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The magnetically induced current—density susceptibility tensor (CDT) of the lowest singlet and triplet
states of the metallocenothiaporphyrins, where the metal is V, Cr, Mn, Fe, Co, Ni, Mo, Tc, Ru, or Rh, have
been studied with the gauge-including magnetically induced currents (GIMIC) method. The compounds
containing V, Mn, Co, Tc or Rh were studied as cations because the neutral molecules have an odd
number of electrons. The calculations show that the aromatic nature of most of the studied molecules
follows the Huckel and Baird rules of aromaticity. CDT calculations on the high-spin states of the neutral
metallocenothiaporphyrins with V, Mn, Co, Tc or Rh also shows that these molecules follow a unified
extended Huckel and Baird aromaticity orbital-count rule stating that molecules with an odd number of

Received 19th October 2021,
Accepted 18th December 2021

DOI: 10.1039/d1cp04779¢e
occupied conjugated valence orbitals are aromatic, whereas molecules with an even number of
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Introduction

Classical metallocenes are organic sandwich compounds
formed by two cyclopentadienyl rings and a transition metal (M).
The general formula of metallocene structures is (n*-CsHs),M
where the metal ion in the oxidation state 2+ is located between
two parallel cyclopentadienyl anions at equal or nearly equal
distances from all carbon atoms of the two cyclopentadienyl
((CsHs),) rings. The metal in the 3d and 4d metallocenes is bound
to the ligands via covalent chemical bonds except for manganocene
exhibiting ionic bonding." Vanadocene and chromocene have
partly ionic metal-ligand bonds.> The covalent contribution to
the M-CsH; bonds is provided mainly by the overlap between the
3d orbitals of the metal and the w-orbitals of the C;Hy ring.3
Ferrocene, which is the first discovered metallocene, was
synthesized independently in 1951 by the groups led by Pauson,
and Miller.*® The intriguing ferrocene sandwich structure was
suggested by the groups of Woodward, Wilkinson® and
Fischer.” The discovery of ferrocene inspired subsequent
synthesis of new similar metal complexes. Already by 1954,
metallocenes of most of the d elements had been synthesized
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occupied conjugated orbitals are antiaromatic.

and characterized. However, ferrocene is the most stable of all
known metallocenes.

The stability of ferrocene is explained by the so-called
18-electron rule. According to this rule, the most stable structure
is obtained when the sum of the valence electrons of a transition
metal and the ligand electrons participating in bonding is 18.
Only the metallocenes with a metal from group VIII can be
neutral 18-electron complexes. Metals from other groups form
less stable, reactive complexes, and do not always lead to the
formation of an ideal sandwich structure. For first-row
transition metals, the stability of the metallocenes decreases in
the following order: Fe > Ni > Co > V » Cr > Ti.” Due to their
unique chemical properties, metallocenes are widely used in
various applications.®™*

The reactivity of ferrocene resembles that of benzene. It is,
therefore, referred to as a non-benzoic cylindrically aromatic
system with 4n conjugated electrons.'®'” Ferrocene has been
the subject of many studies."® ' The conjugation transmitted
by the d electrons of ferrocene and ruthenocene has
been studied by incorporating it into a porphyrinoid
compound.?*?** Porphyrins and their derivatives are widely
used in various fields due to their rigid molecular structure
and strong light absorption in the visible region.>*°

The wide variety of porphyrin compounds and their unique
electronic structure enable studies of the relationship between
aromaticity and physicochemical properties. The aromatic
character influences the optical properties of porphyrins such
as light absorption, excitedstate lifetimes, fluorescence
quantum yields, and nonlinear optical properties including
two-photon absorption.*"*

This journal is © the Owner Societies 2022


http://orcid.org/0000-0002-9603-2159
http://orcid.org/0000-0002-0711-3484
http://orcid.org/0000-0002-2367-9277
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp04779e&domain=pdf&date_stamp=2021-12-24
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp04779e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024003

Open Access Article. Published on 20 December 2021. Downloaded on 12/9/2025 3:19:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Since metallocenes and porphyrins are important molecules
in many contexts, the combination of the two compounds by
incorporating various metallocenes into the porphyrin macro-
cycle may result in molecules with intriguing properties.”*?* The
number of d electrons contributing to the electron delocalization
determines the aromatic character and can be adjusted by
choosing the metal and the number of the inner hydrogens
connected to the pyrrole rings. The current-density flux and the
ring current passing the metal of the ferrocene moiety could not
be elucidated neither spectroscopically nor computationally®*
because the current-density flux is very complicated with a
helical flux at the ferrocene as shown in this study.

