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The ligand effect on the chemo/regioselectivity and reactivity of cobalt-catalysed hydroformylation has

been discussed. The results of the unmodified cobalt carbonyl catalyst showed that the regioselectivity of

the terminal alkene substrate was mainly affected by the steric hindrance of the bulky alkyl substitution

group and was insensitive to the elongation of the carbon chain. Regarding the addition of Co–H onto the

alkene, modifying the cobalt carbonyl catalyst with a phosphine ligand led to more distinct differences

between the Markovnikov and anti-Markovnikov pathways with respect to both the energy barrier and the

reaction free energy. Among the four selected phosphines, PBu3 and a5-PhobPC5 with large Tolman cone

angles favoured anti-Markovnikov-type Co–H addition, which is beneficial for the generation of a linear

product. The modification with phosphine also promoted the oxidative addition of H2 on the CoĲI) centre

by lowering the energy barrier of H2 splitting and generating a more stable CoĲIII)-dihydride complex but

retarded the reductive elimination step by elevating its activation energy and reaction energy. On the

whole, the hydroformylation mechanism is similar for both modified and unmodified cobalt carbonyl

catalysts. Moreover, PBu3 modification on the catalyst does not intrinsically change the chemoselectivity of

alkene but indeed improves the subsequent alcohol and formic ester formation.

Introduction

Hydroformylation, also known as the “oxo” process, is a
well-established homogeneous catalytic reaction for
manufacturing aldehydes from alkenes.1–8 Various
homogeneous catalysts with different transition-metal
catalytic centres have been extensively explored.1–5 Among
them, rhodium and cobalt-based catalysts are two major
options.1–8 Although cobalt-based catalysts are less active
than the rhodium analogues,1–5 they possess the merits of
earth abundance, low cost, and robustness towards poisons
in the feedstock.5,6 However, a primitive HCoĲCO)4 catalyst
exhibits poor regioselectivity and requires a relatively high
syngas pressure to avoid the decomposition of the cobalt
carbonyl complex.5–8 To meet the demand of high-pressure

conditions, reaction vessels with higher pressure limits are
required to be used, which results in an increase in the
production cost. On account of the linear and branched
product mixture, the utilization of hydroformylation
products is confined.7 To improve these two defects,
phosphine-modified cobalt carbonyl catalysts have been
developed.8–14 This alteration on the ligand not only
enhances the stability and hydrogenation capability of the
catalyst by the stronger electron-donating effect of the
phosphine ligands, but also greatly elevates the selectivity
towards the linear products due to the steric effect of the
phosphine ligands.5–7 Therefore, various bulky
monophosphine ligands with stronger σ-electron-donor
strength, less π-acid character, or large Tolman cone
angle15–17 (e.g., PBu3, phobanes, Lim, VCH, and PA ligand
family18–25) have been evaluated in cobalt-catalysed alkene
hydroformylation. Lower syngas pressure conditions and
better regioselectivity have been achieved.26 In contrast to
the lasting and intensive experimental investigations on
cobalt-catalysed hydroformylation7,27–32 as well as the
progressive theoretical studies on the phosphine ligand
effect on rhodium-catalysed hydroformylation,33–38 the
computational mechanistic studies on cobalt-catalysed
hydroformylation are still mostly focused on the original
phosphine-free cobalt carbonyl catalyst.33,34,39–51 The
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mechanism involves different unsaturated hydrocarbon
substrates,39–43 hydrogen splitting, and reductive elimination
steps in hydroformylation44 and kinetics.45,46 Automated
methods have also been exploited.47–51 However, as an
important factor to regulate reactivity and regioselectivity,
the ligand effect on cobalt-catalysed hydroformylation has
not been quantitatively investigated by density functional
theory (DFT) computations.

According to the widely accepted Heck–Breslow
mechanism,7,52,53 cobalt-catalysed hydroformylation process
generally consists of five steps (Fig. 1): i) formation of a
π-complex between the unsaturated HCoĲCO)2L complex and
the alkene substrate; ii) generation of cobalt-alkyl complex
via the addition of Co–H into the alkene; iii) formation of the
cobalt-acyl complex through migratory CO insertion; iv) the
oxidative splitting of H2 on cobalt; v) release of the aldehyde
and regeneration of HCoĲCO)2L by way of reductive
elimination. During this reaction process, the regioselectivity
of hydroformylation is decided by the Co–H addition step.
Also, the electric properties of the ligand on the cobalt
catalyst has distinct effects on each step of the process.
Understanding the electronic and steric effects of the ligand
on these steps would further help in improving the activity
and regioselectivity of the cobalt catalysts. Although great
advances have been made in experimental technique, it is
still challenging to monitor the transient intermediates due
to their instability.19,24,54–62 Theoretical computation based
on DFT is a complementary but more accessible tool to solve
such issues and DFT results can help to get a thorough
insight into the mechanism of the reaction process.63,64

Herein, the phosphine ligand effect on the reactivity and
selectivity of cobalt-catalysed hydroformylation was
investigated based on the computational research. We
performed a systematic study on all the steps in the Heck–
Breslow mechanism and the side reactions of the PBu3-
modified cobalt carbonyl catalyst. Considering the diverse

and changeable configuration of cobalt-alkyl and cobalt-acyl
complexes bearing phosphine ligand as well as the
complicated interconversion between them, only the reaction
steps involving cobalt hydride intermediates of other
phosphine ligands were studied.

