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Repercussions of Multi-Electron Uptake by a Twistacene:  
A Reduction-Induced Double Dehydrogenative Annulation 

Matthew Pennachio,a Zheng Wei,a Robert G. Clevenger,b Kathleen V. Kilway,b Alexandra 
Tsybizova,c Renana Gershoni-Poranne,d* Marina A. Petrukhinaa*  

Chemical reduction of highly-twisted 9,10,11,20,21,22-hexaphenyltetrabenzo[a,c,l,n]pentacene (C74H46, 1) was investigated 

using Li and Cs metals as the reducing agents. The Cs-induced reduction of 1 in the presence of 18-crown-6 ether enabled 

the isolation of a solvent-separated ion pair (SSIP) with a “naked” monoanion. Upon reduction with Li metal, a double 

reductive dehydrogenative annulation of 1 was observed to afford a new C74H42
2– dianion. The latter was shown to undergo 

a further reduction to C74H42
4– without additional core transformation. All products were characterized by single-crystal X-

ray diffraction and spectroscopic methods. Subsequent in-depth theoretical analysis of one vs. two and four electron uptake 

by 1 provided insights into how the changes of geometry, aromaticity and charge facilitated the core transformation of 

twistacene observed upon two-fold reduction. These experimental and theoretical results pave the way to understanding 

of the reduction-induced core transformations of highly twisted and strained π-systems.

Introduction 

Polycyclic aromatic hydrocarbons (PAHs) with non-planar, 

highly curved, or twisted frameworks are of great interest due 

to the effect such distortions have on their chemical, magnetic, 

electronic, optical, and chiroptical properties.1 Among the wide 

variety of known non-planar PAHs are the twistacenes – 

molecules of linearly annulated six-membered rings that bear 

bulky substituents and therefore typically adopt a helical (i.e., 

“twisted”) conformation to alleviate the resulting steric 

strain.2,3 Due to their non-planarity, twistacenes exhibit 

superior solubility and are very stable compared to their parent 

acenes, making them very attractive targets.4–9 Variation of the 

substituents allows one to tune the electronic properties of 

twistacenes, enabling their use in such diverse applications as 

light-driven molecular rotors,10,11 stimuli-responsive molecular 

switches,12 synthetic photovoltaic materials,13,14 thermally 

activated delayed fluorescent materials,15–17 nonlinear optical 

materials,18 and light emitting diodes.5,19,20  

The injection of electrons into non-planar PAHs was shown 

to result in significant electronic and structural changes.21–25 

The studies of electron transfers of carbon bowls,26 belts,27 and 

wires28 uncovered a prominent dependence on π-topology and 

charge. Remarkably, the chemical reduction of non-planar PAHs 

could lead to structural deformation,28–41 new C–C bond 

formation,42,43 and reductive dimerization.44–47 For example, 

Scott and coworkers48 found that the reduction of a 1,1′-

binaphthyl moiety undergoes reductive cyclization to form 

perylene in the presence of potassium metal. Similarly, Ayalon 

and Rabinovitz49 studied the dehydrogenative cyclization of [5]-

helicene upon two-fold reduction with alkali metals. Recently, 

we demonstrated that strained mono- and bis-helicenes 

undergo reductive cyclization, driven by the relief of 

antiaromaticity.50,51 

Twistacenes provide a sterically crowded π-scaffold where 

dehydrogenation and C–C bond formation can also occur.42,43 

While there are some reports on the electrochemical behaviour 

of twistacenes,20,52–62 the outcomes of chemical reduction of 

twistacenes have remained unexplored. To the best of our 

knowledge, no X-ray diffraction studies revealing structural 

consequences of electron addition to twistacenes or alkali-

metal ion binding patterns to the twistacene anions have been 

reported. Herein, we carried out the first chemical reduction 

investigation of the twistacene 9,10,11,20,21,22-

hexaphenyltetrabenzo[a,c,l,n] pentacene63 (1, Scheme 1). This 

resulted in the isolation of several products in three different 

reduction states, which allowed us to reveal the reduction-

induced core transformations. The products were fully 

characterized using single-crystal X-ray diffraction, NMR, EPR, 

and UV-Vis spectroscopy. In addition, a computational analysis 

was performed to elucidate the electronic and structural 

responses to the addition of multiple electrons to 1. 
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Results and Discussion 

