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The cycloaddition reactions of methane and ethylene mediated by Irt have been designed and studied
by the techniques of mass spectrometry in conjunction with theoretical calculations. Studies have shown
that Ir* can mediate the cycloaddition reaction of CH, and two C,H, to generate a half-sandwich struc-
ture IrHCp* (Cp=n°-CsHs) including pentamethylcyclopentadienyl ligand by continuous dehydrogena-
tion reaction with the forming of three C-C bonds and seven C-H bonds. The orbital analysis indicates
the mechanism of the cyclization reaction to generation of pentamethylcyclopentadienyl ligand with odd
number carbon atom depends on the overlap of 7 orbitals in -C;H; and carbene, which is more difficult
than the forming of cyclobutadiene ligand and benzene. This study may help to understand the reac-
tion mechanism in the cycloaddition reactions of organic compounds, which will be useful to guide the
rational design of new catalysts with tailored selectivity and increased efficiency.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The cycloaddition reactions of small organic molecules involv-
ing alkane, alkene and alkyne have been a topic for intense in-
vestigation during the past decades as one of the most straight-
forward methods to produce useful carbocyclic systems [1-4]. Due
to the thermodynamic stability and kinetic inertness of small or-
ganic molecules, the cycloaddition reactions for them are difficult
to occur, which always need extremely high temperature or high
pressure [5-8]. Therefore, the catalyst is essential for the cycload-
dition reactions. Transition metal compounds are effective in cat-
alyzing the cycloaddition reactions by changing its spin state due
to the empty or half-filled d orbitals of transition metals, which
have become the most abundant industrial catalysts for cycloaddi-
tion reactions [9-13].

In the past decades, the researchers applied different forms
of transition metal catalysts including the bare transition metal
atoms (Co, Ti, Y, Zr, Nb, Ni, Ru, Rh and Mo, etc.) [14-18], metal ox-
ides (TiO,, VO,) [19-21], neutral metal clusters (Pd,), ionic metal
clusters (Fep,™) [22] and so forth to study the reaction of acety-
lene cyclization through experiments and theoretical calculations
[23-29]. The intermediate products M(n2~CyHy)*, M(n2-C4H,)t,
M(n*-C4H,)t, M(n2-CgHg)*™ and M(n6-CgHg)" are generated. Their
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structures have been characterized in the gas phase experi-
ments with theoretical calculations. M(n2-CyHy)t, M(n2-C4H)t
and M((n2-CgHg)t are metal-ligand ring structures which can
be described by the Dewar-Chatt-Duncanson (DCD) complexation
model [30-35]. According to this model, the interaction of met-
als and ligands can be described as o donation and 7 back dona-
tion [30-35]. M(n*-C4Hy)* and M((n®-CgHg)t with metal cation-
7 structure contain cyclobutadiene and benzene, which are well-
known in organometallic chemistry, and even been employed in
gas-phase ion chemistry [30-35].

In addition to the reactions to generate the cyclobutadiene lig-
and and benzene with even numbers of carbon atom, the cycload-
dition reaction to form pentamethylcyclopentadienyl (Cp) ligand
with odd numbers of carbon atom is also important type of re-
action in the fields of organic synthesis, medicinal chemistry, pes-
ticides, and chemical industry [36,37]. As far as we know, the re-
action to obtain a ring with odd numbers of carbon atom has not
been obtained in the gas phase. Because the ground state of Ir* is
5d76s!, which has the enough empty valence orbital (of suitable
symmetry) for the cycloaddition reaction. The iridium and irid-
ium complexes have been applied to mediate the different cycliza-
tion reaction of small organic molecules [38-41]. Therefore, in or-
der to obtain the five-membered pentamethylcyclopentadienyl ring
ligand, in this work, the cycloaddition reactions of methane and
ethylene mediated by Ir™ have been designed and studied by the
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Fig. 1. Mass spectra from the reactions of [Ir]* and [IrC;H,]* with (a1, a2) He, (b1,
b2) CyHy, (c1, c2) C;D4 and (d1, d2) 3C,Hy, as well as the reactions of [IrC4H4]*
with (a3) He, (b3) CHy, (c3) CD4 and (d3) 3CH,, the specific m/z value for each of
peaks of mass spectra are given, respectively.

