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Abstract: We describe reductive dehydrogenative cyclizations that form hepta-, nona- and 

decacyclic anionic graphene subunits from mono- and bis-helicenes with an embedded five-

membered ring. The reaction of bis-helicenes can either proceed to the full double annulation or 

be interrupted by addition of molecular oxygen at an intermediate stage. The regioselectivity of 

the interrupted cyclization cascade for bis-helicenes confirms that relief of antiaromaticity is a 

dominant force for these facile ring closures.  Computational analysis reveals the unique role of 

the preexisting negatively charged cyclopentadienyl moiety in directing the 2nd negative charge at 

a specific remote location and, thus, creating a localized antiaromatic region. This region is the 

hot-spot that promotes the initial cyclization. Computational studies, including MO analysis, 

molecular electrostatic potential maps, and NICS(1.7)ZZ calculations evaluate the interplay of the 

various effects including charge delocalization, helicene strain release, and antiaromaticity. The 

role of antiaromaticity relief is further supported by efficient reductive closure of the less strained 

mono-helicenes where the relief of antiaromaticity promotes the cyclization even when the strain 

is substantially reduced. The latter finding significantly expands the scope of this reductive 

alternative to the Scholl ring closure.  
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Introduction 

The archetypal description of graphene is the infinite sheet composed of hexagons. By 

cutting “substructures” from this infinite sheet, a vast number of carbon-rich polyaromatics of 

different shapes and sizes can be imagined (and synthesized via a suitable bottom-up approach).1–

13 However, in all this vast variety, it is the benzene ring that continues to serve as the dominant 

structural element. Rings of different size are introduced less frequently – usually with the goal of 

adding structural variations.14–17 For example, the five- and seven-membered rings introduce a 

positive or a negative curvature, respectively. The five-membered rings (pentagons) are 

particularly common at highly curved locations in polyaromatics, such as in fullerenes or caps of 

closed carbon nanotubes.18–34 

 

Figure 1.  Two types of five-membered units in carbon-rich structures and the potential 

for insertion of pentagons in the classic graphenic sheet.  

 

The pentagons that are fully embedded into a polycyclic network (i.e., C60 or corannulene) 

cannot undergo direct chemical modification without disrupting conjugation in their -systems. 

Nevertheless, one can imagine that a five-membered ring at the edge of a graphenic structure may 

have an “exposed” sp3 C-H site that is available for deprotonation. Such a feature can be useful for 

adding a negative charge to a conjugated system without simultaneously injecting a spin (Figure 

1). The anionic center can be used for supramolecular assembly, metal coordination, etc.  



In this context, we were intrigued to discover that it is possible to incorporate a pentagon 

at the edge of a decacyclic fused polyaromatic system by using reductive annulation of fused 

helicenes.35 The key helicene precursors are readily assembled from oligoalkynes in a radical 

cascade that forms a five-membered ring.36 Conveniently, this ring also contains a relatively acidic 

C-H bond. Deprotonation at this position can be followed by electron injection to the aromatic 

core, which forms an antiaromatic helicene radical-dianion. Unusually, such highly reducing 

conditions lead to a cascade of two dehydrogenative cyclizations, a formally oxidative process. 

The product of this cascade is a remarkable fully-fused dianion, which can be considered as a 

graphene substructure with an embedded cyclopentadienyl moiety. This decacyclic unit is flat 

despite the presence of a five-membered ring, i.e., the structural element that is associated with 

curvature in carbon-nanostructures.  

 



Scheme 1 Top: Deprotonation, reduction, and two-fold annulation of 1; Middle: Possible 

mechanistic scenarios for two-fold annulation of bis-helicene 1 with the preferred path shown in 

blue. Bottom: Deprotonation, reduction, and annulation of mono-helicene 2. 

 

To make it even more intriguing, this species can be isolated and characterized, even 

though it bears two negative charges and an unpaired electron. Such unusual structural features 

offer interesting design opportunities for the development of hybrid organic/inorganic structures 

and materials.  From a practical perspective, this reductive transformation provides a conceptually 

interesting alternative to the most common oxidative approach to fusing the aromatic rings 

together, the Scholl reaction. Despite the development of new reagents and continuous refinement 

and expansion of mechanistic scenarios,37–41 this popular approach suffers from a number of 

drawbacks including a relatively narrow scope, occasionally unpredictable selectivity, and the 

existence of side reactions (chlorination, oxidation, rearrangements, and formation of oligomers 

via intermolecular couplings).42 Additionally, activating groups are often needed to facilitate the 

redox chemistry.   

The potential of conceptually new approaches to aromatic fusion is illustrated by emerging 

C-H activation strategies43 and reactions at metallic surfaces.44–47 However, many C-H activations 

are thermodynamically unfavorable. Strained helicene precursors can alleviate this problem. 

Indeed, our earlier computational analysis revealed that this remarkable transformation benefits 

from the favorable combination of helicene strain release, escape from antiaromaticity, and 

increased delocalization of the negative charge.35  

In our preliminary report,35 we described the isolation and full characterization of the initial 

deprotonated species (the monoanion 1-) and the fully cyclized dianion 1ra
2- formed from a bis-

helicene. These species correspond to the starting and finishing points of this reductive cascade. 

However, the rest of the reaction cascade remained a mechanistic black box. Although it is clear 

that this cascade involves two cyclizations and introduction of two negative charges, these 

observations left room for several mechanistic pathways (including sequences A-C outlined in 

Scheme 1) which differ in the charge state of the cyclizing species (monoanion or dianion) and in 

the regioselectivity of the first ring closure (close to or remote from the cyclopentadienyl anionic 

subunit). The fundamental importance of these mechanistic details lies in understanding the role 

of localized antiaromaticity in inducing these reductive cyclizations (vide infra).  



