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The rhodium-catalysed hydroacylation of alkene is one of the most useful CZH bond activation processes. The CZC
bond-forming reactions via CZH bond activation have extensively been the focus of study in the fields of organic and
organometallic chemistry. In this work, density functional theory has been used to study Rh(I)-catalysed hydroacylation and
hydrogenation of ethene with formic acid. All the intermediates and the transition states were optimised completely at the
B3LYP/6-311þþG(d,p) level (LANL2DZ(d) for Rh, P). Calculation results confirm that Rh(I)-catalysed hydroacylation of
ethene is exothermic and the released Gibbs free energy is 260.39 kJ/mol. Rh(I)-catalysed hydrogenation of ethene is also
exothermic and the released Gibbs free energy is 2150.97 kJ/mol. Rh(I)-catalysed hydroacylation of ethene is the dominant
reaction mode for Rh(I)-catalysed hydroacylation and hydrogenation of ethene with formic acid. In Rh(I)-catalysed
hydroacylation of ethene, the H-transfer reaction is prior to the CZC bond-forming reaction. Therefore, the reaction mode ‘a’
(i.e. ca ! M1! TS1 ! M2! TS2a ! M3a ! TS3a ! M4! P1) is the dominant reaction pathway for Rh(I)-catalysed
hydroacylation and hydrogenation of ethene. The theoretically predicted dominant product is propane acid.

Keywords: Rh-catalysed hydroacylation; Rh(I)-catalysed hydrogenation; formic acid; ethene; reaction mechanism; DFT

1. Introduction

Transition metal-catalysed CZH bond activation has

received considerable attention in synthetic organic

chemistry since the cleavage of an unreactive CZH bond

and subsequent addition of the CZH unit to unsaturated

substrates such as alkene and alkyne could lead to the

formation of a new CZC bond [1–7]. The formation of a

CZC bond is one of the most fundamental projects in

organic chemistry. Much effort has naturally been devoted

to develop more convenient and efficient strategies for

the formation of CZC bonds. During the last two decades,

many successful applications of catalytic CZH bond

activation directed towards the construction of CZC bonds

have been reported in synthetic communities [8]. The

CZC bond-forming reactions via CZH bond activation

have extensively been the focus of study in the fields of

organic and organometallic chemistry [7–10].

The rhodium-catalysed intra- and intermolecular

hydroacylation (Scheme 1) of alkene or alkyne is one of

the most useful CZH bond activation processes [11–20].

The reaction mechanism of rhodium (I)-catalysed

hydroacylation of ethene and aldehydes has been studied

by our group [21] using density functional theory (DFT;

B3LYP). Noyori’s group [22–23] studied ruthenium- or

rhodium-catalysed hydrogenation of ketone using formic

acid. The theoretical data available for the mechanism of

rhodium-catalysed hydroacylation and hydrogenation of

alkene using formic acid are rather limited, and even the

detailed quantum chemical studies are hardly reported.

Therefore, in order to understand the reaction mechanism

of rhodium-catalysed hydroacylation and hydrogenation

of alkene using formic acid in detail, rhodium(I)-catalysed

hydroacylation and hydrogenation of ethene using formic

acid (Scheme 2) were studied in the present work.

2. Computational methods and models

The present computations were based on rhodium(I)-

catalysed hydroacylation and hydrogenation of ethene

using formic acid (Scheme 2). All the intermediates and

transition states are fully optimised by means of the DFT

[24], with Becke’s three-parameter functional (B3) [25]

and Lee, Yang, and Parr (LYP) correlation energies

[26,27]. The basis set 6-311þþG(d,p) is for C, O and H,

and LANL2DZ is for Rh and P, by adding one set of

f-polarisation to rhodium (exponent: 1.350) [28] and one

set of d-polarisation to phosphorus (exponent: 0.371) [29],

and self-consistent fluids (SCF) convergence criterion is set

to 1027. The vibrational and natural bond orbital (NBO)

