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Density Functional Studies of Dicobalt Octacarbonyl-Mediated Azobenzene
Formation from 4-Ethynylaniline
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Introduction

Because the N�H bond is intrinsically strong, its cleavage is
a rather energy-demanding process (~90 kcalmol�1). There-
fore, options of activating the primary or secondary amine
have received increasing attention.[1] Normally, it is through
the oxidative addition of the N�H bond to a low-valent
transition-metal center that the activation energy can be re-
duced. Indeed, the participation of a low-valent transition
metal in the catalytic cycle is a critical step for many reac-
tions, such as alkene hydroamination,[2,3] aryl amination,[4]

and imine hydrogenation.[5] Although the oxidative addition
of the N�H bond onto various heavy transition metals has
been reported, it is relatively rare for the first-row transi-
tion-metal complexes.[6,7]

In previous studies, we demonstrated an unusual carbony-
lation reaction of the primary amine propargylamine HC�
CCH2NH2 by utilizing [Co2(CO)8] as a reaction promoter
(Scheme 1).[8] This reaction was carried out at 25 8C for 3 h
in THF and gave [{[Co2(CO)6(m-HC�C�)]CH2NH}2C=O] 1
in 40% yield. A proposed mechanism for the formation of 1
was carefully examined by means of DFT.[9] Furthermore,
replacement of the propargylamine by the 4-ethynylaniline
HC�CC6H4NH2 resulted in an azobenzene derivative,
[{[Co2(CO)6(m-HC�C�)]�C6H4N=}2] 2, in 18% yield after
reaction at 55 8C for 4 h in THF.[10] As shown, the formation
of 2 requires more severe conditions and the yield is lower
than that of 1. Complex 2 can be regarded as an organome-
tallic version of a potential organic liquid-crystal raw materi-
al.[11,12]

To understand this reaction more fully, a comprehensive
knowledge of the reaction route, or reaction mechanism, is
required. Unfortunately, most of the conventional experi-
mental methods do not always provide conclusive evidence
concerning reaction pathways. Computational quantum
techniques are regarded as a promising alternative[13] and
have gradually emerged as a useful complementary tool to
previously existing experimental means.[14] Recently, the
density functional theory (DFT) method, with greater com-
putational efficiency than the conventional Hartree–Fock ab
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initio method, has been applied extensively to transition-
metal complexes and has gained broad acceptance among
both theoretical and experimental chemists.[15]

To our knowledge, a comprehensive computational exami-
nation of the catalytic process in the formation of an azo-
benzene derivative has not yet been reported. Therefore, a
thorough study of the formation of C6H5N=NC6H5, mimick-
ing 2, from the [Co2(CO)8]-mediated coupling reaction of
NH2C6H5 was pursued by using computational quantum
techniques. For computing efficiency, the primary amine
NH2C6H5 was selected to replace the cumbersome 4-ethyn-
ylaniline-bridged dicobalt complex [Co2(CO)6(m-HC�
CC6H4NH2)].

[16]

Computational Methods

All calculations were carried out by using Gaussian 03,[17] in which the
tight criterion (10�8 hartree) is the default for the self-consistent-field
(SCF) convergence. The molecular geometries were fully optimized
under C1 symmetry, in which the Becke3LYP

[18] functional was used. The
LANL2DZ including the double-z basis sets for the valence and outer-
most-core orbitals combined with pseudopotential were used for Co,[19,20]

and 6–31G(d) basis sets were used for the other atoms. This combination
is denoted 631LAN, which has proven to be successful in describing the
cobalt-mediated Pauson–Khand reaction.[21] All the stationary points
found were characterized as minima (number of imaginary frequency
Nimag=0) and transition states (Nimag=1) by performing harmonic vibra-
tional frequency analysis. For the determination of transition-state geom-
etry, isothermal relaxation current (IRC)[22] analyses were used to moni-
tor geometry optimization, to ensure that the transition structures are
smoothly connected by two proximal minima along the reaction coordi-
nate. The transition structure (TS) calculations of hydride migration as-
sisted by H2O were performed by using the quadratic synchronous transit
(QST2) method. Thermodynamic quantities, the calculated electronic en-
ergies, the enthalpies of reaction DHR, and the activation free energies
DG*, were obtained and corrected at constant pressure and 298 K. Stabil-
ity analysis[23] was performed to determine if the Kohn–Sham (KS) solu-
tions were stable with respect to variations, which break spin and spatial
symmetry.