The first insights into the black box were obtained from our initial computational analysis. 

It provided an intriguing prediction that the 1st cyclization in the bis-helicene system should 

proceed at a part that is remote from the pentagonal unit. In order to test this prediction 

experimentally, we sought a way to interrupt the bis-annulation cascade process at the first stage.  

In particular, we wanted to: a) experimentally elucidate the sequence of the two 

cyclizations in the bis-helicene system and obtain additional experimental information regarding 

the charge state (anion or dianion) needed to promote the cyclization step and b) expand the scope 

of this new reductive dehydrogenative cyclization to significantly less strained mono-helicenes.  

From the conceptual perspective, we were interested in taking full advantage of computational 

analysis for exploring the relative roles of strain, antiaromaticity, and charge delocalization for 

gaining deeper insights into the mechanism for the reductive dehydrogenative coupling. Our 

broader goals are to develop approaches to introduce charge into graphenic materials (either with 

or without introducing spin) and to understand the interplay of geometric and electronic features 

in negatively charged open- and closed-shell polyaromatics. 

 

Results and Discussion  

Helicenes are helically shaped chiral polycyclic aromatic compounds.48–55 Their inherent 

twist originates from their intramolecular steric demands and leads to special optical and electronic 

properties,56–73 in comparison to their non-twisted counterparts. Deviations from planarity are 

generally associated with geometric distortions and with increased strain in these polycyclic 

structures. The properties of helicenes can be also affected by “defects”, such as variations in the 

ring size36,74–79, the presence of heteroatoms,80–89 and multi-electron addition.17,90,91 

Strain is an intrinsic property of helicenes and presents an additional challenge in their 

synthesis. In order to overcome this challenge, one needs to start with high-energy precursors. In 

this context, alkynes provide a high-energy functionality that is also carbon-rich and, hence, is 

especially useful for the construction of diverse carbon-rich polycyclic aromatic frameworks.92–101 

Indeed, both the mono-helicene 2 and the fused bis[5]-helicene 1 were prepared from the 

respective tri-alkyne and tetra-alkyne precursors via the analogous Sn-mediated radical cascade 

(Scheme 1).36  

Interrupted cyclization of bis-helicene.  



Although capturing a transient carbanionic intermediate before it undergoes a facile 

intramolecular reaction is intrinsically challenging, the interruption of this reduction/cyclization 

cascade was made possible by recognizing the importance of color changes along the reaction 

path. The first step of the Cs-induced reaction of 1 is deprotonation accompanied by the appearance 

of a deep red color. Upon further reduction, the reaction color changes from red to red-brown, and 

finally to dark brown. We found that the intermediate red-brown reaction solution is transformed 

into a green suspension upon treatment with a trace of O2. By using slow diffusion of hexanes into 

the THF reaction solution in the presence of 18-crown-6, a new product was isolated as dark green 

needle-shaped crystals. The X-ray diffraction analysis confirmed the formation of a solvent-

separated ion-pair with a Cs counterion, namely [Cs+(18-crown-6)2][C39H21
–] (Cs+-1r

-) (Scheme 

2). This product confirms that reaction with molecular oxygen provides a simple and attractive 

way to transform the relatively unstable polycyclic dianion radicals into closed-shell monoanions.  

 

 

Scheme 2.  Reaction sequence for the interaction of 1 with Cs metal with an added 

oxidation step that interrupts the bis-cyclization cascade. 

Crystal structure and geometric features of the interrupted-cascade product: In the 

crystal structure of Cs+-1r
- (Figure 2), the Cs+ ion is sandwiched by two 18-crown-6 ether 

molecules, with the Cs···O distances ranging from 3.219(13) to 3.445(15) Å.102,17 The cationic 



{Cs+(18-crown-6)2} moiety is solvent-separated from the 1r
- (C39H21

–) monoanion. It should be 

noted that the double helicene core of 1- (C39H23
–) was transformed to a new mono-helicene, 1r

2-

(C39H21
2–), before turning into the planarized 1ra

2- (C39H19
2–) dianion with a new C13–C18 bond 

formed through reductive C−C coupling. This provides unique experimental evidence confirming 

the first (out of two) step in reductive C−C coupling reaction from 1- (C39H23
–) to 1ra

2- (C39H19
2–). 

Notably, this result is consistent with the previous computational study. In 1r
- (C39H21

–), the 

average bond angle on C7 is 120.0°, with the value being consistent with that observed in 1- 

(C39H23
–) (119.9°). The exocyclic C6–C7 bond (1.482(18) Å) is shorter in comparison with that in 

1 (1.552(7) Å) (Table 1). Aromatization in the five-membered ring significantly shortens the C7–

C8, and C7–C39 bonds in 1r
- (C39H21

–) (to 1.416(14) Å, 1.445(14) Å) in comparison to those bonds 

in the neutral precursor 1. Interestingly, significant structural changes are not limited to the 

pentagonal unit. For example, the C16–C17 bond is shortened to 1.42(2) Å while the C14–C15 

bond is elongated to 1.47(2) Å.  

 

Figure 2. Crystal structure of [Cs+(18-crown-6)2][C39H21
–] (Cs+-1r

-), ball-and-stick and 

space-filling models.  

 

Table 1. Selected C–C bond length distances (Å) in C39H24, C39H23
–, and C39H21

– along 

with a C-atom numbering scheme. 



