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Abstract: Due to the reversal in electron counts for aromaticity and antiaromaticity in the 

closed-shell singlet state (normally ground state, S0) and lowest * triplet state (T1 or T0), 

as given by Hückel’s and Baird’s rules, respectively, fulvenes are influenced by their 

substituents in the opposite manner in the T1 and S0 states. This effect is caused by a reversal 

in the dipole moment when going from S0 to T1 as fulvenes adapt to the difference in 

electron counts for aromaticity in various states; they are aromatic chameleons. Thus, a 

substituent pattern that enhances (reduces) fulvene aromaticity in S0 reduces (enhances) 

aromaticity in T1, allowing for rationalizations of the triplet state energies (ET) of substituted 

fulvenes. Through quantum chemical calculations we now assess which substituents and 
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which positions on the pentafulvene core are the most powerful for designing compounds 

with low or inverted ET. As a means to increase the -electron withdrawing capacity of 

cyano groups we found that protonation at the cyano N atoms of 6,6-dicyanopentafulvenes 

can be a route to on-demand formation of a fulvenium dication with a triplet ground state 

(T0). The five-membered ring of this species is markedly Baird-aromatic, although less than 

the cyclopentadienyl cation known to have a Baird-aromatic T0 state.  

 

Introduction 

Pentafulvenes, or shortly fulvenes, are cross-conjugated compounds with a range of 

intriguing electronic and optical properties.[1] They have, however, been overlooked for a 

long time,[2] likely due to their aptitude for oligomerization when not properly substituted 

and to the difficulty of selective substitution and functionalization. The parent fulvene is a 

weakly dipolar hydrocarbon in its singlet ground state (S0), a result from the influence of a 

Hückel-aromatic zwitterionic resonance structure (Figure 1).[3-5] Using Baird’s rule on the 

reversal of the (4n+2)π- and 4nπ-electron counts for aromaticity and antiaromaticity when 

going from the S0 state to the lowest ππ* triplet state (T1),
[6-13] we earlier showed that the 

parent fulvene also exhibits a small dipole moment in its T1 state but in opposite direction 

to that in S0.
[14] More explicitely, the five-membered ring (5MR) becomes influenced by 

4-electron Baird-aromaticity in the T1 state through a zwitterionic resonance structure 

where the π-electron pair of the exocyclic double bond is pushed onto the methylene group 

and not into the ring as in the S0 state.[6] Generally, fulvenes, including also tria- and 

heptafulvenes, can be labelled as aromatic chameleon compounds because of their abilities 

to adapt their electronic structures so as to be influenced by aromaticity in several electronic 

states.[14]  
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Figure 1: Aromatic resonance structures influencing the S0 and T1 states of pentafulvene 

resulting in an “aromatic chameleon” character.  

 

The properties of substituted fulvenes have been the subject of numerous 

experimental and theoretical investigations.[1,15] As a consequence of the opposite polarities 

of fulvenes in their S0 and T1 states exocyclic substituents have opposite effects on the 

aromaticities in these states, and this impacts on a series of properties. For example, 

exocyclic substituents that enhance the contribution of the zwitterionic resonance structure 

in S0 with a Hückel-aromatic 6π-electron 5MR[16] will disfavor the zwitterionic resonance 

structure in T1 with a Baird-aromatic 4π-electron 5MR in T1.
[17] Indeed, the difference 

between the S0 and the T1 state aromaticity was found to correlate with ET,[18] a relationship 

that can be useful for the design of functional molecules with tailored ET. Interestingly, a 

polarity reversal was also observed when going from the S0 state to the lowest singlet 

excited state (S1) of substituted fulvenes,[19] and it has been found that the substituent effects 

of the lowest excited states of cyclopentadienes and siloles, being cross-hyperconjugated 

analogues of fulvenes, can be rationalized by this model as well.[18] 
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Figure 2: Schematic graph displaying the relative energies of the lowest singlet and triplet 

states as functions of the main resonance structure describing fulvenoid molecules, with 

blue structures being aromatic and red ones being antiaromatic. 

 

Now, can the ET of fulvenes be tuned to such extent that the triplet state becomes 

the ground state, i.e., a T0 state? Such a reversal in the order between the lowest singlet and 

triplet states would imply that the substituted fulvene is dominated by the resonance 

structure having a cationic 5MR and a negatively charged exocyclic C atom (Figure 2). 

