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ABSTRACT: Mesityl derivatives of the hitherto unknown diben-

zopentalene isomer, dibenzo[a,f]pentalene, were synthesized. The 

molecular geometry and physical properties of dibenzo[a,f]pen-

talene were experimentally investigated. Dibenzo[a,f]pentalene 

combines a large antiaromatic and appreciable singlet open-shell 

character, properties that are not shared by the well-known isomer, 

dibenzo[a,e]pentalene. 

Non-benzenoid polycyclic hydrocarbons with antiaromaticity 

have been the subject of extensive synthetic, structural, and elec-

tronic studies.1–8 Unlike aromaticity, antiaromaticity leads to dis-

tinct destabilization, -bond localization, a paratropic current, and 

a decrease in the HOMO–LUMO energy gap.9 These unique elec-

tronic properties have attracted tremendous interest for their utility 

in advanced optoelectronic materials.10–16 One of the most interest-

ing topics of study in connection with the structure–property rela-

tionships of antiaromatic hydrocarbons involves the position and/or 

direction of the -extension on the periphery of an antiaromatic 

system, which can dramatically shift the electronic structure be-

tween closed- and open-shell ground states.17–22 

The dibenzopentalenes constitute an intriguing family of com-

pounds consisting of the antiaromatic 8-electron pentalene 1 and 

two aromatic 6-electron benzenoid rings. Since the first synthesis 

of the stable isomer, dibenzo[a,e]pentalene 2, by Brand in 1912,23 

related compounds have attracted attention24,25 as probes of aroma-

ticity/antiaromaticity26,27 as well as potential scaffolds for use in 

organic optoelectronic materials.28–31 In the dibenzo[a,e]pentalene 

2, the two fused benzene rings remarkably stabilize the pentalene 

core through the aromaticity of the fused benzene rings, which ne-

gates the antiaromatic character of pentalene and furnishes the pen-

tagonal rings with olefinic properties. Recent progress in the syn-

thesis of dibenzo[a,e]pentalene,32–48 including monoannulated49–51 

and -extended derivatives,52–56 has advanced our understanding of 

fascinating dibenzo[a,e]pentalene-based materials.57,58 Dibenzo-

pentalene has another structural isomer, dibenzo[a,f]pentalene 3, 

which has not been extensively explored except in its dianion form, 

3a2-.59,60 Recently, Diederich’s group described synthetic attempts 

toward the -extended pentalenes with an [a,f]-type fusion pattern 

that readily gave the Diels–Alder adducts and failed to provide the 

fully conjugated products that were hypothesized to have signifi-

cant antiaromaticity based on theoretical calculations.50 The pio-

neering synthetic61 and theoretical62,63 studies of 3 suggested that 

the position of the benzene fusion on the pentalene core played a 

critical role in the electronic properties and chemical stability of the 

compound. 

 
Figure 1. (A) Molecular structures of pentalene 1, dibenzo[a,e]pen-

talene 2, and dibenzo[a,f]pentalene 3. Mes = 2,4,6-trimethylphenyl. 

(B) Resonance structures of 2a and 3a. The hexagonal rings in gray 

denote benzenoid rings, and the trimethylenemethane (TMM) sub-

units in the open-shell structures are highlighted by two unpaired 

electrons (dots). 

The effects of the [a,f]-type dibenzoannulation at the pentalene 

core on the electronic properties of the structure were investigated 

by performing the first synthesis and characterization of the 

dibenzo[a,f]pentalene derivatives 3b and 3c. The non-alternant hy-

drocarbons of the peripheral 16-electron system provided large 

antiaromaticity and appreciable singlet biradical character. 

Dibenzo[a,f]pentalene 3a is expected to provide larger antiaroma-

ticity than the [a,e]-isomer 2a. The single fused hexagonal ring of 

3a inevitably adopts an o-quinoidal form in the closed-shell reso-

nance structure of 3a, which loses the aromatic stabilization and 

enhances the 4n-electron antiaromatic character. These results 

contrast starkly with the case of 2a, in which the two aromatic rings 
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remain stable (Figure 1B).62 The -conjugated systems that incor-

porate the o-quinodimethane subunit often provide a singlet open-

shell character.64–66 3a includes a TMM biradical subunit typical of 

non-Kekulé molecules, with a triplet ground state67 and two aro-

matic rings in the biradical form, which would stabilize the biradi-

cal structure and provide an open-shell character (Figure 1B). 

