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Abstract: We report the Negishi coupling based synthesis of 1,2,3-

tri(9-anthryl)benzene derivatives, containing three radially arranged 

anthracenes in a π-cluster. In the crystalline state of the unsubstituted 

derivative, intermolecular π-π and CH-π interactions between the 

anthracene units drive the formation of a two-dimensional packing 

structure. Owing to though-space π-conjugation between anthracene 

units, the substances have unique electronic properties. The excited 

state dynamic behavior occurring between the three radially arranged 

anthracene moieties, such as exciton localization/delocalization, was 

elucidated by means of transient absorption measurements and 

quantum chemical calculations. Interestingly, even though the three 

anthracenes are closely oriented with a ca. 3.0 Å distances between 

their C-9 positions, exciton localization on two anthracene units is 

energetically favorable because of the flexible nature of the radially 

arranged aromatic rings. 

Introduction 

π-Congested aromatic systems, like [n.n]paracyclopahane 

derivatives (n = 1, 2),[1,2] which have distances between two π-

planes that are smaller than the sum of van der Waals (vdWs) 

radii of carbon atoms (3.40 Å), have unique optoelectronic 

properties derived from through-space (TS) π-conjugation. The 

properties of π-congested systems are quite different from those 

of a single aromatic moieties including, for example, they engage 

in excimer formation even at room temperature and 

photoreactions occur to form C-C bonds between the aromatic 

planes.[3,4] The interesting properties of π-congested systems 

make them fascinating targets not only for fundamental studies 

aimed at elucidating the nature TS π-conjugation but also at 

developing of organic electronic devices. Studies of π-congested 

systems containing regularly arranged aromatic units are useful 

for gaining an understanding of the mechanism of exciton 

delocalization through aromatic units.[5] In particular, because the 

localization/delocalization behavior of excitons is governed by the 

arrangement of the aromatic planes, investigations of the 

dependence of the dynamic behavior of excitons on the 

arrangement of aromatic rings is an important component of 

understanding and classifying exciton behavior in complex 

molecular assemblies.  

Recently, we developed a new π-congested system, called 

a π-cluster,[6] which is comprised of anthracene (Ant) units (see 1 

and 2 in Figure 1). The strategy employed to construct the system 

utilizes a rigid benzene scaffold to locate the Ant units within short 

distances. TS π-conjugation in the π-clusters existing between 

two anthracene units linked at ortho-positions of a benzene ring 

has been elucidated. The current study was designed to explore 

TS π-conjugation in π-clusters that are comprised of three Ant 

units. We believed that systems containing Ant trimers, like 1,2,3-

tri(9-anthryl)-4-t-butylbenzene derivatives 3 that have not yet 

been synthesized,[7] would be good models to study TS π-

conjugation and exciton localization/delocalization behavior in 

radially arranged π-plane systems. In addition, because of the 

large size of their aromatic π-planes, Ant units should 

intermolecularly interact. The role that these interactions play in 

creating molecular arrangements to construct 1D or 2D solid state 

material would be attractive from the viewpoint of crystal 

engineering.[8]  

The results of the study described below show that the 

parent 1,2,3-tri(9-anthryl)-5-t-butylbenzene (3a) can be prepared 

using a Pd(I)-catalyzed Negishi coupling process. Moreover, the 

Ant units in 3a engage in intermolecular π-π and CH-π 

interactions in the crystalline state, which lead to formation of a 

2D packing structure.  Photoirradiation of 3a generates 

photoisomer 3a-PI possessing a strained anthracene 4+4 dimer 

sub-structure. In contrast, the n-butyl substituted analog 3b does 

not undergo photoisomerization and its photo-durability enables it 

to be utilized in femtosecond transient absorption studies to 
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elucidate the unique excited state dynamics in trimeric Ant radial 

π-clusters.  

 

 

 

 

 

 

 

 

 

 

Figure 1. Anthracene-based π-clusters. Di(9-anthryl)benzenes (1 and 2a-b, 

left) and tri(9-anthryl)benzenes 3a-b (right, this work).    