analyses [30–37] are performed at the same computational

level on the basis of the optimised geometries.All the species

are positively identified for local minima with zero of the
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number of imaginary frequencies and for transition states

with the sole imaginary frequency. Transition states are

verified by intrinsic reaction coordinate [38] calculations and

by animating the negative eigenvector coordinates with a

visualisation program (Molekel 4.3) [39–40]. All these

computations are carried out using the Gaussian 03

program package [41]. Total electronic energies corrected

with zero-point energies (ZPE), E, formation energies, DE,

reaction energy barriers, DE – and total Gibbs free energies

corrected with ZPE, G, formation Gibbs free energies, DG,

reaction Gibbs free energy barriers, DG – and the first

two vibrational frequencies, n1 and n2, are summarised in

Table 1.

In addition, the electron densities at the bond critical

points (BCPs) or the ring critical points (RCPs) for some

species are calculated by employing the AIM 2000

program package [42,43].

3. Results and discussion

Possible reaction mechanism of Rh(I)-catalysed hydro-

acylation and hydrogenation is illustrated in Scheme 3: (1)

Rh-catalysed oxidative addition of formic acid, (2) the

hydroacylation of ethene (reaction mode ‘a’, Path 1), (3)

the hydroacylation of ethene (reaction mode ‘b’, Path 2),

(4) the hydrogenation of ethene (Path 3) and (5) the

hydrogenation of ethene (Path 4).

Paths 1 and 2 are the reaction channels ofRh(I)-catalysed

hydroacylation: as shown in Figure 1, in M2, the attack of

H(6) on C(2) is marked by ‘a’, while the attack of C(5) on

C(2) is marked by ‘b’. Paths 3 and 4 are the reaction channels

of Rh(I)-catalysed hydrogenation, which are marked by ‘c’.

3.1 The oxidative addition of formic acid

As shown in Scheme 3, the transfer of H(6) from C(5) to

Rh(3) in the complex M1 leads, via the transition state

TS1, to the complex M2. This reaction step is generally

named as the oxidative addition of formic acid.

The optimised structure of Rh(I) complex M1 is shown

in Figures 1 and 2. The four-coordinate rhodium (I) complex

is square planar, and RhZP, RhZC and RhZO bonds are

about 2.35, 2.24 and 2.21 Å, respectively. As illustrated in

the NBO analysis, there is the back-donation p bond

between rhodium and p bond of ethene. The occupied p

orbital of ethene acts on the empty hybrid orbital of rhodium

leading to the s coordinate bond; on the other hand, the

occupied d orbital (dxy, dxz, dyz) of rhodium acts on the empty

p* orbital of ethene leading to the back-donation p bond.

Obviously, the formation of the back-donation p bonds

lowers the system’s energy and makes M1 more stable.

In the transition states TS1, as illustrated in Figure 2,

C(5)ZH(6) bond is lengthened considerably and

Rh(3)ZH(6) bond is shortened, compared with those of the

complex M1. It is clear that there is a significant interaction

between Rh(3) and H(6), and C(5)ZH(6) bond is weakened

greatly, which is demonstrated by analysing the changes in

the electron densities r(r) of the BCPs and the bond ordersPij

(see Table S1, available online, e.g. Rh(3)ZH(6) bond, r(r),

M1: 0.000 ! TS1: 0.130 ! M2: 0.168 eÅ23; Pij, M1:

0.000 ! TS1: 0.293 ! M2: 0.463). It is demonstrated by

the present computations that the fracture of C(5)ZH(6)

bond and the formation of Rh(3)ZH(6) bond may be in

concurrence. The NBO analysis of TS1 indicates that

Rh(3)ZC(5) bond shows strong single-bonded character, and

the NBO energies of the bonding orbital sRh(3)ZC(5) is

21330 kJ/mol. Rh(3)ZC(5) bond is composed of 59.9%

sd1.3 hybrid orbital of rhodium and 40.1% sp2.1 hybrid orbital

of carbon.