techniques of mass spectrometry in conjunction with theoretical
calculations. We will clearly investigate the generation of the half-
sandwich structure IrHCp* (Cp =n°-CsHs) including pentamethyl-
cyclopentadienyl ligand by high selectivity, the potential energy
surfaces of consecutive reactions in different electronic states and
the bond analysis of the products to further understand the special
cycloaddition reaction and guide the rational design of new cata-
lysts.

The experiments are performed by an ion trap mass spectrom-
eter equipped with a laser vaporization-supersonic expansion ion
source coupled with a flow tube reactor, which has been reported
previously [42,43]. For getting pentamethylcyclopentadienyl lig-
and, the cycloaddition reaction routes Irt — IrCoHp* — IrC4Hy ™ —
IrCsHg™ are designed. The metal ions Ir™ are generated by pulsed
laser ablation of a rotating and translating metal Ir target. The
532 nm second harmonic of a Nd:YAG laser with an energy of 5-12
mJ/pulse is used. The nascent ablated plasma is entrained by the
helium carrier gas (99.999%) expanded from a pulsed valve (Gen-
eral Valve, series 9) at a backing pressure of about 0.3-0.5 MPa. The
generated ions are guided and mass-selected by the quadrupole,
and then sent into a quadrupole linear ion trap. The mass spectra
from the reactions of Irt ions with He, C;Hy, C;D4 and 13C,Hy in
the ion trap are shown in Fig. 1 (panels al, b1, c1, d1). The results
indicate that only one product with chemical formula of IrC;H,*
is generated by reaction 1.

Irt + CHy — IrCHy* + Hy (1)

Isotopic-labeling experiments by using the C,D, and 3CyHy4
(panels ¢1 and d1) confirm this result with the generation of
IrC,D,* and Ir'3C,H,*. Similarly, the reaction of mass-selected
IrCoHy ™ with CyHy is studied, and the mass spectra from the reac-
tions with He, C;H4, C5D4, and 13C,Hy are shown in Fig. 1 (panels
a2, b2, c2, d2). The observation of only product IrC4Hs* suggests
that the reaction 2 takes place:

IrCoHy* + CoHy — IrC4Hy+ +Hy (2)

Isotopic-labeling experiments by using the C;D, and 3C,H,4
(panels c2 and d2) confirm that the generation of the IrCy13C,Hy*
and IrC4H2D2+/er4HD3+/IrC4D4+.

For getting the five-membered ring ligand, the mass spectra
from the reactions of IrC4H4* with He, CHy, CD4, and 13CH, are
studied and shown in Fig. 1 (panels a3, b3, c3, d3). One peak
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that can be assigned to the product ions with chemical formula
of [IrCsHg] ™ is observed in the spectra, reaction 3.

IrC4Hs " + CH4 — IrCsHg™ + Hj 3)

Isotopic-labeling experiments using the 3CH, sample confirm
that the four carbon atoms in the [IrCsHg]™ product ion are origi-
nated from the C,H,4 reactant and one carbon atom is originated
from the CH,4 reactant. However, we point out that when Ar is
added for cooling before the reaction gasses are inlet, no products
are found for the reactions of [IrC4H4]™ with CH4. For the reactions
of IrCoH, ™ or Irt with CyHy, no similar phenomenon is found.

