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Abstract. The mechanisnof inter-ring haptotropic rearrangements (IRHRas investigad by
DFT for tricarbonyl S-complexes ofgroup 6 metals (M = Cr, Mo, W) aforonene(l-M),
kekuleng(ll -M) anda model graphendll -M). Thecomputed ¢ 5-IRHR activation barriersn
themiddlesize PAHd -M, andll -M werecalculatedo be substantially lower than in the case of
complexes ofelatively smallsize PAHssuch as naphthalem@iromium tricarbonyl &G* § -

25 kcal moF vs §30 kcal mol?). The larrier is further lowered in the case of the model
graphene compleitl -Cr  @G* § N F D®). AnRv@nlower barrier is bundfor Il -Mo ( 0G*

§ N F D, vihBréas islightly increases foill -W " § NFD¥H. PRO
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Introduction

Transition metal complexes of polycyclic aromatic hydrocarbongPAHs) are of
considerablénterest due to their structural peculiarities a@ydamic propertiesTher ability to
catalze variousorganic reactions provide them witanypractica applications* Theyareaso
widely used forthe activation of specifigositionsin the coordinated®AH ring. This approach
facilitates the preparatioof synthetically important organic derivativé®m aromatic ligands
This includesndustrialproduction ofoptically puresubsancesof pharmaceutical utility> PAH
transition metal complese are baracterized by variable fluxionabehavior. Interring
haptotropic rearrangementRHRS) ( " "-IRHR, n = 2, 4, 6) wereamong the mosactively
studiedmolecular dynamic processeas the recenyears. These transformations consist of the
migration of an ML, organometallic group (OMGalong the PAH moleculefrom one six

membered ring tanotheione®? as illustrated irScheme 1n the cas®f naphthalene

MLp

Scheme 1
The most extensively studied enerdyarrier associated withsuch IRHR processes

correspond to R-substituted -chromium tricarbonyl complexgs® 6-IRHR). In thiscase, the

chromiumtricarbonyl group migrates alorntbe polyaromatic carb®’ or heterecycleé® (Scheme

2).
R R

Cr(CO)3 Cr(CO)3
R R
crco)y;, S ; c! (),

R = Me, D, SiMe, SnMe
Scheme 2



The experimental thermodynamic parameterthee © °-IRHR obtaired on the basis
of kinetic dataarein the range ofiG* ~ 27-33 kcal mol?. Theyoccurattemperaturgaround90-
130°Kin inert non-coordinatingsolvents(e.g. decane, decalindyexdluorobenzeng They are
determinedon @omplexes containinggne R group on the ligand, thus eliminatinggomer
degeneracyThe lattercan bequantitatively determined in threaction mixture mainly using the
NMR method}%8 Factorssuchasthe PAH and QMG natures and the presermfesubstituents or
heteroatoms, exert a considerable effedhendirection and rate of the proc&ds.

Mechanisticdensity functional theory (DFT) investigation$ these ® °-IRHRs have
beenpreviously performed by usnainly for chromium tricarbonycompleyes of naphthalene,
biphenyl, biphenylene, dibenzothiophene, carbazole, fluorantb€reChromium tricarbonyl
complexef arthracene, phenanthrene or pyrdraee beennvestigated by other authorsFor
such complexesf smallPAHSs, thecalculated activation barrierdG* wereall of the order o080
kcal mol. DFT calculations have beealso performed fotarge PAHSs, i.e. graphen& and
nanotubed* For all these@omplexesDFT was able to reproduget only the experimental
structural parametersbut also their thenodynamic and © ®-IRHR kinetic datat0111518 |n
addition,DFT allows calculatingspectral parameteeg a reasonable accuracy (~ 10%lch as
! Gand'® KNMR chemical shift¥2%as well adR vibrationalfrequencies of carbonyl groups
Such computd pectral parameteshouldfacilitate compound identificationin the future

Investigations of ¢ °-IRHRs for molybdenumcomplexesare muchrarer.For example,
experimentad®> and theoreticdf rearrangemenstudies in heterocyclic PAH complexesof
Mo(POMe)s have been performedis far as we know, ® S-IRHR activation bariers of
tungsten complexes were neither experimentally nor theoretstaltiled with the exception of
a DFT investigationdevoted to goup 6 tricarbonyl complexes of exotic hydybx and
methoxysubstituted phenanthrer¢3hus, here are no studies that allow corresmparison of
experimenthand theoretical data with respect to the nature of the metahwiith goup 6 triad
Therefore,the dependence of the mechansmand acwation energies on the metal nature
remains yet uncleafm.hus,theoreticaimodeling of the structure and dynarbehavior of goup 6
transition metalcomplexes oPAH appeas to be an interesting and urgent task. Indeeds it
directly related to many asggts of practical use of thesmmplexes in materials science,
medicine, anaatalysis'>

In the followings, weinvestigate the IRHR processes of M(GQY = Cr, Mo, W)
complexes of coronefiel, kekulené® Il and the larger modéll (CosH24) (Fig. 1). Thesefairly
large PAHs can be considered asasonable model®r graphene and imperfetefectedor
perforatedl graphens, as well asvariousnew carbormaterials(NCMs).1314 Whereasgroup 6
complexes ofl are unknown, leir isoelectronicFeCp" and RuCp* counterpartswvere briefly
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decribec”2 On the other hancho complexof Il has been reportesb far With respect to high
molecular weight PAHs sucdis NCMs like fullerenes, graphene, graphite, and nanotuibese
are somereportsof the synthesis ath characterizatiorof chromium complexe$>3! The Cr/C
ratio in these polymetallic complexes varies dnwide range, the maximum value being
Cr/ K-1/18. Not only 8-molybdenum or ®-tungstentricarbonyl complexesof such NCMs are
not documented so fabut evertheir complexesof small PAHs are poorlystudied??