The five-coordinate rhodium complex M2 is a

pentahedron structure, and the four ligands (ethene,

ZCO2H and two groups PH3) are almost in the same

plane. The complex M2 has also the back-donation p bond

between rhodium and p bond of ethene. The NBO analysis

of M2 indicates that Rh(3)ZC(5) and Rh(3)ZH(6) bonds

show strong single-bonded character, and the NBO

energies of the bonding orbitals sRh(3)ZC(5) and

Scheme 1. Rh(I)-catalysed intramolecular and intermolecular
hydroacylation.

+
Rh(I)

C OHH C

O O

OH C2H5 + +C2H6 CO2

Scheme 2. Rh(I)-catalysed hydroacylation and hydrogenation
of C2H4 and HCO2H.
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Scheme 3. Possible reaction mechanism of Rh(I)-catalysed hydroacylation and hydrogenation of ethene.

Table 1. Total energies E ( £ 2625.5 kJ/mol), formation energies DE (kJ/mol), reaction energy barriers DE –(kJ/mol) and total Gibbs
free energies G ( £ 2625.5 kJ/mol), formation Gibbs free energies DG (kJ/mol), reaction Gibbs free energy barriers DG –(kJ/mol) and
frequencies (cm21) for all the compounds.

E DE DE – G DG DG – n1 n2

ca 2125.8574 2125.8912 16.98 63.49
Ethene 278.5648 278.5863 834.91 973.68
HCO2H 2189.7941 2189.8182 630.34 679.70
M1 2394.2900 2394.3345 36.08 44.47
TS1 2394.2539 94.78 2394.2948 104.23 466.89i 43.11
M2 2394.2646 66.69 2394.3075 70.89 43.91 58.39
TS2a 2394.2449 51.72 2394.2864 55.40 112.67i 33.06
TS2b 2394.2363 74.30 2394.2768 80.60 395.06i 50.53
M3a 2394.2684 29.98 2394.3117 211.03 36.80 48.38
M3b 2394.2946 278.77 2394.3354 273.25 47.44 69.12
TS3a 2394.2406 72.99 2394.2814 79.55 356.85i 52.83
TS3b 2394.2850 25.20 2394.3254 26.25 775.34i 60.57
M4 2394.3047 295.31 2394.3495 299.24 12.89 35.13

226.52 237.02
P1 2268.3978 2268.4275 32.77 222.13
TS4c 2394.2043 158.32 2394.2467 159.63 1985.08i 20.48
M5c 2394.2463 48.05 2394.2899 46.21 37.15 45.20
TS5c 2394.2116 91.10 2394.2546 92.68 1372.22i 18.70
M6c 2205.6473 295.04 2205.6847 2134.95 59.98 85.11
TS6c 2205.6412 16.02 2205.6804 11.29 545.96i 63.87
M7c 2205.6432 10.76 2205.6815 8.40 50.90 56.40
TS7c 2205.6405 7.09 2205.6780 9.19 690.29i 56.31
CH3CH3 279.7823 279.8054 306.59 825.97
CO2 2188.6352 2188.6566 669.03 669.03
TS8c 2394.2042 168.56 2394.2485 165.93 1609.42i 14.05
M8c 2394.2834 239.38 2394.3295 246.73 23.04 24.94
TS9c 2394.2747 22.84 2394.3223 18.90 641.43i 9.56
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sRh(3)ZH(6) are 21502 and 21283 kJ/mol, respectively,

which indicates that Rh(3)ZC(5) and Rh(3)ZH(6) bonds

of M2 are strengthened relative to those of TS1.

Rh(3)ZC(5) bond is composed of 51.6% sd2.5 hybrid

orbital of rhodium and 48.4% sp2.1 hybrid orbital of

carbon; Rh(3)ZH(6) bond is composed of 42.1% sd2.3

hybrid orbital of rhodium and 57.9% s orbital of hydrogen.

