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Introduction

Over the years, several attempts have been made in convert-
ing saturated hydrocarbons, a richly abundant constituent in
petroleum feedstock, to more valuable cyclic aromatic com-
pounds by using heterogeneous catalysis. Most of these ap-
proaches involving catalytic dehydrogenation and aromati-
zation employed high temperatures (�500 8C).[1] In the
recent past, a class of tridentate compounds known as pin-
cers have received increasing attention as potential ligands
for homogeneous catalysts for alkane dehydrogenation.[2] In
particular, the bis-phosphine h3-C6H3ACHTUNGTRENNUNG(iPrP)2-1,3 (PCP) class
of pincers have emerged as robust ligands capable of offer-
ing thermally stable catalysts with transition metals such as
iridium. Iridium pincers have been in use for alkane dehy-
drogenation for more than a decade.[3a–f] In one of the earli-
est reports, Kaska and Jensen[3g] employed Ir-pincers in con-
junction with tert-butylethene (TBE) as an acceptor for

alkane dehydrogenation. The mechanistic[4] and computa-
tional studies on these reactions have suggested the involve-
ment of an associative as well as dissociative pathways.[5]

There have been efforts toward the development of accept-
orless dehydrogenation reactions as well.[4e] An interesting
aspect of metal-catalyzed dehydrogenation methods is that
it can provide access to terminal alkenes, which are other-
wise difficult to generate by using standard reactions. The
problem is particularly acute for aryl systems because Frie-
del Craft�s alkylations would lead to branched alkyl chains,
owing to the higher stability of secondary carbocations that
are involved in the mechanism of such reactions.

In a very recent report, Goldman and Brookhart[6] have
demonstrated that arenes could be produced from higher al-
kanes by using an iridium–PCP pincer catalyst and tert-bu-
tylethylene as an acceptor. The invention is quite promising
and could be regarded as capable of providing future tech-
nological impetus in this direction. Improved understanding
of the mechanism of this reaction might help enable com-
mercial exploitation leading to production of benzene, tol-
uene, xylene (known as the BTX family), and higher arenes
from petroleum feedstock. The chemistry therefore assumes
additional significance in an era of depleting fossil fuels.

The mechanism of formation and the associated energet-
ics for the conversion of linear alkanes to arenes has not
been established yet. Herein, results of our density function-
al study on PCP�Ir�H4 catalyzed conversion of n-hexane to
benzene with the help of TBE as the sacrificial acceptor, are
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reported. It was established earlier that during the conver-
sion of hexane to benzene, tert-butylethylene (TBE) under-
goes hydrogenation to tert-butylethane (TBA).[3e–g] Four
moles of TBE is consumed for every mole of conversion of
n-hexane to benzene.[7] The energetically more-favored dis-
sociative pathway is emphasized in the present study.[8] The
overall reaction can be viewed as the conversion of n-
hexane to benzene, through a series of consecutive catalytic
dehydrogenations to hexa-1,3,5-triene followed by an elec-
trocyclization and dehydrogenation to yield benzene, as
shown in Scheme 1. One molecule of active catalyst PCP�Ir

(1) is converted into PCP�Ir�H2 (6) for each dehydrogena-
tion event. The dihydro-iridium intermediate 6, in turn, can
consume a molecule of H2 liberated in the initial conversion
of 8 to 6, and facilitate the regeneration of the pre-catalyst
PCP�Ir�H4 (8). More information on important elementary
steps and the accompanying details of the key stationary
points are depicted in Scheme 2.

