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Abstract

Density functional calculations have been applied to models of both transfer and acceptorless alkane dehydrogenation for the
iridium(IIl) pincer complex, (RPCP)ItH, (RPCP=T]3-C6H3(CH2PR2)2-1,3). The iridium pincer complex is the first efficient
homogeneous catalyst that does not require photons or sacrificial hydrogen acceptors to drive the reaction, although with
the latter the transfer reaction can accomplished under mild conditions. There are four essential steps for the catalytic cycle
in both transfer and acceptorless reactions: oxidative addition of alkane, reductive elimination, 3-hydrogen (3-H) transfer,
and loss of olefin. The transfer reaction can utilize a hydrogen acceptor to produce a 14-electron intermediate, (RPCP)Ir(I),
and the acceptorless reaction can produce an 18-electron intermediate, (RPCP)Ir(V)(H)3(alkyl) species. Because the critical
barriers are well-balanced in the Ir(V) catalytic cycle for acceptorless alkane dehydrogenation, no transition state (TS) is
higher in energy than the products and no intermediate is lower in energy than the reactant. This balance could explain why
pincer complexes are more efficient catalysts for alkane dehydrogenation than the corresponding Cp—Ir(III) complex. Entropy
contributions, which play a larger role at high temperature, open new pathways for the acceptorless reaction. Free energies
of activation suggest that the dynamics of the acceptorless reaction might be sampling the entire range of pathways and Ir
oxidation states from Ir(I) to Ir(V).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A challenging target for chemists is the direct
and selective conversion of saturated hydrocarbons
to more useful, functionalized organic compounds
[1-7]. Because C—C and C-H bonds are strong (e.g.
methane, C—H 105 kcal/mol), activation requires harsh
or special reaction conditions. Direct alkane dehy-
drogenation is not only highly endothermic because
of the C—H bond strength, but also has an extremely
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high barrier because it is a symmetry forbidden reac-
tion. Fortunately, transition metals are able to catalyze
these reactions by opening lower activation-energy
pathways. However, the high endothermicity of the
reaction requires driving the reaction photochemi-
cally [8-15] with UV irradiation or thermochemi-
cally [8-10,16-27] with either a sacrificial hydrogen
acceptor or temperature. Most thermochemical de-
hydrogenation processes use a sacrificial hydrogen
acceptor to make the process thermodynamically fa-
vorable [19-23]. This type of alkane dehydrogenation
is called transfer dehydrogenation. Doing the reaction
with heat, i.e. acceptorless dehydrogenation requires
balancing the unfavorable equilibrium and catalyst
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decomposition. As a result, most research efforts have
focused on finding catalysts that are both thermally
stable and efficient.

Most homogenous catalysts surveyed are late
transition metal complexes, such as Ru [28,29], Os
[30-33], Rh [34-37], Ir [38—42], Pd [43-47], and Pt
[48-53]. Among these catalysts, pincer complexes
attracted considerable attention since their discov-
ery by Moulton and Shaw [54]. The pincer ligand is
n3-C6H3(CH2PR2)2-1,3 and is abbreviated as RPCP
because the available chelating atoms of the pincer lig-
and are two P-arms and C from the arene ring. In this
work, when R is unspecified, we are referring to the
entire class of ligands. Other pincer-like ligands such
as PCN [55] and NCN [56] are also under investiga-
tion. The meta-substituted CgH3 group in the pincer
complex imposes a mer coordination geometry about
the metal with a pair of trans phosphorus donors.
Because these PCP-based catalysts appear to be sta-
ble for a period of time at elevated temperatures and
have a high turnover rate [16-18], they make attrac-
tive catalysts for thermal dehydrogenation. Recently,
Xu et al. [26] reported the first example of alkane
dehydrogenation using (“"BYPCP)IrH, under reflux
without the use of a sacrificial hydrogen acceptor.
This type of thermochemical alkane dehydrogenation
is referred to as acceptorless dehydrogenation. Later,
they reported that the (‘"P"PCP)IrH, complex shows
higher turnover rate than (""BUPCP)IrH, complex
[27]. Recently, Haenel et al. reported a more effec-
tive catalyst in which the pincer ligand is replaced by
anthracene-1,8-diphosphine (athraphos) [57].