The NBO analysis of M2 also indicates that the NBO

energy of p bond orbital of C(1)ZC(2) is 21242 kJ/mol,

which is much higher than that of ethene (NBO energy of

p bond ethene is 22004 kJ/mol). This makes pC(1)ZC(2)

fracture more easier and the attack of C(5) or H(6) on C(2)

more possible.

3.2 Path 1 (reaction mode ‘a’, the hydroacylation of
ethene)

As shown in Scheme 3, the transfer of H(6) from Rh(3) to

C(2) in the complex M2 traverses the transition state

TS2a, and then leads to the complex M3a. And then the

attack of C(1) on C(5) leads, via the transition state TS3a,

to the Rh–ketone complex M4. The decomposition of the

complex M4 results in the product P1.

In the transition state TS2a, as illustrated in Figure 2,

Rh(3)ZH(6) bond is lengthened considerably and

Figure 2. The intermediates and transition states of Rh(I)-catalysed hydroacylation of ethene.

Figure 1. The attack of H(6) in the complex M2.
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C(2)ZH(6) bond is shortened, compared with those in the

complex M2. These results imply that there is a significant

interaction between C(2) and H(6), and the Rh(3)ZH(6)

bond is weakened greatly, which is demonstrated by

analysing the changes in the electron densities r(r) of the

BCPs and the bond orders Pij (Table S1, e.g. Rh(3)ZH(6)

bond, r(r),M2: 0.168 ! TS2a: 0.096 ! M3a: 0.000 eÅ23;

Pij, M2: 0.463 ! TS2a: 0.011 ! M3a: 0.000). It is

demonstrated by the present computations that the fracture

of Rh(3)ZH(6) bond and the formation of C(2)ZH(6) bond

may be in concurrence. The NBO analysis illustrates that

Rh(3)ZC(1) and C(2)ZH(6) bonds show strong single-

bonded character, and the NBO energies are 21339 and

21699 kJ/mol, respectively. Rh(3)ZC(1) bond is composed

of 64.0% d orbital of rhodium and 36.0% sp11.6 hybrid

orbital of carbon. C(2)ZH(6) bond is composed of 59.0%

sp4.2 hybrid orbital of carbon and 41.0% s orbital of

hydrogen. Transition state TS2a involves an

Rh(3)ZC(1)ZC(2)ZH(6) four-membered ring and the

electron density of the RCP is 0.070 eÅ23.

The complex M3a is of anamorphic tetrahedral

structure, and the C(1)ZRh(3)ZC(5)ZP torsion angle is

90.58. As illustrated in the NBO analysis, Rh(3)ZC(1)

bond shows strong single-bonded character, and the NBO

energy is 21334 kJ/mol. Rh(3)ZC(1) bond is composed

of 50.9% sd2.4 hybrid orbital of rhodium and 49.1% sp5.7

hybrid orbital of carbon. The NBO energy of the bonding

orbital sRh(3)ZC(5) is 21589 kJ/mol, and Rh(3)ZC(5)

bond is composed of 50.3% sd3.0 hybrid orbital of rhodium

and 49.7% sp2.3 hybrid orbital of carbon.

In the transition state TS3a (Figure 2), C(1)ZC(5)

bond is shortened, compared with that of the complex

M3a. This result implies that there is a significant

interaction between C(1) and C(5), which is demonstrated

by analysing the changes in the electron densities r(r) of

the BCPs and the bond orders Pij (Table S1). Transition

state TS3a involves a C(1)ZRh(3)ZC(5) three-mem-

bered ring, and the electron density of the RCPs is

0.070 eÅ23.

3.3 Path 2 (reaction mode ‘b’, the hydroacylation of
ethene)

As shown in Scheme 3, in the complex M2, the attack of

C(1) on C(5) leads, via the transition state TS2b, to the

complex M3b. And the transfer of H(6) from Rh(3) to C(2)

traverses the transition state TS3b, and then leads to the

complex M4. The decomposition of the complex M4

results in the product P1.