Results and Discussion 

Synthesis and structure elucidation 

 

The routes used for synthesis of 3a-b are shown in Scheme 

1. Although a SNAr reactions between amide anions, such as 

carbazole anion, and fluorobenzenes are known to be effective in 

linking large aromatic planar systems to benzene rings[9], related 

processes employing anthracene or other large hydrocarbon 

rings have not yet been developed. In contrast, we have 

previously optimized conditions for Pd(I) catalyzed Negishi 

coupling reactions[10] that produce ortho-di(9-anthryl) benzene 

(DAB) derivatives.[6d] Therefore, these conditions were used to 

carry out coupling between 1,2,3-triiodo-5-t-butylbenzene 5 and 

zinc reagents 4b-c, prepared from the corresponding bromides by 

treatment with n-BuLi and ZnCl2 at -78 °C. While this protocol 

enabled modestly efficient generation of 3b-c, its use in the direct 

synthesis of 3a from the non-substituted bromoanthracene was 

questionable owing to solubility issues. Therefore, the somewhat 

sensitive trimethylsilyl (TMS) substituted coupling product 3c was 

employed to form 3a. It was expected that 3c would participate in 

ready desilylation[11] owing to the fact that the C-9 TMS group 

sterically distorts the Ant plane.[12] Thus, silica gel column 

purification of 3c was conducted using 0.5% triethylamine to 

prevent extensive decomposition and collect 3c together with its 

partially desilylation products. Subsequent treatment of the 

mixture using TBAF afforded 3a in 25% yield (2 steps). 

 

 

 

 

 

 

Scheme 1. Synthesis of 3a-b. (i) Pd2I2(tBu3P)2 (5 mol% for each reaction site), 

toluene/THF, 70 °C. (ii) TBAF, THF. 

The π-congestion containing structures of 3a-b were 

unambiguously determined by using X-ray crystallographic 

analysis. The intramolecular shortest C···C distances between 

neighboring Ant units in these substances are 2.967-3.073 Å for 

3a (Figure 2a-b) and 2.933-3.026 Å for 3b (Figure 3a). Three Ant 

units in 3a adopt perpendicular orientation with respect to the 

benzene ring whereas those in 3b are tilted by 67.1-77.3° toward 

the benzene ring. Structural optimization of 3a’, which does not 

contain the tBu group in 3a, by using DFT calculations (M06-2x/6-

31G**), revealed that conformational tilting of the Ant units (C2 

symmetry) occurring in 3b leads to stabilization by reduction of 

the repulsive energy between Ant units (Figure S1). In contrast, 

the perpendicular form (C2v symmetry) is an imaginary structure 

and the energy difference ΔG (298.15 K) between the C2 and C2v 

forms is 6.64 kcal mol-1 (Figure 4).  

The reason why Ant units in 3a adopt a C2v form in the 

crystalline state is that they are engaged in multiple CH-π and π-

π intermolecular interactions (Figure 2c and Figure S2). In the 

case of the bis-Ant analogue  2a Figure 1), intermolecular Ant 

interactions do not exist because the core benzene ring occupies 

the space between two Ant units of neighboring molecules (Figure 

S3a-b).[6b] These types of intermolecular interactions in the 

crystalline state often take place in multiply arylated molecules.[13] 

It is noteworthy that triangular type interactions (green square) as 

well as quadrangular type interactions (yellow square) as part of 

a herringbone packing pattern also occur between the Ant units 

in crystalline 3a. The stabilization energies associated with the 

triangular and quadrangular type interactions were calculated to 

be 15.6 kcal mol-1 (5.20 kcal mol-1/Ant unit) and 26.6 kcal mol-1 

(6.65 kcal mol-1/Ant unit), respectively (Figure S4). Therefore, the 

strong CH-π and π-π interactions compensate for the 

indigenously unstable nature of the C2v form and lead to the robust 

2D packing structure of 3a. In contrast, owing to the presence of 

n-butyl groups, the packing structure of 3b as well as that of 2b 

do not have these types of intermolecular interactions between 

their Ant units (Figure S3c-e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. X-ray crystallography derived structure of 3a. (a) Side view. (b) Top 

view and the shortest C···C distances between neighbored Ant units. (c) 2D 

alignment of 3a by intermolecular CH-π and π-π interactions in the crystal. 

