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Abstract Density functional theory (DFT) was used to inves-
tigate cobalt(0)-catalyzed intramolecular hydroacylation of 4-
pentenal. The calculated results indicated the involvement of
five possible reaction pathways: the formation of cyclopenta-
none, cyclobutanone, butylenes, cyclobutane, and cyclopro-
pane, respectively. The former two are pathways of Co(0)-
catalyzed intramolecular hydroacylation, while the latter three
are pathways of decarbonylation. The formation of cyclopen-
tanone was the most favorable channel, and the oxidative
addition reaction of 4-pentenal was the rate-determining step.
Hence, the dominant product predicted theoretically was cyclo-
pentanone, which was consistent with experimental results.
Solvation had a significant effect, and greatly decreased the
free energies of all intermediates and transition states.

Keywords Cobalt(0)-catalyzed intramolecular
hydroacylation . 4-pentenal . Reaction mechanism . DFT

Introduction

Transition metal-catalyzed C–H bond activation has received
considerable attention in synthetic organic chemistry as the

cleavage of an unreactive C–H bond and subsequent addition
of the C–H unit into unsaturated substrates such as alkenes
and alkynes could lead to the formation of new C–C bonds
[1–6]. During the last two decades, many successful appli-
cations of catalytic C–H bond activation directed toward the
construction of C–C bonds have been reported in the syn-
thetic community [7], with C–C bond-forming reactions via
C–H bond activation being the focus of extensive study in
the fields of organic and organometallic chemistry [6–9].

The intramolecular and intermolecular hydroacylation of
alkenes or alkynes catalyzed by transition metals is one of
the most useful C–H bond activation processes [10]. Many
transition metals, such as Rh [11–18], Co [19–24], Ni [25,
26], Ru [27, 28], and Ir [29], have been found to be able to
catalyze such hydroacylation.

Morehead et al. [30] studied the mechanism of rhodium-
catalyzed intramolecular hydroacylation of alkenes theoret-
ically using the software package DMol3 and the two-layer
ONIOM approach [(B3LYP/LANL2DZ: UFF) method], and
proved that reductive elimination was the rate-limiting step.
Wu et al. [31] reported rhodium-catalyzed intramolecular
hydroacylation of 4-alkynals for a model system using MP2
calculations, and thought that the oxidative addition of
aldehydes was the rate-determining step. We reported the
intermolecular hydroacylation of an ethene- or ethyne-
acetaldehyde-[Rh(PH3)2]

+ model system at the B3LYP/6–
311++G(d,p) level [LANL2DZ(f) for Rh and P] [32]. Re-
cently, we studied the intermolecular hydroacylation of
vinylsilane and benzaldehyde catalyzed by the rhodium(I)
olefin complex at the B3LYP/6–31 G(d,p) level [LANL2DZ
(f) for Rh], and speculated that the carbonyl rearrangement
is of great importance and that the use of the cyclopenta-
dienyl ligand with electron-withdrawing groups decreased
the reaction free energies [33].

Vinogradov and co-workers [19–21] studied experimen-
tally cobalt(0)-catalyzed intramolecular hydroacylation of 4-
pentenal (Scheme 1), and suggested a likely mechanism.
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They showed that the dominant product was cyclopenta-
none. In order to understand in detail the reaction mecha-
nism of the intramolecular hydroacylation catalyzed by
cobalt complexes, Co(0)-catalyzed intramolecular hydroa-
cylation of 4-pentenal was studied in the present work. The
possible reaction mechanisms are outlined in Scheme 2.

Computational details

All calculations were carried out with the Gaussian 03
program suite [34]. The geometries of all species were fully
optimized with density functional theory (DFT) [35] using
B3LYP method [36, 37]. The 6–31 G(d,p) basis set was
used for all atoms. Frequency calculations at the same level
were performed to confirm each stationary point to be either
a minimum (M) or a transition structure (T). The transition
states were verified by intrinsic reaction coordinate (IRC)
calculations [38] and by animating the negative eigenvector
coordinates with a visualization program (Molekel 4.3) [39,
40]. The bonding characteristics were analyzed by natural
bond orbital (NBO) theory [41–44]. NBO analysis was per-
formed by utilizing NBO5.0 code [45] with the optimized
structures. Based on the gas phase optimized geometry for
each species, the solvent effects of THF (tetrahydrofuran,
ε=7.58) were studied by performing a self-consistent reac-
tion field (SCRF) [46, 47] of polarizable continuum model
(PCM) [48] approach at the same computational level using
the default parameters except temperature (393.15 Kelvin
was used).