 

Bond 
C39H24 

(1)35  

C39H23
– 

(1-)35* 

C39H21
– 

(1r
-) 

C6–C7 1.522(7) 1.465(14) 1.482(18) 

C7–C8 1.510(7) 1.410(14) 1.422(17) 

C7–C39 1.521(7) 1.432(14) 1.450(19) 

C9–C14 1.417(7) 1.422(14) 1.438(18) 

C14–C15 1.452(7) 1.463(14) 1.47(2) 

C16–C17 1.452(7) 1.467(14) 1.42(2) 

C13–C18 – – 1.47(2) 
*Values are averaged. 

 

The distortion of the C39H21
– core in 1r

- can be illustrated by selected torsion and dihedral 

angles (Table 2). Compared with the deprotonated C39H23
– core, the single reductive C–C coupling 

allows the torsion and dihedral angles near the new ring J to become dramatically decreased 

(|torsion angle|avg. = 2.5°, dihedral angleavg. = 24.8°), with the values being close to those in 

C39H19
2–. In contrast, the corresponding torsion and dihedral angles near the ring G are mostly 

unchanged (|torsion angle|avg. = 20.1° vs 21.3°, dihedral angleavg. = 20.4°). 

 

Table 2. Selected torsion and dihedral angles (°) in C39H24, C39H23
–, and C39H21

–, along 

with an angle labeling scheme. 



 

 Angle 
C39H24 

(1)35  

C39H23
– 

(1-)35* 

C39H21
– 

(1r
-) 

|Torsion 

Angle| 

α 2.2 0.5 0.9 

β 37.0 33.1 2.9 

γ 25.5 22.1 3.6 

δ 18.0 13.2 15.9 

ε 31.7 29.3 24.5 

Dihedral 

Angle 

A/G 51.4 42.7 25.2 

B/G 42.8 39.1 24.3 

D/G 38.8 40.1 35.5 

E/G 12.8 21.6 18.3 

H/G 5.6 3.3 7.4 

I/G 86.2 47.6 55.7 
*Values are averaged. 

 

In the solid-state structure of Cs+-1r
-, a 2D layer is formed through C–H···π interactions 

between the C39H21
– monoanions and the adjacent 18-crown-6 ether molecules, with shortest 

distances ranging from 2.673(18) Å to 2.831(18) Å (Figure 3). No significant interactions were 

found between the adjacent layers. 



 

Figure 3. Solid state packing in Cs+-1r
-, mixed and space-filling models. {Cs+(18-crown-

6)2} moieties are shown in green.  

 

 Reduction-induced cyclization of mono-helicene. Although the mono[5]helicene 2 

(C31H20) is significantly less strained than bis-helicene 1 (C39H24, vide infra in the Computational 

section), it readily undergoes a similar transformation.  The chemical reaction of the mono-

helicene with K and Cs metals in THF proceeds through two distinctive steps, which can be 

monitored by UV-Vis spectroscopy (Figures S2–S4). The first step is accompanied by the 

appearance of a red-orange color with three major absorption bands centered at 327, 393, and 491 

nm (for Cs reaction), which is slightly metal ion dependent. The reaction can be stopped at this 

stage and the resulting products have been isolated from both K- and Cs-induced reactions. Using 

slow diffusion of hexanes to the THF reaction solution, the K and Cs salts of the deprotonated 

monoanion of 2 were successfully crystallized in the presence of 18-crown-6 ether (Scheme 3). 

The single crystal X-ray diffraction analysis confirmed the formation of a solvent-separated ion-

pair with Cs counterion, [Cs+(18-crown-6)2][C31H19
–] (Cs+-2-), and a contact ion-pair with K 

counterion, [{K+(18-crown-6)}(C31H19
–)] (K+-2-).  



 

Scheme 3. The two-step reaction sequence of mono-helicene 2 with alkali metals. 

 

Upon further reduction, the color of the reaction mixture quickly changes from red-orange 

to deep brown, with a max absorption band centered at 339 nm (Figure S3). Using slow diffusion 

of hexanes into a THF reaction solution, a new product was crystallized in 55% yield from the K-

induced reaction in the presence of 18-crown-6 ether. Based on single crystal X-ray diffraction 

analysis, it was confirmed to be [{K+(18-crown-6)}2(C31H17
2–)] ((K+)2-2a

2-). Notably, the core of 

the mono-helicene 2 was transformed via a reductive C−C coupling reaction to form a new 

C31H17
2– dianion (2a

2-). Remarkably, even the diminished polycyclic aromatic core of 2a
2- (seven 

rings – three fewer than in the decacyclic core of dianion 1ra
2-) is still capable of sustaining the 

two negative charges and the radical center of the cyclized dianion radical. The radical nature of 

the dianionic cyclic product was confirmed by its EPR spectrum (see Figure S15). 

Crystal structures of the anionic and dianionic products from the mono-helicene 

reaction: In the crystal structure of Cs+-2- (Figure 4), the Cs+ ion is fully wrapped by two crown 

ether molecules (Cs···Ocrown, 3.165(6)‒3.495(6) Å) to afford the {Cs+(18-crown-6)2} cationic 

moiety that is solvent-separated from the anionic helicene core. This results in the formation of the 

first “naked” C31H19
– monoanion which allows to monitor the helicene core geometry changes 

without metal binding influence. The proton on C7 is removed during the first step, which is similar 

to that observed for the previously reported bis-helicene 1.35 The proton removal on C7 can be 

confirmed by the disappearance of the peak at 5.41 ppm in the 1H NMR spectrum. The average 

bond angle on C7 is increased from 109.6° (1) to 119.7° in 2-, which is indicative of the formation 

of a typical sp2 hybridized C-atom. Meanwhile, the C6–C7 bond in Cs+-2- becomes shortened 

(1.473(5) Å) compared to that in 2 (1.527(3) Å), revealing increasing π-conjugation near the five-

membered ring (Table 3). All Cs···O distances in Cs+-2- are close to those previously 

reported.102,103 



 

Figure 4. Crystal structure of [Cs+(18-crown-6)2][C31H19
–] (Cs+-2-), ball-and-stick and 

space-filling models.  