Protons are omitted for clarity. 
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Figure 3. X-ray crystallography derived structure of 3b. (a) Top view and the 

shortest C···C distances between neighbored Ant units. (b) Front view and the 

dihedral angle between Ant units and the benzene ring. Protons are omitted for 

clarity. 

 

 

 

 

 

 

 

 

 
Figure 4. Relative energies (ΔG) between the C2 stable form and the C2v 

imaginary form of 3a’ calculated at the M06-2x/6-31G** level of theory. 

 

 

UV-vis abasorption and emission spectra, and cyclic 

voltamograms 

 

UV-vis spectra of 3a-b were measured to elucidate the 

electronic effects of π-clustering of the radially arranged Ant units. 

A comparison of the spectra of 9-phenylanthracene (PA), 2a and 

3a shows that the molar extinction coefficient increases and the 

longest wavelength maximum slightly red-shifts from 385 to 397 

nm as the number of Ant units increases (Figure 5a). Quantum 

chemical calculations show that HOMO and LUMO of anthracene 

are distributed into the HOMO to HOMO-2 and LUMO to LUMO+2 

of 3a’, respectively, resulting in smaller HOMO-LUMO energy gap 

for 3a’ than that for 2a (Figure S5-S6). TD-DFT calculations also 

show that the absorption maximum of 2a (421 nm) is red-shifted 

in 3a’ (439 nm, Table S1-S2), reflecting the effect of accumulating 

Ant units. Because of the effect of n-butyl substitution on the Ant 

units, 3b has a slightly longer absorption maximum λabs = 410 nm 

than does 3a (Figure 5b). Although three Ant units are 

accumulated in 3a-b, their λabs are shorter than that of 1 (λabs = 

470 nm, Figure S7),[6d] which contains two Ant units. This 

phenomenon is a consequence of the fact that the face-to-face 

interaction of two Ant units in 1 located less than 2.9 Å apart is 

more effective for the HOMO-LUMO energy gap lowering than 

between the radially arranged of Ant units in 3a-b. 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. (a) UV-vis spectra of 3a, 2a, and PA in CH2Cl2. (b) UV-vis spectra of 

3a-b in CH2Cl2. The absorption intensities are normalized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Cyclic voltammograms of (a) first oxidation wave E1
1/2 of PA, 2a, and 

3a. (b) 3a and 3b. [a] Due to the irreversibilities of the waves, oxidation potentials 

are given as peak tops (E2 or E3). 

 

The effects of π-congestion of Ant units are also reflected 

in redox properties. Analysis of cyclic voltammograms of PA, 2a, 

and 3a shows that their respective first oxidation potentials (E1
1/2, 

vs. Fc/Fc+) gradually decrease from +0.80 to +0.69 and to +0.61 

V (Figure 6a). Although the second and third oxidation waves of 

3a are irreversible, those of n-butyl substituted analogue 3b are 

reversible, indicating that alkyl substitution at C-10 of the Ant unit 

leads to a stable oxidized state (Figure 6b), as well as reducing 

the oxidation potential. For example, the first oxidation potentials 

E1
1/2 of 3b is +0.48 V, which is 0.13 V lower than that of 3a. An 

identical trend also exists between 2a (E1
1/2 = +0.69 V) and 2b 

(E1
1/2 = +0.56 V) (Figure S8).  

          The electronic states of 3a-b have remarkable physical 

properties. The fluorescence spectrum of 3b in CH2Cl2 contains a 

yellow excimer emission band centered at 520 nm whereas that 

of 3a contains a broad emission band at 400-600 nm (Figure 7a, 

Table 1). It was found that photoisomerization of 3a in CH2Cl2 

takes place to form photoisomer 3a-PI during recording the 

emission spectrum. Thus, the broad spectral band is a result of 

overlap of the excimer emission of 3a (λem >500 nm) and Ant 

monomer emission of 3a-PI (λem = 400-450 nm).  

