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Abstract: A novel one-pot iridium-catalyzed domino
hydroxymethylation of olefins, which relies on using two
different ligands at the same time, is reported. DFT
computation reveals different activities for the individual
hydroformylation and hydrogenation steps in the presence of
mono- and bidentate ligands. Whereas bidentate ligands
have higher hydrogenation activity, monodentate ligands

show higher hydroformylation activity. Accordingly, a catalyst
system is introduced that uses dual ligands in the whole
domino process. Control experiments show that the overall
selectivity is kinetically controlled. Both computation and
experiment explain the function of the two optimized ligands
during the domino process.

Introduction

Homogeneous catalysis research has thrived for nearly a
century, and the resulting catalysts are important for almost
every aspect of our daily life. Nevertheless, to develop the
future potential in this area and to increase the sustainability of
chemical processes, it is crucial to continue to invent and
improve new molecularly defined catalytic systems. In general,
this is achieved by the synthesis of new ligands and their
organometallic complexes, which has been a most popular
approach so far. Other approaches based on screening reaction
conditions (acid, base, temperature, solvent, additives and so
on) are common ways to advance a given transformation. As a
more sophisticated concept, the development of bimetallic
and/or multifunctional catalytic systems became popular in
recent years.[1]

Despite the vast mechanistic information available for many
catalytic transformations, most methodology improvements are

empirically driven, and serendipity continues to play a crucial
role for the discovery of new reactions. Obviously, predictive
modeling offers the possibility to a more rational and poten-
tially faster development of homogeneous catalysts.[2] To
demonstrate the feasibility of this concept, we selected the
important domino transformation of olefins to alcohols.
Aliphatic alcohols are central bulk chemicals and feedstock in
research and industry.[3] In general, the industrial way to
transform olefins to alcohols follows two steps: a) catalytic
hydroformylation of olefins to aldehydes and b) subsequent
catalytic hydrogenation of aldehydes to alcohols. Clearly, it
would be more efficient and economical to combine both steps
in one process. Thus, in past decades, the so-called
hydroxymethylation process,[4] a one-pot reaction from alkenes
to alcohols using synthesis gas received considerable attention
in industry and academia.[5]

Originally, cobalt carbonyl complexes in the presence of
aliphatic phosphines have been used to prepare alcohols from
olefins as early as 1968;[6] however, drastic reaction conditions
are required for this process and the substrate scope is very
limited until today. More recently, using a Rh-catalyzed hydro-
formylation-reduction sequence with the assistance of a tertiary
diamine ligand, Alper et al.,[7] reported the synthesis of alcohols
from aromatic olefins, the products were obtained in excellent
isolated yields with high iso/n ratios. Notably, neither aldehyde
from hydroformylation as intermediate nor alkane from olefine
hydrogenation as side products were detected. Following that
work, Hapiot et al.,[8] reported the hydroxymethylation of
internal C=C double bonds in triglycerides by tertiary amine-
based Rh catalyst. As an interesting method, Takahashi et al.,[9]

reported a Rh� Ru dual system in the hydroxymethylation of
dec-1-ene to undecanol with Xantphos/[Rh(acac)(CO)2] respon-
sible for the hydroformylation of olefine to aldehyde and Shvo
catalyst for the hydrogenation of aldehyde to alcohol. Following
the same idea of such dual Rh� Ru catalyst system, some of
us,[10] reported that monophosphite rhodium complex in
combination with the Shvo catalyst can convert not only
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terminal, di- and tri-substituted but also tetra-substituted
alkenes to the desired linear alcohols.

In addition to Co- and Rh-based catalysts, there is a growing
interest using other metals for such domino transformations.
For example, our group reported an efficient and regioselective
Ru catalyst with 2-phosphino-substituted imidazole ligands for
the hydroxymethylation of internal alkenes to terminal
alcohols,[11] while Drent et al.,[12] reported the transformation of
internal alkenes to linear alcohols in high selectivity using
halide anion promoted palladium catalyst.

