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Intramolecular inter-ring haptotropic rearrangement
in iridium naphthalene complexes: a DFT study
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Quantum chemical simulation of the inter-ring haptotropic rearrangement (IHR) in iridi-
um naphthalene complexes [n4-lr(C10H8)L2]+ (L = PH;, PMej;, PPh;) involving migration
of organometallic group from one of the aromatic ring to the other, was performed using the
PBE density functional method with the TZV2p basis set for valence electrons and the relativis-
tic SBK-JC pseudopotentials for the core electrons. The structures of the transition states and
intermediates were studied. The IHR proceeds at the periphery of the naphthalene ligand. All
transition states have reduced symmetry and hapticity compared with the initial complexes.
The calculated thermodynamic parameters of the IHR are in agreement with the NMR data for
the related iridium complex of ethylnaphthalene [n4-Ir(2-ethylnaphthalene)L2]*A*, L= PPh;,
A =SbFg, k=6-10"%s71, AG*)g5 k = 21 kcal mol~1).
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Currently, m-arene transition metal complexes are
widely used in organic and organoelement chemistry for
catalytic and synthetic purposes. These compounds are
effective precursors of corresponding substituted complex-
es of aromatic organic compounds due to their ability to
provide fine control of regioselectivity and stereochemis-
try of metallation (for example, lithiation) and subsequent
reactions of the salts formed with electrophiles. This ap-
proach is used, in particular, for the synthesis of pharma-
ceuticals and other biologically active compounds.

This important and broad class of compounds has been
best studied for monoaromatic ligands (MAL) and to
a somewhat lesser extent for polyaromatic ligands (PAL).
Complexes with PAL, in which only part of the ligand
atoms is bonded to transition metal, are highly labile. Var-
ious dynamic processes are observed in these organoele-
ment derivatives.! Intramolecular inter-ring haptotropic
rearrangements (IHR) are rather typical and well studied.?

Attempts to prove the existence of the degenerated IHR
(for example, n° n’-inter-ring rearrangements) in transi-
tion metal complexes with unsubstituted PAL were made.
However, detection of this type of rearrangement by dy-
namic NMR spectroscopy appeared to be impossible with-
out introducting a labelled substituent into a ring of a
polyaromatic compound. It is explained by high activa-
tion barrier to the IHR in question. For instance, no dy-
namic phenomena were observed in 'H and 3C NMR
spectra ofn°-acenaphthyleneCr(CO),2n°-C,,HgCr(CO);,3

[(n6-C oHy)Ir(CsMes) > (PFg), (70 °C, CF;COOH),*
(n%-C,yHg),Cr (130 °C, C4Dg)5 samples in the NMR time
scale upon heating. Only recently, these effects were
detected for the 16-electron nickel complexes of naphth-
alene (n2-C,,Hg)Ni(Pr,NCH,CH,NPr,)® and anthracene
(n?-C14H,p)Ni(PEt,), (n>n>-IHR).

Thermally induced intermolecular IHR were system-
atically studied: experimentally for the labelled compounds
and theoretically for chromium tricarbonyl complexes of
PAL by the DFT method. Such studies were mainly per-
formed for chromium tricarbonyl complexes of naphtha-
lene8—10 (Scheme 1), biphenyl!! (Scheme 2), and some
other PAL (for example, biphenylene!? and dibenzo-
thiophene!3). Labels were usually introduced by lithiation
followed by the reaction of the lithium salt with electro-
phile RX. However, this is not a versatile approach. For
example, it was unsuccessful for acenaphthylene and
fluoranthene complexes, viz., no corresponding labelled
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complexes were synthesized and the rate constants and
thermodynamic parameters determined.

Nevertheless, the activation barriers to IHR can be
easily and reliably determined by conventional kinetic ap-
proaches upon introduction of the label. In the complexes
dissolved in inert, non-coordinating solvents (for exam-
ple, decane or hexafluorobenzene), in the course of rear-
rangement the Cr(CO); group (slowly) or a phosphine-
substituted group Cr(CO),(PR;) (more rapidly)!4 (Scheme 3)
intramolecularly migrates along the n-system of the ligand
between different aromatic rings at the temperatures
80—170 °C with activation barriers of 27—33 kcal mol~!
(n%,n0-rearrangement).