Previously it was found that 1,2,3,4-tetrachloro-6,6-dicyanofulvene has a calculated ET of 

16.0 kcal/mol, significantly lower than that of the parent fulvene (36.8 kcal/mol).[17] Since 

both the parent and the pentachloro substituted cyclopentadienyl cations (Cp+ and CpCl5
+, 

respectively) have T0 states according to EPR and photoionization spectroscopy,[20-22] a 

fulvene with an electronic structure dominated by a resonance structure with a cationic 5MR 

is likely to have a T0 state. However, it is known from experiments that the order of the 

lowest two states of cyclopentadienyl cations depends strongly on the substituents; while 

Cp+ and CpCl5
+ have T0 states,[20,21] the pentaphenyl cyclopentadienyl cation has an S0 

state.[18] Indeed, the finding that Cp+ has a T0 state is in line with it being a non-disjoint 

diradical, a species with the triplet state below the open-shell singlet state.[23] Several 
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quantum chemical studies have also shown that Cp+ is aromatic in its T0 state,[7,8,11,24,25] in 

accordance with Baird’s rule.[6] In support of this last finding, the calculated aromatic 

stabilization energy of Cp+ in its T0 state is 20.9 - 23.2 kcal/mol,[7,25,26] only slightly lower 

than the 22.1 - 28.8 kcal/mol for the cyclopentadienyl anion (Cp-) in its S0 state.[27,28] A D5h 

symmetric structure observed experimentally is further in line with an aromatic character of 

the triplet state Cp+.[21] 

Recently, several larger polycyclic and macrocyclic high-spin compounds which are 

influenced by Baird-aromaticity in their ground states have been generated,[29,30] and a 

fulvalene with Baird-aromatic character in its T0 state was designed computationally.[31] In 

our view it should be valuable to identify small triplet ground state compounds that can be 

synthesized easily, or alternatively, formed in one step from readily available precursor 

compounds. To probe if the ET of fulvenes can be tuned to an inverted ET, we first performed 

quantum chemical calculations of the parent (1) and 48 disubstituted fulvenes (Figure 3). 

We probed which two positions are the most important in tuning ET; the two 6-positions 

(X), the 2- and 5-positions (Y), or the 3- and 4-positions (Z)? The information from the 

disubstituted fulvenes provides the basis for design of further substituted fulvenes with very 

low and inverted ET. Finally, we explored computationally if a triplet ground state 

fulvenium cationic species can be generated by simple addition of an appropriate additive 

to a readily available and stable fulvene. Indeed, the calculations show that a fulvenium 

dication reached by diprotonation should have a T0 state and significant Baird-aromatic 

character.  

 

Figure 3: The parent fulvene and the set of disubstituted fulvenes, having either two X, Y 

or Z substituents, included in the present study.  
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Computational Methods 

Optimized geometries and energies of the substituted fulvenes of Figure 3 in S0 and T1 were 

obtained using the M06-2X functional.[32] The bulk of these calculations was carried out 

with the 6-311+G(d,p) valence triple-zeta basis set of Pople and co-workers,[33] but for a 

limited set of fulvenes we also used the cc-pVTZ valence triple-zeta basis set of Dunning.[34] 

The nature of the optimized structure (minimum or saddle point) was probed through 

frequency calculations at the same level. All DFT calculations were performed using 

Gaussian 16 revision B.01.[35] The DFT calculations of the T1 states were performed with 

the unrestricted Kohn-Sham formalism. To place the results of the (U)M06-2X calculations 

on a more firm ground we also examined the ET of a few selected fulvenes through 

calculations with the G4 composite method[ 36 ] and through state-avareged CASPT2 

calculations with three states using the atomic natural orbital (ANO-RCC-VDZP) basis set 

with a contraction [C, N, O, F/3s2p1d, S/4s3p1d, H/2s1p].[37-39] These latter calculations 

were carried out with the Molcas 8 and OpenMolcas packages.[39] 

 With regard to aromaticity, the magnitude is normally evaluated in terms of 

structural, magnetic, and energetic criteria.[40,41] In analogy with the earlier study of mono- 

and disubstituted fulvenes in their S0 states by Krygowski and co-workers,[42,14] we used 

three readily accessible quantitative measures of aromaticity; the nucleus independent 

chemical shift (NICS),[43-46] the harmonic oscillator model of aromaticity (HOMA)[47-48,49] 

indices, and the aromatic fluctuation index (FLU).[50] To analyze the ring-currents, ACID 

plots have been computed at the M06-2X/6-311+G(d,p) level.[51] NICS values, taken as the 

negative of the out-of-plane of component of the NMR shielding tensors, were calculated 

using the gauge independent atomic orbital (GIAO) method[52] at the GIAO-(U)M06-2X/6-

311+G(d,p) level 1.0 Å above the ring centers (NICS(1)zz).
[53] For a few fulvenes, NICS-Z 

scans were performed as reported by Stanger, scanning from the ring centers to 5 Å above 

the ring planes with increments of 0.1 Å.[54,55] HOMA is a geometry based indicator of 
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aromaticity, and takes a value of 1.0 for a perfectly aromatic system with all bond lengths 

equal to an ideal value (1.388 Å for CC bonds).[47-49] Gradually more negative NICS values, 

as well as HOMA values that approach 1.0, indicate higher aromaticity of the rings. 