Chemical Reduction of 1: Crystallographic Study of its Mono-, 

Doubly-, and Tetra-Reduced Products 

The chemical reduction of 1 with Cs and Li metals was investigated in 

THF at room temperature and monitored by UV-Vis absorption 

spectroscopy (Figs. S1 and S2). The first reduction step is 

accompanied by the appearance of a deep  purple colour. The 

reaction can be stopped at this stage and the resulting product 

stemming from the Cs-induced reduction was isolated using slow 

addition of hexanes into the THF reaction solution in the presence of 

18-crown-6 ether. Single-crystal X-ray diffraction and EPR 

spectroscopic analysis (Fig. S13) confirmed the formation of a 

solvent-separated ion pair of the mono-reduced anion with Cs+ 

counterions, namely [Cs+(18-crown-6)2][(11–)] (crystallized with 2 

interstitial THF molecules as 2·2THF, Scheme 2). 

The use of an excess of lithium metal coupled with extended 

reaction time leads to a brown-black mixture indicating the 

formation of doubly-reduced anions in solution. Through slow 

addition of hexanes to the THF reaction solution, a new contact-ion 

product with lithium counterions was crystallized, as confirmed with 

single-crystal X-ray diffraction, namely [{Li+(THF2)}2(C74H42
2–)] 

(crystallized with 3 interstitial THF molecules as 3·3THF, Scheme 2). 

Remarkably, the use of excess lithium and ultrasonication of the 

reaction mixture for one hour resulted in a highly-reduced product, 

isolated and identified by single-crystal X-ray diffraction as [Li+(THF) 

4]2[{Li+(THF)2}2(C74H42
4–)] (crystallized with 0.5 interstitial THF 

molecules as 4·0.5THF, Scheme 2). Notably, upon addition of two 

electrons, the polycyclic aromatic core of 1 is transformed through 

two reductive C−C couplings to afford a new C74H42
2– dianion in 3 

(Scheme 3). However, no further annulation is observed upon 

formation of a C74H42
4– tetraanion in 4 (vide infra).  

The crystal structure of 2 consists of one Cs+ ion sandwiched 

between two 18-crown-6 ether molecules (Cs⋅⋅⋅Ocrown, 

3.2019(7)–3.559(2) Å)50,64 and one C74H46
1– anion, forming a 

solvent-separated ion pair (Fig. 1). The isolation of this product 

allows structural analysis of the “naked” polycyclic twistacene 

core upon addition of one electron and without direct metal 

binding influence. 

An X-ray diffraction study of 3 revealed that there are two 

crystallographically independent [Li+(THF)2] cations bound to 

the C74H42
2– dianion core (Fig. 2). Since both cations show similar 

coordination environments, only one is discussed below.  

Specifically, the [Li+(THF)2] ion binds to four carbon atoms of 

the penultimate ring of the pentacene core of C74H42
2– (Li···C, 

2.360(8)–2.575(8) Å) and to the ipso-carbon atom (Li···C, 

 

Scheme 1 Twistacene 9,10,11,20,21,22-hexaphenyltetrabenzo[a,c,l,n]pentacene 
(1). 

 

Fig. 1 Crystal structure of 2, ball-and-stick model (left) and space-filling model (right). 

 

Scheme 2 Chemical reduction of 1 with Cs and Li in THF. 