Results and Discussion

The mechanism can be considered as beginning with the in-
teraction of n-hexane with the coordinatively unsaturated
active catalyst PCP�Ir (1). Although the pincer can exist as
different conformers, the most stable conformer is chosen
for the mechanistic investigations reported in this study.[9]

The substrate n-hexane can bind to 1 either through its ter-
minal methyl or internal methylene groups. The weakly
bound pre-reacting complex leading to the terminal C�H
activation is designated as 2. An a-agostic interaction be-
tween iridium and terminal methyl group is identified in 2.
The C�H bond length of the interacting methyl group is
found to be longer (1.12 �) as compared with the non-inter-
acting C�H bonds (1.09 �). The barrier for the terminal C�
H bond activation, computed as the difference in energy be-
tween 2 and TS ACHTUNGTRENNUNG(2–3), is 13.2 kcal mol�1. The transition-state
geometry for the C�H activation as well as some of the key
intermediates are provided in Figure 1. Intermediate 3, gen-

Scheme 1. Catalytic dehydrogenation of n-hexane to hexa-1,3,5-triene
and subsequent dehydroaromatization to benzene.

Scheme 2. A plausible mechanism for the conversion of an alkane to an
alkene by PCP�Ir.

Figure 1. The geometries of intermediate 2 and the transition states for
the key steps involved in the catalytic cycle. Selected bond lengths (�)
and angles (8) are given. Only selected hydrogen atoms are shown for im-
proved clarity.
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erated via this step, consists of a hexyl chain and a hydrogen
bound to the iridium center.

Other conformers of the iridium-alkyl intermediate 3 ex-
hibiting a b-agostic interaction, denoted as 4 and 4’, are also
identified. The agostic interaction is identified to be stronger
in 4 (activated C�H bond length) than in 4’. In intermediate
4, b-(C�H), (b-H)�Ir, and Ir�ACHTUNGTRENNUNG(b-C) bond distances are 1.14,
2.23, and 2.64 �, respectively, whereas in 4’, longer Ir�C
(3.14 �), Ir�H (3.19 �) and shorter C�H (1.10 �) bond dis-
tances are noticed. The vital olefination step can now occur
in intermediate 4 (or 4’) through a b-H transfer involving
TS ACHTUNGTRENNUNG(4–5) (or TS ACHTUNGTRENNUNG(4’–5’)). Depending on the relative positions
and the angle between the hydrogen atoms and the alkyl
chain on iridium (q), two key geometric possibilities, endo
and exo, are considered. The endo and exo geometries
denote an acute and obtuse H�Ir�H angle, respectively
(Figure 1). It can be readily noticed from the Gibbs free
energy profile, as given in Figure 2, that the barrier for the

conversion of 4’ to 5’ in the exo pathway is found to be
6.6 kcal mol�1, whereas that for 4 to 5 in the endo pathway is
7.3 kcal mol�1.[10] The products 5’ and 5 are h2-complexes of
hex-1-ene with PCP�Ir�H2 in exo and endo geometries, re-
spectively. The relative energies of p-olefin complexes 5 and
5’ indicate that the exo product complex 5’ is more stable
than the corresponding endo complex 5.[11] At this stage, the
product of the first catalytic cycle, namely hex-1-ene, should
be released such that the regeneration of the catalyst is fa-
cilitated.

The expulsion of hex-1-ene from 5 (or 5’) would give rise
to an endoergic PCP�Ir�H2 species 6 (or 6’). The intermedi-
ates 6 and 6’ differ mainly in the H�Ir�H angle, which were
found to be 59 and 176 8, respectively.[13] The likely conver-
sion of 6 (or 6’) to pre-catalyst 8 as well as the active cata-
lyst 1 is summarized in Scheme 3. It is important to note at
this juncture that H2 liberated during the course of genera-
tion of the active species PCP�Ir (1), facilitated by TBE to
TBA conversion, can develop a weak interaction with 6 (or
6’). The reactive PCP�Ir�H2 could therefore form a s-com-
plex with a molecular hydrogen to give way to an intermedi-
ate PCP�Ir�H4 (7). The Gibbs free energy barrier as given
by TS ACHTUNGTRENNUNG(6–7) for the hydrogen uptake in the endo pathway is
8.8 kcal mol�1 (Figure 2). The optimized geometry of TS ACHTUNGTRENNUNG(6–
7) is provided in Figure 3 a. The analogous transition-state in
the exo pathway could not be optimized even after repeated