Coordination ofunligated M(0) group 6 metalatoms at the surface ofNCMs and
migration between sixmembered ringbave beernnvestigated by electron microscof?® The
M(0) migrationhas been shown to very fastbecausef its weak bondingnteractionwith the
ligand Eventually, theM(0) atomsaggregate upon collisions to fortass mobile clusters
mainly on the edges dhe NCM.%® On the other hand,lthough the unusually high rate of
Cr(COx © SIRHR over a graphene surfacavas theoreticali?4 and experimentally

proved3!-3Sit is neverthelesslower thanthat ofan F(0) atom
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Fig. 1. Optimized geometries df(coronene) Il (kekulene) andll (CesH24) With selected bond

distances (A

Calculation Methods

The geometries of stable complexes, transition statesjntermedites were optimized
at theDFT level, using the PRIRDA-04 prograr®f at the F < K100k cluster of the Joint Super
Computer Center (JSCC) of the Russian Academy of Sciences (Moscowhombmpirical

nonlocal PBHEunctionaf’” and scalarelativistic theory were usethgethemwith thel 1 extended



basis set, includingGaussian functiess contracted according tthe following schemes:
{2,1}{6,2}  for H, {3,2,1}/{10,7,3} for C and O, {6,5,3,1}/{19,15,11,5} for Cr,
{7,6,4,1}/{26,23,16,5}for Mo, and {8,7,5,2}/{30,29,20,14}fow,%#%* for the decomposition of
oneelectron wave functions tatomicorbitals. Stationary points on the PES were identified by
analysis of the Hessians. In addition to the total ene®yjof stationary points on the PES, the
thermodynamicfunctions G) (free Gibbs energy) at 298.15 K wetrealculated by statistical
equations of rigid rotator artthrnonic oscillator. The correlatioof the transitiorstates with the
corresponding minimarothe PES waghecked by the construction of the internal reaction
coordinate (IRC¥° The scanning procedure over oneseveral parameters (bond lengths, bond
and torsion anglesyvas used to determine the transition state region. Aftersthecture
corresponding to the maximum on the scanréogre was found, the Hessian was calculated for
the determination of the vibrational mode corresponding to phecess with the further
optimization of the saddle pointhis procedure is provided in the PRIRODA gram.! Gand
BKNMR spectra were calculatedth the GIAO (gauge including atomic orbital$) usingL1
full-electronbasis sefexcept for W) The calalated chemical shifts are expressedidferences
between shielding of tetramethylsilane asstandad and the compound under study.
Aromaticities NICS(0)/NICS(1) data were calculatedfor the center of the corresponding
aromaticring andfor the point onthe height of 1A(Table S4)Y2 The functional and PBE.1
basis set were chosen duesistematic stués of the geometry of organometakkiompounds
and activation barriers of various processegairticular, RHR and by comparative calculations
in the course of this work

The interactions between the PAH and M(€@agments were investigatedso within
the MorokumaZiegler energy decompositioanalysis (EDA) frameworR# through single
point calculations with the BF program®4’ on the PRIRODAO%ptimized structures,
employing the PBE functional, and using the standard TZ2P basf® #&thin the EDA
analysis, the total bonding energy (TBE) between two fragments is expressed as the sum of thre
components, the Pauli (or exchange) repulsiBpad(), the electrostatic interaction energy
(Eeista), and the orbital interaction energifof). The Eraui destabilizing component complies
with the electronic antisymmetry coitidns. Eeistatis the electrostatic energy resulting from the
superposition of theinperturbed fragment densitieBhe Eo, component originates from the
relaxation of thenolecular sgtemand is associated withe mixing of occupied and oocupied
orbitals i.e., with covalency Some ADF singlgoint test calculations were also performed with
different (hybrid) functionals to substantiate the stability of the PRIRODR&®dputed

activdion energies.



Results and Discussion

Coronene complexes.The structure of @onene or superbenzehd CxsH12) consists of six
fused benzene ring8.lt is the smallest reasonable model for graphéseoptimized geometry
as a free ligan@Fig. 1andTableS1) is in good agreement withreviousX-ray**> andelectron
diffraction analyse>->? The C-C distances deviate by less thai2% from their experimental
counterpart¥>2 and are also in a good agreement with previous DFT investigatitin@ur
computed Gand'®* KNMR chemical shifts are also consistent with previous theoretical>data
and comparison of them with the experimental NMR #Rdvco data (Tables S3, S4) also
confirm the conclusions about the aromaticityl dseeNICS(1) valuesin Tables S5)Minor
deviations of the calculated chemical shifts from the experimental values can be explained by th
fact that the DFT calculations were performed for the gas phase, not considering solvent effec
(e.g.aromatic solvent induced shift ASESfect)>’

Calculation on the M(CQ@)(M = Cr, Mo, W) complexes of led to two optimized
isomersla-M andlb-M (Fig. 2 and Table S6) whiadttiffer by thenature of the skmembered
ring whichis complexed (outer and innaespectively) They have a nearlplanar structure of
the ligand andiiffer significantly in energyby more than 1®&cal mof'). As expected, complex
la-M, with the metal coordinated to a more electrmh peripheral ringis more stable.

Ib-Cr

Fig. 2. Top and sideiews of hetwo isomers of Cr(CQJ °-coronene).



Thus, la-M should be formed predominantly in the course of thermodynamically
controlled high temperature synthesis, for example, in the reactibmvith F(K b (F = Cr,
Mo, W), in dibutyl ether at 150K This agrees with the experimentaka for the aforementioned
isoelectronidRuCp’ and F&€p* complexes for which thmetal coordination tthe central ringis
not experimentally observéd? The calculatednergydifferencebetweenla-Cr andlb-Cr is
high (' G = 12.7kcal mol?) andis close to the corresponding valobtained byTirker et d. for
la-Cr andlb-Cr (13.2 kcal mol)®8 andSato et. & for complexes of RuCp(1352 kcal mol?)
by DFT5°
Two types of dynamic behav®are possibldor complexed Zb-M (M = Cr, Mo, W)

One is a degenerate rearrangeman¥l =— la-M, i.e., a shift of the OMG from one outeix-
membeed ring to another outeing. The other one is the nondegenerate rearrangelaent

= Ib-M, i.e, the OMG migratedetween norequivalent outer and inneings. The later
process has been studied earlier by PFar the RuCp complex, and the computed activation
barrier from the periphery to the center of coronene in the gas firasg out to be very high
(~40 kcal mot). In our Cr(CO)complex the nondegenerate proceda-Cr = Ib-Cr is
found to involve no intermediate and proceeds through a single transition state (Scheme 3 anc
Fig. 3 TS(la-b)-Cr ZLWK DQ DFWL Y® WPRIGkca tnotUHdAde, the backward
SURFHVV RI 6FKHPH KDV D GRR.DOKeaNrhof, Day h Podes3 shdud
occur very rapidly at temperatures kifietic measurements inherent ¥ KH %-IRHR (90-
130°K).

