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The influence of bite angle in bisphosphine complexes has been modeled by DFT calculations employing the simple model
compound HCo(CO)(PP) (PP = Xantphos or two monophosphine ligands).The increase of the bite angle increases the strength of
the H–Co bond, whereas the C–O bond in the carbonyl ligand is weakened revealing an increase also in the donor character. The
model compound cis-[HCo(CO)(PPh

3
)
2
] shows a flexibility both in terms of energy, and in terms of electronic structure upon the

change of the P-Co-P angle, which can be a sign of the flexibility of PPh
3
ligands in real reaction conditions.

1. Introduction

Catalytic hydroformylation of alkenes is one of the largest
volume applications of homogeneous catalysts. In the recent
decades the continued development of new P-donor ligands
has resulted in significant advances in the selectivity of hydro-
formylation catalysts. An especially effective improvement in
the control of catalyst regioselectivity involves the application
of bulky diphosphines and diphosphites with wide bite
angles [1–3]. In the rhodium catalyzed hydroformylation,
particularly high regioselectivities were achieved employing
bidentate diphosphines based on xanthene-like backbones,
and it was found that the larger the bite angle, the greater
the selectivity for the linear aldehydes [2]. Two examples
of pioneering wide bite angle diphosphines are depicted in
Scheme 1.

The understanding of fundamental aspects of transition
metal-catalyzed reactions is profound for the discovery of
new and more efficient catalysts. Computations play an
increasingly important role in getting new insights in reaction
mechanism by their ability to provide equilibrium geometries
for transition states and high energy intermediates, as well
as by the determination of electronic structure parameters of
structures of importance.

Potential energy surfaces (PESs) are indispensable for
studying reaction profiles and rates computationally [4]. For

exploring a region of the PES the relaxed PES scan calcula-
tions are sometimes the most appropriate tools, which are
performed by the stepwise change of one internal coordinate,
while every other coordinates are fully optimized in every
step. Relaxed PES calculations are employed, for instance, for
the characterization of bond dissociation [5], bond rotation
[6], or even the change of electronic structure by varying the
phosphorus-metal-phosphorus bond angle [7].

The goal of this paper is to characterize the ligand
Xantphos coordinated to the HCo(CO) moiety. These kinds
of complexes can serve as catalysts for the cobalt-catalyzed
hydroformylation reaction, containing diphosphine ligands.
Besides the discussion of the corresponding Co-Xantphos
complex, the bite angle effect is estimated via the complex
cis-[HCo(CO)(PPh

3
)
2
] in a flexible potential energy scan,

constraining the P-Co-P angle at every step with a full
optimization of all other internal coordinates.

2. Computational Details

For all the calculations the PBEPBE gradient-corrected func-
tional by Perdew et al. [8] was selected using the Gaussian 09
suite of programs [9]. For the Co atom the triple-𝜉 basis set
by Ahlrichs and coworkers was applied and denoted as TZVP
[10], whereas the 6-31G(d,p) basis set [11] was employed
for every other atoms. Local minima were identified by
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Table 1: Selected bond lengths in HCo(CO)(phosphine) complexes as well as those of the structures involved in the PES scan changing the
P-CO-P angle. The cis phosphorus atom with respect to the hydride ligand is designated as P1.

Structure 𝑟(H–Co) 𝑟(Co–P1) 𝑟(Co–P2) 𝑟(Co–C) 𝑟(C–O)
HCo(CO)(PH

3
)
2
(2) 1.505 2.159 2.154 1.721 1.175

HCo(CO)(Xantphos) (1) 1.490 2.219 2.227 1.708 1.181
HCo(CO(PPh

3
)
2
(3) 1.503 2.203 2.191 1.716 1.180

3: Θ = 98.5∘ 1.504 2.197 2.227 1.715 1.180
3: Θ = 103.5∘ 1.503 2.194 2.210 1.716 1.180
3: Θ = 108.5∘ 1.498 2.210 2.195 1.717 1.180
3: Θ = 113.5∘ 1.496 2.184 2.184 1.718 1.180
3: Θ = 118.5∘ 1.496 2.200 2.181 1.717 1.181
3: Θ = 123.5∘ 1.486 2.180 2.166 1.720 1.181
3: Θ = 128.5∘ 1.485 2.180 2.169 1.718 1.181
3: Θ = 133.5∘ 1.484 2.175 2.171 1.717 1.181
3: Θ = 138.5∘ 1.481 2.173 2.170 1.178 1.180