These experimental studies have provided an op-
portunity for computational chemists to examine
various mechanisms for these reactions. Hall and
co-workers compared both acceptorless and trans-
fer alkane dehydrogenation using (HPCP)IrH, as a
pincer Ir(IIT) model [58,59] and compared the reac-
tion to a non-pincer Ir(IIT) complex. They discovered
that the mer geometry stabilizes 16-electron Ir(IIl)
complexes and weakens the metal-olefin interaction,
which are both important factors for an efficient cata-
lyst [57-64]. These effects are related to the fact that
the mer geometry, as compared to a fac geometry,
raises the energy difference between the singlet and
triplet states of the transition metal fragment [58].
Thus, the constrained geometry is particularly impor-
tant to the catalytic properties of the pincer complex.

Because the reactions occur at elevated temperature,
Krogh-Jespersen et al. also examined the entropy con-
tributions and the free energy of these reactions with
the model (MePCP)Ier [65]. Our most recent theo-
retical work on this “anthraphos” Ir complex raises
the possibility of a new alternative pathway for these
reactions [57]. All of these studies will be reviewed
and the difference between transfer and acceptorless
reactions (with or without a sacrificial olefin) will be
described.

2. Theory

Hall and co-workers’ studies [57-59] utilized den-
sity functional theory [66] with the B3LYP functional
[67-70] to optimize the structures of intermediates
and transition states (TSs). All of the TSs obtained
in both studies were optimized by a quasi-Newton
method [71], and verified by separate frequency calcu-
lations, which showed only one imaginary frequency
[72]. The catalyst model used in both studies was
MPCP)IrH,, (MPCP=n3-C¢H3(CH,PH,)5-1,3). The
basis set for Ir was the modified LANL2DZ [73,74] of
Couty and Hall [75], whose outmost p-orbital was re-
placed by (41) split of an optimized 6p function. The
basis set for P was the standard LANL2DZ basis set
augmented by a d-type polarization function [73,76].
The effective core potential (ECP) was used for both
Ir and P [73,74]. Slightly different basis sets were
used for HPCP ligand. In the study without an Hy ac-
ceptor [58], the Dunning—Huzinaga double-zeta basis
set with polarization functions (D95**) was used for
the metal-coordinated carbons and hydrogens [77],
and the STO-3G basis set was used for the uncoordi-
nated carbons and hydrogens in HPCP ligand. In the
study with an Hj acceptor [59], the 6-31G(d, p) basis
sets were used for the metal-coordinated carbons and
hydrogens [78], and the 3-21G basis set was used for
the uncoordinated carbons and hydrogens in HPCP
ligand [79]. The basis sets used by Haenel et al. [57]
were the same as to those used in the transfer reaction
[59]. Krogh-Jespersen et al. used LANL2DZ for Ir
atom, the Dunning-Huzinaga double-zeta basis set
for C [77] and McLean—Chandler basis set for P [80],
triple-zeta with polarization function for dihydro-
gen and hydrides [81], and double-zeta for hydrogen
atoms of alkyl or aryl of MPCP [82].
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In order to reduce size of the calculation for the ac-
ceptorless reaction, methane was used for the oxidative
addition of alkane and reductive elimination of dihy-
drogen and ethane was only used for the (3-hydrogen
(B-H) transfer and olefin loss. These two energy pro-
files (one with methane in first two steps, and the
other with ethane in the next two steps) are then linked
together at intermediates after the reductive elimina-
tion. The energy profile with methane should be valid
since previous work has shown that the relative en-
ergy changes are similar for these two alkanes [58].
These results reported here are the energies without
zero-point and thermal corrections.

