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The electronic ground states of cations (singlet versus triplet)
attract significant attention in the discovery of novel carbocation
chemistry. Although the cyclopentadienyl cation exhibits a triplet
ground state because of the antiaromaticity of the closed-shell
singlet state, the ground state of the indenyl cation, which is a
benzene-fused derivative of the cyclopentadienyl cation, is

reportedly a closed-shell singlet state rather than a triplet state. In
this study, in order to establish a strategy for controlling the
ground state of indenyl cations, the substituent effects at the C2
and C5 positions of their structures were computed using density
functional theory and complete active space multiconfiguration
second order perturbation levels of theory.

Introduction

Carbocations are essential intermediates in thermal and photo-
chemical reactions. Their generation, observation, and reactivities
have been thoroughly studied since the last century[1� 3] to reveal
that the electronic ground state of cation is supposed to be
closed-shell singlet (S) state. Recently, however, the ground states
of phenyl,[4� 8] (coumarin-4-yl)methyl,[9,10] benzyl,[11,12] vinyl[13] cations
were reportedly switched to their triplet (T) states via the
introduction of substituents with lone-pair electrons, such as
amino groups (NR2) (Scheme 1). Furthermore, the T ground states
of nitrenium[14,15] and oxenium ions[11,16] were also obtained by
introducing NR2 at the meta-positions of the phenyl rings. The
recent studies are opening new areas of cation chemistry.
The cyclopentadienyl cation (CPD+) exhibits a T ground state

(ΔEST=8.7 kcalmol� 1)[1–19] because of its Hückel antiaromaticity,
which destabilizes the S state, and Baird aromaticity,[20,21] which
stabilizes T-CPD+ (Scheme 2). Remarkably, however, the electronic
ground state of the indenyl cation (Ind+), which is a benzene-
fused derivative of CPD+, is the S ground state (ΔEST�
� 10 kcalmol� 1).[19] The resonance stabilization of the positive
charge (22.0 kcalmol� 1)[19] by the fused benzene ring is key in
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Scheme 1. Triplet ground states of carbocations and the nitrenium and
oxenium ions.

Scheme 2. (a) Ground states of the cyclopentadienyl (CPD+) and indenyl
(Ind+) cations. (b) This study: effects of the substituents (R1 and R2) on the
ground states (singlet versus triplet) of indenyl cation derivatives 1–11.
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stabilizing the S state. In this study, the novel C2 (R1) and C5 (R2)
substituents effects on the electronic
ground states of Ind+ derivatives 1–11 are investigated for

the first time using quantum chemical calculations, such as
density functional theory (DFT) and complete active space
multiconfiguration (CAS) second order perturbation theory
(CASPT2/CASSCF) calculations to establish a strategy for con-
trolling the ground state. The ground state is found to be
significantly affected by the substituent at the C2 and C5
positions.

Results and Discussion

Electronic structure and configuration of 1–11

Firstly, geometries of the S and T state of 1 (= Ind+; R1,R2=H,H)
were respectively optimized at the restricted (R) and unre-
stricted (U) B3LYP/6-31G(d,p) level of theory (Figure 1). The
energies were further refined at the CASPT2/cc-pVDZ level of
theory (entry 1 in Table 1). It was shown that the singlet state is
13.1 kcalmol� 1 (CASPT2) and 9.99 kcalmol� 1 (RB3LYP) more
stable than the triplet state in accordance with literature
available estimates.[19] Analysis of the CASSCF reference wave-
function confirmed domination of only one leading configu-
ration in the wavefunction for both singlet (weight 83%) and
triplet (weight 84%) states. See the details in Tables S9-S11 in
Supporting Information. Thus, the singlet state can be properly
described by the closed shell singlet electronic configuration.
To understand the electronic character of 1, its NBO charges
and NBO spin densities were computed in the S (S-1) and T
states (T-1) at the (R/U)B3LYP/6-31G(d,p) level of theory (Fig-
ure 1). In S-1, the positive charges are delocalized at the
benzylic positions C1/C3 (0.34) and the benzene ring C4/C7
(0.21) (Figure 1a). Whereas in T-1, the positive charge at C2
(0.20) is larger than that at C1/C3 (0.16). Interestingly, the
considerable positive charge is found at C5/C6 (0.15). On the
other hand, the spin density at C1 (0.39) is higher than that at
C2 (0.31) (Figures 1b, c). These results suggest that the
substituents at C2 and C5 might significantly affect the
energetic stability of triplet state of indenyl cation derivatives.
Thus, the electron-donating (EDG) and electron-withdrawing

