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Abstract: The aromatic/anti-aromatic behavior of the cyclopentadienyl anion
(Cp), bis(n®-cyclopentadienyl)iron(ll) (Fe(Cp),), as well as of the Jahn-Teller
(JT) active cyclopentadienyl radica (Cp’) and bis(n®-cyclopentadienyl)-
cobalt(l1) (Co(Cp),) were investigated using density functiona theory (DFT)
calculations of the nuclear independent chemical shifts (NICS). According to
the NICS values, pentagon ring in Fe(Cp), is more aromatic than that of the
isolated Cp'. The NICS parameters were scanned along the Intrinsic Distortion
Path (IDP) for Cp* and Co(Cp), showing anti-aromaticity, which decreased
with increasing deviation from the high symmetry Dgy, to the low symmetry
(LS) C,,. Changes in the NICS values along the IDP revealed that Co(Cp), in
the LS nuclear arrangement has aromatic character, in contrast to the case of
Cp'.
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INTRODUCTION

Aromaticity, an intuitive concept in chemistry and physics, is considered as a
property of systems that are thermodynamically stabilized due to cyclic electron
delocalization. The delocalized electronic structure of aromatic compounds
yields enhanced planarity, equalized bond lengths, enhanced stability due to the
resonance, favoring substitution instead of addition that would be typical for
isolated double bonds, and the ability to sustain ring currents when exposed to
external magnetic fields. Contrary to the concept of aromaticity, the Jahn—Teller
(JT) effect).2 induces unequalization of bond lengths, leading to the stabilization
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878 ANDJELKOVIC et al.

of a system upon distortion. The connection of aromaticity and the JT effect is of
utmost importance, since both effects have been very useful in the character-
ization and interpretation of the structure, stability and reactivity of many mole-
cules. For this reason, computational chemists seek the origin, explanation and
understanding of these two phenomena According to The Hickel molecular
orbital (MO) theory,34 species with 4n + 2 & electrons are aromatic, whereas
structures with 4n t electrons are defined as anti-aromatic. Structures with 4n+1
n electrons with unpaired electrons in degenerate orbitals are JT active species,
and are supposed to show anti-aromaticity.>—8 Bearing in mind that the JT theo-
rem states that a molecule with a degenerate ground electronic state distorts along
non-totally symmetric vibrational coordinates, and in such a way removes the
degeneracy and lowers the energy, the question naturally arises: How does the JT
distortion influence the aromaticity/anti-aromaticity? Although it is well known
that different criteria of aromaticity may lead to different overall conclusions,®
nucleus-independent chemical shifts (NICS) provide a widely accepted quanti-
tative measure of aromaticity/anti-aromaticity.10.11 Furthermore, a scan of the NICS
parameters along the intrinsic distortion path (IDP)12-14 was found to be the
method of choice in the analysis of the aromatic behavior of JT active spe-
cies,”815 since the distortion path provides direct insight into the microscopic
origin, mechanism and consequences of distortion.13.14

A detailed density functional theory (DFT) computational analysis was per-
formed to investigate the aromaticity of the cyclopentadienyl anion (Cp), bis(n®-
-cyclopentadienyl)iron(ll) (Fe(Cp)2), the cyclopentadienyl radical (Cp®) and bis-
(n°-cyclopentadienyl)cobalt(ll) (Co(Cp),). In spite of their relatively simple
composition, the aromaticity of the JT active Cp® and Co(Cp)» have not been
fully rationalized so far. Therefore, the aim of this work was aso to understand
the influence of the JT effect on the aromatic behavior of these species. The
NICS were determined for the reference non-JT active species, Cp~ and Fe(Cp)o,
and molecules prone to the JT effect, Cp® and Co(Cp),. In order to preserve
chemically important features, an analysis of the full NICS profile of Cp® and
Co(Cp)» aong the IDP was performed.