BISBI

PPh2

PPh2

PPh2

PPh2

O

Xantphos

Scheme 1: Diphosphines BISBI, and Xantphos, possessing wide bite
angles.

the absence of the negative eigenvalues in the vibrational
frequency analyses, whereas the Hessian matrix of transition
states has only one negative eigenvalue. For the QTAIM
studies the AIMAll software was employed [12].

3. Results and Discussion

The computed structure of HCo(CO)(Xantphos) (1) is
depicted in Figure 1. For a bite angle 112.8∘ has been
obtained, somewhat less than expected, due to the slightly
bent arrangement of the fused rings about the middle
ring. The geometry is similar to that of the rhodium ana-
logue HRh(CO)(Xantphos), reported by Landis and Uddin
[13]. For comparison, complexes HCo(CO)(PH

3
)
2
(2) and

HCo(CO)(PPh
3
)
2
(3) are also shown in Figure 1. Not sur-

prisingly, both complexes exhibit smaller bite angles: 103.2∘,
and 106.5∘ for complex 2 and complex 3, respectively. The C–
O bond distance of the carbonyl ligand is almost identical
in 1 and 3, indicating a very similar P-donor character for
Xantphos and PPh

3
in terms of back-donation from cobalt

to the CO ligand. In complex 2 the CO bond is somewhat
shorter suggesting weaker donation ability for PH

3
in com-

parison to both triarylphosphines. Remarkable, however, is
the difference in Co–H bond distance in complexes 1 and 3,
proposing a stronger metal-hydride bond in the Xantphos-
containing complex. All complexes exhibit also structures
distorted from square planar arrangement; complex 2 is the
closest to planar. The distortion is illustrated in the inlet in
Figure 1, showing the hydride and carbonyl ligands bent from
the P-Co-P plane.

The electronic effect in wide bite angle ligands can be
divided in two parts: one is the influence of the substituents
on phosphorus, whereas the secondary electronic effect is
determined by steric effects, that is, the bulk of the sub-
stituents, and the phosphorus-metal-phosphorus bite angle.
For the interpretation of the secondary effect, a flexible poten-
tial energy surface scan has been completed using complex 3
asmodel compound (see Figure 2). Although themiddle ring
and especially the oxygen heteroatom slightly alter the elec-
tronic structure of P atoms in complex 1, triphenylphosphine,
as a triarylphosphine, is an appropriate candidate for testing
the bite angle effect. This is also supported by computed
](CO) values, as they are very close to each other: 1970 and
1967 cm−1 for 1 and 3, respectively.

The PES scan was done in two directions starting from
the equilibrium geometry of 3, covering the P-Co-P angle
(denoted as Θ) range from 98.5∘ to 138.5∘ in 5∘ steps. The
energy of the 98.5∘ structure is higher by only 1.5 kcal/mol
than that of 3, in spite of the steric congestion of the inner
phenyl rings. This may be the consequence of the energy
gain caused by 𝜋-stacking interaction between the rings,
which partly compensates the steric repulsion. The influence
of 𝜋-stacking on the regioselectivity of platinum-containing
hydroformylation catalysts was investigated employing the
Dreiding force field and it was concluded that the phenyl
group of styrene may interact with the aromatic ring of
the phosphine ligand increasing the ratio of the branched
aldehyde [14].