Aromaticity can be assessed using a range of criteria,
among which is the ring-current criterion employed in this
study. An external magnetic field induces a diatropic ring
current in aromatic molecular rings, whereas in antiaromatic
molecules the ring current flows in the non-classical, i.e., the
paratropic direction. The degree of aromaticity can be judged by
determining the magnitude of the induced ring-current
strengths,®® which are obtained by integrating the current density
flux using the GIMIC program. Detailed information about the
GIMIC program and its capabilities can be found in recent
reviews.>*°

The aim of this work is to investigate the aromaticity and
electronic delocalization in porphyrinoid rings with incorpo-
rated metallocenes. We have studied how the current density is
affected when reducing the molecule by adding two inner
hydrogen atoms to the porphyrinoid. We have formulated a
generalization of the Hiickel and Baird aromaticity rules, which
can be extended to systems with more than two open shells.

Molecular structures

We denote the metallocenothiaporphyrin and the dihydrometal-
locenothiaporphyrin compounds (CsH;),MP and H,-(CsH;),MP,
respectively. The molecular structures of (CsHs),MP and
H,-(CsH;),MP are shown in Fig. 1. We have studied (Cs;Hs),MP
and H,-(CsHs),MP compounds, where M is a 3d transition metal
from Sc to Zn or a 4d transition metal from Y to Cd. However,
many of the studied molecules were unstable at the employed
level of theory and were not studied further. We have investi-
gated the lowest singlet and triplet states of the neutral M = Cr,
Fe, Ni, Mo, and Ru compounds as well as the lowest singlet and
triplet states of the M = Co, Mn, V, Tc, and Rh containing

(CsHs):MP

H:-(CsHs)MP

Fig. 1 The molecular structures of the studied metallocenothiaporphyrins,
where M =V, Cr, Mn, Fe, Co, Ni, Mo, Tc, Ru and Rh.
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(CsH;5),MP" and H,-(CsH;),MP" cations. We have also studied
the sextet ground state of the neutral Mn and Tc compounds
as well as the quartet ground state of the neutral vanadium
compound.

The porphyrin macrocycle consists of two pyrrole rings and
one thiophene ring which are connected at their a-carbon
atoms via methine bridges. The metallocene is linked via
methine bridges to the two pyrrole rings of the thiaporphyrin.
The pyrrole rings of H,-(CsHs),MP have inner hydrogen atoms
increasing the formal number of n electrons by two compared
to (CsHj),MP.

Computational methods

The molecular structures were optimized at the density functional
theory (DFT) level using the Becke, Lee, Yang, Parr (B3LYP)
functional®*® and the Karlsruhe def2-TZVP* basis set. The
Cartesian coordinates of the molecular structures are given in
the ESLf The average bond lengths (in A) between the metal and
the carbon atoms of the cyclopentadienyl rings are also reported
in the ESL} Calculations of the vibrational frequencies showed
that the optimized molecular structures are minima on the
potential energy surface.

The magnetically induced current density susceptibility
tensors (CDT) were calculated using the GIMIC method,*?
which uses the Cartesian coordinates of the atoms, basis-set
information, and density matrices as input data. The first-order
magnetically perturbed density matrices are obtained by
performing nuclear magnetic resonance (NMR) shielding
calculations, while the unperturbed density matrix is obtained
in self-consistent field (SCF) DFT calculations. The density
matrices were computed at the B3LYP/def2-TZVP level using
Gaussian 16.%° A tool that converts the Gaussian output into
appropriate input format for GIMIC was employed.***!

The ring-current strengths (I in nA T~ ') were obtained by
integrating the current-density flux passing through a plane
placed perpendicularly to the molecular structure crossing a
given chemical bond.>®> The sign and magnitude of the ring-
current strengths are used for determining the character and
degree of aromaticity. Negative ring-current strengths indicate
antiaromatic character, that is, the paratropic ring current
dominates, while positive ring-current strengths suggest that
the molecule is aromatic with a dominating diatropic ring
current.*** Previous current-density studies showed that
DFT calculations using the B3LYP functional®>** yield accurate
ring-current strengths and degree of aromaticity for aromatic
and weakly antiaromatic molecules. However, B3LYP calculations
overestimate the strength of the paratropic ring current of strongly
antiaromatic molecules.*> We have studied the CDT, ring-current
strengths, and aromatic pathways of the lowest singlet and triplet
states of (CsH;),VP', (CsHs),CrP, (CsH;),MnP’, (CsH;),FeP,
(CsHs),CoP", (CsH5),NiP, (CsHs),MoP, (CsH;),TcP, (CsHs),RuP,
and (CsHs),RhP" as well as for the quartet state of the neutral
(CsH5),VP and the sextet state of the neutral (CsHs),MnP and
(CsHs),TcP.
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Results and discussion
Aromaticity rules