group (EWG) effects at C2 and C5 on the electronic ground
states (singlet versus triplet) of 1–11 were investigated via DFT
and CASPT2/CASSCF quantum chemical calculations.
The geometries of the singlet and triplet states of indenyl

cations 2–11 were also optimized using DFT calculations at the
(R or U)B3LYP/6-31G(d,p) level of theory (SI(S16–43), Table 1).
The broken-symmetry[22� 25] (BS) UB3LYP/6-31G(d,p) method was
used to re-evaluate geometries and energies of the singlet
states, resulting in more stable minima (noted as US) for
derivatives 3–5 (R1,R2=OMe,H; Ph,H; NH2,H) and 8–11 (R1,R2=4-

Figure 1. (a) NBO charges of the closed-shell singlet indenyl cation S-1 in C2v
symmetry at the RB3LYP/6-31G(d,p) level of theory; (b) the NBO charges; (c)
NBO spin densities of the triplet indenyl cation T-1 at the UB3LYP/6-31G(d,p)
level of theory;

Table 1. Singlet-triplet energy gaps in kcal mol� 1 (ΔERST= singlet (RS)
energy from RDFT� triplet (T) energy, ΔEUST= singlet (US) energy from
UDFT � T energy, as calculated using DFTa and ΔEST= singlet energy� -
triplet energy as calculated using CASPT2/CASSCFb methods).

entry cation
R1, R2

ΔERST
DFT

ΔEUST
DFT
(<S2>)c

ΔEST
CASPT2

ground
stateCASPT2

1 1 (= Ind+)
H, H

� 9.99 � 9.99
(0.00)

� 13.14 S

2 2
Me, H

� 5.31 � 5.31
(0.00)

� 9.49 S

3 3
OMe, H

5.38 1.13
(0.96)

0.46 T

4 4
Ph, H

5.48 1.74
(0.88)

� 1.32 S

5 5
NH2, H

13.15 6.95
(1.05)

4.66 T

6 6
CN, H

� 6.52 � 6.52
(0.00)

� 11.25 S

7 7
NO2, H

� 11.17 � 11.17
(0.00)

� 14.45 S

8 8
4-
MeOC6H4,
H

9.62 3.31
(1.03)

7.37 T

9 9
4-
NO2C6H4, H

2.06 0.38
(0.70)

� 4.33 S

10 10
4-
MeOC6H4,
NH2

� 2.11 � 2.77
(0.18)

� 7.65 S

11 11
4-
MeOC6H4,
NO2

9.09 3.67
(1.02)

6.77 T

a The closed-shell singlet (S) and triplet (T) states were computed at the R
and UB3LYP/6-31G(d,p) levels of theory, respectively. Similar substituent
effects were also found at the CAM-B3LPY, ωB97XD, and M06-2x/6-
31G(d,p) levels of theory (Tables S6, S7). The singlet states (noted US) were
also calculated using the broken-symmetry (BS) unrestricted singlet
method by including “guess=mix,always” in the keywords at the UB3LYP/
6-31G(d,p) level of theory. b CASPT2/CASCF/cc-pVDZ level of theory. c <