Based on our long-standing interest in new carbonylation
catalysts, we wondered whether Ir-catalyzed hydroxymeth-
ylation reactions are in principle feasible. While few examples of
Ir-catalyzed hydroformylation of olefins using synthesis gas
were reported by Alper,[13] Faraone,[14] Pakkanen,[15] Dmitri[16] and
us,[17] none of these catalysts was active for the further
reduction of aldehydes to alcohols.

As a poor catalyst for hydroformylation using synthesis gas,
Fe(CO)5 can be transferred into an active catalyst at relatively
mild temperatures and pressures under Reppe’s conditions
using CO and H2O,[18] where H2 is produced in situ in a water-
gas shift reaction (WGSR). This phenomenon is also observed
for other noble metal carbonyl complexes, for example,
Rh6(CO)16, Ru3(CO)12 and H4Ru4(CO)12 as well as Ir4(CO)12.

[19,20] We
therefore supposed that the WGSR conditions facilitate the
reductive addition of CO to an olefin. Inspired by all these
results, here we suggest a new concept for a general one-pot
domino hydroformylation and hydrogenation reactions of
olefines to alcohols under WGRS conditions. Predictive model-
ling has done firstly to check the activity of iridium complexes
with PPh3 or/and DPPE ligands. Exploratory experiments expand
this to iridium complexes with various mono- and bidentate
ligands as well as their mixture. Key for such methodology is
the in situ generation of different kinds of active iridium
complexes and tuning the alcohol yield in a limited time by
changing the ratio of mono- and bidentate ligand. The
respective and synergetic function of the two types of ligands
during the domino process is revealed by close interaction of
theoretical modelling and catalytic experiments.

Results and Discussion

Prior to experimental studies, we computed the structure and
stability of Ir complexes with PPh3 and DPPE (1,2-
bis(diphenylphosphino)ethane) ligands and their catalytic activ-
ity for hydroformylation as alkenes and the hydrogenation of
alkenes and aldehyde. All computational details are given in the
Supporting Information, where the performance of different
functional was assessed based on the available experimental
data (Figure DFT� S1 and Table DFT� S1). It was found that all
tested methods give similar trends on reactivity while M062X-
GD3-SMD gave quantitative results of stability, verified by FTIR
and NMR experiments.[20] Thus, the results of M062X-GD3-SMD
at 413 K are used for discussion.

The stability of different iridium hydride complexes was
compared based on the computed substitution Gibbs free

energies of CO ligand in HIr(CO)4 by different ligands
(Scheme 1). As expected, DPPE has stronger coordination than
PPh3 (Figure DFT� S1). For DPPE coordination, the DPPE-EA
isomer (� 24.5 kcalmol� 1) with one P center at the axial position
and one P center at the equatorial position is more stable than
the DPPE-EE isomer with two P centers at the equatorial
positions by 4.2 kcalmol� 1. For one PPh3 substitution, the 1Ph3-
A isomer (� 12.9 kcalmol� 1) with PPh3 at the axial position is
more stable than the 1Ph3-E isomer with PPh3 at the equatorial
positions by 4.2 kcalmol� 1. For two PPh3 substitution, the 2Ph3-
EA complex, with one PPh3 at the axial position and one PPh3 at
the equatorial position, has very close substitution Gibbs free
energy to that of 1Ph3-A complex (� 13.2 kcalmol� 1) and is
more stable than the 2Ph3-EE isomer with two PPh3 both at the
equatorial position by 3.8 kcalmol� 1. However, the 3Ph3-EEA
complex, with one PPh3 at the axial position and two PPh3 at
the equatorial positions is less stable. These results show the
mono- and bis-PPh3-coordinated complexes have comparative
stability and could be shifted to the other under different
[PPh3]:[Ir] ratios or CO pressure, in agreement with the
experimentally reported results.[20] The mixed DPPE and PPh3

complex DPPE-EA-1Ph3-E isomer (� 23.0 kcalmol� 1) has very
close substitution Gibbs free energy to that of DPPE-EA isomer.