In addition, the electron densities ρ at the bond critical
points (BCPs) or the ring critical points (RCPs) for some
species were calculated by employing the AIM 2000 pro-
gram package [49, 50].

Results and discussion

The relative free energies, ΔG(sol), including solvent ener-
gies, and the relative gas phase free energies, ΔG, enthal-
pies, ΔH, and zero-point energy (ZPE) corrected electronic
energies, ΔE, are summarized in Tables S1 and S2. Reac-
tion free energy barriers, ΔG≠(sol) (kJ mol−1) (in solvent)
and ΔG≠ (kJ mol−1) (in gas phase), reaction enthalpy bar-
riers, ΔH≠ (kJ mol−1), and reaction energy barriers, ΔE≠

(kJ mol−1), for the transition states were shown in Table 1.
Unless otherwise noted, the discussed energies were relative
free energies, ΔG(sol), or reaction free energy barriers,
ΔG≠(sol), in the following discussion.

The complexation reaction of Co(PMe3)4 and 4-pentenal

As illustrated in Scheme 2, the complexation reaction of Co
(PMe3)4 and 4-pentenal resulted in two possible Co
(PMe3)2(4-pentenal) complexes: M1a and M1b. NBO anal-
ysis showed thatM1a andM1b involved two back-donation
π bonds between cobalt and C1–O, C4–C5 double bonds of
4-pentenal. The occupied πC1–O or πC4–C5 orbital of 4-
pentenal acted on the empty hybrid orbital of cobalt leading
to the σ coordinate bond; on the other hand, the occupied d
orbital (dxy, dxz, dyz) of cobalt acted on the empty π*C1–O or
π*C4–C5 orbital of 4-pentenal leading to the back-donation π
bond. Obviously, the formation of the back-donation π bond
lowered the system’s energy and would help to stabilize
M1a and M1b. Both the geometric isomers M1a and M1b
were tetrahedral in structure, and thus the difference was the
relative spatial position of cobalt, C1–O and C4–C5 double
bonds. The Co–O, Co–C1, Co–C4, Co–C5 bonds were
1.908, 1.981, 2.096, 2.150 Å for M1a, 2.047, 2.035,
2.010, 1.999 Å for M1b, respectively.

Of these two complexes, M1a was calculated to the more
stable, by 25.2 kJ mol−1, suggesting that it was more likely to
exist. InM1a, the NBO energy of the C1–H1 bond was lower
than 4-pentenal by 147 kJ mol−1, and the NBO energy of the
C1–H1 bond of M1b was lower than that of 4-pentenal by
113 kJmol−1. Hence, inM1a andM1b, formation of the back-
donation π bond weakened and activated C1–H1 bonds,
which resulted in the oxidative addition of 4-pentenal.

Formation of cyclopentanone

Figure 1 showed the potential energy hypersurface for the
pathway forming cyclopentanone. Intermediate M1a under-
went the C–H oxidative addition reaction through transition
state T1a with a reaction free energy barrier of 68.4 kJ mol−1

to generate the five-coordinated complex M2a. Then, M2a
went through a hydrogen transfer reaction via transition state
T2a with a reaction free energy barrier of 49.2 kJ mol−1,
leading to the complex M3a. Finally, M3a underwent a re-
ductive elimination reaction via transition state T3a with a
reaction free energy barrier of 50.3 kJ mol−1 to form the
complex M4a, yielding the cyclopentanone P1. Clearly, the
oxidative addition reaction of 4-pentenal was the rate-
determining step for this reaction channel.