In order to gain insight into the reaction mechanisms, the
geometry optimization and frequency calculations for reactants,
products, reaction intermediates (IMs) and transition states (TSs)
were carried out by using the TPSS method and the Def2TZVP ba-
sis sets by Gaussian 09 software package [44-47]. All the stationary
point structures were characterized on the Potential Energy Surface
(PES) by performing vibrational frequencies analysis, which aimed
at identifying the nature of the stationary point (minima or saddle
point). In predicting the reaction pathways, the intrinsic reaction
coordinate (IRC) [48,49] calculations were performed to confirm
the correctness of the transition states. All energies are reported
by zero-point vibrational energy (ZPE) correction. The analyses of
the quantum theory of atoms in molecules (QTAIM) [50,51], charge
decomposition analysis (CAD) [52] and orbital interaction diagram
are generated using the Multiwfn package [53].

The various possible structures of dehydrogenation products
IrCH,*, IrC4H,™ and IrCsHg™ are obtained by calculations at the
TPSS/def2-TZVP level and shown in Figs. S1-S3 (Supporting infor-
mation). For IrC,H,™, the most stable structure is metal cation-m
complex 3Ir(n2-C,H,)*. The corresponding singlet state structure is
predicted to lie 0.09 eV higher in energy than the triplet state. The
most stable structure of IrC4H,* is metallacycle structure 'Ir(n2-
C4Hy4)* of coupling by -CoH, (from IrC,H, ™) and -C;H, (activated
products of ethylene) which has the ground state 'A;. The 1Ir(n*-
C4H,)t and corresponding triplet state structure 3Ir(n2-C4Hy)* are
predicted to lie 0.35eV and 0.58 eV higher in energy than the most
stable structure. The most stable structure of IrCsHg*t is 'IrH(n°-
CsHs)*, which is half-sandwich structure with IrH moiety as the
center and coordinated with Cp ligand that is obtained from the
coupling by -C,H,, -C;H, and -CH (activated products of methane).
The isomers 'Ir(n>-CsHg)* and 'IrH(n%-C5Hs)*t are predicted to lie
0.43eV and 0.45eV higher in energy than the most stable struc-
ture.

The pathway for the first dehydrogenation reaction Irt + CyHy
starting with the quintet state as ground reactants is shown in
Fig. 2 and the details are shown in Fig. S4 (Supporting informa-
tion). An ethene adduct, °I1 is formed upon initial approach. The
efficient dehydrogenation at the thermal energies cannot occur
along the quintet state surface because the transition state °TS2
lies 0.68eV above the reactants, so further calculations along the
quintet state surface are not conducted. A surface crossing must
occur from the quintet state to the singlet state or triplet state
surface for dehydrogenation. Along the triplet state surface, the
ethene adduct, 311, lies 3.82eV lower in energy than the ground
state reactants. From 311, the first oxidative addition process with
the transfer of the first H atom from ethene to the Ir* occurs
through 3TS1 (—2.58 eV) resulting in the formation of the interme-
diate 312 (—3.24eV). The second oxidative addition process, with
C-H bond cleavage from -C,H to the Ir* center leads to generate
313 (—2.70eV) by a transition state 3TS2 (—2.24 eV). Then, interme-
diate 314 (—2.95eV) in which H, is adsorbed by Irt through weak
interactions is formed with the decrease of H-H distance. The final
triplet state product 3Ir(n%-C,H, )t with metal cation-7 structure
is generated with the reductive elimination process of H,. Along
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Fig. 2. The dehydrogenation pathways for the cycloaddition reaction of Irt + CyHy.
Relative energies of the reaction intermediates, transition states, and products with
respect to the separated ground state reactants are given by TPSS/CCSD(T) (the unit
is eV).

the singlet state surface, similar to the triplet state surface, this
crossing takes place in the entrance channel because intermedi-
ate 'I1 lies 3.28eV below °I1. Then the reaction occurs through
the oxidative addition and reductive elimination processes of C-H
bonds. It requires 0.09 eV more energy than the triplet state dehy-
drogenation process, but still lies 2.24eV below ground state re-
actants. Therefore, an effective dehydrogenation reaction can not
only occur along the triplet state surface but also along the singlet
state surface, the singlet and triplet state products Ir(n%-CyH,)*
and 3Ir(n%-C,H,)t may be coexisting.