Considering the high CO pressure (40 bar) and high temper-
ature (140 °C) as well as the fixed ligand-to-metal ratios in
planned experiment, the real catalysts should be HIr(CO)3(PPh3)
and HIr(CO)2(DPPE), while HIr(CO)2(PPh3)2, HIr(CO)(DPPE) (PPh3)
and HIr(CO)4 were not stable under such conditions (Figure

Scheme 1. Pre-catalysts and the reaction mechanisms of hydroformylation
and hydrogenation (same cycle for alkene and aldehyde).
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DFT� S3). Therefore, the catalytic activity of HIr(CO)3(PPh3) and
HIr(CO)2(DPPE) were systematically studied and that of HIr(CO)4
and HIr(CO)2(PPh3)2 was included for comparison. The catalytic
cycle has been computed on the basis of the typically accepted
reaction mechanism of hydroformylation[21] and subsequent
hydrogenation shown in Scheme 1 for HIr(CO)4. Using but-1-ene
as substrate, we computed only the linear aldehyde and
alcohols. The full potential energy surfaces (PES) of different
catalysts are shown in Figure DFT� S4–S6. It should be
mentioned that the real catalytic cycle starts with the formation
of the coordinatively unsaturated active catalysts via CO
dissociation from the pre-catalysts and this is the so-called
initiation step in general. Notably, the DPPE-EE isomer needs
considerably higher energy (33.6 vs. 10.0 kcalmol� 1) in the
initiation step towards CO dissociation than the EA isomer, and
the reaction possibility along the EE pathway should be rather
low. Therefore, the following discussion of DPPE ligand refers
only to the EA isomer. Based on this initiation mechanism, the
effective barriers of the formation of aldehyde, alkane and
alcohol using different catalysts are listed in Table 1 (more
detailed information see Supporting Information).

It is found that aldehyde formation has a lower barrier than
alkane formation for HIr(CO)4 (22.4 vs. 25.9 kcalmol� 1). Appa-
rently, aldehyde has higher kinetic selectivity than alkane.
However, alkane formation is more thermodynamically favored
than aldehyde formation (� 18.7 vs. � 13.8 kcalmol� 1). Based on
these low apparent barriers, a switch of chemoselectivity simply
by raising the temperature can be expected. According to the
Eyring–Polanyi equation higher temperature affects the reaction
with higher barrier more strongly than that with lower barrier;
thus, the yield of alkane increases. Indeed, this trend has been
found in our control experiments for different iridium precur-
sors without phosphine ligands in NMP (N-methylpyrrolidone)
solution under synthesis gas and WGSR conditions (Tables S1
and S2). Notably, alcohol formation has a significantly higher
barrier (46.1 kcalmol� 1) and consequently in all cases no
alcohols should be observed. It is noted that WGSR conditions
give much more internal olefines than using synthesis gas. This
might be due to the lower H2 content under WGSR conditions.

For HIr(CO)3(PPh3), aldehyde formation is slightly more
favored than alkane generation (25.7 vs. 26.0 kcalmol� 1), while
alcohol formation has the highest barrier (40.7 kcalmol� 1).
Control experiments (Table 2, entries 1–3, Table S3, entry 1)

under WGSR conditions as well as previous studies in the
presence of synthesis gas[17] also showed the preferred
formation of aldehyde over alkane in NMP solution, and these
supported our computed results. The same trend is observed
for HIr(CO)2(DPPE). Compared to HIr(CO)4 and HIr(CO)3(PPh3),
however, HIr(CO)2(DPPE) allows hydrogenation of the aldehyde
due to the lower barrier for alcohol formation (36.6 kcalmol� 1).
Interestingly, for the HIr(CO)2(PPh3)2 complex, it is found that
the formation of aldehyde and alkane has an equal barrier
(26.5 kcalmol� 1), and the formation of alcohol has a low barrier
(31.3 kcalmol� 1). This indicates that HIr(CO)2(PPh3)2 does not
show any selectivity of aldehyde and alkane but has relatively

Table 1. Effective barriers to the formation of aldehyde, alkane and alcohol
of different catalysts at M062X-D3 level (including solvation correction and
Gibs free energy correction at 413K) with respect to the real active species.

