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In this work, we study the reaction mechanism of the tricarbonylchromium complex haptotropic rearrangement
between two six-membered rings arranged like in naphthalene of four polycyclic aromatic hydrocarbons (PAHs).
It has been found that the reaction mechanism of this haptotropic migration can either occur in a single step
or stepwise depending on the interaction between the orbitals of the Cr(CO)3 and the PAH fragments. Our
results show that the size of the cyclic system favors the metal migration whereas the curvature of the organic
substrate tends to slow down the rearrangement. We discuss the key factors that help to explain this behavior
through orbital and energy decomposition analysis.

1. Introduction

One of the first characteristics discovered inπ-coordinated
metal complexes, such as the tricarbonylchromium complex
coordinated to polycyclic aromatic hydrocarbons (PAHs), was
their ability to undergo thermalη6,η6-inter-ring haptotropic
rearrangements (IRHR) in which theπ-coordinated metal
migrates between different rings of the PAH.1-3 The simplest
system where an IRHR takes place is in the (η6-naphthalene)-
Cr(CO)3 complex and their derivatives. For these species,
mechanistic studies were performed to discern the nature of
π-coordinated metal binding.4-6 It was found that the interac-
tions between low-lying unoccupied orbitals of Cr(CO)3 and
high-lying occupiedπ-orbitals of naphthalene represent the
dominant bonding mechanism, the tricarbonylchromium acting
in these complexes as a powerful electron withdrawing group.7

This kind of reaction offers a plethora of possibilities in
organic synthesis. Haptotropic shifts play an important role in
reactions with electronically saturated complexes8-11 and as-
sociative substitution reactions.12,13 Remarkably, Do¨tz and co-
workers have designed stereospecific molecular switches based
on a reversible thermo- and photoinduced haptotropic shifts of
the Cr(CO)3 fragment along a naphthohydroquinone skel-
eton.2,14,15 Some other important contributions addressed the
topic of the diastereoselectivity in this reaction mechanism.12,15-17

Recently, the selective migration of the Cr(CO)3 group between
two heterocyclic and phenyl neighboring rings through a
combination of thermal and acid/base changes on the course of
the reaction was reported.11

Coordination of the Cr(CO)3 complex to a given PAH takes
place usually to the ring with the highest electron density,8,18

which is in many cases the least substituted ring and the most
aromatic.8,16,19-21 It is widely accepted that the structure,
reactivity, and aromaticity of the PAH are altered significantly
upon complexation with the tricarbonylchromium complex.

Thus, after complexation, the coordinated ring expands, loses
its planarity, and shows an increased difference between
alternated short and long C-C bonds.3,8 Moreover, the reactivity
of the coordinated ring changes dramatically due to complex-
ation. The strong electron withdrawing character of the chro-
mium tricarbonyl complex makes the coordinated PAH more
susceptible to nucleophilic addition rather than electrophilic
substitution and also increases the acidity of the aryl and
benzylic hydrogens.3,7,22 Interestingly, haptotropic migrations
are found to obey first-order kinetics suggesting that migration
occurs through intramolecular metal shifts.15,16,23The intrinsic
energy barrier associated to this haptotropic migrations depends
on the substrate and can vary from about 20 to 50 kcal‚mol-1,
as it has been reported by several authors.10,14-16,23-26

Some earlier theoretical studies based on extended Hu¨ckel
calculations scanned the potential energy surface (PES) search-
ing for the minimal energy path for which these haptotropic
migrations take place.4,27 As it was reported, the metal prefers
to move along theπ-plane in the periphery of the system of
rings rather than follow the least motion path from the center
of one ring to the center of the second ring through the middle
of the C-C bond common to the two adjacent rings. In other
words, the system evolves throughη6 f η1 f η6 coordination
states (or evenη6 f η3 f η6) instead ofη2-transition states
(TSs) because the overlapping betweend-filled orbitals of the
metal center andπ-orbitals of the PAH part is favored in the
first case. More recent density functional theory (DFT) and
correlated ab initio studies in different substrates including
nanotubes have confirmed the earlier results.10,11,16,26,28,29

An interesting experimental finding that has been confirmed
theoretically is that the arene-Cr(CO)3 π-interactions are less
stabilizing as the size of the organic part becomes larger (for
instance, along the series benzene. naphthalene> pyrene).16,27,30

At the same time, the energy barrier for the haptotropic
migration decreases when the size of the PAH increases.12,14-16,23

A first aim of this paper is to confirm this result by analyzing
the haptotropic migration in a series of three PAHs (1-3 in
Scheme 1) of different size sharing a common naphthalenic
skeleton that (i) possess a central C-C bond with the same
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characteristics as that in naphthalene and (ii) have structural
symmetry with respect to this central C-C bond. In these
systems the rearrangement is thermoneutral since reactants and
products are the same species. We are aware that the most stable
(η6-pyrene)Cr(CO)3 is not the one we study but the one having
the Cr(CO)3 group coordinated to the outer ring of pyrene.
However, our aim is not to study the most favorable experi-
mental species but to analyze the equivalent haptotropic
rearrangement in systems of increased size.