 

In contrast to Cs+-2-, the K+ counterion trapped by one 18-crown-6 molecule (K···Ocrown, 

2.742(4)‒2.841(5) Å) forms a contact ion-pair with the helicene monoanion in [{K+(18-crown-

6)}(C31H19
–)] (K+-2-). In the crystal structure of K+-2- (Figure 5), the average bond angle on C7 is 

120.0°, with the value being consistent with that observed in Cs+-2- (119.7°). The C6–C7 bond is 

slightly shorter (1.467(7) Å) than that in Cs+-2-, but still in the range of an aromatic C–C bond 

(Table 1). The K+ ion binds to a six-membered ring of the C31H19
− core in an η2-mode with K···C 

distances of 3.138(7) Å and 3.234(7) Å. This coordination site is consistent with the molecular 

electrostatic potential map (MEP) of this system, which shows that the charge is localized on the 

5-membered ring and its neighboring 6-membered ring (vide infra, Figure 11a). Notably, an extra 

K···C contact (3.304(5) Å) found between the K+ ion and the adjacent C31H19
− monoanion results 

in the propagation of a one-dimensional polymeric chain in K+-2- (Figure 6). All K···C and K···O 

distances in K+-2- are comparable to the reported values.104–106  



 

Figure 5. Crystal structure of [{K+(18-crown-6)}(C31H19
–)] (K+-2-), ball-and-stick and 

space-filling models. 

 

 

Figure 6. 1D polymeric chain of K+-2-
, ball-and-stick model. 

 

In the crystal structure of (K+)2-2a
2- (Figure 7), the K1 ion binds to a six-membered ring of 

C31H17
2– in an η3-fashion (K···C, 3.084(4)−3.383(4) Å), while the K2 ion is η3-coordinated to the 

adjacent five-membered ring (K···C, 3.057(4)‒3.265(5) Å).  The coordination environment of 

each K+ ion is completed by one 18-crown-6 ether molecule, with corresponding K···O distances 

spanning over 2.755(4)‒3.042(4) Å. All K···C and K···O distances are close to those previously 

reported.104–106  



 

Figure 7. Crystal structure of [{K+(18-crown-6)}2(C31H17
2–)] ((K+)2-2a

2-), ball-and-stick 

model. 

 

It should be noted that the dianion in (K+)2-2a
2- becomes almost planar with the formation 

of a new C−C bond at C22–C27 (1.420(7) Å). Furthermore, the intramolecular strain caused by 

the ring closure results in C–C bond length alternation in the newly formed C39H17
2− dianion. 

Compared to the helicene monoanion core, the bond lengths on the exterior of the framework 

(namely C7–C8, C7–C31, C9–C14, C16–C17, C19–C20, C21–C22, C27–C28, and C30–C31) 

become elongated by about 0.05 Å in (K+)2-2a
2-, while those on the interior sites (C20–C21, C23–

C24, C24–C25, and C25–C26) are shortened by about 0.03 Å (Table 3). 

 

Table 3. Selected C–C bond length distances (Å) in 2, Cs+-2-, K+-2-, (K+)2-2a
2- along with 

C-atom numbering schemes. 

 

Bond 
C31H20 

(2)36 * 

C31H19
– 

(Cs+-2-) 

C31H19
– 

(K+-2-) 

C31H17
2– 

((K+)2-2a
2- ) 



C6–C7 1.527(3) 1.473(5) 1.467(7) 1.461(6) 

C7–C8 1.522(3) 1.402(5) 1.434(8) 1.444(6) 

C7–C31 1.520(3) 1.430(5) 1.407(8) 1.471(6) 

C9–C14 1.431(3) 1.420(6) 1.423(7) 1.464(7) 

C16–C17 1.367(3) 1.366(6) 1.341(7) 1.423(7) 

C19–C20 1.385(4) 1.362(6) 1.349(8) 1.419(6) 

C21–C22 1.391(3) 1.372(6) 1.367(9) 1.443(7) 

C27–C28 1.402(3) 1.371(6) 1.370(8) 1.415(7) 

C30–C31 1.384(3) 1.404(5) 1.406(8) 1.425(6) 

C22–C27 – – – 1.420(7) 
*
Values are averaged. 

 

The distortion of the carbon framework during deprotonation and reduction steps was 

analyzed using selected torsion and dihedral angles (Table 4). After the site-selective 

deprotonation, the torsion and dihedral angles of C31H19
– in Cs+-2- and K+-2- remain unchanged 

compared with those in 2, except a decrease in value of ~36° in the dihedral angle ∠G/E. Upon 

reductive C–C coupling, all angles of C31H17
2– in (K+)2-22- become dramatically decreased (for 

torsion angles up to 0.6–2.6°; for dihedral angles up to 2.6–5.6°, except the external ∠G/E angle), 

clearly indicating the ligand core planarization. 

 

Table 4. Selected torsion and dihedral angles (°) in 2, Cs+-2-, K+-2-, (K+)2-22- along with a 

labeling scheme. 

