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A B S T R A C T  

An exhaustive and systematic study of the structural and electronic properties of 

cyclooctatetraene (COT) upon substitution of hydrogen atoms by fluoro and cyano 

groups has been carried out in order to analyse the influence of both substituents on the 

aromaticity. We found that C-C distances decrease with fluoro substitution while in 

cyano derivatives the opposite happens. All the compounds retain their original 

structural type, with the exception of the cyano derivatives; thus, compounds 25CN6T, 

27CN6T and 30CN8T show boat-like structure, whereas compounds 20CN5T, 26CN6T, 

and 29CN7T present twisted structures. Regarding the relative energies of those 

compounds with the same number of substitutions, it was found that compounds where 

the X groups were more separated among them were the most stable ones. Inversion 

barriers (∆ETS) were found to increase with the number of substitutions; in the case of 

fluoro derivatives these barriers have a two-fold, increase compared to the parent 

compound while in the cyano ones a three-fold increase was observed. The aromatic 

character based on the NICS values, was found to increase in the ground singlet states 

and in the transition states of both fluoro and cyano derivatives. For triplet states, a 

decrease of the aromatic behaviour was found upon substitution. NICS profiles and 3D 

NICS isosurfaces confirm such findings. Finally, HOMA indexes corroborate the 

aromatic changes described by the NICS values, although, no good correlations between 

both quantities were found. 

 

Keywords cyclooctatetraene, aromaticity, NICS, fluoro, cyano 

 

1. Introduction 

The interest in the design and synthesis of cyclic π-conjugated systems, including 

aromatic and antiaromatic rings, has grown in the last years.1-4 Amongst all the possible 

aromatic, non aromatic and antiaromatic systems, cyclooctatetraene (COT) which is 

non-aromatic, and  its inversion transition and triplet states (antiaromatic and aromatic, 
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respectively), the first prepared [4n]annulene, has been the object of numerous 

investigations during several decades,5-13 in special in the field of organometallic 

chemistry for its capacity to bond to transition metals, lanthanides and actinides.14-16 In 

fact, COT, being a 4n cyclic π-conjugated system, it is often considered as an example 

of a non-aromatic (or antiaromatic, when planar) species.17 COT ground state presents a 

strongly non-planar tub-shaped structure which has been established as a non-aromatic 

system.18  However, both the transition state (corresponding to the inversion of the boat-

like structure) and the triplet state of COT show planar structures. The aromaticity of its 

planar triplet and transition state as well as the aromaticity/antiaromaticity inversion 

observed between the ground and the excited states of COT have been previously 

studied.18-21 Additionally, the properties of COT’s hetero-derivatives as well as those of 

its dianion have also been explored in the literature.11, 22-25 Besides, the reactivity of 

metallic derivatives of COT with carbon monoxide has been additionally explored at 

theoretical level.26  

In the present study, we have focused in the effect that the systematic substitution of a 

hydrogen atom by a fluorine atom or a cyano group will have in the 

aromaticity/antiaromaticity of COT. We are aiming to answer two questions: 1) what is 

the effect of those substitutions on the ring structure? And 2) what is influence of those 

substitutions on the aromatic/antiaromatic characteristics of the singlet, triplet and 

transition states of the flouro and cyano derivatives of COT? 

In Figure 1, we show the structures of the compounds studied in the present work, 

including the systematic substitutions and nomenclature used along the article. In the 

present manuscript, compounds will be named as nXiY, where n corresponds to an 

ordinal compound number, X is the atom or group substituting H (F or CN), i denote the 

number of substitutions made with respect to the parent compound (i.e. COT) and Y 

represents the state of the compound considered (S: singlet ground state, T: triplet and 

TS: singlet transition state). Some of these compounds, including 1COTs, have been 

synthesized and described in the literature: 2F1S,
27
 25F6S,

28
 30F8S,

29, 30
 2CN1S,

31, 32
 

3CN2S
33 and 5CN2S.

34, 35 Moreover, an accurate structure of 1COTS has been obtained 

by combining femtosecond time-resolved rotational coherence spectroscopy and high-

level ab initio calculations.36 Finally, X-ray structures of 1COTS and 30F8S have been 

reported showing a boat shape.6, 37, 38 
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Figure 1.  Compounds studied in the present work. 

 

2. Computational Details 

The geometry of the systems has been optimized at the B3LYP39, 40/6-311++G(d,p)41 

computational level. Open shell systems have been obtained using the unrestricted 

UB3LYP functional. Harmonic vibrational frequencies were computed at the same 

computational level used for geometry optimizations in order to identify the stationary 

points either as local minima or transition states (TS).  