In the transition state TS2b, C(2)ZC(5) bond is

shortened, compared with the complex M2. This implies

that there is a significant interaction between C(2) and C(5),

which is demonstrated by analysing the changes in the

electron densities r(r) of the BCPs and the bond orders Pij

(Table S1). The NBO analysis of TS2b indicates that

Rh(3)ZC(1) bond shows strong single-bonded character,

and the NBO energies of the bonding orbital sRh(3)ZC(1) is

21170 kJ/mol. Rh(3)ZC(1) bond is composed of 53.3%

sd2.9 hybrid orbital of rhodium and 46.7% sp9.6 hybrid orbital

of carbon.TS2a involves an Rh(3)ZC(1)ZC(2)ZC(5) four-

membered ring and the electron density of the RCP is

0.057 eÅ23. The complexM3b is of a pentahedron structure,

and involves an Rh(3)ZC(1)ZC(2)ZC(5)ZO(4) five-

membered ring and the electron density of the RCP is

0.025 eÅ23. The NBO analysis of M3b indicates that

Rh(3)ZC(1) bond shows strong single-bonded character,

and the NBO energies of the bonding orbital sRh(3)ZC(1) is

21290 kJ/mol. Rh(3)ZC(1) bond is composed of 46.0%

sd2.3 hybrid orbital of rhodium and 54.0% sp4.6 hybrid orbital

of carbon.

In the transition state TS3b, Rh(3)ZH(6) bond is

lengthened considerably and C(1)ZH(6) bond is shor-

tened, compared with those of the complex M3b. These

results imply that there is a significant interaction

between C(1) and H(6), and the Rh(3)ZH(6) bond is

weakened greatly, which is demonstrated by analysing the

changes in the electron densities r(r) of the BCPs and

the bond orders Pij (Table S1). It is demonstrated by the

results that the formation of C(1)ZH(6) bonds and

the fracture of Rh(3)ZH(6) bonds may be in concurrence.

Similar to the complex M3b, transition state TS3b

also involves an Rh(3)ZC(1)ZC(2)ZC(5)ZO(4) five-

membered ring and the electron density r(r) of the RCP

is 0.024 eÅ23.

As summarised in Table 1, the formation of five-

coordinate rhodium complex M2 is endothermic, and the

absorbed Gibbs free energy is 70.89 kJ/mol; nevertheless,

the formation of M3a, M3b and M4 is exothermic, and the

released Gibbs free energies are 211.03, 273.25 and

299.24 or 237.02 kJ/mol, respectively. The reaction

Gibbs free energy barrier of the oxidative addition of

formic acid is 104.23 kJ/mol, and the reaction Gibbs free

energy barriers of M2 ! M3a, M3a ! M4, M2 ! M3b

and M3b ! M4 are 55.40, 79.55, 80.60 and 26.25 kJ/mol,

respectively. Obviously, the oxidative addition of formic

acid is the rate-determining step for Rh(I)-catalysed

hydroacylation of ethene. As discussed above, Paths 1 and

2 are the two reaction modes of Rh(I)-catalysed

hydroacylation of ethene. And the reactions M2 ! M3a

and M3b ! M4 are H-transfer reactions; the reactions

M3a ! M4 and M2 ! M3b are the CZC bond-forming

reactions. It is clear that the reaction energy barriers of the

H-transfer reaction are lower than those of the CZC bond-

forming reaction. Therefore, the H-transfer reaction is

prior to the CZC bond-forming reaction, and thus the

reaction mode ‘a’ (i.e. ca ! M1 ! TS1 ! M2 !

TS2a ! M3a ! TS3a ! M4 ! P1) is the dominant

reaction pathway for Rh(I)-catalysed hydroacylation of

ethene.
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3.4 Path 3 (the hydrogenation of ethene)

As shown in Scheme 3, in the complexM2, the transfer of

H(8) from O(7) to O(4) leads to the complex M5c, which

is an isomer of the complex M2, and the corresponding

transition state is TS4c. (Therefore, this reaction step is

generally named the isomerisation of five-coordinate

rhodium(I) complex M2.) The transfer of H(8) from O(4)

to Rh(3) in M5c traverses the transition state TS5c leading

to the complex M6c and CO2. And then there occurs the

hydrogenation of ethene generating ethane (P2) via two

reaction steps of hydrogen transfer reaction (M6c !

