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A Theoretical Study on Synthesis Mechanism
of fac-[Ir(ppy)3] from [Ir(acac)3]
in the Presence of Brønsted Acids
and Water Molecules

The reaction mechanism to form fac-[Ir(ppy)3] from [Ir(acac)3] under
the presence of Brønsted acids and water molecules was investigated at the
B3LYP/SDD level of theory.
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We recently found new reaction conditions with which [Ir(acac)3] reacts with ppyH (2-phenylpyridine) to produce
fac-[Ir(ppy)3] in high yield. It is desirable that Brønsted acids and water molecules exist in the reaction mixture to achieve
both the high yield and the selectivity of fac-[Ir(ppy)3]. In this study, the reaction mechanism was investigated
theoretically to ﬁnd reasons of the observed eﬀect of the acid and the water molecule at the B3LYP/SDD level of theory.
Although a transition state was located without taking a hydron in the mechanism into account, an IRC calculation
conﬁrmed that the TS leads to form a by-product, in which acac makes a bond with ppyH. A neighboring ppyH molecule
is involved in the removal of the hydron. A hydron of ppyH was extracted by acac when acac leaves the complex and the
orthometalation reaction proceeds. Theoretical calculations showed that the trans eﬀect of the IrC bond is key to
understanding the selectivity of our reaction.

Organic light-emitting diodes (OLEDs) oﬀer high-precision
display with low power consumption in comparison with that
of liquid crystal displays. Since the pioneering work of Tang
and VanSlyke,1 extensive research has been undertaken.2,3 It
also allows for the possibility of ﬂexible displays, and is
therefore regarded as the most promising next-generation
displays for mobile phones, laptop computers, and so forth.4
Attention has been focused in particular on phosphorescent
organic light emitting diodes (PHOLED), which have a higher
luminescence eﬃciency than currently dominant ﬂuorescent
OLEDs.57
The light-emitting layer of PHOLEDs is prepared by mixing
a trace of phosphorescent guest materials with host materials.
The light is emitted mainly from the former. Many studies have
been made for iridium-based guest materials.815 Because
of its high luminescence eﬃciency, fac-tris(2-phenylpyridine)iridium(III) (1) as the green phosphorescent guest material has
been widely used.5
In 1985, King et al. reported that a reaction between iridium
trichloride and 2-phenylpyridine (ppyH) produced 1 in 2ethoxyethanol under reﬂux for 24 h (eq 1).16 Since then,
numerous synthesis methods have been reported. One of the
reactions used tris(acetylacetonato)iridium(III) ([Ir(acac)3]) as
a starting compound.17,18 However, yields of these reactions
were too low to use in industry so that improvement of yields
of the reactions has been one of the major challenges in
this area.
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We found that an iridium(III) complex [Ir(acac)3] (2) in eq 2
reacts with ppyH to produce the target in a high yield in the
presence of Brønsted acids as listed in Table 1.19 The reaction
time of Run 1 is four times as long as those of Runs 2 and 3. In
these experiments, tartaric and phosphoric acid, respectively,
were added as Brønsted acids to the reaction mixtures.
Addition of hydrons promotes dissociation of the acac
ligands.20 A higher yield was achieved in the reaction with
phosphoric acid (Run 3) than that with tartaric acid (Run 2).
The presence of water molecules in the reaction mixture is also
responsible for the improvement of the yield, because phosphoric acid was in 85% aqueous solution. The small pKa of
phosphoric acid in comparison with that of tartaric acid is
another factor for improving the yield of the target.
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Table 1. Experimental Resultsa) for fac-[Ir(ppy)3]
Run
1
2
3

Acid
®
tartaric acid
phosphoric acidb)

Reaction time/h
44
10
10

Yield/%
59
85
92

a) Reaction carried out in glycerine at 200210 °C. b) 85%
aqueous solution.