3. Results and discussion

Because of the presence of an H, acceptor, the trans-
fer dehydrogenation proceeds at a much lower temper-
ature than acceptorless dehydrogenation [26,27]. For
example, the Ir(IIl) pincer complex, (PCP)Ir(H),, cat-
alyzes the transfer dehydrogenation at temperatures
as low as 100 °C while the dehydrogenation reaction
without an H» acceptor needs about 200 °C [16]. Al-
though these two reactions are clearly related, the large
difference in the reaction conditions could lead to dif-
ferent reaction pathways involving different interme-
diates and TSs. Both experimental [10,23,24,83,84]
and theoretical studies [57-64] have demonstrated that
alkane dehydrogenation generally includes the follow-
ing steps: (1) oxidative addition of the alkane, (2)
reductive elimination of dihydride (acceptorless) or
alkane (transfer), (3) B-H transfer between the alkyl
ligand and the metal, (4) loss of coordinated olefin. Al-
though these elementary steps are important for both
reactions, their order in the mechanisms will differ
[58,59]. Both reactions also involve a change by two
in the formal oxidation state, but the actual oxidation
state for the two reactions may differ. The transfer de-
hydrogenation reaction involves Ir(Ill) and Ir(I), while
the lowest energy acceptorless dehydrogenation mech-
anism involves Ir(IIT) and Ir(V) species. The essential
intermediates involved in the two reactions are sum-
marized in the Scheme 1and the reaction pathways are
summarized in Scheme 2. Since the steps involved in
3 — 4 — 1 are identical for both reactions, we will
discuss the steps involved in 1 — 3 in the transfer re-
action and compare those results with the related steps
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in acceptorless reaction before discussing 3 — 4 —
1. The energy profile and the entropy contribution will
be addressed after the description of these steps.

Niu and Hall found that the alkane dehydrogenation
could start either with 1a or with 1b, see Scheme 1
[58]. The difference between these two structures lies
mainly in the H-Ir-H angle (1a = 62.7° and 1b =
176.6°). While both 1a and 1b are the minima on the
potential surface, 1a is 9.0 kcal/mol more stable than
1b. Because of the unfavorability of two trans hy-
drides in 1b, the Ir-H bond lengths in 1b are 0.08 A
longer than those in 1a, and the Ir—-C(HPCP) bond
length is 0.09 A shorter than that in 1a. The TS be-
tween la and 1b is only 0.4 kcal/mol higher in en-
ergy than 1b and shows a surprisingly unsymmetri-
cal structure in which one of the CPP—Ir-H is 79.9°
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and the other is 112.5°. This result has been attributed
an orbital crossing between occupied and empty or-
bitals in the symmetric transformation from 1a to 1b
[85]. The pathway involving 1a is named the exopath-
way because the alkane approaches the metal from the
“side” (at the larger C-Ir-H angle), and the pathway
involving 1b is named the endopathway because the
alkane approaches the metal from the “front” (at the
larger H-Ir—H angle). Except for the 9.0 kcal/mol en-
ergy difference between 1a and 1b, intermediates and
TSs are similar for these two pathways. Since the ex-
opathway is lower in energy, we will focus on this
pathway in both the transfer and the acceptorless re-
actions in the alkane dehydrogenation reaction. The
differences between exo- and endopathways will be
addressed briefly in the discussion.

3.1. Transfer dehydrogenation reaction

The transfer reaction’s mechanism is quite different
because it first utilizes a sacrificial alkene to remove
the dihydrogen from the pincer complex. In their study,
Li and Hall used ethylene as the hydrogen acceptor
and ethane as the reactant to survey the potential en-
ergy surface of this reaction [59]. Their study revealed

0 L =HPCP 00
1 + Ethene 1+ E:thene
5 | |
) iz_l -8.5 8.5 8.2
&E 10| ITS | ’Tﬁs\ TS TS|
g ﬁ L s
,[5— i | 3 i
(L) IrH(Et) ﬂ (L) IrH(Et) \
-20 3 @)Ir+ |
ﬂ ethane 22
sl 4 5 4
~1 (L) IrH, ~Ethene (L) IrH,, ~Ethene

Fig. 1. The calculated energies for the intermediates involved in
the transfer reaction by Li and Hall [59].

that the sacrificial ethylene also can attack the metal
center in two directions relative to the H-Ir-H angle.
Again, only the exopathway is diagrammed in Fig. 1.
A ‘prime’ is used to distinguish between the interme-
diates and TSs with the sacrificial alkene (CH,CHR’)
and the ones with the target alkane (CH3CH,R). Of
course, the model used R’=R=H.