Ligand Barrier [kcalmol� 1]
Aldehyde Alkane Alcohol

CO 22.4 25.9 46.1
1Ph3-A 25.7 27.5 41.3
1Ph3-E 26.0 26.0 40.7
2Ph3-EA 26.5 26.5 31.3
2Ph3-EE 26.8 26.8 35.9
DPPE-EA 23.8 26.8 36.3
L1-A 26.2 27.1 41.3
L1-E 23.8 25.6 40.6
L10-EA 24.8 30.2 38.4

Table 2. Ir-catalyzed hydroformylation/reduction of oct-1-ene: Ligand
variation.[a]

Ligand Yield [%][b]

2 (n:iso)[c] 3 (n:iso) 4 5

1[d] PPh3 n.d. 81 (67 :33) 19 <1
2[e] PPh3 n.d. 92 (71 :29) 8 <1
3[f,g] PPh3 n.d. 94 (70 :30) 5 <1
4[f] P(p-CH3OC6H4)3 n.d. 91 (74 :26) 6 3
5[f] L1 n.d. 96 (72 :28) 2 1
6[f] L2 n.d. 81 (65 :35) 9 8
7[f] L3 n.d. 89 (50 :50) 9 1
8[f] Ph2PPy (L4) n.d. 88 (64 :36) 11 <1
9[f,g] PCy3 n.d. 94 (75 :25) 6 <1
10 L5 n.d. 74 (65 :35) 17 8
11 L6 n.d. 72 (67 :33) 18 9
12 L7 n.d. 79 (64 :36) 14 7
13 L8 n.d. 84 (67 :33) 10 5
14 DPPE (L9) 1 47 (58 :42) 36 15
15 L10 47 (66 :33) 26 (46 :54) 18 3
16[h] L10 62 (63 :37) 16 (32 :68) 19 3
17 L11 21 (57 :43) 43 (46 :54) 34 2
18 L12 17 (50 :50) 44 (44 :56) 26 13

[a] Rection conditions: 1.0 mmol of oct-1-ene, 0.25 mol% of [Ir(cod)Cl]2
(0.5 mol% of [Ir]), 0.55 mol% of ligand (ligand:[Ir]=1.1 : 1), NMP 1.0 mL, CO
40 bar, 10 equiv. of H2O, 5 mol% of PTSA·H2O, 140 °C, 20 h. [b] Determined
by GC using isooctane (57 mg) as internal standard. [c] n:iso is the ratio of
linear product to all branched products. [d] Synthesis gas 40 bar (CO:H2 =

1 :1) and without acid. [e] Synthesis gas 40 bar (CO:H2 =3 :1) and without
acid. [f] 1.1 mol% of ligand (ligand:[Ir]=2.2 : 1). [g] 48 h. [h] 1 mol% of [Ir]
and 1.1 mol of L10.
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high selectivity for the respective alcohol. However, considering
the low stability of HIr(CO)2(PPh3)2, it is hard to achieve a high
yield of alcohol simply by using this complex.

Next, we carried out further experimental studies to confirm
these computational results. Thus, carbonylation reactions of
oct-1-ene were performed in the presence of Ir-complexes of
monodentate and bidentate phosphine ligands (Table 2).
Initially, this model reaction was carried out with 0.25 mol% of
[Ir(cod)Cl]2, 0.55 mol% of PPh3 in NMP under synthesis gas
conditions (140 °C, 40 bar, CO:H2 1 :1, 20 h), similar with those
previously applied in Ir-catalyzed hydroformylation.[17] Apart
from the expected aldehydes (81%), alkane is also formed
(19%; Table 2, entry 1). Lowering H2 partial pressure (CO:H2 =

3 :1) suppresses alkane formation (8%), while promotes the
formation of aldehydes (92%; Table 2, entry 2). To further
improve this effect, reaction using H2 generated in situ from
WGSR was tested, and PTSA·H2O (p-toluenesulfonic acid) was
used to promote WGSR. Notably, base promoters did not
improve the yields (Table S3). Using 40 bar of CO in the
presence of 10 equivalents H2O and 5 mol% PTSA·H2O under
analogous conditions for 48 h, octane 4 formation is suppressed
(5%), whereas the desired C9-aldehydes 3 (94%; Table 2,
entry 3) are promoted.