Computational methods

Considering the applicability of M06 hybrid meta exchange–
correlation functional65 in homogeneous organometallic
thermochemistry,66,67 geometry optimizations were
conducted with the M06 functional. The Stuttgart–Dresden
basis set was used for the cobalt atom68,69 and the
6-311+G(d) basis set was used for the other atoms.
Vibrational frequencies were calculated to verify all the
stationary points as the minima (no imaginary frequency) or
transition state (TS, only one imaginary frequency). Intrinsic
reaction coordinate (IRC) calculations were also conducted to
confirm that each transition state connects two relevant
minima. Free energies (in kcal mol−1) at 298.15 K and 1 atm
were used in the following discussions. Steric maps were
analysed by SambVca 2 web tool.70 All other calculations were
performed on the Gaussian 09 package.71

The following notations are employed to represent the
different types of complexes involved in each elementary
reaction throughout the text. a, b, c, and d represent the
isomers of the π-complex HCoĲη2-alkene)ĲCO)2L (L = CO or
phosphine ligand); e, f, g, and h represent the isomers of
CoĲη2-alkyl)ĲCO)2L; i and j represent the isomers of CoĲη1-
C3H7)ĲCO)4 or CoĲη1-C3H7)ĲCO)3ĲPBu3); k, l, m, and n
represent the isomers of (η2-C3H7CO)CoĲCO)2ĲPBu3); o
represents CoĲη1-n-C3H7)ĲCO)3; p and q represent the isomers
of the π-complex HCoĲη2-C3H7CHO)ĲCO)3 or HCoĲη2-
C3H7CHO)ĲCO)2ĲPBu3); r and v represent [η2-C3H7CHĲOH)]Co-
ĲCO)3 or [η2-C3H7CHĲOH)]CoĲCO)2ĲPBu3); s represents (η1-
C3H7CH2O)CoĲCO)3 or (η1-C3H7CH2O)CoĲCO)2ĲPBu3); t
represents (η1-C3H7CH2O)CoĲCO)4 or (η1-C3H7CH2O)CoĲCO)3-
ĲPBu3); u represents (η1-C4H9OCO)CoĲCO)3 or (η1-
C4H9OCO)CoĲCO)2ĲPBu3). The notations ma and anti-ma
respectively represent Markovnikov and anti-Markovnikov
hydroformylation pathway. The notations alkane, alcohol,
and formate respectively represent the pathways of alkene
hydrogenation to alkane, aldehyde reduction to alcohol, and
carbonylative reduction of aldehyde to formic ester. The
subscripts respectively represent the following
transformations: i) rotate refers to the CC or CO bond
rotation, acyl-rotate refers to the rotation of the butyryl
group, alkyl-rotate refers to the rotation of the propyl group;
ii) add refers to Co–H addition; iii) iso refers to the
isomerization of the cobalt-alkyl complexes, acyl-iso refers to
the isomerization of the cobalt-acyl complexes; iv) CO refers
to the addition of the carbonyl ligand, H2 refers to the
addition of H2 molecule; vi) insert refers to migratory CO
insertion; vii) splitting refers to hydrogen splitting; viii)
eliminate refers to reductive elimination. ΔG represents the
relative free energy with respect to conformation a; ΔGA and

Fig. 1 Simplified Heck–Breslow mechanism (the scenario of
regioselectivity towards the branched product is omitted for clarity) of
olefin hydroformylation catalysed by phosphine-modified cobalt
carbonyl catalyst.
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ΔGR represent the activation energy and reaction free energy
of the elementary step, respectively.

Results and discussion
Co–H addition of unmodified HCoĲCO)3

Firstly, the Co–H addition of unmodified HCoĲCO)3 on
propylene, 4,6-dimethyl-1-heptene (one of the components in
the tripropylene mixture), isobutene, and 2,4,4-trimethyl-1-
pentene (the major isomer of the diisobutene mixture) were
investigated. Consistent with the previous reports,72–75 there
are two orientations for CC bond coordination with the
cobalt centre of HCoĲCO)3 in the π-complexes of HCoĲη2-
alkene)ĲCO)3: the double bond is perpendicular or parallel to
the axial Co–H bond. In the case of these four alkenes, the
perpendicular conformation is more stable than the parallel

conformation. There are two different kinds of perpendicular
conformations for propene, 4,6-dimethyl-1-heptene, and 2,4,4-
trimethyl-1-pentene: methyl, 2,4-dimethylpentyl, or 2,2-
dimethylpropyl group is located at the same or opposite side
of the Co–H bond. In these cases, the free energy differences
between these two kinds of perpendicular conformation are
all much less than 1 kcal mol−1 (entries 1–3 of Table 1),
which are most likely within the error of DFT computations.
For the purpose of simplifying the discussion of the reaction
mechanism, the conformations a were selected as the
starting point to investigate the Co–H addition of HCoĲCO)3.
For propene or isobutene, the formation of a through
coordination with HCoĲCO)3 is a weakly exothermic
elementary reaction. But with the change in alkene from
propene/isobutene to 4,6-dimethyl-1-heptene/2,4,4-trimethyl-1-
pentene, the exothermic nature of the reaction becomes
much more significant. For detailed results, see Table S1 in
ESI.†

The most stable perpendicular conformations a were firstly
transformed to c or d through the rotation of the CC bond.
Afterwards, via the migration of the hydrogen atom from cobalt
onto the CC bond of these four alkenes, the π-complexes
HCoĲη2-alkene)ĲCO)3 c/d were converted to the corresponding
complexes CoĲη1-alkyl)ĲCO)3 e/f with an additional Co⋯H–C
agostic interaction at the formally vacant equatorial position.
The free energy changes due to Co–H addition onto the four
chosen alkenes are summarized in Table 2. The Co–H addition
along Markovnikov (a → e) and anti-Markovnikov (a → f)
pathways is exothermic for propene and isobutene but
endothermic for 4,6-dimethyl-1-heptene and 2,4,4-trimethyl-1-
pentene. The comparison between propene and 4,6-dimethyl-1-
heptene as well as between isobutene and 2,4,4-trimethyl-1-
pentene exhibits that the energy barrier of CC bond rotation
is significantly elevated and this step becomes much more
endothermic after elongation of the carbon chain or
enlargement of the substitution group. However, the activation
energy and reaction free energy change of the Co–H addition
step were much less impacted. In the cases of propene, 4,6-
dimethyl-1-heptene, and isobutene, the energy differences in
ΔGA and ΔGR for CC bond rotation and Co–H addition
between Markovnikov and anti-Markovnikov pathway were less
than 1 kcal mol−1. Even the energy differences between the two
final states of the Co–H addition process (e and f) were less
than 0.5 kcal mol−1. Only in the case of 2,4,4-trimethyl-1-
pentene, the anti-Markovnikov pathway is notably more
thermodynamic-favoured than the Markovnikov pathway by
about 3.5 kcal mol−1.