Results and Discussion

The two most probable reaction routes for the formation of
C6H5N=NC6H5 through cobalt-mediated coupling of
NH2C6H5 are proposed: route 1 is termed a three-mem-
bered-ring pathway, and route 2, a four-membered-ring
pathway. As shown below, these two routes are constructed
from successive elementary steps.

Route 1: Three-membered-ring
pathway

A reaction mechanism employ-
ing a monomeric cobalt moiety
as the acting catalytic species
was proposed. This was used to
accommodate a probable reac-
tion route (route 1) for the for-
mation of an azobenzene deriv-
ative, [{[Co2(CO)6(m-HC�C�)]�

C6H4N=}2] 2, through cobalt-mediated coupling of
NH2C6H4C�CH. As shown in Figure 1, the mechanism is
composed of 11 consecutive elementary reactions:

a) p-bridging of a 4-ethynylaniline onto a dicobalt fragment
accompanied by the release of 2 molar equivalents of
carbonyl groups

b) generation of a side product [CoH(CO)4] and the cata-
lyst precursor [Co(CO)4(NHX)] (X: [Co2(CO)6(m-HC�
CC6H4�)]), which is ready for further steps

c) release of another molar equivalent of CO
d) association of an additional NH2X molecule with the

cobalt center
e) N�H oxidative addition (or hydride migration) from the

newly coordinated NH2X to the cobalt center
f) release of another molar equivalent of carbonyl species
g) a second hydride migration from one coordinated NHX

to the cobalt center
h) reductive elimination of one molar equivalent of H2

i) hydride migration for the third time
j) coordination of a carbonyl group to the cobalt center
k) dissociation of the azobenzene derivative 2 along with

the active species [CoH(CO)3].

Because the validity of the first four processes, steps a–d,
are well accepted both experimentally and theoretically, our
computational studies focus on steps e–k.[24]

Hydride migration from the coordinated amine and the re-
lease of CO : Figure 2 depicts the geometry-optimized mo-
lecular structures, including transition states, from 1CP to
3CP. The outward appearance of 1CP is a distorted trigo-
nal-bipyramidal (TBP) structure. An approximate octahe-
dron (Oh) is apparent for 2CP if taking the hydride into
consideration. In the process of 1CP!1TS!2CP, an N�H
bond is broken and at the same time a Co�H bond is
formed. The Ha (from N2) transfers to the Co center and
forms a new Co�H bond; meanwhile, the bond angle of
aN2-Co-Ha changes from 578 in 1TS to 87.38 in 2CP. The
bonding mode of N2�Ha towards Co in 1TS might be best
described as agostic bonding.[25] The bond length of Co�N2
decreases considerably from 2.399 to 1.944 O, and then
lengthens slightly to 1.996 O for 1CP, 1TS, and 2CP, respec-
tively. As calculated, the activation free energy for the hy-
dride-migration step (e), 1CP!1TS, is rather high (ca.
49.4 kcalmol�1). It has been shown elsewhere that activation

Scheme 1. The formation of 1 and 2.
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of the N�H bond is an energy-demanding process mediated
by a low-valent metal complex.[26] As described below for all
the elementary steps, these types of hydride-migration pro-
cesses represent the most crucial steps in the cobalt-mediat-
ed formation of azobenzene. For 2CP!2TS!3CP, a car-
bonyl is released from 2CP and a distorted TBP is restored
in 3CP. The Co�CO bond is elongated from 1.852 O in 2CP
to 2.651 O in 2TS. Finally, the coordinated CO is completely
released from 2TS. Interestingly, this CO-releasing process,
2CP!2TS!3CP, does not require a great amount of
energy (ca. 24.4 kcalmol�1).

Hydride migration from the amino group and the release of
H2 : As depicted in Figure 3, the processes of 3CP!3TS!
4CP are similar to the previous hydride migration, except
that the hydride comes from the amino group rather than
the coordinated amine. The hydride-migration step, 3CP!
3TS, has the highest activation energy (ca. 55.5 kcalmol�1).
The bond length of the ready-to-be-released N1�Hb increas-

es from 1.015 O (3CP) to
1.797 O (3TS); this is then fol-
lowed by the complete dissocia-
tion of the N1�Hb bond and
the formation of a Co�Hb
bond (4CP). The Co�N1 bond
is best regarded as a Co=N
double bond in 3TS. Meantime,
the Co�Hb bond length is re-
duced from 1.522 O (3TS) to
1.486 O (4CP). Furthermore,
the N1�N2 bond is formed
during the processes of 3CP!
3TS!4CP. This is indicated by
both the changes in bond
angles of aN1-Co-N2 (from
107.28 in 3CP to 107.08 in 3TS
to 41.88 in 4CP) and the short
bond length of N1�N2
(1.404 O) in 4CP.
In 4CP, the bonding between