3.2. Elimination of dihydrogen with transfer
mechanism

In the first step of the transfer reaction, ethylene was
found to bind strongly to the HPCP)Ir(H), complex;
the average Ir—C(ethylene) bond lengths are 2.25 A
for 4 and it is 22.2 kcal/mol more stable than 1 +
ethylene. In the next step, the reverse of B-H trans-
fer, one of the hydrides transfers onto ethylene to
make the (HPCP)Ir(H)(ethyl) complex, 3. This step
has a barrier of 14.0kcal/mol and 3’, an ethyl com-
plex, is 10.6 kcal/mol less stable than 4/, the ethene
complex. There is no oxidation-state change in this
step of the reaction. In order to complete the elimi-
nation of the dihydrogen, the second hydride and the
alkyl (ethyl) must be reductively eliminated to make
an agostic ethane complex. Despite the oxidation state
change from Ir(IIT) to Ir(I), this step has a lower bar-
rier (4.8 kcal/mol) than the first hydride transfer and 5,
the agostically bound ethane complex, is more stable
than 3’ by 2.8 kcal/mol. The product of this elimina-
tion step is the 14-electron HPCP)Ir(D).
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3.3. Oxidative addition of alkane with transfer
reaction

As pointed out early, the second phase of the
transfer reactions is the reverse of the steps de-
scribed above. Thus, the next step, oxidative addition
of the target alkane (in this case, ethane) is sim-
ply the reverse of step from 3’ to 5 in Section 3.2.
Although the target alkane (CH3CH3R) in the ex-
perimental systems are different from the sacrificial
one (CH3CH;,R’), the previous theoretical study [58]
calculated the energy profile with R=R’=H. There-
fore, the oxidative addition of ethane to ("PCP)Ir(I),
5, overcomes a barrier of 7.6kcal/mol and is endo-
ergic by 2.8kcal/mol in forming the intermediate,
(HPCP)Ir(IIT)(H)(ethyl) species 3. The energy barriers
required for the transfer reaction is slightly smaller
than those for the acceptorless reaction (see following
sections).

3.4. Oxidative addition of the alkane
with acceptorless associative reaction

Species 3 (earlier) is a key intermediate in both the
transfer and the acceptorless reaction, but it is reached
by a quite different route in the acceptorless reaction as
this reaction requires no sacrificial hydrogen acceptor
and produces Hy as a byproduct. Initial calculations
suggested that the direct acceptorless reduction elimi-
nation of Hy (from 1 to 5) was high in energy and that
the high barrier would prevent this dissociation reac-
tion from becoming important [58]. However, at high
enough temperature, entropy will cause this reaction
to become favorable (vida infra).

The first step in the lowest energy mechanism is the
oxidative addition of alkane, which proceeds through
a TS with barrier of 19.0 kcal/mol for the exopathway
and produces intermediate 2 which is an Ir(V) alkyl
trihydride species. Intermediate 2 shows a pentagonal
bipyramidal structure and is 10.9 kcal/mol less stable
than 1 + alkane.

3.5. Reductive elimination of dihydrogen with
acceptorless reaction

The next step for the low-energy acceptorless mech-
anism involves elimination of dihydrogen from the
trihydride intermediate 2. Two different pairs of H»
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Fig. 2. The calculated energies for the intermediates involved in
the acceptorless reaction by Niu and Hall [58], which are in a
somewhat smaller basis in Fig. 1.

could be eliminated from 2. Only one of these pairs
is predicted to lead to a “stable” dihydrogen complex
before its elimination. The stable complex forms when
the dihydrogen is frans to the carbon atom of the pin-
cer ligand, while no H, complex exists when the di-
hydrogen is reductively eliminated. Nevertheless, the
potential surface is relative flat from trihydride com-
plexes to dihydrogen complexes (~1.4 kcal/mol). The
energy barrier required to eliminate the dihydrogen
from the trihydride intermediate 2 (Ir(V) species) is
17.8 kcal/mol for an exopathway, which leads to the
Ir(IlT) intermediate 3 (Fig. 2). This step not only re-
duces the formal oxidation state of Ir from the state V
to III, but also creates a vacant site for the transfer of
B-H.