To improve the selectivity, different phosphine ligands were
tested under WGSR condition (Table 2, entries 4–18). Compared
to PPh3, arylphosphines with electron-donating or -withdrawing
substituents (Table 2, entries 4–7) showed reactivity increase
and best results are obtained for bis(4-methoxyphenyl)phenyl-
phosphine L1, which gives 3 in excellent yield (96%; Table 2,
entry 5). For the well-known 2-pyridyldiphenylphosphine ligand
L4 (Table 2, entry 8), which was found to be more active for
alkyne carbonylations,[22] aldehydes 3 are formed (88%). Apply-
ing electron-rich and sterically hindered PCy3 gave similar result

Table 3. Iridium-catalyzed hydroformylation/reduction of oct-1-ene: influ-
ence of ligand concentrations.[a]

Mol % Yield [%][b]

x y 2 (n:iso)[c] 3 (n:iso) 4 5

1 0 1.0 69 (63 :37) 11 (27 :73) 18 <1
2 1.0 0 n.d. 96 (72 :28) 2 1
3 0 2.0 15 (79 :21) 55 (63 :37) 12 9
4 2.0 0 n.d. 96 (72 :28) 2 1
5 1.0 1.0 26 (77 :23) 65 (68 :32) 6 <1
6 0.1 0.9 77 (69 :31) 8 (44 :56) 10 1
7 0.2 0.8 67 (70 :30) 16 (48 :52) 9 4
8 0.3 0.7 35 (72 :28) 44 (50 :50) 7 4
9 0.5 0.5 16 (75 :25) 75 (71 :29) 5 1
10 0.7 0.3 11 (73 :27) 77 (68 :32) 7 3
11[d] 0 1.0 77 (73 :27) 2 (2 : 98) 16 3
12[d] 0.1 0.9 80 (72 :28) 2 (5 : 95) 12 <1
13[d] 0.2 0.8 79 (73 :27) 5 (10 :90) 8 1
14[d] 0.3 0.7 65 (69 :31) 12 (11 :89) 8 <1
15[d] 0.5 0.5 49 (77 :23) 35 (42 :58) 6 2
16[d] 0.7 0.3 27 (70 :30) 57 (57 :43) 6 <1

[a] Each result is the average of three experiments. Rection conditions:
1.0 mmol of oct-1-ene, 1.0 mol% of IrCl3·nH2O, x mol% of L1, y mol% of
L10, NMP 1.0 mL, CO 40 bar, 10 equiv. of H2O, 5 mol% of PTSA·H2O,
140 °C, 20 h. [b] Determined by GC using isooctane (57 mg) as internal
standard. [c] n:iso is the ratio of linear product to all branched products.
[d] 48 h.

Figure 1. Charts of Table 3: a) Entries 1, 2, and 6–10; b) entries 11–16.

Scheme 2. Iridium-catalyzed hydroformylation/reduction of olefins: aliphatic
terminal and internal olefins. Rection conditions: 2.0 mmol of olefin,
1.0 mol% of IrCl3·nH2O, 0.9 mol% of L10, 0.1 mol% of L1, NMP 2.0 mL, CO
40 bar, 10 equiv. of H2O, 5 mol% of PTSA·H2O, 140 °C, 24 h. Linear and
branch products ratios (n:i) were determined by GC and NMR spectroscopy.
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(94%, Table 2, entry 9). Employing own prepared ligands L5–[11]

led to slightly lower selectivity of aldehydes (Table 2, en-
tries 10–13). Notably, complexes with monodentate phosphine
ligands ended up with the formation of aldehydes and no
further reduction of aldehydes to alcohols is observed; however,
they produced alkane from olefine hydrogenation. All these
results agree with the computationally proposed preference of
aldehyde generation instead of alkane formation.