These intriguing estimations prompted us to synthesize 3 and in-

vestigate the electronic structures of 3. 

Scheme 1. Synthesis of dibenzo[a,f]pentalenes 3b and 3ca 

 
a DIBAL = diisobutylaluminum hydride, Mes = 2,4,6-trimethylphenyl, 
PPA = polyphosphoric acid. 

The syntheses of 3b and 3c, in which bulky mesityl groups were 

introduced to kinetically protect the reactive sites, are shown in 

Scheme 1. Considering that 3 is aromatically stabilized to only a 

small degree, the selection of the precursor for the fully conjugated 

system 3 is important. Thus, we designed a synthetic route via the 

aromatic dianion 32–, which enjoys aromatic stability and is readily 

oxidized to the neutral hydrocarbon 3 under mild conditions. The 

dianion 32– was accessed via the dihydrogenated hydrocarbon 9, 

which was a suitable precursor because the two cyclopentadiene 

structures enabled the conversion to 32–. The treatment of the ben-

zophenone dimethylacetal derivative 4 and dimethyl malonate with 

catalytic amounts of InBr3 gave the diaryl methylenated products 5 

in moderate yields.68 The direct C–C double bond formation pro-

vided a starting material that was sufficiently unsaturated that it 

could transform the dihydrogenated precursor 9. The reduction of 

the ester groups of 5 with DIBAL afforded the diol 6, and subse-

quent oxidation gave the dialdehydes 7. The treatment of 7 with 

mesitylmagnesium bromide afforded the diols 8. The intramolecu-

lar cyclization of 8 was carried out under acidic conditions69 to af-

ford the dihydrogenated hydrocarbon 9. The dianion 32– was quan-

titatively generated by the treatment of 9 with nBuLi in THF at –

35°C, according to Kitahara’s procedure.59 The molecular geome-

try of 3b2– determined by X-ray analysis was nearly identical to that 

of the dibenzo[a,e]pentalene dianion,32,70 in which the 10-electron 

pentalenide moiety was the dominant structure (see Figures S2 and 

S6). The subsequent two-electron oxidation of 32– with p-chloranil 

furnished the mesityl derivatives of dibenzo[a,f]pentalene 3b and 

3c as brown solids. Under ambient conditions, the obtained 

dibenzo[a,f]pentalene 3 was immediately oxidized to give the oxy-

gen-adduct, as confirmed by mass spectroscopy. As a reference 

compound, the dibenzo[a,e]pentalene derivative 2b with the same 

substituents as 3c was prepared according to Itami’s procedure.41 

Careful recrystallization from a hexane/dichloromethane solu-

tion in a degassed sealed tube gave a single crystal of 3c that was 

suitable for X-ray crystallographic analysis.71 Two crystallograph-

ically independent molecules (hereafter, molecules A and B) were 

present in the asymmetric unit, one of which is shown in Figure 2. 

The X-ray crystallographic analysis of 3c illustrated that the main 

core of 3c assumed a planar structure and the two mesityl groups 

formed a large dihedral angle (~70°) with the main core (Figure 

2B). Between the molecules A and B, the difference in the bond 

lengths was observed; while the bond lengths in molecule A adopts 

an approximate Cs symmetry, those in molecular B comes closer to 

a C2v symmetry (Figure S5). We believe that the observed geometry 

of 3c is either an equilibrium C2v structure that is stabilized by crys-

tal pacing forces or a pair of Cs structures that equilibrate over a 

lower energy barrier during the time of the X-ray data collection. 

