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ABSTRACT

Transition metal complexes are well known for their catalytic applications in the design of novel
derivatives, technological precursors, or advantageous materials for various areas of science and
industry. Catalytic properties of metalcyclopentadienyl complexes (MCp)* complexes of
polyaromatic hydrogenated hydrocarbons (PAHS) are mainly associated with their structural
peculiarities along with their capacity for inter-ring haptotropic rearrangements (IRHRs) that occur
usually via intra-molecular mechanisms. IRHRs consist of the shifting of the ML, organometallic
group (OMG) along the PAH plane. Large PAHSs such as graphene and nanotubes possess intrinsic
anticancer activity, and numerous arene complexes of Ru and Os have been proven to have
anticancer properties as well. We suppose that coordinating Ru or Os to very large PAHs could
synergistically increase the anticancer activity. Therefore, the metalcyclopentadienyl complexes
(MCp)" (M = Fe, Ru, Os) bound to the large PAH CosH24 used as a model for pristine graphene
have been studied using density functional theory (DFT) approach to reveal their structural features
and dynamic behavior. The inter-ring haptotropic rearrangements for these complexes were shown
to occur via two transition states and one intermediate. The energy barriers of the n® = n°® IRHRs
of the (MCp)* unit were found to be 30, 27, and 29 kcal/mol for M = Fe, Ru, Os, respectively.
These values are significantly lower than the values found previously for smaller PAHs. Both polar
and nonpolar solvents were found not to affect significantly the energy barrier height.
KEYWORDS: Cyclopentadienyliron(ll), cyclopentadienylruthenium(ll), cyclopentadienyl-
osmium(ll), graphene-like complexes, inter-ring haptotropic rearrangement (IRHR), DFT
calculations
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Transition metal complexes are well known for their catalytic applications in the design of
novel derivatives and technological precursors (e.g., for polymers) or advantageous materials for
various areas of science and industry (sensors, catalysts, etc.).® Catalytic properties of (MCp)*
complexes of polyaromatic hydrogenated hydrocarbons are mainly associated with their structural
peculiarities along with their capacity for inter-ring haptotropic rearrangements (IRHRs) that occur
usually via intra-molecular mechanisms.>® IRHRs consist of the shifting of the ML,
organometallic group (OMG) along the PAH plane, from one six-membered ring to another. In the

course of such rearrangements, the metal acquires unsaturation and therefore can easily seize

additional substrates and/or reagents into its coordination sphere. In general, the n" == n"-IRHRs
of the ML, OMGs have been observed for many transition metal complexes with PAHs (Scheme 1,
eg,n=6 M=Cri'B Ry*8n=4 M=1Irn=2 M= Ni®), but have been principally
investigated for n® == n°IRHR of chromium tricarbonyl complexes.!**® In the course of such
IRHRs, the 12-electron ML, OMG migrates along the periphery of a polyaromatic plane, as shown
by Albright et al.*? These migrations could be induced not only thermally***® but also chemically,*®

photochemically*+" or electrochemically.
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Scheme 1. Some examples of n" == n"-IRHRs in OMG complexes of naphthalene or substituted
naphthalene (n = 6: ML, = Cr(C0O)3,*2 (RuCp)*;***® n = 4: ML, = Ir(PRs)2;'° n = 2, ML, = Ni(PR3);%).

In spite of the fact that the Group 8 (MCp)* complexes of PAHs and their dynamic behavior are
quite important in such applications as catalysis'*?1?® or antitumor agents,?**¢ only a very small
number of n® =—= n%IRHRs of these OMGs have been observed so far. Moreover, they are
restricted to Ru*®3” and so far no data concerning Fe or Os have been obtained.*®% For example,
such IRHRs were observed for ruthenium complexes of non-planar PAHs, namely the concave

acecorannulene®® and the propeller-like rubrene®! (Scheme 2).
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Scheme 2. IRHRs for (RuCp)* and (RuCp*)* complexes of non-planar PAHSs.

