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ABSTRACT: Experimentalists have recently achieved the first
chemoselective aminocarbonylation of unactivated alkyl electro-
philes, using the common cobalt reagent Co2(CO)8 as a catalyst.
Here, we present a detailed density functional theory (DFT)
mechanistic study on this remarkable reaction. Induced by the
Lewis base morpholine (or MOR, the amine substrate), Co2(CO)8
disproportionates to [Co(CO)3(MOR)2]

+ and [Co(CO)4]
−. The

active catalyst [Co(CO)4]
− undergoes an SN2 reaction with the

alkyl tosylate substrate to form an alkylcobalt(I) carbonyl
intermediate with an inverted configuration at the α-carbon. The
alkylcobalt(I) carbonyl complex favors CO migratory insertion
over β-hydride elimination. The resulting acylcobalt(I) carbonyl
intermediate, along with the MOR and CO substrates, could
introduce several pathways for the amide C−N bond formation. The inner-sphere pathways involving Co(I)-bound MOR are ruled
out. The outer-sphere pathway in which MOR attacks the Co(I)-bound acyl leads to the amide product and the regenerated
[Co(CO)4]

−. The SN2 process is the rate-determining step with the largest energy span (ΔG⧺ = 22.8 kcal/mol). The side reaction of
double CO insertion faces a higher selectivity-determining energy barrier and hence is less favorable. This DFT work provides deep
mechanistic insights into the Co2(CO)8-promoted chemoselective aminocarbonylation of unactivated alkyl electrophiles, thereby
having implications for organocobalt catalysis and transition-metal-catalyzed amide C−N bond-forming reactions.

KEYWORDS: cobalt catalysis, Co2(CO)8, aminocarbonylation, outer-sphere mechanism, amide C−N bond formation

1. INTRODUCTION

The amide functionality is a common structural motif in
organic compounds, including many bioactive natural products
and pharmaceutical agents. Organic amides are traditionally
synthesized by coupling carboxylic acids and amines.1 As first
reported by Schoenberg and Heck,2 palladium-catalyzed direct,
three-component aminocarbonylation provides a concise and
efficient approach to amides, using aryl electrophiles (halides/
pseudohalides), amines, and carbon monoxide (CO) as
substrates.3 The active catalyst is thought to be a Pd(0)
complex, which reacts with an aryl halide/pseudohalide
substrate by concerted oxidative addition to start the catalytic
cycle. This aminocarbonylation protocol, however, does not
work well for alkyl electrophiles. There were only a few
reported procedures involving the use of alkyl iodides, and
these reactions were thought to proceed by a radical
mechanism, typically required high-energy irradiation and
frequently yielded a greater amount of undesired byproducts
from double CO insertion.4 Alexanian and Sargent have
recently made a breakthrough and reported a cobalt-catalyzed
aminocarbonylation of unactivated alkyl tosylates, as shown by
the representative reaction in Scheme 1.5 This method makes

use of a common, commercially available cobalt reagent,
Co2(CO)8, as a catalyst and delivers the amide product
chemoselectively, thereby providing the first practical amino-
carbonylation protocol for unactivated alkyl electrophiles.
Obviously, the mode of reactivity of cobalt, which differs
from that of palladium, enables the catalytic reaction.
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Scheme 1. Direct Aminocarbonylation of C(sp3)-
Electrophiles via Cobalt Catalysis
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Alexanian and Sargent proposed a brief catalytic cycle, as
shown in Figure 1. Lewis base-induced disproportionation of

Co2(CO)8 yields [Co(CO)4]
−, which displaces the tosylate

group by the SN2 mechanism, forming a Co(I) alkyl
intermediate with an inverted configuration at the α-carbon.
The SN2-associated Walden inversion is responsible for the
stereospecificity of the reaction. The Co(I) alkyl intermediate
converts into a Co(I) acyl species through CO migratory
insertion. A formal nucleophilic displacement of the carbon-
ylcobalt moiety with morpholine delivers the amide product
and regenerates the active catalyst [Co(CO)4]

−.
The intriguing questions about this novel catalytic reaction

inspired our interest. How is the active catalyst initiated from
the cobalt reagent Co2(CO)8? Why does the Co(I) alkyl
intermediate favor CO migration over β-hydride elimination?
To what extent does double CO insertion occur from the
Co(I) acyl intermediate? Is the amide C−N bond in the
product formed by an inner-sphere mechanism involving
amine coordination to cobalt or through an outer-sphere
pathway? What is the rate-determining step?
In this DFT computational study, we address these

questions in the context of relevant organotransition metal
reactivity and catalysis. We aim to establish a detailed and
plausible mechanism that would not only elucidate the title
reaction but may also provide useful insights into under-
standing and improving transition-metal-catalyzed amide
bond-forming reactions in general.