The energy patterns for the Co–H addition of the
unmodified cobalt carbonyl catalyst onto isobutene, 4,6-
dimethyl-1-heptene, isobutene, and 2,4,4-trimethyl-1-pentene
indicate that the hydroformylation regioselectivity of the
mono-substituted terminal alkene substrate is insensitive to
the elongation of the aliphatic chain. For di-substituted
terminal aliphatic alkene substrates, the bulky steric
hinderance provided by the alkyl substitution can make the
anti-Markovnikov pathway more beneficial.

Table 1 Newman projection and relative free energy (ΔG, kcal mol−1) of
HCoĲη2-alkene)ĲCO)2L with different perpendicular olefin coordination
conformations at the equatorial site

Entry a b ΔGc

1 0.6

2a 0.1

3 <0.1

4 0.1

5 0.8

6 0.2

7b 0.1

8 0.1

a R = 2,4-dimethylpentyl. b L1 = a5-PhobPC5.
c ΔG = G(b) − G(a).
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Co–H addition of phosphine-modified cobalt carbonyl catalysts

Four kinds of phosphines, namely, PH3, PMe3, PBu3, and
n-pentyl-9-phosphabicycloĳ4.2.1]nonane (a5-PhobPC5, Fig. 2)
were selected as the model ligands to investigate the ligand
effect on the regioselectivity during the cobalt-catalysed
hydroformylation with propene. Considering that
coordination-unsaturated HCoĲCO)2L with 16 valence
electrons obtained via CO dissociation from HCoĲCO)3L is
generally regarded as the active species of the cobalt
hydroformylation catalyst, the thermodynamics for the
formation of the phosphine-modified pre-catalyst was
investigated. According to the previous computational
research,76 equatorial CO dissociation was energetically more
favoured than axial CO dissociation in HCoĲCO)4. Therefore,
the free-energy changes for the conversion from HCoĲCO)4 to
HCoĲCO)3L (L = phosphine ligand) via ligand exchange on the
equatorial site were computed. It was found that except for
the case of PH3, the substitution of equatorial carbonyl
ligand by PMe3, PBu3, or a5-PhobPC5 was thermodynamically
favored (for detailed results, see Table S2 in ESI†). Also,
compared with the equatorial CO dissociation on HCoĲCO)4
to form the active species HCoĲCO)3, the corresponding
process on HCoĲCO)3L became more endothermic (for details,

see Table S3 in the ESI†), except for the a5-PhobPC5-
substituted cobalt carbonyl hydride complex, which turns out
to be less endothermic. A similar trend was also found in the
CO dissociation process of CoĲCO)3LĲCOR), which is
attributed to the steric effects of a5-PhobPC5 by Birbeck
et al.24 We also compared the preference of phosphine
substitution between the axial and equatorial sites of
HCoĲCO)2L by the relative free energy and enthalpy (for
detailed results, see Table S4 in the ESI†). Similar to the
previous computational results,77 the monodentate
phosphine ligands prefer equatorial substitution. Based on
these results and in order to simplify the model for
computational survey, only the scenarios of the HCoĲCO)2L
complex with phosphine substitution at the equatorial
position were considered. The detailed free energy changes
for the coordination of propene or isobutene with HCoĲCO)2L

Table 2 Free energy changes for the Co–H addition of HCoĲCO)3 onto propene, 4,6-dimethyl-1-heptene, isobutene, and 2,4,4-trimethyl-1-pentene
with different regioselectivities (values are in kcal mol−1)

Markovnikov pathway

Entry R1/R2 ΔG(TSrotate) ΔG(c) ΔG(TSadd-ma)/ΔGA ΔG(e)/ΔGR

1 CH3/H 5.5 3.4 6.3/2.9 −3.3/−6.7
2 2,4-dimethylpentyl/H 20.2 17.1 19.9/2.8 10.9/−6.2
3 CH3/CH3 4.1 1.3 5.6/4.3 −1.8/−3.1
4 CH3/CH2C(CH3)2 18.9 16.1 20.6/4.5 15.5/−0.6

Anti-Markovnikov pathway

Entry R1/R2 ΔG(TSrotate) ΔG(d) ΔG(TSadd-anti-ma)/ΔGA ΔG(f)/ΔGR

5 CH3/H 4.9 3.5 6.1/2.6 −3.1/−6.6
6 2,4-dimethylpentyl/H 19.4 17.8 20.1/2.3 11.0/−6.8
7 CH3/CH3 3.8 1.7 5.6/3.9 −2.0/−3.7
8 CH3/CH2C(CH3)2 18.1 16.5 20.5/4.0 12.4/−4.1

Fig. 2 Structure of n-pentyl-9-phosphabicycloĳ4.2.1]nonane (a5-
PhobPC5).
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are provided in Table S1 of the ESI.† When propene is
coordinated to the HCoĲCO)2L catalyst with phosphine
substitution at the equatorial position, the perpendicular
conformation is more stable than the parallel conformation.
Also, for the perpendicular conformations, similar to that of
HCoĲη2-alkene)ĲCO)3, the more stable a conformation with
the methyl group of propene on the opposite side of the
Co–H bond was chosen as the starting point, even though
the energy differences between a and b are less than 1 kcal
mol−1 (entries 4–7 of Table 1). Owing to the presence of the
phosphine ligand, the isomerization of CoĲη2-C3H7)ĲCO)2L
from cis configuration to trans configuration (e → g; f → h)
was also considered to demonstrate the probable

transformation on the cobalt-alkyl complexes. The detailed
energy changes for the rotation–addition–isomerization
process are summarized in entries 1–8 of Table 3. The results
for the small energy differences in the CC bond rotation
barrier/reaction energy of HCoĲη2-alkene)ĲCO)3 between
Markovnikov and anti-Markovnikov pathways verify that the
transformation between parallel and perpendicular
conformation is very easy and has negligible effect on the
reaction. Therefore, the CC bond rotation step is not
discussed in the following part but the corresponding data
are listed out for completeness.