attempts. These s-complexes (7
and 7’) can collapse to the origi-
nal pre-catalyst PCP�Ir�H4 (8)
through a relatively low barrier
process. The geometry of the
corresponding transition state,
TS ACHTUNGTRENNUNG(7–8), is provided in Fig-
ure 3 b. One catalytic cycle can
be considered as complete with
the regeneration of the pre-cat-
alyst 8 through the aforemen-
tioned steps.

The discussions thus far have been on the formation of
hex-1-ene from hexane. However, an alternative possibility
leading to an internal olefin, such as hex-3-ene cannot be
ruled out. Computed energetics predict that the activation

Figure 2. The Gibbs free energy profile (in kcal mol�1) for the formation of 5 (or 5’) from n-hexane catalyzed
by 1, and regeneration of the pre-catalyst 8 (in grey).[12]

Scheme 3. A plausible mechanism for catalyst regeneration from PCP�
Ir�H2 (6 or 6’) formed as a result of the first step of olefination of n-
hexane to hex-1-ene.

Figure 3. Transition-state geometries for the formation of a) the s-com-
plex with molecular hydrogen and b) the subsequent conversion to PCP�
Ir�H4. All distances are in �.

Chem. Eur. J. 2013, 19, 4069 – 4077 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4071

FULL PAPERDehydroaromatization of Hexane to Benzene

www.chemeurj.org


of C�H bonds at C2 or C3 positions are less favorable as
compared to that noticed for the terminal position.[14] The
relative energies of the transition states for the C�H activa-
tions at C1, C2, and C3 positions are found to be 12.7, 16.7,
and 19.9 kcal mol�1, respectively.

A similar series of mechanistic steps, as in the formation
of hex-1-ene, is envisaged toward producing higher ana-
logues such as dienes and triene. Depending on the relative
positions of further C�H activations, the formation of hexa-
1,3,5-triene can follow two key sequences. The second dehy-
drogenation of hex-1-ene can lead either to hexa-1,3-diene
or hexa-1,5-diene. Each of these dienes upon subsequent de-
hydrogenation would furnish the desired hexa-1,3,5-triene.
Beginning from hex-1-ene, either C3�H or C4�H activation
followed by a dehydrogenation can give hexa-1,3-diene. The
allylic C3�H activation is found to be more favored over
the homoallylic C4�H activation. The improved stabilization
of the incipient partial charges in the transition state for al-
lylic C�H bond activation, as revealed by NPA analysis, can
be regarded as the key reason for such a preference.[15]

Hexa-1,5-diene can be formed only through terminal C6�H
activation of hex-1-ene because of steric issues described
earlier.

In view of these possibilities, the following mechanistic se-
quence is examined for the conversion of hexene to hexa-
diene. Since the type of mechanistic steps involved is similar
to the first dehydrogenation leading to olefin, the nomencla-
ture adopted here employs “a” preceded by the correspond-
ing numerical identifier for different species (Scheme 2).
These include 1) the formation of a weakly interacting com-
plex (2 a) between the catalytically active species 1 and hex-
1-ene, 2) oxidative insertion leading to an iridium-alkyl spe-
cies (3 a), 3) conformational change to 4 a, 4) b-H transfer to
furnish the diene bound to PCP�Ir�H2 (5 a), and 5) separa-
tion of the respective diene from 5 a giving way to 6 a. In the
b-H transfer step, the formation of endo and exo isomers is
possible.