The molecular geometry of 3c reflected the contribution of the 

singlet biradical character to the ground state electronic configura-

tion. The molecular structure of 2b (Figure S4), a typical closed-

shell molecule, exhibited a large bond length alternation (BLA) in 

the pentalene core (1.345(5)–1.501(6) Å).32,34 On the other hand, 

the degree of BLA of 3c in the pentagonal rings was significantly 

relieved (1.409(3)–1.458(3) Å), and the values were intermediate 

between the lengths of the C(sp2)–C(sp2) bond in benzene (1.390 

Å) and a C(sp2)–C(sp2) single bond (1.467 Å). Considering the rel-

atively large single bond character of the bond a (1.458(3) Å) in the 

5-5 ring fusion of 3c (Figure 2), the open-shell canonical structures 

of 3a-B rather than 3a-C moderately contributed to the ground state 

electronic structure of 3c (Figure 1B). The experimental bond 

lengths analyses illustrated that 3 should be represented as a reso-

nance mixture between the o-quinoidal canonical structure and a 

biradical structure involving the TMM subunit (Figure 1B). The 

harmonic oscillator model of aromaticity (HOMA) values,72,73 

which are an index of the assessment of the degree of bond alterna-

tion, also supported the observed features, illustrating greater -

bond delocalization on the pentagonal rings of 3c (0.29) than of 2b 

(–0.62) (Figure 2C). Furthermore, the extent of -delocalization on 

the hexagonal rings of 3c (HOMA values; 0.75) confirmed the res-

onance structures of 3c, as represented by Figure 1B. 

 
Figure 2. ORTEP drawing of 3c, measured at 123 K at the 50% 

probability level: (A) top view and (B) side view, (C) HOMA val-

ues for 3c and 2b, and NICS(1) values for 3a and 2a. 

The experimentally determined physical properties of 3c sup-

ported the moderate singlet biradical character of 3. Powder sam-

ples of 3c displayed signals typical of triplet species. The observed 

zero field splitting parameters (ǀDǀ = 0.0561 cm–1 and ǀEǀ = 0.0056 

cm–1) agreed well with the theoretical estimates (D = +0.0461 cm–

1 and E = 0.0052 cm–1, obtained using UNO-BLYP/6-31G* calcu-

lations) of the optimized molecular geometry of 3c in the triplet 

state (Figure S10A). The spin density map of 3c shows that the C4b, 

C9, and C10 carbons displayed the largest unpaired electron den-

sity, supporting the presence of a TMM subunit (Figure S17). The 

ESR signal intensities of 3c decreased with the temperature de-

creasing, indicating the occurrence of a singlet ground state in 3c 

(Figure S10B). The Bleaney–Bower’s fit to the intensity change in 

the forbidden M = ± 2 half-field signal of 3c as a function of tem-

perature in the solid state gave a singlet–triplet energy gap (ES–T) 

of –2160 K (–18.0 kJ/mol) (Figure 3A). Superconducting quantum 

interfering device (SQUID) measurements confirmed the presence 

of a singlet ground state in 3c. The magnetic susceptibility de-

creased when cooled to low temperature (Figures S13). 

The 1H NMR spectrum of 3c, recorded at 30°C in THF-d8, 

showed severe line broadening. Cooling to –100°C was accompa-

nied by progressive line sharpening, indicating that the ground state 

of 3c was the singlet state, and the signal broadening at room tem-

perature arose from the thermally excited triplet species (Figure S7). 

In the 13C NMR measurement of 3c, the interconversion of the Cs 

structures was not observed; no significant signal in the aromatic 

region was observed at 25°C, illustrating that the line broadening 

Page 2 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

was caused by the triplet species rather than the structural intercon-

version (Figure S9). This phenomenon has been observed among 

singlet biradical compounds64,66 and was consistent with the varia-

ble temperature ESR measurements. The 1H NMR signals were as-

signed to the structure of 3c with the help of 2D-NOESY NMR 

spectroscopy. It is noteworthy that the protons of 3c on the main 

core appeared significantly upfield (4.49, 5.20, and 5.33 ppm) com-

pared to those of 2b (6.22, 6.32, and 6.47 ppm) and 3c2– (6.30, 6.48, 

and 7.67 ppm) (Figure 3B). Pronounced paratropic ring current ef-

fects in the dibenzo[a,f]pentalene 3 were clearly observed, in agree-

ment with positive nucleus-independent chemical shift (NICS) cal-

culations. The averaged NICS(1) values of 3a calculated at the 

GIAO-B3LYP/6-31G** level were +25.5 and +7.48 for the pen-

tagonal and hexagonal rings, respectively (Figure 2C). The para-

tropicity of the pentalene core significantly increased compared to 

that of the pentalene 1 (+18.4 calculated at the same level of theory, 

Figure S19). Furthermore, antiaromaticity expanded toward the 

hexagonal rings, suggesting an enhancement in the formally pe-

ripheral 16-electron character of 3c. These results indicated that 

the [a,f]-type dibenzoannulation on the pentalene core heightened 

the 4n antiaromatic character,63 which was more effective com-

pared with the other non-alternant antiaromatic hydrocarbon19 and 

would lead to the symmetry reduction of the molecular structure in 

the singlet ground state (see below).74 

  
Figure 3. (A) The change in the ESR signal intensity with temper-

ature (○) and the Bleaney–Bower’s fit (—). Inset: the ESR spectra 

of the forbidden half-field signal of 3c. (B) Partial 1H NMR spectra 

(400 MHz, THF-d8) of 3c2– (rt), 2b (rt), and 3c (–100°C). 