Although PH3 has strong electron-donating ability, its
steric hinderance is relatively less than that of any other

Table 3 Free energy changes for the Co–H addition of HCoĲCO)2L onto propene and isobutene with different regioselectivities (values are in kcal
mol−1, R = H or Me)

Markovnikov pathway of propene (R = H)

Entry L ΔG(TSrotate-ma) ΔG(c) ΔG(TSadd-ma)/ΔGA ΔG(e)/ΔGR ΔG(TSiso-ma)/ΔGA ΔG(g)/ΔGR

1 PH3 7.2 4.4 5.3/0.9 −1.5/−5.9 4.1/5.3 −2.0/−0.5
2 PMe3 6.5 5.0 7.6/2.6 1.5/−3.4 5.7/4.2 −1.7/−3.2
3 PBu3 8.2 4.5 9.8/5.3 4.5/0.0 5.1/0.6 −3.4/−7.9
4 a5-PhobPC5 7.1 3.5 7.2/3.7 — — −2.3/−5.8

Anti-Markovnikov pathway of propene (R = H)

Entry L ΔG(TSrotate-(anti-ma)) ΔG(d) ΔG(TS add-(anti-ma))/ΔGA ΔG(f)/ΔGR ΔG(TSiso-(anti-ma))/ΔGA ΔG(h)/ΔGR

5 PH3 5.3 4.0 4.6/0.6 −2.2/−6.2 4.1/6.3 −2.3/−0.1
6 PMe3 5.6 5.1 7.2/2.1 −1.1/−6.2 7.3/8.4 −1.3/−0.2
7 PBu3 6.6 5.6 8.5/2.9 2.6/−3.0 7.6/5.0 −3.4/−6.0
8 a5-PhobPC5 7.5 6.9 7.5/0.6 −3.5/−10.4 — —

Markovnikov pathway of isobutene (R = Me)

Entry L ΔG(TSrotate-ma) ΔG(c) ΔG(TSadd-ma)/ΔGA ΔG(e)/ΔGR ΔG(TSiso-ma)/ΔGA ΔG(g)/ΔGR

9 PH3 5.3 2.6 5.9/3.3 −1.1/−3.7 3.3/4.4 −1.8/−0.7
10 PMe3 4.4 3.3 7.5/4.2 2.1/−1.2 4.2/2.1 −2.1/−4.2
11 PBu3 7.9 4.2 10.3/6.1 — — −1.9/−6.1

Anti-Markovnikov pathway of isobutene (R = Me)

Entry L ΔG(TSrotate-(anti-ma)) ΔG(d) ΔG(TSadd-(anti-ma))/ΔGA ΔG(f)/ΔGR ΔG(TSiso-(anti-ma))/ΔGA ΔG(h)/ΔGR

12 PH3 6.3 4.0 5.0/1.0 −1.0/−5.0 5.0/6.0 −0.6/0.4
13 PMe3 4.7 4.2 6.6/2.4 0.0/−4.2 6.5/6.5 −3.2/−3.2
14 PBu3 8.3 6.3 10.4/4.1 — — −2.0/−8.3
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tertiary-alkyl phosphine ligand.15 As shown in Table 3, the
Co–H addition barrier of the complexes with PH3 ligand are
considerably lower than those of the complexes with PMe3,
PBu3, and a5-PhobPC5. Furthermore, compared with
unmodified cobalt carbonyl complex, the presence of PH3

ligand considerably diminishes the energy barrier of
migratory Co–H insertion into the CC bond to generate the
Co-(η2-C3H7) complex (0.9/0.6 vs. 2.9/2.6 kcal mol−1). After
Co–H addition, PH3 is still at the equatorial position in the
Co-(η2-C3H7) complexes e and f. Then, they undergo
isomerization to the more stable CoĲη2-C3H7)ĲCO)2ĲPH3)
isomers g and h with (iso)propyl at the trans position of PH3

respectively via the energy barrier of 5.6 kcal mol−1 from e to
g and 6.3 kcal mol−1 from f to h. Comparing the free energy
changes of the whole rotation–addition–isomerization
process between HCoĲCO)2ĲPH3) and HCoĲCO)3, we can see
that the substitution of the carbonyl ligand with PH3 makes
the anti-Markovnikov pathway more kinetically and
thermodynamically favoured.

The results of PMe3 and PBu3 more obviously demonstrate
the ligand effect on the regioselectivity of hydroformylation.
In the Co–H addition step, when the phosphine ligand at the
equatorial site is PMe3, the energy barrier in the anti-
Markovnikov pathway is 0.5 kcal mol−1 lower than that in the
Markovnikov pathway and the anti-Markovnikov pathway is
more exothermic than the Markovnikov pathway by about 2.8
kcal mol−1. The similar process and energy patterns are also
manifested in the case of PBu3. The energy barrier for the
Co–H addition step in the anti-Markovnikov pathway is 2.4
kcal mol−1 lower than that in the Markovnikov pathway and
the anti-Markovnikov pathway is more exoergic than the
Markovnikov pathway by about 3.0 kcal mol−1. The results
indicate that introducing PMe3 and PBu3 ligands makes the
anti-Markovnikov pathway more advantageous than the
Markovnikov pathway, which leads to the linear selectivity of
the hydroformylation product. According to the reported
experimental results,12–14 modifying the cobalt carbonyl
catalyst with PBu3 largely improved the regioselectivity
towards linear products in the cobalt-catalysed
hydroformylation of 1-pentene and propene. The obtained
energy patterns verify that PBu3 improves the regioselectivity
by the contributing in the Co–H addition step. Our
computation results also demonstrate that the isomerization
of CoĲη2-C3H7)ĲCO)2L (L = PH3, PMe3 or PBu3) from cis to the
more stable trans isomer can occur after Co–H addition
driven by the thermodynamic preference and low barrier.

a5-PhobPC5 belongs to a large family of bicyclic tertiary
phosphine ligands known as phobanes
(9-phosphabicyclononanes including [3.3.1] isomers and
[4.2.1] isomers).21 As more stable and less volatile phosphines
than simple trialkylphosphines, they were also developed for
the phosphine-modified cobalt-catalysed hydroformylation by
Shell.18 Tolman cone angle parameters of these phobanes
range from 159 to 175°,21–23 which are even larger than that
of PBu3 (132°). The electron donor strength of a5-PhobPC5 is
comparable to that of PBu3;