2. COMPUTATIONAL METHODS
All calculations were performed with Gaussian 09.6 The hybrid
functional B3LYP7 was combined with the dispersion
correction D38 to improve computational accuracy. Geo-
metries are optimized and characterized by frequency
calculations to be energy minima (zero imaginary frequencies)
or transition states (only one imaginary frequency) at the
B3LYP-D3/BS1 level in the gas phase, BS1 designating a
mixed basis set of SDD9 for cobalt and 6-31G(d,p) for other
atoms. The energies were then refined by B3LYP-D3/BS2//
B3LYP-D3/BS1 single-point energy calculations in t-butyl
alcohol, using the SMD solvation model,10,11 BS2 denoting a
mixed basis set of SDD for cobalt and 6-311++G(d,p) for
other atoms. The refined energies were converted to zero-point
energy-corrected free energies at 298.15 K and 1 atm, using the
B3LYP-D3/BS1 harmonic frequencies. Corrections were then
made to the free energies on the basis of “the theory of free

volume”, that is, for 2-to-1 (or 1-to-2) reactions, a correction of
−2.6 (or 2.6) kcal/mol was applied.12 For comparison
purposes, the key energy minima and transition states were
reoptimized in solution using the SMD solvation model, and
the results were consistent with those obtained with gas-phase
optimizations (Figure S1).

3. RESULTS AND DISCUSSION
3.1. Precatalyst Initiation. Dicobalt octacarbonyl,

Co2(CO)8, has received much attention over the years because
it acts as a catalyst or precatalyst for hydroformylation (the
classical oxo process),13 Pauson−Khand [2 + 2 + 1]
cycloaddition,14 and other reactions.15 Previous studies have
established that in solution, Co2(CO)8 adopts an equilibrium
mixture of three isomeric forms,16 with the D2d symmetry
structure being proposed as the lowest energy isomer.17 Our
calculations are consistent with these earlier findings, showing
1cat as the zero of energy and only small differences in energy
between the three isomers (Figure 2).

It is known that under the influence of a Lewis base (L),
Co2(CO)8 can d ispropor t ionate to 18-e lec t ron
[CoLn(CO)5−n]

+ and [Co(CO)4]
−,18 but there have been no

reports of computational studies on the process. In the current
reaction system, L would be 2,2,6,6-tetramethylpiperidine
(TMP) or morpholine (MOR), both of which are present in
excess quantities. We optimized five complexes of the
[CoLn(CO)5−n]

+ type (L = TMP or MOR) and evaluated
the free energies of their formation reactions, as shown in
Table 1. Reaction 2 has the most favorable thermodynamics
(ΔG = −4.4 kcal/mol) among the five reactions.
We computed the pathway of reaction 2 to gain mechanistic

insight into the precatalyst initiation. As shown in Figure 3, the
van der Waals complex IM1 orients the N donor atom of
MOR toward Co1 although there is no bonding interaction
between them and essentially no change in the Co1−Co2 bond
distance. The N···Co1 distance (3.55 Å) is equal to the sum of
the van der Waals radii of N (1.55 Å)19 and Co (2.0 Å),20

suggesting an optimal van der Waals contact. There are several
other such van der Waals contacts between the atoms of the
two fragments of IM1 (Figure S3). As MOR approaches Co1,
the transition state TS1 is reached where a Co1−N bond is
partially formed at 2.70 Å, the Co1−Co2 bond is largely broken
at 3.13 Å, and a Co1-bound CO ligand shifts toward a μ2 mode
to bridge the Co2 atom. TS1 proceeds to the dinuclear
complex IM2, where the Co2−C(bridging) bond at 2.17 Å is
longer than the Co1−C(bridging) bond at 1.99 Å. A natural
bond orbital analysis of IM2 assigns Wiberg bond indices
(WBI) 0.78 and 0.61 for the Co1−C(bridging) and Co2−
C(bridging) bonds, respectively. The two sets of data taken
together, namely, bond distances and WBI, indicate that the
Co2−C(bridging) connectivity in IM2 is a bond although it is
significantly weaker than the Co1−C(bridging) bond. The
heterolysis of IM2 along the Co2−C(bridging) bond is

Figure 1. Proposed catalytic cycle for the Co-catalyzed amino-
carbonylation.