Another factor contributing to modify the energy barriers is
the curvature of the organic fragment. For instance, it has been
experimentally found that helical distortion of the PAH favors
the metal shift. In addition, it is well-known that there are no
complexes in which a metal coordinates in anη6-fashion to a
six-membered ring (6-MR) of C60.31 Many theoretical studies
have analyzed coordination and reactivity in curved PAHs like
corannulene,20,32 buckybowls,33,34 fullerenes,35 or even nano-
tubes.28 However, to our knowledge, the IRHR in a curved PAH
has never been compared with a planar reference system of the
same or similar size to discuss the effect of the PAH curvature.
In this work, we compare the stability and the energy barriers
for haptotropic migration of the (η6-PAH)tricarbonylchromium
complexes3 and 4 (Scheme 1) having almost the same size
and different curvature with the aim to get a deeper insight into
the effect of the curvature in haptotropic rearrangements.

Finally, we will briefly address the effect of tricarbonylchro-
mium complexation on the aromaticity of the studied PAHs.
Such an effect is rather controversial. According to Mitchell
and co-workers,19,36 the benzene ring in tricarbonylchromium-
complexed benzene is about 30-40% more aromatic than
benzene itself. Schleyer et al.37 using nucleus-independent
chemical shifts (NICS) and1H NMR chemical shifts data found
that the aromaticity of the benzene ring in (η6-C6H6)Cr(CO)3
is similar to that of the free benzene molecule. On the other
hand, Simion and Sorensen38 concluded from diamagnetic
susceptibility exaltation data that the benzene ring coordinated
to the chromium tricarbonyl complex is antiaromatic. A similar
opinion is held by Hubig et al.,3 who consider that the charge
transfer from the arene to the transition metal in metal-arene
coordination leads to a complete loss of aromaticity of the
π-system. We have recently shown by means of different
indicators of aromaticity that there is an important reduction of
the aromaticity of benzene when coordinated to Cr(CO)3.39 In
this paper, we will use the structural (HOMA) and electronic

(PDI, FLU) indices for measuring quantitatively the changes
in aromaticity induced by coordination of Cr(CO)3 to the studied
PAHs.

2. Computational Details

Geometry optimizations were computed with Gaussian 0340

by means of the nonlocal three-parameter Becke’s exchange
functional41 and the gradient-corrected Lee-Yang-Parr cor-
relation functional,42 classically known as B3LYP. It has been
shown that the species involved in the haptotropic migration
have single reference character, and therefore, a method such
as B3LYP is adequate for this study.16 The addition of
polarization functions have been shown to be important to
correctly describe the Cr-arene interaction in these kind of
complexes.43 Consequently, we employed a polarized mixed
basis set: 6-31G(d,p)44 for C, O, and H atoms and for the
chromium atom we utilized a Wachters-type basis set with
polarization functions:45 (14s9p5d3f)/(8s4p3d1f) using the ex-
panded contraction scheme (62111111/3312/311/3). Relativistic
effects are unimportant for accurate calculations of chromium
complexes46 and were neglected in our calculations. Finally,
since actual experiments are typically carried out in rather
unpolar solvents, solvent effects are small29 and have not been
considered in our study. All species described throughout the
paper are closed-shell singlets that have been treated using the
restricted formalism.

Critical points on PES were characterized by the correct
number of negative eigenvalues computing harmonic vibrational
frequencies; this number must be zero for minima and one for
any true transition state (TS). We also verified that the imaginary
frequency exhibits the expected motion. Energy was corrected
by adding the zero-point energy (ZPE) and the basis set
superposition error (BSSE) in the critical points of the PES
according to the following expression:

where ∆Eel ) EAB
AB(AB) - EA

A(A) - EB
B(B). Here EY

Z(X)
represents the energy of subsystemX at optimized geometryY
using the basis setZ and the counterpoise correction is defined
as47

For all the organic cyclic systems, we have computed one of
the most effective structure-based indices of aromaticity, the
harmonic oscillator model of aromaticity (HOMA) index,48

defined by Kruszewski and Krygowski as

wheren is the number of bonds considered andR is an empirical
constant fixed to give HOMA) 0 for a model nonaromatic
system and HOMA) 1 for a system with all bonds equal to an
optimal valueRopt, assumed to be achieved for fully aromatic
systems.Ri stands for a running bond length.

