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The nitrogen atom in quinoline helps stabilizing the transition state in the inter-ring

haptotropic rearrangement process.

Quinoline VSs. naphtalene
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ABSTRACT

Inter-ring haptotropic rearrangements (IRHRs) arell-known phenomena in
fluxional ogranometallic chemistry. They are maiolyserved for transition metal complexes
with polyaromatic ligands (PALs), but are usualimited to PALs without heteroatoms.
Here, we report DFT studies of recent experimentalbserved IRHRs in heterocyclic
complexes of Mo. Four different ligands (quinolingpquinoline, quinoxaline, and indolyl)
have been investigated. Overall, structural andgatie trends agree well with available
experimental data. In addition, mechanistic tread heteroatom participation are discussed
and elucidated to further understanding of IRHR&eterocyclic polyaromatic complexes in

particular, and haptotropic processes in general.



INTRODUCTION

Transition metal complexes play a decisive roleghe transformation of simple organic
substances and generation of important innovatieeivatives such as technological
precursors, materials for science and industry, pelymers and medicines [1]. This is
related to their structural peculiarities and flekiy, and, in the case of complexes of
polyaromatic ligands (PALs) for instance, it is migidue to their propensity to undergo
different intramolecular inter-ring rearrangemej2ls Recently, the ability of such complexes
to catalyze many organic reactions was fully recoeph [3]. Their catalytic action is often
explained by the generation of intermediates andamsition states with reduced hapticity, in
the course of such rearrangements or reactions sutstrates. Additional coordination
capabilities promote binding of the substrate aeagents to the metal and their further
transformations within the coordination sphereha imetal. Moreover, transition metal PAL
complexes are widely used for the activation ofedént positions in the aromatic ligands and
their further derivatization by reactions with dlephiles [4] and nucleophiles [5]. All of this
has led to significant prospects of transition me®WL complexes in the fields of material
chemistry [6] and pharmacology [7]. In medicineclswcomplexes are used as drugs, in
particular, against malaria [8] and as anti-HIV aaatineoplastic agents [9], as well as
contrast agents in MRI [10]. Recently, it was adéown that some of these compounds are
very valuable as precursors for constructing nesctednic [11], optical [12], sensor and

switch [13] devices.

A lot of information and data is devoted to comgexof transition metal with
monoaromatic ligands [14] but considerably lescamplexes of PALs [4], especially, to
compounds with extra-large ligands, which are sonmeetelusive or at least problematic to
characterize, such as corannulene [15], coroneB§ [llerenes [17], nanotubes [18],
graphites [19], and graphenes [19].

PAL complexes are interestine se, due to their diverse dynamic behavior [20]. Hoz t
past three decades, intramolecular reversible ameversible inter-ring haptotropic
rearrangements (IRHRs) in these complexes werasively studied. Such processes consist
of the shifting, from one ring to another one, bé tML, organometallic groups along the
plane of the carbo- [21] or heterocyclic [22] PABRsiew examples ofi® = n°x, n-IRHRs for
readily available, stable and exhaustively invedgd Cr(COj) complexes are presented in
Scheme 1.
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Scheme 1. Examples of some inter-ring haptotraggacrangements

It should be noted that usually IRHRs occur in ctawes of PALs which do not contain
heteroatoms (such as naphthalene [23] or bipheay2t]), and only little is known abogf
= n°%IRHR in fluorene-like compounds containing ligarwih at least one heteroatom in the
five-membered ring (such as dibenzothiophene [22jatbazole derivatives [25]). According
to density functional theory (DFT) calculations J[2fhese rearrangements proceed via the
ligand periphery and direct heteroatom participati@s not found.

This situation changed with the pioneering papémavkin and co-workers [26,27] on Mo
complexes of PALs containing nitrogen atom(s): igbloquinoline, isoquinoline and
quinoxaline. First of all, an unusual Mp-complex of indolyl,l-a, was synthesized, where
the organometallic group (OMQG)nexpectedly binds to the nitrogen-containing rimbis
complex was obtained from the correspondimgcomplex I-c under the conditions of
phosphine shortage. In very mild conditiohs, (80°C, benzene) rearranges irreversibly-to
b via a thermally induced®—n®IRHR. It is noteworthy that the reverse processld¢de

induced photochemically and probably proceeds sivigr[26] (Scheme 2).
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Scheme 2. IRHR in Mo complex of indolyl