ﬁve-coordinated intermediate. The coordination of a ppyH
ligand to the Ir atom results in recovering another sixcoordination. As mentioned above, it is desirable that Brønsted
acids and water molecules exist in the reaction mixture to have
good yield and selectivity of fac-[Ir(ppy)3].
In the present study, our attention was focused on theoretically ﬁnding reasons of the observed eﬀect of the acids and the
water molecules. For this purpose, the dissociation mechanism
was investigated in detail at the B3LYP/SDD level of theory.
Method of Calculations
Scigress Explorer22 and GaussView23 programs were used
for molecular modeling. For all molecular geometry optimizations and searches for transition state (TS) structures, the
Gaussian 03 program was used,24 and calculations were
performed at the B3LYP/SDD level of theory. In addition,
vibration analyses were conducted for the resulting TS
structures to conﬁrm whether or not each TS has one negative
eigenvalue (imaginary frequency).25,26
We used activation energies (Ea) and heat of reactions (¦E)
without including vibration eﬀects since the values diﬀer by
less than 3 kcal mol¹1 from those with the eﬀect in all paths
considered here.

Scheme 1.
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As shown in eq 2, the exchange reaction of one acac ligand
of 2 accompanies an orthometalation of ppyH to form 3,
followed by similar reaction twice until the target is obtained.
Therefore, only the ﬁrst step of the reaction was analyzed.
Three mechanisms are considered as candidates for the
present ligand-exchange reaction.21 The ﬁrst mechanism is an
association mechanism. The ppyH ligand adds to the complex
to form a seven-coordinated intermediate. The second one is
an exchange mechanism, where the ligand dissociation and
exchange take place simultaneously. However, these two
mechanisms should not be applicable since the reactions have
to take place under large steric repulsions between ppyH and
acac ligands, as shown in Scheme 1.
The last mechanism is a dissociation mechanism. One
oxygen donor atom of the acac ligand dissociates to form a
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Possible Reaction Paths. Three possible reaction paths for
the dissociation mechanism are illustrated in Scheme 2. The
ﬁrst is Path A which is neither considered the acid eﬀect nor
included water molecules as reagents in the reaction. This is
applicable to the experiment without adding Brønsted acids.
The IrO bond in one of the acac ligands dissociates and
the ﬁve-coordinate intermediate 2a1 is formed, followed by
coordination of ppyH to form 2a2. The orthometalation
reaction then proceeds, and the product 3 is formed by
releasing acacH from 2a2. Dedeian and co-workers proposed a
similar mechanism.17
The eﬀects of water and the acid are included in considering
the mechanism of Paths B and C. In Path B, an oxonium ion
is ﬁrst involved in the dissociation of acac, followed by the
coordination of ppyH to form 2d1. It is possible to consider an
intermediate in which an oxygen atom of acac is replaced with
a water molecule and another types of an intermediate forms.
However, the water molecule should be replaced with ppyH
to form the ﬁnal product. Therefore, we did not analyze this
mechanism.
In the reaction mixture of our synthesis method, ppyH
accepts a hydron from acids to form 2-phenylpyridin-1-ium ion
(ppyHH). In Path C, this cation instead of the oxonium ion ﬁrst
makes an intermediate 2c1, where 2 makes a hydrogen bond
with ppyHH. Then, a hydron is donated to the oxygen atom of
acac, followed by formation of 2c2, in which the Ir atom of the
complex has a six coordinate geometry. As will be discussed
later, it was conﬁrmed that the orthometalation reaction does
not take place in the presence of a hydron in 2d1. Moreover, a
water molecule has to bridge the two oxygen atoms as seen in
2b2 and 2d2. In order to take these eﬀects into account, one
water molecule is involved in Path C through the formation of
2d1. The reaction from 2d1 to 3 via 2d2 (Path D) explains the
mechanism of the orthometalation reaction. After the formation
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Scheme 2.