In σ(Co–H1) bond formation, as illustrated in Fig. 2, the
distance between C1 and H1, d(C1–H1), increased, d(Co–H1)
decreased, and Co shifted to C1. It was clear that a significant
interaction between Co and H1 occurred, and that the C1–H1

Scheme 1 Cobalt(0)-catalyzed intramolecular hydroacylation of 4-
pentenal
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Scheme 2 Possible reaction mechanism of cobalt(0)-catalyzed intramolecular hydroacylation of 4-pentenal
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bond was weakened greatly, as demonstrated by analyzing
the change in bond order, Pij, and electron density, ρ, at the
BCPs (e.g., Co–H1 bond, Pij, M1a: 0.001→T1a: 0.202→
M2a: 0.284; ρ, M1: 0.000→T1a: 0.107→M2a: 0.122
e Å−3). The high stabilization energies of 905.7, 485.5,
387.6, and 327.8 kJ mol−1 for the σC1–H1→σ*Co–C1, σCo–

C1→σ*C1–H1, σC1–H1→π*C1–O, and (3 s)P→ (3d)*Co, in
T1a (Table S3, Supporting Information), which was obtained
from the second-order perturbation analysis of donor–accep-
tor interactions in the NBO analysis and used to estimate the
strengths of the donor–acceptor interactions of the NBOs,
revealed the strong interaction between σC1–H1 and σ*Co–C1
or π*C1–O, σCo–C1 and σ*C1–H1, (3 s)P and (3d)*Co, the
electron transfer tendency from σC1–H1 to σ*Co–C1 or π*C1–
O, σCo–C1 to σ*C1–H1, (3 s)P to (3d)*Co. These results indi-
cated that the C–H oxidative addition reaction was promoted.
NBO analysis of M2a indicated that the Co–H1 and Co–C1
bonds showed strong single-bonded character, and NBO
energies of the bonding orbitals σCo–H1 and σCo–C1 were

−719 and −916 kJ mol−1, respectively. In the intramolecular
hydrometallation, because of different steric resistance in
M2a, hydrogen migration had only one reaction channel.
T2a involved a Co–C1–C2–C3–C4–C5 six-membered ring
and a Co–H1–C4–C5 four-membered ring, and the electron
densities of the RCPs were 0.023, 0.078 e Å−3. Co–C1 and
Co–C5 bonds ofM3a were 1.836 and 1.961 Å, respectively,
and NBO analysis indicated that both showed strong single-
bonded character (NBO energies, σCo–C1: −990, σCo–C5:
−800 kJ mol−1). T3a involved a Co–C1–C5 three-
membered ring and a C1–C2–C3–C4–C5 five-membered
ring, and the electron densities of the RCPs were 0.082,
and 0.028 e Å−3, respectively.

Formation of cyclobutanone

Figure 3 showed the potential energy hypersurface for the
pathway forming cyclobutanone. Intermediate M1b went
through the oxidative addition reaction to form the five-
coordinated complex M2b, via transition state T1b with a
reaction free energy barrier of 43.4 kJ mol−1. Next, M2b
underwent a hydrogen transfer reaction through transition
state T2b with a reaction free energy barrier of
17.2 kJ mol−1, resulting in complex M3b. Finally, M3b
underwent a reductive elimination reaction via transition
state T3b with a reaction free energy barrier of
83.0 kJ mol−1 to yield the complex M4b generating the
cyclobutanone P2. Clearly, the reductive elimination reaction
was the rate-determining step for this reaction channel, which
was different from those discussed above in the formation of
cyclopentanone. The reaction free energy barrier of T3b was
higher than that of T1a by 14.6 kJ mol−1, so cyclopentanone
P1 was more dominant than cyclobutanone P2. Furthermore,
Fig. 3 also shows that it is harder for complex M3b to form
M4b than to revert back to M1b, because the free energy
barrier is higher by 56.9 kJ mol−1. Hence, the final product of
the reaction channel was complex M1b, which could isom-
erize to the lower energy complex M1a.

Fig. 1 Free energy profile for
the proposed pathway forming
cyclopentanone. Relative free
energies ΔG(sol) in kJ mol−1

Table 1 Reaction free energy barriers ΔG≠(sol) (kJ mol−1) (in THF)
and ΔG≠ (kJ mol−1) (in gas phase), reaction enthalpy barriers ΔH≠

(kJ mol−1), and reaction energy barriers ΔE≠ (kJ mol−1) for all transi-
tion states