24,78 thus, a5-PhobPC5 can be

regarded as a PBu3-like ligand with similar electronic
properties. When using phoban derivatives as the ligand,
linear aldehyde and alcohol are the major products.21 Our
computational results disclose some features of a5-PhobPC5

in this rotation–addition process. In the Markovnikov
pathway, after surmounting the energy barrier of Co–H
addition, the reaction directly generates the CoĲη2-i-
C3H7)ĲCO)2Ĳa5-PhobPC5) complex g with phosphine at the
trans position of the isopropyl group. In the anti-
Markovnikov addition pathway, the generated CoĲη1-n-
C3H7)ĲCO)2Ĳa5-PhobPC5) complex f with phosphine at the
equatorial site has no Co⋯H–C agostic interaction at the
formally vacant equatorial position due to the steric
hinderance of a5-PhobPC5. Thus, the isomerization from
complex f to h was omitted. It can be seen that the activation
energies of the Co–H addition step in the anti-Markovnikov
pathway are about 3.1 kcal mol−1 lower than that in the
Markovnikov pathway. Moreover, the Co–H addition step in
the anti-Markovnikov pathway is much more exothermic than
in the Markovnikov pathway by about 4.6 kcal mol−1. Both
the much lower activation energy and the thermodynamic
advantage of the anti-Markovnikov Co–H addition step leads
to the higher preference of the linear product.

Then, the ligand effect on the regioselectivity of isobutene
substrate was also investigated. The rotation–addition process
of isobutene on the phosphine-modified cobalt carbonyl
complex is similar to the process of propene (entries 9–14 of
Table 3). It is noteworthy that the most stable perpendicular
conformation of HCoĲη2-isobutene)ĲCO)2ĲPH3) is that with two
methyl groups adjacent to PH3 instead of that with the methyl
groups on the opposite side of the phosphine ligand (entry 8
of Table 1). In comparison with the results of the unmodified
cobalt carbonyl catalyst, introducing PH3 and PMe3 at the
equatorial site enlarges the gap in the activation energy (0.4
vs. 2.3/1.8 kcal mol−1) and the reaction free energy (0.6 vs. 1.3/
3.0 kcal mol−1) of the Co–H addition step between the
Markovnikov pathway and the anti-Markovnikov pathway,
which makes the anti-Markovnikov pathway more favored.
According to the previous report,12 when isobutene is the
substrate, the HCoĲCO)2ĲPBu3) moiety was added exclusively
to the terminal position of isobutene. The computational
results disclose that the Co–H addition step in the
Markovnikov pathway has about 2.0 kcal mol−1 higher
activation energy and is about 2.2 kcal mol−1 less exothermic
than that in the anti-Markovnikov pathway. From these traits,
we rationally infer that the regioselectivity of isobutene on the
PBu3-modified cobalt carbonyl catalyst is mainly controlled by
the Co–H addition step.

With respect to the regioselectivity of propene and
isobutene, the results in Table 3 display a qualitative
correlation between the energy barrier (or reaction free
energy) and Tolman cone angle of the phosphines. A larger
Tolman cone angle (PH3 < PMe3 < PBu3 < a5-PhobPC5)

16,21,24

enlarges the difference in the energy barrier between the
Markovnikov and the anti-Markovnikov pathway and makes
the anti-Markovnikov pathway more kinetically favoured. To
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analyse the steric environment around the cobalt centre, the
topographic steric maps of HCoĲCO)2ĲPBu3) and HCoĲCO)2Ĳa5-
PhobPC5) complexes were plotted, as shown in Fig. 3. The
steric maps show that owing to the bulky volume of a5-
PhobPC5 and PBu3, both the upper-left quadrant and lower-
left quadrant of the cross-section around the cobalt centre
are heavily occupied by the phosphine ligand. The space
occupied by a5-PhobPC5 in these two quadrants is even larger
than that by PBu3. The congestion of the left quadrants
around cobalt in the π-complex HCoĲη2-alkene)ĲCO)2L
confines the orientation of the coordinated alkene and the
rotation direction of the CC bond on the cobalt centre as
well as controls the regioselectivity of the following Co–H
addition onto the CC bond, which distinguishes the anti-
Markovnikov pathway from the Markovnikov pathway.

The behaviour of a5-PhobPC5 in the Co–H addition process
is rather different from that of PBu3, though both have a
large Tolman cone angle. The equatorial CO dissociation
from HCoĲCO)3Ĳa5-PhobPC5) to generate the active species is
less endothermic than from either HCoĲCO)3ĲPBu3) or
HCoĲCO)4. One of the features of a5-PhobPC5 is its
unsymmetrical structure. To achieve the high
hydroformylation activity of HCoĲCO)4 but to still maintain
the good stability, bicyclic tertiary phosphine ligand adopting
an unsymmetrical structure may be a potential choice to
achieve both high activity and regioselectivity.

Potential energy profiles for the Markovnikov and anti-
Markovnikov processes on the PBu3-modified cobalt carbonyl
catalyst

To get a full understanding of the linear selectivity of
hydroformylation on the terminal alkenes by phosphine-

modified cobalt carbonyl catalyst, the comparison of
potential energy profiles between the linear-selective and
branch-selective propene hydroformylation processes on the
PBu3-modified cobalt carbonyl catalyst was made. The
evolution from g/h to the corresponding [Co]-aldehyde was
therefore studied. As shown in Fig. 4, the transformation
from g to [Co]-aldehyde undergoes the following four
elementary reactions: i) breaking the agostic (Co⋯H–C)
interaction and adding the carbonyl ligand onto the Co
centre of g via TSCO-ma to afford the CoĲη1-C3H7)ĲCO)3ĲPBu3)
complexes i, in which the i-propyl group is at the trans
position of PBu3; ii) the migratory CO insertion of i via
TSinsert-ma to generate the (η2-C3H7CO)CoĲCO)2ĲPBu3)
complex k with the propyl group at the cis position of PBu3
and containing the agostic (Co⋯H–C) interaction at the
equatorial site; iii) the isomerization of k via TSacyl-iso-ma to
form trans-(η2-C3H7CO)CoĲCO)2ĲPBu3) m, in which the acyl
group is at the axial site of the complex and has a η2-OC
interaction at the equatorial site; iv) breaking the η2-OC
interaction and adding H2 molecules with side-on orientation
(η2-H2) on the cobalt centre in m via TSH2