The pathway for the second dehydrogenation reaction, which
begins with the singlet state or triplet state Ir(72-CyH,)* 4+ CyHy
is shown in Fig. 3 and the details are shown in Fig. S5 (Support-
ing information). The single state 'Ir(n2-CyH,)* +CyH, is deter-
mined as ground reactants for discussion. Along the singlet state
surface, the adsorption complex, 11 lies 2.85eV lower in energy
than the ground state reactants. The first oxidative addition pro-
cess with the transfer of the first H atom from ethene to the Ir*
occurs through 'TS1 (—2.08eV) resulting in the formation of the
intermediate 112 (—2.70eV). The second oxidative addition process,
with C-H bond cleavage from -CyH to the Ir* center leads to in-
termediate 'I3 (—2.83eV) by a transition state 1TS2 (—2.67eV).
The cycloaddition reaction with the coupling of -C,H, from reac-
tant Ir(n2-C,H,)t and -C,H, from the activated product of reac-
tant C,H, forms a metallacycle structure 14 (—1.98eV) through a
transition state !TS3 (—0.60eV). Then, intermediate 115 (—2.60eV)
in which H, is adsorbed by the metal cation Ir* through weak
interactions is formed with the decrease of H-H distance. The fi-
nal metallacycle structure 'Ir(n%-C4H,4)*t with singlet state is gen-
erated with the reductive elimination process of H,. In addition,
the 1Ir((n*-C4H4)* is also generated through the potential en-
ergy surface (114-1TS5-116). The IRC calculations of the pathways
113-1TS3-114 and '14-1TS5-116 are performed and the results are
shown in Figs. S6 and S7 (Supporting information). The reaction
pathway to generate 3Ir(2-C4H,)* for the triplet surface is similar
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to that of the singlet state. It requires 0.58 eV more energy than
the singlet state dehydrogenation process, but still lies 1.65eV be-
low ground state reactants, so the reaction can proceed along the
singlet state and the triplet state surface, the 'Ir(n*-C4H,)*, triplet
and singlet products Ir(n2-C4H,)" are generated. But the energy of
3TS4, TS5 is higher than that of 1TS4, and the energy of P4, P5 is
higher than that of P3, we predict the main product of IrC4Hs* is
r(n?-C4Hy)*.