 

Scheme 3 Dehydrogenative annulation of twistacene 1 upon two-fold reduction. 
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2.408(9) Å). A longer contact to the adjacent carbon atom of 

2.819(8) Å) can be noted (Fig. 2c and Table S5). Coordination of 

the Li+ ion is completed by two THF molecules with the Li···OTHF 

distances of 1.875(19) and 1.952(14) Å. All Li···C and Li···O 

distances are close to those previously reported.40,43  

An X-ray diffraction study of 4 revealed that there are four 

crystallographically independent Li+ ions, with two [Li+(THF)2] 

cations bound to the tetraanion and two [Li+(THF)4] cations 

remaining solvent-separated from the C74H42
4– core (Fig. 3). As 

the coordination environment of two [Li+(THF)2] cations is 

similar, only one is discussed in detail. Specifically, the Li+ ion 

with two coordinated THF molecules (Li···OTHF, 1.996(5) and 

1.921(4) Å) binds to four carbon atoms of the penultimate ring 

of the pentacene core (Li···C, 2.360(8)–2.571(4) Å) and two 

carbons on the adjacent ring (Li···C, 2.415(9) and 2.714(4) Å) of 

C74H42
4– (Table S5). Notably, the Li+ ion binding sites of both 

anions, C74H42
2– and C74H42

4–, in 3 and 4 are rather similar. 

In the solid-state structure of 2, multiple C–H···π contacts 

(2.103(2)–2.787(3) Å) between the 11– anions and the {Cs+(18-

crown-6)2} cations support the formation of a 2D network (Fig. 

4 and Table S2). In the solid-state structure of 3, two C–H···π 

contacts (2.200(14) Å) are found between the C74H42
2– anions 

and the coordinated THF molecules of the adjacent moieties 

(Figs. 5 and S16). The solid-state structure of 4 contains 

numerous C–H···π contacts (2.484(4)–2.791(5) Å) between the 

 

Fig. 4 Solid-state packing of 2, (left) mixed and (right) space-filling models. Interstitial 

THF molecules are removed. Cationic moieties are shown in green. 

a

o
c

 

Fig. 2 Crystal structure of 3, space-filling model, with (a) and without coordinated THF (b), coordination of Li+ ions (c). 

 

Fig. 3 Crystal structure of 4, space-filling model, with (a) and without coordinated THF (b). 

 
Fig. 5 Solid-state packing of 3, (left) mixed and (right) space-filling models. 
Interstitial THF molecules are removed. Cationic moieties are shown in blue. 

a

o
c
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C74H42
4– anions and the coordinated THF molecules forming a 

3D network (Fig. 6 and Table S3).  

Twistacene Core Deformation and Transformation 

The addition of one electron leads only to a slight structural 

deformation of the original twistacene framework, which can 

be illustrated by a direct comparison of C–C bond lengths 

between 1 and 11– (Table 1). For example, bonds d, h, k, and m 

are noticeably elongated (Δavg. = 0.020 Å), with k almost 0.03 Å 

longer than in the neutral parent. Conversely, bonds c, g, and j 

are slightly contracted by 0.011 Å, 0.012 Å, and 0.015 Å, 

respectively. In contrast to these bond alterations, the overall 

helical twist of the molecular skeleton is only modestly affected 

(Table S8). 

However, the addition of two electrons to twistacene results 

in more drastic changes, as the polycyclic aromatic core of 1 

undergoes a two-fold dehydrogenative annulation 

accompanied by the formation of two new C–C bonds (Scheme 

3). Notably, the molecular skeleton of the C74H42
2– dianion is 

significantly altered compared to the neutral parent.65,66 This 

can be illustrated by a direct comparison of C–C bond distances 

and torsional distortion between 1 and the C74H42
2– anion. The 

two newly formed C–C bonds, r and s (1.435(10) and 1.471(6) Å, 

respectively), expand the conjugated polycyclic core by 

inclusion of two more aromatic rings (Table 2). Bonds c, g, and 

o are noticeably shortened by 0.052, 0.056, and 0.039 Å, while 

bonds d, i, k, p, and l are elongated (Δavg. = 0.051 Å) with k 

elongated by almost 0.100 Å.  
In 4, the polycyclic core of C74H42

4– retains the two-fold 

annulation observed in 3 (Scheme 3). The two corresponding C–C 

bonds, r and s measure at 1.456(2) and 1.451(3) Å, respectively. 