 

 Angle 
C31H20 

(2)36 * 

C31H19
– 

(Cs+-2-) 

C31H19
– 

(K+-2-) 

C31H17
2– 

((K+)2-2a
2-) 

|Torsion 

Angle| 

α 4.0 3.0 3.7 2.6 

β 16.4 12.6 14.8 0.6 

γ 20.4 24.3 24.7 0.7 

B/E 31.9 37.9 37.3 2.6 



Dihedral 

Angle 

C/E 9.4 19.6 12.5 5.6 

F/E 5.9 6.3 6.7 4.1 

G/E 85.4 48.9 49.3 42.7 
*Values are averaged. 

 

In the solid-state structure of Cs+-2-, a 3D network is formed through multiple C–H···π 

interactions between the C31H19
− monoanions and the adjacent 18-crown-6 ether of the cationic 

moieties, with distances ranging from 2.605(5) Å to 2.809(5) Å (Figure 8). In the solid-state 

structure of K+-2-, a 1D polymeric chain is formed due to the intermolecular K···C contacts 

(3.304(5) Å) between the K+ ions and the adjacent C31H19
– monoanions (Figure 6). The 1D 

columns are further linked into a 2D layer through C–H···π interactions between the monoanions 

and the 18-crown-6 ether molecules from adjacent columns with the distance measured at 2.728(8) 

Å (Figure 9).  

 

Figure 8. Solid-state packing in Cs+-2-, mixed and space-filling models. {Cs+(18-crown-

6)2} moieties are shown in green. 

 



 

Figure 9. Solid-state packing in K+-2-, mixed and space-filling models. {K+(18-crown-6)} 

moieties are shown in purple. 

 

In the solid-state structure of (K+)2-2a
2-, unlike the previously reported 1ra

2- (C39H19
2−) 

dianion, which formed a solvent-separated ion-triplet with two Cs counterions,35 the two 

coordinated {K+(18-crown-6)} moieties prevent the formation of strong interactions between the 

molecules. As a result, only some weak C–H···π interactions can be identified between the (K+)2-

2a
2- (C31H17

2−) dianions and the adjacent 18-crown-6 ether moieties, with distances ranging from 

2.830(7) Å to 2.857(7) Å (Figure 10). 

 

Figure 10. Solid-state packing in (K+)2-2a
2-, mixed and space-filling models. {K+(18-

crown-6)} moieties are shown in purple. 

 

Computational Analysis 



To obtain a better understanding of the transformation pathway of the mono-helicene case and the 

effects governing it, we conducted a computational study. Two main perspectives were 

investigated: a) the sequence of steps to achieve the product, and b) the three main effects driving 

the reaction, namely, charge delocalization, aromaticity, and helical strain. Throughout our 

analysis of both of these aspects, we also draw comparisons between the mono-helicene and the 

previously reported bis-helicene. 

Reaction pathway. The overall reaction involves deprotonation, reduction, cyclization, and 

formal loss of H2 to form dianion 2a
2- containing the fused, planar heptacyclic structure. The first 

step in the pathway is unambiguous, i.e., deprotonation to afford monoanion 2-. In principle, two 

sequences are possible after deprotonation: a) cyclization followed by reduction or b) reduction 

followed by cyclization. Scheme 4 depicts these two conceivable pathways and their respective 

intermediates (denoted as 2aH2
-, 2a

-, 22-, and 2aH2
2-, respectively). 

 

Scheme 4. The two possible pathways from 2 to 2a
2-. Upper route: cyclization before reduction; 

Bottom route: reduction before cyclization. NICS(1.7)ZZ values are reported for each ring in ppm 

and are rounded to the nearest integer. Ring-fill colors indicate magnetic character: blue = diatropic 

(aromatic), red = paratropic (antiaromatic). Color intensity is proportional to the magnitude of the 

NICS(1.7)ZZ value; bar is shown in bottom left-hand corner. 

 

Our computational results indicate that the operative pathway is the bottom route shown in Scheme 

4: deprotonation followed by reduction, cyclization, and finally extrusion of H2 (i.e., the 

“Reduction-first” route). This conclusion is supported by three individual pieces of evidence. First, 



a transition state (TS) was located for the cyclization process of 22- → 2aH2
2-, whereas an analogous 

TS could not be located for cyclization of 2- to 2aH2
- (See SI for further details). Second, visual 

inspection of the lowest unoccupied molecular orbital (LUMO) of 2- reveals a constructive overlap 

between the two carbons that will bond in the cyclization event (Figure S25 in the SI). Hence, 

population of this orbital by injection of an additional electron in the reduction step would promote 

the cyclization step, and this orbital would become the singly-occupied MO (SOMO) of 22- (Figure 

8b, left). Third, the difference in electronic energy between 22- and 2aH2
2- is ~29 kcal/mol, whereas 

between 2- and 2aH2
- it is ~57 kcal/mol. Though these energies neglect solvation and counter-ion 

effects, the large difference between the two options suggests that the cyclization from 22- is more 

likely.  

Homodesmotic equations for the mono-helical system further support that the cyclization 

becomes energetically more favorable, by about 5 kcal/mol, after injection of the second charge 

(Scheme 5b). We note that this was also the conclusion in the case of the bis-helical system,35 

where we found that the reduction preceded the first cyclization step.  

Scheme 5 also illustrates that the thermodynamic driving force for the cyclization of mono-

helicene is considerably (~20 kcal/mol) lower than for the full cyclization of bis-helicene, in a 

good agreement with the relative strain content in these two systems. In this context, the 

experimental observation of mono-helicene cyclization becomes especially significant as it 

expands the scope of this new reductive cyclization process to considerably less strained systems.    