Then, n° = n%IRHR was investigated for the first time in comms of Mo with
heterocyclic analogs of naphthalene, namely, gineplsoquinoline and quinoxaline [27]. All
the studied rearrangements are depicted in Scherrer &xample, the reaction of quinoline
with Mo(PMe)s (80°C, benzene) leads to aftcomplex with metal localization on the
heterocyclic ringI{-a), which is thermally unstable. A metal shift ocziletween the hetero-
and carbo-cyclic rings with the formation of thEcomplexll-b . Reaction of isoquinoline
with Mo(PMey)s at room temperature leads to the formation ofnetic n*-product (Scheme
3). At 100°C in benzene, thig-product irreversibly rearranges to th&complexlil-a with
the coordination of the OMG on the heterocycliggriBut, similarly as for quinoline, such
coordination is thermodynamically unfavorable amd,the course of further temperature
increase up to 150°Qll-a irreversibly rearranges to the carbocyclic complé . The
reversen® = n%IRHR when the OMG migrates from the carbocyclighie heterocyclic ring
(Ill-b — 1ll-a) proceeds photochemically and irreversibly at raemperature. As well as in
the case of the two other ligands, the quinaxolioemplex IV-a was found
thermodynamically unstable, and it irreversiblyrranges at 130°C to the isomer having the
localization of the OMG on the carbocyclic ring.eTteverse)® = n°-IRHR when the OMG
migrates from the carbocyclic to the heterocyclingr proceeds photochemically and

irreversibly at room temperature.
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Scheme 3. IRHRs in Mo complexes of quinoline, isngline and quinoxaline

All the previously mentioned IRHRs in these new pieres were investigated only
experimentally, and theoretical analysis of theiderlying mechanisms has not yet been
done. In this paper, we report the first theorétstady of these mechanisms, performed by

means of DFT calculations.

COMPUTATIONAL DETAILS
All the geometry optimizations, characterizatiorisstationary points and calculations of

reaction energy profiles have been performed oM¥®-100K supercomputer at the Joint
Supercomputer Center (JSCC) (Moscow), at the DW&l leith the PRIRODA-04 program
written by Laikov [28]. We used the PBE functioii29], the TZV2P three-exponential basis
set of Gauss-type functions for valence electr@g$ (basis set specification: {3,1}/{5,1} for
H, {3,3,2}/{5,5,2} for C, N, and P and {5,5,4}/{9,8} for Mo), and the TZV2p (SBK-JC)
relativistic pseudopotential [30] for core elecsoof all the atoms of the molecular systems
for which calculations were performed. We have shquwveviously the validity of this
approach for evaluating geometries, mechanisms #mmodynamic parameters of
organometallic reactions [4,20-24loreover, it has been checked that the availablayX-
structures of the complexes investigated in thiskware correctly reproduced by the

calculations, in terms of both conformations andddistances and angles (see Section S1 in
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the Sl). For example, the average deviation ofdbmputed distances with respect to the
experimental ones is only 0.05 A. All the statign@oints were identified by analyzing
Hessians. Hapticities of the stationary and traosistates were deduced from bond distances
and bond orders [31] (see Section S2 in the Sle Wermodynamic functions (Gibbs
activation energiesAG) were calculated using statistical rigid rotat@rhonic oscillator
equations. The correlation of the observed tramsisitates with the corresponding potential
energy surface minima was checked by constructitegnal reaction coordinates (IRC). The
reaction energy profiles plotted in Figures 1,7, %orrespond to the computed IRC curves
(total energ\AE vs. reaction coordinates).

In order to get a more detailed picture of thedwog within the computed stationary
points, fragment interaction analyses have beefoqmeed on these structures, at the GENCI
French national computer centers, with the helthefADF2013 program [32], the fragments
being the PAL on one side and the Minit on the other side. Indeed, the ADF code ersable
analyzing the Kohn-Sham molecular orbitals on thsid of the fragment orbitals, allowing
identification of those responsible for bonding aldctron transfer. The ADF calculations
were carried out as single-points on the PRIRODAroged structures with the PBE
functional and an STO all-electron TZ2P basis 38i.[

RESULTS AND DISCUSSION

Naphthalene complexlIn order to elucidate the role played by the hetgrm(s) in the above
described IRHR processes, we have first perfornaécuitations on the naphthalene analog of
complexesll-IV , (n°-CioHg)Mo(PMey); (V) as a fully carbocyclic mechanistical reference
[35]. Experimentally, the degenerai®—n°-IRHR rearrangement of can be observed only
with the use of labeled ligands, but no such expenis have been performed so far. The full
reaction pattv — V-TS — V-IM — V-TS' — V is presented in Figure 1. The IRHR is found
to proceed through two symmetric (mirror imageapsition states and one intermediate, the
three of them being very close in energy (withi@ @&cal/mol), as well as in geometry
(peripheraln®-CyoHs coordination, see Figure 1). The activation barfte this process is
AGisp.c = 31.6 kcal/mol. Similar results have been obthirfer related naphthalene

complexes [4b,34].
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Figure 1. IRC energy profile for the degenerate IRNR=V. Note that V-TS, V-IM and V-

TS’ are almost isoenergetic.