of the intermediate 3, the mechanisms similar to Paths C and D
are applicable for further ligand-exchange reactions, Path E, as
will be discussed later.
Path A:
While the geometry optimization calculation
did not produce a stable structure with the ﬁve-coordinate
intermediate 2a1 in Scheme 2, 2a2 with one ppyH coordinating to 2a1 was optimized. The energy diagram and related
structures are shown in Figure 1. 2a2 was calculated to be
less stable by 13.4 kcal mol¹1 than 2 + ppyH. In a following
reaction on 2a2, the O(2) atom of acac extracts the H(5) atom
of ppyH. A transition state 4TS was located, and its activation
energy from 2a2 was calculated to be 46.3 kcal mol¹1. An
intrinsic reaction coordinate (IRC) calculation25 conﬁrmed that
4TS is the TS for producing 4, in which the C(4) atom of ppy
makes a bond with the carbonyl carbon C(6) atom of acac. A
hydron extraction leads not to form a IrC bond but to produce
the C(4)C(6) bond. As the C(6) atom of the carbonyl group
is positively charged, the carbon reacts with the C(4) atom
with the negative charge. Therefore, the product 3 cannot be
obtained under this mechanism. The reaction without the
Brønsted acids was observed to give 3, although the yield of
Run 1 was low. Therefore, Path A is not the mechanism for our
experiments.19
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Path B: Path B is a mechanism involving an oxonium ion.
In the optimized geometry of 2b1, the O(2)H(5) distance is
1.172 ¡, which is shorter than the H(5)O(9) length (1.236 ¡)
as shown in Figure 2. There is no oxonium ion attached in
whole to the acac ligand; rather, one hydron has moved to acac
and a water molecule is hydrogen-bonded to a protonated
complex. In addition, the IrO(2) distance (2.101 ¡) is 0.054 ¡
longer than that in 2 (2.047 ¡). The hydron transfer to acac
results in weakening the IrO bond.
As there are no coordination sites for ppyH in 2b1, a ﬁvecoordinate intermediate should be considered. The loss of the
weakened IrO(2) bond leads to forming a complex 2b2, which
is less stable by 24.7 kcal mol¹1 than 2b1. The new complex
has an empty coordination site usable for coordination of ppyH
to form another six-coordinate complex 2d1. In this complex,
a water molecule bridges between H(5) and O(8) using two
hydrogen bonds, i.e., O(8)H(10) and H(5)O(9) lengths were
calculated to be 1.660 and 1.458 ¡. The coordination of ppyH
to 2b1 releases a stabilization energy of 22.3 kcal mol¹1.
Although exhaustive TS searches were performed, there
was no success in locating a TS connecting 2d1 with 3. The
result means that 3 does not form directly from the complex
with a hydron. It is because acacH in the complex does not
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Figure 1. Energy diagram and related structures for Path A. Values in the ﬁgure are atom distances and energies relative to
2 + ppyH (¡ and kcal mol¹1).
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Figure 2. Energy diagram and optimized structures for Path B. Unit of bond lengths and energies are in ¡ and kcal mol¹1.

have nucleophilicity enough to extract a hydron from ppyH
for making an anionic carbon which can coordinate to the
Ir atom.
Path C: It is plausible that ppyH accepts a hydron to form
ppyHH in the reaction mixture with Brønsted acids. In Path C,
2 ﬁrst interacts with ppyHH through a hydrogen bond to form
2c1, where the O(2)H(5) length was calculated to be 1.675 ¡
as shown in Figure 3. As the N(3)H(5) length was calculated
to be 1.055 ¡, a hydron of ppyHH is not transferred to the O(2)
atom. This propensity is diﬀerent from that seen in 2b1.
A hydron transfer to the O(2) atom from the N(3) atom
of ppyH breaks the IrO(2) bond and simultaneously a new
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IrN(3) bond forms in 2c2. It is thought that this process
proceeds smoothly since a ppyH from ppyHH locates closed
to the Ir atom so that no ﬁve coordinate complexes such as
2a1 and 2b2 form. A six-membered ring exits in acacH,
where the O(1)H(5) length was calculated to be 1.657 ¡. 2c2
is less stable by only 8.3 kcal mol¹1 than 2c1. It is easy to
consider that the reaction between 2c1 and 2c2 proceeds in
one step, although the TS connecting the two structures was
not located.
An interaction between 2c2 and an external water molecule
lead to formation of 2d1, which is also seen in Path B.
The intermediate of Path C is less stable by 15.1 kcal mol¹1
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Figure 3. Energy diagram with optimized structures related to the Path C. Unit of bond lengths and energies are in ¡ and
kcal mol¹1.
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Figure 4. Optimized structures of 2d1_Y (Y = H2O and ppyH) related to the Path D. Unit of bond lengths are in ¡.