the cobalt atom and the dinitro-
gen moiety, diphenylhydrazide,
can be regarded as a combina-
tion of a covalent and a dative
bond. Reports of crystal struc-
tures containing triangular MN2

moieties for the first-row transi-
tion-metal complexes are
rare,[27] although many exam-
ples for heavy transition metals
are known.[28] The next step is
the release of one molar equiv-
alent of H2 molecules from
4CP by reductive elimination.
The distance between Ha and
Hb is shortened from 1.783 O
in 4CP to 1.356 O in 4TS, and

the Co�Ha and Co�Hb bonds are elongated to 1.498 and
1.506 O, respectively. Furthermore, the bond angle of aHa-
Co-Hb is reduced from 73.78 in 4CP to 53.78 in 4TS. Finally,
the complete elimination of one H2 molecule from the
cobalt fragment is observed in 5CP. The release of H2 can
be detected experimentally. A rather unusual square-planar
(SP) geometry is perceived for the CoI center of 5CP, in
which N1, N2, Co, C2, and C3 are almost coplanar. The di-
hedral angle between planes N1-Co-N2 and C2-Co-C3 is
only 7.248.

Amino hydride migration and CO coordination : Figure 4
represents the geometry-optimized molecular structures
from 5CP to 7CP. A hydride migration from the diphenyl-
hydrazide group on 5CP is required to produce the desired
azobenzene 2. Interestingly, the activation free energy for
the hydride-migration step, 5CP!5TS, is significantly lower
(ca. 33.3 kcalmol�1) than the previous two hydride-migra-
tion processes. From 5CP to 6CP, the bonding between the

Figure 1. The formation of an azobenzene derivative 2 : Route 1.
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azo moiety and the cobalt fragment changes from a relative-
ly complicated arrangement to a simple L!M dative bond.
The bond lengths of Co�N1 and Co�N2 in 5TS are 2.004

and 2.138 O, respectively. The
corresponding bonds in 6CP
are 2.087 and 2.138 O. The
bond length of N1�N2 is
1.303 O. In 6CP, five atoms,
N1, Hc, Co, C2, and C3, are
almost coplanar. The dihedral
angle between planes N1-Co-
Hc and C2-Co-C3 is small,
2.648. 6CP can be regarded as
an unsaturated [CoH(CO)2(m-
C6H5N=NC6H5)]. The subse-
quent steps, 6CP!6TS!7CP,
represent an external CO coor-
dination to the Co center and
the change in bonding mode of
the azobenzene ligand C6H5N=
NC6H5. This leads to the forma-
tion of a saturated
[CoH(CO)3(L)] (L: C6H5N=
NC6H5) with a TBP shape in
7CP. Here, the bonding mode
of the coordinating ligand
C6H5N=NC6H5 changes from a
p- to a s-type dative bond. The
Co�N1 bond length decreases
from 2.087 O (6CP) to 1.957 O

(6TS) and then to 2.194 O (7CP). Meanwhile, the bond
length of N1�N2 decreases from 1.303 O in 6CP to 1.264 O
in 6TS and then to 1.258 O in 7CP. The latter two values

Figure 2. Geometries of stationary points from 1CP to 3CP in route 1. Distances and angles are in O and de-
grees, respectively.

Figure 3. Geometries of stationary points from 3CP to 5CP in route 1. Distances and angles are in O and degrees, respectively.
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represent the characteristic N=N double bond. A TBP con-
formation is sustained in 7CP, with the hydride at one of
the axial positions and the azobenzene at one of the equato-
rial positions.

Potential-energy surface: route 1: The potential-energy sur-
face of the proposed reaction route 1 is presented in
Figure 5. It can be seen that the formation of C6H5N=NC6H5

from NH2C6H5 through reductive coupling is a thermody-
namically unfavorable process, DG=41.4 kcalmol�1, and
also that the three hydride-migration processes are the most
energy-demanding of the steps.