Transition state ΔG≠(sol) ΔG≠ ΔH≠ ΔE≠

T1a 68.4 77.2 71.7 72.4

T2a 49.2 48.4 49.2 50.1

T3a 50.3 50.4 48.8 50.3

T1b 43.4 52.5 50.9 51.5

T2b 17.2 8.3 11.2 11.3

T3b 83.0 78.9 76.7 77.7

T4 98.7 102.6 87.3 90.6

T5 33.9 29.6 32.1 31.9

T6 37.4 37.5 29.6 32.5

T7 187.9 176.0 181.2 180.1

T8 84.4 77.4 75.7 76.5

T9 107.4 102.2 104.2 103.8
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As illustrated in Figs. 2 and 4, T1b has similar geometry
and energy as that of T1a, andM2b shares similar geometry
and energy with M2a. In the intramolecular hydrometalla-
tion, because of different steric resistance inM2b, hydrogen
migration also had only one reaction channel. T2b involved
a Co–C1–C2–C3–C4–C5 six-membered ring and a Co–H1–
C5–C4 four-membered ring. NBO analysis of M3b indicat-
ed that Co–C1 and Co–C4 bonds showed strong single-
bonded character (NBO energies, σCo-C1: −960, σCo-C4:
−750 kJ mol−1, which were higher than M3a.). T3b

involved a Co–C1–C4 three-membered ring and a C1–C2–
C3–C4 four-membered ring.

Formation of butylene

Figure 5 shows the potential energy hypersurface for the
pathway forming butylene. Both intermediates M2a and
M2b isomerize to a four-coordinated complex M5. Next,
intermediate M5 undergoes a decarbonylation reaction
through transition state T4 with a reaction free energy

Fig. 2 Intermediates and transition states in the pathway forming cyclopentanone. Bond distances in Å, angles in degrees

Fig. 3 Free energy profile for
the proposed pathway forming
cyclobutanone. Relative free
energies ΔG(sol) in kJ mol−1
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barrier of 98.7 kJ mol−1, leading to a five-coordinated com-
plex M6. Finally, intermediate M6 underwent hydrogen
transfer reaction via transition state T5 with a reaction free
energy barrier of 33.9 kJ mol−1 to generate the complex M7
giving the butylene P3. Obviously, the decarbonylation
reaction was the rate-determining step for this reaction
channel. The reaction free energy barrier of T4 was higher
than T1a by 30.3 kJ mol−1, so cyclopentanone P1 was more
dominant than butylene P3.

Intermediate M5 was a four-coordinated complex,
and the Co–C1 bond was 1.853 Å (Fig. 6). NBO
analysis of M5 indicated that Co–C1 and Co–H1 bonds
showed strong single-bonded character. Intermediate M6
was a five-coordinated complex, and Co–H1, Co–C1,
and Co–C2 bonds were 1.500, 1.798, and 2.015 Å.
NBO analysis of M6 indicated that Co–H1, Co–C1,
and Co–C2 bonds showed strong single-bonded
character.

Fig. 4 Intermediates and transition states in the pathway forming cyclobutanone. Bond distances in Å, angles in degrees

Fig. 5 Free energy profile for
the proposed pathway forming
butylene. Relative free energies
ΔG(sol) in kJ mol−1
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Formation of cyclobutane

Figure 7 shows the potential energy hypersurface for the
pathway forming cyclobutane. Intermediate M3a went
through a decarbonylation reaction via transition state T6
with a reaction free energy barrier of 37.4 kJ mol−1 to give
the five-coordinated complex M8. Intermediate M8 under-
went a reductive elimination reaction through transition state
T7 with a reaction free energy barrier of 187.9 kJ mol−1 to
form complexM9 generating the cyclobutane P4. The reduc-
tive elimination reaction was clearly the rate-determining step

for this reaction channel. The reaction free energy barrier of
T7 was higher than that of T1a by 119.5 kJ mol−1, so cyclo-
pentanone P1 was more dominant than cyclobutane P4.
Figure 7 also showed that it was harder for complex M8 to
give M9 than to revert back to M3a, because of higher free
energy barrier by 110.1 kJ mol−1.

As illustrated in Fig. 8, Co–C1, Co–C2, and Co–C5
bonds of M8 were 1.758, 2.043, and 2.033 Å, respectively.
NBO analysis indicated that these bonds showed strong
single-bonded character. Transition state T7 involved a
Co–C2–C5 three-membered ring and a C2–C3–C4–C5

Fig. 6 Intermediates and transition states in the pathway forming butylene. Bond distances in Å, angles in degrees

Fig. 7 Free energy profile for
the proposed pathway forming
cyclobutane. Relative free
energies ΔG(sol) in kJ mol−1
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four-membered ring, and Co–C1, Co–C2, and Co–C5 bonds
were 1.754, 2.159, and 2.290 Å, respectively.