3.6. B-Hydrogen transfer and cleavage
of coordinated olefin in both reactions

Since these two steps (3 — 4 — 1) are essentially
the same for both reactions, we will discuss them to-
gether. Because the basis set used for "PCP ligand by
Li and Hall [59] is larger than that used in the ear-
lier calculations by Niu and Hall [58], the calculated
barriers and intermediates are slightly different. As
an example of the dependence on basis set, we will
present Niu and Hall’s results in parenthesis for the
exopathway in the following discussion. Again only
the exopathway is presented in Figs. 1 and 2.
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Intermediate 3 has an agostic C—H bond from the
alkyl ligand and may undergo rearrangement to pro-
duce a 3-H agostic intermediate. However, it must be
in an eclipsed conformation for C,—Cp before trans-
fer of the B-H to the metal. These rearrangements are
typically in the range of 2—4 kcal/mol. When the (3-H
is in close (agostic) contact with the metal and the
a, B carbons are in the eclipse conformation, the bar-
riers for B-H transfer are 5.1 (4.2)kcal/mol for the
exopathway. The product of this 3-H transfer is the
olefin-bound pincer dihydride complex 4 and 3 — 4
is 10.9 (9.6) kcal/mol exoergic.

The last step is the loss of the coordinated olefin.
This step is endoergic by 22.2 (22.4) kcal/mol for the
exopathway. The energy for the cleavage of olefin from
the ({PCP)IrH; (olefin) is 18.4 kcal/mol less than that
calculated for the CpIr(H)(PH3)(olefin)™ system [58].
This difference and closely related differences are the
reasons that the PCP complexes are such good cata-
lysts for this reaction.

3.7. Energy barriers and dehydrogenation
efficiency

Comparison of Figs. 1 and 2 provides an overview
of how transfer and acceptorless dehydrogenation
reactions differ. The energies in both figures are for
the exopathway and are relative to species 1 plus
alkane or alkene (as appropriate), which is referenced
as 0.0kcal/mol. Fig. 1 has the energies of Li and
Hall [59] while Fig. 2 has the energies of Niu and
Hall [58], which are from calculations in a somewhat
smaller basis.

The model for the transfer reaction has zero overall
energy change because the sacrificial alkene corre-
sponds exactly to the alkane. Because of the strong
bond between the alkene and the ({PCP)IrH, com-
plex, the energies for all intermediates and TSs of
this transfer reaction are below zero. In contrast,
because the high endothermicity of the acceptor-
less reaction, Alkane — Alkene + Hj, the en-
ergies for its intermediates and TSs appear quite
high in energy. Therefore, the best way to com-
pare these two reactions, which have such different
overall thermodynamics, is to compare their critical
barriers.

The critical barriers for the transfer reaction are
from 4’ to 3’ (first hydride transfer to a sacrificial

alkene in the elimination of dihydrogen), from S to
3 (oxidative addition of alkane) and 4 to 1 (loss of
olefin), which are 14.0, 7.6, and 22.2 kcal/mol for
exopathway. The endopathway barriers in the trans-
fer reaction (14.9, 11.6 and 27.8 kcal/mol) are not as
well-balanced as those for the exopathway. In particu-
lar, the last barrier is much higher because the stronger
bonding in 1b between the coordinated olefin and the
metal makes this olefin-loss step more difficult.