X-ray crystallographic analysis of a single crystal of 3a-PI 

shows that it has the structure displayed in Figure 8, arising from 

[4+4] photocycloaddition between the C-9 and C-10 positions of 

two adjacent Ant moieties. Owing to the presence of the small ring 

benzocyclobutane moiety, the C9-C9’ bond lengths are elongated 

to 1.678 Å in comparison to those in the non-substituted Ant 

photodimer (1.599-1.618 Å)[14], a tendency that is identical to that 

seen with 2a and its [4+4] photoisomerization product 2a-PI. In 

addition, thermal reversion from 3a-PI to 3a occurs at ca. 150 °C 

(Figure S9), a temperature that is the same as that needed to 

promote thermal reversion from the structurally related 2a-PI to 

2a.[6b] The quantum yields (ΦPI) for photoisomerization of 2a and 

3a of 16% and 8%, respectively (Figure S10), are significantly 

different. Because of the presence of n-butyl substitution on the 

Ant units in 2b and 3b photoisomerization is suppressed and their 

respective emission quantum yields (ΦEm) are 35% and 23%, 

respectively.  

The crystalline state emission spectra are different from 

those for solutions. Specifically, emission bands of 2a and 2b in 

the solid state at 450 and 477 nm, respectively, are significantly 

blue-shifted compared those in toluene solutions (510 nm) (Figure 

9, Figure S11-14). This finding indicates that formation of longer 

wavelength emitting excimers is suppressed in the solid state than 

it is in the solution state.[15] On the other hand, the emission 

spectrum of a crystal of 3a contains only an excimer peak λem = 

(a)

C3C2

C1

(b)

C1…C2: 3.026 Å

C1…C3: 2.933 Å ∠Ant-benzene: 67.1 ｰ 77.3°
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520 nm, indicating that photoisomerization does not take place in 

the crystalline state because of strong intermolecular interactions 

that exist between the Ant units. The emission spectrum of a 

crystal of 3b contains peaks not only at 520 nm but also at 475 

nm, which is identical to the wavelength for emission of 2b. Thus, 

probably because of crystal heterogeneity, two emissive 

components exist in the crystalline state of 3b, which are 

associated with the similar arrangement of Ant units present in 

crystals of 2b and 3a. The emission lifetime measurements and 

time-resolved emission spectroscopy studies also indicate that 

several emissive components exist in the crystal (Figure S15-16 

and Table S3). 

 It is interesting that the relationships between ΦEm values 

of 2a-b and 3a-b in crystalline state are the inverse of those in the 

solution state. Specifically, the ΦEm of 2a and 3a in the crystalline 

state are higher than those in solution whereas the ΦEm of 2b and 

3b in the crystalline state are lower than those in solution. The 

reason for this lies in the fact that intermolecular embracing of the 

Ant units in 2a and 3a effectively suppresses the non-radiative 

decay process in the crystalline state.   

 

 

 

 

 

 

 

 

 

 

 
Figure 7. (a) Emission spectra of 3a-b.  (b) Emission spectra of 2a-b. The 

spectra were measured on CH2Cl2 solutions. 

 

Table 1. Emission wavelength λem, photoisomerization quantum yield ΦPI, and 

emission quantum yield ΦEm of 2a-b and 3a-b in solution and the crystalline 

state.  

 λem / nm [a] ΦPI [a] ΦEm in 

sol.[a] 

λem in cryst. / nm ΦEm in 

cryst. 

2a 510 16% 6%[c] 450 30% 

2b 510 ---[b] 35% 477 8% 

3a 415, 515 (br.) 8% 16%[c] 520 39% 

3b 520 ---[b] 23% 475, 520 12% 

[a] Measured on CH2Cl2 solutions. [b] No photoisomerization occurs with 2b and 

3b. [c] Due to competing photoisomerization, ΦEm for 2a and 3a change with 

time and, thus, the determinations of quantitative ΦEm for 2a and 3a are difficult 

and the values in the table are first time measurements of ΦEm for 2a and 3a. 