In addition to monodentate phosphines, bidentate
phosphine ligands were also tested. Using DPPE as a ligand
(Table 2, entry 14), aldehydes (47%), octane (36%) and internal
octenes (15%) are formed, whereas in the presence of modified
DPPE derivatives such as L10–L12, the desired alcohols (17–
47%) are formed. Notably, the chemoselectivity of this reaction
is also influenced by solvent, which allows to further increase
the alcohol yield (Table S4). Among the tested solvents, NMP
gave the lowest amount of undesired alkane and internal
olefines (18 and 3%, Table 2, entry 15). Increasing iridium
loading improved the selectivity of alcohols (62%, Table 2,
entry 16) and lowered the selectivity of aldehyde (16%),
indicating that increasing metal loading can promote the
hydrogenation of aldehydes to alcohols.

We further tested several iridium precursors in the presence
of L10 (Table S5). No alcohols are obtained for Ir(acac)(CO)2 and
Ir4(CO)12, and [Ir(cod)2]BF4 does not show improved perform-
ance. IrCl3·nH2O gives slightly better results than [Ir(cod)Cl]2
with lower cost. Because LiCl as additive was reported to
suppress the hydrogenation of olefines when using synthesis
gas,[11a,15, 23] we tested it and found overall reduced reactivity
(Table S6). We further investigated the effects of CO pressure
(Table S7), temperature (Table S8) and water content (Table S9).
Summarizing the results above gives the best conditions using
1.0 mol% of IrCl3·nH2O, 1.0 mol% of L10, NMP solvent, 10
equivalent of H2O, 40 bar CO, 140 °C and 20 h reaction time.
Additionally, applying such high CO pressure aim to promote
H2 formation in the WGSR (Table S7, entry 4).

Due to the better performance of L1 and L10, further
computational studies based on these two ligands were carried
out. The stability of the L1/L10 coordinated Iridium hydride
complexes (Figure DFT� S2) shows that the two isomers of L10
coordinated bidentate complexes, L10-EA and L10-EE, are
much more stable than the two isomers of L1 coordinated
monodentate complexes L1-E and L1-A (� 23.8 vs. � 14.4 and
� 20.2 vs. � 10.6 kcalmol� 1). It can be found that both L1 and
L10 coordinated isomers at the axial positions (L1-A and L10-
EA) are more stable than those at only equatorial positions (L1-
E and L10-EE). Furthermore, complex 2 L10 has a lower
substitution Gibbs free energy than L10-EA by 2.3 kcalmol� 1.
Surprisingly, the L1 and L10 containing complex L10-EA-L1-E
(� 25.2 kcalmol� 1) is more stable than the complexes with only
one kind of ligand by 1.4 and 10.8 kcalmol� 1, respectively.
Under our reaction conditions with high CO pressure and fixed
ligand-to-metal ratio, however, the formation of L10-EA-L1-E is
less likely (Figure DFT� S3). The relative stability of the L1/L10
coordinated iridium hydride complex is comparable to that of
PPh3/DPPE, and the real catalysts under our reaction conditions
should be HIr(CO)3(L1) and HIr(CO)2(L10) (Tables DFT� S3).

Considering the similar coordination mode between PPh3

and L1 as well as between DPPE and L10 ligands, it is
reasonably to suppose that L1/L10 have similar PES with those
of PPh3/DPPE in the whole hydroformylation and hydrogenation
process, and only the possible rate-determining transition states
of L1/L10 coordinated Iridium hydride complexes were consid-
ered. The obtained minimum effective barriers of the formation
of aldehyde, alkane, and alcohol are listed in Table 1 (detailed
in Table DFT� S2/DFT� S3), and the full PES are shown in Figures
DFT� S4–S6. The pathway along L10-EE is also ignored in the
following discussion due to the high initiation energy.

The effective barrier for the formation of aldehyde/alkane in
the presence of HIr(CO)3(L1) and HIr(CO)2(L10) is 23.8/25.6, 24.8/
30.2 kcalmol� 1, respectively. Both L1 and L10 ligands increase
the barrier difference between the formation of aldehyde and
alkane compared with PPh3 (1.8 vs. 0.3 kcalmol� 1) and DPPE (5.4
vs. 3.0 kcalmol� 1) (Table DFT� S3 and Figure DFT� S6). Thus, L1
and L10 can promote the formation of aldehydes and suppress
the formation of alkane than PPh3 and DPPE, respectively.
However, L1 has lower barriers for the formation of aldehyde
and alkane than L10, indicating the faster aldehyde production
rate of L1. In addition, L10 has lower barrier for the formation