 

 

Scheme 5. a) The overall H for the mono-helicene and bis-helicene cyclization(s) in the three 

charge states (neutral, mono-, and di-anionic). b) Homodesmotic equations for the comparison of 

the effect of charge on the pathway thermodynamics. 

 



Having determined the series of steps of the overall transformation for the mono-helicene 

cyclization, we now analyze this pathway through each of the three lenses described above: charge 

delocalization, aromaticity, and strain relief.  

a. Charge delocalization. Upon deprotonation, the negative charge of monoanion 5 is mostly 

centered on the 10-π electron circuit made up of the pentagonal unit and its neighboring benzene, 

as shown in the molecular electrostatic potential (MEP) maps in Figure 11a.  

In the following reduction step, the new charge is distributed along the “top” four rings 

(rings A−D, as denoted in Table 2) of the compound, which corresponds to the spatial extent of 

the SOMO of this system (Figure 11b, left). Overall, it appears that the total −2 charge is distributed 

rather evenly over the hexacyclic core of 22-. The subsequent cyclization step does not seem to 

impede delocalization; the MEP map of 2aH2
2- shows that the charge continues to be delocalized, 

despite formal breaking of the conjugation in two of the rings (rings B and F). This can be 

explained by the hyperconjugation of the CH orbitals into the π-system, which affords continued 

delocalization (Figure 11b, right). Further support that that cyclization does not hinder 

delocalization is provided by a homodesmotic equation (Scheme S26 in the Supporting 

Information) indicating that the double negative charge is stabilized by the cyclization. Finally, 

extrusion of H2 results in a fully conjugated and planar fused scaffold, over which the charge is 

distributed.  



 

Figure 11. a) Molecular electrostatic potential maps for 2-, 22-, 2aH2
2-, and 2a

2-. The maps are 

plotted at the isosurface value α = 0.005. For the monoanionic 2-, the range is from [-0.15,0], for 

the dianionic compounds 22-, 2aH2
2-, and 2a

2-, the range is [-0.25,0]. b) Singly-occupied molecular 

orbitals (SOMOs) and their respective interactions for (left) 22- and (right) 2aH2
2-. The orbitals are 

plotted at the isosurface value α = 0.02. 

 

b. Aromaticity. The aromaticity of the various intermediates was evaluated using the NICS(1.7)ZZ 

metric107–109 and was visualized for the final cyclization products using the NICS2BC method 

(Figure 12).110 Scheme 4 details the values for each ring, as well as ƩNICS(1.7)ZZ values for each 

system, which we use as a qualitative indicator for overall gain/loss of aromatic character. We 

observe that the initial deprotonation step results in a gain of aromatic character in the pentagonal 

moiety, due to the formation of a 10 π-electron bicyclic subunit containing the five-membered ring 

and its neighboring six-membered ring (rings E and F; this is supported by the MEP map of 2- in 

Figure 11, which shows charge delocalization over both rings). Overall, the aromatic character of 

the system is increased (ΣNICS(1.7)ZZ = -131 ppm, compared to -124 ppm in the neutral parent).  

The subsequent reduction step to afford 22- creates a split in the system, whereby the “top” 

four rings (rings A−D) have markedly paratropic chemical shifts (positive NICS(1.7)ZZ values, see 



Scheme 4), indicating antiaromatic character, while the bottom part of the system (rings E, F, and 

pendant ring G) retains its diatropicity (i.e., aromatic in nature). The area of paratropicity 

corresponds to the spatial extent of the SOMO (Figure 8b left), which is in line with the expectation 

that the newly populated orbital will be the source of any new—in this case paratropic—magnetic 

contributions. Overall, the aromatic character of the system changes substantially (ΣNICS(1.7)ZZ 

= +8 ppm). These observations echo the same behavior that was observed for the bis-helical 

structure, in which charge injection leads to the formation of two distinct regions with opposite 

aromatic character, and antiaromatic behavior corresponds to the spatial extent of the SOMO 

(shown in Reference 35 and in the SI).  

The following cyclization step results in significant relief of antiaromaticity (ΣNICS(1.7)ZZ = 

-66 ppm for 2aH2
2-). Note that the three most right-side rings of 2aH2

2- (and 2a
-) are, in principle, 

not fully conjugated and their calculated NICS(1.7)ZZ value should therefore not really be 

interpreted as a direct measure of aromaticity. However, our consideration of FMOs and MEP 

maps suggests a high degree of delocalization even over these non-fully-conjugated rings, 

rendering the evaluation of their magnetic behavior still worthwhile. Thus, we report these values 

for the sake of completeness and have included them in the calculation of the ΣNICS(1.7)ZZ for 

these molecules.  

The final step, formal loss of H2, reintroduces a split aromatic character in the fused system, 

which is seen clearly in the NICS2BC plot (Figure 12a): ring B is the only ring with marked 

antiaromaticity; rings A, C, D, and the newly formed ring are essentially non-aromatic, with no 

discernable ring currents; rings E and F are moderately aromatic. Pendant ring G is also aromatic 

(according to a separate calculation; NICS2BC plots are not representative for this ring, as it is not 

in the same plane as the rest of the system). Interestingly, this is somewhat different from the bis-

helicene cyclization. For 1ra
2-, the aromatic section of the molecule encompasses four rings, and 

the remaining rings are essentially non-aromatic; there is no anti-aromatic region in the final 

cyclization product (Figure 12b). 