-ma to obtain [Co]-
H2-a;

37 v) transformation from [Co]-H2-a to the less-stable
complex [Co]-H2-b with the oxygen terminal of butyryl group
towards the two equatorial carbonyl ligands through the
rotation of the Co-butyryl σ bond (acyl rotation); vi) the
formation of the CoĲIII)-dihydride complex [Co]-2H via the
splitting of H–H bond on the CoĲI) centre; vii) reductive
elimination to form [Co]-aldehyde with weak Co⋯H–C
agostic interaction between the CoĲI) centre and the aldehyde
product. The transformation pathway from h to the
corresponding [Co]-aldehyde sequentially via the
intermediates j, l, n, [Co]-H2-a, [Co]-H2-b, and [Co]-2H is

Fig. 3 Steric maps of HCoĲCO)2ĲPBu3) and HCoĲCO)2Ĳa5-PhobPC5)
around the cobalt centre (units of cartesian coordinates are in
angstrom).

Fig. 4 The transformation pathway from g to [Co]-aldehyde after
Markovnikov addition.
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analogous to the pathway illustrated in Fig. 4. The detailed
results and structures for these four steps are given in Tables
S5 and S6 in the ESI.† As shown in Fig. 5, the branched way
and the linear way have very close reaction barriers for CO
insertion (10.4 vs. 10.8 kcal mol−1), H2 addition (10.1 vs. 9.4
kcal mol−1), H2 splitting (4.4 vs. 5.5 kcal mol−1), and reductive
elimination (3.2 vs. 3.9 kcal mol−1). Only in the hydrogen
splitting step, the energy barrier of the branched way is 1.1
kcal mol−1 lower than that of the linear way (4.4 vs. 5.5 kcal
mol−1). The energy barrier for the isomerization of k/l to the
more stable η2-OC coordinated m/n (12.7/11.0 kcal mol−1)
is even higher than those for the CO-insertion and H2

addition steps. The energy barriers of the hydrogen splitting
and reductive elimination steps are all much lower than the
activation energy for the addition of H2 onto the cobalt centre
of (η2-C3H7CO)CoĲCO)2ĲPBu3). This is also similar to that of
the unmodified cobalt carbonyl catalyst, which suggests that
H2 coordination to the η2-OC acyl complexes is the rate-
determining step in the stage of hydrogenolysis.

Summarizing the results of each individual step discussed
above, the potential energy surface (PES) for propene
hydroformylation by the PBu3-modified cobalt carbonyl
catalyst has been constructed and is displayed in Fig. 5.

Based on the above results, the rotation processes have
relatively lower barrier than the other elementary steps and
do not affect the rate-determining step as well as the whole
reaction selectivity. For the clarity of PES and to facilitate the
comparison, the corresponding energies of these rotation
steps are omitted in Fig. 5 but are marked in the ESI† (Fig.
S4 of ESI†). The whole reaction pattern is very similar to that
of the unmodified cobalt carbonyl catalyst, which is
suggested in a previous study.39 The regioselectivity of the
reaction product is mainly determined by the hydride
transfer. The energy barriers for the addition of Co–H onto
propene along the anti-Markovnikov pathway are lower than
that along the Markovnikov pathway and the conversion from
a to f is less endothermic than that from a to e. Compared
with the PES for the processes from a to e/f on the
unmodified cobalt carbonyl catalyst (Fig. S1 of ESI†), the
relative free-energy difference of Co–H addition barriers
between the Markovnikov and anti-Markovnikov pathways is
significantly enlarged by using the PBu3-modified cobalt
carbonyl catalyst (1.3 vs. 0.2 kcal mol−1).

According to the calculated results, the ratio of linear to
branched product in propene hydroformylation by HCoĲCO)4
is about 58 : 42, which is very close to the experimental result

Fig. 5 Potential energy surface for the Markovnikov/anti-Markovnikov-type propene hydroformylation processes by the PBu3-modified cobalt
carbonyl catalyst.
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of 57 : 43 reported by Tucci13 but less than the result of 80:20
reported by Bourne et al.26,79 When using HCoĲCO)2ĲPBu3) as
the catalyst, the ratio is supposed to be 90 : 10, which fits very
well with the experimental results of 89 : 11 (ref. 82) and 86 :
14.83 It is obvious that phosphine ligand modified cobalt
carbonyl catalyst considerably improved the regioselectivity
of the linear product. Similar features were recently reported
on Xantphos-doped Rh/POPs–PPh3 hydroformylation
catalyst.37 The higher preference towards the linear product
induced by the phosphine ligand than that by the carbonyl
ligand has been demonstrated and the synchronous
coordination of PPh3 and Xantphos ligands has an even more
remarkable effect on the linear selectivity of the products.

For isobutene hydroformylation by HCoĲCO)4, the
Markovnikov and anti-Markovnikov Co–H additions have
close barriers (Fig. S2 in ESI†); therefore, the regioselectivity
is thermodynamically controlled rather than being kinetically
controlled. Based on the method proposed by Jiao et al.,39

the ratio of the linear to the branched product could be
estimated by the energy difference between the intermediates
i and j (i is lower than j by about 1.1 kcal mol−1; for details,
see Fig. S2†) at low temperature and the obtained 13 : 87 ratio
is close to the experimental result of the Markovnikov
addition selectivity reported by Heck et al.52 However, at
elevated temperature, the energy barrier difference of 0.3 kcal
mol−1 could be ignored and the anti-Markovnikov linear
product could become dominant.12,80,81

Cobalt-alkyl complexes hydrogenation

To further understand the chemical selectivity of alkane, the
successive hydrogenation of n-propyl cobalt carbonyl
complexes is also studied. On the PBu3-modified catalyst, the
process undergoes the following steps (Fig. 6): i) addition of
H2 onto the CoĲI) centre (h → [Co]-H2-alkane); ii) generation
of the CoĲIII)-dihydride complex via the cleavage of the H–H
bond and the oxidation of the CoĲI) centre ([Co]-H2-alkane →

[Co]-2H-alkane); iii) regeneration of HCoĲCO)2L and
production of propane by reductive elimination ([Co]-2H-
alkane → [Co]-alkane). The pathway of unmodified cobalt
carbonyl catalyst requires the breaking of the agostic Co⋯H–