NICS values42 were calculated using the GIAO method43, 44 on the B3LYP/6-

311++G(d,p) geometries. To obtain the spatial distribution of the NICS, these values 

have been calculated on a 3D cubic grid of 14 Å size following the procedure described 

in our previous work.20, 45, 46 The points in the grid are located at 0.2 Å one from another 
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in the three spatial directions. The result is a cube of 357,911 NICS values, which in the 

next step are represented over the 0.001 a.u. electron density isosurface using the WFA 

program.47 All the calculations have been carried out using the Gaussian09 

computational package.48 

The Natural Bond Orbital (NBO) method49 has been employed to evaluate the Wiberg 

bond indexes (WBI) within the natural resonance theory (NRT).50, 51 In order to evaluate 

the π−electron delocalization on the compounds studied, and thus, their aromaticity, the 

harmonic oscillator model of aromaticity (HOMA) has been used.52, 53 

 

3. Results 

We have studied the structural, energetic and aromatic changes in the COT derivatives 

upon substitution of H by F and CN groups. 

3.1. Structure 

The C-C distances of those atoms belonging to the ring have been gathered in Table S1 

(Supporting Information). However, for the sake of simplicity, average values of those 

C-C distances have been included in Table 1. The average values of the C-C bonds 

distances, in addition to the standard deviation, provide with a view about the amount of 

variation in those specific bonds. Two different conformations have been found in COT 

derivatives, as it was already observed in the literature,18, 20 boat-like and planar. As a 

general rule, the singlet states of the compounds studied present boat-like structures, 

while planar ones are characteristic of triplet and transition states. However, in triplet 

states, while all fluoro derivatives remain planar upon substitution, cyano derivatives 

present different conformations. Compounds 2CN1T to 19CN4T, 21CN5Y to 24CN5T and 

28CN6T remain planar, while 25CN6T, 27CN6T, and 30CN8T show boat-like 

conformation and derivatives 20CN5T, 26CN6T, and 29CN7T present twist structures as 

a consequence of the substitution. 

Regarding the C-C distances, as observed in Table 1, compounds with singlet state, both 

ground and transition states, show alternant single and double bond, while the triplet 

states present distances which resemble to those in benzene. Indeed, Wiberg bond 
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indexes corroborate such findings, being close to 1 those with larger bond distances 

(single bonds), 1.7-1.8 for those with shorter ones (double bonds), and  around 1.3 in 

those benzene-like (Benzene WB=1.4).  

When the nature of substituents is taken into account, the C-C bond distances in the 

fluoro derivatives have been found to be shorter than those in cyano derivatives in all 

the cases (i.e. singlet, triplet and transition states). For example, if we consider the 

average of the same C-C bond for all the compounds (i.e. C1-C2), standard deviations 

of all the Cx-Cy bonds for both F and CN derivatives remain between 0.002-0.009 for 

fluoro derivatives, while the cyano ones present a wider range of values 0.003-0.018. 

Looking at that data, two different structures have been found, alternated-bond (S and 

TS) and benzene-like (T) structures. This is also corroborated by the standard deviations 

of the values on the average of all the C-C bonds, which present large standard 

deviations (0.063-0.067) in the alternated-bond structures similar to the one found in 

unsubstituted COT (0.066), while in benzene-like ones these standard deviations remain 

in the range of 0.006-0.014, for F and CN containing systems, respectively. However, it 

is worth noting that the range for the cyano derivatives is twice that of the fluoro ones. 

 

Table 1. Average C-C distances (Å) and average Wiberg Bond Indexes (WBI) for all 

the compounds optimized at B3LYP/6-311++G(d,p) computational level. 

 COT(S) COT(T) COT(TS) F (S) F (T) F (TS) CN (S) CN (T) CN (TS) 

 Dist. Dist. Dist. Dist. WBI Dist. WBI Dist. WBI Dist. WBI Dist. WBI Dist. WBI 

Total 1.406 1.404 1.409 1.399a 1.41b 1.398 1.33 1.403a 1.40b 1.414a 1.39b 1.412 1.31 1.417a 1.37b 

C1-C2 1.472 1.404 1.343 1.464 1.04 1.403 1.29 1.341 1.69 1.493 0.99 1.427 1.24 1.365 1.61 

C2-C3 1.340 1.404 1.474 1.334 1.75 1.398 1.32 1.468 1.06 1.348 1.72 1.416 1.30 1.485 1.05 

C3-C4 1.472 1.404 1.343 1.461 1.06 1.398 1.33 1.339 1.74 1.481 1.03 1.416 1.30 1.357 1.69 

C4-C5 1.340 1.404 1.474 1.335 1.77 1.397 1.33 1.468 1.06 1.347 1.74 1.413 1.30 1.480 1.05 

C5-C6 1.472 1.404 1.343 1.462 1.07 1.397 1.34 1.338 1.75 1.478 1.04 1.407 1.32 1.352 1.71 

C6-C7 1.340 1.404 1.474 1.338 1.78 1.399 1.34 1.465 1.07 1.346 1.77 1.409 1.31 1.470 1.07 

C7-C8 1.472 1.404 1.343 1.461 1.08 1.396 1.37 1.339 1.78 1.467 1.07 1.398 1.37 1.348 1.74 

C8-C1 1.340 1.404 1.474 1.333 1.77 1.394 1.34 1.464 1.07 1.347 1.74 1.412 1.31 1.480 1.05 
a Standard deviation: 0.063-0.067 

b Standard deviation: 0.32-0.36 
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To study the evolution of the C-C distance changes within the ring upon substitution, 

we have carried out two different analyses. First, we have studied the evolution of the 