As electronic indices of aromaticity,49 we have used the para-
delocalization (PDI) and aromatic fluctuation (FLU) indices.
Both indices require the calculation of the delocalization index
(DI)50 that is obtained from the double integration of the
exchange-correlation density over the atomic basins defined

SCHEME 1: Four Polycyclic Aromatic Hydrocarbons
Studied in This Worka

a The rings involved in the haptotropic rearrangement are depicted
with a thicker line.
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within the theory of Atoms in Molecules.51 The expression for
the DIs reads as

This term is a quantitative measure of the number of electron
pairs delocalized or shared between atomic basins A and B.
The PDI52 took the average para-DI in 6-MRs as a measure of
local aromaticity, in which there are three para-related positions,
namely (1,4), (2,5), and (3,6)

The formula below was given for FLU53

where the summation runs over all adjacent pairs of atoms
around the ring,n is equal to the number of atoms of the ring,
V(A) is the global delocalization of atom A defined asV(A) )
∑A*Bδ(A,B) and

δ(A,B) andδref(A,B) are the DI values for the atomic pairs A
and B and its reference value, respectively. The second factor
in eq 6 measures the relative divergence with respect to a typical
aromatic system and the first factor penalizes those with highly
localized electrons. The reference DI value for the C-C bond
(δref(C,C) ) 1.4 e) was obtained from benzene at the HF/6-
31G(d) level of theory. All indices of aromaticity have been
obtained at the B3LYP/(Watchers’ basis,6-31G(d,p)) level of
theory.

Through the ADF package developed by Baerends et al.,54

we carried out molecular orbital (MO) and bond energy
decomposition analyses (EDA) between the PAH and the Cr-
(CO)3 fragments. In the EDA, the total bond energy∆E is
composed of two principal components

These terms are defined as follows: the preparation energy
∆Eprep is the amount of energy required to deform the separate
molecular fragments from their equilibrium structure to the
geometry they acquire in the final complex; the interaction
energy∆Eint corresponds to the actual energy change when the
prepared fragments are combined to form the complex, which
at the same time can be decomposed using a Morokuma-type
scheme into55

The term ∆Velstat corresponds to the classical electrostatic
interaction between the unperturbed charge distributions of the
deformed fragments and is usually attractive. The Pauli repulsion
∆EPaulicomprises the destabilizing interactions between occupied
orbitals. It arises as the energy change associated when going
from the superposition of the unperturbed electron densities of
the two fragments, PAH and Cr(CO)3, to the final wave function
(which is normalized and antisymmetrizated at this point,
obeying the Pauli principle) and this difference comprises the
four-electron destabilizing interactions between occupied orbitals
and is responsible for any steric repulsion. The orbital interac-
tion, ∆Eoi, accounts for electron-pair bonding, charge transfer
(e.g., donation and backdonation between these two fragments),
and polarization (empty-occupied orbital mixing on one frag-
ment due to the presence of another fragment). For the EDA
study using ADF, we have employed the BLYP functional42,56

together with an uncontracted all-electron triple-ú basis set
augmented by two extra polarization functions for Cr, C, H and
O atoms.57

All of the figures of the molecular geometries were generated
by using the ChemCraft visualization program.58

3. Results and Discussion

This section is organized as follows. First, we present the
molecular structures and relative energies of the most stable
conformer of reactants, intermediates, and TSs present in the
four rearrangements studied. Second, we perform MO and EDA
analyses to get a deeper insight into the effect of the PAH size
and its curvature. And finally, we briefly analyze the changes
in aromaticity in PAHs after the Cr(CO)3 coordination.

3.1. Reaction Mechanisms of Haptotropic Migration.Let
us begin with the simplest tricarbonylchromium IRHR occurring
in the (η6-C10H8)Cr(CO)3 complex. The optimized geometry of
the most stable conformer found on the PES is shown in Figure
1. From the Cr-C distances, it is found that this is a nontotally
symmetricη6-coordinated molecule, with the position of the
Cr(CO)3 tripod slightly shifted (0.18 Å) from the ring center

Figure 1. Optimized reactant and transition state structures involved
in the haptotropic rearrangement on the naphthalene molecule. Experi-
mental values59 are in parenthesis. Distances in Å and angles in degrees.
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toward the most external C-C bond (parallel to the bond
between the two rings).27 As can be seen in Figure 1, the
calculated geometry is in good agreement with the X-ray
structural measurements of (η6-C10H8)Cr(CO)3.59 The metal
tripod is placed staggered with respect to the naphthalene (D2h,
1Ag) C-H bonds to reduce steric repulsions. The distance of
chromium to the ring center is about 1.79 Å, a slightly longer
distance compared to benzene-Cr interaction of 1.720 Å (exp.:
1.724-1.726 Å)60 at the B3LYP/6-31G(d,p) level of theory,39

reflecting the effect of increasing the size of the system in the
metal complexation as we will discuss further later. The
calculated binding energy of the naphthalene-Cr bond is 50.2
kcal‚mol-1 not too far from the experimental value27 of 6 ( 2
kcal‚mol-1 less than the benzene-Cr bond in the (η6-C6H6)Cr-