The reaction kinetics of these rearrangements were followed by NMR spectroscopy, giving
estimated free energy barriers (AG*) of 25-30 kcal/mol.*? Surprisingly, the (RuCp)* complex of the
unsubstituted corannulene (related to acecorannulene, but somewhat more planar) shows no
variable-temperature 'H dynamic NMR effects up to 140°C (in C:D.Cls). This rules out the
intramolecular movement of the arenophile (RuCp)* OMG around the corannulene surface.*? In
fact, all attempts to detect IRHRs in the (RuCp)* complexes of planar PAHs such as pyrene,
acenaphthylene and fluoranthene in polar solvents were unsuccessful, which was proved by the lack
of NMR signal broadening in CH3NO- even at the complex decomposition temperature (90°C).
These results were supported by DFT calculations.*?

However, it has been shown by DFT calculations additionally to experimental data that
nonpolar solvents can facilitate IRHRs of [(PAH)MCp]® complexes, because they favor the
formation of contact ion pairs (CIPs) with the counter-anion. In such CIPs, anions tend to stabilize
the IRHR unsaturated intermediates and transition states. On the other hand, in polar solvents where
separated ion pairs (SIPs) are formed, such stabilization cannot occur.'®!" Indeed, the n® =— n°-
IRHR is sufficiently rapid (hours) in CH2Cl: solution and extremely slow (weeks) in the much more
polar acetone. This is consistent with the well-known fact that reaction rates of many processes
involving organometallic salts depend on solvent polarity and the ion pair structure.*-*6 In
particular, we have shown by DFT calculations that the interactions between the PFg~ counterion
and the Ru-center of [(n®-naphthalene)RuCp]* in nonpolar solvents can considerably reduce the
IRHR activation barriers, thus making the process possible at reasonable temperatures.1®/

In our opinion, there exists another important approach to facilitate the n° =— n°-IRHRs in
the Group 8 (MCp)* complexes, apart for varying the solvent polarity. This approach has first been

suggested in our preliminary work on the (CpRu)* complexes.®® It consists of increasing the size of



the PAH because in that case the metal-PAH bonding becomes weakened, allowing an easier metal
migration along the PAH surface. This was already proven for tricarbonyls of the Group 6 metals
(Cr, Mo, W) with the middle-sized kekulene and coronene*’ as well as with large-sized
graphene*®* and nanotubes®®®! in comparison with PAH of small size such as naphthalene.!! Sato
et al., who compared (CpRu)* coronene complexes to smaller PAHSs,>? also noted this trend from
their theoretical results. However, no experimental or theoretical studies of the effects of this
approach have been performed so far for the OMGs of the Group 8 metals.

Here we report the results of the first comprehensive computational study on the effect of the
further increase of the PAH model size on the mobility of the Group 8 (MCp)* complexes on the
PAH surface. The PAH model was increased by adding two additional outer shells of six-member
rings around the initial central coronene core. The resulting 4-shell model of graphene (Gr4)
features a CosH24 PAH of Den symmetry (Fig. 1). The two most inner rings of the large Gr4 were
chosen to be complexed by (CpM)* in order to mimic realistic graphene species. Although the ML,
OMGs prefer to coordinate with peripheral rings of PAH,3839%052 this choice was driven by the
statistical significance of the central location in pristine graphene.’® Moreover, it has been
previously shown that IRHR activation barriers depend poorly on the OMG localization on the
sheet of large PAH ligands,*®° which further justifies our choice of the ML, OMGs localization.
The investigated [(n®-CosH24)MCp]* (M = Fe, Ru, Os) complexes (1 and 2) are shown in Fig. 1. To
study the ground states, reaction intermediates and transition states of the n® = n°-IRHRs of
these complexes, the density functional theory using scalar-relativistic approach was employed.

Furthermore, it is important to note that large PAHs such as graphene and nanotubes were
shown to have intrinsic anticancer activity,>>** and many arene complexes of Ru and Os have been
proven to possess anticancer activity as well.333655% Therefore, we suppose that coordinating Ru or
Os to very large PAHSs could synergistically increase the anticancer activity, thus reinforcing the
interest for the stability, bonding and dynamical properties of the complexes 1 and 2. To the best of
our knowledge, it is the first computational study that addresses the structural and dynamic behavior
of the metalcyclopentadienyl complexes (MCp)* (M = Fe, Ru, Os) of a large polyaromatic
hydrogenated hydrocarbon (PAH) (CoeH24) as a model for pristine graphene. The energy barriers of
the n® == n° interring haptotropic rearrangement (IRHR) of the (MCp)* unit between six-
membered rings 1 =—= 2 were found to be 30, 27, and 29 kcal/mol for M = Fe, Ru, and Os,
respectively. These values are significantly lower than the values found previously theoretically and

experimentally for smaller PAHs. Solvent effects in two solvents, nonpolar cyclohexane and polar



acetonitrile, were evaluated as well and were shown not to have significant effects on these energy

barriers.
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Fig. 1. The ligand Gr4 (CgsH24) and its (CpM)* complexes 1 (c - central position) and 2 (n - near central position)
considered in this work.