C-C average distances (averaging over the single and double bonds separately), upon 

substitution in two or more contiguous positions until the full substitution of all H in the 

ring by X has taken place (Seq, Figure 2). Additionally, we have analysed the effect of 

the substitution using the average (Avg) C-C values (averaging over all C-C in 

molecules with the same number of substitutions), taking into account the nature of the 

bond (single, double and benzene-like).   

Figure 3 and Figure S1 (Supporting Information) show the evolution of the C-C 

distance with the number of substitutions. Single bonds in the F derivatives suffer a 

slight decrease in the C-C distance, from 1.472 (1COT) up to 1.457 Å (30F8S), while 

the opposite happens for the CN ones, up to 1.493 Å (30CN8S) both in the sequential 

(Seq) and average (Avg) data sets. Double bonds present similar trends, increasing C-C 

bond length with X= CN substitutions, while in for X= F the curve have a symmetrical 

well-like profile, with a minimum at i=4. This behaviour was also observed for C-C 

bonds when considering triplet and transition states (Figure S1, Supporting 

Information). It appears that in X= F derivatives, the effect of the saturation by the F 

atoms reaches a maximum with four substituents and, accordingly, the reduction on the 

C-C distance caused by them also reaches a limit. Further substitutions do not reduce 

the C-C distances anymore, but slightly increase them. 

In order to get an insight into the non-planarity of the boat-like systems (singlet ground 

state), for both F and CN derivatives, we have measured the distance between the centre 

of the four top C atoms, and the centre of the four C atoms at the bottom, in other 

words, the module of the molecular middle plane normal vector. We observed that the 

larger the module, the lesser the planarity, therefore indicating a decrease in the electron 

delocalisation. As presented in Figure 4, increasing the number of substitutions results 

in a decrease of the planarity of the boat-like structures in the cyano derivatives, since 

the module of the normal vector increases more or less linearly with the substitutions. In 

fluoro derivatives, the module of the vector remains between 0.70-0.77 along the series, 

showing less influence in the electron delocalisation, and therefore less ring puckering, 

than in the cyano derivatives. 
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Figure 2 Sequential substitutions of H atoms in the COT ring by X groups. 

 

 

Figure 3. Evolution of the C-C distance upon substitution of the ring, for singlet state in 

F and CN compounds vs. the number of substituents in each molecule, i. Sequential 

substitution (Seq) and average over the distances with the same i (Avg) are shown. 
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Figure 4. Module of the molecular middle plane normal vector, in Å, versus the number 

of substitutions, i. Red squares and black dots correspond to fluoro and cyano 

derivatives respectively.  

 

Energy 

The relative energies with respect to the most stable system with the same number of 

substitutions have been gathered in Table 2. In all families of compounds with the same 

number of substitutions, the most stable ones are those where the substitutions are 

alternated keeping the longest distance between the substituted C atoms. In other words, 

those compounds with sequential substitutions seem to have higher relative energies 

(least stable) than the rest. Similar results have been reported for the aza-substitution in 

platonic C systems.54-56 

 

However, despite the most stable structure corresponding to that with highest alternated 

substitution, in almost all the cases, for both substituents isomers are found to be close 

in energy to the most stable one. For example, three isomers with two substitutions are 

found within a range of 0.3-4.9 and 0.8-4.2 kJ/mol for F and CN derivatives, 
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respectively. Similar features are found in the rest of the families, except in the case of 

fluoro derivatives with four contiguous F atoms. Thus, compounds 19F4Y (Y= S, T and 

TS) are the most stable being the next isomers at 22.0, 10.1 and 34.3 kJ/mol for singlet, 

triplet and transition states, respectively. For these cases, the optimal structure of 19F4Y 

is that with the highest possible separation between the substitutions. However, 

compounds 19CN4Y do not present the same tendency, since 19CN4S and 19CN4T have 

isomers within a range of 3.4-3.6 and 7.6-7.7 kJ/mol respectively. This is a clear 

indication of the structural effect of the different substituents.  

 

Table 2. Relative energies (kJ/mol) amongst compounds with same number of 

substitutions, energy differences between singlet and triplet states (∆ES-T, kJ/mol) and 

Transition energy barriers (∆ETS, kJ/mol) for all the compounds studied at B3LYP/6-

311++G(d,p). 

