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The use of iridium-based pincer complex, specifically the PN3P
pincer ligand backbone, for the efficient alkane dehydrogenation
reaction is explored. Herein, we investigate the catalytic
performance of PN3P pincer iridium dihydride complex (Ir2) in the
dehydrogenation reaction of cyclooctane to cyclooctene. With 0.1
mol% of Ir2, cyclooctane with tert-butylethylene (TBE) as a
hydrogen acceptor and NaO’Bu as a base, we achieved conversion
up to 55% of tert-butylethylene (TBE) with TON up to 546. These
results highlight the potential of PN3P pincer iridium dihydride
complex as a robust catalyst for selective alkane dehydrogenation
under mild reaction conditions. Furthermore DFT calculations
strongly support our proposed mechanism.

Alkane dehydrogenation (AD) is one of the most important
reactions in the petrochemical industry as it uses abundant
alkane to produce valuable olefins that are chemically versatile
and can act as intermediates in higher value alkanes synthesis
through olefin coupling.’ 2 This reaction can also serve as an
alternative pathway for high-temperature steam cracking of
alkanes, which are energy-consuming and produce several
undesirable side-products.> In the «case of alkane
dehydrogenation, molecular hydrogen (H;) is produced as the
primary by-product along with olefins. H; is one of the rising
energy carriers owing to its high energy density and
environmentally benign nature.* While significant efforts have
been devoted to hydrogen production such as via water
splitting®?, methane pyrolysis®® and biomass gasification®c, AD
can eventually also serve as an attractive alternative pathway
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for H, generation. Despite the attractive advantages of the
dehydrogenation of alkane to alkene and Hj it is a highly
endothermic process,® and this characteristic is a serious
hindrance to the wide implementation of this reaction.

There are some examples of metal complexes developed
over the past few decades for the dehydrogenation of alkanes,
UV and
irradiation.” 8 However, those complexes that contains PCP

including those used with hydrogen acceptors,

pincer type of ligand utilized with a hydrogen acceptor emerges
at the top, outperforming in terms of stability, TONs and
selectivity.? ° Pincer ligands incorporating iridium are often
used in the catalytic dehydrogenation systems given their
outstanding catalytic activity and stability.” 1915 Over the past
decade, the high-valent oxidation state of iridium has been
extensively explored for the catalytic dehydrogenation of
alkanes.16-23

Early work by Jensen and Kaska in 1996 has demonstrated the
potential of such systems.162 They first synthesized complex 2
from 1 in the presence of H; and LiBEtsH, where the iridium
dihydride complex 2 has shown greater stability with no
observable decomposition
hydrochloride precursor 1 showed significant decomposition
after 24h. These foundational studies have established the
grounds of pincer-iridium catalysts, enabling further detailed

over a week whereas the

mechanistic investigations on this catalytic system.

PB P'B
Y2 eyen ‘ Y2
:CI 1 atm H, M;H
H Pentane H

P'Bu, P'Bu,

M =Ru, Ir
1 2
In 2021, Goldmann and co-worker reported alkane

dehydrogenation catalysed by (:BusPOCOP)Ir complex that
proceeded through a proton-coupled electron-transfer (PCET)
pathway using oxidants and bases as a proton and electron
acceptor.?* In a subsequent study, they investigated the
intramolecular C(sp3)-H activation during alkane
dehydrogenation using (p-pyridyl-tBuPCP)-IrClI* cation (p-
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pyridyl-‘BuPCP=3,5-bis(di-tertbutylphosphinomethyl)-2,6-
dimethylpyridin-4-yl) complexes.?> In 2022, the same group
further expanded this chemistry by reporting a bis(2-di-
tertbutyl-phosphinophenyl)phosphine (‘BuPHPP) iridium
complex for the dehydrogenation of alkane and demonstrated
that the C-H activation using Ir(lll) complex with the more
crowded ((:BusPCP)IrCI* (RPCP = 2,6-Ce¢H3(CH2PR;) undergoes
intramolecular whereas the less crowded ('PrsPCP)IrCl*
undergoes intermolecular C-H activation.® 1°

Metal-ligand cooperativity (MLC) plays an important role in
C-H bond activation by enabling reversible ligand participation
during catalysis.?633 In the case of pyridine-based pincer
complex, the MLC involves in the aromatization-
dearomatization pyridine ring resulting in more efficient
activation of various bonds.?? 3451 PN3P pincer complexes have
previously demonstrated great performance in various
chemical reactions, particularly in CO, hydrogenation®? and
formic acid dehydrogenation.>® Herein, we report catalytic
activity of  PN3P-pincer iridium complex towards
dehydrogenation of alkane (Figure 1) and the evaluation of
PN3P-pincer iridium complexes Irl, Ir2 and Ir3 for the alkane
dehydrogenation. (Table 1).