FLU was calculated at the M06-2X/6-311+G(d,p) level of theory and was computed 

using delocalization indices, δ(A,B),[56] with the expression: 

𝐹𝐿𝑈(𝒜) =
1

𝑁
∑ [(

𝑉(𝐴𝑖)

𝑉(𝐴𝑖−1)
)

𝛼

(
𝛿(𝐴𝑖, 𝐴𝑖−1) − 𝛿𝑟𝑒𝑓(𝐴𝑖, 𝐴𝑖−1)

𝛿𝑟𝑒𝑓(𝐴𝑖, 𝐴𝑖−1)
)]

2𝑁

𝑖=1

 (1) 

where A0  AN and the string 𝒜 = {𝐴1, 𝐴2, … , 𝐴𝑁} contains the ordered elements according 

to the connectivity of the N atoms in a ring or in a chosen circuit (FLU can be calculated 

for any arbitrary circuit in a given molecule). V(A) is defined as: 

𝑉(𝐴𝑖) = ∑ 𝛿(𝐴𝑖 , 𝐴𝑗)      ,

𝐴𝑗≠𝐴𝑖

 (2) 

and  is a simple function to make sure that the first term is always greater or equal to 1. 

The FLU index was obtained with the ESI program.[57]  The delocalization indices of Eq. 1 

were calculated using the overlaps between occupied molecular orbitals in the atomic basins 

generated by the AIMAll program.[58] The 𝛿𝑟𝑒𝑓(𝐶, 𝐶) reference value of 1.389 e used for 

C–C bonds in FLU calculations corresponds to the 𝛿(𝐶, 𝐶) of benzene computed at the 

M06-2X/6-311+G(d,p) level of theory. FLU is close to 0 in aromatic species, and differs 

from it in non-aromatic ones. As an indicator of Hückel (low values) or Baird (high values) 

aromatic character, we use the γ descriptor defined as the absolute value of the FLU/FLU 

ratio.[59]  To compute FLU and FLUβ, the same Eq. (1) was used but now considering only 

the α or β molecular spin orbitals and taking the 𝛿𝑟𝑒𝑓(𝐶, 𝐶) reference value in Eq. (1) as 

half the reference value used for non-spin split FLU calculations. 
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Results and Discussion 

An important first question is if the planar T1 state structures always correspond to the 

lowest minimum in the T1 state of substituted fulvenes or if there can be fulvenes with the 

optimal T1 state structures having the CX2 plane twisted perpendicularly to the plane of the 

five-membered ring (5MR)? To resolve this issue we examined how the lowest two triplet 

states (T1 and T2) vary in energy with rotation about the exocyclic C=C bond in three 

fulvenes (Figure 4); the parent fulvene (1), one with high ET (2) and one with low ET (3). 

We subsequently explored the substituent effects on the T1 energies of the various 

disubstituted fulvenes of Figure 3. Based on the information gained we design fulvenes and 

fulvenium dications with T0 states.  

Optimal triplet state structures of fulvenes: Previously, we revealed a good 

agreement between the ET of substituted fulvenes at their planar structures calculated with 

(U)M06-2X and those calculated with CASPT2 at (U)M06-2X geometries.[17] A maximum 

deviation of 4.2 kcal/mol was found, yet, to further probe the quality of the (U)M06-2X 

computations we now performed state-averaged CASPT2/ANO-RCC-VDZP geometry 

optimizations in the S0, T1 and T2 states of three fulvenes 1 – 3 (X = H, F, and CN; Table 1 

and Figure 4). These calculations were performed with an active space of eight electrons in 

eight orbitals for 1 and 2, and ten electrons in ten orbitals for 3. For the planar structures of 

the three fulvenes the largest difference in the T1 state energies (ET) between CASPT2 and 

(U)M06-2X is 2.3 kcal/mol (Table 1). Moreover, CASPT2 geometry optimization brings 

no substantial change in the ET because the CASPT2 geometries of the planar 3B2 state (T1 

state) resemble the corresponding UM06-2X geometries (Figure 4).  
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Table 1: Relative energy (kcal/mol) of the T1 and T2 states calculated for 6,6-disubstituted 

fulvenes (X = H (1), F (2), and CN(3)) constrained to their planar ( = 0º) and the 

perpendicularly twisted ( = 90º) conformations at C2v symmetry. Geometries were 

optimized at the (U)M06-2X and CASPT2 levels of theory. 