Figure 2. Control experiments in different temperature: 1.0 mmol of sub-
strate, 1.0 mL of NMP, 1.0 mol% of IrCl3·nH2O, 1.1 mol% of ligand, 5 mol%
of PTSA·H2O, 10 equiv. of H2O, 40 bar CO. a) Hydroformylation/reduction of
oct-1-ene only using L1 in different temperature; b) Hydroformylation/
reduction of oct-1-ene only using L10 in different temperature; c) Reduction
of nonanal only using L1 in different temperature (ca. 30% of nonanal
condensed); d) Reduction of nonanal only using L10 in different temperature
(ca. 30% of nonanal condensed).
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of alcohols than that of L1 (38.4 vs. 40.6 kcalmol� 1), therefore
L10 can give alcohols easier than L1.

Based on all the computational results, we can deduce that
mono-phosphine iridium complexes have higher aldehyde
selectivity and low alcohol selectivity, whereas bis-mono-
phosphine and bidentate phosphine iridium complexes have
higher alcohol selectivity. In the presence of both mono- and
bidentate phosphine ligands, under high CO pressure, the
iridium complex with both ligands co-coordinated has a low
stability.

Having these proposals in mind, we carried out further
experiments using 1 mol% of IrCl3·nH2O as precursors in the
presence of L1 and L10 in different ratios to combine the
positive effects of the different catalyst species (Table 3).

Only using L10 (Table 3, entry 1), the reaction gives not only
alcohols (69%) and aldehydes (11%) but also alkane (18%) and
internal olefins (<1%), while in the presence of only L1 (Table 3,
entry 2) the reaction gives mainly aldehydes (96%), slight
alkane (2%) and internal olefins (1%) and no alcohols are
found. This shows that L1 prefers the formation of aldehydes
and L10 can prefers hydroformylation and hydrogenation of
aldehyde, in line with the computed results.

Next, different metal-to-ligand ratios were experimentally
tested. With increasing ligand concentration ([Ir]:[P]=1 :4) the

activity dropped dramatically and only 15% of 2 is obtained
along with 55% aldehydes (Table 3, entry 3). In line with our
previous test (Table 2, entry 5), no alcohols are detected for
using L1 even at higher catalyst concentration (Table 3, entry 4).
In the presence of both ligands L1 and L10 ([Ir]:[P]=1 :6), low
activity and low yields of the corresponding aldehydes are
observed (Table 3, entry 5). Obviously, the ligand loading is
crucial for the activity of the catalysts, and therefore, we
combined L1 and L10 in different ratios (L10/L1+L10=0, 0.3,
0.5, 0.7, 0.8, 0.9 and 1.0, [Ir]:[L1+L10]=1 :1) for 20 h for
evaluating the activity and selectivity. With the increase of L10
content (Table 3, entries 1, 2, 6–10, Figure 1a), the yield of
aldehydes decreases, while the yield of alcohols increases. The
same trend is found for reaction for 48 h (Table 3, entries 11–16,
Figure 1b), however, at a given L10 content, longer reaction
time gives higher yield of alcohols and lower yield of aldehydes.
This reveals that simply mixing L1 and L10 ligand in one system
can improve the hydroxymethylation process to a certain
extent, and such reaction is kinetically controlled. According to
Table 3, the best result is obtained with a combination of L1:
L10=1 :9. Obviously, the reaction rate is mainly determined by
L10 amount.

To confirm the previous conclusions, control experiments
with olefine and aldehyde were performed with L1 and L10 at
100, 120 and 140 °C (Table S10). For L1 (Figure 2a), the yield of
aldehydes increases with the increase of temperature, mean-
while the formed internal olefines are also converted to
aldehydes, and alcohols are not formed. For L10 (Figure 2b),
low temperature gives mainly aldehydes and alkane at low
conversion. At higher temperature the yield of alcohols,
aldehydes and alkane increases, and aldehydes can be further
hydrogenated to alcohols at elongated reaction time. Next,
further control experiments using nonanal as substrate with
different L10 concentrations were done (Table S11). With lower
concentration of L10, the nonanal conversion is decreased.
Although prolonging the reaction time led to higher alcohol
yields, the undesired condensation of aldehyde also increased.

