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A new hetero[7]helicene 1NN structured by a diaza-
benzodiheterole (pyrroloindole) ring core was successfully 
synthesized by catalytic domino cyclodehydrogenation with 
Pd(OAc)2 and O2 as the key step. Significantly, 1NN was 
stereochemically stable at room temperature and could be 
subjected to optical resolution by chiral HPLC. Furthermore, 
kinetic analysis of 1NN and DFT calculations on its variants 
revealed that the stereochemical stability of the 
benzodiheterole-based helicenes was highly dependent on not 
only the heteroaromatic ring component but also the N-
substituent of the pyrrole ring unit.  

Phenanthrene is one of the basic aromatic hydrocarbons 
composed of an angularly fused three-benzene ring unit 
(Figure 1a). Fusing additional rings of benzene into the c and 
g sides of this carbocycle leads to p-extended helical 
architectures known as carbo-helicenes or simply helicenes. 
Since the discovery of the elegant chiral helical form and 
chiroptical properties of carbo[6]helicene by Newman and co-
workers,1 much effort has been devoted to the synthesis of 
helicene derivatives and the evaluation of their structural 
characteristics and physical properties.2 In this context, 
introduction of a heteroaromatic ring to the helical framework 
has gained increasing attention for modulating the electronic 
states of helicenes.2a Hence, we have been interested in the 
structural motif of A based on benzodiheteroles, heterocyclic 
congeners of phenanthrene (Figure 1b).3  

Heteroles such as furan, pyrrole, and thiophene are 
typical electron-rich heteroarenes. They have been used to 
constitute extended p-conjugated systems with a characteristic 

Figure 1. (a) Phenanthrene and its angularly fused p-extended systems 
(helicenes), (b) benzodiheteroles and its heterohelicene-derivatives   

low oxidation potential, thereby creating useful organic 
functional materials such as those exhibiting hole-transport 
properties.4 Thus, heterole-containing helicenes should also be 
attractive as chiral functional molecules.2a In particular, our 
primary concern has been the benzodiheterole-based helicenes 
A, the two heterole rings of which may introduce some more 
unique physical properties through electronic interactions of 
the heteroatoms at the para position on the central benzene 
ring.5 However, there still remain issues concerning the 
development of catalytic and practical syntheses of chiral non-
racemic variants of A.6 

In order to overcome the synthetic issue described above, 
we recent ly  in t roduced a  new concept  of  domino 
cyclodehydrogenation (non-classical Bergman-Masamune 
reaction)7 of ethenylene-linked diynes with suitable hetero- 
nucleophilic units at the alkyne termini to construct 
benzodiheterole frameworks (Scheme 1a).8-10 This strategy 
was suitable for the synthesis of dioxa-benzodiheteroles 
(benzodifurans) in heterohelicenes from o-phenylene-linked 
diynes with nucleophilic phenol groups by the action of a 
palladium catalyst and molecular oxygen (Scheme 1b, 
previous work).8 In this work, we have designed a new 

Scheme 1. Our cyclodehydrogenation strategy for the synthesis of 
benzodiheterole-based helicenes 
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synthetic route to hetero[7]helicene 1NN with a diaza-
benzodiheterole (pyrroloindole) unit based on the Pd-
catalyzed cyclodehydrogenation (Scheme 1b, this work).11,12 

Since we had demonstrated that the related dioxa-
benzodiheterole-based [7]helicene 2OO undergoes 
racemization in solution at room temperature,8a it was a 
crucial point to evaluate the stereochemical behavior of its 
aza-variants prior to their synthetic study. It has been claimed 
that pyrrole constitutes stereochemically more stable 
heterohelicenes than furan.3c,12c Accordingly, we performed 
DFT calculations on energy barriers to the racemization of 
2NO(H) and 2NN(H), which substituted one or two pyrrole 
rings for the furan rings of 2OO (Figure 2).13 The order of 
stereochemical stability was indeed indicated to be 2OO < 
2NO(H) < 2NN(H), the substitution of furan by pyrrole leading 
to about 2 kcal/mol increase in the racemization barrier. These 
preliminary results encouraged us to pursue the synthesis of 
1NN, a synthetically more accessible analogue of 2NN(H).14 
 