TS6c ! M7c ! TS7c ! P2).

TS4c is the transition state of the transfer of H(8)

from O(7) to O(4) in M2, and it involves an

O(4)ZC(5)ZO(7)ZH(8) four-membered ring, and the

electron density r(r) of the RCP is 0.104 eÅ23. The

complex M5c is similar to M2, and both of them are

pentahedron structures (Figure 3).

In the transition state TS5c, as shown in Figure 3,

Rh(3)ZH(8) and O(4)ZC(5) bonds are shortened and

Rh(3)ZC(5) and O(4)ZH(8) bonds are lengthened,

compared with those of M5c. These results imply that

Rh(3)ZH(8) and O(4)ZC(5) bonds are strengthened, and

Rh(3)ZC(5) and O(4)ZH(8) bonds are weakened, which is

demonstrated by analysing the changes in the electron

densities r(r) of the BCPs and the bond ordersPij (Table S1).

It is demonstrated by the results that the formation

of Rh(3)ZH(8) and pO(4)ZC(5) bonds and the fracture of

Rh(3)ZC(5) and O(4)ZH(8) bonds may be in concurrence.

There is an Rh(3)ZC(5)ZO(4)ZH(8) four-membered ring,

and the electron density r(r) of the RCP is 0.041 eÅ23.

Similar to M2 and M5c, the five-coordinate complex M6c

is a pentahedron structure, and the four ligands (ethene,

hydrogen and two groups PH3) are almost in the same plane.

TS6c and TS7c are the two transition states of two

reaction steps of the hydrogenation of ethene generating

Figure 3. The intermediates and transition states of Rh(I)-catalysed hydrogenation of ethene.
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ethane. There is an Rh(3)ZC(1)ZC(2)ZH four-membered

ring in TS6c, and the electron density r(r) of the RCP is

0.069 eÅ23.

As summarised in Table 1, the formation of the

complexes M5c and M7c are endothermic, and the

absorbed Gibbs free energies are 46.21 and 8.40 kJ/mol,

respectively; nevertheless, the formation of M6c is

exothermic, and the released Gibbs free energy is

2134.95 kJ/mol. The reaction Gibbs free energy barriers

of M2 ! M5c, M5c ! M6c, M6c ! M7c and

M7c ! P2 are 159.63, 92.68, 11.29 and 9.19 kJ/mol,

respectively. Obviously, the reaction Gibbs free energy

barrier of M2 ! M5c is the biggest, which is much bigger

than that of the oxidative addition of formic acid.

Therefore, the formation of the complex M5c is the rate-

determining step for Path 3 (Rh(I)-catalysed hydrogen-

ation of ethene).

3.5 Path 4 (the hydrogenation of ethene)

As shown in Scheme 3, in the complexM3a, the transfer of

H(8) from O(4) to Rh(3) leads, via the transition state TS8c,

to the complex M8c, and then traverses the transition state

TS9c resulting in ethane and carbon dioxide.

TS8c involves an Rh(3)ZC(5)ZO(7)ZH(8) four-

membered ring, and the electron density r(r) of the RCP

is 0.067 eÅ23. The five-coordinate complex M8c is a

pentahedron structure, and the four ligands (ZEt, CO2, and

two groups PH3) are almost in the same plane, and

Rh(3)ZH(8) bond shows strong single-bonded character,

and the NBO energy of the bonding orbital sRh(3)ZH(8) is

21294 kJ/mol.

TS9c is the transition state of the transfer of H(8) from

Rh(3) to C(1). The hydrogen transfer reaction makes

Rh(3)ZC(1) and Rh(3)ZH(8) bonds fracture and leads to

ethane.