TS(la-b)-Cr
Bond lengthsA), ad: a=2.226; b=2.784; c=2.599; d=2.511



TS(la-b)-Mo IM(la -b)- Fo TS' (la-b)- Fo

IM(la -b)- Fo (side view),
Bond leryths @): a=2.373; b=2.735; ¢=2.842; d=2.736 (labellingNt{la -b)- Fo and
TS' (la-b)- Fo similar to that inTS(la-b)-Mo).

Fig. 3. Top and/or side views of theansition states and intermediates involved in the IR#MR
M = Ib-M (M = Cr, Mo) process. The case of M = W (not shown) is similar to that of M =
Mo. All stationary points for all metals are presented in TableSTEB



Ia-Cr — s TS{a-b)-Cr — s Ib-Cr

AG=0.0 AG =25.1 AG=12.7
o= 741 cm™!

Ja-M — s TS(Ia-b)-M —=— IM(Ia-b)-M — = TS'(Ia-b)-M —_sm Ib-M

M=Mo AG=0.0 AG=20.0 AG=18.4 AG=20.8 AG=10.1
o= 59.i cm’! ®=23.icm’!

M=W AG=0.0 AG =26.0 AG =244 AG =259 AG=12.4
o=63.1cm o=331cm

Ia-M e TS(Ia2-a)-M o [a-M

M=Cr AG=0.0 AG =20.2 AG=0.0
o=72.i cm’!

M=Mo AG=0.0 AG =164 AG=0.0
o= 64.i cm’!

M=W AG=0.0 AG =20.5 AG=0.0
o="751cm

Scheme 3

Unlike in the chromium case, when M = Mo or W tlaeM == Ib-M IRHR proceeds
via a slightly different mechanismit goes through an intermediat®i(la -b)- F and via two
nearly mirrorsymmetric transition stateES(la-b)- F and TS (la-b)-F ER W K Zhaptikity
(Scheme 3and Fig. 3. It is noteworthy thaT S(la-b)-M, IM(la -b)- F andTS' (la-b)- F (M =
Mo, W) areclosein structure and energyrhey are also quetclose tor S(la-b)-Cr. During the
whole rearrangementhe M(CO} (M = Cr, Mo, W) rotational orientationalmost does not
change (compare Fig. 2 and 3). It should be noted that in these coronene systems, the rotatior
energy changes are negligibly low.

The second IRHR process, namely the degene@at®! =— la-M rearrangement
between two outer equivalent sixembered rings, proceeds for all metasthe transition state
TS(la-a)- F without any intermediate formation. With a periphekikcoordination mode of M
(Fig. 4), it reminds strongly thatomputed forthe ¢ ®-IRHR in naphthalenepecies?® To
summarize,he activation barriers of both degenerate anddegenerate rearraagentsn [-M
obey the sam&end: 0G* ~ 20 kcal mof for both Cr and W and a value lowey ~ 3-5 kcal
molfor Mo (Schemes).
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A ) < Y X\L)/O
P(g( . M :cb‘

TS(la-a)-M

Bond lengths fof S(la-a)-W (A): a=2.273; b=2.605; ¢=2.605; d=2.722 for W

Fig. 4. Top and gile views of theransition statd S(la-a)-W. Similar transition states are found
for Cr and Mo (Fig. 4).

In order to get a deeper understanding of the bonding within the stationary pdiis of
a MorokumaZiegler energy decomposition analysis (EDA) wasried out, considering the
interaction between the PAH and M(G@agments (see Calculation Methods). The results are
exemplified below in the M = Cr case. The total bonding energy (TBE) betwaed Cr(COj
in the major stationary points is given iralle 1. TBE is expressed as the sum of three
components, the Pauli repulsioBp4ui), the electrostatic interaction enerdg¥eiay, and the
orbital interaction energyEtm). The Pauli repulsion decreases with metal connectivity. It is
overbalanced byhe stabilizingEeistatandEory coOmponents, of whickor is prevailing, indicating
covalency predominance. Unsurprizingly, the total bonding energy variation follows thé&t of
(Scheme 3). Thus, the highest activation barriers correspond to the lessghbiadsition state,
I.e TS(la-b). The particularly smalEon component in this transition state is associated with low
electron transfers between the fragmentd.3(la-b)-Cr, the electron transfers corresponding to
3$3+:PHWDO GRQDWLRQ D QdGnafoH \ar® 0.33 $and B.ROF iespectivehnr
comparison, they are 0.32 and 0.2 8(la-a)-Cr and 0.88 and 0.65 ila-Cr, respectively.
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Table 1. MorokumaZiegler energy decauoposition analysis (EDAN stationary points of
I-Cr andll -Cr, all values in eV Epau~ Pauli repulsionEeistat= electrostatic interaction;

Eorb = orbital interaction. TBE = total bonding energ¥saui + Eeistat+ Eorb.