Comparison of the anionic carbon frameworks in 3 and 4 reveals 

 

Fig. 6 Solid-state packing of 4, (left) mixed and (right) space-filling models. 
Interstitial THF molecules are removed. Cationic moieties are shown in light blue. 

b

c
a

Table 1 Key C–C bond distances (Å) in 1 and 11–, along with a labeling scheme. 

 
Bond 1 Cs-11– 

a 1.462(4) 1.4587(9) 

b 1.410(5) 1.4181(8) 

c 1.486(4) 1.4748(8) 

d 1.386(4) 1.4076(8) 

e 1.447(4) 1.4401(7) 

f 1.421(4) 1.4198(8) 

g 1.454(5) 1.4417(7) 

h 1.438(4) 1.4504(8) 

i 1.416(4) 1.4204(8) 

j 1.484(4) 1.4694(8) 

k 1.380(5) 1.4084(7) 

l 1.448(4) 1.4302(7) 

m 1.416(4) 1.4335(7) 

 

a b
c d e f

mlkj
i

g h

Table 2 Key C–C bond distances (Å) in 1, C74H42
2– in 3, and C74H42

4– in 4, along 
with a labeling scheme. 

 
Bond C74H46 

1 

Li2-C74H42
2– 

3 

Li4-C74H42
4– 

4 

a 1.462(4) 1.455(11) 1.447(3) 

b 1.410(5) 1.405(10) 1.435(2) 

c 1.486(4) 1.434(10) 1.436(2) 

d 1.386(4) 1.436(5) 1.435(2) 

e 1.447(4) 1.469(5) 1.479(2) 

f 1.421(4) 1.430(5) 1.429(2) 

g 1.454(5) 1.398(5) 1.414(2) 

h 1.438(4) 1.417(5) 1.422(2) 

i 1.416(4) 1.432(10) 1.432(3) 

j 1.484(4) 1.468(11) 1.428(2) 

k 1.380(5) 1.476(5) 1.472(2) 

l 1.448(4) 1.483(5) 1.484(2) 

m 1.416(4) 1.414(5) 1.419(2) 

n 1.386(4) 1.364(12) 1.404(3) 

o 1.405(4) 1.366(9) 1.413(2) 

p 1.385(4) 1.447(12) 1.380(3) 

q 1.372(5) 1.337(12) 1.365(3) 

r  1.435(10) 1.456(2) 

s  1.471(6) 1.451(3) 
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their resemblance. Close examination of the C–C bond length 

distances of the central pentacene core in 3 and 4 illustrates that the 

majority are comparable, except for bonds b (elongated by 0.030 Å 

in 4) and j (contracted by 0.040 Å in 4). However, the C–C bonds on 

the peripheral phenyl rings reveal more notable changes from 

C74H42
2– to C74H42

4–, with bonds n, o, and q lengthened (Δavg. = 0.038 

Å) and p shortened by 0.067 Å. 

In addition to these bond alterations, the new C74H42
2– dianion 

and C74H42
4– tetraanion adopt the geometry of a positively curved 

PAH in contrast to the twisted nature of the neutral parent (Fig. 7 and 

Table S9). The torsion angle of the central pentacene core (b/c) 

decreases from −143.36° in 1 to 12.30° (3) and −18.16° (4). In 

addition, the dihedral angle A-D increases from 41.35° in 1 to 71.83° 

(3) and 69.76° (4), further exemplifying the drastic geometry change. 

In both cases, the [Li+(THF)2] moieties coordinate to the convex (exo) 

surface of the C74H42
2– and the C74H42

4– anions (Fig. 7). 

Computational Investigation 

The experimental evidence suggests that the mono-reduced 

twistacene, 11–, is relatively long-lived, whereas the doubly-reduced 

12– undergoes spontaneous double-cyclization upon formation. 

Additionally, the experimental evidence shows that the second core 

annulation proceeds regioselectively, as only one type of a doubly-

cyclized product is formed, with the two newly-formed rings on 

opposite sides of the pentacene moiety (i.e., trans). In other words, 

following the first cyclization event, there are three potential sites 

for the second cyclization, which could lead to different products 

(i.e., a cis-, gem-, or trans-type bis-cyclization). However, only the 

trans-type doubly-annulated product is obtained, and the other 

theoretical possibilities are not observed. In order to gain a deeper 

understanding of the core transformation mechanism, including the 

origin of the regioselectivity, we performed a computational 

investigation focused on three aspects: a) geometry, b) frontier 

molecular orbitals, and c) aromaticity. 