The Gibbs free energy profile for dehydrogenation of
hex-1-ene to the corresponding dienes is provided in
Figure 4. The lower energy transition-states, TS ACHTUNGTRENNUNG(4 a–5 a) and
TS(4 a’–5 a’), belonging only to the endo and exo pathways,
respectively, are included in the profile. The relative energy
of the higher energy TS ACHTUNGTRENNUNG(4a–5 a) in the corresponding exo
pathway for the formation of hexa-1,3-diene is found to be

18.1 kcal mol�1. Similarly higher energy transition-state for
the formation of hexa-1,5-diene, TS(4 a’–5 a’), in the endo
route is as high as 22.0 kcal mol�1.

It can be noticed form the Gibbs free energy profile that
there are no exoergic intermediates (except 2 a with just less
than kcal mol�1 of stabilization) involved in the overall dehy-
drogenation process. The highest energy transition-state TS-ACHTUNGTRENNUNG(4 a–5 a)endo in energetically the most preferred pathway
can therefore be regarded as the rate-limiting transition-
state for hexa-1,2-diene to hexa-1,3-diene conversion.[17] Ex-
amination of the elementary step barriers for the C�H acti-
vation in both hexa-1,3-diene (TS ACHTUNGTRENNUNG(2 a–3 a)) and hexa-1,5-
diene (TS(2 a’–3 a’)) pathways conveys no particular kinetic
advantage in favor of 1,3- or 1,5-diene. However, the rela-
tive free energies of the transition states for the next b-H
transfer step in hexa-1,5-diene pathway is 18.5 kcal mol�1 as
compared with 15.4 kcal mol�1 in hexa-1,3-diene pathway,
suggesting that the formation of hexa-1,3-diene is more
likely. The optimized geometries of these transition states,
TS(4 a’–5 a’)exo and TS ACHTUNGTRENNUNG(4 a–5 a)endo, are provided in
Figure 5. Comparison of the geometries, particularly around
the reaction coordinate at which the hydrogen transfer
occurs, reveals nearly identical structural features. Hence,
the relative energy difference of 3.1 kcal mol�1 between two
the transition states should be regarded as arising due to im-
proved conjugation of the developing double bond in the
case of TS ACHTUNGTRENNUNG(4 a–5 a). Another pathway for isomerization of
hex-1-ene to hex-2-ene is also examined.[18] It is important
to note that the free energy of dehydrogenation of hexane,
which is the energy gap between two catalytic cycles,
(15.2 kcal mol�1) can be regarded as compensated by the hy-
drogenation of TBE (24.1 kcal mol�1).

Now that hexadiene is produced, one more cycle of dehy-
drogenation would provide hexa-1,3,5-triene. To this end,
both C5�H and C6�H activations in hexa-1,3-diene are ex-
amined first. The Gibbs free energy profile for the conver-
sion of hexa-1,3-diene to hexa-1,3,5-triene is provided in
Figure 6. The free energy of TS(2b’’–3 b’’) for C5�H activa-
tion and the subsequent oxidative insertion step to C6�H
bond via TS(4 b’’–5 b’’) are lower than that of TS ACHTUNGTRENNUNG(2b–3 b)
and TS ACHTUNGTRENNUNG(4 b–5 b). The preference is more pronounced in the
energy difference between TS(4 b’’–5 b’’) and TS ACHTUNGTRENNUNG(4b–5 b),
suggesting that the reaction sequence involving the C5�H
oxidative insertion first, followed by C6�H oxidative inser-
tion, is more likely to operate.[19] It is found that the elec-
tronic effects dominate over steric effect and the energetics
for the initial step favors allylic C5�H activation. The opti-
mized geometries of TS(2 b’’–3 b’’) and TS(4 b’’–5 b’’)exo are
provided in Figure 7. The product complexes 5 b and 5 b’’
obtained through TS ACHTUNGTRENNUNG(4 b–5 b) and TS(4 b’’–5 b’’), respectively,
are the two different conformers of the pincer-alkene com-
plex.[20] The other stationary points such as 3 b’’ and 4 b’’
refer to the two key conformers of the iridium-alkyl inter-
mediate, whereas 5 b’’ is a p-complex between hexa-1,3,5-
triene and PCP�Ir bound through a C3�C4 double bond. It
is important to note that after each olefination, the product
(hex-1-ene, hexa-1,3-diene, and hexa-1,3,5-triene) should be

