8]-
circulenes 14 ± 18 (R=n-C11H23)
(a ± e) measured in dichlorome-
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The role of intersystem crossing in the deactivation of

the fluorescent state of heterocirculenes, which would lead

to the population of the triplet states responsible for

phosphorescence, deserves mention here. However, phos-

phorescence of heterocirculenes is forbidden in most cases

even taking into account spin ± orbit coupling and can be

weakly allowed only due to spin-vibronic perturbations.96

In addition, heterocirculenes are characterized by a rather

large S17T1 gap (>1 eV for OTC and STC).57 Therefore,

the S17T1 conversion is highly improbable, but the pop-

ulation of higher-lying triplet states is quite possible taking

into account the spin ± orbit coupling and spin-vibronic

perturbations.

One of approaches to the improvement of luminescent

properties of tetraoxa[8]circulenes is to decrease the sym-

metry of these molecules by means of functionalization of

the outer ring with alkyl substituents or by the replacement

of oxygen atoms in the macrocycle by nitrogen atoms. For

this purpose, azaoxa[8]circulenes 11 and 12 were synthe-

sized.23, 24 These compounds, unlike TOC 7 and 14, are

characterized by intense absorption in the visible range of

380 ± 450 nm (Fig. 23) and a rather high fluorescence quan-

tum yield (F=0.3 ± 0.9).23, 24

In order to explain these features, the UV-Vis absorp-

tion spectra of azaoxa[8]circulenes 11 and 12 were inter-

preted by the quantum chemical method at the TD DFT/

B3LYP/6-31G(d) level of theory.75 ± 77 Each molecule

belongs to the point symmetry group Cs (ground electronic

state 1A0). Therefore, the spectrum displays electronic tran-

sitions of only two types, viz., X1A0? 1A0 and X1A0? 1A0 0,
allowed in the electric dipole approximation.

The first electronic transition in circulenes 11 and 12 is

characterized by a rather low intensity, but this transition is

manifested as medium-intensity bands at 420 and 419 nm,

respectively, in the experimental spectra due apparently to

vibronic effects. For comparison, the first electronic tran-

sition in the spectrum of tert-butyl-substituted TOC 21 (see

Fig. 23) is strictly symmetry-forbidden (point symmetry

group C4h) and appears in the absorption spectrum as a

weak absorption band at 420 nm, like that in the spectrum

of unsubstituted TOC 7.125

VI. New materials based on hetero[8]circulenes

The main goal of the synthesis of most organic compounds

is to design new functional materials with improved proper-

ties compared to available analogues. Usually, each new

compound is tested for the possible practical application

and then the direction of subsequent synthetic works is

chosen. Hetero[8]circulenes are not the exception. Thus,

thia[8]circulenes 9 and 10 proved to be promising p-type

semiconducting materials for organic field-effect transistors

(OFET).22 Unfortunately, the experimental assessment of

the performance parameters of OFET based on circulenes 9

and 10 showed low hole mobility at 9.061073 and

1.061073 cm2 V71 s71.22 However, quantum chemical

calculations predicted much higher (by almost three orders

of magnitude) hole and electron conductivity: 3.5 and

2.6 cm2 V71 s71 for sulflower 9.131 Such contradictory

results require the continuation of research in this field in

order to improve the morphology of the materials and the

performance characteristics of OFET.

Tetraoxa[8]circulenes are used in practice also as dis-

cotic liquid crystals;50 nevertheless, tetraoxa[8]circulenes

hold more promise for the design of organic light-emitting

diodes. Such diodes based on TOC 14 ± 18 were tested for

the first time.32 The best performance characteristics of

OLED were found for TOC 17 (light brightness is

817 cd m72 at a current density of 135 mA cm72 and a

power efficiency of 12 V),32 which correlates well with the

highest intensity of the first singlet ± singlet electronic tran-

sition in TOC 17 as compared to other tetraoxa[8]circu-

lenes,96 i.e., the fluorescence from the S1 state for 17 is most

well-allowed in the series of circulenes 14 ± 18. It should be

noted that the efficiency of OLED based on tetraoxa[8]cir-

culenes is insufficiently high compared to other analogues

based on carbazole derivatives, the brightness of which is 15

times higher (reaches 12 500 cd m72).132 The efficiency of

OLED doped with IrIII complexes 133 ± 138 is even higher (the

brightness can be as high as 56 900 cd m72 based on the

[Ir(ppy)3] complex, where Hppy is 2-phenylpyridine) 139, 140

than that of OLED based on tetraoxa[8]circulenes.32 This is

associated primarily with the insufficiently efficient energy

transfer from the (4,40-N,N 0-dicarbozolyl)biphenyl matrix

to tetraoxa[8]circulene molecules.32 Therefore, the efficiency

of OLED based on tetraoxa[8]circulenes can be improved

by selecting optimal materials for the matrix and layers with

electron and hole conductivity and by employing electron-

and hole-blocking materials. Azaoxa[8]circulenes exhibiting

higher fluorescence quantum yields (F=0.3 ± 0.9) 23, 24

should be more efficient materials for OLED, but the

corresponding OLED were not tested as yet.