RESULTS AND DISCUSSION

General Features of the Complexes 1 and 2. The DFT-optimized structures of 1 and 2 are
basically the same for the three metals (Fig. 1). Zooms on the local metal coordination sphere are
shown in Fig. 2, with numbering of the key atoms. Relevant computed bond distances and bond
orders are provided in Tables 1 and 2. As can be seen, in the complexes 1 all the 6 M-C bond
distances are for each of three metals considered essentially the same, and the complexes 2 the 6 M-
C bond distances are divided into two distinctive groups for each of three metals, with bond
distance differences within 0.006—0.009 A. These results are consistent with the expected regular
n®-structures of 1 and 2. Their calculated geometries agree well with the X-ray structures of [(n®-
naphthalene)MCp]*** and with the DFT results for other (MCp)* PAH complexes.’> 1" As expected,
both complexes are very close in energy, their free energy difference lying in the range of ~2
kcal/mol (see below). The Mulliken bond orders in complexes 1 and 2 are the same for each metal,
and have relatively low values, 0.10—0.14. Their values decrease from Fe to Ru and then increase

again to Os, whose complexes have the highest Mulliken bond orders.
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Fig. 2. Metal coordination sphere in complexes 1 and 2 (M = Fe, Ru, Os).

Table 1. Metal-carbon bond lengths (in A) in 1, with corresponding Mulliken bond orders in parentheses.

Fe Ru Os
M-C1 2.146 (0.10) 2.296 (0.09) 2.291 (0.13)
M-C2 2.147 (0.11) 2.297 (0.09) 2.291 (0.14)
M-C3 2.147 (0.12) 2.297 (0.09) 2.291 (0.13)
M-C4 2.146 (0.11) 2.297 (0.09) 2.290 (0.13)
M-C5 2.146 (0.10) 2.296 (0.09) 2.290 (0.13)
M-C6 2.146 (0.10) 2.296 (0.09) 2.291 (0.13)

Table 2. Metal-carbon bond lengths (in A) in 2, with corresponding Mulliken bond orders in parentheses.

Fe Ru Os

M-C1 2.146 (0.11) 2.294 (0.09) 2.288 (0.14)

M- C2 2.146 (0.11) 2.294 (0.09) 2.289 (0.14)

M- C7 2.144 (0.10) 2.291 (0.09) 2.287 (0.13)

M- C8 2.137(0.11) 2.285 (0.09) 2.281(0.14)

M- C9 2.137 (0.11) 2.285 (0.09) 2.281(0.14)

M- C10 2.143(0.12) 2.291 (0.09) 2287 (0.14)
Transition States and Intermediates of the n°® = mn°®IRHR. The n°® = n°%IRHR
corresponding to the 1 == 2 interconversion through the OMG shift between two neighboring

carbon rings was found to occur for all three metals via an intermediate IM flanked by two
transition states TS1 and TS2 (Scheme 3). The imaginary frequencies of the TS1 and TS2 steadily
become more negative from Fe and further to Os. Interestingly, for both Fe and Os the imaginary
frequency value becomes more negative from the TS1 to TS2, whereas for Ru both TSs have the
same imaginary frequency values (Table 3). The coordination mode of these three stationary points

(Fig. 3) is best described as n*, as can be seen from the M-C distances and bond orders given in



Table 3. For all three metals, the intermediate 1M and two transition states TS1 and TS2 have quite
similar structures and are very close in energy (Table 4). Generally, the Mulliken bond orders in the
IM, TS1 and TS2, as expected, are lower than in 1 and 2 (cf. Tables 1-3). Also, these bond orders
for Ru are slightly lower in general than for Fe, and for Os they are higher compared to two other
metals. In these three closely related structures, the MCp group lies on top of C1, a carbon atom
common to the two Ce rings involved in the IRHR. Thus, the metal in stationary points TS1, IM
and TS2 is in closest bonding contact with C1 as well as with the three other carbon atoms, namely

C2, C6 and C7, participating in the rearrangement.