S2> : expectation values of the spin operators in the BS calculations of the
singlet states using unrestricted approach.
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MeOC6H4,H; 4-NO2C6H4,H; 4-MeOC6H4,NH2; 4-MeOC6H4,NO2),
whose vibration analyses of all molecules reveal no imaginary
frequencies, indicating that the optimized structures are at their
potential energy minima. Single point calculations of energies
were conducted with multireference CASPT2 method using
geometries from UB3LYP calculations (entries 3–5, 8–11). Wave-

function details and natural occupation numbers of active
orbitals are listed in Tables S9–S11 in Supporting Information. In
contrast to parent cation 1 with closed shell configuration
(entry 1, spin-expectation value <S2> =0.00), most of the
substituted indenyl cation derivatives have multiconfigurational
character of the wavefunction for singlet states (<S2> ¼6 0.00).
It is particularly emphasized for cations 3 (R1,R2=OMe,H;
entry 3), 5 (R1,R2=NH2,H; entry 5) and 8 (R1,R2=4-MeOC6H4,H;
entry 8) where the weight of leading configuration (classical HF
closed-shell configuration) is substantially decreased with
respect to parent unsubstituted indenyl cation 1 and second
configuration (double excitation) contribute more than 10%
(weights=0.19, 0.12 and 0.20 for 3, 5 and 8, respectively).
Natural occupation numbers of frontier orbitals (1.46 and 0.55
for 3, 1.62 and 0.41 for 5, and 1.39 and 0.65 for 8) significantly
deviate from 2 and 0. In view of these results it is apparent that
the singlet states of these cations have significant diradical
character. It is well known that such species with diradical
character obtained from mixing of two closed shell config-
urations are not properly described by the restricted DFT
methods and therefore the energies of singlets profit a lot using
broken symmetry unrestricted approach.[11,13,26–30] Indeed sin-
glets optimized by BS-UB3LYP for cations 3, 5 and 8 are more
stable by 4.3, 6.2 and 6.3 kcalmol� 1, respectively. On the other
side, restricted and unrestricted calculations resulted in the
same geometries and energies for singlet states of 2 (R1,R2=
Me,H; entry 2), 6 (R1,R2=CN,H; entry 6), 7 (R1,R2=NO2,H; entry 7)
and 10 (R1,R2=4-MeOC6H4,NH2; entry 10). As previously shown
for singlet of parent indenyl cation 1, the singlets of these
cations have more than 80% of leading configuration vs. less
than 6% of second configuration.

Singlet-Triplet energy splitting

The energy gaps determined using the total electronic energies
(E), including zero-point energy corrections between the S and
T states (ΔERST=ERS� ET and ΔEUST=EUS� ET), are shown in
Table 1. A positive value indicates that the T state is more
energy-stable than the corresponding singlet state, i. e., the T
state is the ground state. The methyl derivative 2 (R1,R2=Me,H,
entry 2) as determined previously for parent cation 1, exhibit
singlet ground state (ΔERST=ΔEUST= � 5.31 kcalmol� 1). However,

Figure 2. Hammett plots (HPs) of the (a) singlet (Equation (1)) and (b) triplet
(Equation (2)) states.

Table 2. NICS(1)zz values of 1, 4, 5, and 7.

1
(R1,R2=H,H)

4
(R1,R2=C6H5,H)

a
5
(R1,R2=NH2,H)

a
7
(R1,R2=NO2,H)

S A 49.2 41.0 42.4 48.2

B 104 89.7 81.0 99.0

T A � 20.7 � 20.3 � 23.7 � 19.2

B � 32.5 � 15.3 � 18.2 � 28.9

a UDFT calculations were used for singlet states of cations 4 and 5.
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as compared with ΔERST= � 9.99 kcalmol� 1 for 1 the weak EDG
decreases the energy space. The later conclusion is corrobo-
rated by CASPT2 calculations where ΔEST for 2 is 3.65 kcalmol� 1