The fragment interaction analysis\6iM (see Computational Details) indicates a donation
of 0.26e from the occupier orbitals of naphthalene into the three acceptirmtals of the
Mo(PMe)s tripod. On the other hand, the vacatitorbitals of naphthalene receive 0.76e
from the occupiedy§-type of Mo(PMeg)s. For comparison, the electron transfer countespart
in the n°-coordinated global minimunv are 0.65e and 1.05e. These values illustrate the

importance of metai-type backdonation in such species.

Quinoline complex.We now discuss the IRHR in the quinoline spediesvhich is the most
interesting from the point of view of heteroatonrtdpation. Calculated relative Gibbs free
energies indicate significantly larger thermodynanstability of II-b relative to ll-a
(AAG1s0c= -5.30 kcal/mol) and thus practically irreversilyilof n°—n®IRHR ll-a — II-b
which agrees with the experimental results. Thia — Il-b process can theoretically
proceed via two alternative mechanisms. Both coegputechanisms are presented in Figure
2. In the first case, the metal shift proceeds @ltve carbocyclic edge via tmg-transition
states*1I-TS1 andn®I1I-TS2 and the intermediatg’-Il-IM1 according to the schenfiea

— II-TS1 — lI-IM1 — lI-TS2 — II-b (maximum on the potential energy surface (PES)
7



AGispec = 26.7 kcal/mol). Unsurprisingly, this pathwawisry similar to that obtained for the
naphthalene compleX. In the second case, the metal shift proceedgyalom heterocyclic
edge of the ligand according to the schdire@ — II-TS3 — [I-IM2 — [I-TS4 — ll-b
(maximum on the PE&G;s0.c = 25.1 kcal/mol). In this pathway, the trajectafythe metal
tripod is fairly different from that observed M. In II-TS3 andII-IM2 , the Mo atom is
mainly bonded to nitrogen and its C(H) neighbor {(M& 2.17 A and 2.03 A, Mo-C = 2.20 A
and 2.51 A, respectively). Two and one weak Mo-@itamhal contacts are also presentlin
TS3 andlI-IM2 , respectively (see Figure 2). IRTS4 Mo is coordinated to both rings in a
n* fashion (Figure 2), with two internal shorter MobBnds (2.28 A and 2.23 A) and two
longer external bonds (Mo-N = 2.53 A and Mo-C =@®&). Thus, metal-nitrogen bonding
character is maintained along a large part of fRREIR. This fact is associated with an
activation barrier that is 1.6 kcal/mol lower, @asnpared to the other pathway. The formation
of 1I-IM2 , in which Mo is mainly coordinated to the exter@#N bond, is favored by the
lower aromatic nature of the heterocycle. Therals® a substantial participation of the N
lone pair to the bonding to Mo IkIM2 (donation of 0.13e, as compared to thdonation of
0.21e and thatr-backdonation of 0.78e). In fact the bonding liRTS4 retains several

features of that ihl-IM2 (see below).

The lower aromatic nature of quinoline as compaoeciaphthalene allows an easier out-of-
plane distortion which in turn allows the fairly symmetricaln®-coordination mode adopted
in II-TS4. The fragment interaction analysis indicates aation of 0.43e from the occupied
orbitals of quinoline into the metal accepting tats, of which 0.08e can be considered as
providing from the N lone pair. This is illustratedthe MO diagram of Figure 3, in which are
sketched the stabilizing interactions between tl@VKD (major involvedrttype occupied
orbital) and the lone-pair MO of quinoline, and thet of the three hybrid-type accepting
orbitals of the Mo(PMg moiety. [37] The major occupied MO BfIM2 which is associated
with the Mo-N bonding through the participationtb& N lone pair is plotted in Figure 4, side
by side with its homolog il-TS4. Thus, the ligand-to-metal electron donation igeainll-
TS4 than inV-IM or V-TS. A similar situation arises for the metal-to-ligabackdonation
which is of 0.90e ill-TS4, due to the lowest energy of the three vacdrdrbitals of the N-
containing quinoline ligand which can substantiatiyeract with the three occupiety
type, as sketched in Figure 3. [37] Thus, the marmnalong the heteroatom-containing side
is facilitated as compared to moving along the o#ide. Such possibility was discussed by

Czerwinski et al. [35] because of a higher ratentbifor the IRHR inn®-chromium
8



tricarbonyl complexes of ortho-aminobiphenyl in qmarison with the corresponding para-
isomer (Scheme 4). Later, this assumption was wuoefl by theoretical calculations [36].