X 
Electronic 

State 

M06-2X/ 

cc-pVTZ 

active 

space 

CASPT2/ANO-RCC-

VDZP 

H 

0 3B2 39.3 (38.9a) 

8in8 

40.3 

0 3A1 - 61.6 

90 3B1 52.7 (52.1a) 56.2 

90 3A2 - 58.3b 

F 

0 3B2 45.1 (44.2 a) 

8in8 

44.4 

0 3A1 - 66.7 

90 3B1 60.5 (58.8 a) 65.7 

90 3A2 - 62.2b 

CN 

0 3B2 26.0 (25.8 a) 

10in10 

28.3 

0 3A1 - 46.7 

90 3B1 45.6 (44.8a) 45.7 

90 3A2 - 47.4 b 

a Performed with the 6-311+G(d,p) basis set. b Single point calculation at the T1 optimized 

geometry. The planar and the perpendicularly twisted conformations adopt C2v symmetry. 

The electronic states 3B2 and 3A1 at planar structures transform via 3B and 3A to 3B1 and 

3A2, respectively, at the twisted structure.  
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Figure 4: Comparison between the (U)M06-2X/cc-pVTZ (bold), CASSCF/ANOS-RCC-

VDZP (normal print) and CASPT2/ANOS-RCC-VDZP (bold italics) optimized geometries 

at the planar S0 and T1 structures of C2v symmetry.  

 

Rotation about the exocyclic C=C double bond should be more facile in T1 than in 

S0 as the exocyclic CC bond is elongated upon excitation. A fulvene with the CX2 moiety 

oriented perpendicularly to the 5MR could even be lower in energy than the planar T1 state 

structure. Yet, CASPT2 calculations reveal that for each of 1 - 3, the planar structures of the 

T1 state (13B; primarily a HOMO to LUMO excitation) are more stable than the twisted 

ones (Table 1). On the other hand, for 1 and 2 the T2 state (13A; primarily a HOMO-1 to 

LUMO excitation) prefers the twisted structure over the planar one, while the T2 surface is 

shallow for 3. At planar structures the T2 states of the three fulvenes are 18 - 22 kcal/mol 

above the T1 states, whereas at the perpendicularly twisted structures the T1 and T2 states 
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are isoenergetic. Accordingly, the T1 and T2 states vary as shown in Figure 5. Since the 

energy of the 13B state increases upon C=C bond rotation it is justified to perform the 

analysis of the different fulvenes at structures which are close to planarity, both in T1 and 

S0. Moreover, the energies of the two T1 state structures (both the planar and the twisted 

ones) calculated with (U)M06-2X resemble closely those of CASPT2 (maximum absolute 

deviation is 5.2 kcal/mol), justifying the choice of (U)M06-2X for the bulk of the 

computations.  

 

Figure 5: Schematic drawing of the S0, T1 and T2 potential energy surfaces of fulvene as a 

function of C-C-C-X dihedral angle ω. The exact order of the three states at ω = 90° varies 

with X (see Table 1). 

 

Connection between the S0-T1 aromaticity difference and ET: The changes in 

aromaticity when going from S0 to T1 were determined by ∆NICS(1)zz,ST = NICS(1;T1)zz – 

NICS(1;S0)zz and ∆HOMAST = HOMA(T1) – HOMA(S0). Significantly negative NICS 

values, as well as HOMA values approaching 1.0, indicate high aromaticity of the 5MRs. 

Accordingly, ∆NICS(1)zz,ST < 0 and ∆HOMAST > 0 reveal aromaticity gains as one goes 

from the S0 to the T1 state. Conversely, ∆NICS(1)zz,ST > 0 and ∆HOMAST < 0 indicate 

aromaticity loss upon excitation. An increased influence of T1 aromaticity of a substituted 

fulvene when compared to that of 1 should be accompanied by a stabilization of the T1 state 
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and a lower ET. An increased influence of aromaticity in the S0 state of a substituted fulvene 

when compared to 1 has the opposite effect on ET. The ∆NICS(1)zz,ST varies by ~90 ppm at 

the same time as ET varies by more than 35 kcal/mol (Figure 6). Indeed, a linear correlation 

between ET and ∆NICS(1)zz,ST is found (R2 = 0.880), also when going to fulvenes with low 

ET (below ~20 kcal/mol). This extends our earlier similar observation for a smaller set of 

6,6-disubstituted fulvenes with higher ET.[18]  

 

 