Geometry 

To probe the geometrical features of the twistacene series, we fully 

optimized the structure of the naked neutral twistacene 1, as well as 

its reduced forms 11− and (undetected) 12–. It is noteworthy that the 

gas phase geometry optimization reduces the symmetry of the 

neutral molecule to C1 and, as a result, there appear to be four non-

identical potential sites for the first cyclization (depicted in Fig. 8A 

with highlighted circles and numbered 1‒4). However, the 1H NMR 

spectrum of 1 (Figure S6) shows only ten peaks, which is indicative of 

D2 symmetry and points to a free rotation of the pendant phenyl 

groups in solution, thus making the four sites equivalent prior to the 

first cyclization. Nevertheless, the optimized geometry of 1 highlights 

the geometrical features at the minimum-energy conformer. We 

observe that the helical sites form two similar pairs, in which sites 

that are trans to one another are more similar than those that are cis 

or gem.  The similarity was measured by the C‒C distances between 

 

Fig. 7 Geometry of C74H42
2– dianion (a) C74H42

4– tetraanion (b), along with 
coordinated Li+ ions; geometry of neutral parent (c, d), mixed models. 

 

Fig. 8 Comparison of structural changes between twistacene 1 (pink) and its 

reduced forms: 𝟏𝟏− (blue), 𝟏𝟐−(green), and 𝟏𝒎𝒐𝒏𝒐
𝟐− (gray). 
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the carbon atoms that can bond through cyclization (denoted as r in 

Fig. 8a) and the dihedral angles of the helical sites (denoted as 𝜃 in 

Fig. 8a): 𝑟1 = 3.122, 𝑟2 = 3.184, 𝑟3 = 3.135, 𝑟4 = 3.162 Å and 𝜃1 =

16.17, 𝜃2 = 9.16, 𝜃3 = 17.35, 𝜃4 = 8.40. Specifically, the pair 1 and 

3 have shorter C‒C distances and larger dihedral angles than the pair 

2 and 4.  

The first reduction leads to a subtle shift in the twist of the 

pentacene core, which brings the pendant phenyl groups closer to 

the flanking rings. As a result, the distances r decrease and the 

dihedral angles 𝜃 increase. As detailed in Fig. 8A, the average C‒C 

distance for the four sites decreases from 𝑟̅ = 3.151 Å to 𝑟̅ = 3.113 

Å. However, the shortening is not symmetric; 𝑟1 and 𝑟3 shorten more 

than 𝑟2 and 𝑟4 (average change is Δ𝑟̅ = −0.047 and − 0.029 Å for 

the two pairs, respectively). The second reduction, to 12−, continues 

this trend. The C‒C distances decrease to an average of 𝑟̅ = 3.070 Å 

(Δ𝑟̅ = −0.063 Å for 𝑟1 and 𝑟3 and Δ𝑟̅ = −0.022 Å for 𝑟2 and 𝑟4, 

relative to the C‒C bond distances in 11−). The fact that 11– is observed 

while 12– is not suggests that these changes could be key to 

promoting the cyclization cascade.  

To further investigate the core annulation process, we calculated 

a hypothetical mono-annulated intermediate, 𝟏𝒎𝒐𝒏𝒐
𝟐−  (Fig. 8b), in 

which only one site (the one corresponding to 𝑟1) has undergone 

cyclization and dehydrogenation and is rearomatized. For this 

intermediate, the differences between the sites become even more 

pronounced: the site located trans to the cyclization has the shortest 

C‒C distance (𝑟3 = 3.007 Å), which is substantially shorter than the 

C‒C distances in the gem and cis sites (𝑟2 = 3.129 and 𝑟4 = 3.131 Å, 

respectively). The significant shortening of the separation between 

the carbon atoms in the trans site are in line with the experimental 

evidence that the 𝟏𝒎𝒐𝒏𝒐
𝟐−  intermediate is not observed. Therefore, it 

is entirely reasonable that this hypothetical intermediate could 

undergo spontaneous cyclization, and that it would be a 

regioselective process.  