 

 

 

 

 

 

 

 

 
Figure 8. X-ray crystallography of 3a-PI. (a) Side view and C-C distance 

between C9-C9’ and C10-C10’. (b) Front view and bent angles, θ1 and θ2, of 

Ant photodimer unit. Protons are omitted for clarity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. (a) Emission spectra of 3a-b in the crystalline state.  (b) Emission 

spectra of 2a-b in the crystalline state.  

 

 

Excited state dynamics  

 

To elucidate the excited state properties of the tris-Ant 

derivatives in solution, transient absorption (TA) and emission 

lifetime measurements were made. The TA spectra of 2a-b and 

3a-b at time zero contain absorption bands in the 500-600 nm 

range, which are ascribable to the S1 state absorption of the Ant 

monomer unit.[16] The bands are slightly broader than that of 

anthracene in solution, which is likely a result of structural 

heterogeneity. The bands at 560 nm decay within a few 

picoseconds and other absorption bands concurrently appear at 

490 and 880 nm. The two new bands are assigned to the 

absorption of Ant excimer,[17] which was also observed for the 

other π-clusters, 2a and 3a (Figure 10, 11, S17-19).  The 

timescales (τef) for the excimer formation of 2a-b and 3a-b, were 

quantitatively determined by using global fitting analysis of the 

corresponding TA data (Table 2). All the time constants are 

shorter than 10 ps, and extremely faster than those typical for 

intermolecular excimer formation, where the S1 state forms the 

excimer with the ground state molecule via the diffusion process 

in solution. These results clearly show that the arrangement of Ant 

units at neighboring positions on a benzene ring leads to rapid 

transition from the monomer excited state to the excimer state. A 

closer look at the steady-state emission spectra (Figure 7) reveals 

that the fluorescence band due to the Ant monomer unit (400-450 

nm) remains present while growth of the dominant excimer 

emission band in 2a-b and 3a-b occurs. Taken together, the 

steady-state and time-resolved spectroscopic data suggest that 

the Ant excimer is in equilibrium with Ant monomer in the excited 

states of 2a-b and 3a-b, and the τef values are relaxation times for 

initially produced S1 monomer to be in monomer-excimer 

equilibrium. 

The τef values are dependent on the presence of the n-butyl 

group but not on the number of Ant units. For example, τef of 2a 

and 3a are 3.4-3.6 times larger than those of 2b and 3b probably 

because n-butyl substitution interferes with excimer formation. 

The excimer emission lifetimes τex of 2a-b and 3a-b also exhibit 

the same dependence on n-butyl groups (Figure S20). The results 

indicate that the exciton in 3a-b is mainly localized in two Ant units  
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like that present in 2a-b even though three Ant units are in close 

contact with ca. 3.0 Å.  

The potential solvatochromic properties of the Ant 

derivative were evaluated to determine if photoinduced charge 

separation (CS) occurs in polar solvents. The results show that 

no significant changes take place in the emission spectra of 2a-b 

and 3a-b and that the ΦEm values are the same in CH2Cl2, THF, 

toluene, and DMF (Figure S21 and Table S4). This result 

indicated that 2a-b and 3a-b take no CS in excited state probably 

because, unlike the case of 9,9’- dianthryl[18] or ethylene-tethered 

dianthryl[5a] which is close distance but no significant TS 

conjugation in ground state, it seems difficult to keep an ion pair 

state within face-to-face two or three Ant units closely 

accumulated circumstance.  

To gain deeper insight into the photophysical properties, 

an excited state structural optimization of 3a’ was conducted. The 

results of the calculations (M06-2x/6-31G**) show that the 

asymmetric C1 form, where two Ant units are close, is more stable 

by 4.89 kcal mol-1 (ΔG at 298.15 K) than the symmetric C2v form, 

an imaginary structure where three Ant units are close (Figure 12, 

S22). Moreover, the LUMO of 3a’ with C2v symmetry is delocalized 

over three Ant units whereas the LUMO with C1 symmetry is 

localized on two closely contacted Ant units. These findings 

indicate that the excimer has the structure of the C1 form, which 

is proper for participation in the photoisomerization reaction. 