  F  CN 

Comp. S T TS ∆ES-T ∆ETS Comp. S T TS ∆ES-T ∆ETS 

1COTy - - - 64.9 45.4 1COTY - - - 64.9 45.4 

2F1Y - - - 64.5 43.1 2CN1Y - - - 66.1 48.6 

3F2Y 14.4 24.0 27.5 74.2 53.3   3CN2Y 7.5 16.9 18.4 77.3 62.4 

4F2Y 0.3 4.5 2.9 68.8 42.8 4CN2Y 2.6 4.2 3.9 69.5 52.8 

5F2Y 2.4 0.0 4.9 62.2 42.6 5CN2Y 0.8 0.0 2.2 67.2 53.0 

6F2Y 0.0 2.2 0.0 66.7 40.1 6CN2Y 0.0 1.1 0.0 69.1 51.5 

7F3Y 33.8 46.8 51.0 81.6 58.9 7CN3Y 16.8 34.5 34.9 87.4 74.0 

8F3Y 
16.8 23.9 29.1 75.6 53.9 8CN3Y 

6.1 16.6 16.9 80.1 66.6 

9F3Y 
16.7 21.2 25.3 73.0 50.2 9CN3Y 

4.1 12.9 11.3 78.4 63.1 

10F3Y 0.0 6.9 0.0 75.4 41.6 10CN3Y 0.8 4.8 1.9 73.6 57.0 

11F3Y 
5.0 0.0 5.8 63.5 42.4 11CN3Y 0.0 0.0 0.0 69.6 55.8 

12F4Y 48.8 56.4 78.5 93.9 72.2 12CN4Y 18.9 44.3 47.6 103.5 91.0 

13F4Y 35.5 35.2 51.6 86.0 58.5 13CN4Y 13.0 25.5 28.6 90.7 77.9 

14F4Y 
38.7 30.4 53.0 78.0 56.7 14CN4Y 

11.3 21.4 24.7 88.2 75.6 

15F4Y 39.3 30.9 53.6 77.9 56.8 15CN4Y 11.7 19.5 23.1 85.9 73.6 

16F4Y 
33.3 28.3 49.8 81.4 59.0 16CN4Y 

6.0 16.0 16.1 88.2 72.4 
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17F4Y 
19.4 12.0 29.6 79.0 52.7 17CN4Y 

3.4 7.7 9.4 82.5 68.3 

18F4Y 22.0 10.1 34.3 74.5 54.7 18CN4Y 3.7 7.6 10.9 82.0 69.4 

19F4Y 0.0 0.0 0.0 86.3 42.4 19CN4Y 0.0 0.0 0.0 78.1 62.3 

20F5Y 30.8 45.9 50.1 102.4 78.6 20CN5Y 13.5 39.3 39.4 115.6 104.5 

21F5Y 15.9 22.8 28.0 94.3 71.4 21CN5Y 4.8 20.6 19.4 105.6 93.2 

22F5Y 
16.6 19.9 25.0 90.7 67.8 22CN5Y 

3.7 13.2 11.2 99.3 86.1 

23F5Y 0.0 5.9 0.0 93.2 59.3 23CN5Y 0.7 5.6 4.3 94.7 82.2 

24F5Y 5.9 0.0 5.9 81.5 59.4 24CN5Y 0.0 0.0 0.0 89.8 78.6 

25F6Y 12.8 23.0 26.9 113.0 90.2 25CN6Y 4.7 22.6 26.3 128.7 121.3 

26F6Y 0.0 4.5 3.7 107.4 79.8 26CN6Y 1.0 8.3 9.7 118.1 108.4 

27F6Y 4.8 0.0 4.8 98.0 76.0 27CN6Y 0.1 2.0 2.6 112.7 102.2 

28F6Y 2.3 1.0 0.0 101.6 73.8 28CN6Y 0.0 0.0 0.0 110.8 99.7 

29F7Y - - - 121.8 97.3 29CN7Y - - - 136.0 133.1 

30F8Y - - - 143.4 119.4 30CN8Y - - - 155.2 164.9 

 

A Free-Wilson model57, 58 has been proposed to analyse the substituent interactions in a 

general manner. Thus, four parameters (D1-D4) have been proposed based on the C-C 

bonds that separate each pair of substituents in the shortest way. For example, 7X3Y will 

be defined by the D1-D4 parameters 1,1,0,0 while 8X3Y will be defined by 1,1,1,0. In 

order to be able to compare the relative energies (Erel), the parameters for each 

compound have been subtracted from those of the most stable isomer, as defined in 

Equation 1. 