The total number of electrons participating in the bond
conjugation can be determined by accounting for the number
of electrons in the porphyrinoid part of the conjugation pathway,
the valence electrons of the metal and the & electrons of the CsHjy
rings. The cyclopentadienyl anions have 12rn electrons of which
two are energetically low-lying. The number of electrons
contributing to the conjugation pathway of the other metallo-
cenes originating from the metal is equal to the number of
valence d electrons of the metal. Fe?" has 6 d electrons. Thus, the
ferrocene unit provides 16 electrons to the bond conjugation.
For (CsH;),MP, the porphyrinoid part contributes with 20n
electrons. Combined with the 16 valence electrons in the
ferrocene moiety, this yields 36 electrons in the conjugation
pathway of (CsHs),FeP. Given that the number of electrons
fulfills Hiickel’s rule for antiaromaticity, the singlet state of
(CsHs),FeP is expected to be antiaromatic. H,-(CsHs),FeP has
38 conjugated electrons since the porphyrinoid part contributes
with 22n electrons implying that the singlet state of
H,-(CsHs),FeP is expected to be aromatic.**™*® Similarily, the
triplet states of (CsHs),FeP and H,-(CsHs),FeP are expected to be
aromatic and antiaromatic, respectively, according to Baird’s
aromaticity rule.*®”>°

The same aromaticity rules can be applied to the isoelectronic
(CsHs),CoP" and H,-(CsH;),CoP" cations as well as to the corres-
ponding compounds containing the 4d metals: (CsHs),RuP,
(CsHs),RhP', H,-(CsHs),RuP and H,-(CsHs),RhP*. The vanadium
complexes (CsH;),VP" and H,-(CsH;s),VP" have four electrons less
than the [Fe]-cenothiaporphyrins and are expected to have the
same aromatic character as the [Fe]-cenothiaporphyrins.

Reversed aromaticity rules are expected for the corres-
ponding Ni compounds with two electrons more than the Fe
containing compounds. The Cr and Mo containing compounds
with two valence electrons less than [Fe]-cenothiaporphyrin and
the valence isoelectronic Mn' and Tc" cations are also expected
to have reverse aromaticity compared to the corresponding [Fe]-
cenothiaporphyrin.

(CsHs),FeP and H,-(C5Hjs),FeP and isoelectronic compounds of
group VIII

Calculations of the magnetically induced ring current (MIRC) of
the singlet state of (CsH;),FeP yield a ring-current strength of
—10.4 nA T ' when the external magnetic field is nearly
perpendicular to the porphyrinoid ring, whereas H,-(CsHs),FeP
with two inner hydrogens is aromatic sustaining a MIRC of
13.8 nA T ', which is comparable to the strength of the MIRC of
benzene of 12 nA T '.*" The triplet state of (CsHs),FeP is
calculated to be 12.0 kcal mol™" above the singlet state and
the triplet state of H,-(C5H;),FeP is analogously 17.8 kcal mol *
above the singlet state. The calculated ring-current strength of
the triplet state of (CsHs),FeP is 6.2 nA T~ " and the triplet state
of H,-(CsH;),FeP sustains a ring current of —9.0 nA T~ *. Thus,
the aromatic character of the studied states of the [Fe]-
cenothiaporphyrins follows the Hiickel rule of aromaticity,
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Table 1 The strengths (in nA T~) of the magnetically induced ring
currents of the studied (CsHs),MP and H,-(CsHs),MP molecules. Negative
ring-current strengths mean that the molecule is antiaromatic, while
aromatic molecules have positive ring-current strengths. When the
absolute value of the ring-current strength is smaller than 3 nA T~ the
molecule can be considered non-aromatic. Diatropic MIRC are given
in blue and paratropic in red. Very weak MIRC strengths indicating non-
aromaticity are marked with green and MIRC strengths with unexpected
tropicity are marked with turquoise

(CsHs).MP Hz-(CsHs).MP
Metal Singlet Triplet Singlet Triplet
V' 2.2 -0.1 13.7 1.4
Cr 4.7 2] 5.8 15.3
Mn* 31.4 -13.2 9.7 15.9
Fe -10.4 6.2 13.8 9.0
Co* -21.3 14.4 21.8 i3
Ni 226 -4.6 0.4 5.2
Mo 4.4 4.7 1.3 16.2
Tc' 7.8 -3.3 7.5 -9.0
Ru -10.8 8.8 15.3 -11.9
Rh* -20.5 14.0 23.2 -22.0

since the singlet states have 4n + 2 electrons in the conjugated
bonds, while 4n electrons lead to antiaromaticity. The antiaro-
matic singlet states become an aromatic triplet state and vice
versa, following the Baird rule for triplet-state aromaticity.*>>*>*
The MIRC strengths are summarized in Table 1.