Figure 2. Computed structures and relative energies of three isomers
of Co2(CO)8.
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exergonic, giving the active catalyst [Co(CO)4]
− (2cat). The

resulting complex cation [Co(CO)4(MOR)]+ (a) changes to
the more stable triplet 3a, which undergoes exergonic
substitution of MOR for CO to form the triplet complex 3b.
In summary, our results reveal a detailed mechanism for Lewis
base-induced disproportionation of Co2(CO)8. It occurs via

indirect heterolytic Co−Co bond cleavage, that is, by electron
transfer through a bridging CO ligand.

3.2. SN2 Reaction and CO Insertion. [Co(CO)4]
− (2cat)

is a modest nucleophile known to react with alkyl tosylates by
an SN2 process to generate alkylcobalt carbonyl complexes.21

This led us to trace the SN2 transition state TS2, which releases

Table 1. Free-Energy Changes (kcal/mol) for Precatalyst Initiationa

reaction ΔG

(1) Co2(CO)8 + MOR → [Co(CO)4(MOR)]+ + [Co(CO)4]
− 2.8

(2) Co2(CO)8 + 2MOR → [Co(CO)3(MOR)2]
+ + [Co(CO)4]

− + CO −4.4
(3) Co2(CO)8 + TMP → [Co(CO)4(TMP)]+ + [Co(CO)4]

− 2.1
(4) Co2(CO)8 + 2TMP → [Co(CO)3(TMP)2]

+ + [Co(CO)4]
− + CO 1.1

(5) Co2(CO)8 + MOR + TMP → [Co(CO)3(MOR)(TMP)]+ + [Co(CO)4]
− + CO −3.6

aThe spin triplets of the five Co(I) complex cations are lower in energy than the singlets and hence are used for ΔG calculations (see Figure S2).

Figure 3. Free-energy profile for the pathway of precatalyst initiation. Selected bond distances in blue font are given in Å (the same below). The
numbers shown in red font on selected bonds in IM2 denote the Wiberg bond indices. The left superscript 3 on a/b indicates the spin triplet state.

Figure 4. Free-energy profile for the SN2 step, CO migratory insertion, and MOR/CO coordination. 2cat is taken as the new zero reference level of
energy after the exergonic initiation.
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the tosylate anion and proceeds to the Co(I) alkyl complex
IM3 (Figure 4). TS2 is 22.8 kcal/mol relative to 2cat, a
reasonable energy barrier for the reaction conditions. In IM3,
three CO ligands are of cis geometry to the Co−C(alkyl)
bond, which has free rotation, and by considering different
conformations from this bond rotation, we found TS3 to be
the lowest energy barrier for the carbonyl migratory insertion
into the Co−C(alkyl) bond, which is 11.9 kcal/mol relative to
2cat. Thus, the carbonyl insertion step would be facile, leading
to the four-coordinate 16-electron Co(I) acyl complex IM4.
IM4 has a conformation where the large acyl group would
hinder substrate coordination to the vacant metal site. This can
be resolved by the indicated rotations about the single bonds
to give the isoenergetic conformer IM5 with an open space
around the fifth metal coordination site, which can be occupied
by MOR or CO to form the 18-electron complex IM6 or IM7.
We also considered the nucleophilic attack of MOR on a

CO ligand of IM3 to form an alkylcarbamylcobalt(I) complex
that could yield the amide product via intramolecular alkyl
migration. This mechanism, however, is disfavored because the
alkylcarbamylcobalt(I)-forming transition states are higher in
energy than TS3 by at least 5.6 kcal/mol (Figure S4).
3.3. Amide Formation and Catalyst Regeneration. We

first considered possible inner-sphere pathways through IM6.
Examination of the cis geometric relationship between the
MOR and acyl ligands in IM6 suggests a likely oxidative
addition (OA) of the MOR N−H bond to the Co(I) center to
form an acylcobalt(III) amido complex, which can undertake
acyl−amido reductive elimination/coupling to deliver the
product. We traced the OA transition state TS4, which is
58.6 kcal/mol with respect to IM6 (Figure 5). This energy

barrier would be too high to be crossed by the reaction.
Dissociation of one CO ligand from IM6 can lower the barrier
to TS5, but it would still be too high to be reached.
Previous studies have suggested that the N−H bond

oxidative addition to 4d or 5d late transition-metal complexes
tends to have a high activation energy, with barriers of 41.0−
51.2 kcal/mol calculated for some Ir(I) and Rh(I) com-
plexes.22 A plausible explanation invokes the repulsive,
destabilizing effect of M ← N(amido) π-donation on the
M−N(amido) bond, where M is a late transition metal with
five or more valence d electrons.23 It follows from this rationale
that the N−H bond oxidative addition to the 3d Co(I)
complex IM6 would face even higher energy barriers because
of the stronger repulsion arising from the smaller size of Co(I).
Therefore, the calculated barriers shown in Figure 5 are
understandable.