(CO)3 complex for which the binding energy is 43( 3
kcal‚mol-1 according to Brown et al.61 and 53 kcal‚mol-1 as
found by Mukerjee and co-workers,24 respectively, and in line
with previous reported data.4,27 The rotation of the tripod by
60° about its local approximateC3 axis generates another stable
conformer higher in energy that will not be analyzed in the
present work. Let us briefly add here that in this kind of
complexes the extremely low rotational barriers makes the
rotational movement of the Cr(CO)3 tripod basically free.43,62

In the search of the haptoisomerization reaction pathway, we
located on the PES a TS (see Figure 1) in which the chromium
is attached to a single carbon atom in anη1-fashion. Our intrinsic
reaction coordinate (IRC) calculations starting from the obtained
TS fail to locate the energy minimum ofη3-allyl type postulated

Figure 2. Optimized reactant and transition state found for the tricarbonylchromium migration on the pyrene fragment. Distances in Å and angles
in degrees.
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by Albright, Hoffmann, and co-workers.4 A similar result was
reported by the groups of Oprunenko10 and Dolg.29 As the
migration proceeds from the reactant to the TS, the Cr(CO)3

tripod rotates by ca. 30°. We also found theη2-structure
corresponding to the highest energy point in the least-motion
pathway of the IRHR where the chromium pass through the
middle of the C-C bond between the two rings. This structure
is a three-order saddle-point (one frequency moving to the two
equivalent forms of the foundη1-TS, a second is the rotation
of the tripod and the third is the desired haptotropic migration),
thus reinforcing the previous results obtained using lower levels
of theory.4,6,27 Such a hypothetical three-orderη2-TS is 11.8
kcal‚mol-1 higher in energy than theη1-TS shown in Figure 1.
This fact remains true for every other reaction mechanism in
our study. The reason for the Cr(CO)3 tripod rotation and for
the higher energy of the least-motion path as compared to the
pathway along theη1-TS was discussed in detail through an
orbital interaction diagram by Albright, Hoffmann and co-
workers.4 The calculated activation barrier for the migration of
Cr(CO)3 over naphthalene is 25.7 kcal‚mol-1 (experimental
kinetic parameters goes from 21.1-26.6 kcal‚mol-1 for naph-
thalene substituted derivatives in the haptotropic change2,23).
This value is close to previous reported theoretical DFT energy
barriers for this process of about 30 kcal‚mol-1.10,16,29

For the case of the (η6-C16H10)Cr(CO)3 complex, the geo-
metrical parameters of the optimized reactants, intermediate,
and TS are shown in Figures 2 and 3. As pointed out above,
experimentally the Cr(CO)3 fragment in this complex is attached
to the less substituted and outer ring.8 However, since we want
to analyze the IRHR in an analogous environment, we have
analyzed the IRHR between the less stable isomers in which
the Cr(CO)3 fragment is coordinated to one of the inner rings
of pyrene. It is worth noting that for the experimentally known
(η6-C16H10)Cr(CO)3 complex, structural experimental data on
this complex8 are in good agreement with our theoretical
calculations (results not shown here). The structure of the studied
reactant is depicted in Figure 2. As can be seen, the C-C
distances of the Cr-coordinated ring are somewhat elongated
in comparison with the distances of the neighboring rings. The
chromium-ring center distance of 1.85 Å is a sign of lesser
interaction of the Cr(CO)3 fragment with theπ-system of the
organic part. Indeed, the binding energy (40.6 kcal‚mol-1) for
this position of the metal fragment on the pyrene molecule

(C16H10, D2h
1Ag) is found to be about 10 kcal‚mol-1 lower

than that of the (η6-naphthalene)Cr(CO)3 complex.
We found the TS for (η6-C16H10)Cr(CO)3 IRHR in a slightly

η3-position with respect to the central C-C bond of this PAH,
as can be seen in Figure 2. The corresponding activation barrier
is 19.8 kcal‚mol-1 and following the IRC forward we found an
intermediate in which the chromium is bound in anη1-mode to
pyrene (see Figure 3). Similarly to what occurred in naphthalene,
the Cr(CO)3 tripod rotates ca. 20° as the migration proceeds
from the reactant to the intermediate.

We now turn on to the haptomigration on dibenzo-[fg,op]-
anthanthrene (C28H14, D2h

1Ag), which we have considered
because is the formed structure next in size that keeps the
symmetry of the naphthalenic rings by adding four 6-MRs at
the corners of pyrene as can be seen in Scheme 1. The optimized
molecular geometry of the (η6-C28H14)Cr(CO)3 complex is
depicted in Figure 4. As for pyrene, the isomer in Figure 4 is
not necessarily the most stable (η6-C28H14)Cr(CO)3 complex,
but it is the one we have studied to discuss size effects in IRHRs.
As compared to the (η6-C10H8)Cr(CO)3 complex, the Cr(CO)3