Previously calculated nucleus-independent magnetic shielding
functions and experimental 'H NMR chemical shifts also
suggested that the singlet state of (CsH;),FeP is antiaromatic
and the singlet state of H,-(CsH;),FeP is aromatic.>

The calculations showed that the ring current of the
porphyrinoid part splits into an inner and an outer route at
each heterocyclic ring. At the pyrrole rings of the singlet
(CsHs),FeP it mainly follows the innermost pathway, whereas
at the thiophene ring, the ring-current strength of the inner
pathway is about a factor of two stronger than that of the
outer one.

The calculations showed that the ring current of (CsHs),FeP
in the porphyrinoid part splits into an inner and outer route at
each heterocyclic ring. At the pyrrole rings of the singlet
(CsHs),FeP it mainly follows the innermost pathway, whereas
at the thiophene ring, the ring-current strength of the inner
pathway is about a factor of two stronger than that of the outer
one. The pyrrole rings sustain a weak local diatropic ring
current of 1.6 nA T~ ". The strengths of the MIRC obtained by
integrating the current density passing along selected chemical
bonds are shown in Fig. 2. The main ring-current pathways of
the singlet and triplet states of (CsHs),FeP and H,-(CsH;),FeP
are shown in Fig. 3.

For the aromatic singlet state of H,-(CsH;),FeP, the outer
pathways of the diatropic MIRC dominate. The MIRC splits at
the pyrrole rings, whereas the thiophene ring sustains a local

This journal is © the Owner Societies 2022
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(a) Singlet state of
(C5H5)2FeP

(b) Singlet state of
H2-(C5H5)2FeP

(c) Triplet state of
(C5H 5)2FeP

Fig. 2 The strength of the MIRC (in nA T3 along selected bonds in the
singlet and triplet states of (CsHs),FeP and H,-(CsHs),FeP.

(d) Triplet state of
Hz-(CsH5)zFeP

ring current of —3.3 nA T '. The diatropic MIRC of the
aromatic triplet state (CsHs),FeP takes the outer route at the
pyrrole and thiophene rings. The thiophene ring sustains a
local ring current of —5.3 nA T~ ', whereas the current density
does not take the inner route at the pyrrole rings.

The paratropic MIRC of the triplet state of H,-(CsHs),FeP
takes the inner pathway at the pyrrole rings, whereas it splits
into an inner and outer pathway at the thiophene ring. The
current density along the inner pathway is almost a factor of
two stronger than the one along the outer route. The strength
of the MIRC pathways is shown in Fig. 2 and the dominating
ring-current pathways are shown in Fig. 3, where diatropic ring
currents are marked in blue and the paratropic ones are red.
The current densities of the singlet state of (CsHs),FeP and
H,-(C5Hs),FeP are shown in Fig. 4.

An unusual current-density topology was observed in the
ferrocene unit. In the aromatic singlet H,-(CsHs),FeP, the
diatropic MIRC flows on the outside of the C;H; ring when it
arrives to the ferrocene moiety. It forms a helical flow in the
ferrocene making an extra lap around the other CsHs ring
before it leaves the ferrocene moiety on the other side.
The paratropic MIRC flows on the inside of the porphyrinoid
part, taking a shortcut at the ferrocene from one Cs;H; ring to
the other on inside of the ferrocene moiety.

In the antiaromatic (CsH;),FeP, the paratropic MIRC flows
on the inside of the porphyrinoid ring. When it approaches the
ferrocene moiety, it makes a lap around the CsH;s ring before it
continues with a helical flow to the other CsHs ring where
it leaves the ferrocene moiety on the inside of the CsH; ring.
The paratropic MIRC also takes a shortcut on the inside from

This journal is © the Owner Societies 2022
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(a) Singlet state of (CsHs).FeP

(b) Singlet state of Hyp-
(C5H5)2F9P

(c) Triplet state of (CsHs).FeP (d) Triplet state of H-

(CsHs)zFeP

Fig. 3 (a) The dominating antiaromatic pathway (in red) of the singlet
state of (CsHs),FeP, (b) the dominating aromatic pathway (in blue) of the
singlet state of H,-(CsHs),FeP, (c) the dominating aromatic pathway
(in blue) of the triplet state of (CsHs),FeP, and (d) the dominating
antiaromatic pathway (in red) of the triplet state of H,-(CsHs),FeP.