Hence, from a geometric perspective, we conclude that some 

geometric differences are introduced already in the neutral parent 

system, which subsequently create a preference for certain 

regioselectivity. The two helical sites that are trans to one another 

appear to be structurally aligned for cyclization more so than the 

counterpart pair (in contrast to our previous studies, where 

geometric differences were only introduced upon reduction).67 

Following the first annulation event, the site that is trans becomes 

even more primed than any of the other three sites and is likely to 

also cyclize spontaneously.  

Frontier Molecular Orbitals 

To provide further insights, we examined the frontier molecular 

orbitals of 1, 11–, and 12–. For the highest occupied molecular orbital 

(HOMO) of 1, no constructive overlap was evident between any of 

the C‒C pairs that could, in principle, form a new bond upon 

cyclization (Fig. S18). In contrast, such an overlap did appear in the 

lowest unoccupied molecular orbital (LUMO), indicating that 

populating that orbital with electrons (e.g., by chemical reduction) 

could promote the formation of a new C‒C bond. Indeed, a similar 

overlap was observed in the singly-occupied molecular orbital 

(SOMO) of 11–, in the HOMO of 12–, and in the HOMO of 𝟏𝒎𝒐𝒏𝒐
𝟐− . As all 

three of these are (partially) filled orbitals, this implies the existence 

of a bonding interaction. 

Despite the geometrical differences detailed above, the MO 

analysis could not provide further insight into the regioselectivity of 

the reaction. The visual differences in the MOs between the sites 

were too small to readily distinguish a preference for cyclization at 

one site over another. Similarly, the MOs for the hypothetical 𝟏𝒎𝒐𝒏𝒐
𝟐−  

did not indicate a substantially better overlap at the trans site than 

at the other sites. Thus, the MO analysis is consistent with the 

nascent C‒C bond alteration but does not allow us to rationalize the 

regioselectivity of the cyclization cascade. 

Aromaticity 
Finally, we turned to analysing the aromatic character of the 

twistacene series, covering four different reduced states and 

including the putative intermediates of the cyclization process, as 

well as the products of the cyclization and reduction reactions. In Fig. 

9, we detail the nucleus-independent chemical shift (NICS)68–70 

values for 1, 11–, 12–, 𝟏𝒎𝒐𝒏𝒐
𝟐− , 𝟏𝒃𝒊𝒔

𝟐− , and 𝟏𝒃𝒊𝒔
𝟒−  (the doubly-annulated 

dianion and tetraanion that were experimentally observed) using the 

NICS(1.7)ZZ metric.71 

We first studied the changes that occur following reduction of 

the polycyclic twistacene system. Upon reduction to 11–, the greatest 

 

Fig. 9 NICS(1.7)ZZ values for the investigated 1, 11−, 12−,𝟏𝒎𝒐𝒏𝒐
𝟐− , 𝟏𝒃𝒊𝒔

𝟐− , and 𝟏𝒃𝒊𝒔
𝟒−  

reported for each ring in ppm and rounded to the nearest integer. Ring-filled 
colors correspond to the color bar at the bottom: blue = diatropic (aromatic), red 
= paratropic (antiaromatic). Color intensity is proportional to the magnitude of 
the NICS(1.7)ZZ value. 
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changes are seen in the three middle rings of the pentacene core, 

which shift from markedly aromatic in 1 (ƩNICS(1.7)ZZ = −15 and −20 

ppm) to weakly aromatic in 11– (ƩNICS(1.7)ZZ = −8 and −5 ppm) to 

non-aromatic in 12– (ƩNICS(1.7)ZZ = −1 and +4 ppm). In contrast, the 

pendant rings and the flanking rings at the edges of the pentacene 

core retain their respective NICS(1.7)ZZ values throughout and show 
very little change. These observations agree with the spin density 