METHODOLOGY

All the DFT calculations were realized using the Amsterdam Density Functiona prog-
ram package, ADF2013.01.16-18 Geometry optimization of al the investigated molecules was
performed using the local density approximation (LDA) characterized by the Vosko—Willk—
—Nusair (VWN) parametrization,1® as well as using general gradient approximations (GGA),
such as BP86,2021 PwW91,22 OPBE, 23 and S12g,2* and hybrids B3LYP?>26 and S12h.2* All
electron triple-zeta Slater-type orbitals (STO) plus one polarization function (TZP) basis set
were used for al atoms. All calculations were spin-unrestricted. Analytical harmonic fre-
quencies?’-28 were calculated in order to ascertain that the low symmetry (LS) structures cor-
respond to the stationary points on the potential energy surfaces. Calculations of the NICS
values were performed at the B3LYP/6-311+G* level of theory using the Gaussian 09W
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JAHN-TELLER EFFECT AND AROMATICITY 879

program package using LDA optimized geometries.?1:29-31 The NICS parameters were cal-
culated for ghost atoms located at the center of Cp~ and Cp’. In order to obtain the full profile
of aromatic/anti-aromatic behavior, calculations of the NICS parameters were performed from
0Ato5A, in steps of 0.5 A. In order to avoid the influence of the magnetic field of the
central metal ion in metallocenes, the first NICS value was calculated 1 A above the metal ion
along the z-axis. For JT active species in a high symmetry (HS) nuclear arrangement, the
NICSvalues were calculated imposing HS (Dsy,) nuclear arrangement and LS (C,,) of electron
density. The NICS parameters for JT active species, Cp” and Co(Cp),, were scanned along the
IDP.

Intrinsic distortion path — IDP

The IDP method!?14 is based on the fact that al the information about the vibronic
coupling at the HS nuclear arrangement is also contained in the distorted LS minimum energy
structure. Hence, the distortion is given as a superposition of all totally symmetric normal
modes in the LS point group, linking the HS configuration with the LS structure. Every point
on the potential energy surface can be represented by a 3N dimensiona vector, N being the
number of atoms, Ry , using mass-weighted generalized coordinates relative to the origin.
The geometry of the LS energy minimum obtained by DFT calculations was chosen to be the
origin of the configuration space, R s=0. Within the harmonic approximation, it is possible
to express Ry asalinear combination of N totally symmetric normal coordinatesin the LS:

Ny
Rx =D 0Q €
k=1
where wyy, are weighting factors that represent the contribution of the displacements along the
different totally symmetric normal coordinates to Ry ; Qc are mass-weighted totally sym-
metric normal coordinates, which are the eigenvectors of the Hessian, obtained from the DFT
frequency calculations in the LS minimum energy conformation. The corresponding eigen-
values are Ay.
Within this model, the energy of any nuclear configuration Ry , Ey, relative to the LS
energy minimum, is expressed as the sum of the energy contributions of all the LS totally
symmetric normal modes:

Na1 1Nal
Ey = E =— 602 52 2
x= 2 B=5 2 R @

The force at any given point (Ry), Fxx is defined as a derivate of the energy over Car-
tesian coordinates and in the HS point, it indicates the main driving force for the JT distortion.
Thetotal force is represented as a vector sum of the individual forces:

1 Nag Nag
Fxe = EZ o AMYZQ, = Z Fxx ©)
k=1 k=1

where M isadiagonal 3Nx3N matrix with atomic masses in triplicate as elements (my, my, my,
my,..., M,), and enables the calculation of the IDP exactly from the HS to the LS point. The
above details about |DP can be found elsewhere 1214
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RESULTS AND DISCUSSION

The planar Cp in its singlet state with Dsgy, symmetry was optimized using
several different levels of theory. All chosen exchange correlation (XC) functi-
onals reproduced experimental geometrical parameters with sufficient accur-
acy,32 Table |. The Fe(Cp), molecule has two possible conformations, eclipsed
Dsp and staggered Dsg. According to previous studies, the Dsp, conformation is
the global minimum on the potential energy surface.33-38 The calculated bond
lengths, Table |, are in excellent agreement with the experimental data,3° and
with earlier theoretical investigations.40 Since all the functionals reproduced geo-
metrical parameters with good accuracy, the NICS were computed at the B3LY P/
/6-311+G* level, using geometries obtained with the simplest LDA functional.
Calculated NICS values for Cp~ and Fe(Cp), are given in Table Il. Previous
sophisticated computational studies provide a rather satisfactory insight into the
nature of the aromaticity of Cp~ and revealed that Cp~ is aromatic, which is in
accordance with the herein presented results.41-46 |t is important to emphasize
that the NICS parameters for Cp~ were computed at the center of the pentagon
and at various distances from the center of the ring. In the case of Fe(Cp)o, the
starting point for the NICS calculation was 1 A above the central metal ion fol-
lowing the z-axis. The NICS value calculated at 1.6 A represent the NICS in the
center of the pentagon ring of the cyclopentadienyl ligand. According to the
results, both molecules show aromatic character, and Fe(Cp)» is more aromatic,