smaller than for 1. Both DFT and CASPT2 methods agree that
cations 3–5, 8 and 11 (R1,R2=OMe,H; Ph, H; NH2,H; 4-
MeOC6H4,H; 4-MeOC6H4,NO2), with strong EDGs at C2, display T
ground states. Also, cations 6 (R1,R2=CN,H entry 6), 7 (R1,R2=
NO2,H entry 7), and 10 (R1,R2=4-MeOC6H4,NH2; entry 10), with
EWGs at C2 and EDG at C5, display singlet ground states. In the
case of cation 9 (R1,R2=4-NO2C6H4,H, entry 9) with EWG at C2
triplet and singlet states are approximately the same energy
(triplet state is only 0.38 kcalmol� 1 lower than singlet) at the
DFT level of theory while CASPT2 method predicts singlet
ground state 4.33 kcalmol� 1 below the triplet state. The
quantum chemical calculations were rationalized using the
electronic character of indenyl cation 1 (Figure 1). Thus,
substituents, EDG/EWG, at C2/C5 may determine the electronic
ground states of the indenyl cation derivatives.

Quantitative evaluation of the substituent effect

To understand more clearly the substituent effect at C2 on the
electronic ground state in more detail, the singlet and triplet
states of 1–3 (R1,R2=H,H; R1,R2=Me,H; R1,R2=OMe,H) and 5–7

(R1,R2=NH2,H; R
1,R2=CN,H; R1,R2=NO2,H) in the isodesmic

reactions shown in Equations (1) and (2) were respectively
calculated at the (R/U)B3LYP/6-31G(d,p) level of theory. The
obtained reaction energies (ΔE) are plotted against the
Hammett parameters (σ+

para, ΔE versus σ+
para) to understand the

substituent effects (Figure 2). The Hammet σ+
para can directly

evaluate the cationic character at C2. The positive and negative
ΔE values indicate that the products of Equations (1) and (2) are
respectively less and more energetically stable.
The correlation coefficient (R2) and substituent constant (1=

slope) of the Hammett plot (HP) of the singlet states (Equation
(1)) are lower (R2=0.95) and smaller (1=14) than those of the
HP of the T states, respectively (Figure 2a). A considerably
higher R2 (0.99) and larger (1=19) are observed for the T states

Table 3. ACID plots of 1, 4, 5 and 7. Table 4. NBO charges and NBO spin densities of 2–9 determined at the
(U)B3LYP/6-31G(d,p)) level of theory.
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3[Ind+] (Figure 2b). These results support a considerably larger
substituent effect in the T state compared to that in the singlet
state.

Nucleus-independent chemical shift (NICS) values (NICS(1)zz)
and Anisotropy of the induced current density (ACID) plots

NICS(1)zz values were calculated for the six- (A) and five-(B)
membered rings in the singlet (RS from RDFT, US from UDFT
calculations), and T states of 1–11 at the (R or U)B3LYP/6-
31G(d,p) levels of theory.[31] The NICS(1)zz values of 1, 4, 5, and 7
are shown in Table 2, and the NICS values of the other cations
are shown in Table S1. Positive and negative values are
obtained for the singlets (RS and US) and T states, respectively.
Notably, the NICS(1)zz values of the T states are not highly
dependent on the EDGs and EWGs, suggesting that the T
ground state is formed via the energetic stabilization of the
positive charge at the C2 position by an EDG. ACID plots were
also calculated for singlet (RS, US) and T states of 1–11 at the (R
or U)B3LYP/6-31G(d,p) level of theory. ACID plots of 1,4,5, and 7
are shown in Table 3, and are qualitatively consistent with the
NICS(1)zz analysis, in which the singlet and triplet states have an
antiaromatic and aromatic character, respectively.