location for 11– (see Supporting Information, Figure S20) – the 

unpaired electron is localized on the middle three rings of the 

pentacene unit, thus it is unsurprising that only these rings exhibit 

changes to their aromatic character. Overall, the global molecular 

aromaticity, which was evaluated using the sum of NICS(1.7)ZZ values, 

sequentially decreases with the addition of negative charge 

(ƩNICS(1.7)ZZ = −179, −152, and −127 ppm, for 1, 11–, and 12–, 

respectively). These results agree with other reported cases,67 in 

which reduction of polycyclic systems leads to loss of aromaticity 

and, in some cases, even gain of antiaromaticity.50,51  

Next, we studied the effects of cyclization, going from 12– to 

𝟏𝒎𝒐𝒏𝒐
𝟐−  and finally to 𝟏𝒃𝒊𝒔

𝟐− . Following the first cyclization, the global 

NICS value for 𝟏𝒎𝒐𝒏𝒐
𝟐−  achieves ƩNICS(1.7)ZZ = −140 ppm, which 

represents a gain of ~10% relative to the unmodified 12–. After the 

second cyclization, 𝟏𝒃𝒊𝒔
𝟐−  has a ƩNICS(1.7)ZZ = −179 ppm, which is 

comparable to 1, implying that the system has regained almost all of 

the aromaticity lost due to reduction. This may also explain the 

observation that 11– is experimentally observed while 12– is not – the 

latter is destabilized enough to spontaneously undergo core 

annulation. 

Further addition of two more electrons to form the tetraanion 

again decreases the aromaticity, leading to ƩNICS(1.7)ZZ = −113 ppm 

for 𝟏𝒃𝒊𝒔
𝟒− . As opposed to the dianion, for the tetra-reduced state, it is 

the second and fourth rings of the pentacene core that have the least 

negative NICS values. Despite the apparent loss of aromatic 

stabilization, there was no experimental evidence that 𝟏𝒃𝒊𝒔
𝟒−  

undergoes further cyclization at either of the remaining sites. This 

may be due to the geometrical constraints imposed by the pendant 

phenyl groups, as additional cyclization would lead to an increase in 

planarization that would force the pendant groups to be in closer 

proximity. 

Metal Complexation 

With a better understanding of the “naked” twistacene in its 

different reduced states, we turned to studying π-complexation of 

the mono-, di-, and tetra-anionic species with either cesium or 

lithium cations. The total NICS(1.7)ZZ values of product 2 (formed by 

 𝟏𝟏−  and Cs+ entrapped by two crown ethers), complex 3 (formed by 

𝟏𝒃𝒊𝒔
𝟐−  and two [Li+(THF)2] moieties) and complex 4 (formed by 𝟏𝒃𝒊𝒔

𝟒−  and 

two [Li+(THF)2]) are displayed in Fig. 10. We note that both anions are 

fully aromatic and, specifically, the values for the peripheral rings – 

those bearing hydrogens – are very similar to the neutral parent, 1. 

These results are in line with the experimental 1H NMR data, which 

also show no significant uphill proton shift for the reduced products 

(Figs. S9, S11) compared to 1 (Fig. S6). 

As expected for a solvent separated-ion pair, the total charge of 

the polycyclic aromatic system in 2 is −0.97 and the total aromatic 

character is very similar to the uncomplexed 11– (ƩNICS(1.7)ZZ = −159 

and −151 ppm, respectively). This result agrees with the crystal 

structure of 2 showing no direct interaction between the metal ion 

and the monoanionic twistacene core, and hence the organic 

component retains its intrinsic properties. In contrast, the crystal 

structure of 3 is built on direct interactions between the 𝟏𝒃𝒊𝒔
𝟐−  core 

and two Li+ cations, and the consequences are clearly seen in the 

partial charge and aromaticity of the complexed aromatic ligand. 