(@) (CsHs).FeP

(b) Hz-(CsHs)zFep

Fig. 4 The current density of (a) the singlet state of (CsHs),FeP whose
paratropic MIRC flows mainly on the inside; (b) the singlet state of
H,-(CsHs),FeP with diatropic MIRC flowing along the outer pathway.
The paratropic MIRC of H,-(CsHs),FeP on the inside of it is also seen.
The helical current density at the ferrocene has the same chirality in both
molecules. The current—density plots have been visualized using
Paraview.>® The color scale represents the strength of the current density
such that white is the strongest and black is the weakest one.

one Cs;H; ring to the other as in H,-(CsH;),FeP. The helical
current density at the ferrocene moiety of the two molecules
has the same chirality. The MIRC fluxes of (CsH;),FeP and
H,-(CsHs),FeP are shown in Fig. 5(a) and (b), respectively. More
streamline representations of the MIRC are shown in the ESL{

(CsHs),RuP, H,-(CsHs),RuP, (CsHs),RhP" and H,-(CsHs),RhP*
are isoelectronic with the corresponding Fe compounds. Their
aromatic character is the same as for the valence isoelectronic

Phys. Chem. Chem. Phys., 2022, 24,1666-1674 | 1669
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(a) (CsHs)zFeP

(b) Hz-(CsHs)zFeP

Fig. 5 (a) The paratropic MIRC of (CsHs) >FeP taking the inner pathway
and the helical flux at the ferrocene moiety. (b) The diatropic MIRC of
H>-(CsHs),FeP and the helical flux at the ferrocene. More pictures of the
current densities and the MIRCs are shown in the ESL{ The current—
density flow has been obtained using the Runge—Kutta algorithm in
Paraview.>*

[Fe]-cenothiaporphyrins. The MIRC of (CsHs),RuP and H,-
(CsH;s),RuP are 0.4-2.9 nA T ' stronger than for the corres-
ponding [Fe]-cenothiaporphyrins. The singlet ground state of
(CsHs),RuP is antiaromatic sustaining a MIRC of —10.8 nA T~ "
and the singlet ground state of H,-(CsHs),RuP is aromatic
with a MIRC of 15.3 nA T~ ". The triplet state of (CsHs),RuP
and H,-(CsH;),RuP lie 13.2 kcal mol ' and 20.2 kcal mol "
above the singlet ground state, respectively. The triplet state of
(CsHs),RuP and H,-(CsHs),RuP sustains MIRC of 8.8 nA T " and
—11.9 nA T ', respectively. The aromatic character of
(CsHs),RuP and H,-(Cs;Hs),RuP follows the Hiickel and Baird
aromaticity rules.

The triplet state of (CsHs),RhP" is 10.0 kcal mol ™" and the
triplet state of H,-(CsHs),RhP" is 22.8 kcal mol ' above the
corresponding singlet ground states. The MIRC of the singlet
ground state of (CsHs),RhP" is —20.5 nA T~ " and in the MIRC of
singlet ground state of H,-(C5H;),RhP" is 23.2 nA T~ . Since the
triplet states of (CsHs),RhP" and H,-(Cs;H;),RhP" also have
reverse aromatic character as compared to the singlet ground
states, their aromatic character follows the Hiickel and Baird
aromaticity rules.

(CsH;5),CoP" and H,-(CsH;),CoP" are isoelectronic with the
corresponding [Fe]-cenothiaporphyrins. When oxidizing metal-
locenes, the electronic charge is mainly removed from the CsH;
rings implying that the electron configuration of Co' remains
largely as 4s°3d®. The same holds for the other cations of this
study.>*>® However, the triplet state of H,-(CsHs),CoP" has a
d occupation of 7.7 as compared to 8.2 for the other Co
compounds. Thus, the exciton of the triplet state is partly
localized to the metal leading to aromaticity of the triplet state
of H,-(CsHs),CoP" instead of antiaromaticity as estimated from
the Baird rule. The singlet ground state of (CsHs),CoP" and
H,(CsH;),CoP" are 7.6 keal mol ™" and 9.1 keal mol ™", respectively
below the triplet state. The aromatic character of (CsHs),CoP"
follows the Hiickel and Baird aromaticity rules. The singlet
ground state is antiaromatic sustaining a MIRC of —21.3 nA T *
and the triplet state is aromatic sustaining an MIRC of
14.4 nA T '. The singlet ground state of H,-(CsHs),CoP" is
aromatic as expected from Hiickel’s aromaticity rule. It sustains
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an MIRC of 21.8 nA T ', whereas the triplet state of
H,-(CsHs),CoP" is unexpectedly also aromatic sustaining a strong
diatropic MIRC of 17.3 nA T~ implying that it does not follow
Baird’s aromaticity rule.