[-a-Cr  TS(la-b)-Cr TS(la-a)-Cr  I-b-Cr  1l-a-Cr  TS(la-b)-Cr TS'(lla-b)-Cr  IM(lla-b)-Cr  Il-b-Cr
Epauii 5.64 2.15 2.70 4.78 6.04 3.40 3.15 4.28 5.23
Eeistat | -3.18 -1.30 -1.74 -248  -341 -2.09 -1.95 -2.45 -2.95
Eom -4.75 -1.91 -2.28 -4.03 -5.14 -2.85 -2.64 -3.64 -4.50
TBE -2.29 -1.06 -1.32 -1.73 -2.51 -1.54 -1.44 -1.81 -2.22

Kekulenecomplexes The stucture ofkekulenell (CsgH24) consists of six fused benzene
rings2° It constitutes an interestirgjmple model for perforated graphendts computed
structural and spectral parametéisg. 1 and TableS2) are in good agreement with
previousexperimerdl data* As for |, two isomers were also found for tM{CO); (M =
Cr, Mo, W) complexes ofi (Fig. 5). They correspond tdhe coordination ofeitherthe
terminal sixmembered ring of the phenanthrdike fragment [(la-M), or the terminal
six-membereding of the anthracenkke fragment(llb -M). The former is more stable
for all metals(Table S2), but the difference in energy of the isomersiot ashigh as in
the caseof la,b-M, because the two types of fings inll arechemicallyquite similar.
This meansin the course okynthesedoth isomerscan be formedimultaneouslyin
comparsle quantities

Two possible reaction routes were found for the-degenerate rearrangeméiat —
IIb : one of them proceeds through the dhkdof an innerk Kbond, without any exit to the
ligand peripheryThis pathway is unusual and was not previously observed for similar IRHR.
Indeed, it has been established as a rule for a lon§°ttimet the IRHR proceeds with a metal
shift to the periphery of the liga but in our case, no migration over the external periphery is
observed. In this process, the migration ocetimsan “-transition statd'S(lla-b)-M (F = Cr,
Mo, W) (Scheme 4 and Fig. 6). No intermediate was observed in the course of the reaction. /
minor deviation from planarity of the kekulene cycle can be obsanvé&(lla-b)-M, allowing

a weak agostic bonding interaction in this transition state.
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lIb -Cr 0G=5.9 kcal mot

Fig. 5. Top and side views of thavo isomers of Cr(CQ) 5-kekulene). Similar structures are
found for Mo and W (Tables S6 and S7).

Bond lengths imS(lla-b)-Cr (A): a =2.159; b =2.296; ¢ =2.485; d =2.745

Fig.6. 6LGH DQG W R S*¥ansitiox sRiT (K H)-M

The other pathway corresponds to a usual metal shifirtts the ligand periphery, but
that oftheligandinternalperimeter An intermediates formed,with subsequent migration to the
next sixmembered ring. In this process, tteaction pathway goes frolta-M to the transition
state 2-TS (lla-b)-M, thenthe intermediate*IM(lla -b)-M, the transition state>-TS" (lla -b)-

M and finallyllb -M (Scheme 4 and Fig. 7$tarting from thesymmetricintermediatdM(lla -

b)-M, an alternative routshows upleading to a degenerali@ -M isomer through a degenerate
TS’(lla-b)-M transition state. Thila-M = lla-M rearrangemens analogous to onfund
earlier by DFT calculations of 5-phenanthrene)Cr(C@3* It should be noted thatS (lla-b)-

M and TS"(lla-b)-M have very similar energies for all metals and thus the IRHR energetic

13



picture fa the degenerate rearrangemetit-M = lla-M differs negligibly from the
undegeneratdla-M = IIb -M. Both lla == lIlb IRHR mechanisms have similar activation
energy barriers ** ~ 20-25 kcal mott in the case of Cr and W and54kcal mot* lower in the

case of Mo. This trend within the metal triad was already found in the case of the coronene
complexes.

Non-degenerate mechanisms

Ma-M — s TS(IIa-b)-M s IIb-M

M=Cr AG=0.0 AG =233 AG=59
®=71.icm’!

M=Mo AG=0.0 AG=174 AG=1.6
®=59.icm’!

M=W AG=0.0 AG =204 AG=3.1
o=52icm

1a-M — = TS'(I1a-b)-M —=— IM(IIa-b)-M — = TS"(IIa-b)-M —sm I1b-M

M=Cr AG=0.0 AG =238 AG=175 AG=25.1 AG=59
®=90.i cm™ ®=111icm!

M=Mo AG=0.0 AG=18.6 AG=12.2 AG=16.5 AG=1.6
®=72icm’! o =89.icm™

M=W AG=0.0 AG=22.0 AG =149 AG=212 AG=3.1
® = 56.i cm’! ®=97.icm’!

Degenerate mechanism
a-M — = TS'(I1a-b)-M —=— IM(I1a-b)-M —s=— TS'(Ila-b)-M s I1a-M

M=Cr AG=0.0 AG =238 AG=17.5 AG =238 AG=0.0
® =90.i cm™! ® =90.i cm™!

M=Mo AG=0.0 AG=18.6 AG=122 AG=18.6 AG=0.0
®=72.icm’! ®=72.icm!

M=W AG=0.0 AG=22.0 AG =149 AG =220 AG=0.0
o=561cm ®=>561cm

Scheme 4

The EDA analysis of therucial stationary points in the case of M = Cr (Table 1)
provides TBE andEorn values in full agreement with the compute@ values (Scheme 4). They

also indicate stronger bonding than in th@r system all along the reaction pathways.
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TS (Ila-b)-M IM (Ila-b)-M TS" (lla-b)-M

Bond lengthsn IM(lla -b)-Cr (A): a =d =2.456 b =c = 2.420

Fig. 7. The transition states and inteermediB&lla-b)-M, IM (lla-b)-M andTS"(lla-b)-M.

Model gaphene complexes As a reasonably large model for graphene, we chibgedx4
structuredil ( Ks G4, Fig. 1).12 1l can be considered ashexagonal planar moleculegith 4-
ring edgescut out from a sheet of graphen®ur computedstructuraldata onlll  (Fig. 1 and
Table2) fit very well with neutron diffraction experiments which found theCQlistance to be
1.422+0.001 A! Dataalso agree with previolBFT by Moritzet al%2

We now consider complexation bf by M(CO) (M = Cr, Mo, W). There are six types
of symmetryequivalent rings available for the OMG coordination (labelleB & Fig.1). We
investigated complexation of the two extreme positions: that of the central rikigp A, Fig.
8a) and that of the more externalgii& (lle -M, Fig. 8b). llle -M was found to be more stable
thanllla -M, consistently with the fact that the preferred localization of an OMG is always on
the periphery of the PAH, rather than on an inner position. This is related to the fact tisat the
eledron density is larger at the PAH periphery than at its center. The energy difference betweer
both isomers is0G=8.3, 9.2 and 10.8 kcal mbfor M = Cr, Mo and W, respectively. Thus one
can draw a conclusion that Cr(CGQyill be more uniformly dispersed on the graphene surface
than Mo and W becausés is minimal for Cr.