R/\+/—<

Alkene TBA

e~ e K

alkane TBE

NaO'Bu,150 °C
Conversion upto = 55%
TON upto = 546

Figure 1. This Work: Alkane dehydrogenation catalysed by PN3PIrH, complex.

To continue the study of these PN3P-pincer iridium
complexes, we synthesized Irl, Ir2 and Ir3 according to a
previously reported method.>* To test the performance of these
catalysts for dehydrogenation reaction, we started the
dehydrogenation reaction of cyclooctane (COA) as a model
substrate and tert-butylethylene (TBE) as the sacrificial
hydrogen acceptor. We conducted the reaction of cyclooctane
(3.0 mmol), TBE (3.0 mmol) with sodium tert-butoxide (NaO!Bu)
as a base and Irl catalyst (3.0 umol, 0.1 mol%). The reaction
mixture was heated at 150 °C in a closed reaction tube. The
reaction was monitored by GC-MS as well as 'H-NMR, and we
observed after 24h, the formation of cyclooctene (COE) as well
as trace amount of 1,3-cyclooctadiene (1,3-COD) product with
overall conversion of 10% and TON was achieved up to 99 (Table

Entry [Ir]:COA [Ir]):TBE Temp. Conv. (%)° TON®
1 1000 100 150 5 3
2 1000 500 150 24 118
3 1000 1000 150 55 546

1, entry 1). Next, we studied the performance of dearomatized
PN3P pincer dihydride iridium complex, Ir2. Surprisingly, in the
case of Ir2 catalyst under similar reaction conditions, gave 55%
conversion with TON up to 546 (Table 1, entry 2). When Ir3
catalyst was tested under similar reaction conditions, it shows
conversion of 40% with TON up to 403 (Table 1, entry 3). Next,

2 | J. Name., 2025, 00, 1-3

we studied the effect of oxidants to tune the, oxidation
potentials, for example ferrocenium saltsPfFe|e[BFF oy alieans
dehydrogenation reactions.?* We observed that the addition of
[Fel*[BF4]- salt (Fe= Ferrocenium) to the reaction mixture
enhanced the conversion for all Ir catalyst by 2-6% respectively.
(Table 1, entries 4-6). Next, we examined the effect of another
base such as potassium tert-butoxide (KO!Bu) with and without
adding of [Fe]*[BF4]- which gives a slightly lower conversion as
compared to NaO?Bu (Table 1, entries 7-8).

Table 1 Optimization reaction conditions towards cyclooctane dehydrogenation.?

Ir Cat
+ _Base, Oxidant 4,
V4 E ~150°C, 24 hr
1,3-COD
PeNi 11 11
N NN N
. 1 t | 1 4 ! /H ,
BUQP—Ir—P Buy rBuzp—,lr—P'Bu2 BuzP—,Ir\—P Buy
B H H H H
Ir1 Ir2 Ir3
Entry Ir cat. Base Oxidant Conv. (%)b TON®
1 Irl NaO'Bu - 10 99
2 Ir2 NaO'Bu - 55 546
3 Ir3 NaOBu - 40 403
4 Irl NaO'Bu [Fel*[BFa] 16 157
5 Ir2 NaO*Bu [Fe]*[BFa4] 56 558
6 Ir3 NaO'Bu [Fe]*[BFa4] 42 415
7 Ir2 KO*Bu - 48 481
8 Ir2 KOBu [Fe]*[BF4] 50 502

9For the reaction, alkane (3.0 mmol),TBE (3.0 mmol), Ir cat (3.0 umol, 0.1 mol%),
base (15.0 umol, 0.5 mol%), oxidant (15.0 umol, 0.5 mol%) were heated in an
autoclave. ®Determined by GC using mesitylene as an internal standard. TON were
calculated based on conversion of TBE determined by GC.