NBO charges and NBO spin densities

Finally, the NBO charges and NBO spin densities of the T, singlet
(RS and US) states of 2–9 were examined at the (R or U) B3LYP/
6-31G(d,p) level of theory, and the values are summarized in
Table 4, Table S3, and Table S4, respectively. The positive
charges are localized at C2 in the T state of 3 (R1,R2=OCH3,H)
and 5 (R1,R2=NH2,H). In 2 (R

1,R2=CH3,H), 6 (R
1,R2=CN,H), and 7

(R1,R2=NO2,H), the positive charge are localized at C1 and also
delocalized to the phenyl ring of indene structure, indicating
that EDG at C2 effectively stabilizes the positive charge of T
state. In the T state of 4 (R1,R2=Ph,H), 8 (R1,R2=4-MeOC6H4,H), 9
(R1,R2=4-NO2C6H4,H), the positive charges are mainly located at
C2’ which is para-position of the phenyl rings whereas in the
singlet state, the positives charges are localized at C1 position.
The relatively high spin density at C1 and C3 is confirmed in all
T cations 2–9.

Conclusions

In this study, the effects of substituents on the electronic
ground states (singlet versus triplet) of indenyl cation deriva-
tives were investigated for the first time. Computational studies
using CASPT2 and DFT methods revealed that an electron-
donating substituent at C2 resulted in a triplet ground state. In
contrast, singlet ground states were observed for cations with
electron-withdrawing substituents at the CASPT2/cc-pVDZ level
of theory. The novel substituent effect on the ground state of
indenyl cation may be rationalized by the selective stabilization
of the triplet state energy by an EDG. These computational

findings contribute significantly in developing novel cation
chemistry.

Supporting Information

The authors have cited additional references within the
Supporting Information.[32–34]

Acknowledgements

This study was supported by Japan Society for the Promotion of
Science KAKENHI (Grant Nos. JP17H03022, 20K21197,
21H01921, 22K19033) and Japan Science and Technology
Agency (JST) CREST (Grant No. JPMJCR18R4) grants. M.T.
acknowledges the JST for research fellowships for the creation
of science and technology innovation (Grant No. JPMJFS2129).

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: indenyl cation · triplet ground state

[1] G. A. Olah, J. Org. Chem. 2001, 66, 5943.
[2] M. Saunders, H. A. Jimenez-vazquez, Chem. Rev. 1991, 91, 375.
[3] P. Klán, T. Šolomek, A. Blanc, C. G. Bochet, R. Givens, M. Rubina, V. Popik,
A. Kostikov, J. Wirz, Chem. Rev. 2013, 113, 119.

[4] R. Dronskowski, M. Festkbrperforschung, P. E. Blochl, J. Am. Chem. Soc.
1976, 98, 5428.

[5] J. D. Dill, P. R. Schleyer, J. A. Poplelc, J. Am. Chem. Soc. 1977, 99, 1.
[6] M. Aschi, J. N. Harvey, J. Chem. Soc. Perkin Trans. 2 1999, 1059–1062.
[7] M. Freccero, M. Fagnoni, A. Albini, J. Am. Chem. Soc. 2003, 125, 13182.
[8] M. Mella, P. Coppo, B. Guizzardi, M. Fagnoni, M. Freccero, A. Albini, J.

Org. Chem. 2001, 66, 6344.
[9] T. R. Albright, A. H. Winter, J. Am. Chem. Soc. 2015, 137, 3402.
[10] M. Takano, M. Abe, Org. Lett. 2022, 24, 2804.
[11] A. H. Winter, D. E. Falvey, C. J. Cramer, B. F. Gherman, J. Am. Chem. Soc.