At 113.5∘ a local genuine minimum appears, which is less
stable than 3 by only 0.9 kcal/mol.The approximate transition
state for this conformational change of the aryl rings emerges
at the angle of 108.5∘ with a barrier of about 1.2 kcal/mol.This
local minimum is a good approximation for 1 in terms of
bite angle. As the bite angle increased the potential energy
also increases, somewhat steeper in the vicinity of the local
minimum structure, with an inflexion point at about 108.5∘,
with a gradual increase until the angle of 123.5∘, and with
a steeper increase again at bite angles larger than that. The
structure with a bite angle of 138.5∘ is by 7.6 kcal/mol higher
in energy in comparison to 3.

The structural parameters of all the structures involved
in the PES scan are compiled in Table 1. It is shown that
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Figure 1: Computed structure of HCo(CO)(Xantphos) (1), HCo(CO)(PH
3
)
2
(2), and HCo(CO)(PPh

3
)
2
(3). Bond lengths are given in Å;

angles are given in degrees.
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Figure 2: The potential energy against the P-Co-P angle in complex cis-[HCo(CO)(PPh
3
)
2
].

the cobalt-hydrogen bond length is closely related to the bite
angle: the greater the angle is, the shorter the Co–H bond is.
No such obvious relationship has been found for the Co–C,
and for the C–O bonds. On the other hand, the Co–P bonds
are more elongated for theminimum structures, as well as for
that with a bite angle of 98.5∘.

The electronic structure around the cobalt central atom
has been elucidated within the framework of the Quantum
Theory of Atoms in Molecules developed by Bader. One
of the two QTAIM descriptors taken into account is the
delocalization index 𝛿(A,B), which is introduced by Bader
and Stephens [15] and describes the number of electron
pairs delocalized between two atomic basins. The 𝛿(A,B)
is somewhat related to formal bond orders for an equally
shared pair between two atoms in a polyatomic molecule;
however, it is usually less than that due to delocalization over
the other atoms in the molecule. The second descriptor is the
electron density at bond critical points (𝜌BCP), which is also
related tobond strengths. The 𝛿(A,B) data for all structures
considered in this study are presented in Table 2, whereas the
(𝜌BCP) data for them are shown in Table 3.

The relationship between the delocalization index for the
H–Co bond and the bite angle is not so obvious, than the
relationship between the H–Co bond lengths and the bite
angle. It reaches its minimum at 106.5∘ (hence in the case of
3) and it gets greater at larger bond angles; however, it has
a maximum at Θ = 123.5∘. It is notable that 𝛿(H,Co) in

complex 1 (which has a bite angle of 112.8∘) almost matches
that for the structure HCo(CO)(PPh

3
)
2
with a bite angle of

113.5∘ corroborating the close relationship between the bite
angle and the H–Co bond strength.

The 𝛿(C,O) value is directly related to the electronic
influence of phosphine upon the C–O bond; thus it is
somewhat connected with Tolman’s electronic parameter
[16], which is awidely used descriptor for the characterization
of various P-donor ligands. Interestingly, among the bis-
triphenylphosphino structures, the Θ = 133.5∘ structure
provides the closest match with the Xantphos-containing
complex 1. Otherwise, the delocalization index of the C–O
bond reveals a continuous decrease in the function of bite
angle, indicating that the donor character of the PPh

3
ligand

is stronger when the bite angle is increased.
The electron density at bond critical points is, however,

less indicative for the description of bite angle effect. For
the Co–C and C–O bonds only a very subtle change can be
observed. The value of 𝜌BCP (H–Co) moves in a very narrow
range as well; however, it shows an increasing trend along
with the increase of the bite angle, in conjunction with the
delocalization index 𝛿(C,O).

From the electron density distribution within a molecule,
detailed information can be obtained by the Laplacian of
electron density, ∇2𝜌(r) < 0, which indicates charge con-
centrations of charge depletions. The Laplacian distribution
of 2, as a prototype species, is depicted in Figure 3. Both
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Table 2: Delocalization indices 𝛿(A, B) in complexes 1–3, as well as that for the structures resulted in the PES scan of HCo(CO)(PPh
3
)
2
.