Route 2: Four-membered-ring pathway

As described above, several high-energy-demanding steps in
route 1 are caused by the formation of three-membered
rings during the hydride-migration processes. To avoid the
severe strain that this induces, an alternative four-mem-
bered-ring pathway, route 2, is proposed (Figure 6). Route 2
is constructed from several elementary steps as follows:

f’) coupling of two amino groups by the linking of two ni-
trogen atoms and breaking of one Co�N bond

g’) hydride migration from amine to cobalt via a four-mem-
bered ring containing Co, N1, N2, and Hb atoms, and
then formation of another four-membered ring contain-
ing Co, N1, N2, and C(C=O) atoms

h’) elimination of one molar equivalent of H2 from the
cobalt center

i’) dissociation of the azobenzene derivative 2, which is ac-
companied by the active species [CoH(CO)3].

Coupling of two amino groups and hydride migration via a
four-membered ring : As presented in Figure 7, the initial
configuration of 2CPa is similar to 2CP, except for the rela-
tive positions of the two phenyl groups. Furthermore, 2CP
is slightly more stable than 2CPa by approximately
3.5 kcalmol�1. During the processes of 2CPa!2TSa!
3CPa, two amino groups are coupled by the linking of two
nitrogen atoms and a diphenylhydrazine moiety is generat-
ed. This coupling process proceeds by shortening of the N1�
N2 bond (2TSa : 1.966 O and 3CPa : 1.416 O) and reduction
in the angle of aN1-Co-N2 (2CPa : 103.58 and 2TSa : 57.28).
The shape of the molecule changes from Oh for 2CPa to
TBP for 3CPa. The diphenylhydrazine fragment is situated
in one of the equatorial positions and the hydride is located
at one of the axial positions.
The 3CPa!3TSa!4CPa represents the hydride-migra-

tion process. The Hb shifts from the N2 atom to the Co
metal by forming a four-membered ring containing Co, N1,
N2, and Hb atoms in 3TSa. Clearly, this conformation as-
sists in reducing the ring strain of the three-membered ring
formed in 1TS. Interestingly, the conformation acquires an-
other four-membered ring containing Co, N1, N2, and C(C=
O) atoms in 4CPa. The length of the N2�Hb bond increases
from 1.011 O in 3CPa to 1.889 O in 3TSa. Meanwhile, the
Co�Hb bond length is reduced from 2.952 O (3CPa) to
1.521 O (3TSa). By taking two hydrides into consideration,
a distorted Oh is roughly held for 4CPa. From the view of
the three coordinated carbonyl ligands, this is a fac-tricarbo-
nylcobalt complex. One of the carbonyl groups interacts
with the diphenylhydrazine moiety and forms a C�N bond.
This coupling process leads to the formation of a four-mem-
bered ring containing Co, N1, N2, and C(CO) atoms.

Figure 4. Geometries of stationary points from 5CP to 7CP in route 1. Distances and angles are in O and degrees, respectively.
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Hydride migration accompanied by the release of H2 : Simi-
larly, the optimized structures of the process 4CPa!
4TSa!5CPa are depicted in Figure 8. A hydride migration
from the amino group accompanied by the release of one
molar equivalent of hydrogen are observed. The Co�N1
bond length is reduced from 2.014 O (4CPa) to 1.972 O
(4TSa) and then to 1.804 O (5CPa). The enhanced Co�N1
bond strength assists in stabilizing the electron-unsaturated
5CPa.

Potential-energy surface: route
2 : The potential-energy surface
of the proposed route 2 is pre-
sented in Figure 9. The highest
activation free energy (DG*) of
the corresponding transition
state, 3TSa, is 56.7 kcalmol�1. It
is evident that the formation of
C6H5N=NC6H5 from NH2C6H5

through this route is a thermo-
dynamically unfavorable pro-
cess, and that the hydride-mi-
gration processes are the most
energy-demanding steps. As a
result, route 2 is established as
a more energy-feasible pathway
than route 1.

Energy comparison for three related reactions : The energies
for the formation of three related compounds were calculat-
ed and are presented in Table 1. The carbonylation reaction
is a thermodynamically favorable process (entry 1, ca.
�24.5 kcalmol�1). In contrast, the formation of azobenzene
from NH2C6H5 is thermodynamically a rather unfavorable
course (entry 2, ca. 61.0 kcalmol�1), which can be made
more feasible if a metal-containing species, such as dicobalt-
carbonyl, participates in bonding (entry 3, ca. 47.0 kcal

Figure 5. Free energies of transition states involved in route 1.

Figure 6. The formation of an azobenzene derivative 2 : Route 2.
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Figure 7. Geometries of stationary points from 2CPa to 4CPa in route 2. Distances and angles are in O and degrees, respectively.

Figure 8. Geometries of stationary points from 4CPa to 5CPa in route 2. Distances and angles are in O and degrees, respectively.