N%-1 — n*TS1 — N*IM — n*-TS2 — n°-2
Scheme 3. Mechanism of n%-1 === n5-2 IRHR (M = Fe, Ru, Os).
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Fig 3. General (top) and MCp-zoomed (bottom) views of the TS1, IM and TS2 stationary points along the n®-
= 115-2 IRHR (M = Fe, Ru, Os).



Table 3. Metal-carbon-bond lengths (in A) in TS1, IM, and TS2, with corresponding Mulliken bond orders

in parentheses. The unique imaginary vibrational frequency found for every transition state is given in cm™,

Metal Fe

Ru

Os

bond
lengths

TS1
(oim = 14i)

TS2
(wim = 34i)

TS1
(wim = 95i)

TS2
(@im = 95i)

TS1
(oim = 93i)

TS2
(wim = 100i)

M-C1
M-C2
M-C6
M-C7

1.980 (0.10)
2.289 (0.12)
2.290 (0.12)
2.530 (0.08)

1.942 (0.08)
2.314 (0.11)
2.323(0.11)
2.346 (0.11)

1.987 (0.10)
2.283 (0.12)
2.549 (0.08)
2.296 (0.12)

2.139 (0.08)
2.479 (0.10)
2.479 (0.10)
2.623 (0.10)

2.113 (0.07)
2.494 (0.11)
2.496 (0.11)
2,517 (0.11)

2.150 (0.11)
2.473 (0.11)
2.651 (0.11)
2.487 (0.11)

2.121(0.13) 2.064 (0.13)
2.414 (0.15) 2.447 (0.15)
2.414 (0.15) 2.450 (0.15)
2.701 (0.10) 2.462 (0.16)

2.124 (0.14)
2.411 (0.15)
2.710 (0.09)
2.421 (0.16)

Table 4. Relative total (AE) and free (AG) energies, kcal/mol, of all the stationary points on the n°-

1 == n°®2 reaction pathway.
Fe Ru Os

L1 L2 L1 L2 L1 L2

1 0 0 0 0 0 0
IM  30.8(28.8) 31.1(29.2) 283(25.0) 28.4(265) 28.7(26.6)  29.0 (27.8)
TS1 313(299) 315(30.0) 28.2(255) 286(27.1) 29.9(29.1)  30.3(29.5)
TS2 317(30.2) 31.9(30.4) 287(23.0) 29.0(28.4) 30.3(29.4)  30.7(29.2)
2 -22(-25)  -21(-23) -16(-25) -1.8(-18)  -2.0(-14) -1.9 (0.0)

Noteworthy, the computed IRHR activation barriers AG* ~ 28-30 kcal/mol (see Table 4) are

significantly lower than the activation barriers computed for the similar processes in (MCp)™ (M =

Fe, Ru, Os) complexes of the middle size PAHs (AG* ~ 36-41 kcal/mol).1**! In the Group 8 triad,

the largest activation barrier is found for Fe and the lowest for Ru, the Os case being intermediate.

This is in line with what we found earlier for the similar systems of the Group 6 metals (Cr, Mo,

W): the second metal of the triad affords the smallest IRHR activation barrier.*84°

Table 5. Morokuma-Ziegler EDA

Values are given in eV.

results for the species 1, TS1, IM, TS2 and 2 for M = Fe, Ru and Os.?

M Fe Ru Os
1 TS1 IM TS2 2 1 TS1 IM TS2 2 1 TS1 IM TS2 2
Epaui® 589 452 504 444 597 717 515 554 498 733 9.02 674 784 6.67 9.18
Eestat® -359 -3.04 -335 -3.00 -3.64 -439 -345 -367 -334 -449 -555 -449 521 -445 -565
Eorb? -6.71 -450 -478 -445 -6.83 -6.63 -423 -443 -413 -680 -815 -551 -6.03 -545 -8.31
TBE®* -441 -302 -3.09 -300 -450 -38 -253 -256 -249 -395 -468 -3.26 -340 -3.24 -477

aThe considered fragments are Gr4 and (MCp)*;
PEpaui= Pauli repulsion energy;

°Eeistat = electrostatic interaction energy;

9Eorp = orbital interaction energy;

*TBE = (total bonding energy) = Epauli + Eelstat + Eor.