Overall, we conclude that the injection of the electron jump-starts the operative reductive 

cyclization, by creating the high-energy dianionic antiaromatic intermediate 22-. The 

antiaromaticity of 22- is likely the cause for the reduced barrier to cyclization, thus the relief of 

antiaromaticity drives the cyclization and loss of H2 forward, similar to the bis-helical case. In 

contrast, the hypothetical “Cyclization-first” pathway does not introduce antiaromaticity; all of the 



intermediates are aromatic (Scheme 4) and thus the driving force of relieving antiaromaticity is 

not generated.  

 

 

Figure 12. a) NICS(1.7)ZZ values and NICS2BC plot for 2a
2- and b) NICS2BC plot for 1ar

2-. Iref is 

with respect to benzene calculated at the same level of theory. The magnetic field is along the Z-

axis, i.e., perpendicular to the plane of the page and pointing towards the reader; clockwise rotation 

indicates diatropic ring currents; counterclockwise rotations indicated paratropic ring currents.  

 

b. Strain. To evaluate the magnitude of helical strain involved in the transformation, we 

studied three pentacyclic negatively charged isomers containing a five-membered ring. The charge 

of the systems is the same and the aromaticity is very similar (see NICS(1.7)ZZ values in Scheme 

6), thus the differences in energies are likely due to the variations in strain. As the calculations 

show, the helical strain results in destabilization of ~6 kcal/mol, the relief of which contributes to 

the driving force. 

 



 

Scheme 6. Comparison of relative electronic energy of three isomeric forms with different dihedral 

angles for a) containing a cyclopentadienyl anion unit and b) containing only benzenoid units. 

Relative energy is given in kcal/mol. NICS(1.7)ZZ values are reported for each ring in ppm and 

rounded to the nearest integer. Calculated at the B3LYP/6-311G(d,p) level.  

 

To understand how the effect of strain differs between the two systems, we compare the cyclization 

event in the mono-helicene to each of the cyclization events in the bis-helicene, beginning with 

the first cyclization event. We previously performed an analogous isomer comparison using 

polybenzenoid pentacyclic structures to analyze the bis-helical cyclization.35 Due to the geometry 

of the five-membered ring, the dihedral angles seen in the mono-helicene are smaller than in the 

polybenzenoid series (~8° and ~21°, compared to ~20°, and ~30°, respectively) and the strain 

energy is decreased (2.2 and 6.3 kcal/mol, compared to 5.5 and 9.5 kcal/mol relative energy, 

respectively). In other words, the relief of helical strain is expected to play a smaller role in driving 

the mono-helicene cyclization pathway than it does in the first cyclization of the bis-helical case. 

In addition, we note that, similarly to the first cyclization step in the bis-helicene, the 

cyclization step in the mono-helicene is endergonic (ΔE = ~29 kcal/mol for the mono-helicene; 

ΔE = ~20 kcal/mol for the bis-helicene)). The fact that this step is uphill energetically, despite the 

remarkable loss of antiaromaticity, the potential gain in electron delocalization, and the loss of 

helical strain that accompany it, suggests that new sources of destabilization are generated. We 

attribute these to strain originating from: a) the tertiary carbons being forced into planarity by the 

new bond between them and b) the forced planarization around the five-membered ring (five-

membered rings generally induce curvature, e.g., corannulene). Whereas the former is also 



experienced in the first cyclization of the bis-helicene (and is relieved by subsequent loss of H2), 

the latter is not. This may account for part of the difference in energetic cost between the mono- 

and bis-helical systems.  

Comparison to the second cyclization step in the bis-helicene highlights the importance of 

antiaromaticity relief as a driving force for a chemical transformation.111–116 In this comparison, 

the structural aspects are similar: both involve the pentagonal unit. However, the second 

cyclization in bis-helicene35 is ~11 kcal/mol more endothermic than the cyclization of mono-

helicene. This difference can be rationalized by the observation that the mono-helicene cyclization 

couples relief of antiaromaticity to the cyclization event, while the bis-helicene has already 

exhausted this driving force when it reaches the second cyclization step.  

In summary, the computational results allow us to ascertain the series of steps in the overall 

pathway, as well as evaluate the importance of the three main effects involved in the 

transformation. We find that the cyclization occurs following the reduction event, in which 

injection of charge forms the high-energy antiaromatic dianion 22- (Scheme 4).  Relief of the 

localized antiaromaticity and potential increase in charge delocalization mitigate the cost of the 

cyclization event, driving the reaction forward, even though the final product, 2a
2-, does not regain 

the aromatic character of 2-. Compared to the bis-helicene, the helical strain in the mono-helicene 

is lower and therefore its relief plays a smaller role in driving the reaction forward.  

 

Computational Methods 

All of the calculations reported herein were performed with the Gaussian 09 suite of programs, 

Version D.01.117 The structures were optimized using the B3LYP118,119 functional in conjunction 

with the 6-311G(d,p)120,121 basis set and Grimme’s D3122,123 empirical dispersion correction (see 

Supporting Information for further details on choice of method and benchmarking). Structures 

were verified to be stationary points on the potential energy surface (i.e., Nimag = 0 for intermediates 

and Nimag = 1 for transition states). Note that the thermochemical properties were calculated in the 

gas phase at 298.15 K. Neither implicit solvent models nor the effects of other components of the 

reaction system (such as the reductant or counter-ions) were considered. Therefore, all values 

should be interpreted only inasmuch as the trends they reflect and only with respect to the changes 

incurred on the aromatic moiety. The values do not represent an accurate reflection of the overall 

thermodynamic profile of the reaction. 