C interaction in f by rotation of the propyl group at first (f →
o) the detailed structural information is shown in Fig. S1.†
The energy barriers and free energy changes in these
elementary steps are listed in Table S7.†

As shown in Fig. 5, starting from the intermediate h, the
energy demand for hydrogenation of CoĲη2-C3H7)ĲCO)2ĲPBu3)
is 21.3 kcal mol−1, while the energy demand for CO insertion
is only about 8.6 kcal mol−1. As shown in Fig. S1,† regarding
the unmodified catalyst, starting with the intermediate f, the
energy demand for hydrogenation of CoĲη2-C3H7)ĲCO)3 is 22.2
kcal mol−1, while the energy demand for CO insertion is only
about 9.1 kcal mol−1. Obviously, the hydrogenation of
n-propyl cobalt carbonyl complexes has considerably higher
energy barriers than the migratory CO insertion both for
PBu3-modified and unmodified catalyst. It is indicated that
the alkene has considerably lower selectivity than the
aldehyde. Furthermore, the barrier difference between alkene
formation and aldehyde formation is slightly lowered by
PBu3 modification (13.1 vs. 12.7 kcal), which shows that the
PBu3-modified catalyst has higher alkene hydrogenation
activity. The results agree well with the experimental report,
i.e., using the unmodified cobalt hydridocarbonyl catalyst,
alkene hydrogenation is limited to 0.2 to 1.5% of the olefin
feed,84 while the ratio of alkene hydrogenation is elevated on
the phosphine-modified cobalt hydridocarbonyl catalyst.84–88

Moreover, (η1-n-C3H7CO)CoĲCO)3L is the potential off-cycle
intermediate in the cobalt-catalysed hydroformylation
process. It is formed by CO coordination to cobalt centre of
(η2-n-C3H7CO)CoĲCO)2L. As shown in Table 4, the process
becomes more thermodynamically favoured by about 4.5 kcal
mol−1 when CO is substituted with PBu3. A similar trend was
also manifested in the CO coordination to the cobalt centre
of (η2-n-C3H7)CoĲCO)2L. We, therefore, conclude that PBu3
can promote the CO addition or insertion on the cobalt-alkyl
complexes.

H2 splitting and reductive elimination of the phosphine-
modified cobalt carbonyl catalysts

To further understand the effect of phosphine ligand on the
reaction reactivity to form the aldehyde, the hydrogen
splitting and reductive elimination steps of other phosphine-
modified cobalt carbonyl catalysts were also studied.

To make the computational results of different phosphine
ligands comparable, the H2-attached complex [Co]-H2-a ((n-
C3H7CO)CoĲη

2-H2)ĲCO)2L) with the butyryl group in the axial
site was selected as the starting complex of H2 splitting and
reductive elimination process. The activation energies and
reaction free energies of each step are listed in Table 5. More
detailed free energy changes are given in Table S6.† The
acquired results reveal two features about H2 splitting and
reductive elimination: i) replacing the carbonyl ligand at the
axial site with the stronger electron-donating phosphine
ligand significantly reduces the energy barrier of H2 splitting
on CoĲI) by about 2–3 kcal mol−1 and makes the H2-splitting
step less endothermic by at least 2.4 kcal mol−1. As indicated

Fig. 6 Pathway of propene hydrogenation by the PBu3-modified
cobalt carbonyl catalyst.
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by Tolman electronic parameter,15,16 these phosphine ligands
have more σ-donor and less π-acid character than the
carbonyl ligand, which leads to more σ-donation from the
ligand to the CoĲI) centre and less π-backdonation from the
CoĲI) centre to the empty ligand orbitals. This change makes
the cobalt centre more electron-rich and more prone to
oxidation by H2. Thus, phosphine ligand can effectively
facilitate H2 activation on CoĲI) and stabilizes the CoĲIII)-
dihydride complex; ii) for the transformation from [Co]-2H to
[Co]-aldehyde, the elimination of aldehyde turns out to be a
bit more difficult when the carbonyl ligand at the trans
position of the butyryl group is replaced with the phosphine
ligand. This is reflected on the elevated energy barrier and
the less exergonic free energy change in the reductive
elimination step. From these two features, we can see the
distinct pros and cons of phosphine ligands on hydrogen
activation and the following reductive elimination.
Introducing the phosphine ligand is beneficial for the H–H
bond cleavage on the cobalt catalyst but unfavourable for the
last step of hydroformylation. It is noteworthy that among
these four phosphine ligands, a5-PhobPC5 exhibits impressive
balance between H2 splitting and reductive elimination. For
H2 splitting, the activation energy and reaction free energy on
a5-PhobPC5 are close to the other three phosphine ligands.
However, for the reductive elimination step, a5-PhobPC5 is
more exothermic than the other three phosphine ligands by
over 2 kcal mol−1 (about 4 kcal mol−1 more than PH3 and
PMe3). Referring to the results of PH3, PMe3, and PBu3 with

relatively smaller Tolman cone angle, we deduce that the
reductive elimination step benefits from the large Tolman
cone angle of a5-PhobPC5. According to the kinetic
investigation by Haynes et al.,24 the cobalt-acyl complex
containing a5-PhobPC5 ligand has relatively high reactivity of
hydrogenolysis. The obtained energy pattern of a5-PhobPC5

for H2 splitting and reductive elimination is consistent with
these experimental results.

Further hydrogenation of aldehyde to alcohol as well as the
reductive alkyloxycarbonylation of aldehyde to formic ester

In the previous reports, alcohol and formic ester are two
kinds of side products obtained from the further reductive
conversion of the hydroformylation product.84,89–91 In
particular, owing to the higher aldehyde hydrogenation
activity, the proportion of alcohol and formic ester in the
product mixture is increased in the reaction system with the
phosphine-modified cobalt hydridocarbonyl catalyst.6,7,84,91

Therefore, we further surveyed the reaction pathways of
aldehyde hydrogenation to alcohol and carbonylative
reduction to formic ester by employing n-butyraldehyde as
the model substrate. Two Co–H addition modes were
compared, as suggested in previous works.75,91 The more
favoured Co–H addition pathway via alkoxy cobalt
intermediate92 is discussed here and the other Co–H addition
pathway via hydroxyalkyl cobalt93 is listed in ESI† (Fig. S5
and S6) for comparison.