The pathway for the third dehydrogenation reaction is shown
in Fig. 4 and the details are shown in Figs. S8 and S9 (Supporting
information). The reaction leading to the IrCsHg™ +H, products is
predicted to proceed via oxidative addition, reductive elimination,
ring-forming and dehydrogenation processes. If the reaction begins
with the singlet state 'Ir(2-C4H4)* 4+ CH, or 'Ir(n*-C4Hy)t + CHy
as the ground reactants, the efficient dehydrogenation at the ther-
mal energies cannot occur because the energy of transition state is
higher than the reactants (Figs. S6 and S7), this is consistent of
experimental results that no product is observed when ions are
cooled by Ar gas. The experimental results can be explained that
the part of the release energy in the reactions of IrC;H,* or Irt
with C;H, is not transferred away and the product IrC4H4™ owns
the extra energy to overcome the barrier. So the reaction can be-
gin with the triplet state 3Ir(2-C4H,)* 4+ CHy as ground reactants
or singlet state with the extra energy [54]. Along the triplet state
surface, the ethene adsorption complex, 311 lies 0.47 eV lower in
energy than the ground state reactants. When the activation of
the first C-H bond of CH4 occurs, the second transfer of hydro-
gen atom leads to the intermediate 313 by the transition state 3TS2
which lies 0.05 eV above the reactants. Because of this, efficient de-
hydrogenation at thermal energies cannot occur along the triplet
state surface, so further calculations along the triplet state surface
are not conducted. The triplet state Ir(n2-C4Hy)" is directly coordi-
nated to CH, for forming the ethene adduct, '11, lies 1.13 eV lower
in energy than the ground state reactants. From 11, the first ox-
idative addition process with the transfer of the first H atom from
CH4 to the Irt occurs through 1TS1 (—0.11 eV) resulting in the for-
mation of the intermediate 112 (—0.64 eV). The first reductive elim-
ination process, with the transfer of H atom from Ir* to adjacent C
atom leads to intermediate 'I3 (—1.74eV) by a transition state 1TS2
(—0.24 eV). The second oxidative addition process with the transfer
of the H atom from -CHj; to the Ir* occurs through 1TS3 (—0.89eV)
resulting in the formation of the intermediate '14 (—1.36eV). Then
the first ring-forming reaction with the coupling of -C4Hs and
-CH, from the activated product of reactant CH,; forms a met-
allacycle structure 'I5 (—1.54eV) through a transition state 'TS4
(—0.41eV). The third oxidative addition process, with the trans-
fer of H atom from -CH, (the activated product of reactant CH,)
to Irt atom leads to intermediate 16 (—1.20eV) by a transition
state 'TS5 (—0.87 eV). Then the H atom is transferred between the
two C atoms to form intermediate 117 (—1.65eV) by a transition
state 1TS6 (—0.43eV). The second ring-forming reaction with the
coupling of two C atoms adjacent to Irt through 'TS7 (—0.30eV)
results in the formation of the intermediate I8 (—0.43eV) with
a like-half-sandwich structure that IrH,* connects to the five-
membered ring -CsHg. The final oxidative addition process, with
the transfer of the H atom from -CH, to the Ir* center takes place
to form the intermediate '19, in which H, is adsorbed by the metal
Ir through weak interactions. Finally, the half-sandwich structure
IrHCp™ is generated with the reductive elimination process of Hj,
which is consistent with the experimental results. The generated
pathways of isomers Ir(5°-CsHg)*™ and IrH(2-CsHs)t are exother-
mic processes which lie 0.98eV and 0.96eV below ground state
reactants. But the energies of Ir(n>-CsHg)* and IrH(2-CsHs)*t are
higher than the IrHCp*, Therefore, the IrHCp™ is major product, Ir
(n°-CsHg)™ and IrH (n%-CsHs)™ may be also coexisting, which is
similar with the isomers of IrC4H4". The IRC calculations of the



W. Li, H. Wu, X. Ding et al.

Chinese Chemical Letters 34 (2023) 107196

P3="Ir(n*-C H,)"+H,

(i C,H, ) +C H, -
04 Soomon. 0.07/0.41 P4="Ir(n"-C H,)'+H,
*Inf-C,H, ) +C H) P5=*Ir{n®-C H,)"+H,
0.09-0.03
- =1 i
= 55
o
-1.27/-0.81
° g .....
£
-]
L
§ 21
2.67-2.33
i2
34 i 270233 B
- -2.85-2.52 -28¥-252
Reaction coordinate
- -~
CH :
= -k = DX
Hc / L ._
nén 151181 12612 ITs23182
Hise % L A , :
meesly T messln | pesly WM B M "
B S Nl HC \PJi CH
P3P5 15515 TS4°TS4 27 My - WPINICH  -— \1,/
HC! CH Hc\zl\;f N
J/ L £ HC CH
g H HC==CH _—
1 tp4Bg4 ITS34TS3 e
/ \| \CH - HC flfr:H
HC—
P4 185

Fig. 3. The dehydrogenation pathways for the cycloaddition reaction of Ir(n?-C;H,)* + CoHy. Relative energies of the reaction intermediates, transition states, and products

with respect to the separated ground state reactants are given by TPSS/CCSD(

pathways 113-1TS3-114 and '14-1TS5-116 are performed and the
results are shown in Figs. S10 and S11 (Supporting information).