tripod is rotated by about 30° in the most stable conformer of
the (η6-C28H14)Cr(CO)3 isomer depicted in Figure 4. As said in
the introduction this rotation is almost free,43,62 so it is not
surprising that it may change from one complex to the other.
Interestingly, the chromium-ring center distance is now 1.94
Å, indicating that the interaction between the C28H14 and the
Cr(CO)3 fragment in the (η6-C28H14)Cr(CO)3 complex is weaker
than that found in the (η6-C16H10)Cr(CO)3 complex. Indeed, the
calculated binding energy for this complex is 22.9 kcal‚mol-1.
For this case, we also found two TSs in anη3-position with
respect to the central carbons as for the pyrene system. Both of
them connect the reactant or the product and the intermediate
structure shown in Figure 5. In this intermediate, the chromium
atom is bound to one of the central carbon atoms (Cr-C distance
of 2.19 Å, see Figure 5), thus leading to an analogous reaction
pathway for the IRHR as that one found for pyrene. The
activation barrier for the IRHR in this system is as low as 6.2
kcal‚mol-1.

Finally, we considered the cyclopenta-[bc]-coronene (C26H12,
C2v

1A1), a curved PAH which we have selected again preserving
the symmetry of the haptomigration between the two central
rings but for a nonplanar structure. The optimized geometry of
C26H12 attached to the tricarbonylchromium complex is shown
in Figure 6. Distances of C-C bonds for the coordinated ring
do not differ significantly from those in the non-coordinated
rings. The Cr-ring center distance of 1.89 Å indicates that the
interaction is stronger than that of C28H14, a planar PAH of
similar size. Indeed, the calculated binding energy for this
complex is 30.2 kcal‚mol-1, i.e., 7.3 kcal‚mol-1 larger than that
of C28H14. This fact is in agreement with a previous calculation
of Nunzi et al.28 who found that the binding energy to a nanotube
sidewall is about 10.3 kcal‚mol-1 higher than in circumcoronene.
Having a curved surface, C26H12 could be coordinated both in
the concave (endo) or the convex (exo) side. We have checked
that the Cr(CO)3 complex coordinates only in the convex side.
Some experimental and theoretical studies in literature related
to the Cr(CO)3 coordination on corannulene and other curved
PAHs found in most cases that the exo haptomer is more stable
than endo coordination.20,31-33,63 In the case of our system, the
Cr(CO)3 coordination to the concave side induces a bowl-to-
bowl inversion during the optimization geometry process that
leads to the exo coordinated (η6-C26H12)Cr(CO)3 complex. This
bowl-to-bowl inversion is favored by the flattening occurring
in the C26H12 surface after Cr(CO)3 coordination (the average

Figure 3. Intermediate (η1-pyrene)tricarbonylchromium that connects
the two equivalent transition states along the reaction pathway of the
haptotropic isomerization. Distances in Å and angles in degrees.
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pyramidalization angle64 of carbon atoms in C26H12 changes
from 3.1° in free C26H12 to 2.8° in coordinated (η6-C26H12)Cr-
(CO)3).32

For the IRHR in the (η6-C26H12)Cr(CO)3 complex, we found
a unique TS in anη1-coordination mode connecting reactants
and products (see Figure 6). The activation barrier for the IRHR
is just 13.3 kcal‚mol-1, about half of the energy barrier
calculated for the naphthalene substrate. Nunzi et al. investigated
the haptotropic rearrangement of the Cr(CO)3 on a carbon
nanotube sidewall and they obtained a similar energy barrier
of 16.2 kcal‚mol-1 for that curved system.28

As a summary of this section, bonding energies, activation
barriers, and relative energies for the intermediates found for
the analyzed IRHRs are listed in Table 1. It is important to
emphasize that we observe an important reduction in both
binding energy and energy barrier in the order naphthalene>

pyrene> dibenzo-[fg,op]-anthanthrene, i.e., the interaction of
the Cr(CO)3 unit decreases as the size increases and this
facilitates IRHRs. On the other hand, the comparison between
curved C26H12 and planar C28H14 of similar size leads to the
conclusion that the curvature of the PAHs favors the coordina-
tion of the Cr(CO)3 complex and makes the IRHRs more
difficult.

As discussed in the case of the naphthalene species, there is
a ring slippage that makes theη6-coordination of the PAH to
the metal fragment nontotally symmetric. This effect in the (η6-
C10H8)Cr(CO)3 species has been discussed before by some
authors4,65 and has been also reported in other complexes.27,66

The slippage in (η6-C10H8)Cr(CO)3 can be justified by the
presence of a node at the central bonding in the HOMO and
HOMO-3 orbitals of naphthalene (vide supra). The value of the
slippage found in our four studied systems is given in Figure

Figure 4. Optimized geometrical structures of the reactant and the transition state involved in the haptotropic rearrangement studied on the dibenzo-
[fg,op]-anthanthrene species. Distances in Å and angles in degrees.
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7. We can see that ring slippage vanishes when the system
becomes bigger for this series of PAHs irrespective of their
curvature. As the size of the system grows and moreπ orbitals
are involved in the bonding, the relevance of the orbitals with
a central node becomes smaller. Finally, it is also worth noting
that we have found two kinds of reaction pathways (A andB)
for the IRHRs in the four PAHs studied which are sketched in
Figure 8. In the next section, we will provide a reason to explain
why a given PAH presents a reaction pathwayA or B.