2007, 129, 10113.
[12] R. R. Perrotta, A. H. Winter, D. E. Falvey, Org. Lett. 2011, 13, 212.
[13] A. H. Winter, D. E. Falvey, J. Am. Chem. Soc. 2010, 132, 215.
[14] A. H. Winter, D. E. Falvey, C. J. Cramer, J. Am. Chem. Soc. 2004, 126, 9661.
[15] Y. Qiu, L. Du, S. Cady, D. L. Phillips, A. H. Winter, ChemRxiv. preprint

2023, DOI: https://doi.org/10.26434/chemrxiv-2023-k6wbl.
[16] M. De Li, T. R. Albright, P. J. Hanway, M. Liu, X. Lan, S. Li, J. Peterson,

A. H. Winter, D. L. Phillips, J. Am. Chem. Soc. 2015, 137, 10391.
[17] M. Saunders, R. Berger, A. Jaffe, J. M. McBride, J. O’Neill, R. Breslow, J. M.

Hoffmann, C. Perchonock, E. Wasserman, et al., J. Am. Chem. Soc. 1973,
95, 3017.

[18] R. Breslow, W. Chang, R. Hill, E. Wassermanlc, J. Am. Chem. Soc. 1967, 89,
1112.

[19] H. Jiao, P. Von Ragué Schleyer, Y. Mo, M. A. McAllister, T. T. Tidwell, J.
Am. Chem. Soc. 1997, 119, 7075.

[20] N. C. Baird, J. Am. Chem. Soc. 1971, 53, 4941.
[21] H. Ottosson, Nat. Chem. 2012, 4, 969.
[22] L. Noodleman, J. Chem. Phys. 1981, 74, 5737.

Wiley VCH Donnerstag, 29.02.2024

2407 - closed* / 338315 [S. 114/115] 1

Eur. J. Org. Chem. 2024, 27, e202301226 (5 of 6) © 2024 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejoc.202301226

 10990690, 2024, 7, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202301226 by C
ochrane C

roatia, W
iley O

nline L
ibrary on [03/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1021/jo010438x
https://doi.org/10.1021/cr00003a005
https://doi.org/10.1021/cr300177k
https://doi.org/10.1021/ja00443a001
https://doi.org/10.1039/a902279a
https://doi.org/10.1021/ja036000r
https://doi.org/10.1021/jo010469s
https://doi.org/10.1021/jo010469s
https://doi.org/10.1021/jacs.5b00707
https://doi.org/10.1021/acs.orglett.2c00694
https://doi.org/10.1021/ja070143m
https://doi.org/10.1021/ja070143m
https://doi.org/10.1021/ol102606m
https://doi.org/10.1021/ja906139m
https://doi.org/10.1021/ja047677x
https://doi.org/10.1021/ja00790a049
https://doi.org/10.1021/ja00790a049
https://doi.org/10.1021/ja00981a015
https://doi.org/10.1021/ja00981a015
https://doi.org/10.1021/ja970380x
https://doi.org/10.1021/ja970380x
https://doi.org/10.1038/nchem.1518
https://doi.org/10.1063/1.440939


[23] E. J. Baerends, L. Noodleman, J. Am. Chem. Soc. 1984, 106, 2316.
[24] K. Yamaguchi, F. Jensen, A. Dorigo, K. N. Houk, Chem. Phys. Lett. 1988,

149, 537.
[25] K. Yamaguchi, Y. Takahara, T. Fueno, K. Nasu, Jpn. J. Appl. Phys. 1987, 26,

L1362.
[26] J. Grafenstein, E. Kraka, M. Filatov, D. Cremer, Int. J. Mol. Sci. 2002, 3,

360.
[27] Z. Glasovac, I. Antol, M. Vazdar, D. Margetić, Theor. Chem. Acc. 2009,

124, 421.
[28] R. R. Perrotta, A. H. Winter, W. H. Coldren, D. E. Falvey, J. Am. Chem. Soc.