Structure 𝛿(H, Co) 𝛿(Co, P1) 𝛿(Co, P2) 𝛿(Co, C) 𝛿(C, O)
HCo(CO)(Xantphos) (1) 0.767 0.829 0.798 1.411 1.497
HCo(CO)(PH

3
)
2
(2) 0.802 0.942 0.866 1.352 1.533

HCo(CO)(PPh
3
)
2
(3) 0.748 0.876 0.826 1.383 1.506

3: Θ = 98.5∘ 0.764 0.871 0.789 1.392 1.509
3: Θ = 103.5∘ 0.755 0.874 0.816 1.386 1.508
3: Θ = 108.5∘ 0.771 0.847 0.844 1.374 1.508
3: Θ = 113.5∘ 0.768 0.848 0.870 1.374 1.506
3: Θ = 118.5∘ 0.754 0.855 0.871 1.372 1.503
3: Θ = 123.5∘ 0.796 0.804 0.925 1.370 1.502
3: Θ = 128.5∘ 0.790 0.808 0.920 1.371 1.499
3: Θ = 133.5∘ 0.785 0.811 0.918 1.367 1.496
3: Θ= 138.5∘ 0.789 0.812 0.920 1.355 1.500

Table 3: Electron density at bond critical points 𝜌BCP (A–B) in complexes 1–3, as well as that for the structures resulted in the PES scan of
HCo(CO)(PPh

3
)
2
.

Structure 𝜌BCP(H–Co) 𝜌BCP(Co–P1) 𝜌BCP(Co–P2) 𝜌BCP(Co–C) 𝜌BCP(C–O)
HCo(CO)(PH

3
)
2
(2) 0.129 0.093 0.093 0.172 0.429

HCo(CO)(Xantphos) (1) 0.129 0.088 0.088 0.177 0.423
HCo(CO)(PPh

3
)
2
(3) 0.126 0.092 0.092 0.173 0.424

3: Θ = 98.5∘ 0.126 0.091 0.088 0.174 0.424
3: Θ = 103.5∘ 0.126 0.092 0.091 0.173 0.424
3: Θ = 108.5∘ 0.132 0.095 0.098 0.174 0.423
3: Θ = 113.5∘ 0.128 0.090 0.096 0.173 0.423
3: Θ = 118.5∘ 0.128 0.092 0.096 0.174 0.423
3: Θ = 123.5∘ 0.132 0.094 0.098 0.172 0.423
3: Θ = 128.5∘ 0.132 0.094 0.098 0.173 0.423
3: Θ = 133.5∘ 0.132 0.095 0.098 0.174 0.423
3: Θ = 138.5∘ 0.133 0.095 0.098 0.173 0.424

Figure 3: Contour-line diagram of the Laplacian distribution of
complex 2. Solid lines indicate charge depletions [∇2𝜌(r) > 0],
dashed lines indicate charge concentrations [∇2𝜌(r) < 0].

PH
3
ligands and the carbonyl ligand show the well-known

Lewis-base character which can be attributed to their lone

pairs oriented toward the cobalt central atom. The Co–H
bond reveals a strong polarity, as reflected by the charge
concentration aroundH, and the charge depletion aroundCo,
and these two regions are separated almost by the bordering
surface between the two atomic basins. The strong distortion
in the electron density distribution of cobalt in the region
between the hydride and the neighboring PH

3
ligands might

reflect the sensitivity of Co–H bond strength to the change of
the P-Co-P angle.

4. Conclusion

The increase of the bite angle results in an enhancement
of the strength of the H–Co bond, whereas the C–O bond
in the carbonyl ligand becomes somewhat weaker revealing
an increase also in the 𝜎-donor character of the phosphine
ligand. The model compound cis-[HCo(CO)(PPh

3
)
2
] shows

a flexibility both in terms of energy and in terms of electronic
structure upon the change of the P-Co-P angle, which
indicates a rather flexible behavior of PPh

3
ligands in real

reaction conditions.
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