Similar to the formaldehyde and acyloin side-on
coordination via formyl group to HCoĲCO)3 through the CO
π orbital,75,94 HCoĲCO)3 and n-butyraldehyde can form the
π-complex HCoĲη2-C3H7CHO)ĲCO)3. There are also two
orientations for the coordination of n-butyraldehyde's formyl
group with the cobalt centre of HCoĲCO)3: the CO double
bond is perpendicular or parallel to the axial Co–H bond.75,94

The energy barrier for the transformation from perpendicular
to parallel conformation via rotation is lower than 2 kcal
mol−1 and the free energy differences are rather small (for
details about their structures and free energy comparison,
see Table S8 in the ESI†). In these HCoĲη2-C3H7CHO)ĲCO)3

Table 4 CO addition onto cobalt of (η2-n-C3H7CO)CoĲCO)2L

L ΔGA ΔGR

CO 5.7 −6.5
PBu3 6.8 −11.0

Table 5 Hydrogen splitting on (n-C3H7CO)CoĲCO)2L and reductive elimination of (n-C3H7CO)CoĲη1-H)2ĲCO)2L

Entry L ΔGA(acyl-rotate) ΔGRĲacyl-rotate) ΔGA(splitting) ΔGRĲsplitting) ΔGA(eliminate) ΔGRĲeliminate)

1 CO 5.8 1.6 8.2 7.4 2.0 −14.3
2 PH3 6.7 3.2 5.1 4.1 2.6 −9.9
3 PMe3 6.1 1.7 6.3 5.0 3.6 −10.9
4 PBu3 7.4 3.0 5.5 3.7 3.2 −11.6
5 a5-PhobPC5 6.9 2.3 5.2 3.7 2.9 −13.8
6 PBu3

a 6.7 3.0 4.4 2.9 3.9 −10.2
a i-C3H7 instead of n-C3H7.
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complexes, the oxygen atom of formyl group is much closer
to the cobalt centre than the carbon atom by about 0.21 Å.

This phenomenon has been experimentally determined.95–97

Distinct from the exothermic association between HCoĲCO)3

Fig. 7 Potential energy surface for n-butyraldehyde hydrogenation and carbonylative reduction by the cobalt hydridocarbonyl catalyst.

Fig. 8 Potential energy surface for n-butyraldehyde hydrogenation and carbonylative reduction by the PBu3-modified cobalt hydridocarbonyl catalyst.
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and the alkene, the coordination of n-butyraldehyde with
HCoĲCO)3 is endothermic.

Fig. 7 depicts the PES of n-butyraldehyde hydrogenation
and carbonylative reduction by the cobalt catalyst. As
illustrated, Co–H addition is the rate-determining step (q →

s, 15.4 kcal mol−1) for the formation of n-butyl formate.
However, for the formation of alcohol, H2 splitting is the
rate-determining step ([Co]-2H-alcohol-B → [Co]-alcohol-B,
22.6 kcal mol−1). For the PBu3-modified catalyst, as shown in
the PES (Fig. 8), H2 splitting is still the rate-determining step
for alcohol formation ([Co]-H2-alcohol-B → [Co]-2H-alcohol-B,
23.1 kcal mol−1), while CO insertion becomes the rate-
determining step for n-butyl formate formation (t → u, 10.7
kcal mol−1). Comparing the whole process on the unmodified
and PBu3-modified catalyst (Fig. 7 and 8), the relative free
energy of all the intermediates and the transition states
involving the HCoĲCO)2ĲPBu3) catalyst was lower than that of
the HCoĲCO)3 catalyst. Indeed, replacing the carbonyl ligand
with phosphine ligand makes the formation of alcohol and
formic ester easier. The results well explained the previous
experimental phenomenon.

It should be mentioned that although the carbonylative
reduction to n-butyl formate is both thermodynamically and
kinetically favoured than the hydrogenation to alcohol, the
detailed selectivity is also correlated with CO/H2 partial
pressures, temperature, and other conditions,82,90,91

currently, our computation results are unable to give
quantitative preference of these two products.

Conclusions

The steric and electronic effects of the phosphine ligand on
the chemo-/regio-selectivity and reactivity of cobalt-based
catalyst in hydroformylation have been systematically studied
in this work. The computational results indicated the
following patterns: i) for the hydroformylation of different
terminal alkene substrates with unmodified cobalt carbonyl
catalyst, only disubstituted alkene with bulky substitution
groups can have good regioselectivity towards the linear
product; ii) by introducing a phosphine ligand with large
Tolman cone angle, the difference in the energy barrier of
the Co–H addition step between the Markovnikov and anti-
Markovnikov pathways turns out to be much more distinct
than the unmodified cobalt carbonyl catalyst, which is more
beneficial for the regioselectivity of hydroformylation towards
the linear product; iii) replacing the carbonyl ligand with a
relatively more electron-donating phosphine makes the
process of H2 splitting step both kinetically and
thermodynamically more favoured; however, the introduction
of phosphine ligand has a negative impact on the reductive
elimination step. Our computational investigation well-
interprets the good regioselectivity towards the linear product
of the PBu3-modified cobalt carbonyl catalyst in the alkene
hydroformylation. The potential energy surfaces for propene
hydroformylation on the PBu3-modified cobalt carbonyl
catalyst illustrate that introducing the phosphine ligand does

not change the mechanism pattern and the linear
regioselectivity of hydroformylation on the PBu3-modified
cobalt carbonyl catalyst is determined by the insertion of
alkene into the Co–H bond during the beginning stage of the
process. PBu3 modification on the catalyst can also alter the
alkene chemoselectivity to a certain extent but the selectivity
towards the alkane is still considerably lower than that
towards the aldehyde. Furthermore, the subsequent alcohol
and formic ester formation indeed have a great possibility.
Our results provide important references for selecting the
phosphine ligand to modify the cobalt-based catalysts and a
bulky phosphine ligand is highly suggested to obtain higher
regioselectivity of the linear product in hydroformylation.
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