2011, 133, 15553.
[29] M. Abe, Chem. Rev. 2013, 113, 7011.
[30] A. Hinz, J. Bresien, F. Breher, A. Schulz, Chem. Rev. 2023, 123, 10468.
[31] R. Gershoni-Poranne, A. Stanger, Chem. A Eur. J. 2014, 20, 5673.
[32] D. Geuenich, K. Hess, F. Köhler, R. Herges, Chem. Rev. 2005, 105, 3758.
[33] I. F. Galván, M. Vacher, A. Alavi, C. Angeli, F. Aquilante, J. Autschbach,

J. J. Bao, S. I. Bokarev, N. A. Bogdanov, R. K. Carlson, L. F. Chibotaru, J.
Creutzberg, N. Dattani, M. G. Delcey, S. S. Dong, A. Dreuw, L. Freitag,
L. M. Frutos, L. Gagliardi, F. Gendron, A. Giussani, L. González, G. Grell,
M. Guo, C. E. Hoyer, M. Johansson, S. Keller, S. Knecht, G. Kovačević, E.
Källman, G. L. Manni, M. Lundberg, Y. Ma, S. Mai, J. P. Malhado, P. Å.

Malmqvist, P. Marquetand, S. A. Mewes, J. Norell, M. Olivucci, M. Oppel,
Q. M. Phung, K. Pierloot, F. Plasser, M. Reiher, A. M. Sand, I. Schapiro, P.
Sharma, C. J. Stein, L. K. Sørensen, D. G. Truhlar, M. Ugandi, L. Ungur, A.
Valentini, S. Vancoillie, V. Veryazov, O. Weser, T. A. Wesołowski, P.
Widmark, S. Wouters, A. Zech, J. P. Zobel, J. Chem. Theory Comput. 2019,
15, 5925.

[34] F. Aquilante, J. Autschbach, A. Baiardi, S. Battaglia, V. A. Borin, L. F.
Chibotaru, I. Conti, L. D. Vico, M. Delcey, I. F. Galván, N. Ferré, L. Freitag,
M. Garavelli, X. Gong, S. Knecht, E. D. Larsson, R. Lindh, M. Lundberg,
P. Å. Malmqvist, A. Nenov, J. Norell, M. Odelius, M. Olivucci, T. B.
Pedersen, L. Pedraza-González, Q. M. Phung, K. Pierloot, M. Reiher, I.
Schapiro, J. Segarra-Martí, F. Segatta, L. Seijo, S. Sen, D. Sergentu, C. J.
Stein, L. Ungur, M. Vacher, A. Valentini, V. Veryazov, J. Chem. Phys. 2020.
152, 214117.

Manuscript received: November 30, 2023
Revised manuscript received: January 4, 2024
Accepted manuscript online: January 5, 2024
Version of record online: January 31, 2024

Wiley VCH Donnerstag, 29.02.2024

2407 - closed* / 338315 [S. 115/115] 1

Eur. J. Org. Chem. 2024, 27, e202301226 (6 of 6) © 2024 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejoc.202301226

 10990690, 2024, 7, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202301226 by C
ochrane C

roatia, W
iley O

nline L
ibrary on [03/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/0009-2614(88)80378-6
https://doi.org/10.1016/0009-2614(88)80378-6
https://doi.org/10.1143/JJAP.26.L1362
https://doi.org/10.1143/JJAP.26.L1362
https://doi.org/10.1007/s00214-009-0633-x
https://doi.org/10.1007/s00214-009-0633-x
https://doi.org/10.1021/ja204711a
https://doi.org/10.1021/ja204711a
https://doi.org/10.1021/cr400056a
https://doi.org/10.1021/acs.chemrev.3c00255
https://doi.org/10.1021/cr0300901

	Substituent Effects on the Electronic Ground State (Singlet versus Triplet) of Indenyl Cations꞉ DFT and CASPT2 Studies
	Introduction
	Results and Discussion
	Electronic structure and configuration of 1–11
	Singlet-Triplet energy splitting
	Quantitative evaluation of the substituent effect
	Nucleus-independent chemical shift (NICS) values (NICS(1)zz) and Anisotropy of the induced current density (ACID) plots
	NBO charges and NBO spin densities

	Conclusions
	Supporting Information
	Acknowledgements
	Conflict of Interests
	Data Availability Statement