AE, kcal/mol
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Figure 2. IRC energy profiles for the IRHR-a = II-b..
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Scheme 4IRHRs in Cr complexes afrtho- andpara-aminobiphenyl (from ref. 35).

Overall, it is quite difficult to select which memfism is responsible for this rearrangement

from available qualitative kinetic and thermodynardata. It is possible that in the future,

precise kinetic data, especially for different siibsed complexes, could help making a

conclusion about the preferred mechanism. The sdifédirence in the computed activation

barriers indicates that probably both mechanisnuédooccur simultaneously.

Isoquinoline complex. Next, we studied the)®—n°®-IRHR when the OMG shifts form the
heterocyclic to the carbocyclic ring in the Mo cdex of isoquinolinelll . The higher

thermodynamic stability dfil-b , in which Mo is localized on the carbocyclic rilAGisooc
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= -2.50 kcal/mol) is consistent with a practicathgversiblelll-a — IlI-b IRHR, as observed

experimentally.

As opposed to the IRHR for the complexes of qumalithis IRHR proceeds according to a
single mechanistil-a — llI-TS1 — llI-IM — II-TS2 — IlI-b (Figure 5). In this process,
the metal trajectory is direct, crossing approxehathe middle of the central C-C edge. All
attempts to find alternative mechanisms in whiahrtetal shifts along either the carbocyclic
or heterocyclic edge of the ligand were unsuccésthis process, in which the nitrogen atom
IS not involved, is characterized by a rather reglergy barrierAG;so-c = 35.2 kcal/mol)lll-
TS, II-IM andlll-TS2 are close in geometry and energy. They are chaizeteby an’-
coordination mode of isoquinoline, this ligand lgeistrongly folded away from planarity.
Whereas the bonding energy between the OMG andatjegated ligand is larger I1H-IM
as compared tdl-TS4 (-3.19 eVvs. -2.39 eV, respectively), it is largely balanced thg
energy loss associated with the folding of isoglm®) thus resulting in a considerably higher
barrier than in the case of the quinoline complex

Quinoxaline complex.Quinoxaline has two nitrogen atoms symmetricallyated on one of
the aromatic rings (Scheme 3). As in the previcases, the complex with the metal atom
located on the carbocyclic ring is thermodynamycatiore stable, with an even larger free
energy preferenceAAG;30-c= -7.2 kcal/mol). Both sides of the ligand beingnsyetrical, a
uniquen®—n°’IRHR pathway was found according to the schévha — IV-TS1 — IV-IM

— IV-TS2 — IV-b (Figure 6) with an activation barria&Gsso-c = 32.6 kcal/mol which is
also higher than the lowest one found for the IRHR , despite of the fact th&¥/-TS1 and
IV-IM are quite structurally similar td-TS3 andll-IM2 . In particular, as fol-IM2 , IV-IM
exhibits the samg?-C=N coordination with an additional Mo-C long caat of 2.62 A, with

a N lone pair donation to Mo of 0.14e. On the othend,|V-TS2 looks more likev-IM (or
V-TS) rather thanll-TS4 (compare Figures 2, 5 and @deed, it isn® rather thann®-
coordinated and the reason for that is that quillxa@emains close to planarity, contrarily to
oxaline inll-TS4. In IV=TS2 the occupied orbitals of quinoxaline donate 0.3ffewhich
0.06e come from the N lone pair. The backdonatima the quinoxalinet* orbitals is 0.69e.
All these results suggest that the rigidity of equxaline, as compared to quinoline, renders the
IRHR more energy demanding, in apparent contraictvith experimental facts. Indeed,
according to Parker and coworkers [27], in the cdd¥ the IRHR from the heterocyclic to

the carbocyclic ring proceeds at 180as compared to 150%or Il . However, without
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precise kinetic data for all the complexes in id=itconditions it is difficult to discuss this
apparent disagreement.