than 2d1. On the other hand, 2b2 in Path B is less stable
by 47.0 kcal mol¹1 than 2d1 mainly because of its coordination number. According to the stabilities of the two intermediates, 2c2 and 2b2, in the two paths, Path C is preferred to
Path B.
Path D: As discussed above, no TS structure connecting
2d1 to 3 was found. The nucleophilicity of acacH in 2d1 is too
weak to extract a hydron from ppyH so that the hydron in the
complex has to be removed to proceed to a further reaction.
Therefore, this is a very important step for the orthometalation.
One candidate is a reaction that the hydron relayed to solvent
water molecules. In the structure of 2d1_H2O in Figure 4, an
additional water molecule interacts with the H(11) atom of the
bridging water molecule of 2d1. The O(2)H(5) length was
calculated to be 1.145 ¡. The interaction with the water
molecule lengthens the bond by 0.099 ¡ in comparison with
that in 2d1 (1.046 ¡). Although the existence of a neighboring
water molecule weakens the O(2)H(5) bond, the water molecule is considered to be too weak to remove the hydron from
the complex.
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There is another candidate, in which another ppyH molecule
gets involved in removing the hydron. In its optimized structure
of 2d1_ppyH, O(2)H(5) and H(5)O(9) lengths were calculated to be 1.464 and 1.040 ¡, respectively. As the O(8)H(10)
length turned out to be 1.789 ¡, the water molecule bridges
O(2) and O(8). Moreover, O(9)H(11) and H(11)N(12)
lengths were calculated to be 1.315 and 1.175 ¡. A hydron in
2d1 is transferred to ppyH so that 2d1_ppyH is regarded as an
intermediate in which 2d2 interacts with ppyHH.
Stabilization energies due to an interaction between 2d1
and H2O or ppyH were calculated to be ¹15.7 and ¹19.8
kcal mol¹1. Therefore, ppyH is more useful than H2O for
removing a hydron from the reaction center in the energetic
view point.
It is considered that the acac ligand has to extract the H(13)
atom from the ppyH ligand coordinating to Ir in 2d2.
Exhaustive TS search calculations have done and a TS
structure 3TS was obtained as shown in Figure 5. As two
IrO(1) and IrO(2) distances in the TS were calculated to be
4.524 and 4.919 ¡, one acac ligand has already released. The
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Figure 5. Energy diagram and structures of related structures for Path D (lengths and energies in ¡ and in kcal mol¹1).