3.2. Molecular Orbital and Energy Decomposition Analy-
ses.As we have seen in the previous section, the size of the
PAH reduces the binding energy and favors the IRHR while
the effect of the curvature is just the opposite. To obtain a better
understanding of the reasons for this behavior, we have
performed MO and EDA analyses with the help of the ADF
program (see Computational Details).

In 1983, Hoffmann and co-workers4 discussed the bonding
mechanism in the (η6-C10H8)Cr(CO)3 complex through an orbital
interaction diagram using the extended Hu¨ckel method. Their
landmark analysis found that the dominant bonding interactions
are those occurring between the two lowest unoccupied mo-
lecular orbitals (LUMOs) of Cr(CO)3 and the three highest
occupied molecular orbitals (HOMOs) of naphthalene with also
some other minor contributions. This is indeed what can be seen
in our MO interaction diagram of Figure 9. On the left and
right sides, the highest-lying filledπ orbitals of naphthalene
and pyrene are displayed, whereas in the center of Figure 9,
the LUMOs (a1 ande) of the Cr(CO)3 fragment are shown. We
have adopted the notation used by Hoffmann and co-workers4

of s and a subscripts according to whether the orbital is
symmetric or antisymmetric respect to the plane ofCs symmetry
(yz) of the initial (η6-C10H8)Cr(CO)3 complex (Figure 1). The
numbers in Figure 9 represent the composition of the MOs of
the (η6-PAH)Cr(CO)3 complex in terms of Gross Mulliken
contributions.67 The first evident characteristic observed when
the polycyclic system grows up from naphthalene to pyrene is
the reduction of the gap between the HOMO of the PAH and
the LUMO of Cr(CO)3. We would expect that this brings in
consequence an increase in orbital interactions as HOMOs from
the organic part get close in energy to LUMOs of the metal
fragment. However, these interactions become weaker (MOs
formed are less stabilized in the pyrene system) and the
contributions from the LUMOs of the Cr(CO)3 fragment to the
MOs of the complex are smaller. This fact can be explained by
the observed decrease in the overlap between the HOMOs of
the PAH and the LUMOs of Cr(CO)3 when going from
naphthalene to pyrene: HOMO (πa/πs) - LUMO+1 (ea)/
LUMO (es), 0.12 to 0.07; HOMO-1/HOMO-2 (πs) - LUMO
(es), 0.09 to 0.02; HOMO-2/HOMO-1 (πa) - LUMO (ea), 0.22
to 0.14. Thus, when the size of the PAH increases, the number
of atoms contributing to each MO of the PAH grows up and,
consequently, the coefficients of each atomic orbital become
smaller. This translates into a reduction of the overlap between
the HOMOs of the PAH and the LUMOs of Cr(CO)3 thus
explaining why the (η6-PAH)-Cr(CO)3 bonding is reduced when
the organic fragment becomes bigger.

The effect of the curvature can be discussed by comparing
the MOs of the planar C28H14 and the curved C26H12 species
(see the Supporting Information, Figure S1). There are two
factors that explain the higher binding energy in (η6-C26H12)-
Cr(CO)3 as compared to (η6-C28H14)-Cr(CO)3. First, the HOMOs
of the curved PAH that intervene more in the bonding
mechanism are higher in energy than those of the planar species
with the only exception of the HOMO of C28H14. Second, the
HOMOs present larger lobes in the convex surface leading to
better MO overlaps: the overlaps of the LUMOs of Cr(CO)3

with the HOMOs of the planar C28H14 and the curved C26H12

are in the range 0.02-0.05 and 0.10-0.16, respectively.
We have seen in the previous section that some IRHRs

involve an intermediate structure and two TSs and others just
a unique TS. Figure 10 contains a schematic orbital interaction
between the HOMO-2 (πs) and LUMO (es) in pyrene in

Figure 5. Intermediate (η1-C26H14)tricarbonylchromium connecting the two equivalent transition states along the reaction pathway of the haptotropic
isomerization studied. Distances in Å and angles in degrees.

TABLE 1: Binding Energies (∆E), Activation Barriers
(∆Eq), and Relative Energy of the Intermediate 2 (∆E2) with
Respect to the (η6-PAH)Cr(CO) 3 Reactant for the Two
Reaction Routes Found at Level B3LYP/(Wachters’ Basis,
6-31G(d,p))a

route A ∆E ∆E2 ∆Eq
(1fTS2)

C16H10 -38.23 18.96 19.80
C28H14 -22.93 5.66 6.21

route B ∆E ∆E2 ∆Eq
(1fTS1)

C10H8 -50.16 - 25.71
C26H12 -30.23 - 13.26

a For the notation of the calculated structures see Figure 8. All
energies (in kcal‚mol-1) are corrected by BSSE.
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reactants, intermediate, and TS. As can be seen in the picture
as compared with the TS in the intermediate structure there is
an extra overlap coming from the C atom located in one of the
outer pyrene rings that are not affected by the studied IRHR
that explains the formation of this intermediate in pyrene. The

same occurs also in C28H14, while such extra stabilization exist
neither in naphthalene nor in curved C26H12, justifying the lack
of intermediate in these systems.