TABLE |. Selected bond lengths (A) for the stationary points of the investigated molecules,
calculated with different XC functionals

Molecule Bond LDA BP86 PW9l OPBE S12g B3LYP Sl12h  Exp.

Cp~ (Dgn, A7) CC 1406 1420 1417 1413 1414 1410 1404 1.413%
Fe(Cp), (D, 'A;) Fe-C 2004 2055 2.049 2006 2.033 2082 2048 2.03%
C-C 1422 1434 1432 1429 1429 1422 1417 1.43%

Cp- (Cay, 2By) CC 1364 1374 1372 1370 1371 1365 1360 —
1424 1439 1436 1432 1432 1432 1426
Cp- (Cav, 2A)) C-C 1455 1471 1468 1462 1463 1465 1457 -

1.390 1402 1.400 1.397 1.397 1.394 1.389
Co(Cp), (Cpy, 2By) Co-C 2,029 2.091 2084 2038 2070 2129 2092 2.119%
2070 2134 2128 2080 2112 2175 2137
2098 2155 2149 2108 2135 2185 2151
C-C 1434 1447 1445 1441 1441 1435 1.429 1.429%°
1415 1426 1424 1421 1421 1415 1.409
1402 1412 1410 1408 1408 1.400 1.396
Co(Cp), (Cpys 2A,) Co-C 2,090 2150 2143 2101 2129 2184 2149 2.119%
2047 2111 2104 2056 2089 2153 2115
2022 2083 2076 2031 2062 2118 2083
C-C 1406 1416 1414 1412 1412 1404 1.400 1.429%°
1426 1438 1436 1432 1432 1427 1421
1438 1450 1448 1444 1444 1439 1432
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Table 11.4149 The isolated Cp™ ring has a NICS value of —12.52 ppm in the
center, Table I1. When two Cp rings are placed at the distance which they have
in the Fe(Cp)> molecule (3.2 A), the NICS parameter calculated at the center of
one 5-membered ring was —12.13 ppm. Hence, the difference between the NICS
parameters for the isolated Cp~ and for the Cp~ fragment in Fe(Cp)- is caused by
the presence of the central metal ion.

TABLE |Il. Caculated NICS vaues (ppm) for Cp and Fe(Cp), using LDA optimized
geometries at various distances (A) from the center of the molecules (for Fe(Cp),, the NICS
calculated at 1.6 A corresponds to the NICSvalue at the center of the Cp- ligand)

Distance, A NICS NICS,,
Cp
0.0 -12.52 -15.95
1.0 -9.44 -33.70
2.0 -3.97 -17.86
3.0 -1.63 —7.87
4.0 -0.77 -3.87
5.0 -0.40 -2.13
Fe(Cp)2
1.0 -103.47 —-65.35
1.6 -42.14 —29.40
2.0 -31.15 —29.73
3.0 -9.46 —29.07
4.0 —2.44 -13.37
5.0 -0.95 —6.38