The Aroma program124–127 was used to generate input files for nucleus-independent 

chemical shift (NICS)107,128,109 calculations, which were performed using the gauge-including 

atomic orbitals (GIAO)129,130 method at the same level of theory described above. The NICS(1.7)zz 

metric was chosen, based on the recommendation by Gershoni-Poranne and Stanger,109,124 and 

these values are reported in ppm units throughout the text. The BC-Wizard program version 1.0131 

was used to generate the NICS2BC plots110 (these were generated only for the final products 

because this method is only recommended for use with planar or close-to-planar molecules). 

Visualization of the molecular orbitals and electrostatic potential maps was done with PyMol 

version 2.5.2.132 Sample input files are provided in the Supporting Information. 

 

Conclusions  

In conclusion, both bis-helicene 1 and mono-helicene 2 can undergo dehydrogenative ring-closure 

upon treatment with potassium or cesium metals. For the bis-helicene, the cyclization cascade can 

be interrupted after the first annulation. In both cases, localized antiaromatic character is generated 

by the injection of the second charge, and it is the relief of this destabilizing effect that acts as a 

driving force for the subsequent cyclization event.  Importantly, in the bis-helicene, the location 

of the antiaromaticity determines the regioselectivity of the first cyclization.   

The combination of experimental observations agrees well with the computational 

analysis. Together, experiments and theory suggest that the observed reactions start with 

deprotonation of the acidic C-H bond of the cyclopentadienyl moiety, followed by one-electron 

reduction, and finally the (sequence of) cyclization(s) (Scheme 7). The calculated thermodynamics 

of the ring closure show that cyclization prior to reduction is unlikely, as this process is 

significantly more uphill for the monoanionic pathway in comparison to the dianionic pathway. 

Furthermore, a relatively low-energy transition state for the cyclization of the dianion could be 

found, while the analogous monoanionic transition state remained elusive.  



 

Scheme 7. The regioselectivity of the initial ring closure of the double cyclization sequence 

highlights the preferred path in the maze of mechanistic scenarios. The preferred path is shown in 

green.  

As the computations show, the contribution of helical strain in promoting the C-C bond 

formation is smaller in the mono-helical system than it was in the bis-helical system. While it is 

still an important contributor to the driving force of the overall reaction, other factors may play 

bigger roles in the mono-helicene where smaller distortion is observed in comparison to the bis-

helicene. Similarly, calculated molecular electrostatic potential maps (MEP maps) of the mono- 

and dianionic species suggest that, although improved charge delocalization is certainly a 

contributor to the overall driving force of the reaction from 2 to 2a
2-, there are no dramatic changes 

in charge delocalization for the individual reaction steps along the reaction pathways.  

Unlike the bis-helicene, where all three factors were closely responsible for the overall 

driving force, the calculated NICS(1.7)ZZ values and thermodynamic parameters suggest that 

release of antiaromaticity is the key component of the driving force for the cyclization of mono-

helicene dianion. This can be understood in the following way: the cyclization step is energetically 

costly, as it introduces new types of strain into the molecules. We suggest that the destabilization 

gained by “pumping” in an additional electron into the respective mono-anion and forming the 

antiaromatic dianion is needed to overcome the barrier of the endothermic cyclization step. Thus, 

this transformation is only possible when the cost is mitigated by coupling it to the substantial 

energetic gain of antiaromaticity relief.   



Indeed, the 2nd cyclization (i.e., reaction in the vicinity of the pentagonal unit) for the bis-

helicene cascade is considerably less favorable than the 1st cyclization, because the antiaromaticity 

of the molecule has been “expended” and can no longer be used as a driving force. Further, the 

cyclization of the mono-helicene is less thermodynamically uphill than that of the helical portion 

containing the pentagonal unit in the bis-helicene. This observation further illustrates the effect of 

antiaromatic destabilization on local reactivity around the pentagonal unit. Cyclization at this 

region only alleviates antiaromaticity if it occurs as the first step, i.e., starts with the dianion of the 

precursor helicene. Finally, the formal loss of H2 with the restoration of full cyclic conjugation is 

the closing step in both the mono- and the bis-cyclization pathways that renders these reactions 

exergonic.  

  

Figure 13. Contrasting patterns of local antiaromaticity in the parent [5,5] bis-helicene and its 

modified versions 

The effect of the pre-existing anionic center on the charge injected into the conjugated pi-system 

is illustrated in Figure 13. In the radical-anion derived from the parent [5,5] bis-helicene, the 

antiaromatic region is located at the center of the fused ring system, on the trigonally-annulated 

rings. Introduction of a pendant Ph group relieves the symmetry and perturbs the electron density, 

such that the antiaromatic character extends to an adjacent ring; however, the antiaromatic 

character is still located at the center. Clearly, the situation changes in the helicene containing the 

anionic five-membered ring. A different pattern of antiaromaticity is created by an electrostatic 

directing effect of the first negative charge (located in the embedded cyclopentadienyl ring) on the 

second negative charge (introduced by the one-electron reduction that injects the additional 

electron in the *-system of the helicene mono-anion). As the negative charges avoid each other, 



the second electron is forced to occupy a localized remote position in the polycyclic system. This 

location serves as a hotspot, the starting point for the cyclization cascade. 

An intriguing conclusion from our observation is the emergence of the concept of localized 

antiaromaticity. The ability of confining aromaticity to a part of a conjugated -system may 

provide a key to facilitating difficult transformations, especially on the way to extended 

polyaromatic components of carbon-rich materials.  
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