Although planar 4n-electron systems commonly exhibit -bond 

localization to avoid instabilities associated with antiaromaticity, a 

resonance or bond shift of the o-quinoidal structure of 3 compelled 

the -electrons to delocalize, leading to strong antiaromaticity and 

destabilization of the closed-shell singlet state. In the meantime, a 

TMM subunit observed in the open-shell structure of 3 in associa-

tion with the recovery of two benzene rings effectively stabilized 

the triplet state, which gave a small value of ES–T for 3, consisting 

of only a 16-electron system. The molecular geometry and mag-

netic properties of 3c indicated that the singlet biradical features of 

3 accompanied its antiaromaticity. The UB3LYP/6-31G** opti-

mized geometries of 3a indicated that the lowest singlet had a Cs 

structure and the triplet state adopted a C2v structure. According to 

the frequency analysis, the singlet C2v structure had an imaginary 

frequency, which suggested that the singlet C2v structure was a tran-

sition structure for interconversion of two equivalent Cs structures 

(Table S3 and Figure S22). It is possible that the 4n character of 

3 leads to the structural deformation toward a low symmetric struc-

ture in the singlet ground state by a pseudo Jahn–Teller effect.74 

The estimated <S2> values (< 1) for the singlet Cs and C2v structures 

implied that the open-shell character of 3 would not be large (Table 

S3). The detailed molecular geometry together with open-shell 

character in the singlet state of 3 will be the subject of future inves-

tigations.  

The small HOMO–LUMO energy gap is a characteristic feature 

of both singlet biradicaloids and antiaromatic compounds. The cy-

clic voltammogram of 3c displays two reversible and two irreversi-

ble redox waves (E2
ox, pa = +0.77, E1

ox = 0.0, E1
red = –1.34, and E2

red, 

pc = –2.28 V vs. Fc/Fc+; Figure S14). The difference between the 

first oxidation and reduction potentials was used to determine the 

electrochemical HOMO–LUMO gap of 1.34 eV, which was 1.45 

eV smaller than that of 2b (Figure S14). The electronic absorption 

spectrum of 3c in CH2Cl2 exhibited a moderate absorption band at 

500 nm, together with a weak broad band centered at 965 nm and 

having a long tail that extended up to 2000 nm. These features are 

characteristic of 4n-electron systems (Figure 4).27,34,51 The longest 

wavelength absorption band was significantly red-shifted com-

pared to that of 2b (max = 490 nm). The observation of a smaller 

HOMO–LUMO energy gap in 3c than in 2b again supported the 

antiaromaticity and singlet biradical character of 3c. 

  
Figure 4. UV/Vis/NIR absorption spectra of 3c (red) and 2b 

(black) in CH2Cl2. The inset shows a magnified view. The back-

ground signals at 1700 nm arose from an overtone of the C-H vi-

brations of the solvent. 

In conclusion, we achieved a first synthesis and characterization 

of the dibenzo[a,f]pentalene derivatives 3. The obtained 

dibenzo[a,f]pentalene exhibited enhanced antiaromatic character 

and possessed singlet biradical features. The molecular magnetism 

observed in the dibenzo[a,f]pentalene system has not been ob-

served among other well-known dibenzo[a,e]pentalenes. The unu-

sual electronic structures of 3 induced by [a,f]-type dibenzoannula-

tion to form a pentalene core could potentially be exploited in op-

toelectronic devices and organometallics ligands. Further experi-

mental studies of dibenzo[a,f]pentalene-based molecules as well as 

detailed theoretical investigations are ongoing in our group. 

The Supporting Information is available free of charge on the ACS 

Publications website at DOI: XXXXX. Crystallographic data for 

2b, 3b2–, 3c and 9b (CIF).75 Experimental details of the prepara-

tions and characterizations of 2b, 3–9, Cartesian coordinates and 

energies of all calculated structures, and details of computational 

methods (PDF). 
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