Indolyl complex. The last investigated rearrangement, is fie>n°-IRHR in the indolyl
speciesl. ComplexI-a with Mo coordination on the five-membered ring walstained
experimentally from thes-complex Md[(PMes)4J(indolyl) I-c after elimination of one
trimethylphosphine (Scheme 2) [26]l-a converts irreversibly at 8Q into its
thermodynamically more stabig®isomer I-b, which agrees with their computed energy
difference AAGgy-c= -1.6 kcal/mol). Two possible mechanisms have lmmmputed for the
I-a — I-b process, each of them proceeding in one step @oagf the edges of the ligand
(Figure 7). Surprisingly, the most favored IRHR hyedy is that proceeding along the
carbocyclic edge-a — I-TS1 — I-b. I-TS1 is n*coordinated to the six-member ring (Mo-C
= 2.42 A and 2.33 A) with an additional long Mo-Gntact to the five-membered ring (2.87
A). The computed activation barrieaGgo-c = 28.4 kcal/mol) is in a very good agreement
with the experimentabne AGgo-c = 27.8 kcal/mol) [26]. The other IRHR pathwiéyg — I-
TS2 — I-b proceeds along the heterocyclic edge, with a @ighigher activation barrier
(barrier AGgpec = 30.8 kcal/mol)I-TS2 is somehow the “approximate mirror image” lof
TS1 It is n?coordinated to the six-member ring (Mo-C = 2.43aAd 2.35 A) with an
additional long Mo-N contact to the five-memberdugr(2.81 A).The fragment interaction
analysis indicate no significant participation loé tnitrogen lone pair in the bondinglefS2.
Rather, the bonding situations D81 andTS2 are rather similar (Figure 7). IRS1 andTS2,
the 1 MOs of the indolide anion donate 0.66e and 0.@l¢he [Mo(PMe)sH]" moiety,
respectively. The backdonation into the indolideMOs is 0.65e and 0.56e, respectively. As
a result, the bonding energy between the fragmerglghtly larger inl-TS2 than inl-TS2
(5.28 eVvs. 5.18 eV). Despite the fact that the favored reayement pathway does not
proceed through the heteroatom side, the activab@mier is lower than for the IRHRs
computed for the isoquinoline and quinoxaline sp&cbut still higher than for the quinoline
species, in which there is a clear participationthe# nitrogen atom in the course of the

rearrangement.

13



AE, kcal/mol ¥ o ¥
35 :

30 |
25 |
20 |
15 |-

10 |

0 20 40 60 80 100
Reaction coordinate, Bohr*amu"?

Figure 7. IRC energy profiles for the IRHRa = I-b.

SUMMARY AND CONCLUSIONS

We have investigated by DFT the IRHR mechanisms series of MO complexes hetero-
PALs containing nitrogen and isoelectronic to naplgne (quinoline, isoquinoline,
quinoxaline and indolyl additionally). The computata are in good correspondence with the
available experimental structural and kinetic d§2&,27]. With PAL = quinoline, the
activation barrier is lowered (as compared to #@phthalene analog) by the participation of
the nitrogen lone pair to the bonding in the IRHRaess, as well as the larger flexibility of
the ligand. This flexibility is due to the less aratic nature of the hetero-ligand and allows an
out-of-plane distortion in the crucial transitiorate which in turn allows maximizing metal-
PAL bonding. In the case of isoquinoline, the heséom position is unfavorable for
intervening efficiently in the transition state atfte electronic perturbation it induces is
different from the quinoline case. Thus, a differédRHR process with higher activation

energy occurs. In the case of quinoxaline the giomigidity of the ligand leads also to
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activation energy higher than for quinoline. Witheofive-membered ring and a four-leg
OMG moiety, the system with PAL = indolyl is somewldifferent from the other ones. The
ligand remains very close to planarity all along throcess and no participation of the
nitrogen lone pair to the bonding the IRHR pathugafound. Rather, the process going along
the carbocyclic edge opposite to nitrogen is shgpteferred. Nevertheless, the activation
energy is computed to be only slightly higher tithat of the quinoline species and is
probably close to that of its indenyl relative. &li, it should be noted that the possibility of
alternative mechanisms involvir@yN intermediate structures was tested and shouldlied

out according to our calculations. Theoretical ebestion of the inverse photochemical

processes (see Schemes 2 and 3) is in progress.

Finally, it is worth to mention that our computesbults on these transition complexes of
nitrogen-containing PALs, which have been usefuluimderstanding their experimental
behavior [26, 27], are important for further praggen the investigation of dynamic activity
of heterocycle organometallic complexes. In tuns tk important for clarifying the role of
heteroatom in the barriers of metal movement althvgy ligand, with respect to catalytic
activity. It is important for material science basa carbon atoms in graphene, nanotubes,
graphite, fullerenes... could be replaced by heternatin a way that can increase dynamic
activity and improve catalytic and material advagetof such compounds.
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The heteroatom highly facilitates IRHR in aquinoline Mo complex.
The N lone pair participates to the transition state stabilization.
The position(s) of nitrogen atom(s) on the heterocyclic ligand is (are) crucial.