Scheme 3
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The intermolecular character of such rearrangements
is proved by the fact that they proceed in inert and non-
coordinating solvent and even in melts.!> This was con-
firmed by cross-experiments, 16 as well as by retention of
stereochemistry!” and optical activity!® during the THR.
Rearrangements proceeding with such activation barriers
can be studied by methods of stationary kinetics (mainly
by NMR,%13—15 and in some cases by HPLC!7 and IR
spectroscopy!4).

An analysis of published data shows that almost no
DFT calculations were carried out for IHR in the com-
plexes of main-group (a rare example is the IHR of lithi-
um cation over naphthalene radical anion or related frag-

ments, where Li" migrates through the center of the
ligand!®) or transition metals (not chromium!). In the
present study, the results of DFT quantum chemical cal-
culations of IHR in the iridium complexes of naphthalene
are demonstrated. The kinetic parameters of this process
were experimentally studied previously for similar isomer-
ic iridium complexes of ethylnaphthalene [n*-Ir(2-ethyl-
naphthalene)L,]*A~ (Scheme 4, L = PPh;, A = SbF)20,
but the quantum chemical simulation was performed for
the unsubstituted complexes to simplify calculations.
This approach is of considerable interest for the search for
processes proceeding with lower activation barriers than
those known for chromium complexes, i.e. considerably
faster and under milder conditions. This is very important
for catalytic and synthetic purposes.

Scheme 4
Et Et
4a 4b

The rate constant and AG*,g5 ¢ value for the IHR of
isomeric n*-ethylnaphthalene complexes with Ir 4a < 4b
(the process proceeds very fast and takes ~10 min to attain a
50 : 50 equilibrium at 10 °C in CD,Cl,) were estimated from
experimental data (k=6+10~%s~1, AG#5g3 k = 21 kcal mol ™).
The activation barrier appeared to be considerably lower
than that for the IHR in the corresponding chromium
carbonyl complexes with naphthalene (see Schemes 1
and 3). The intermolecular character of this process was
proved by cross-experiments. This means that the IrL,
fragment is more prone to haptotropy than even the
Cr(CO),PR; fragment.

Calculation Procedure

The molecular geometries and the transient structures
were optimized by the PBE density functional method?!
with the TZV2p triple-zeta basis set of Gaussian functions
(see Refs 22 and 23) for valence electrons and the SBK-JC
relativistic pseudopotential?3—25 for the core electrons. The
stationary points were located by analysis of the Hessians.
The energies of stationary states (£) were calculated with
inclusion of the zero-point vibrational energy correction
(ZPVE, EY). The statistical formulas of rigid rotator and
harmonic oscillator were used for calculations of the free
activation energy G at 298.15 K. Correspondence between
the transition states (TS) and the corresponding minima
on the potential energy surface (PES) was checked by
constructing the intrinsic reaction coordinate (IRC).
Quantum chemical calculations were performed using the
PRIRODA-04 program package (see Ref. 22) on the
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MVS-100k computer cluster at the Joint SuperComputer
Center (JSCC) of the Russian Academy of Sciences.

Results and Discussion

Rearrangements in [(n*-C,,Hg)IrL,]* complexes. Four
models of iridium naphthalene complexes (L = PRj,
R =H (I), Me (II), Pr' (IIT), Ph (IV) (Fig. 1) containing
phosphine ligands of different nature and steric hindranc-
es were considered. The optimized structures, selected geo-
metric parameters, and energies of the complexes are giv-
en below. For all four models, the n*-structure corresponds
to the minimum on the PES, which in turn corresponds to
the 16-electron nickel complexes. The naphthalene ligand
loses its planarity and the n*-fragment bonded to Ir bends
with respect to the noncoordinated fragment of the ligand
(dihedral angle 6 = 25.4—15.4°). This angle increases as the
phosphine ligand becomes more crowded, i.e. the volume
of the groups R surrounding the phosphine atom increas-
es: it is maximum for structure III (R = Pr') and minimum
for I (R = H). This distortion of the arene planarity is
described in detail for the transition metal n*-complexes
with MAL and PAL.26