Figure 6: Dependence of ET on ∆NICS(1)zz,ST for the parent fulvene and 48 disubstituted 

fulvenes with substitution at the X, Y or Z positions. Squared correlation coefficient R2 = 

0.880. Computations at M06-2X/6-311+G(d,p) level. 

 

In contrast, a poor correlation is observed between ET and HOMA (R2 = 0.523, 

Figure 7). Better correlations are found for the subsets of X- and Y-substituted fulvenes, 

particularly for the X-substituted ones (R2 = 0.949 and 0.601, respectively, Figure S2A and 

S2B), whereas there is no correlation for the Z-substituted fulvenes (R2 = 0.006, Figure 

S2C). The lack of correlation for the Z-substituted fulvenes is in part due to a larger steric 

repulsion between the two Z substituents in the T1 state than in the S0 state, a feature that 

stems from a marked influence by a T1 state resonance structure with a formal double bond 
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between the two Z-substituted carbon atoms (Figure 1). Additionally, the lack of correlation 

is also related to HOMO and LUMO since these orbitals have larger lobes at C2, C5 and C6 

than at C3 and C4 (Figure 8). 

 

Figure 7: Dependence of ET on ∆HOMAST (R2 = 0.523) for fulvene and disubstituted 

fulvenes with substitution at the X, Y or Z positions.  

 

Substituents influence the S0 state as well as the T1 state by either increasing or 

decreasing the zwitterionic aromatic character, and in opposite directions in the two states. 

However, at what positions do the substituents have the largest influence? And which type 

of substituents should be placed at these positions so as to achieve low or inverted ET? In 

accordance with the observations made just above, the variations in ET, ΔNICS(1)zz,ST and 

ΔHOMAST for the X- or Y-substituted fulvenes are considerably larger than for the Z-

substituted fulvenes; the variations in ET are 30.6 (X), 23.1 (Y) and 7.9 (Z) kcal/mol, those 

in ΔNICS(1)zz,ST are 55.9 (X), 48.1 (Y) and 6.6 (Z) ppm, and those in ∆HOMAST are 1.5 

(X), 1.5 (Y) and 0.2 (Z). Noteworthy, a certain substituent has clearly opposite effects on 

ET when attached at different positions (Table 2). For example, when two amino groups are 

moved from the X to the Y positions (fulvene 6 vs. 7) the ET changes from 54.8 to 19.9 

kcal/mol. Fulvenes with small ET are generally obtained with electron-donating groups 
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(EDGs) as Y or with electron-withdrawing groups (EWGs) as X. This is consistent with 

their aromatic chameleon feature (Figure 1) because with EDGs as Y the cationic charge in 

the 5MR of the T1 state can be delocalized onto the substituents while with EWGs as X the 

negative charge on the exocyclic C atom can be delocalized to these groups. In line with 

this, when the two amino groups are moved from the X- to the Y-positions (fulvenes 6 vs. 

7) there is a simultaneous change in aromaticity in both the S0 and T1 states; the NICS(1,S0)zz 

value changes by +29.2 ppm to less aromatic while the NICS(1,T1)zz value changes by -27.4 

ppm to more aromatic (Table 2). Similar differences are found in the HOMA values of the 

two compounds in S0 and T1, respectively.  

 

 

Figure 8: HOMO and LUMO of parent fulvene at (U)M06-2X/6-311+G(d,p) level.  

 

Table 2: Calculated ET (kcal/mol), NICS(1)zz (ppm), and HOMA for fulvene (1) and 

disubstituted derivatives (1, 3 - 14) in the S0 and T1 states.  

Fulvene ET 
NICS(1)zz HOMA 

S0 T1 S0 T1 

1, X = H 39.0 -5.6 5.0 -0.3 0.3 

3, X = CN 25.9 9.2 -1.4 -0.5 0.5 

4, Y = CN 36.6 -7.2 6.0 -0.1 0.0 

5, Z = CN 39.5 -7.7 7.0 -0.2 0.4 

6, X = NH2 54.7 -18.9 16.4 0.4 0.2 

7, Y = NH2 19.9 10.3 -11.0 -0.6 0.5 

8, Z = NH2 42.7 -4.0 5.6 -0.3 0.4 
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9, X = OH 45.2 -11.4 9.1 0.1 0.2 

10, Y = OH 27.8 6.2 -6.3 -0.5 0.5 

11, Z = OH 44.7 -4.5 10.2 -0.4 0.3 

12, X = CF3 30.1 5.6 -4.0 -0.7 0.4 

13, Y = CF3 43.0 -5.5 10.5 -0.2 0.2 

14, Z = CF3 42.0 -6.1 8.2 -0.3 0.3 

 

 