In the Buchwald−Hartwig amination mechanism, the
Pd(II)-coordinated amine substrate is deprotonated by a
base additive.24 Mechanistic studies on some palladium-
catalyzed aminocarbonylations of aryl halides suggest a similar
inner-sphere mechanism, wherein the Pd(II)-coordinated
amine substrate is deprotonated to form an acylpalladium(II)
amido species, which undergoes acyl−amido reductive
elimination to generate the amide product.25 Therefore, we
considered TMP, the base additive in the current reaction
system, for deprotonating the N−H bond of the Co(I)-bound
MOR in IM6. Four IM6−TMP complexes with various TMP
dispositions were optimized, but no transition state of MOR-
to-TMP proton transfer was found from any of them (Figure
S5). Furthermore, attempts at optimizing a proton transfer
product (i.e., an ion pair containing a protonated TMP cation)
all converged reversely to the starting IM6−TMP complex.
These results suggest that the MOR-to-TMP proton transfer
would not be feasible. As opposed to coordination to Pd(II),
the coordination of MOR to the lower oxidation state Co(I)
center cannot increase the acidity of MOR to a point where it
can be deprotonated by TMP, a weak organic base. Such is an
insight into the nonexistence of the deprotonation pathways.
We also considered a third possible inner-sphere mechanism,
namely, the concerted σ-bond metathesis between the N−H
and Co−C(acyl) bonds in IM6, but did not find the
envisioned four-membered ring transition state.
We now turn our attention to possible outer-sphere

pathways, as a previous kinetics study proposed an outer-
sphere attack of a nucleophile (MeOH) on an acylcobalt
complex to form an ester product.26 We have considered the
attack of MOR on the acyl group of IM7 from outside the
coordination sphere, as shown in Figure 6. MOR can approach
the planar acyl carbon from two different sides via TS6a or
TS6b. TS6b is higher in energy than TS6a by 3.6 kcal/mol and
therefore disfavored. TS6a proceeds to the ion pair IM9, which
contains the product amide in a protonated form. This amide
C−N bond-forming step is kinetically facile (ΔG⧺ = 14.1 kcal/
mol) and thermodynamically downhill (ΔG = −5.1 kcal/mol).
IM9 dissociates to give the protonated amide IM10 and
regenerate 2cat. The significant increase in the acidity of the
ammonium cation IM10 facilitates its deprotonation by TMP
through the hydrogen-bonded complex IM11 and the
transition state TS7. Note that TS7 is higher than IM11 by
0.1 and 0.2 kcal/mol in electronic energy in the gas phase and
in solution, respectively, but becomes lower than IM11 by 0.8
kcal/mol in free energy after thermal correction. This suggests
a facile and essentially barrierless conversion. In addition, the
deprotonation process from IM10 through the final amide
product provides the largest driving force (ΔG = −28.7 kcal/
mol) for the overall reaction. There is an alternative but less
favorable pathway through IM9 in which IM9 releases the
amide product by the N-to-Co proton transfer (Figure S6).
Apart from the abovementioned inner-sphere mechanism

proposed for Pd-catalyzed aminocarbonylation,25 a computa-
tional study by Maseras et al. proposed an amide C−N bond
formation via a base (DBU)-assisted outer-sphere attack of
NH3 on a Pd-bound acyl group,27 where DBU is 1,8-
diazabicyclo-[5.4.0]undec-7-ene. We considered a similar
mechanism involving the nucleophilic attack of MOR on the
acyl group of IM7 assisted by the base TMP, which turned out
to be disfavored (Figure S7). Thus, the pathway shown in
Figure 6 represents a new outer-sphere amide C−N bond-
forming mechanism established for transition-metal-catalyzed