Figure 9. Energy profile for route 2. Values of free energies are based on 1CP (left axis) and 2CPa (right axis).
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mol�1). Evidently, the dicobaltcarbonyl fragment plays an
important role in reducing the reaction enthalpy.

Hydride migration assisted by H2O : The hydride-migration
process was demonstrated to be an energy-demanding pro-
cess throughout the reaction course. At least two reasons
might explain this observation. First, the intrinsically large
enthalpy of the N�H bond, making its cleavage difficult ;
second, the formation of an energetically unfavorable trian-
gular cycle containing Co, N, and H atoms in the transition
state. The significant drawback of the latter might be abated
by preventing the formation of an energetically unfavorable
triangular cycle. A protic molecule, such as H2O, which is
frequently involved in assisting acidification in organic reac-
tions through proton transfer, is employed here to reduce
the strain of forming an energetically unfavorable conforma-
tion. During actual experimental operations, it is quite possi-
ble that a small amount of H2O indeed dissolves in the
polar solvent employed in the reaction.
The hydride-migration process in the presence of H2O

was pursued by using the QST2 method (Scheme 2). The
calculated activation free energy for the hydride-migration
step with the assistance of H2O is 44.3 kcalmol�1, which is
5.1 kcalmol�1 lower than for the same step in the absence of
H2O.
The hydride-migration processes of 1CP·H2O!

1TS·H2O!2CP·H2O that are assisted by H2O are depicted
in Figure 10. As shown, the hydride Ha does not directly mi-
grate from the N2 atom to the Co metal, rather, it transfers
firstly from the N2 atom to H2O. This is then followed by
the transfer of He from H2O to the Co metal. The data
show that the Co�N2 bond in 1CP·H2O, 1TS·H2O, and
2CP·H2O is significantly longer than its counterpart in the
1CP!1TS!2CP processes: 2.328 O in 1CP·H2O is short-
ened to 2.042 O in 1TS·H2O and then to 2.006 O in
2CP·H2O. An imaginary frequency in 452i cm

�1 is observed
for the transition state 1TS·H2O. This transition state is a
five-membered-ring complex containing Co, N2, Ha, O, and
He atoms. As demonstrated, a protic molecule, such as H2O,
indeed provides a lower-energy route, although not signifi-
cantly lower, for the hydride-migration process. In principle,

a well-chosen polar and protic
solvent might provide an even
better environment for lowering
the activation free energy.

Energy comparison for the hy-
dride-migration process assisted
by a Co, Rh, or Ir complex : For
comparison, the activation ener-
gies and enthalpies for the pro-
cesses of 1CP!1T!2CP with
heavy transition metals, such as
Rh and Ir, were re-examined

(Scheme 3). As revealed in Table 2, both the activation
energy and enthalpy of N�H oxidative addition were re-
duced (by ca. 5 and 7 kcalmol�1, respectively) by employing
a modeled Rh complex. These effects were even greater
with a modeled Ir complex (enthalpy reduced by ca.
16 kcalmol�1). This indicates that the amine- or amino-hy-
dride-migration process is more feasible in heavy transition-
metal complexes, such as Rh or Ir complexes, than in Co
complexes. This has two reasons: first, the larger size of the
heavy transition metal atom reduces the strain of the ener-
getically unfavorable triangular cycle containing M, N, and
H atoms; second, the availability of more orbitals allows the
hybridized orbitals to form acute angles on bonding.

Conclusion

We have explored the reaction pathways of the [Co2(CO)8]-
mediated N=N coupling reaction from the primary amine
NH2C6H5. The proposed reaction routes, routes 1 and 2,
were examined by utilizing the DFT method at the B3LYP/
631LAN level. The N�H oxidative addition processes (hy-
dride migration) were identified as the most energy-de-
manding steps for both routes. These large energy barriers
are responsible for the rigorous reaction conditions required

Table 1. Reaction enthalpies for the carbonylation, azobenzene formation, and dicobalt-assisted azobenzene
formation.

Entry Reaction DHR [kcalmol
�1]

1 �24.5

2 61.0

3 47.0

Scheme 2. The water-assisted hydride-migration process.
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in the cobalt-mediated azobenzene-formation reaction. The
large activation energies might be reduced by addition of a
protic molecule, such as H2O (reduction ca. 5.1 kcalmol�1),
or by changing the active metal to Rh or Ir. To our knowl-
edge, this is the first integrated computational examination
of a [Co2(CO)8]-mediated dinitrogen coupling reaction from
a primary amine.
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