It is worth noting that Cp® and Co(Cp)» have a hole and an unpaired electron,
respectively, in a doubly degenerate highest occupied molecular orbital. Since it
was previously shown that the eclipsed conformation is more stable and the JT
effect does not depend on the rotation of the rings,5! the discussion will be
limited only to Co(Cp)2 in the eclipsed conformation. The ground electronic state
of the investigated species in Dg, symmetry is 2E;”, which couples with the
doubly degenerate vibration, e'. According to group theory considerations, the
descent in symmetry goes from the Dgp, to the Cyy point group, and thus, the state
2E," splits into 2A, and 2B1. The average bond distances for the distorted LS
structures of Cp® calculated at different levels of theory are consistent, Table I.
The calculated bond lengths for Co(Cp) are in accordance with experiments,50
regardless of the choice of selected XC functional, Table I. Recently, the JT
distortion in these molecules was analyzed in detail using a multideterminental
DFT approach and the IDP method.12.14,51-53 The calculated JT parameters of
Cp’ and Co(Cp)» using a multideterminental DFT approach are given in Table
I11. The results for Cp® obtained by Miller et al., who used dispersed fluorescence
spectroscopy, are considered to be the benchmark (Ejr = 1237 cm1).54 The pre-
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TABLE Ill. Results of the DFT calculations performed to analyze the JT effect in Cp™-and
Co(Cp),; the energies are given in eV; the JT parameters Ej; and A are given in cm® and Ryy
in (amu)Y2A
Molecule Symmetry LDA BP86 PW9l OPBE S12g B3LYP Si2h
Cp’ Dsp, 2E;"  —64.674 -59.989 —61.008 —60.966 —61.624 —67.948 —72.863
Dsp, 2A,  —64.653 —60.031 —61.042 —61.018 —61.658 —68.369 —73.402
Dsp, 2By  —64.653 —60.031 —61.042 —61.018 —61.658 —68.369 —73.402
Co, 2A, —64.808 —60.192 —61.203 —61.179 —61.817 —68.578 —73.596
C,,%B; —64.808 —-60.192 —61.205 —61.179 —61.817 —68.578 —73.596
Egr 2A, 12445 1301.8 12945 1300.2 1281.6 1685.7 1567.9
Enm 2B; 12445 1301.0 13123 1301.0 12840 1688.1 1568.8
A 0.0 -08 177 -16 241 0.0 0.8
Ryr, 2A, 0.25 0.26 0.26 0.26 0.26 0.27 0.27
Ryr, 2B 0.25 0.26 0.26 0.26 0.26 0.27 0.27
Co(Cp), Dsp, 2E1"  —142.290-130.675-133.049-133.385-134.525-149.601-161.584
Dsp, 2A,  —142.261-130.690-133.061-133.381-134.528—150.140—162.247
Dsp, 2By —142.261-130.690-133.061-133.381-134.528-150.140-162.246
Co, 2A, —142.362-130.785-133.156—133.485-134.626—150.230—162.345
Co, 2By —142.362-130.785-133.156—-133.485-134.626—150.231-162.344
Ejr %A, 8138 7622 7614 8380 7839 7275 7912
Ejr, 2By 8138 7614 759.8 839.6 7856 7291 785.6
A 0.0 0.0 16 -1.6 0.0 2.4 13.7
Ry, 2A, 0.35 0.34 0.34 0.35 0.34 0.34 0.34
Ryr, 2B 0.35 0.34 0.34 0.35 0.34 0.34 0.34

sent calculations at the LDA level gave a value of 1244 cm1, which is in great
accordance with the experimentally obtained one, although all other XC functi-
onals aso give satisfactory results, Table [11. The values of the JT stabilization ener-
gies in Co(Cp),, Table 11, are in agreement with the value of 1050 cnm? esti-
mated from its solid state EPR spectra.®> For both investigated JT active mole-
cules, the warping barrier is close to zero, independent of the level of theory
(Table 111). The different ground states obtained by different XC functionals
(Table 1) are due to the very small warping barriers, which are within the range
of the accuracy of the calculation. Furthermore, IDP analysis gave a deeper
insight into the vibronic coupling in these JT active molecules.14.53 In both mole-
cules, it is possible to distinguish two distinct regions on the potential energy
profile. In the first region, the energy changes faster, and most of the Ejr is
achieved after 40 % of the path. In the second region, the change of the energy is
small, the adiabatic potential energy surface is flat and the molecule just relaxes
towards the global minimum. Three vibrations are most important for the dis-
tortion in Cp: C—C stretch, C—-C—C bend, and C-C-H bend. These three modes
were experimentally found to be the most significant.>* In the case of Co(Cp)o,
the out-of-plane ring deformation and C—H wagging (the out-of-plane C—H bend-
ing), are the most important for the JT distortion. Although the JT effect in Cp’
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and Co(Cp)» has often been studied,>#-56 the influence of the vibronic coupling
on their aromatic character has not been investigated. The question is whether the
distortion has a significant impact on the change of aromaticity. In Cp® and
Co(Cp)», the degeneracy of the 2E;” state is broken by the JT distortion that
stabilizes the system. Therefore, the NICS parameters were computed at the LDA
optimized geometries for both the HS and LS points on the potential energy
surfaces. Observing the NICS values at the HS point of Cp®, a high anti-aromatic
character is noticeable, Table 1V. The calculated parameters for the global mini-
mum of Cp° show that it still possesses anti-aromatic character,® but much
weaker than in the HS point, Table IV. Moving from the center of the pentagon
ring aong the z-axis, the NICS indices decrease. In the case of Co(Cp)o, it is
evident that molecule at the HS point has high anti-aromatic character, Table V.
In the global minimum structure, Co(Cp)> shows ¢ aromaticity and = anti-arom-
aticity according to the NICSand NICS,, values, Tables |V and V.