As summarised in Table 1, the formation of M8c is

exothermic, and the released Gibbs free energy is

246.73 kJ/mol. The reaction Gibbs free energy barriers

of M3a ! M8c and M8c ! P2 are 165.93 and

18.90 kJ/mol, respectively. Obviously, the reaction Gibbs

free energy barrier of M3a ! M8c is bigger, which is

much bigger than that of the oxidative addition of formic

acid. Therefore, the formation of the complex M8c is the

rate-determining step for Path 4 (Rh(I)-catalysed hydro-

genation of ethene).

3.6 Overview of the mechanism

As discussed above, Paths 1 (ca ! M1 ! TS1 ! M2 !

TS2a ! M3a ! TS3a ! M4 ! P1) and 2 (ca ! M1!
TS1 ! M2 ! TS2b ! M3b ! TS3b ! M4 ! P1 are

the two reaction pathways of Rh(I)-catalysed hydroacylation

of ethene; Paths 3 (ca ! M1 ! TS1 ! M2 ! TS4c !

M5c ! TS5c ! M6c ! TS6c ! M7c ! TS7c ! P2)

and 4 (ca ! M1 ! TS1 ! M2 ! TS2a ! M3a !

TS8c ! M8c ! TS7c ! P2) are the two reaction path-

ways of Rh(I)-catalysed hydrogenation of ethene. Figure 4

illustrates the DFT energy relationship for Rh(I)-catalysed

hydroacylation and hydrogenation of ethene. Rh(I)-cata-

lysed hydroacylation of ethene is exothermic, and the

released Gibbs free energy is 260.39 kJ/mol. And Rh(I)-

catalysed hydrogenation of ethene is also exothermic, and

the released Gibbs free energy is 2150.97 kJ/mol.

Figure 4. Energy relationship for Rh(I)-catalysed hydroacylation and hydrogenation of ethene.

Molecular Simulation 425

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
4
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



The oxidative addition of formic acid is the rate-

determining step for Rh(I)-catalysed hydroacylation of

ethene (Paths 1 and 2). The formation of the complexM5c

is the rate-determining step for Path 3. The formation of

the complex M8c is the rate-determining step for Path 4.

Because the reaction energy barrier of the oxidative

addition of formic acid is lower than that of M2 ! M5c

and M3a ! M8c, Rh(I)-catalysed hydroacylation of

ethene is more dominant than Rh(I)-catalysed hydrogen-

ation of ethene. In Rh(I)-catalysed hydroacylation

of ethene, the H-transfer reaction is prior to the CZC

bond-forming reaction. Therefore, the reaction mode

‘a’ (i.e. ca ! M1 ! TS1 ! M2 ! TS2a ! M3a !

TS3a ! M4 ! P1) is the dominant reaction pathway

for Rh(I)-catalysed hydroacylation and hydrogenation of

ethene. The dominant product is P1 (propane acid).

4. Conclusion

In this study, we have investigated Rh(I)-catalysed

hydroacylation and hydrogenation of ethene with formic

acid. All the intermediates and the transition states were

optimised completely at the B3LYP/6-311þþG(d,p)

level (LANL2DZ(d) for Rh, P). The oxidative addition

of formic acid is the rate-determining step for Rh(I)-

catalysed hydroacylation of ethene. The formation of the

complexes M5c (for Path 3) and M8c (for Path 4) are the

rate-determining steps for Rh(I)-catalysed hydrogenation

of ethene. Rh(I)-catalysed hydroacylation of ethene is the

dominant reaction mode for Rh(I)-catalysed hydroacyla-

tion and hydrogenation of ethene with formic acid. In

Rh(I)-catalysed hydroacylation of ethene, the H-transfer

reaction is prior to the CZC bond-forming reaction.

Therefore, the reaction mode ‘a’ (Path 1) is the dominant

reaction pathway for Rh(I)-catalysed hydroacylation and

hydrogenation of ethene. The theoretically predicted

dominant product is propane acid.
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[28] A. Höllwarth, M. Böhme, S. Dapprich, A.W. Ehlers, A. Gobbi, K.F.
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