Figure 4. Gibbs free energy profile (in kcal mol�1) for the formation of
hexa-1,3-diene (2 a–6a ; in grey) and hexa-1,5-diene (2 a’–6a’; in black)
from hex-1-ene. The energies are with respect to 1 and hex-1-ene.[16] Con-
version of 6’ to 6 follows the sequence as shown earlier in Scheme 3.

www.chemeurj.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2013, 19, 4069 – 40774072

R. B. Sunoj et al.

www.chemeurj.org


released from the corresponding PCP�Ir�H2 complex to
sustain the catalytic cycle through the regeneration steps by
6 to 1 conversion facilitated by the hydrogenation of TBE
(Scheme 2).

The penultimate step to aromatization involves an elec-
trocyclization of hexa-1,3,5-triene. The ensuing cyclohexa-
1,3-diene upon dehydrogenation would provide benzene as
the final product. The Gibbs free energy of the transition
state for electrocyclization reveals a barrier of 22.6 kcal
mol�1. Electrocyclization could as well take place in a pincer

bound hexa-1,3,5-triene. An in-
termediate 5 c is located, which
is a weakly bound complex of
hexa-1,3,5-triene with 1 through
an activated C�H bond. The
electrocyclization of 5 c fur-
nishes a h2-complex of cyclo-
hexa-1,3-diene with 1 (5 d). The
barrier for 5 c–5 d conversion is
found to be 21.7 kcal mol�1

(Figure 8).[21] Thus, the conver-
sion of hexatriene to cyclohexa-
diene, though the 5 c to 5 d
pathway is slightly preferred
over a direct electrocyclization.

Lastly, in the aromatization
step, cyclohexa-1,3-diene first
develops an a-agostic interac-
tion with the iridium center as
shown in 2 e (Figure 8). The sta-
tionary points 3 e and 4 e repre-
sent two conformers of iridium-
cyclohexyl intermediates in the
endo pathway formed through
the oxidative insertion of the
active catalyst 1 to one of the
methylene groups of cyclohexa-
1,3-diene. Compound 4 e gives
way to a complex between ben-
zene and (PCP)Ir�H2 (5 e),
through a low barrier process.
Increased steric interaction be-
tween the isopropyl of the
pincer and cyclohexyl (in the

transition state) or benzene (in the product complex) is no-
ticed. The energetic advantage of this step arises due to the
formation of stable and aromatic benzene as the product.[22]

Interestingly, the energy of the separated 6 e and benzene is

Figure 5. The optimized geometries of the transition states involved in hexa-1,3-diene and hexa-1,5-diene for-
mation. All distances are given in �.

Figure 6. Gibbs free energy profile (in kcal mol�1) for the conversion of
hexa-1,3-diene to hexa-1,3,5-triene. The grey curve represents C5�H acti-
vation whereas the black one represents C6�H activation. Compound
2b’’ is the pre-reacting complex for C5�H activation. 4b’’ is another con-
former of 3 b’’ in the exo pathway.

Figure 7. The optimized geometries of the transition states for the forma-
tion of hexa-1,3,5-triene from hexa-1,3-diene. All distances are given in
�.
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found to be more stable by 25.0 kcal mol�1 as compared with
the original reference point (1 and cyclohexa-1,3-diene), in-
dicating that the overall reaction is thermodynamically feasi-
ble (Figure 9). Geometries of the transition states involved
in the step are given in Figure 10.