To get a deeper insight into the bonding mechanism in (η6-
PAH)-Cr(CO)3 complexes and the changes occurring along the
reaction paths, we have performed an EDA analysis of the
binding energy between the PAH fragment and the Cr(CO)3

moiety for reactants, intermediates, and TSs. EDA results in
Tables 2 and 3 have been computed using the ADF program
with the BLYP functional at the B3LYP optimized geometries
discussed in the previous section. Therefore, total bonding
energies in Tables 2 and 3 are slightly different to those obtained
at the B3LYP level (Table 1). However, the qualitative
conclusion reached from our EDA analysis should not be altered
significantly by the change in the functional.

Figure 6. Optimized structures of the stationary points involved in the haptotropic change from one six-membered ring to another in the curved
cyclopenta-[bc]-coronene derivative. Distances in Å and angles in degrees.

Figure 7. Ring slippaged reported for the four reactants (η6-PAH)-
Cr(CO)3 analyzed.
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As can be seen in Tables 2 and 3, the∆Eprep term is quite
small for all species analyzed. It decreases as the number of
rings increases indicating that bigger PAHs need less energy to
become distorted. The dominant term for these complexes is
the steric repulsion,∆EPauli, but the other contributions (orbital

interaction and electrostatic terms) overpass it to sustain joined
these molecules. An interesting observation is that the orbital
interaction component represent 54.8- 62.1% of the total
stabilizing interactions (∆Eoi + ∆Velstat) while the electrostatic
term constitutes the 37.9-45.2% depending on the PAH. Thus,

Figure 8. The two reaction pathways found for haptotropic migration (1). PathwayA involves anη1-intermediate (2) whereas pathwayB follows
just one transition state.

Figure 9. Orbital interaction diagram showing the comparison of naphthalene and pyrene systems interacting with the Cr(CO)3 unit. The numbers
represent the composition of the MOs in terms of Gross Mulliken contributions.
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unsurprisingly, we find that the covalent contribution to the bond
is more important than the electrostatic one. By comparing the
absolute values of each binding energy given in Tables 2 and
3, we see that, not unexpectedly, the larger binding energy of
the smaller or more curved PAHs goes with larger orbital
interaction energies due to better overlaps (vide supra), and
larger electrostatic and Pauli repulsions as a consequence of

the fact that the Cr(CO)3 is located closer to the PAHs. The
same occurs when, for a given PAH, we compare the reactant
with the TS or the intermediate. Orbital interactions are reduced
in the TS and/or intermediate and this reduction is followed by
a decrease of the electrostatic interactions and Pauli repulsions.
An interesting conclusion can be observed comparing the C26H12

and C28H14 species: in a proportional comparison∆EPauli/∆E,
the steric repulsion is less for the curved (η6-C26H12)Cr(CO)3
derivative than for (η6-C28H14)Cr(CO)3 species (Table 5).

Finally, the electronπ-donation from the Cr(CO)3 fragment
to the PAH and theσ-backdonation from the PAH to the Cr-
(CO)3 fragment as well as the total charges on the Cr(CO)3

fragment are listed in Table 4. As expected from its electron
withdrawing character, the total electronic charge on the Cr-
(CO)3 fragment is negative. It is worth noting that in almost all
casesσ-backdonation is dominant overπ-donation, as expected
from our previous MO analysis. One can also appreciate from
the results of Table 4 that the donation and backdonation
electronic exchange between the arene and the Cr(CO)3 fragment
is reduced as the number of rings increases, supporting our
previous analysis. The same trend is found when one compares
the curved (η6-C26H12)Cr(CO)3 and the planar (η6-C28H14)Cr-
(CO)3 species; that is, electronic exchange is larger for the
curved species which has a larger binding energy.

3.3. Aromaticity Changes Due to Cr(CO)3 Coordination.
A final motivation for the present research has been to analyze
the aromaticity changes in a PAH when it is interacting with a
Cr(CO)3 moiety. As explained in the Introduction section there
is some controversy about whether there is a reduction or an
increase in aromaticity of the ring after coordination with the
Cr(CO)3 complex. We have used here three local aromaticity
indices referred in literature to test aromaticity in our studied
molecules, namely, PDI, FLU, and HOMA. These indices use
different criteria to define aromaticity as described in the
Computational Details section. The NICS indicator of aroma-
ticity has not been considered since in a recent work on (η6-
C6H6)Cr(CO)3 species we showed that NICS fails to account
for the aromaticity in these kind of systems.39

In Tables 5 and 6, we gather the values of these indices for
the central rings (the common skeleton of these systems of our
interest) of each optimized minimum. For all indices and for
all systems analyzed, there is a reduction in aromaticity for both
the coordinated- (ringA) and non-coordinated ring (ringB)
when going from the free PAH to the coordinated (η6-PAH)-
Cr(CO)3 species. In most cases, the reduction of aromaticity is
larger in ringA than inB. Unexpectedly, however, for pyrene,

Figure 10. Interactions with the upper ring in pyrene stabilize
intermediate2.