It is known?’ that the geometries of chromium tricar-
bonyl complexes with PAL are well described by the DFT
method. The presence of the bond of the Cr atom with
a particular C atom is determined according to Bader?8
(the bond order should be 0.15 or higher).2” Probably, this
value can vary to some extent depending on the transition
metal. It is interesting to check the correctness of the
criteria for the determination of the hapticity for the initial

III; AE=0; AE'=0; AG=0 IV;AE=0;AE'=0;AG=0

Fig. 1. Optimized structures of model complexes [(n*-C Hg)IrL,]*
I—IV. Here and in Figs 2, 3, 5, 6, 8 and 10 the bond lengths (A)
are shown; AE, AE® and AG values are given in kcal mol~!.

iridium complexes and for the corresponding stationary
states during the study of the IHR.

We analyzed the bond orders for the naphthalene irid-
ium n®-complex (Table 1). Such complexes with the
n%-configuration [(n°-C,,Hg)IrH,PPr;/|BF, (V) and
[(n®-C,oHg)IrCpMes]>* (PF¢ ™), (VI) determined on the
basis of 'H and 13C NMR spectra and X-ray data were
described earlier?? and differ in hapticity from the
n*-complexes, which are the subject of the present study.

Geometry optimization of complex V by the DFT
method led to two stable states (Fig. 2), which differ con-
siderably in orientation of the hydride atom and have close
energies. The optimized structures were also calcul-
ated for complex VI and its cyclopentadienyl analog
[(n6—ClOHg)IGC]ZJ’(PF()z (VII). It should be noted that
characteristic feature of the iridium n-complexes consists
in reversible transitions n® < n? associated with the slipping
of iridium atom to the periphery of the six-membered ring.

Analysis of bond orders (see Table 1) indicates that
complexes V and Va have the n°-configuration, whereas
complexes I—IV have the n*-configuration, which is in
good agreement with the NMR and X-ray data. As the
additional phosphine ligand L becomes more sterically
crowded, the symmetry violation of the Ir—C bonds rela-
tive to the six-membered fragment of the naphthalene ring
is increasingly more pronounced.

Iridium complexes with PAL very often have the
n®-configuration?? (it is in agreement with the 18-electron
rule; the complexes are yellow or colorless), although the
corresponding n*-complexes are also known, being usual-
ly red. In addition, the structures of the n*-complexes of
other transition metals (Co, Fe, Rh, efc.) with naphth-
alene were reported.3? Due to the n*-configuration of com-
plexes I—IV, only the n* & n#* inter-ring haptotropy is

52,5557 078 ° &
Va; AE=2.5;AG=3.0

V.AE=0;AG=0

Fig. 2. Optimized structures of complexes [(n°-CoHg) IrH,PPri;]*
(V, Va), [(n%-C,yHg)IrCpMes| 2" (VI), and [(n°-C,,Hg)IrCp]?*
(VII).
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Table 1. Ir—C bond lengths in complexes I—VII

Complex C(1) C(@2) C@3) C@4) C(4a) C(8a)
I(n% 038 033 033 038 0.10 0.10
I (n%) 038 032 037 037 0.08 0.7

III (n%) 0.54 041 041 055 0.9 0.06
IV (n%) 048 033 035 042 0.10 0.06
VI (n%) 036 032 032 036 022 0.22
VII (n®) 035 031 031 035 022 021
V (%) 034 028 028 032 0.12* 0.5
Va (n®) 030 027 024 030 0.5 0.17

* Small deviation from the critical value 0.15 (for Cr—C bond)
to 0.12 for Ir—C bond suggests the dependence of this formal
criterion on the nature of metal and tendency of Ir to the change
its hapticity at n* — n°.

possible, whereas the intra-ring haptotropy similar to the
n? S n? haptotropy in the naphthalene nickel n2-com-
plexes is impossible.® The DFT study of the structure of
these naphthalene nickel complexes, as well as the intra-
ring (Scheme 5) and inter-ring rearrangements (Scheme 6)
in these complexes will be published elsewhere.