Erel = a1 D1 + a2 D2 + a3 D3 + a4 D4                                    (1) 

The results are shown in Table 3. The program used for the fitting, fixes one of the 

variables to 0.0 for the matrix proposed, in this case a3. The good correlation coefficient 

obtained for all the cases indicate that this simple model is able to reproduce with high 

accuracy the results obtained. The values of the fitted parameters show that the larger 

penalty in the singlet derivatives of both series corresponds to the presence of 

contiguous substituents (a1) and when X= F, this penalty is twice larger (13.1 kJ/mol) 

than when X= CN (7.5 kJ/mol). In addition, the presence of substituents separated by 

two or four C-C bonds (a2 and a4) stabilized -2.5 kJ/mol in the fluoro derivatives while 
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in the cyano substituted systems, the separation by two C-C bonds produces a 

destabilization of 1.7 kJ/mol and the four C-C bond separation a stabilization of -0.5 

kJ/mol compared to compounds with two substituents separated by three C-C bonds. 

 

Table 3. Fitted parameters and square correlation coefficients in the Free-Wilson model 

shown in equation (1). 

Fitted parameter F (S) CN (S) F (T) CN (T) 

a1 13.14±0.63 7.46±0.48 23.21±1.55 18.42±1.66 

a2 -2.46±0.41 1.70±0.30 3.84±1.00 4.20±1.07 

a3 0.00 0.00 0.00 0.00 

a4 -2.47± 0.55 -0.46±0.41 0.81±1.35 0.13±1.44 

R2 0.99 0.97 0.97 0.94 

 

In the case of the compounds in triplet configuration, all the fitted parameters show 

positive values except for a3, which is fixed to 0 in the regression. For these compounds 

the energy penalty of contiguous substitution (a1) is almost twice that of compounds in 

the singlet configuration (23.2 vs. 13.1 kJ/mol for the fluoro derivatives in triplet and 

singlet electronic configurations respectively, and 18.4 and 7.5 kJ/mol for the cyano 

ones). The a2 parameter is around 4.0 for the two families and finally, a4 is small and 

with an error larger than the parameter itself which indicate that it is not statistically 

significant. 

We have analysed the relative energies between singlet and triplet states, as well as the 

energy difference between the singlet ground states and the transition states, i.e. the 

inversion barrier (see Figure 5). The inversion barrier of singlet boat-like structures 

increases with the number of substitutions, being more than twice in 30X8S than in the 

parent compound 1COT, both for F and CN derivatives. However, fluoro derivatives 

show smaller inversion barriers than those with cyano substituents. Looking at the 

dependence of such barrier with those structures with the same number of substitutions 

(Table 2), it is clearly shown that, as happened with the relative energies, those 

structures with the highest possible alternated groups present the smallest inversion 

barriers, while those with contiguous X groups show the largest ones.  

Page 12 of 26Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



13 

 

Regarding the relative stability between singlet and triplet states, there is a significant 

increase with the number of substitutions, being this increment more pronounced in 

cyano derivatives than in fluoro ones.  

 

 

Figure 5.  Schematic view of the potential energy surface corresponding to the 

inversion barrier in ground state (S) systems and the relationship between triplet (T) and 

transition states (TS). Arrow indicates the energy axis. 

 

Aromaticity studies: NICS, NICS-profiles, 3D-NICS isosurfaces and HOMA 

indexes 

In order to study the aromaticity of all the compounds considered, we have calculated 

NICS values at 0, 1 and 2 Å over the ring centre of each molecule. To avoid possible 

interactions with the magnetic field of the atoms, several authors53, 59-64 recommend 

extending the calculations up to 2 Å. Some authors59, 65-67 prefer the use of NICS(zz) 

[also called NICS(out-of-plane)] component to describe (anti)aromaticity. It is known 

that in some cases, NICS can diagnose delocalization and NICSzz predicts the opposite 

behavior or vice versa. It has been shown that this occurs mainly because NICS values 

are contaminated by the in-plane contributions.68, 69 However, in our case, the isotropic 

values have proved to follow similar behaviour and tendencies than NICS(zz).70 
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Following our previous experience, the average NICS instead of the NICS(zz) 

component has been chosen. All calculated NICS values obtained at 0, 1, and 2 Å have 

been gathered in Table 4 and Table S3 (Supporting Information). 

Singlet state compounds, both in fluoro and cyano derivatives, suffer a slight increase of 

the NICS values just with the first substitution, i.e. there is an increase in the electron 

delocalisation. Taking into account only fluoro derivatives, singlet state structures show 

a decrease in NICS 0, 1, and 2 from 3.9, 0.9 and 0.7 ppm (2F1S) to -7.2, -5.1, and -1.5 

ppm (30F8S), respectively, indicating a loss of antiaromaticity. In the case of singlet 

state cyano derivatives, similar tendencies have been observed, with slightly less 

variations in the NICS values upon substitution.  