Great advantages of tetraoxa[8]circulenes, useful for

their functionalization, are high molecular symmetry, as

well as high thermal and chemical stability. Taking into

account that C ±H bonds are the main sites for the func-

tionalization in TOC, it was predicted that tetraoxa[8]circu-

lenes can be evolved to form nanotubes [one-dimensional

(1D) materials] (for example, 48) (Fig. 24) and sheet-like

nanosized 2D materials 141, 142 49 ± 52 (Fig. 25) by means of

chemical modifications. This assembly was experimentally

observed for porphyrin molecules,70 ± 72 which form a stable

porphyrin sheet (tetramer) 23 with the inner planar cyclo-

octatetraene core. Another example of the self-assembly of

circulenes is the formation of three-dimensional graphene
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Figure 23. Experimental UV-Vis absorption spectra of tetraoxa[8]-
circulene 21 (1) and azaoxa[8]circulenes 11 (2) and 12 (3).24
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with negative Gaussian curvature (Schwarzite P192) 143

based on saddle-shaped tetrabenzo[8]circulene 6.10

We calculated the heats of formation of hypothetical

polymers 48 ± 52. These values attest to high stability of

these compounds. The synthesis of these polymers should,

apparently, involve the bromination as the first step fol-

lowed by catalytic polymerization. The strongly exothermic

character of the final reaction product gives hope that such

interesting structures will be synthesized in the near future.

The synthesis of organic p-conjugated materials 48 ± 52

based on tetraoxa[8]circulenes is an important problem

from the standpoint of the design of new organic semi-

conductors. Actually, predicted compounds 48 ± 52 have a

rather high HOMO energy (*74.9 eV) 141 and a very low

hole reorganization energy 131, 144 ± 146 (high hole conductiv-

ity) characteristic of p-type semiconductors. The character-

istic feature of these materials is also intense light

absorption in the visible region 141 (at 500 nm), in contrast

to simple monomolecular tetraoxa[8]circulenes 14 ± 18.96

This is primarily due to the presence of conjugated anthra-

cene chromophores in structures 49 ± 52 (see Fig. 25).

Owing to the presence of large cavities, compounds 48 ± 52

are promising hydrogen storage materials, as it was pre-

dicted earlier for layered octathia[8]circulene.93

VII. Conclusions

The present review clearly shows that hetero[8]circulenes

have a specific electronic structure and exhibit aromatic

properties due to the fused system of aromatic five- and six-

membered rings. The aromaticity stabilizes the planar

structure of hetero[8]circulenes and, in particular, the inner

cyclooctatetraene ring having an antiaromatic character.

Therefore, hetero[8]circulenes are currently the only known

stable planar cyclooctatetraenes, the physicochemical prop-

erties of which are determined mainly by the aromatic

character of the macrocycle. The planar structure of

hetero[8]circulenes is responsible for their dense layered

packing in the crystalline state. Strong intermolecular

interactions cause perturbations in electron shells of adja-

cent molecules. This, in turn, leads to differences in the UV-

Vis spectra of the crystalline and amorphous states of

hetero[8]circulenes (crystal chemistry). This difference is

particularly pronounced for octathia[8]circulene, which is

colourless in the amorphous state and is red-coloured in

crystals.

For tetraoxa[8]circulenes and thia[8]circulenes with

point symmetry groups D4h and D8h , respectively, the

fluorescence from the first excited state is symmetry-for-
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Figure 24. Model of single-walled nanotube 48 (a) top view; (b) side view.141

The assembly is based on the simplest tetraoxa[8]circulene 7.
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bidden. A decrease in the symmetry of hetero[8]circulenes

by the functionalization (the synthesis of azaoxa[8]circu-

lenes and unsymmetrical tetraoxa[8]circulenes) results in

that the fluorescence becomes allowed and, consequently,

new hetero[8]circulenes can be used in organic light-emit-

ting diodes. Therefore, the present review will be helpful

and useful for researchers working in the fields of chemical

engineering, photophysics and the synthesis of new func-

tional heterocirculenes.

During the preparation of the present review, a series of

important studies dealing with this field were

reported,147 ± 154 in which new hydrocarbon 152 and hetero-

cyclic 147 ± 151, 153, 154 [8]circulenes and 1D and 2D periodic

structures based on these compounds were characterized.
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