TABLE IV. Calculated NICS values (ppm) for Cp® using LDA optimized geometries at HS
and LS geometries at various distances (A) from the center of the ring; the NICS values for
both LS structures are the same

Electronic state Distance, A NICS NICS,,
Cp” (Dsp)
2B,/2A, 0.0 86.88 273.95
1.0 72.10 217.30
2.0 21.36 61.38
3.0 6.65 18.12
4.0 2.69 7.06
5.0 134 3.40
Cp’ (Ca)
2B,/?A, 0.0 20.78 77.09
1.0 14.79 45.84
2.0 3.58 8.00
3.0 0.91 0.87
4.0 0.31 -0.12
5.0 0.13 -0.22

Since dependence of the NICS parameters on the distortion, Rx / Ryt , and
distances (A) from the center of the molecules gives a more detailed picture, the
NICS parameters were monitored along the IDP path for Cp® and Co(Cp)», Fig. 1
and 2, respectively. The NICS parameters were scanned only for the 2B, state,
since those computed for the 2A, state were almost the same. Due to the non-
totally symmetric electron density, both molecules in Dgy, possess strong anti-
aromatic character. Near the point of electron degeneracy, i.e., near the HS
nuclear arrangement, the HOMO-LUMO gap is substantially small, thus the
NICS parameters have large positive values in the first region of the IDP (Figs. 1
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TABLE V. Caculated NICS values (ppm) for Co(Cp), using LDA optimized geometries at
HS and LS geometries at various distances (A) from central metal ion. The NICS value
calculated at 1.7 A corresponds to the NICS parameter in the center of the pentagon in
Co(Cp),; The NICSvaluesfor both LS structures are the same

Electronic state Distance, A NICS NICS,,
Co(Cp), (Dsp)
2B,°A, 10 302.49 1135.98
1.7 67.59 281.61
2.0 42.20 182.76
30 24.86 73.78
4.0 9.80 24.48
5.0 4.04 9.32
Co(Cp)2 (Cav)
2B,/?A, 1.0 301 209.45
17 -10.86 4241
2.0 -11.11 21.41
3.0 -1.64 -5.91
4.0 -0.10 -5.08
5.0 —0.04 —2.92

Fig. 1. Schematic plot of the NICSvalues along the IDP for Cp* (from Dg, to C,,), 2B1/2A5
electronic states.

and 2). Going toward the global minimum point on the potential energy surface,
the NICS values decrease and hence, the initially strong anti-aromatic character
lowers, and findly, in the case of Co(Cp)», the NICS indices become negative, Figs.
1 and 2. It is worth noting that the negative NICS values in Co(Cp)» occur after
40 % of the IDP, where most of the JT stabilization is attained. The driving force
responsible for the removal of orbital degeneracy leads to an enlargement of the
HOMO-LUMO gap. Considering Cp°, for both the HS and LS nuclear arrange-
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ment, the calculations revealed that the NICS decrease gradually along the z-axis,
Fig. 1. Moving apart along the z-axis in the HS configuration of Co(Cp)2, an
abrupt decrease in the NICS parameters was observed until a distance of 1.7 A
(center of pentagon ring), Fig. 2. Going even further, the NICS parameters show
a smooth decreasing trend, as expected.

Fig. 2. Schematic plot of the NICSvalues along the IDP for Co(Cp), (from Dgp, to Cy,),
2B,/2A, eectronic states.