water molecule locating between O(1) and C(4) atoms plays
an important role in extracting a hydron H(13) from the C(4)
atom and donating its hydron H(11) to the O(1) atom. The
C(4)H(13) and O(1)H(11) lengths were calculated to be
1.164 and 1.500 ¡.
The IRC calculation of the forward direction from 3TS leads
to formation of the product, 3_acacH, in which the acac ligand
is completely exchanged with the ppy ligand. The IRC
calculation of the reverse direction leads to formation of not
2d2 but 2d3 as the reactant in which one acac ligand has
already released because of the long IrO(1) distance (3.841 ¡).
On the other hand, the C(4) atom of the ppyH ligand almost
coordinates to the Ir atom since the length between the two
atoms was calculated to be 2.312 ¡. This change in geometry
from 2d2 to 2d3 is very convenient for exchanging one acac
ligand to ppyH. However, the loss of the IrO(1) bond and the
formation of the weak IrC(4) bond result in destabilizing the
complex by 26.6 kcal mol¹1.
The extraction of the H(13) atom in 2d3 to form an acacH
molecule was calculated to have a barrier as low as 1.8
kcal mol¹1. The activation energy from 2d2 to 3_acacH was
calculated to be 28.4 kcal mol¹1.27 This value is so low that
the reaction proceeds in the experimental conditions around
200210 °C.
Path E: Formation of fac-[Ir(ppy)3] from 3: After the
formation of 3, a similar reaction is repeated twice to obtain
the target [Ir(ppy)3]. Two isomers are considered for the complex, facial and meridional. Our synthesis method selectively
produced the facial isomer.19 This is the most valuable feature
of the reaction. The geometric features and the electronic
structures of 3 as well as [Ir(acac)(ppy)2] (5) are related to the
selective formation of fac-[Ir(ppy)3].
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As shown in Figure 6, the length of the IrO(3) bond trans
to the C(2) atom (2.185 ¡) in 3 was calculated to be longer by
0.119 ¡ than that of the IrO(5) bond trans to the N(1) atom
(2.066 ¡). The IrO(4) length as well as those of the other two
IrO bonds (2.050 and 2.049 ¡) are also shorter by ca. 0.1 ¡
than that of the IrO(3) bond. The calculated results indicate
the existence of the trans eﬀect of the IrC bond. The
propensity indicates the IrO(3) bond (2.185 ¡) is weaker than
the other three IrO bonds. Moreover, Mulliken charges of the
O(3) and O(5) atoms were calculated to be ¹0.388 and ¹0.368.
Those for the other two oxygen atoms turned out to be ¹0.368
and ¹0.364. It means that the second ppyHH mainly interacts
with O(3) stronger than the other three oxygen atoms, and
then, the oxygen donor atom trans to C(2) is replaced with the
nitrogen atom of ppyH through the second exchange reaction.
It is, therefore, likely that the IrO(3) bond cleaves and the
intermediate 5 is formed under the similar mechanism of the
ligand-exchange reaction on 2.
The IrO(5) length (2.178 ¡) was calculated to be longer by
0.095 ¡ than IrO(6) length (2.083 ¡). The O(5) atom occupies
the position trans to the C(4) atom. This feature in geometry
is similar to that seen in 3. Mulliken charges of O(5) and O(6)
were calculated to be ¹0.385 and ¹0.374. It is, therefore,
expected that O(5) in the last acac ligand is replaced with the
nitrogen atom of ppyH as discussed above.
In the two steps of the exchange reaction under the present
mechanism, the oxygen donor atom trans to the IrC bond is
always replaced with the nitrogen donor atom of ppyH. As
the result, three nitrogen donor atoms occupy cis positions in
[Ir(ppy)3], i.e., a fac-isomer. The mechanism for this two-step
reaction via 3 and 5 is consistent with our experimental result
that fac-[Ir(ppy)3] was selectively obtained. Dedeian and his
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Figure 6. Optimized structures of 3, 5, and 1 related to Path E (length in ¡).

co-workers proposed a similar mechanism for the fac-isomer of
the tris-cyclometalated Ir(III) complex on the basis of the trans
eﬀect.17
Conclusion
In the present study, we conducted an analysis of the reaction
mechanism of [Ir(acac)2(ppy)] from [Ir(acac)3] using theoretical
calculations at the B3LYP/SDD level of theory. In the calculations, eﬀects of the Brønsted acid and the role of one water
molecule were taken into account. The following points were
clariﬁed.
(1) The existence of Brønsted acids is responsible for the
cleavage of the IrO bond.
(2) The orthometalation reaction of the N-coordinated ppyH
does not proceed in the intermediate with a hydron. It is
necessary to remove the hydron away from the reaction center.
The neighboring ppyH molecule is involved in the removal. A
water molecule locating between acac and ppyH ligands plays
an important role in extracting a hydron of ppyH and donating
its hydron to the acac to form 3.
(3) The length of the IrO bond trans to the IrC bond in 3 is
longer by more than 0.1 ¡ than the other three IrO bonds. The
O atom is negatively charged more than the other three oxygen
atoms. The IrO bond with the trans eﬀect is preferentially
cleaved and the ppyH ligand can coordinate to the Ir atom
using the N atom of ppyH.
(4) As the intermediate 5 also has properties in geometry and
electronic structure similar to 3, the oxygen donor atom trans
to the IrC bond is replaced, and then, the fac-isomer of 1 is
selectively produced using our synthesis method.
Supporting Information
Cartesian coordinates of all structures reported in this paper.
These materials are available free of charge on the web at http://
www.csj.jp/journals/bcsj/.
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