In addition, the single-point energy of dispersion correction, the
entropy and Gibbs free energy are calculated and the comparison
diagrams are shown in Figs. S12-14 (Supporting information) and
the values are given in Tables S1-S3 (Supporting information). The
energy trends of dispersion correction and the entropy are con-
sistent with the calculation of the TPSS function used. The single-
point calculations using high-level CCSD(T) methods on the re-
actants, products, reaction intermediates and transition states are
shown in Figs. 2-4. The reaction pathways are consistent with the
TPSS function except for the 3TS3 of the cycloaddition reaction of
Ir(n2-C,H,)* with CyH4. The relative energy of transition states
3TS3 is higher 0.41eV than the ground state reactants, but the en-
ergy singlet state 1TS3 is lower than the reactant. So the cycloaddi-
tion reaction of Ir(n2-C,H,)* with C,H, might have a cross point
(CP) in the singlet and triplet potential energy surfaces [55]. The
reaction products are same as the results of TPSS function, so the
calculation of TPSS function is accurate.

In order to explain the mechanism of the cyclization reaction,
we analyze the localized molecular orbital (LMO) of the cyclization
process and the results are shown in Fig. S15 (Supporting informa-
tion). For the cyclization process of reaction !Ir(n2-CyHy)* + CyHy,
from 'I3 to '14 through the transition state 'TS3, with the distance
between the carbon atoms from 'Ir(n%-C,H,)t and C,H, gradu-
ally decreases, the two 7 orbitals of -C;H, from Ir(n2-CoHy),*
approach, and then overlap to form a multi-center bond (1TS3),
and further overlap to form a new C-C o bond, the  orbitals of
carbons in ring overlap result in forming the four-membered cy-

T) (the unit is eV).

clobutadiene ring ligand C4H4. The LMO of the cyclization process
above is the same to the that of the reaction 3Ir(n2-CyH,)" + CyH,
to generate 3Ir(n*-C4H4)*. For the first ring formation process
of reaction 'Ir(n2-C4H4)t +CHy, the two overlapping 7 orbitals
are from the -IrCH, with carbene structure and -C,H, of ring
n?-C4H,4, which leads to form another new C-C o bond. Finally,
the 7 orbitals of carbons in ring overlap to form the pentamethyl-
cyclopentadienyl ligand (Cp ring). Therefore, the mechanism of the
cyclization reaction depends on the overlap of & orbitals which is
consistent with the statement of previous paper [13].

In order to classify bond types, characterize bond nature, and
distinguish bond strength of the special product IrH(Cp)* con-
taining pentamethylcyclopentadienyl ligand. The bond analysis is
applied by the topological parameters at the bond critical point
(BCP) between two atoms based on the quantum theory of atoms
in molecules (QTAIM) theory [56—59]. From Table S4 (Support-
ing information), for the topological parameters the Ir-C bonds of
IrtH(Cp)*, py, and V2 p, are positive, H, is negative, and -G, /V;, is
greater than 0.5 and less than 1, which illustrate that IrH(Cp)*
is formed through the dative bond between IrH™ and Cp ligand
[56-59]. For the topological parameters the C-C bond of Cp, py, is
positive, V2p,, and H, are negative, and -Gp/V,, is less than 0.5,
which illustrate the C-C bond of Cp is covalent bonds [56-59]. The
analyses of orbital interaction diagram and charge decomposition
analysis (CDA) [60,61] are applied to understand how orbitals of
fragments are mixed to form the dative bond of IrH(Cp)* (Figs.
S$16 and S17 in Supporting information). For IrH(Cp)*, the LUMO
is mainly composed of the dy, orbital (44%) of 'Irt and the 7 or-
bital (41%) of Cp, the all occupied molecular orbitals are formed
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Fig. 4. The dehydrogenation pathways for the cycloaddition reaction of Ir(n?-C4H,)* +CH,. Relative energies of the reaction intermediates, transition states, and products
with respect to the separated ground state reactants are given by TPSS/CCSD(T) (the unit is eV).

by the s+d,% orbital (68%) of IrH* and the 7 orbital (20%) of Cp,
the s+d,2 orbital (25%) of IrH* and the 7 orbital (26%) of Cp, the
dx, orbital (34%) of 'Irt and the 7 orbital (47%) of Cp, the dyy or-
bital (34%) of lIrt and the 7 orbital (14%) of Cp, the s+d,2 orbital
(16%) of IrH* and the s orbital (64%) of Cp. The calculated data
of CDA of IrH(Cp)* indicate that the dative bond of IrH* and Cp is
formed between the donation from IrH* to Cp and back-donation
from Cp to IrH* by above mixed orbitals. The numbers of donation
electron and back-donation electron are 0.1164 and 0.1361 and the
back-donation interaction is greater than donation.