Scheme 5
P
Ni
(1)
P!
Ni
\FJ2
Scheme 6
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PES calculations of the n*$ n* inter-ring haptotropic
rearrangement for complexes I and II lead to symmetrical
transition states I-TS and II-TS (Figs 3 and 4). Taking
into account the calculation error due to the degeneracy of
the THR, the isomeric complexes I” and II” formed upon
the n* S n? rearrangement have almost the same symme-
try and energy as the complexes I and II.

Analysis of the bond orders (Table 2) suggests that the
larger the phosphine ligands the higher the steric strain
between them and the lower the hapticity of the iri-
dium—PAL bond in the transition state. The
structure of the transition state with a rather high energy
(~30 kcal mol~!) changes from the trimethylenemethane
type n*-I-TS to an almost allyl type n3-II-TS. Of course,

o

2.793 © 4
II-TS; AE = 24.4;

AEY=23.6;AG=22.3

I-TS; AE=30.6;
AEY=30.3; AG=28.4

Fig. 3. The structures of transition states (TS) of the IHR 42 4b
in complexes I and II.

this approach is somewhat formal; however, the Ir—C(4a)
bond in structure II-TS is weaker than in structure I-TS
(bond orders are 0.14 and 0.22, respectively).

AE/kcal mol~! a
35F
I-TS
30 |
25 F
20 |
15F
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25t 1I-TS
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15
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II 1

0 10 20
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Fig. 4. Changes in AF along the reaction coordinate for the IHR
IS1 (a) and IS II” (b). Hereafter, the reaction coordinate s
is given in the mass-weighted coordinates Bohr amu®-5, amu is

the atomic mass unit, Bohr is the atomic distance unit, i.e. the
radius of hydrogen atom.
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Table 2. Ir—C bond orders in transition states I-TS

and II-TS

State C(8a) C(1) C(8) C(4a)
I-TS 0.29 0.19 0.19 0.22
II-TS 0.28 0.23 0.17 0.14

The PES of structure IIT has a more complex shape.
The n*-structure corresponding to the global minimum is
characterized by flattening of the naphthalene ring with
conservation of the symmetry plane and transformation to
the n2-configuration with the increase in the energy to
AG = 17.5 kcal mol~! (III-TS1) and further to the inter-
mediate (III-IM1) with the same symmetry and a close
energy (AG= 16.4 kcal mol~!). The intermediate ITI-IM2
is formed via the transition state III-TS2. Finally, migra-
tion to the adjacent ring (Fig. 5) occurs via the transition
state III-TS3 (AG = 30.1 kcal mol~!). The overall trans-
formation (taking into consideration the calculation er-
ror) is as follows:

I —— III-TS1 —— [1I-IM1 —»

— III-TS2 —— I[II-IM2 ——»
— [II-TS3 —— I1I-IM2a ——III".

TM-TM2a; AG = 13.1

III-TS3; AG=30.1

Fig. 5. Structures of transition states and intermediates of the
IHR in complexes III.

One can assume that the asymmetry of the structure, dif-
ference in the Ir—C bond lengths in III-TS3, and a rather
high energy of this transition state (AG = 30.1 kcal mol~?)
are due to rotational isomerism of sterically crowded iso-
propyl groups. No experimental AG* values are available
for the IHR in structure III. Probably, this complex mech-
anism of the IHR is virtually unrealizable.