The likely participation of h3-allylic intermediates in aroma-
tization/dearomatization pathways : In light of a few recent

reports that aromatization and
de-aromatization of pincer
backbone could as well take
place under certain reaction
conditions, we have explored
the likely involvement of such
pathways for the dehydrogena-
tion.[23] It is of significance to
note that de-aromatization of
PNP-pincers are suggested to
be involved in the catalytic
cycle for the oxidation of water
or in the reduction of CO2.
However, such possibilities with
PCP-pincers are expected to be
higher in energy. Changes in
the normal valence of carbon
or nitrogen coordinating to the

metal can bring vital differences.[24] A complete catalytic
cycle, including participation by de-aromatized pincer, for
the conversion of n-hexane to hexa-1,3,5-triene is provided
in Scheme 4.

The iridium-alkyl intermediate 3 obtained from the previ-
ous steps (see above) can undergo insertion to an internal g-
methylene (C3�H) to give intermediate 20 with two hydro-
gen atoms bound to the iridium. Subsequent reductive elimi-
nation results in the expulsion of a molecular hydrogen to
furnish an iridacycle intermediate 21. The activation of in-
ternal C2�H bond in 21 can now furnish a h3-coordinated p-
allyl type intermediate 22. A combination of the hydrogen
atoms bound to iridium and that from the methylene of the
PCP ligand in 22 can help release a molecule of H2. Consid-
eration of this dehydrogenation possibility through TS ACHTUNGTRENNUNG(22–
13) can now provide a de-aromatized pincer 13.

Alternatively, intermediate 13 can be generated through a
different route, starting from intermediate 3. In this path-
way, de-aromatization occurs first in intermediate 3 that
provides an iridium-alkyl intermediate 9. Oxidative insertion
to C2�H leads to a metal-olefin intermediate 10. Subse-
quent hydrogen migration involving TS ACHTUNGTRENNUNG(10–11) will help
regain the aromaticity in 11. Oxidative insertion to the C3�
H bond converts 11 to a h3-coordinated p-allyl type inter-
mediate 12. Dehydrogenation involving pincer methylene
hydrogen and the hydrogen bound to iridium converts 12 to
13 through TS ACHTUNGTRENNUNG(12–13). The resulting de-aromatized p-allyl
intermediate 13 can then undergo C4�H insertion to pro-
vide 14, which is a diene bound to iridium. A similar se-
quence of reactions, such as C�H insertion, de-aromatiza-
tion and expulsion of molecular hydrogen, and hydrogen mi-
gration, and aromatization can follow for the conversion of
hexa-1,3-diene to hexa-1,3,5-triene (19). Displacement of
product hexatriene by a new molecule of n-hexane will help
continue the catalytic cycle.

The Gibbs free energy profile summarizing the energetics
of formation of hexatriene involving de-aromatization of the
pincer ligand is provided in Figure 11. The most noticeable
feature of this pathway is that all the transition states are of

Figure 8. Transition-state geometries and intermediates involved in the cyclization and aromatization of hexa-
1,3,5-triene and cyclohexa-1,3-diene, respectively. All distances are given in �.

Figure 9. Gibbs free energy (in kcal mol�1) profile for aromatization of
cyclohexa-1,3-diene to benzene. 6e* is 6 inclusive of benzene.

Figure 10. Transition-state geometries involved in the aromatization of
cyclohexa-1,3-diene to benzene. All distances are given in �.
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much higher energy as compared to the sequence of dehy-
drogenations presented in the preceding section. The Gibbs
free energies of the de-aromatized intermediates (such as 9,
10, 13, 14, 17, and 18) are in the range of 40 to 80 kcal mol�1.
It is therefore highly suggestive that the reaction cannot
proceed through de-aromatization, unlike in the analogous
PNP-pincers.[23]