Triplet ground state fulvenes: As noted above 2,3,4,5-tetrachloro-6,6-

dicyanofulvene (15) has a calculated ET of ~16 kcal/mol.[17] Using the relationship between 

the electronic substituent effects, the S0 and T1 aromaticities, and ET we can now design 

fulvenes with much smaller and even inverted ET, i.e., ET < 0 kcal/mol (fulvenes with T0 

states). The combination of EWGs as X (CN, NO2, or CF3) with EDGs as Y (NH2, NMe2, 

OH, OMe, or SH) brings down ET considerably (ET ≤ 12 kcal/mol with M06-2X, Table 3), 

and the ET of 18 is even inverted at M06-2X level. To check these results, the ET were also 

computed at CASPT2 level. At this level the triplet states are generally slightly less 

stabilized relative to the singlet states than what is the case at M06-2X level.  

Fulvene 18 has the strongest EDG as Y, and the two cyano groups as X are in 

conjugation with the exocyclic double bond, in contrast to the two nitro groups in 16 which 

are twisted relative to the 5MR in both the S0 and T1 states. With thermal energy corrections 

from M06-2X calculations, the GT at CASPT2 level is such that 18 at 298 K still has a T0 

state. In further support, calculations with the high-level G4 composite method[36] gives a 

GT for 18 of -1.3 kcal/mol, confirming 18 as a triplet ground state species. Finally, the 

impact of the positions of the substituent is revealed by exchanging the positions of the 

cyano and amino groups in 18, leading to fulvene 23, a species with a GT of 53.0 kcal/mol 

at M06-2X level.   
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Table 3: Calculated ET and GT (kcal/mol) for tetrasubstituted fulvene derivatives.a 

Fulvene X Y 
Symmetry ET (GT) 

S0; T1 (U)M06-2X CASPT2 b 

16 NO2 NH2 C2; C2 6.0 (4.3) 10.3 (9.2) 

17 CF3 NH2 C2; C2 0.5 (-1.3) 4.0 (2.3) 

18 CN NH2 Cs; C2v -3.5 (-5.3) 0.7 (-1.1) 

19 CN NMe2 C2; Cs 5.0 (4.1) 10.7 (9.9) 

20 CN OH C2v; C2v 10.7 (10.0) 14.4 (13.7) 

21 CN OMe C2v; C2v 12.3 (10.7) 15.9 (14.2) 

22 CN SH C2v; C2v 9.2 (8.2) 13.1 (12.0) 

23 NH2 CN C2, C2 56.1 (53.0) -- 

a The active space included five valence π orbitals, the two highest occupied σ 

orbitals and the corresponding virtual ones. The number of active electrons was set to 

fourteen. b The GT values at CASPT2 level include thermal energy corrections from M06-

2X level calculations.  

 

The computations suggest that a fulvene in its ground state can be strongly 

influenced by the resonance structure described by a cationic 5MR and a negatively charged 

exocyclic methylene position. It is therefore useful with a comparison of triplet state 18 with 

the triplet state of 1,3-diaminoCp+, representing the 5MR of the limiting zwitterionic 

resonance structure of 18 in its T0 state. First, the charge distribution between the exocyclic 

dicyano methylene moiety and the 5MR including the two amino groups of T0 state 18 is 

not fully zwitterionic as the charge divisions between the two units are -0.44/+0.44 e with 

NPA, -0.33/+0.33 e with Hirschfeld, and -0.41/+0.41 e with CHelpG. The charge on the 

5MR of 31,3-diaminoCp+, excluding the H atom at the C atom in the 2-position, is +0.77 e 

with NPA, +0.91 e with Hirschfeld, and +0.81 e with CHelpG, respectively. The total spin 

density further reveal a difference between the triplet state of 18 and that of 1,3-diaminoCp+ 

because the total spin density at the 5MR of 18, excluding the two amino groups, is 1.10 e 
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while it is 1.58 e in the 1,3-diaminoCp+ (Figure 9). Yet, by comparing the spin density plots 

of 18 and 1,3-diaminoCp+, one still sees a strong resemblance between the two species.  

 

 
Figure 9: Spin density (above) and ACID (below) plots for 31,3-diaminoCp+ and 318 

computed at M06-2X/6-311+(d,p) level. Red arrows overlayed on the ACID plots to 

indicate the direction of the ring-currents.  