The concentration of TBE also plays a crucial role in driving
the reaction of dehydrogenation of COA forward. We studied
different ratio of Ir2:TBE:COA as shown in the Table 2. When
the reaction is carried out with the ratio of 1:100:1000 of
Ir2:TBE:COA, it resulted in 5% conversion with TON up to 3
(Table 2, entry 1). The conversion of dehydrogenation of COA
was increased to 24% when the ratio of TBE was increased to
1:500:1000 giving the TON up to 118 (Table 2, entry 2). A further
increase of the ratio to 1:1000:1000, the conversion enhanced
to 55% with higher TON up to 546 (Table 2, entry 3). This
observation highlighted the importance of maintaining a
sufficiently high molar ratio of TBE to COA to effectively
scavenge hydrogen and shift the reaction equilibrium towards
dehydrogenation.

Table 2 Optimization of the reaction conditions towards

dehydrogenation.?

cyclooctane

9For the reaction, alkane (3.0 mmol), TBE (0.3-3.0 mmol) Ir1 cat (0.1 mol%), NaO'Bu
(15.0 umol, 0.5 mol%) were heated in an autoclave. ®Determined by GC using
mesitylene as an internal standard. TON were calculated based on conversion of
TBE determined by GC.

This journal is © The Royal Society of Chemistry 20xx
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Further, we explored the dehydrogenation process with KO'Bu
and NaO!Bu as base at different time intervals. In the case of KO!Bu,
the reaction was carried out initially for 4 h, and GC analysis of the
reaction mixture showed a TBE conversion of 45% with a TON of up
to 447 (Table 3, entry 1). Extending the reaction time to 16 h and 24
h further increased the TBE conversion to 47% and 48%, respectively,
with corresponding TON up to 466 and 481 (Table 3, entries 2 and 3).
While in the case of NaO!Bu as base, for 4h, 16 h and 24h time
intervals gave 49%, 50% and 55% of TBE conversion with TON up to
499, 501 and 546 respectively (Table 3, entries 4-6). This observation
suggested that extending the reaction time for dehydrogenation
reaction does not substantially improve catalytic activity of Ir2.

Table 3 Time dependent study for cyclooctane dehydrogenation.?

New Journal of Chemistry

Table 4 Substrate scope study.? View Article Online

Entry Time (h) Base Conv. of TBE (%)? TON?®
1 4 KO'Bu 45 447
2 16 KO'Bu 47 466
3 24 KO'Bu 48 481
4 4 NaO'Bu 49 499
5 16 NaO'Bu 50 501
6 24 NaO'Bu 55 546

9For the reaction, alkane (3.0 mmol), TBE (3.0 mmol), Irl cat (0.1 mol %), base (15.0
umol, 0.5 mol%) were heated in an autoclave. “Determined by GC using mesitylene
as an internal standard. TON were calculated based on conversion of TBE
determined by GC.

Next, we studied the substrate scope using both linear and cyclic
alkanes. The dehydrogenation of linear alkanes is particularly
challenging because of the higher energy required for C—H activation
compared to cyclic alkanes.>> We initially explored n-octane as
substrate. When the reaction was carried out using n-octane,
Ir2, and NaO!Bu in presence of TBE at 150 °C. After 15 h reaction
time, the reaction was analyzed by GC which gives 15% TBE
conversion. Along with 1-octene as the dehydrogenated
product, we also observed trace amount of isomerized 2-octene
and 1,2-dimethylcyclohexane (Table 4, entry 1). These results
suggested that the linear alkane shows lower reactivity towards
dehydrogenation reaction. Whereas the cyclic alkanes such as
cyclohexane is effectively converted to cyclohexene with a yield
of 10% (Table 4, entry 2). However, complete dehydrogenation
product to form benzene was not observed. Next, we evaluated
the 1,2,3,4-tetrahydronaphthalene as a bicyclic substrate. After
the reaction, we observed the fully dehydrogenated
naphthalene as a product with 25% total conversion along with
5% of
dihydronapthalene (Table 4, entry 3).

partially dehydrogenated product, 1,4-

This journal is © The Royal Society of Chemistry 20xx
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Ir2 Cat

1]
alkane + TBE —NaOBU 5 ,jkene + TBA

150 °C, 16 hr

Entry Alkane Product Conv.(%)?