Formation of cyclopropane

Figure 9 shows the potential energy hypersurface for the
pathway forming cyclopropane. Intermediate M3b under-
went a decarbonylation reaction via transition state T8 with
a reaction free energy barrier of 84.4 kJ mol−1, leading to
the five-coordinated complex M10. Intermediate M10

underwent a reductive elimination reaction through transi-
tion state T9 with a reaction free energy barrier of
107.4 kJ mol−1 to give complex M11 generating cyclobu-
tane P5. Obviously, the reductive elimination reaction was
the rate-determining step for this reaction channel. The
reaction free energy barrier of T9 was higher than that of
T1a by 39.0 kJ mol−1, so cyclopentanone P1 was more
dominant than cyclopropane P5.

Intermediate M10 was a five-coordinated complex, and
Co–C1, Co–C2, Co–C4 bonds were 1.761, 2.017, 2.036 Å,

Fig. 8 Intermediates and transition states in the pathway forming cyclobutane and cyclopropane. Bond distances in Å, angles in degrees

Fig. 9 Free energy profile for
the proposed pathway forming
cyclopropane. Relative free
energies ΔG(sol) in kJ mol−1
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respectively (Fig. 8). Transition state T9 involved two three-
membered rings: Co–C2–C4 and C2–C3–C4, and Co–C1,
Co–C2, Co–C4 bonds were 1.743, 2.200, 2.292 Å,
respectively.

Overview of reaction mechanism

Possible reaction pathways were outlined in Scheme 2
above. We studied five such possible reaction pathways:
the formation of cyclopentanone, cyclobutanone, buty-
lenes, cyclobutane, and cyclopropane. The former two
represent pathways of Co(0)-catalyzed intramolecular
hydroacylation, while the latter three are pathways of
decarbonylation.

In the reaction channel forming cyclopentanone, the oxi-
dative addition reaction of 4-pentenal was the rate-
determining step [a reaction free energy barrier ΔG≠(sol)T1a
=68.4 kJ mol−1]. In the channel forming cyclobutanone, the
reductive elimination reaction was the rate-determining step
[ΔG≠(sol)T3b=83.0 kJ mol−1]. In the channel forming buty-
lenes, the decarbonylation reaction was the rate-determining
step for this reaction channel [ΔG≠(sol)T4=98.7 kJ mol−1]. In
the channel forming cyclobutane, the reductive elimination
reaction was the rate-determining step [ΔG≠(sol)T7=
187.9 kJ mol−1]. In the channel forming cyclopropane, the
reductive elimination reaction was the rate-determining step
[ΔG≠(sol)T9=107.4 kJ mol−1]. Clearly, the formation of
cyclopentanone was the most favorable reaction pathway, so
cyclopentanone was the most dominant product, which was
consistent with the experiments [19–21].

In addition, as illustrated in Figs. 3 and 9, it was clear that
it was more difficult for complexM3b to formM4b orM10
than to revert back to M1b, so the final product of two
reaction channels was complexM1b, which could isomerize
to the lower energy complex M1a. Figure 7 also shows that
it was harder for complexM8 to giveM9 than to revert back
toM3a. Therefore, the formation of cyclopentanone was the
most favorable reaction pathway (Figure S1, the black line),
and the decarbonylation reaction was prohibited.

Conclusions

The reaction mechanisms of cobalt(0)-catalyzed intramolec-
ular hydroacylation of 4-pentenal were explored computa-
tionally using DFT. The calculated results indicated that this
reaction had five possible product types: cyclopentanone,
cyclobutanone, butylenes, cyclobutane, and cyclopropane.
Consistent with experiments, the first of these was the most
dominant. So, the formation of cyclopentanone was the
most favorable channel, and the oxidative addition reaction
of 4-pentenal was the rate-determining step. Because of the
much higher free energy barriers, the decarbonylation

reaction was prohibited. Solvation had a significant effect,
decreasing greatly the free energies of all intermediates and
transition states.
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