 
Figure 2. DFT calculations at a B3LYP/6-311G(d,p) level on the 
racemization barriers (DG‡

298K, shown in parentheses) of the 
hetero[7]helicenes 2OO, 2NO(H), and 2NN(H) with a dioxa-, aza-oxa, and 
diaza-benzodiheterole unit, respectively 

We synthesized o-phenylenediynes 3NN
15 and examined its 

cyclodehydrogenation for the production of 1NN (Scheme 2). 
Consequently, the reaction produced 1NN in 47% yield under 
almost the same reaction conditions as those for the synthesis 
of 2OO

8a: Pd(OAc)2 (10 mol%) and molecular oxygen (1 atm) 
in DMSO in the presence of aq. NaOH (1 M, 4 eq.) and MS 
4A at 50 °C. Without the base additive, the yield of 1NN 
significantly decreased, as in the synthesis of 2OO.16 

 

 
Scheme 2. Pd-catalyzed cyclodehydrogenation to synthesize 1NN  

 We next attempted to evaluate the stereochemical 
stability of 1NN. Chiral HPLC analysis of 1NN at room 
temperature resulted in complete peak separation of 
enantiomers.17 This indicates that 1NN has sufficient 
stereochemical stability for optical resolution, as predicted by 
the DFT calculation on its model 2NN(H). Indeed, 
enantiomerically pure 1NN was obtained by the chiral HPLC 
separation of rac-1NN. Further experiments were performed to 
measure its rate of racemization at 120-150 ºC (Figure 3). The 

following kinetic analysis based on Eyring’s theory revealed 
the unexpectedly high activation free energy to racemization 
of 1NN: DG‡

298K 31.7 kcal/mol. 1NN was found to be 
stereochemically much more stable than 2NN(H). 
 

 
Figure 3. Eyring plot for the racemization of 1NN; ln(k/T) vs. T–1/10–3·K–1, 
where k stands for rate constant with a unit of s–1 

In order to evaluate the effects of the substituents on the 
high racemization barrier of 1NN, we performed DFT 
calculations on 2NN(Ts), which was structurally the same as 
that of 1NN, except for the absence of any substituents on the 
benzene rings (Figure 4). The result indicates that 2NN(Ts) 
also has a high-energy barrier to racemization (34.9 kcal/mol) 
like 1NN, considerably exceeding that of the related NH-free 
2NN(H) (26.5 kcal/mol). Thus, the N-Ts group of the pyrrole 
ring in 1NN is crucial for stereochemical stabilization, its 
contribution to the increase in the racemization barrier being 
estimated to about 4 kcal/mol per group.18 The same 
calculation was also applied to 2NN(t-Bu) with a bulky N-t-
butyl group for comparison, and its racemization barrier (27.4 
kcal/mol) was found to be close to that of 2NN(H).13 This 
indicates that the N-Ts group should affect the racemization 
process of 1NN electronically, rather than sterically. To the 
best of our knowledge, this is the first proof for the significant 
effect of the N-substituent on the stereochemical stability of 
heterohelicenes. 
 

 
Figure 4. Evaluation of the N-substituent effect on the racemization 
barriers of benzodipyrrole-based [7]helicenes 2NN(R) by DFT calculations 
at a B3LYP/6-311G(d,p) level  

In summary, the new chiral hetero[7]helicene 1NN based 
on a diaza-benzodiheterole ring core was successfully 
synthesized by palladium-catalyzed domino 
cyclodehydrogenation of o-phenylene-linked diyne 3NN as the 
key step. Subsequent enantiomeric separation by chiral HPLC 
afforded 1NN in an optically pure form. Kinetic analysis of 1NN 
and DFT calculations on its variants revealed that the 
stereochemical stability of the benzodiheterole-based 
helicenes was highly dependent on not only the 
heteroaromatic ring component but also on the N-substituent 
of the pyrrole ring unit.  
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