 

With regard to the geometries the CC bond lengths of the 5MRs are rather similar 

in the triplet states of 18 and 1,3-diaminoCp+ with the largest deviation being in one bond 

that differs in length by 0.03 Å (see Figure S5). Noteworthy, the 1,3-diaminocyclopenta-

diene moiety in the triplet ground state fulvalene of Solel and Kozuch is influenced by 

Baird-aromaticity,[31] and it resembles geometrically the 5MR of 18. Yet, a stark difference 

between 18 and 1,3-diaminoCp+ is the order of the lowest singlet and triplet states because 

1,3-diaminoCp+ has an S0 state with ET = 28.5 kcal/mol and GT = 26.2 kcal/mol. The 

cause for this difference is a much stronger -conjugative interaction between the amino 

groups and the central Cp+ ring in the singlet state of 1,3-diaminoCp+ than in 18 as revealed 

by C-N bond lengths of 1.313 and 1.390 Å, respectively (Figure S5).[60]  
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Although there is a stark difference in the order of the singlet and triplet states of 18 

and 1,3-diaminoCp+, the triplet states are similar and we further analyzed the extent of 

Baird-aromaticity of the two species. The aromatic characters of the triplet states for 18, 

1,3-diaminoCp+, 1 and Cp+ have been assessed in terms of the FLU, ACID and NICS. We 

first calculated the FLU= FLU– FLU and FLU/FLU which quantify the 

difference in FLU contributions due to  and  electrons. A difference in FLU and FLU 

is expected for Baird-aromatic compounds (FLU≠ 0), and we recently used this value 

to differentiate Hückel-aromatic from Baird-aromatic rings in Hückel-Baird aromatic 

hybrid molecules.[59] Concerning the T0 state of 18, a FLU value of 0.0243 reveals a rather 

low Baird-aromatic character, with this character being somewhat more pronounced in 31,3-

diaminoCp+ (0.0215). Also the  value shows that the triplet state Baird-aromaticity of 18 

(2.303) is slightly lower than that of 1,3-diaminoCp+ (2.543). Still, the values demonstrate 

that the 5-MRs in the triplet states of both compounds are significantly Baird-aromatic. 

When comparing 18 with 1, a larger FLU and is detected for 18 (0.056 and 2.31, 

respectively) revealing that its Baird-aromatic character is more pronounced than that in the 

T1 state of 1 (FLU = 0.022 and 1.36). For 3Cp+, the reference compound for triplet 

state Baird-aromaticity, the FLU and values are 0.038 and 4.48, respectively. The spin 

density distribution is in line with this observation because the delocalization of spin onto 

the NH2 groups of 18 (0.68) is larger than in 1,3-diaminoCp+ (0.45), supporting a more 

pronounced triplet state (Baird-aromatic) cyclopentadienyl cationic character in the latter 

species.  

The ACID plots of the triplet states of 18 and 1,3-diaminoCp+ are quite similar 

revealing clear diatropic currents (Figure 9). Moreover, the minimum values in the NICS-Z 

scans for 18 and 1,3-diaminoCp+ is -12.5 and -12.1 ppm (Figure 10), respectively, revealing 

that both systems are approximately equally aromatic. These values are intermediate 
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between the corresponding values of 1 and Cp+ in their triplet states (-4.3 and -26.3 ppm, 

respectively).  Summing up, the 5MR of 18 in its T0 state is nearly as Baird-aromatic as 1,3-

diaminoCp+ in its triplet state, yet, the T0 state of Cp+ is significantly more Baird-aromatic. 

 

 

Figure 10: NICS-Z scans at GIAO/M06-2X/6-311+G(d,p) level for (A) Cp+, (B) 1,3-

diaminoCp+, (C) fulvene 1 and (D) fulvene 18 (X = CN and Y = NH2) in the lowest singlet 

and triplet states. 

 

Triplet ground state fulvenium dications: The synthesis of a fulvene resembling 18 

is likely challenging. Moreover, full amino-substitution at the 5MR, which might be easier 

to achieve synthetically, leads to 2,3,4,5-tetraamino-6,6-dicyanofulvene (24) having an ET 

at M06-2X/6-311+G(d,p) level of 10.4 kcal/mol and a GT of 8.0 kcal/mol, a result from 

steric congestion turning the four amino groups out of conjugation with the 5MR. A 

different approach to generate a fulvene with a T0 state is needed. Here, we propose to 
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increase the electron withdrawal by the EWGs (cyano groups) at the exocyclic position 

through protonation, and simultaneously utilize chloro substituents as EDGs at the 5MR. 

With this approach one can utilize protonation at the N atoms of the cyano groups of 2,3,4,5-

tetrachloro-6,6-dicyanofulvene (15(H)+, 15(H)2
2+), a fulvene which is stable at ambient 

conditions and readily available.[17]  

Although neutral 6,6-dicyanofulvenes (DCFs) have rather low-lying triplet 

states,[ 61 , 62 ] the GT for 15 (18.0 kcal/mol) is still large, favoring the singlet state. 