Triplet state fluoro derivatives exhibit a drop in the NICS 0 and 1 values, across the 

series, showing an increase of aromatic character (more negative NICS values), with the 

exception of NICS 2 which slightly increases. However, the opposite is observed for 

triplet state cyano derivatives, which present a partial loss of aromaticity. This lost is 

indicated by an increase of the NICS 0, 1, and 2 values from -10.7, -10.5, and -6.1 ppm 

(2CN1T) to -7.2, -7.7, and -4.3 ppm (30CN8T), respectively. The reason behind this 

different behaviour between F and CN substituents lays on the electron withdrawing 

and retro-donation capacities of both substituents and it will be discussed at the end of 

this section. 

Finally, regarding transition states, fluoro derivatives show a strong anti-aromatic 

behaviour clearly noted by the large positive NICS 0, 1 and 2 values. Upon substitution, 

these values suffer a pronounced decrease (up to 16 ppm) indicating a loss of 

antiaromaticity in nFiTS compounds. In the case of cyano derivatives, a similar 

evolution on the NICS values has been found, suggesting a loss in the antiaromatic 

character with the number of CN groups. Despite those drastic decreases of the NICS 

values with respect to the COTTS, transition states for both fluoro and cyano derivatives 

remain antiaromatic in all the cases. 

 

Table 4. NICS values (ppm) and HOMA indexes for the representative sequential series 

of fluoro and cyano derivatives studied at B3LYP/6-311++G(d,p) computational level. 
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 NICS   NICS  

Compound  0 1 2 HOMA Compound   0 1 2 HOMA 

1COTS 4.9 1.0 0.7 -0.21      

2F1S 3.9 0.9a 0.7a -0.17 2CN1S 3.9 0.5c 0.4c -0.22 

3F2S 1.8 -0.5 0.1 -0.20 3CN2S 2.5 -0.8 -0.1 -0.25 

7F3S 0.1 -1.8 -0.4 -0.08 7CN3S 1.5 -1.8 -0.5 -0.28 

12F4S -1.8 -2.7 -0.7 -0.09 12CN4S 0.7 -2.4 -0.7 -0.32 

20F5S -3.4 -3.3b -0.9b 0.01 20CN5S -0.1 -2.8d -0.9d -0.37 

25F6S -4.6 -3.9 -1.1 -0.01 25CN6S -1.2 -3.6 -1.3 -0.43 

29F7S -5.8 -4.6 -1.4 0.06 29CN7S -1.3 -3.8 -1.2 -0.49 

30F8S -7.2 -5.1 -1.5 0.08 30CN8S -2.9 -4.7 -1.8 -0.56 

1COTT -11.1 -11.0 -6.4 0.94      

2F1T -11.3 -10.8 -6.1 0.96 2CN1T -10.7 -10.5 -6.1 0.91 

3F2T -11.9 -11.0 -6.1 0.96 3CN2T -10.2 -10.1 -5.8 0.87 

7F3T -12.5 -11.1 -6.1 0.96 7CN3T -10.4 -10.1 -5.9 0.82 

12F4T -13.1 -11.4 -6.1 0.96 12CN4T -9.7 -9.4 -5.4 0.76 

20F5T -13.5 -11.5 -6.0 0.95 20CN5T -9.5 -9.2 -5.5 0.72 

25F6T -14.3 -11.7 -6.1 0.95 25CN6T -9.0 -8.8 -5.2 0.70 

29F7T -14.6 -11.8 -6.0 0.95 29CN7T -8.0 -8.1 -4.6 0.64 

30F8T -15.1 -12.0 -5.9 0.94 30CN8T -7.2 -7.7 -4.3 0.62 

1COTTS 41.0 32.5 16.3 -0.22      

2F1TS 38.0 30.1 15.0 -0.17 2CN1TS 39.6 31.3 15.6 -0.21 

3F2TS 35.5 28.3 14.0 -0.12 3CN2TS 38.9 30.8 15.3 -0.22 

7F3TS 33.3 26.7 13.2 -0.17 7CN3TS 37.4 29.6 14.6 -0.24 

12F4TS 30.7 24.7 12.1 -0.14 12CN4TS 35.2 27.8 13.7 -0.28 

20F5TS 28.7 23.3 11.4 -0.19 20CN5TS 32.5 25.7 12.5 -0.32 

25F6TS 26.4 21.6 10.6 -0.28 25CN6TS 31.6 24.9 12.2 -0.34 

29F7TS 24.3 20.0 9.8 -0.20 29CN7TS 28.4 22.5 10.8 -0.33 

30F8TS 22.4 18.7 9.2 -0.26 30CN8TS 27.6 21.8 10.7 -0.40 

a NICS(-2)= 0.5, NICS(-1)= 0.5; b NICS(-2)= -1.1, NICS(-1)= -3.5; c NICS(-2)= 0.3, NICS(-1)= 
0.3; d NICS(-2)= -1.1, NICS(-1)= -2.9 
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In order to provide a deeper understanding of the evolution of the aromatic character of 