The general structural features of the categllla -M andllle -M isomers (Table. 2),
are verysimilar to that of complexels,b-M andlla,b-M, and fit well with data from previous
experimental and theoretical investigations for tricarbonyl complexes of various®AFhe
only peculiarity of thelargerIlla-M and llle-M complexes is that they do not afford any

noticeable oubf-planeliganddistortion, in contrast withia,b-M.
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(@ (e
Illa -M e -M
Cr Mo W
Ia "E 7.8 8.9 9.8
"G 8.3 9.2 10.8
e "E 0 0 0
"G 0

Fig 8. Optimized geometries dfla -Cr andllle-Cr DQG WKHLU
The M=Cr, Mo and Wétructures are very similar.

o

Table 2.Selected bontenghts (A) for the optimized structurdka -M bllle -M

DQG “( ¥DOXI

Parameter Illa -M llle -M

Metal Cr Mo w Cr Mo W
M-CO 1.837 1.946 1.953 iggé igg? iggi
M-C1 2.322 2.492 2.452 2.223 2.367 2.344
M-C2 2.321 2.491 2.450 2.224 2.367 2.344
M-C3 2.322 2.493 2.452 2.368 2.531 2.498
Ci1-C2 1.429 1.430 1.432 1.400 1.400 1.406
K-K 1.436 1.438 1.440 1.443 1.448 1.449
C3-K 1.430 1.428 1.430 1.446 1.448 1.449
C4-C5 1.417 1.417 1.416 1.431 1.428 1.431
C5C6 1.428 1.428 1.428
K-C2-C3(°) | 120.0 120.0 120.0 121.4 121.4 121.4

Graphene is known for gtpeculiarelectronic properties such as electric conductance

dealing with very low energy gap width. In TaldeHOMO-LUMO gaps are presented for the

ligandslll andl, Il (for comparisopand theicomputedransition metal complexes.
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Table. 3. HOMO-LUMO gaps(in eV)for I, I, lll , and their metal tricarbonyl complexes.

Ligand Uncomplexed | Cr Mo wW
la-M-1.90 la-M-1.97 la-M-1.92
! 269 Ib-M-1.54 Ib-M-1.63 Ib-M-1.56
| 041 lla-M-1.8 lla-M-1.77 lla-M-1.76
lIb-M-1.61 lIb-M-1.74 lIb -M-1.66
" 137 [lla -M-0.99 Illa -M-1.03 [lla -M-0.99
llle -M-0.86 llle -M-0.99 llle -M-0.89
From the data ofTable 3, it is possible to drawfollowing conclusions which are
important for electronics
1. Increaing thePAH size leads ta decreasef the HOMO-LUMO gap
2. Complexationleads toa further decrease othis gapand itis more pronounced for
Cr, less pronounced for Mand intermediate for W
3. Materiak decorated with OM&will be more conductivevhen tresegroupswill be
localized on edgeather at the PAKenter.
For further verification of the structure of graphene tricarbonyl complexetheof

chromium

triad their computed IR &0 values are reported in the SlableS11). Such data can

help in thefuture to control synthesisand productionof such substances the design of

electronic

materials and devices, as well as molecular switd®rsoreind machines.

K, K-IRHR in metal tricarbonyl complexes of modelgraphene.The following two principal

routes of the K, K-IRHR mechanisms ifil -M (M=Cr, Mo, W)were considered

a) A rearrangemertonsisting othe OMG shift between two inner rings of typke and

B, respectively(ll1a-M = Ill b-M). These twosix-membered rings angractically
equivalen in our model where they play the role of two neighboring rings in pristine
2D grapheneor very large PAHmolecule 1lIb -M is thermodynamicallyslightly
preferred oveflla -M (Scheme 5)owing tothe general tendency of the OMGshift

from center tgeriphery.

b) A similar rearrangement, but involving two outer rings of tipandE, respectively

(Id -M == llle-M). These two outer sites can be considered as models for

practically equivalentbut specificperipheralrings in veryhuge graphenenolecules.

This is supported by the very small energy difference betweeilltheand llle

isomers (Scheme 5).
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It should be noted thahe unlimited number of inner rings in comparison wtile limited
number of edge rings in gohene flakes makdke first mechanism much more importdior
IRHR descriptios in graphene The lll a-M = Ill b-M (M = Cr, Mo, W) IRHR proceeds
through anintermediatelM (llla -b)- F and via two practically equivalenttransition $ates
TS(Ill a-b)- F andTS'(Ill a-b)- F (Fig. 9, Schemes). The IRHRprocessoccursalmostwithout

anyM(CO)srotation,i.e. no additional energy spent for this motion

TS(lll a-b)- F IM( 1l a-b)- F TS'(Ill a-b)- F
Fig. 9. The ransition stateandintermediats involved in thdlla -M = Illb -M (M = Cr, Mo,
W) K, K-IRHR
Scheme 5.The stationary points along thida -M = Ill b-M andllld -M = llle-M (M =

Cr, Mo, W)IRHR processes and their relative free enerigiésal mol.

The cond (outer) process namely the Ill d-M = |ll M IRHR, proceedsfor the
three metalén asinglestepvia TS(Ill d-e)- F (Fig. 10 and Scheme)5and isquite similar to the
la-M == la-M rearrangement in the coronene derivatividee aiterprocesdlld -M = llle -
M is less favorable than thda -M == lllb -M inner one, aslso previouslyfound for the
coronene systems.
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Fig. 10. The tansition statd S(l1le,d)- F, (F = Cr, Mo, W).