Group VI and isoelectronic compounds

The (CsHs),MnP" and H,-(CsH;),MnP" cations have an even
number of electrons and two electrons less than the corres-
ponding [Fe]-cenothiaporphyrins. The aromatic character
and the aromatic pathways are therefore reversed as compared
to the Fe containing compounds. The dominating pathways of
the MIRC of the singlet and triplet states of (CsHs),MnP" and
H,-(CsH;s),MnP" are shown in Fig. 6. However, (CsHs),MnP"
and H,-(CsH;s),MnP" have a triplet ground state with the singlet
state lying 24.1 kcal mol™" and 18.0 kcal mol™" higher in
energy, respectively. Calculations of the current density for the
singlet state of (CsHs),MnP" show that it is aromatic sustaining a
MIRC of 31.4 nA T~ '. The triplet state is antiaromatic with a
MIRC of —13.2 nA T~ ". The aromatic character of (CsH;),MnP"
follows the Hiickel and Baird rules, because it has 4n + 2
electrons in the bond conjugation. The aromatic character of
H,-(CsH;),MnP" also follows the Hiickel and Baird rules, since
its singlet state is antiaromatic sustaining a MIRC of —9.7 nA T ™"
and the triplet state is aromatic with a MIRC of 15.9 nA T ™.
The strengths of the MIRC along selected bonds are shown
in Fig. 7. The ring current of the singlet state of (CsHs),MnP"
splits at the pyrrole and thiophene rings. The current-density
flux is about three times stronger along the outer route.
The ring current of the triplet state follows mainly along the

(a) Singlet state of (CsHs),MnP* (b) Singlet state of

Hz-(CsHs)zl\/lnp+

(c) Triplet state of (d) Triplet state of
(CSHS)ZNIHP+ Hz-(CsHs)zMnP+

Fig. 6 (a) The dominating aromatic pathway (in blue) of the singlet state
of (CsHs)2MnP™, (b) the dominating antiaromatic pathway (in red) of the
singlet state of H,-(CsHs),MnP*, (c) the dominating antiaromatic pathway
(in red) of the triplet state of (CsHs),MnP*, and (d) the dominating aromatic
pathway (in blue) of the triplet state of H,-(CsHs),MnP™.

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp04779e

Open Access Article. Published on 20 December 2021. Downloaded on 12/9/2025 3:19:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

r@

%Q'

"o ‘wﬁ
1314
@ “f Q "Q
28 Py

@ ® @ ®

(a) singlet (CsHs),MnP*

(c) triplet (CsHs),MnP*

(d) trlplet Hz-(CsHs)leﬂP+
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)>MnP*, (b) the singlet state of H,-(CsHs),MnP*,
)>MnP* and (d) the triplet state of H,-(CsHs),MnP™*.

singlet state of (CsHs
(c) the triplet state of (CsHs

innermost pathway. It splits into an inner and an outer route at
the thiophene ring. However, the inner one is twice as strong as
the outer branch. The ring-current pathway of the singlet state
of H,-(C5H;),MnP" is similar to the one for the triplet state of
(CsH;),MnP". The diatropic ring current of the triplet state of
H,-(CsHs),MnP" splits into an outer and inner branch at the
pyrrole rings, whereas the thiophene ring sustains a weak local
diatropic ring current. The outer pathway at the pyrrole rings is
about three times stronger than the inner one.

The ground state of the neutral (CsH;s),MnP and
H,-(CsH;5),MnP molecules is a sextet state. Calculations of the
current density of the neutral (CsHs),MnP and H,-(CsH;s),MnP
show that they are non-aromatic sustaining a very weak MIRC
of 1.5 nA T ' and 0.9 nA T ', respectively. The pyrrole and
thiophene rings of (CsHs),MnP sustain a local diatropic MIRC
of 3.4 nA T~ . The local ring current of the thiophene ring of
H,-(C5H;),MnP is 6.9 nA T, whereas the pyrrole rings sustain
aweak local MIRC of 2.6 nA T . The long distance between Mn
and the CsH; rings (see Table S1 in the ESIT) suggests that
the sextet ground state of the neutral (CsH;),MnP and
H,-(CsH5),MnP is weakly bound. The distance between Mn
and the CsH; rings is much shorter for the cations.

The aromatic character of the [Cr]- and [Mo]-
cenothiaporphyrins are similar. The triplet ground state of
(CsH;),CrP and (CsHs),MoP sustain a weak diatropic MIRC of
2.1 nAT ' and 4.7 nA T, respectively. However, according to
the aromaticity rules, one would expect them to sustain a
paratropic MIRC. The singlet states of (CsHs),CrP and
(CsH5),MoP that lie 29.5 kcal mol " and 2.1 kcal mol " higher
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in energy are weakly aromatic following Hiickel’s rule with
MIRC strengths of 4.7 nA T~ ' and 4.4 nA T ', respectively.
The triplet ground state of H,-(CsHs),CrP and H,-(CsHs),MoP
is strongly aromatic sustaining an MIRC of 15.3 nA T ' and
16.2 nA T~ ', respectively, which is also predicted from Hiickel’s
and Baird’s aromaticity rules. However, their singlet states lying
23.6 kcal mol™" and 10.2 kcal mol™" above the triplet state
also sustain a diatropic MIRC. The ring-current strength of
H,-(CsH;5),CrP is 5.8 nA T ' indicating weak aromaticity,
whereas the strength of the MIRC of H,-(Cs;Hs),MoP is only
1.3 nA T™ ' suggesting that it is nonaromatic. The partially ionic
nature of the chemical bond between the metal and the Cs;H;
might be the reason for the unexpected aromatic properties of
the [Cr]- and [Mo]-cenothiaporphyrins.*