With nonanal as the substrate, alcohol is not formed for L1
at low or high temperature (Figure 2c), whereas for L10
(Figure 2d), alcohol is not formed at 100 °C, but is at 120 °C, and
the yield increases at 140 °C. The mixture of aldehyde and the
alcohol formed at 140 °C (Figure 2b, d) show that the hydro-
genation of aldehyde to alcohol has higher barrier than the
hydroformylation of olefine to aldehydes, in full agreement
with computation.

Having an appropriate catalyst system in hand, we tested
the scope of substrates. Initially some industrially relevant
aliphatic alkenes (1a–1g) were tested. The alcohol products
were isolated by chromatography and isolated yields are given
in Scheme 2. As expected, linear terminal olefins gave similar
results as model substrate oct-1-ene (Scheme 2, 2a–c). The
alcohol yields of 73% (Scheme 2, 2c) to 79% (Scheme 2, 2b)
are obtained, and the n:i ratios decreased with shorter carbon
chain. Alkenes with hinder and strong electron-donating group
(1d, 1e) achieved high selectivity of alcohols and only n-alcohol
products are detected. Internal olefins were also tested (1f–1g)
and they also provided relatively high alcohol yields. Notably,

Scheme 3. Iridium-catalyzed hydroformylation/reduction of olefins: aromatic
and cycloalkenes. Rection conditions: 2.0 mmol of olefin, 1.0 mol% of
IrCl3·nH2O, 0.9 mol% of L10, 0.1 mol% of L1, NMP 2.0 mL, CO 40 bar,
10 equiv. of H2O, 5 mol% of PTSA·H2O, 140 °C, 24 h. Linear and branch
product ratios (n:i) were determined by GC and NMR spectroscopy. [a]
2.0 mol% of IrCl3·nH2O, 1.8 mol% of L10, 0.2 mol% of L1. [b] 3.0 mol% of
IrCl3·nH2O, 2.7 mol% of L10, 0.3 mol% of L1. [c] ratio of carbonylated
positions 1 and 2.
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internal olefins are also isomerized during the reaction and
then a part of terminal products were observed. Aromatic and
cyclo-alkenes were also tested (Scheme 3, 1h–1o) and similar
trends compared to aliphatic olefins are observed. However, in
these cases the reactivity was somewhat lower under the model
conditions and branched products dominated for the aromatic
substrates (2h–). Nevertheless, the alcohol yields could be
improved when the loading of metal and ligands is increased
(2 i, a). Likewise, for 1k, the alcohol yield is improved at higher
catalyst loading.

Notably, less-reactive cyclo-olefins (1 l–1o) provided moder-
ate-to-good yields of alcohol when the amount of catalyst was
increased threefold. For example, 4-methylcyclohexene (1m)
and cyclo-octene (1n) are converted to the desired products in
79–81% yield. Finally, norbornene (1o) was transformed into an
alcohol in high yield (77%) with no extra amount of catalyst,
albeit a mixture of exo and endo products is obtained.

Conclusion

A novel iridium catalyst system based on two different ligands
for the one-pot hydroxymethylation of olefins to alcohols is
presented. Theoretical investigations predict a high hydro-
formylation rate of iridium-monophosphine complexes, and a
relatively high aldehyde reduction rate of iridium-bidentate-
phosphine complexes. Mixing these two types of ligand in one
system can keep the advantage of each catalyst, especially
under high CO pressure. Based on modeling studies, a novel
catalyst system is introduced that uses both mono- and
bidentate phosphine ligands at the same time in a domino
process. Good-to-very-good alcohol yields were obtained from
aliphatic and aromatic olefins, including cyclic and internal
ones. With an appropriate ligand ratio (L1/L10), the desired
alcohol yield could be further improved. Control experiments
show that the overall reaction is kinetically dominated, and the
final yield mainly depends on the amount of L10 and the
reaction time.
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