Table 4.MorokumaZiegler energy decomposition analysis (EDA) in stationary poinii$ eEr,

al values in eV. Epau= Pauli repulsion;Eeistat = electrostatic interactionEomn = orbital

interaction. TBE = total bonding energyEsauii + Eeistat+ Eorb.

IMa  IM(Illa-b) b 1ld  TS(llld-e) llle
Epaui | 4.73 2.57 487 514 3.25 4.91
Eestat | -2.54 -1.55 262 -2.88 2,05  -2.84
Eonb | -3.99 -2.13 413 -4.46 262  -4.23
TBE | -1.79 -1.11 -1.88  -2.20 142 -2.16

The EDA analysis of the major stationary points in the case of M = Cr is given in Table
4. Comparing the TBE values dfla -Cr with that of Ib-Cr indicates snilar MetatPAH
bonding strength whe@r binds to the central ring. TR/ KH 3$+:PHWDO PHWDO:3%

transfers ofllla -Cr (0.72 and (&4 respectively are also close to that Ib-Cr (0.68 and 0.54,

respectively)The TBE values of the higanergy statnary pointdM(llla -b) andTS(la-b) are

also similar. These results sugg#sit an IRHR process will be easier when occurring in the

inner part of a graphene molecule, due to the weaker {getphene bonding in theé-

coordinated energy minima, whergag bonding within the transition states is less affected by

the innervs.outer nature of the process.
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General considerationsComparing our computed values wittlated literature data available
for (M = Cr, Mo, W) complexes of various PA&# one can conclude thdhe activation
barriers of metallotropic rearrangementiecrease with théncreasing ofPAH size'*” The
availableliteraturedata for themost documentedhromium tricarbonyl complexese presented
in Table 5

Moving now down e goup 6column, it appears that all our computed IRERergy
barriess decreassystematically from chromium to molybdenuopto 5 kcal mol?), then again
increase again for tungsten-%ikcal mol). A similar behavior of thgroup 8triad was found
ealier for DFT-calculatedactivation barrielin naphthalenef MCp" complexes(M = Fe, Ru,
09).1883This dependence can be explained by the fact that when doigthe triagdthe atomic
radius increases, allowing the largeetalto make bonding contactgith more distant atoms in
the loosely connected transition statesthe case of the heavier metdde fcompression effect

takes placethusreducing the abovmentioned atomic radius effect.

Table 5. DFT-computed “*# activation barriers for 6, S-IRHR of chromium tricarbonyl
complexes of middlsize arenes graphen& and nanotubes* complexes are presented for
comparison.

Number of different

-
Arene SG-IRHR mechanisms found DFT Reference
for 8 ®IRHR
Naphthalene 30.1 2 B86/SVP | [4, 15
L-substituted 28.933.9 2 PBE/TZ2P | [4, 15
naphthalenes
2 (4)-NHz-byphenyl 29.9, 32,5 1 PBE/TZ2P | [6]
Biphenylene 28.5 1 PBE/TZ2P | [7]
dibenzothiophene 31.2 1 PBE/TZ2P | [8]
Fluoranthene 31.3 2 PBE/TZ2P | [11]
Phenathrene 29.2,30.6 1 B86/SVP | [24]
grapheng& 15.4 2 PBE/TZ2P | [13]
nanotube’s 16.2 1 PBE/TZ2P | [14]

Finally, it should be noted that any of our investigated IRHR processes, the rotation
afforded by the M(CQ)group remains modesh spite of the fet that theeclipsedvs staggered
conformation can changd&he rotational energy barriers in thév, I -M andlll -M isomers
beingalwayslow, the contribution to the activation barrier @ich asmall M(CO)sz rotationin
thelRHR courseis negligible.
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Conclusion

The structure of the M(C@)YM = Cr, Mo, W) complexes ofcoronene, kekulene and
graphengl, Il andll I) werecalculated by the DFT metho@he structurapeculiarities ofthe
stable isomersa,b- F, lla,b- F andllla, b/d,e- F are similarfor the three metalsThe energy
andIR vco, ! Gand'® KNMR spectral parameteds these so far uncharacterized complexes were
determined The investigation of the ¥, K-IRHR dynamic proces®f la,b-F, lla,o-F and
II'la,b/d,e- F, indicates thathe correspondingactivationbarriers decreasehen increasing the
PAH size.lt is due to the fact that the me@RAH bonding is weaker in the case of the stable
minima of large PAH complexes, wheraasemains approximately theame in the transition
states and umsurated intermediateB the case ofomplexlll -Cr the energy barrisrare lower
than~ 15kcal mol! in comparison with low size PAHhey decreasby ~ 3-5 kcal mof when
going fromCr to Mo then increases agaby ~ 3-4 kcal mol® from Mo to W. Calculations on
lla,b- F strongly suggest that IRHR qgoerforated graphenesccus preferentially around the

internal rings.
Acknowledgement
The authorg(YFO and IPG)are grateful to the Alexander vdi#umboldt Foundation
(Bonn, Germany) fopresenting the working station aadxiliary computeequipment for DFT

calculationsPart of this work was done by M. S. Nechaev in the frantbedfIPS RAS Plan.

There are no conflicts of interest to declare

21



References

1. 1.D. Gridnev, O.L.Tok, M. Gielen, R.Willem and B. Wrackmeyer (Bs.) Fluxional
Organometallic and Coordination Compounds. Wil§05,4, 41.

2. C.H. Bartholomewand R.J. Farrauto, inFundamentals of Industrial Catalytic Processes,

Wiley-AIChE; 2 edition 2006, 996.
3. K. WeissermebndH.-J.Arpe,Industrial Organic Chemisy. WileyVCH Verlag GmbH &
Co. KGaA, Weinhein2003, 495.

4. Yu.F. Oprunenko,N.G. Akhmedov, D.N. Laikov, S.G. Malyugina, V.l. Mstislavsky,
V.A. Roznyatovsky and N.AUstynyuk,J. Organomet Chem, 1999,583 136.

5. (a) M. Sodeokaand M.ShibasakiSynthesis1993 1993 643 (b) C. Bolm and K.Muiiiz,
Chem Soc Revy, 1999 28, 51.