COT upon substitution, NICS values have been calculated along the axis perpendicular 

to the molecular plane, from 0 to 3 Å with a step of 0.1 Å. These NICS profiles for a 

sequential substitution are plotted in Figure 6. Thus, Figure 6 shows two different 

profiles for those fluoro and cyano derivatives with singlet state. While in the fluoro, 

substituted systems NICS 0 is a maximum in the curve of compound 2F1S, it is a 

minimum in that of 30F8S. Additionally, the systematic decrease on the NICS values of 

the curves upon substitution is observed. However, in cyano derivatives the changes in 

the curves are different. Upon substitution, the minimum of the curve corresponds to 

NICS 1. The different behaviour in both substituents’ series may be caused by their 

influence in the electron density of the ring. It is worth noting that due to the different 

environments in the non-planar structures (i.e. top and bottom), the curves obtained for 

singlet ground states are asymmetric. However, despite that asymmetry, values at both 

sides (with respect to NICS 0) are very similar among them, and no significant variation 

can be extracted between the positive values and its negative images, i.e. NICS(1) and 

NICS(-1).  Finally, evolution of the NICS values belonging to transition states reveals a 

Gaussian type curve in which the maximum is located at NICS 0 values. Despite the 

pronounced decrease of the height of the maximum, the shape is similar upon 

substitution and no substantial changes are noticeable. 
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Figure 6. NICS profiles along the axis through the centre of the ring of a sequential 

series of substitutions calculated at B3LYP/6-311++G(d,p) computational level. Top: 

singlet states; Middle: triplet state; Bottom: transition states. Left, fluoro and right, 

cyano derivatives respectively. 
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In addition, the NICS values on the 0.001 au electron density isosurface have been used 

to visualize the (anti)aromatic character of some of the compounds. In particular, the 

corresponding isosurfaces for compounds 1COTY, 19X4Y and 30X8Y are presented in 

Figure 7. In singlet states, there is an increase of the aromatic character from 1COTS to 

30X8S, i.e. a slight colour change in the central area over the ring from red (positive 

NICS values) in 1COTS, to orange  in 19X4S and finally to light green (negative NICS 

values) in the octa-substituted systems. However, all those compounds are still 

considered as non-aromatic. Transition states present similar aromatic changes, with an 

increase in their aromaticity upon substitution. Those changes are visible on the red area 

over the ring which shrinks with the substitutions. Finally, in fluoro derivatives’ triplet 

states, despite a reduction of the negative (blue) area located in the centre of the rings 

being observed, upon substitution, the NICS values show an increase of the aromaticity 

from the parent 1COTT to 30X8T. In the case of triplet states of cyano derivatives, the 

blue area above the ring centre suffers a pronounced reduction indicating a drastic loss 

of aromatic character. This is also supported both by NICS values and HOMA indexes. 

In general, singlet and transition states are non aromatic. When an electron withdrawing 

atom substitutes an H atom an increase of the electron delocalization, i.e. a reduction of 

the number of effective electrons on the ring results, and thus, a loss of the 

antiaromaticity should be observed, as showed in Table 4. 

However, the effect of the substitution on triplet state systems leads to a different 

picture. On the one hand, fluoro derivatives show a decrease on the NICS values upon 

substitution. One should expect that the withdrawing effect of fluorine atoms will 

deplete the ring electron density leading to less aromatic systems. However, the 

opposite is found in our results in agreement with the previous findings of Kaipio71 and 

later on Torres-Vega72 in benzene derivatives. Fluorine atoms are good σ-acceptor and 

at the same time good π-donors due to their lone pairs. Due to its electronegativity, F 

atoms withdraw electron density from σ bonds, and simultaneously, retro-donate 

electron density into the C atoms. As stated by Kaipio et al.71 “in fluorinated benzene, 

carbons are somewhat electron depleted as compared to benzene”. Same depletion has 

been found in fluorinated COT (Figure 8) in which the C atoms that are substituted 

present a drastic loss of charge. Since NICS values depend mainly on the π-electron 

density currents above and below the ring and have less contributions from the centre of 
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the ring, this may cause the NICS values to provide an unrealistic view in this special 

case.  

On the other hand, as observed for triplet state cyano derivatives, Figure 8, the carbon 

rings do not suffer such a depletion provoked by the substituents. As a consequence, the 

aromatic behavior of the cyano derivatives described by NICS values is coherent with 

the substitution of H atoms by CN groups, decreasing the aromaticity (higher NICS 

values) with the number of substitutions (Table 4). 

 

 
  

1COTS  1COTTS 1COTT 

 
 

 

19F4S  19F4TS 19F4T 
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19CN4S  19CN4TS 19CN4T 

  
 

30F4S  30F4TS 30F4T 
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30CN4S  30CN4TS 30CN4T 

Figure 7. 3D representation of the NICS values (ppm) on the 0.001 au electron density 

isosurface of some representative compounds. NICS Color scheme: Blue < –4.0, -4.0 < 

Green < –2.0, -2.0 < Yellow < –1.0, -1.0 < Orange < 0.0, Red > 0.0. 