Energy Decomposition Analysis Results. A deeper insight into the bonding variations along
the IRHR process is provided by the energy decomposition analysis (EDA) carried out with the
ADF program (see Methods). In this analysis various contributions in the interactions between the
Gr4 ligand and the (MCp)* (M = Fe, Ru, Os) OMG are considered. The EDA components of the
five stationary points for the three considered metals are provided in Table 5. Unsurprisingly, the
total bonding energies (TBE) variation along the IRHR pathways follow the corresponding AE and
AG variations shown in Table 4, with nearly degenerate TS1 and TS2 transition states.

It can be seen that the TBE absolute values computed for M = Ru are the lowest of the triad.
These results are explained by the combination of the lower values of the absolute value of the Eorm
component (smaller than for Fe and noticeably smaller than for Os), noticeable values of the Pauli
repulsion Epaui component (higher than for Fe but smaller than for Os), and the electrostatic
repulsion energy Eeistat Values which are again intermediate between the values for Fe and Os. This
indicates weaker covalent interactions for Ru. Thus, unsurprisingly, the less strongly bonded metal
shows the lowest overall energy variation during the IRHR process, and consequently the lowest
activation energy.

On the other hand, the largest TBE absolute value is computed for Os, with which not the
largest but the intermediate energy barrier is associated. In fact, the Fe/Os ordering depends also on
the relative variation of all the EDA components. In the case of Os, the largest variation
(weakening) of the Epaui and Eeistat COmponents can be noted when going from 1 to TS1 or TS2,
which is clearly the result of a metal size effect. Therefore, the fact that the lowest energy barrier is
found for M = Ru can be explained by the compensation of several effects.

In the (MCp)* (M = Fe, Ru, Os) complexes at the Gr4 model, starting from the configuration 1,
the OMG can continue, of course, to shift through successive n® == n°-IRHRs over the plane of
Gr4 to the periphery of the ligand. Thus, the metal can spread over the whole surface of the
graphene model according to statistic and thermodynamic preferences. From the obtained results we
can draw the conclusion that for the n8-graphene complexes of (CoM)* (M = Fe, Ru, Os), thermally
induced n® == n5-IRHR at relatively low temperatures (70-90°C) is possible and should proceed
experimentally with high rate thus distributing OMG over the surface of graphene.

Solvent Effects on the Barrier Heights. We also evaluated the change of the activation
energies in the presence of two different solvents: polar acetonitrile and non-polar cyclohexane (see
Methods). It turns out that taking into account the implicit solvent effects modifies the energy
barriers only slightly. Thus, in acetonitrile the activation energy was calculated to increase by 1.3,

1.1 and 1.4 kcal/mol for M = Fe, Ru, Os, respectively, and in cyclohexane it was computed to
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increase by 1.0, 1.1 and 1.0 kcal/mol for M = Fe, Ru, Os, respectively, in comparison with the gas
phase. These small values computed on non-relaxed geometries are even likely to be slightly
overestimated. Previously, Sato et al. found that, in the case of [(n®-coronene)(CpRu)]*, the
difference between the activation barriers in the gas phase and dichloromethane solution (2.5
kcal/mol) is larger than ours, but still relatively small.>® This can be explained by a stronger binding

of (CpRu)* to the smaller coronene, as compared to graphene.

CONCLUSIONS

The n® == n%IRHRs of the (MCp)* (M=Fe, Ru, Os) complexes of the large model graphene
molecule Gr4 (CoeH2s, Den Symmetry) have been first time investigated by means of DFT
calculations, both in the gas phase and in two implicit solvents, polar acetone and nonpolar
cyclohexane. The metal migration on the graphene ligand was shown to proceed through one
intermediate 1M and two transition states TS1 and TS2, which were calculated to have significantly
lower energies compared with the migrations of the (MCp)* complexes on the smaller PAHSs. Thus,
increasing the PAH size has been demonstrated to lead to the noticeable reduction of the activation
barriers of the thermally induced 7° == #°-IRHRs and therefore to facilitate migration of the
(MCp)* group on the graphene surface. The activation barrier was calculated to have the smallest
height for the second metal of the Group 8 triad, Ru, as previously was found for the related Group
6 tricarbonyl species. Implicit solvent effects, both from polar and nonpolar solvents, were found to
have negligible contributions to the activation barriers. These finding can have considerable
significance for design of novel catalytic systems based on the graphene-supported organometallic
complexes of the Group 8 metals as well as development of novel compounds with potential

anticancer activity.
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METHODS
Modeling of graphene based on PAH of general formula C, .Hg,, n=1,2, 3,4, 5... etc. with

the use of DFT was done. Such model showed that activation barrier values of n® = n’-IRHR of