6.a) Yu.F. OprunenkoRuss Chem Rev, 2000,69, 683 (b) C.J.Czerwinski, E.O. Fetisov,
I.P. Gloriozovand Yu.F.OprunenkgDalton Trans, 2013,42, 10487.

7. Yu.F.Oprunenko|.P. Gloriozov, K. E. Lyssenko,S.G. Malyugina,D. Yu. Mityuk, V. I.
Mstislavsky, H. Ginther, M.Ebener,and G. von Firks). Organomet Chem, 2002,656,
27.

8. M.V. Zabalov,|.P. Gloriozov, Yu.F. Qprunenkoand D.A.Lemenovskii,RussChem Bull.,
2003,52, 1567.

9. (a) I.D.Gridnev, Coord. Chem. Rev2008, 252 1798 (b) Yu.F. OprunenkopDoctor of
Science (Habilitation) Thesi®epartment of Chemistry, M.V. Lomonosov Moscow State
University, 1999, Moscow(c) R.S.Armstrong, M.J. Aroney, C.M. Barnes, K.WNugent,
Appl. OrganometChem, 1990, 4, 569.

10. (&) Yu.F.Oprunenko,S.G. Malugina, Yu.A. Ustynyuk, N.A. Ustynyuk and D.N.
Kravtsov,J. Organomet Chem, 1988,338 357 (b) Yu.F.OprunenkoN.G. Akhmedov,
D.N. Laikov, S.G.Malyugina,V.l. Mstislavsky,V.A. Roznyatovskyand N.A.Ustynyuk,J.
Organomet Chem, 1999,583 136.

11. I.P.Gloriozov, Yu.F. Oprunenko, Yi. A. Ustynyukand A.Yu. Vasi'kov, Russ J. Phys
ChemA, 2004,78, 244.

12. (a) J.CC. JiménezHalla,J. Robles anMl. Sola,J. PhysChem A, 2008,112, 1202

(b) J.0OC. JiménezHalla, J. RoblesandM. Sola,Organometallics2008,27, 5230.

13. I.P.Gloriozov, R. Marchal, J-Y. Saillard and Yu.F.Oprunenke Eur. J. Inorg. Chem,

2015 2, 250.

22



14. F.Nunzi, F. Mercuri, F.De Angdis, A. Sgamellotti, N. Re, RGiannozzi,J. Phys Chem
B, 2004,108 5243.

15. Yu.F. Oprunenko, I.PGloriozov,J. OrganometChem, 2009,694, 1195.

16.(a) N.S.Zhulyaev,I.P. Gloriozov, Yu.F. Oprunenko, JY. Saillard, Moscow Univ

ChemBull., 2017,72, 201, (b) N.S.Zhulyaev,I.P. Gloriozov, Yu.F. Oprunenkacand J-
Y. Saillard,RussChemBull., 2017,66, 1163.

17. Yu.F. Oprunenko and I./&loriozov,Russ Chem Bull., 2011,60, 213.

18. E.O. Fetisov, I.P. Gloriozov, Yu.F. Oprunenko, J-Y. Sailard and S. Kahlal,
Organometallics2013,32, 3512.

19. P. Hrobérik, V. Hrobéarikova,F. Meier, M. Repiské S. Komorovsiéand M. Kaupp, M,
J. Phys Chem A, 2011,115 5654.

20. D.L. Bryce, R.E. WasylisheRhys Chem Chem Phys, 2002,4, 3591.

21. B.V. Lokshin, N.E. Borisova, B.M. Senyavin and M.[ReshetovaRussChem Bull.,
2002,51, 1656

22. (a) G. Zhu, J.M. Tanski, D.G. Churchill, K.E. Janak and G.Parkin,J. Am Chem
Soc, 2002,124, 13658 (b) G. Zhu, K. Pang,andG. Parkin,J. Am Chem Soc, 2008,130,
1564.

23. E.O Fetisov, I.P. Gloriozov, M.S. Nechaev, S. Kahlal, -¥. Saillard, and Yu.F.
Oprunenko,). OrganometChem, 2017,830, 212.

24. A. Pfletschinger and M. Dolg, Organomet. Chen2009,694, 3338.

25. @) H. C.Shen, J. MTang,H. K. Chang, C. W. Yang ard. S Liu, J. Org. Chem, 2005,
70, 10113; (b) Y.Yoshida,K. Isomur, Y. Kumagai,M. MaesatoH. Kishida, M. Mizuno
and G.Saito, J. Phys: Cond Matt., 2016,28, 304001.

26. (a) H. Miyoshi, S. Nobusue A. Shimizuand Y.Tobe,Chem Soc Rev, 2015,44, 656Q
(b) F. Diederich and H.AStaab Angew Chem Int. Ed. in Eng., 1978,17, 372.

27. (a) J.W. Buchanan, G.A. Grieves, J.E. Reddic and M.ADuncan|nt. J. Mass
Fect, 1999,182 323; (b) M. Lacoste and [Astruc, J. Chem Soc, Chem Comm, 1987,
9, 667.

28. T.J. Seiders,K.K. Baldridge,J.M. O'Connor,J.S.and Sigel,Journal of the American
Chemical Sociefy1997,119 4781.

29. S. Sarkar, SNiyogi, E. Bekyarovaand R.CHaddon,Chem Sci, 2011,2, 1326.

30. S. Sarkar,H. Zhang,J.W. Huang,F. Wang, E. Bekyarova,C.N. Lau and R.C.Haddon,
Adv. Mater., 2013,25, 1131.

23



31. (a) E. Bekyarova, S. Sarkar, F. Wang, M.E. ltkis, I. Kalinina, X. Tian and R.C. Haddon,
Acc. Chem. Re2012,46, 65; (b) X. Tian, S. Sarkar, M.L. Moser, F. Wang, A. Pekker, E.
Bekyarova and R.C. HaddoMlat. Lett, 2012,80, 171.

32. (a) G. Au, K.E. Janak, J.S. Figueroa and G. Par&inAmer. Chem. So2006, 128
5452; (b) E.P. Kindig, €H. Fabritius, G. Grossheimann, P. Romanens, H. Butenschon
and H.G. WeyQDrganometallics2004,23, 3741.