CONCLUSIONS

Aromaticity is one of the oldest and most fundamental concepts in chem-
istry. The nature of aromatic compounds is very attractive, thus these species are
among the most desirable synthetic targets. Since aromaticity is still awaiting
comprehensive investigation, a detailed analysis of the NICS parameters, as one
of the most widely used and efficient magnetic criteria, was performed in Cp,
Fe(Cp)2, Cp® and Co(Cp)» by the means of DFT.

The calculations revealed that Cp~ and Fe(Cp)» are highly aromatic mole-
cules. According to the NICS the Cp™ ring in Fe(Cp)» is far more aromatic than
the isolated Cp~, showing the impact of the Fe2*. In other words, these results
would be highly attractive in applied sciences for the design of new advanced
materials with desired properties, and the understanding of electronic structure,
chemical bonding and properties in a moiety of aromatic species.

A thorough study of the influence of the JT effect on the aromaticity is pre-
sently of the utmost importance due to the increasing development of material
chemistry, and substantial differences in aromatic/anti-aromatic behavior of JT
active molecules. Thus, finding a method of choice to determine both chemically
relevant phenomenais essential since they lead to the different reaction pathways
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and the connection of aromaticity and vibronic coupling demands tremendous
caution. For this purpose, the monitoring of the NICS along the IDP was per-
formed. Similarly to the previous studies,’”8:15 the anti-aromaticity decreases
with increasing deviation from the high symmetry Dsp, structures to the low
symmetry Cpy, global minimum structures, confirming that the JT distortion rep-
resents a mechanism for reducing anti-aromatic character. In the LS structure of
Co(Cp)2, the NICS become even negative, revealing aromatic character, in con-
trast to Cp".

Acknowledgement. This work was financially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia (Grant No. 172035).

U3BOL
MMPO®WJI XEMHUJCKHUX ITOMEPALA HE3ABHCHUX O JE3I'PA YK CBOJCTBEHOT
ITYTA TUCTOP3UJE 3A MOJIEKYJIE ITOJIOXKHE JAH-TEJIEPOBOJ IUCTOP3UJH.
IMPOYYABAIE HUKJIIOINEHTAOUEHHWJT PATUKAJIA 1 KOBAJITOLIEHA.

JbYBULIA AHBEJIKOBUR', MAPKO ITEPHUR', MATHJA 3JIATAP' 1 MAJA TPYIEH-TIABJIOBUR

’Henwap 3a xemujy, HXTM, Ynueepsutuein y beoipagy, Fbeiowesa 12, 11001 Beoipag u ZXemujcxu
Qaxyniuew, Ynueep3uiteii y Beoipagy, Cuiygeniticku wipi 16, 11001 Beoipag

ApOMaTHYHOCT/aHTHAPOMATHIHOCT LMKIONEHTagiHeHuT anjoHa (Cp), &uc(n’-muKimo-
nentaguenn)reoxba(ll) (Fe(Cp),), kao W, UMKIONeHTagHeHHN pamukana (Cp°) u ouc(n®°-
-nuxnonesTaguenwn)kodanTa(Il) (Co(Cp),), Monekyna nomynoxHUX Jan—TenepoBoj AUCTOP-
3MjH, UCIIUTHBaHa je kopuhemeM Teopuje dyHkuuoHana rycture (DFT) 3a m3pauyHaBame
XEMHjCKUX TIOMepama He3aBUCHUX of je3rpa (NICS). Ha oCHOBY HM3pauyHaTHX XEMHjCKHUX
ToMepama, netowianu mpcred y Fe(Cp), je apomaTtuuHuju Hero usosnoBanu Cp . NICS Bpen-
HOCTH, mpaheHe oy cBojcTBEHOT myTa muctopsuje 3a Cp® u Co(Cp),, yKasyjy Ha aHTHApOMa-
TUYHOCT UCIIUTHBAHUX BPCTa, KOja CE CMamyje ca CHIKewmeM cuMeTpuje of Dsy mo Cy,. Ipo-
meHe y NICS napameTpuma Iy IyTa guctopsuje mokasyjy fa Co(Cp), y HUCKOj CUMETpHjH
rocefiyje apOMaTHYHHU KapakTep, 3a pasnuky ox Cp'.

(ITpumsbeHo 7. HoBemOpa 2014, pesunupano 11. mapra, npuxsaheno 12. mapra 2015)
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