 

 
COTT 

 
 

2F1T 19F4T 

 

 
2CN1T 19CN4T 

Figure 8. NBO charge distribution for triplet states of COTT, 2X1T, and 19X4Tat 

B3LYP/6-311++G(d,p) computational level. Colour range -0.40e (red) to 0.40e (green). 
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Finally, to provide more information on the effect of atomic substitution on the 

aromaticity from a structural point of view, HOMA indexes have been calculated (Table 

4). HOMA indexes in singlet state flouro and cyano derivatives range from -0.21 to 0.08 

and from -0.22 to -0.56, respectively, indicating a non-aromatic character in both cases. 

Fluoro derivatives’ triplet states show HOMA indexes close to those of COT (revealing 

aromatic character), but with a slight decrease with the number of F. In the case of 

triplet state cyano systems, the decrease on the HOMA indexes is more pronounced, 

from 0.91 (2CN1T) to 0.62 (30CN8T), describing a loss of aromaticity and confirming 

our previous findings. Finally, regarding the transition states, both F and CN derivatives 

show non aromatic character in all the cases. The F derivatives present a narrower range 

of variation in the HOMA indexes with the substitutions (-0.22 to -0.26) than the cyano 

cases (-0.21 to -0.40). Despite the fact that both NICS values and HOMA indexes 

similarly describe the aromatic character of these compounds, no correlation between 

those quantities has been found. 

 

4. Conclusions 

An exhaustive and systematic study of the structural and aromaticity properties of 

cyclooctatetraene (COT) upon substitution of hydrogen atoms by fluoro and cyano 

groups have been carried out at B3LYP/6-311++G(d,p) computational level.  

As it happened with the unsubstituted compound COT, two different structures have 

been identified: boat-like or tub-shape, which is associated with ground singlet states, 

and planar structure, which belongs to triplet and transition states. According to the C-C 

distances and Wiberg bond indexes, singlet and transition state structures present 

alternant single and double bonds, while triplet state systems show benzene-like C-C 

bonds. Upon substitution, fluoro derivatives exhibit a decrease of the C-C distance up to 

four substitutions, then a slight increase is observed up to full substitution. However, in 

all the singlet, triplet and transition states of the cyano derivatives, C-C bond distances 

increase compared to the parent compound, 1COT. It is worth noting, that while in 

triplet states of fluoro derivatives the planar structure is kept along the whole 

substitution series, in the cyano systems, compounds 25CN6T, 27CN6T, and 30CN8T 
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have boat-like structure, and 20CN5T, 26CN6T, and 29CN7T present twisted 

conformations. 

Regarding the relative energies of those compounds with the same number of 

substitutions, it has been found that the most stable ones were those where the X groups 

were more separated. Those compounds with sequential substitutions, i.e. with the X 

groups in consecutive order, are those with the largest relative energy. This probably is 

due to the repulsion between the X groups which destabilise the structures. Free-Wilson 

models have been developed to estimate the average energetic effect of the different 

disposition of the substituents in the systems studied. Inversion barriers (∆ETS) increase 

with the number of substitutions, up to twice the COT value in the case of fluoro 

derivatives, and three times larger in the cyano systems. 

Aromatic characteristics of the compounds studied have been analysed in terms of 

NICS values at 0, 1, and 2 Å over the centre of the ring, NICS profiles, 3D NICS 

isosurfaces and HOMA indexes. NICS values show an increase of the aromatic 

character of the ground singlet states, both in fluoro and cyano derivatives. Same 

observation is found for transition states for both series of substituted systems; however, 

TS remain anti-aromatic even with eight simultaneous substitutions.  

In the case of triplet states, fluoro derivatives show an increase in their aromatic 

behaviour upon substitution, supported by NICS values at 0, 1 and 2Å, NICS profiles 

and NICS values on the 0.001 au electron density isosurfaces. However, due to the 

electron density depletion on the C atoms of the ring and the NICS dependence on the 

electron density on those C atoms, in this specific case, NICS values do not show the 

expected loss of aromaticity and they should be considered carefully. On the other hand, 

triplet states for cyano derivatives show an increase of the NICS values and, therefore, a 

loss of aromaticity upon substitution. Finally, HOMA indexes corroborate the 

aromaticity changes described by NICS values, despite the fact that no correlation has 

been found between both quantities. 

 

5. Supporting Information 

Supplementary data containing C-C distances, Wiberg bond indexes, bond NICS values, 
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HOMA indexes and NICS profiles calculated at the B3LYP/6-311++G(d,p) level of 

theory of all studied compounds can be found in the online version, at doi: 
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