TABLE 2: EDA of the Binding Energy of
Tricarbonylchromium to Naphthalene (Top) and Pyrene
(Bottom) in the Haptotropic Isomerization at BLYP/TZ2P//
B3LYP/(Wachters’ Basis, 6-31G(d,p)) Level of Theory

C10H8CrCO3 TS (C10H8CrCO3)

∆Eoi -107.42 -40.47
∆EPauli 138.84 53.86
∆Velstat -76.21 -33.34
∆Eint -44.78 -19.95
∆Eprep 2.29 0.23
∆E -42.49 -19.72

C16H10CrCO3 TS (C16H10CrCO3) I (C16H10CrCO3)

∆Eoi -93.23 -35.77 -37.95
∆EPauli 119.48 44.26 48.89
∆Velstat -63.30 -24.47 -27.47
∆Eint -36.04 -15.98 -16.53
∆Eprep 1.81 0.04 0.23
∆E -34.23 -15.94 -16.30

TABLE 3: EDA of the Binding Energy of
Tricarbonylchromium to Cyclopenta-[bc]-coronene (Top)
and Dibenzo-[fg,op]-anthanthrene (Bottom) in the
Haptotropic Isomerization at BLYP/TZ2P//B3LYP/
(Wachters’ Basis, 6-31G(d,p)) Level of Theory

C26H12CrCO3 TS (C26H12CrCO3)

∆Eoi -84.43 -52.39
∆EPauli 102.70 71.32
∆Velstat -51.72 -41.94
∆Eint -33.45 -23.00
∆Eprep 1.58 1.11
∆E -31.87 -21.89

C28H14CrCO3 TS (C28H14CrCO3) I (C28H14CrCO3)

∆Eoi -72.75 -51.04 -51.66
∆EPauli 90.75 65.77 63.83
∆Velstat -44.44 -35.42 -33.34
∆Eint -26.44 -20.68 -21.16
∆Eprep 0.96 0.55 0.55
∆E -25.48 -20.13 -20.61

TABLE 4: Electron Donation ( D) and Backdonation (B) and
Charge on the CrCO3 Fragment for the Reported Reaction
Mechanisms (1 Stands for Reactant, TS for Transition State
and 2 for Intermediate Structure) Calculated at BLYP/
TZ2P//B3LYP/(Wachters’ Basis, 6-31G(d,p)) Level of Theory

D B Hirshfeld Voronoi

C10H8CrCO3

1 0.69 0.92 -0.12 -0.12
TS1 0.21 0.37 -0.03 -0.03
C16H10CrCO3

1 0.59 0.78 -0.11 -0.11
TS2 0.19 0.33 -0.02 -0.02
2 0.20 0.33 -0.01 -0.01
C26H12CrCO3

1 0.61 0.70 -0.13 -0.14
TS1 0.43 0.37 -0.14 -0.14
C28H14CrCO3

1 0.54 0.46 -0.11 -0.11
TS2 0.42 0.45 -0.09 -0.09
2 0.38 0.43 -0.06 -0.06
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HOMA and FLU indicate a larger reduction in ringB than in
A. For HOMA, the same is found in the (η6-C26H12)Cr(CO)3
species, although in general ringB is more aromatic thanA, as
one could expect from the fact that the coordinated ring is the
one interacting more strongly with the Cr(CO)3 moiety.

4. Conclusions

We have studied four reaction mechanisms of IRHR to
provide insight into these intriguing reactions. The minimal
energy path of the haptotropic migration of the metal follows a
change in the coordination modeη6 f η1 (η3) f η6 for the
studied cases. The size of the polycyclic system reduces the
haptoisomerization barrier while the curvature of the organic
fragment favors interactions with the transition metal slowing
down the haptotropic change.

It is found that there are two kinds of reaction pathways (A
andB) for the IRHRs analyzed in this work. We have suggested
that the presence of an intermediate structure in routeA becomes
favored when there is an extra overlap between the LUMO (es)
of the Cr(CO)3 moiety and the HOMO of the PAH with suitable
symmetry coming from a carbon atom located in an outer ring

perpendicular to the haptoisomerization route. We also have
rationalized these results in terms of an EDA analysis. Aroma-
ticity indices, in line with our previous findings, show that the
interaction PAH-Cr(CO)3 decreases the aromaticity of the
coordinated ring.
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