Group VI and isoelectronic compounds

The singlet and triplet states of the (CsHs),TcP* and Hy-(CsHs),TcP*
cations are almost degenerate. The singlet state of Hy-(CsHs),TcP"
is 2.2 kecal mol ' below the triplet, whereas the triplet state of
(CsH;),TcP" is energetically 2.1 keal mol " lower than the singlet.
The aromatic character of the [Tc]-cenothiaporphyrin cations
follows the Hiickel and Baird aromaticity rules, except for the
triplet state of H,-(CsHs),TcP', which is unexpectedly antiaromatic,
sustaining a paratropic MIRC of —9.0 nA T~ ", The singlet state of
(CsHs),TcP" is aromatic with a MIRC of 7.8 nA T * and the singlet
state of H,-(CsHs),TcP" is antiaromatic with a paratropic MIRC of
—7.5nAT . The triplet state of (CsH;),TcP" has a weak paratropic
MIRC of —3.3 nA T~ . The electron configuration of the singlet
state of H,-(CsH;),TcP" is 5s°4d®’ and the charge of the metal is
0.1e, whereas the triplet state of H,-(CsHs),TcP" has 6.3 electrons in
the d shell and a charge of 0.4e on the metal. The exciton of
the triplet state of H,-(CsHs),TcP" is partly located to the atom,
implying that it does not follow the Baird rule.

The sextet ground state of the neutral (CsHs),TcP is anti-
aromatic sustaining a MIRC of —10.3 nA T *. The MIRC of the
sextet ground state of the neutral H,-(C5H;),TcP is 16.3 nA T *
showing that it is aromatic. The singlet and triplet states are
90.0 keal mol™" and 87.9 kcal mol ™" higher in energy.

Group X compounds

The [Ni]-cenothiaporphyrins have two electrons more than the
[Fe]-cenothiaporphyrins. Thus, one expects a reverse aromatic
nature as compared to the Fe compounds according to the
Hiickel and Baird aromaticity rules. The singlet state of
(CsH;5),NiP is indeed strongly aromatic with a MIRC of
22.6 nA T ', but the singlet state of H,-(CsHs),NiP is non-
aromatic with a weak MIRC of 0.4 nA T *. However, (CsHj;),NiP
and H,-(CsH;5),NiP have triplet ground states that are
4.4 keal mol " and 8.1 kcal mol™" below the singlet state. The
triplet state of (CsH;),NiP is weakly antiaromatic with a MIRC
of —4.6 nA T~ ' and the triplet state of H,-(C5H;),NiP is weakly
aromatic sustaining a diatropic MIRC of 5.2 nA T .

Group IV compounds

The vanadium-containing (CsHs),VP" and H,-(CsH;),VP" are
isoelectronic to group IV elements. They have formally only two
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valence electrons on the metal atom that can contribute to the
bond conjugation and the aromatic pathway, which may
explain why three of the four [V]-cenothiaporphyrins sustain
very weak ring currents. The strengths of the MIRC of
the ground triplet states of (C5H;),VP" and H,-(C5H;),VP" are
—0.1 nA T " and 1.4 nA T, respectively. The singlet state of
(CsH;),VP" that lies 21.7 kcal mol ™" above the triplet ground
state sustains a weak diatropic MIRC of 2.2 nA T~ ". The singlet
state of H,-(C5H;),VP" lying 30.5 kcal mol " above the triplet is
aromatic sustaining a MIRC of 13.7 nA T ', which is also
expected based on the aromatic nature of H,-(CsHs),FeP when
using Hiickel’s aromaticity rule.

The quartet state of the neutral (Cs;Hs),VP is antiaromatic
sustaining a MIRC of —6.0 nA T ', which can indeed be
deduced from the antiaromatic character of (CsHs),FeP.
In (CsHs),FeP, the three valence orbitals of the metal are doubly
occupied, whereas in the quartet state of the neutral (CsHs),VP
they are singly occupied. The aromatic character of the quartet
state of H,-(CsH;),VP can similarly be obtained from the
aromatic nature of H,-(CsHs),FeP, since the same number of
orbitals of the metal are occupied in both cases even though it
has three electrons less. H,-(C5Hs),VP is indeed aromatic with a
MIRC of 8.6 nA T .