Previous studies have shown that catalysts containing transi-
tion metals can effectively promote the reaction of acetylene cy-
clization to form cyclobutadiene ligand and benzene [23-29]. Cp
is important ligand of sandwich structure compound whose im-
portance has been shown in the fields of organic synthesis, cataly-
sis, medicinal chemistry, pesticides, and chemical industry [36,37].
Normally, due to the thermodynamic stability and kinetic inert-
ness, the cycloaddition reaction of ethylene and methane to form
pentamethylcyclopentadienyl ligand with the activation and form-
ing of C-C bond and C-H bond does not happen at room temper-
ature [5-8]. Besides, the ring with odd numbers of carbon atom
is more difficult to generate than the ring with even numbers of
carbon atom, because -C,H, has the same s orbitals and is eas-
ier to overlap to form the ring with even numbers of carbon atom,
while the ring with odd numbers of carbon atom have to over-
lap with carbene, which is a dehydrogenation product methane
with different 7 orbital than that of the -C;H,. Therefore, de-
spite a lot of work on synthesis of cyclobutadiene ligand and
benzene, there is no work on the generation of Cp in the gas
phase. In this paper, the cycloaddition reaction of two ethylene
and methane by the “catalyst” Ir* can happen to generate the
Cp ring ligand by high selectivity, which proceeds by the activa-
tion/formation of three C-C bonds and seven C-H bonds and only

one products IrC;H,*, IrC4H4™ and IrCsHg ™ are found for Ir™/CyHy,
IrC,H,*t/CyHy and IrC4H,4 ™ /CH4 reactions in this process. The metal
ions Ir* plays a key role, which decreases the energy for C-H and
C-C bond activation and promotes the overlap of different 7 or-
bital. In addition, our study shows that the products Ir(n2-C,H,)*,
Ir(n2-C4Hy)*, Ir(n*-C4H,)t and IrH(Cp)*t are formed by the dative
bonds. These may help to understand the reaction cycloaddition
mechanism and guide the rational design of new half-sandwich
and sandwich catalysts with tailored selectivity and increased
efficiency.

In conclusion, the cycloaddition reactions of methane and ethy-
lene mediated by Ir* are designed, which have been studied
by gas-phase experiments with theoretical calculations. Experi-
mental results found the high selectivity reactions of Irt/CyHy,
IrC;H,*/C,Hy and IrC4H4*/CH4, and only one products IrCoH,™,
IrC4H,4™ and IrCsHg™ are confirmed, respectively. Calculations have
shown that Irt can mediate the cycloaddition reaction of CH4 and
two CyHy to generate the half-sandwich structure IrHCp* contain-
ing the pentamethylcyclopentadienyl ligand by continuous dehy-
drogenation reaction with the forming of three C-C bonds and
seven C-H bonds. The orbital analysis indicates the mechanism of
the cyclization reaction to generation of pentamethylcyclopentadi-
enyl ligand depends on the overlap of -C,H, and carbene 7 or-
bitals, which is more difficult than the overlap of same -C,H, 7
orbitals to form cyclobutadiene ligand and benzene. The calculated
QTAIM and CDA data of IrH(Cp)™ indicate that the dative bond of
IrH* and Cp is formed between the donation from IrH* to Cp and
back-donation from Cp to IrH*. The back-donation interaction is
greater than donation. This study may help to understand the re-
action mechanism and metal-mediated ability in cycloaddition re-
action of organic compounds, which will be useful to guide the
rational design of new catalysts with tailored selectivity and in-
creased efficiency.
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