There is a marked decrease in negative charge, to −1.45 (a loss of 

27.5% of the charge, relative to 12–) and an increase in aromaticity to 

ƩNICS(1.7)ZZ = −204 ppm (an increase of 19%, relative to −171 ppm 

for 12–). A similar change is seen for complex 4, in which the polycyclic 

aromatic component loses a substantial portion of its negative 

charge (changing from −4 to −3.22, a decrease of 20%), concomitant 

with an increase in aromaticity to ƩNICS(1.7)ZZ = −131 ppm (16% 

increase, relative to 𝟏𝒃𝒊𝒔
𝟒− ). 

To illustrate the changes incurred at a more local level, the partial 

charges on the carbon atoms comprising each ring were summed up. 

Upon complexation in 3, the penultimate pentacene ring and the 

newly formed ring of 𝟏𝒃𝒊𝒔
𝟐−  display increased negative charges while 

 

Fig. 10 NICS(1.7)ZZ values for the rings in the polycyclic aromatic moieties in 
complexes 2, 3, and 4 (a); the change in partial charge per ring, calculated as the 
difference of the sum of Löwdin charges of the carbons in each ring between the 
complexed and uncomplexed anionic moieties in 3 and 4 (b). 
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all other rings decrease in partial charge (Fig. 10b shows the change 

in partial charge per ring). Similarly, in 4, the penultimate pentacene 

rings show the greatest increase in negative charge. In simple terms, 

the Li+-complexation causes a migration of charge density from the 

peripheral rings to the rings that are engaged in complexation, where 

the charge can be better stabilized through electrostatic cation-π 

interactions. The unique geometric features of complex 4 

demonstrate this nicely, as the two Li+ ions are not complexed 

symmetrically with respect to the center of the tetraanion, and 

indeed it is the rings involved in Li+ ion binding that show the greatest 

increase in negative charge. Notably, this behaviour was also seen 

for the previously studied systems.67  

Conclusions 

In summary, the stepwise addition of multiple electrons to a 

twistacene was successfully accomplished using lithium and cesium 

metals to afford three new products covering three different 

reduction states. The products were crystallographically 

characterized to reveal only minor twistacene core changes upon 

one-electron addition followed a dramatic regioselective double-

annulation caused by acquisition of the second electron. 

Interestingly, the injection of two more electrons did not result in any 

additional annulation processes.  

We computationally investigated the source of regioselectivity 

and found that even though there are, in principle, four cyclization 

sites and three potential regioisomers that can be formed, there is 

one pair of trans-situated sites that are most likely to cyclize. These 

results agree with the observation that only the trans-type bis-

cyclized product is observed. Our computational analysis also 

revealed that double-reduction of the twistacene leads to a 

substantial decrease of aromaticity, most of which is regained in the 

cyclization and subsequent dehydrogenation steps. Indeed, the 

cyclization cascade stops after the second annulation, despite the 

system’s charge and the existence of two remaining uncyclized sites. 

We believe this is due to the combination of aromatic stabilization of 

the bis-annulated product and the steric factors hindering further 

planarization. Therefore, although further reduction to the 

tetraanion results in loss of aromaticity, which may make additional 

cyclization more likely, the geometry of the carbon framework makes 

this less feasible. 
In addition, the computational analysis allowed us to probe the 

changes incurred in the non-planar aromatic frameworks upon alkali 

metal ion complexation. Complexation helps to stabilize the 

structures through transfer of charge and concomitant increase of 

aromaticity. This is less successful in the Cs-product due to lack of 

direct metal ion-π interactions. The effects are more pronounced in 

the two π-complexes, in which two Li+ cations exhibit direct 

coordination to the respective carbanions. As a result, the aromatic 

moieties relieve a significant percentage of their negative charge 

(~25% and ~20%, respectively) and display an increase in their 

aromatic character (~20%). 

As this work reports the first crystallographically characterized 

products of the reduced twistacene with alkali-metal counterions, it 

provides an exceptional foundation for comprehensive theoretical 

analysis of the consequence of stepwise electron addition to a 

twistacene core. As the stepwise reduction of twistacene 1 reveals a 

unique mechanism for expansion of the aromatic core through 

dehydrogenative annulation, this work could pave the way for ring 

closure reactions of other highly twisted polyarenes as an alternative 

to the Scholl reaction. 
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