(MCp)* from the central part of PAH to the neighboring ring at n = 4 (CgsH>4) with the high degree
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of accuracy could be expressed as AG* = 30, 27 and 29 kcal/mol, for M = Fe, Ru, Os, respectively,
and 32 kcal/mol (for Ru on corenene). We made such a conclusion taking into account the
compromise between calculation expenditures and accuracy of dissociation energies and activation
barrier determination (see data in Supporting Information for n from 1 to 12). These values are
much lower than barriers in naphthalene (46.2, 39.4, 45.9 kcal/mol, for Fe, Ru, Os, respectively)®t’

and coronene (32 kcal/mol).>*>* Model PAH C,2Hen Was chosen based on initial benzene and

gradual increase of the size by adding rows of linearly fused-benzene rings along one direction of
PAH size. Such model converges to the pristine graphene in the course of the n increase. Criteria of
such convergence should be (1) stabilization of dissociation energy from the center of the ligand,
(2) decrease of the difference of dissociation energies between complexes at the center and neighbor
cycles, and (3) stabilization of the activation barrier between central and neighboring (Supporting
Information for n from 1 to 12, Tables S1-S6).

The geometries of ground states, reaction intermediates and transition states were optimized
without any constraints in the frame of density functional theory (DFT) with the use of the
PRIRODAO4 program written by Laikov.%’° All stationary points on the potential energy surface
(PES) were identified by analyzing the energy Hessians. The Gibbs free energies (G) at 298.15 K
were calculated using the approximation of restricted rotator and harmonic oscillator. The
generalized gradient approximation PBE functional®®® and scalar-relativistic theory were
employed, the latter employing the four-component spin-free Hamiltonian derived by Dyall®? and
applied variationally. The all-electron basis sets L1 and L2 were used, where L1 and L2 stand for
double and triple set size, respectively. The numbers of contracted and primitive Gaussians used in
L1 are respectively {2,1}/{6,2} for H, {3,2,1}/{10,7,3} for C, {6,5,3,1}/{21,16,11,5} for Fe,
{7,6,4,1}/{26,23,16,5} for Ru, and {8,7,5,2}/{30,29,20,14} for Os. The numbers of contracted and
primitive Gaussians used in L2 are {3,2,1}/{8,4,2} for H, {4,3,2,1}/{12,8,4,2} for C, {8,7,5,3,1}/
{25,20,14,8,4} for Fe, {9,8,6,3,1}/{29,26,18,9,5} for Ru, and {10,9,7,4,1}/{33,32,22,17,4} for
0s.5% Since the L1 and L2 basis sets provided very similar results, only the data obtained with the
larger L2 set are discussed in the paper. Results obtained with the L1 set are provided in the Sl
(Tables S1-S5). All reaction paths were found by the intrinsic reaction coordinate (IRC) method.®®
The calculations were performed using the MBC100k cluster at the Joint Supercomputer Center
(JSCC) (Moscow, Russia). The interactions between the (MCp)" and Gr4 fragments were
investigated also within the Morokuma-Ziegler energy decomposition analysis (EDA) framework®*-
% by single-point calculations with the ADF program®’-% at the ZORA scalar-relativistic level of

approximation® on the PRIRODAO04-optimized structures, employing the PBE functional®®-%! and
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the standard TZ2P basis set.%® Within the EDA analysis, the total bonding energy (TBE) between
two fragments is expressed as the sum of three components, the Pauli (or exchange) repulsion
(Epauli), the electrostatic interaction energy (Eeistat), and the orbital interaction energy (Eorm). Solvent
effects (cyclohexane and acetonitrile) were evaluated through single-point calculations with the

ADF program by using the conductor-like screening model (COSMO) of solvation.”®-"
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