Figure 5. Transition states of N−H bond oxidative addition to Co(I).
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aminocarbonylation, which does not invoke extra assistance in
the nucleophilic attack of amine.
The free-energy surface for the complete reaction pathway

beginning with the precatalyst 1cat has now been mapped out,
with every intermediate and transition state molecularly well-
defined and energetically reasonable (Figures 3, 4, and 6). The
largest energy span28 is from 2cat to TS2 (22.8 kcal/mol). The
SN2 reaction via TS2 is the rate-determining step.
3.4. Chemoselectivity and Side Reactions. The three-

component title reaction generates the amide product in 85%
yield when competing reactions are also possible. To
rationalize the high chemoselectivity, we studied the free-
energy profiles for two possible side reactions: β-hydride
elimination and double CO insertion.
As shown in Figure 7, the Co(I) alkyl intermediate IM3 can

undertake β-hydride elimination to give alkene products. There
are two groups of β-hydrogen atoms in IM3, and for each
group, we located the lowest energy β-hydride elimination

transition state TS8a/TS8b. The β-Ha/β-Hb elimination
proceeds via TS8a/TS8b to IM15 and delivers alkene 1/
alkene 2. IM15 can be deprotonated by TMP via TS9 to
regenerate 2cat. These β-hydride elimination pathways are
thermodynamically feasible (ΔG = −9.8 or − 12.2 kcal/mol),
but they are kinetically much less favorable than the CO
insertion pathway through TS3 (Figure 4). TS8a, the lowest β-
hydride elimination barrier, is 9.8 kcal/mol higher than TS3 in
energy, and the barriers after TS3 in the main reaction pathway
are all lower than TS3 (Figures 4 and 6). Therefore, there is an
overwhelming preference for CO insertion over β-hydride
elimination at IM3. The difference of 9.8 kcal/mol in energy
between TS8a and TS3 mostly stems from the endergonic
conversion IM3 → IM13a (ΔG = 9.1 kcal/mol) in which a
CO ligand dissociates from the 18-electron IM3 to vacate a
coordination site for the ensuing β-hydride elimination (Figure
7). By contrast, the CO insertion via TS3 takes place directly
from IM3 (Figure 4).

Figure 6. Free-energy profile for the amide C−N bond formation and subsequent deprotonation.

Figure 7. Free-energy profile for the β-hydride elimination pathways.
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As shown in Figure 8, the Co(I) acyl intermediate IM7 can
undertake intramolecular CO insertion via TS10, followed by
external CO coordination, to form the 18-electron inter-
mediate IM17. This biacetyl species, upon an outer-sphere
nucleophilic attack by MOR, proceeds via TS11 to give the ion
pair IM18, which contains the byproduct amide in a
protonated form. Dissociation of IM18, followed by
deprotonation by TMP via TS12, leads to the final byproduct
amide. This competing reaction pathway and the pathway
leading to the major product are branches from IM7, which
respectively have TS10 and TS6a as the highest points in
energy (Figure 8). Therefore, TS6a and TS10 are the
selectivity-determining energy barriers, the former being
lower than the latter by 1.2 kcal/mol. This difference in
energy suggests that single CO insertion is favored over double
CO insertion.

4. CONCLUSIONS

We have utilized DFT calculations to establish a detailed
mechanism for the cobalt-catalyzed chemoselective amino-
carbonylation of unactivated alkyl electrophiles. Morpholine,
the amine substrate, induces the disproportionation of
Co2(CO)8 to form [Co(CO)4]

−. This active species undergoes
an SN2 reaction with the alkyl electrophile via TS2 to form the
alkylcobalt(I) carbonyl intermediate IM3, which favors CO
migratory insertion over β-hydride elimination. The CO
insertion generates an acylcobalt(I) carbonyl intermediate
from which point the reaction could follow several amide C−N
bond-forming pathways. The inner-sphere pathways have been
ruled out because of the extremely high energy barriers. The
outer-sphere pathway in which morpholine attacks the Co(I)-
bound acyl group via TS6a has been established. The overall
reaction is energetically downhill, with the SN2 process via TS2
being the rate-determining step (ΔG⧺ = 22.8 kcal/mol). The
stereospecificity of the reaction originates from the Walden
inversion in the SN2 step. The side reaction of double CO
insertion is kinetically less favorable.
The computational results demonstrate rich experimental−

theoretical synergy and provide deep insights into how the
common cobalt reagent Co2(CO)8 promotes the three-
component chemoselective aminocarbonylation of unactivated

alkyl electrophiles, which can have implications for organo-
cobalt catalysis and transition-metal-enabled amide C−N
bond-forming reactions.
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