From Fig. 2, one can see that the critical steps for
the acceptorless dehydrogenation reaction are from 1
to 2 (oxidative addition of alkane), from 2 to 3 (re-
ductive elimination of dihydrogen), and from 4 to 1
(loss of olefin), which have barriers of 19.0, 17.8, and
22 .4 kcal/mol, respectively. The related Ir(IIT) com-
plex CpIr(H)(PR3)™, which has not been shown to cat-
alyze this reaction, has higher critical barriers for re-
ductive elimination of dihydrogen (24.3 kcal/mol) and
loss of olefin (40.8 kcal/mol) [58]. The more evenly
distributed barriers for the pincer reaction, where no
TS is higher than the overall endothermicity and no
intermediate is more stable than the reactant, may con-
tribute to its efficiency in catalyzing the dehydrogena-
tion [58]. Besides an initial barrier of 9.4 kcal/mol
between la and 1b, the endopathway has three criti-
cal barriers at 15.8, 12.7, 32.8 kcal/mol, respectively;
again the third barrier much higher than the other
two.

Krogh-Jespersen et al. studied the entropy contribu-
tion to these reactions starting with (MEPCP)Ir(II1)H,
and (MEPCP)Ir(I) complexes [65]. By extrapolating
these gas-phase free energy calculations to higher tem-
perature condensed-phase chemistry, they suggest that
even with higher barriers the acceptorless reaction
would proceed by a dissociative pathway (Scheme 2)
through intermediate 5. In our most recent work [57],
we surveyed alternative reaction pathways using a
slight different catalyst, (anthraphos)Ir(II)H»: the ac-
ceptorless dissociative pathway where dihydrogen is
lost before oxidative addition of alkane [25,65], an ac-
ceptorless interchange pathway where the loss of di-
hydrogen and oxidative addition of alkane are in con-
cert, and the associative pathway [58,65] discussed in
detail earlier (see Scheme 2). Our results on this sys-
tem suggest that at the elevated temperature employed
for the reaction (523 K), the dissociative, interchange
and acceptorless pathways are all accessible by the
pincer-like complex.
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4. Conclusions

Alkane dehydrogenation by the transfer reaction
and the acceptorless reaction may access different
reaction pathways and intermediates. However, both
reactions show three critical reaction barriers: ox-
idative addition of alkane, reductive elimination,
and loss of olefin and both have a key intermediate:
species 3. This key intermediate 3 is a 16-electron
(PCP)Ir(IlH(H)(alkyl) complex and both reactions
will go through this species before go through (3-H
transfer, 3 — 4, and loss of olefin, 4 — 1, as shown
in Scheme 2. These two reactions follow different
reaction steps to get to species 3. For example, the
transfer reaction can utilize a hydrogen acceptor to
produce a 14-electron intermediate of (PCP)Ir(I), 5,
before it forms species 3, while the acceptorless re-
action can produce an 18-electron intermediate of
(PCP)Ir(V)(H)3(Alkyl), 2, before it reaches interme-
diate 3.

These three critical reaction barriers are balanced
in both the transfer reaction and the acceptorless
reaction. However, the related CpIr(H)(PR3)" com-
plex, which could undergo similar reaction steps,
has unbalanced reaction barriers, where one of the
intermediate is more stable than the reactant. This
difference can be attributed to a much more rigid
mer geometric structure of the pincer complex, which
results in a less favorable olefin—metal interaction
and increases the energy difference between the sin-
glet and triplet states of this pincer complex. There-
fore, both the particular geometric arrangement and
the well-balanced critical barriers make the pincer
complex an efficient catalyst for alkane dehydro-
genation.

Although calculations on the pincer complexes
have shown that the associative mechanism is the
lower energy one between the two pathways at the
room temperature, the similar anthraphos iridium
complex suggests that, in addition to the associative
mechanism, the dissociative and interchange path-
ways may be accessible at the elevated temperature
with the consideration of the entropy contribution. In
another words, the oxidation states of iridium from
Ir(I) to Ir(V) could be accessible by all reaction path-
ways at a high reaction temperature. Therefore, the
stability of these homogenous catalysts at high tem-
perature will be as equally important as the geometric

arrangement of catalysts and the barrier distributions
for the alkane dehydrogenation.
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