Conclusions

The magnetically induced current-density susceptibility tensor
(CDT) has been studied for the lowest singlet and triplet states
of the metallocenothiaporphyrins, where the metal M is V, Cr,
Mn, Fe, Co, Ni, Mo, Tc, Ru, or Rh. The cations of the V, Mn, Co,
Tc or Rh compounds were studied because the neutral molecules
have an odd number of electrons. The relative energy of the
singlet and triplet states are reported in Table S2 of the ESL¥
The ground states of the metallocenothiaporphyrins have largely
the same spin state as the corresponding metallocenes.’® "
See Table S3 of the ESI.t The wave functions of the studied
molecules are expected to be dominated by a single Slater
determinant as for the metallocenes." The CDT was calculated
using the gauge-including magnetically induced currents
(GIMIC) method. Strengths of the magnetically induced ring
currents (MIRC) were obtained by integrating the CDT passing
through integration planes across specific chemical bonds. The
strength and direction of the MIRC yield the aromatic character,
the degree of aromaticity, and the ring-current pathway. The
calculations show that the aromatic nature of most of the
studied molecules can be estimated from the Hiickel and Baird
aromaticity rules. For the singlet and triplet states of the four
compounds that are isoelectronic to the Fe compounds, only the
triplet state of H,-(CsHs),CoP" has incorrect tropicity judged from
the Baird aromaticity rule. The triplet state of H,-(CsHs),TcP" is
antiaromatic, while the triplet state of (CsHs),MoP and the singlet
state of H,-(CsH;),CrP are aromatic, although the Hiickel and
Baird aromaticity rules suggest the opposite behaviour. The same
holds for six other states. However, their MIRC are very weak
(smaller than 3 nA T '). Hence, they should be considered
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nonaromatic. Population analysis suggests that triplet states do
not follow the Baird aromaticity rule when their exciton is partly
located to the metal. Three of the four [V]-cenothiaporphyrins are
nonaromatic probably because the ligand-metal bonding in vana-
docene and chromocene is partly ionic. They have an electron
configuration of 4s°3d* but formally only two valence electrons to
transport the ring current across the metallocene.

GIMIC calculations on the high-spin states of the neutral
metallocenothiaporphyrins with M =V, Mn, Co, Tc or Rh show
that the Hiickel and Baird aromaticity rules can be unified.
The combined Hiickel and Baird aromaticity rules that
molecules with an odd number (27 + 1) of occupied orbitals in
the bond conjugation are aromatic, whereas molecules with an
even number (2n) of occupied conjugation orbitals are antiaro-
matic. The sextet ground state of (CsHs),TcP has 15 spin-down
electrons and 20 spin-up valence electrons. The electrons occupy
20 conjugated orbitals of which 5 are singly occupied. Since the
number of occupied orbitals is even, the molecule is antiaromatic
according to the present orbital-count rule of aromaticity. Our
calculations showed that the sextet state of the (Cs;Hj;),TcP
is indeed antiaromatic sustaining a MIRC of —10.3 nA T .
H,-(CsH;),TcP with a MIRC of 16.3 nA T~' has 21 conjugated
valence orbitals. The sextet state of H,-(CsHs),TcP is expected to
be aromatic because it has an odd number of conjugated orbitals.
The Hiickel rule of aromaticity is covered by the combined
aromaticity orbital-count rule, since in closed-shell molecules,
all orbitals are doubly occupied, yielding the well-known 4n + 2
electron-count rule. The Baird aromaticity rule for triplet states is
also part of the combined aromaticity rule that can be employed
for high-spin states such as those studied in this work.

The calculations show that the singlet ground state of [Fe]-
cenothiaporphyrin ((CsHs),FeP) is antiaromatic sustaining a
paratropic MIRC of —10.8 nA T~" and that the singlet ground
state of dihydro[Fe]-cenothiaporphyrin (H,-(CsHs),FeP) is
aromatic sustaining a diatropic MIRC of 13.8 nA T . The
lowest triplet states of (Cs;Hs),FeP and H,-(CsHs),FeP are
aromatic and antiaromatic, respectively. Calculations of the
current density reveal a helical flow at the ferrocene moiety,
whose chirality is the same for both the aromatic and
antiaromatic molecules. The aromatic character of the studied
metallocenothiaporphyrins with a noticeable MIRC (I > 3 nAT %)
can with a few exceptions, be obtained by applying the
combined Hiickel-Baird aromaticity rule. The obtained ring-
current strengths and aromatic character of the studied
molecules are summarized in Table 1, where the MIRC strength
is colour-coded according to its tropicity. When the molecule
follows the Hiickel and Baird rules, the table has two red
numbers and two blue numbers on the corresponding row.
The green background of the MIRC strength indicates that the
molecule can be considered nonaromatic, whereas incorrect
tropicity is marked with a turquoise background.
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