According to the energy difference between two forms, the C2v 

form is likely the transition state for process changing the sites at 

which the C1 form excimer exist. From the calculated value of ΔG‡ 

= 4.89 kcal mol-1, the timescale of excimer site changing (τESC) in 

3a’ is estimated to be 735 ps [19], which is one order magnitude 

shorter than the emission lifetime of 3a-b. These results indicate 

that the excited states undergo the change of excimer sites within 

their nanosecond lifetimes. This consideration is in line with the 

equilibrium existing between the monomer and excimer as 

discussed above.  

Studies of the excited state dynamics of 2a-b and 3a-b, 

which have radial arranged π-systems, have unveiled the unique 

flexibility of three Ant units and their unusual exciton localization 

behaior reflected in a tendency to the form an excimer state within 

two Ant units even though the three Ant units are in close contact 

in the ground state. A similar phenomenon of exciton localization 

on two chromophores in three layered π-system with face-to-face 

orientation has been reported earlier. [20] Thus, radially arranged 

π-systems also have excited state behavior that is similar to that 

of face-to-face oriented layered π-systems, which allows to 

deeper understand the excited state behaviors by unique 

molecular design with various orientations of aromatic rings. 
 

 

Table 2. The timescale for excimer formation τef and emission lifetime from the 

excimer τex of 2a-b and 3a-b.  

 τef / ps [a] τex / ns [b] 

2a 2.10 4.79 

2b 7.19 13.7 

3a 1.70 7.23 

3b 6.21 13.6 

[a] τef were determined by global analysis of fs-TA. [b] τex were determined by 

emission decay analysis.  All measurements were conducted in toluene. 

 

 

Figure 11. Time profiles of transient absorbance changes of 2b and 3b in toluene solution excited at 400 nm. (a), (b) 0 to 10 ps and 0 to 2000 ps time range of 

2b. (c), (d) 0 to 10 ps and 0 to 2000 ps time range of 3b. 
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Figure 12. Excited state optimized structures, relative energies (ΔG at 298.15 

K), and LUMOs of 3a’ (M06-2x/6-31G**). 

Conclusion 

Substances 3a-b, containing three congested Ant units in 

radial π-clusters were synthesized using Pd(I)-catalyzed Negishi 

coupling reactions. Analysis of the crystal packing structure of 3a 

showed that it exists in a high energy C2v monomer form, in which 

many intermolecular CH-π and π-π interactions occur. Thus, 

substances of this type represent components of a unique 

strategy to construct highly-ordered 2D molecular structures. TA 

measurements and quantum chemical calculations showed that 

the exciton in the excited state of 3a is not delocalized over three 

of the radially arranged Ant units but is mainly localized on only 

two.  

An understanding of excited state flexibility and exciton 

delocalization in π-congested systems has become important due 

to recent progress made in several research fields including 

singlet fission (SF).[21] Based on the current effort, we expect that 

by suppressing the flexibility of interacting aromatic rings, it might 

be possible control the nature of an exciton delocalized over three 

aromatic rings in a manner that would be useful in the SF field.  

In a recent theoretical investigation, it was shown that 8π 

electron systems in central six-membered rings between Ant 

excimer exhibit Baird’s aromaticity.[22,23] Interestingly, our finding 

that localized C1 symmetric excimers of 3a-b are more stable than 

delocalized C2v symmetric excimers is consistent with the concept 

of Baird’s aromaticity. This observation indicates that 

aromatization stabilization energy is operative in the C1 symmetric 

excimer 3a-b. Therefore, π-cluster molecules should be attractive 

targets in studies of aromaticity in ground- and excited states 

aimed at uncovering relationships between π-congestion and 

aromaticity.[24,25] These substances should be useful in the SF 

research field as well.[26] Furthermore, radial π-cluster molecules 

such as a hexa(9-anthryl)benzene and other type cyclic and 

ladder shape systems will be important targets in investigations to 

elucidate the detailed nature of π-clusters. 
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