TBE-assisted dehydrogenation : The previous pathways con-
sidered the role of TBE in the catalytic cycle as mainly in-

volved in the dehydrogenation
of pincer hydride 6, which is
generated in the first place by
the dehydrogenation of alkane
(Scheme 3). Beginning with the
iridium-hexyl intermediate 3,
we now present a possible
direct-dehydrogenation path-
way enabled by an iridium-
bound TBE. Such a direct hy-
drogen-transfer from n-hexane
to TBE can occur through two
key modes, either involving
transition state TS23 or TS24,

as shown in Figure 12. In the former transition state, a
metal-hydride bond still exists when the hydrogen transfer
occurs, whereas in the latter case TBE first forms a s-bond
by transferring the metal-bound hydride and then abstracts
the hydrogen from n-hexane. The relative Gibbs free ener-
gies of both these transition states are found to be more
than 52 kcal mol�1. The major contribution to the higher
energy of species involved in the TBE-bound pathway arises
due to the steric crowding at the iridium center created by
the coordination of both hexane and TBE. On the basis of

Scheme 4. A plausible mechanism for the conversion of n-hexane to hexa-1,3,5-triene involving aromatization/dearomatization of the Ir�PCP pincer.

Figure 11. Gibbs free energy profile (in kcal mol�1) for the conversion of n-hexane to hexa-1,3,5-triene involv-
ing aromatization/dearomatization of the Ir�PCP pincer.
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the computed higher energy-demand, a direct hydrogen-
transfer to TBE should be regarded as an unlikely pathway
to operate in the dehydroaromatization of hexane to ben-
zene.

Conclusion

We have identified that the formation of benzene from
hexane involved six important steps; the generation of
active catalyst 1 through TBE hydrogenation, sequential for-
mation of hexene, hexadiene, and hexatriene, electrocycliza-
tion of the resultant triene to cyclohexadiene followed by
dehydroaromatization to benzene. The preferred pathway
has been identified to involve the formation of hex-1-ene
through C1�H bond activation of hexane, hexa-1,3-diene,
and hexa-1,3,5-triene. The product of electrocyclization of
hexa-1,3,5-triene to cyclohexa-1,3-diene followed by dehy-
droaromatization by 1 furnishes the desired benzene prod-
uct. The formation of the h3-coordinated allylic intermedi-
ates and the de-aromatization of the pincer ligand are iden-
tified to proceed through higher energy barriers indicating
that such mechanisms are less likely to occur with the cata-
lyst and substrate examined in this study. A direct dehydro-
genation pathway with a TBE bound to the iridium center is
also found to be very high in energy indicating that increas-
ing steric crowding around the metal is not favorable for de-
hydroaromatization reaction. The overall analysis of the re-
action profiles conveys that the electrocyclization of hexa-
1,3,5-triene to cyclohexa-1,3-diene presents the highest bar-

rier, implying that the rate of reaction would exhibit a pivo-
tal dependence on the electrocyclization step.

Computational Methods

The geometry optimizations for reactants, intermediates, and transition
states was performed in the gas phase with density functional theory
(DFT), Becke three-parameter hybrid exchange functional and the Lee–
Yang–Parr correlation functional (B3LYP),[25] which is widely used for
the calculation of the reaction barrier. The Gaussian 09 suite of quantum
chemical programs[26] was used for calculations. The basis set used for
carbon, hydrogen, and phosphorus is 6-31G** and Los Alamos pseudo-
potential basis set (LANL2DZ) for iridium.[27] Whereas 60 inner elec-
trons were treated with an effective core potential (ECP), the remaining
17 valence electrons were explicitly included by using a double zeta qual-
ity basis set.[28] Further refinements to the energies, inclusive of improved
treatment of dispersive interactions, were performed through single-point
energy calculations at the M06/6-311+G**,SDD(Ir) level of theory.[29, 30]

The Gibbs free energies were obtained by including the thermal and en-
tropic contributions to the single-point energies obtained from the opti-
mized values. All energy values employed for discussions in the text are
Gibbs free energies obtained through this approach. All transition states
were characterized by one and only one imaginary frequency represent-
ing the correct reaction coordinate. The intrinsic reaction coordinate
(IRC) calculations were also performed to further authenticate the tran-
sition states.[31]
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