1 n-octane W +<:( 15

2
1-octene (7%)

M/
2
2-octene (4%)

: O O-0 -«

not observed

s OO0 =

20% 5%

40/0

9For the reaction, alkane (3.0 mmol), TBE (3.0 mmol), Irl cat (0.1 mol %), NaO'Bu
(15.0 pmol, 0.5 mol%) were heated in an autoclave. ®Determined by GC using
mesitylene as an internal standard.

To shed light on the reaction mechanism, density functional
theory (DFT) calculations by using Gaussian 16 suite®® was performed
(for more details, see the Supporting Information). As shown in
Figure 2, the reaction cycle begins with the formation of catalytically
active species IN1, resulting from the reaction of Ir2 with the base
NaO!Bu along with loss of tBuOH. The active species IN1 then forms
a loosely bound adduct with TBE to form IN2, which is uphill by 5.7
kcal/mol. Next, the first hydrogen abstraction occurs at IN2 to give
IN3 via three membered transition state TS1, with a free energy
barrier of 29.7 kcal/mol. Subsequently, IN3 undergoes the second
hydrogen abstraction to generate Ir-catalyst (IN4) in its least
oxidation state along with alkane having a transition state (TS2)
barrier of 6.5 kcal/mol. Then, the complex IN4 binds with the
cyclooctane via o-complex IN5, which is slightly exergonic by 3.9
kcal/mol. Next, IN5 undergoes 1,2-addition of the C—H bond across
the Ir catalyst to give cyclooctane intermediate ING6, traversing
transition state TS3 with a barrier of 10.2 kcal/mol. Finally, the 8-
hydride abstraction from the cyclooctyl group in IN7 leads to
formation of product cyclooctene (COE) along with regeneration of
active catalyst IN1. These four membered transition states (TS4)
required the transition state barrier of 11.8 kcal/mol. Overall, these
calculations indicate that the alkene insertion is the rate determining
step of the reaction with highest transition energy barrier of 29.7
kcal/mol.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Free energy profile of dehydrogenation of cyclooctane using Ir2 catalyst.
Free energy values are at the MO06/SDD(Ir)/def2-
TZVP(C,H,0,N,P,Na)//BP86/SDD(Ir)/def2-SVP(C,H,O,N,P,Na) level of theory. Non-
essential hydrogen atoms have been omitted for the sake of clarity.

After detailed DFT study, the possible reaction mechanism is
illustrated as shown in Figure 3.57 First step is the 16-electron iridium
dihydride (Ir2) complex, insertion of TBE converts the alkyl hydride
complex B which undergoes reductive elimination to form 14-
electron C species. This complex activates the C-H bond of
cyclooctane to give D species, followed by 8-hydride elimination to
yield cyclooctene and regenerate the Ir2.
L0
H

Oy

OM‘H H,llrlB\/%
CD) >\ i /</\§

Figure 3. Possible reaction mechanism of COA with TBE using Ir2

Conclusion

PN3P iridium complexes Irl, Ir2 and Ir3 with 2,6-diamino
phosphine ligands have been studied towards dehydrogenation
of alkanes. The catalytic performance of PN3P pincer iridium
dihydride complex (Ir2) shows good performance in the
dehydrogenation reaction of cyclooctane to cyclooctene. We
achieved conversion up to 55% of tert-butylethylene (TBE) with
TON up to 546. These results highlight the potential of PN3P
pincer iridium dihydride complex as a robust catalyst for
selective alkane dehydrogenation wunder mild reaction
conditions. DFT calculation shows that once the active species |
formed after the treatment of NaO!Bu which forms loosely
bound adduct with TBE to form intermediate Il, which is uphill
by 5.7 kcal/mol. Given that TBE which is mono substituted olefin
and highly selective for hydrogenation. Also, the
dehydrogenation is turnover-limiting and alkene (TBE and COE)
complexes are the resting states. When concentration of TBE is

4| J. Name., 2025, 00, 1-3

low, the hydrogenation is turnover-limiting and the resting state
is Irl, while at high [TBE], COA dehydrdgeh4tith S elirAeér
limiting, and the resting state is the vinyl hydride.
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