33. A. V. Krasheninnikov an. M. Nieminen,Theor. Chem Acc, 2011,129, 625

34. R.Zan,U. Bangert, Q. Ramasse and K\N&wvoselov,Nano letters2011,11, 1087

35. I. Kalinina, E. Bekyarova,S. Sarkar,F. Wang,M.E. Itkis, X. Tian, S. Niyogi, N. Jhaand
R.C. Haddon,Macromol. Chem. Phys2012,213, 1001; (§ M. Chen, X Tian, W. Li, E.
Bekyarova, GLi, M. Moserand RC. HaddonChem. Mater, 2016,28, 2260.

36. D. N. Laikov andYu. A. Ustynyuk,Russ Chem Bull., 2005,54, 820.

37.J. P. Perdew, K. Burke and ®rnzerhofPhys Rev Lett, 1996 77, 3865.

38. K. G. Dyall,J. Chem. Fhys, 1994,100,2118.

39. D. N. Laikov,Chem Phys Lett, 2005,416, 116

40. C. Gonzalez an#i. B. SchlegelJ. Phys Chem, 199Q 94, 5523.

41. (a) G. Schreckenbach and Ziegler, Int. J. Quant Chem, 1997, 61, 89; (b) G.
Schreckenbach and Ziegler,J. PhysChem, 1995 99, 606.

42. Z. Chen, C.S. Wannere, C. Corminboeuf, R. Puchtaand P.V.R. SchleyerChem
Rev, 2005,105, 3842.

43. K. Morokuma J. Chem. Phys1971,55, 1236.

44. T. Ziegler and A. Rauknorg. Chem, 1979,18, 1558.

45. G. te Velde, F. M. Bickelhaupt, S. J. A. van Gisbergen, C. Fonseca Guerra, E. J.
Baerends, J. G. Snijders and T. Zieglér Comput. Chem2001,22, 931.

46. C. Fonseca Guerra, J. G. SnigleG. te Velde and E. J. Baerendheor. ChemAcc,
1998, 99, 91.

47. ADF2016 SCM, Theoretical Chemistry, Vrije Universiteit, Amsterdam, The

Netherlandshttp://www.scm.com

48.E. van LentheE.-J. BagendsandJ. G. Snijders]. Chem. Phys1994,101, 9783.

49. (a) J.M. Robertsonand J.G. WhiteJournal of the Chemical Society (Resumd®d4s
607-617. (b) H. C. Shen, J. MTang,H. K. Chang, C. W. Yang an&. S Liu, J. Org.
Chem, 2005, 70, 10113; (c) Y.Yoshida, K. Isomura,Y. Kumagai, M. Maesato H.
Kishida,M. Mizunoand G.Saito, J. Phys: Cond Matt.,, 2016,28, 304001.

50. (a) H. Miyoshi, S. Nobusue A. Shimizuand Y.Tobe,Chem Soc Rev, 2015,44, 656Q
(b) F. Diederich and H.AStaab,Angew Chem Int. Ed. in Eng, 1978,17, 372;(c) H.A.

24



Staab,F. Diederich, C. Krieger, and D.SchweitzerChemische Berich{d983,11610),
35043512.

51. H. A. Staab,F. Diederich,C. Kriegerand D.SchweitzerChem Ber., 1983,116, 3504
E. Steiner,L.W. Fowler, P.W. Jenneskenand A. Acocella, Chemical Communications
2001,7, 659.

52. A.AlmenmngenG. Bastiansenand F.Dyvik, Acta Crystallographical961, 14, 1056.

53. a) G.R.Jennessand K.D. Jordan,The Journal of Physical Chemist®, 2009,113
10242 b) H. Jiao, P.V.RSchleyer Angew Chem Int. Ed.in English,1996,35, 2383.

54. a) J.Granatier,P. Lazar,M. Otyepka,and P.Hobza, P.Journal of chemical theory and
computation2011,7, 37433755 (b) F.De Proftand P.GeerlingsChem Rev, 2001,101,
1451; (c)J. M. Matrtin,Chem Phys Lett, 1996,262, 97.

55. a) I.P.Gloriozov, M. S. Nechaev, K.V. Zaitsev, Yu.F. Oprunenko, F. Gam, and J.Y.
Saillard, Journal of Organometallic Chemistr019, 889, 94; b) A.A. Purwoko,and S.
HadisaputraQriental Journal of Chemistry2017,33, 717.

56. a) T. Thonhauser, D. Ceresoli andWrzari,Int. J. Quant Chem, 2009,109 3336.

(b) M. Buhl, M. Kaupp, O.L. Malkina and V.G. Malkid, Canp. Chem, 1999,20, 91; (c)
D. Hajgatd,M.S. Deleuze and KOhno,Chemistry +A European Journal006, 12, 5757,
(c) A. Bagno,Chem Eur. J.2001,7, 1652.

57. N.A. Ustynyuk, L.N. Novikova, V.K. Bel'skii, Yu. F. Oprunenko,S.G. Malyugina, O.l.
Trifonova and Yu.AUstynyuk,J. Organomet Chem, 1985 294, 31.

58. L. Turkerand S.Gumius,Acta Chim. Slony2009 56, 246

59. H. Sato, H.,C. Kikumori, C., and S. Sakaki, S.2011,Physical Chemistry Chemical
Physics13(1), 309

60. T.A. Albright, P. Hofmann, R. Hoffmann, R.,C.P. Lillya and PA. Dobosh, J. Am
Chem Soc, 1983,105, 3396.

61. Z.Sofer,P. &L P HDNJankovskyD. Sedmidubsky, P. Beran and FlumeraNanoscale,
2014,6, 13082

62. W.Moritz, B. Wang,M.L. Bocquet,T. Brugger,T. Greber, J. Wintterlin and S. Gunther,
Phys Rev. Lett, 2010,104, 136102

63.1.P. Gloriozov, M.S. Nechaev, K.\Zaitsev, Yu.F. Oprunenk®,. Gamand J.Y. Saillard

J. Organomet. Chem. 201889, 9.

25