The experimental data available for the IHR 4a$ 4bin
the complexes studied (L = PPh;, AG,g3 k = 21 kcal mol—1)
indicate that, probably, the rearrangement proceeds via
another transition state with a lower energy and another
rotational isomerism of isopropyl groups in the phosphine
ligands. Additional calculations led to an alternative
n3-transition state (III-TS4) (Figs 6 and 7) with a lower
energy, which better corresponds to the experimental data
in terms of energy.

Some flattening of the PES curve to the right and to
the left from the maximum corresponding to the transi-
tion state ITI-TS4 is explained by the motion of the orga-
nometallic fragment along the periphery of the naphtha-
lene ligand from one ring to the other with the change in
hapticity: n* (initial complex) — 13 (ITI-TS4) — n? (for-

III-TS4; AG=23.7

Fig. 6. The structure of alternative transition state of the IHR in
complexes III.

AE/kcal mol~!
I11-TS4

20}

15t

0

5 -

0T 1ma b

0 20 40 60 80 100 120 140 s

Fig. 7. Changes in AF along the reaction coordinate for the IHR
IIIa <> IIb.
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mation of the metal—olefin bond in the six-membered
ring) — n* (final product). In the plateau region, two
opposite trends are observed around the transition state,
namely, an increase in energy due to the cleavage of one of
the three bonds, and a decrease in energy due to the in-
crease in stability of the two bonds being formed (3> — n?2
transition).

The descent along the reaction coordinate (see Fig. 7)
from this transition state leads to stable n*-conformers
IIIa and IIIb with a little higher energy than that of struc-
ture IIT (Fig. 8), which are then transformed to conformer
III by the different concerted and asynchronous rotations
around P—C bonds (Figs 1, 7, and 8). These rotations
were not studied theoretically.

In complex IV, which differs from the synthesized one2?
only in the absence of ethyl group in one ring, the IHR
proceeds in a more complicated way than in complexes I
and II, but also along the periphery of the naphthalene
ring. The n2-transition state (IV-TS) is further shifted to
the flattened region of intermediates placed between transi-
tion states IV-TS and IV-TS " with the lowering in energy:
first, to the intermediate IV-IM (n2), then to the interme-
diate IV-IM-a (n3) and includes the atoms C(1), C(9),
and C(8) in the coordination sphere (Figs 9 and 10).

This IHR is more complicated than in complex III
with the isopropyl ligand. This is explained by steric hin-
drances of phenyl ligand overlayed by other factors lead-
ing to stabilization of intermediates. The electron-with-
drawing properties of phenyl groups, which differ them
from alkyl substituents in structures I—III, can be among
these factors.

Thus, the IHR in the iridium naphthalene complexes
[(M*-C,oHg)IrL,]* with different phoshine ligands L were
studied by the DFT method. The n*-structure of the ini-
tial products is in agreement with the experimental data
for related ethyl-substituted complexes [n*-Ir(2-ethyl-
naphthalene)L,]*A~ (L = PPh;) 4a and 4b. The transition
states and intermediates of the IHR in these complexes,
which are similar to the rearrangement 4a < 4b experi-
mentally studied by NMR spectroscopy (see Scheme 4),
were also studied. All these intermediates have a reduced

IMa; AG=5.5

Fig. 8. Stable structures IIla and IIIb with higher energy com-
pared with complex II1.

IIIb; AG= 5.5

AE/kcal mol~!
20 F

IV-TS

IV-TS”

15

10

o —1v I\

0 50 100 150 200 250 s
Fig. 9. Changes in AF along the reaction coordinate for the IHR
IVS1IV'.

IV-IMa; AE = 20.6;
AEY=20.2; AG=20.0

Fig. 10. The structures of transition states and intermediates of
the THR 4a 5 4b in complex IV.

symmetry and hapticity compared with the initial com-
plexes. The calculated thermodynamic parameters of the
IHR in the unsubstituted complexes are in agreement with
the experimentally obtained kinetic data.

The authors appreciate the Alexander von Humboldt
Foundation (Bonn, Germany) for supplying the working
station and additional computer equipment for perform-
ing DFT calculations.
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