Monoprotonation to give 15(H)+ lowers the gap to 8.3 kcal/mol, and a triplet ground state 

is predicted for 15(H)2
2+ (GT = -2.0 kcal/mol at 298 K with M06-2X/6-311+G(d,p)). The 

T0 state of 15(H)2
2+ is also confirmed by G4 calculations[36] giving a GT of -2.2 kcal/mol, 

and the same by CASPT2(14in14)/ANO-RCC-VTZP//M06-2X/6-311+G(d,p) (GT = -3.4 

kcal/mol, thermal corrections taken from M06-2X level).  

The ACID plots show clear aromatic ring currents in the T0 state of Cp+, while the 

Baird-aromaticities of CpCl5
+ and 15(H)2

2+ in their triplet states is less apparent (Figure 

11). The ACID plot for 3CpCl5
+ is consistent with that by Sander and co-workers, who 

calculated a NICS(0) value of -2.4 ppm, indicating moderate aromatic character.[63] We now 

performed a NICS scan to quantify the Baird-aromaticity of 15(H)2
2+ in its T0 state. The 

minimum value along the NICS-Z scan for the T0 state of 15(H)2
2+ (-13.8 ppm) is close to 

that of 3CpCl5+ (-14.3 ppm), indicating that the two species are approximately equally 

Baird-aromatic. However, these NICS values are smaller than for 3Cp+ (-26.3 ppm), 

revealing that 3CpCl5
+ has a lower absolute Baird-aromaticity.  
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Figure 11. ACID plots showing the diatropic (aromatic, clockwise) ring current in the T0 

states of Cp+, CpCl5
+ and 15(H)2

2+. Insets show qualitative circuits. ACID isosurface values 

of 0.030. M06-2X/6-311+G(d,p) level is used. 

 

Moreover, the electronic aromaticity index FLU[43a] reveals that the T0 state of 15(H)2
2+ 

(0.0215) is equally aromatic as that of CpCl5
+ (0.0216), while the FLU value of 3Cp+ 

(0.0084) is lower, again indicating that 3Cp+ is more triplet state Baird-aromatic than 

3CpCl5
+. A similar observation is made when regarding the geometric aromaticity index 

HOMA (Figure 12). An analysis shows that 3CpCl5
+ has extensive -electron donation from 

the Cl lone pairs into the ring, as well as delocalization of the excess spin from the ring onto 

the Cl atoms, leading to a weakened cyclic (Baird-aromatic) -electron delocalization 

within the 5MR (see Figure S4). Now, a high value of  for the five-membered ring of 

315(H)2
2+ (2.052) reveals dominating Baird-aromaticity of equal magnitude as that of 

3CpCl5
+ (2.086). For comparison, the  of 3Cp+ is 4.480, a particularly large value as this 

molecule is an archetype of a Baird-aromatic species. 

Finally, when comparing the neutral fulvene 18 with the fulvenium dication 

15(H)2
2+, both with T0 states, it is seen that the latter species displays a somewhat stronger 

Baird-aromaticity in the HOMA as well as the FLU data. NICS is also in agreement with 
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HOMA and FLU in the sense that 15(H2)2+ shows a slightly more negative value (-13.8 

ppm) than 18 (-12.5 ppm), both in their T0 states. 

 

 

Figure 12. The calculated geometries of the T0 state Cp+, CpCl5+, and the 5MR of 15(H)2
2+ 

at M06-2X/6-311+G(d,p) level. HOMA values given in red inside the rings. 

 

Conclusions 

We have revealed strong correlations between the changes in aromaticity of fulvene 

derivatives when going from the S0 to the T1 state and the corresponding energy differences 

(ET) of the fulvenes at their optimal planar geometries. Fulvenes are inherently aromatic 

chameleons compounds influenced by a zwitterionic Hückel-aromatic resonance structure 

in S0 and another zwitterionic Baird-aromatic resonance structure in T1 having opposite 

polarity to the one in the S0 state. The changes in aromaticity, and the relative stabilization 

of the S0 vs. the T1 state (or vice versa), are connected to the ability of various substituents 

to enhance (reduce) Hückel-aromatic character in S0 simultaneously as they reduce 

(enhance) the Baird-aromatic character in the T1 state. Now, by utilizing the substituent 

effects on the singlet state Hückel-aromaticity and the triplet state Baird-aromaticity we can 

tailor fulvenes and fulvenium dications with very small and even inverted ET, i.e., species 

with triplet ground states. The results should open up for applications of fulvenes in areas 

where there is a need for compounds, all within one compound class, that span a range of 

different triplet state energies.  
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