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Theoretical Study of the Effects of Phosphane Substituents on the Bonding
Properties of Acetylene with Ni(PRj3), (R = H, CHj;, F, CF3, CcHs)
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The bond-formation processes between the d!° metal frag-
ments Ni(PR3), (R = H, CHj, F, CF3, Ph) and acetylene have
been studied by density functional theory with the BP86
functional and large TZV(2df,2pd) basis sets. The Ni-acety-
lene bonds have been analyzed in terms of distortion and
intrinsic interaction energies within the Dewar-Chatt-Dun-
canson model of bonding. The intrinsic interaction energies
have been corrected for basis set superposition error (BSSE).
Linear relationships have been found between the intrinsic
interaction energies and the distances of the Ni-C and C=C
bonds as well as with the acetylene-nickel n-backbonding.
No linear relationship with respect to the total interaction en-
ergies was found. Despite using large basis sets, BSSE still

contaminates the interaction energies by 5-10 %. For the PRy
ligands, the BSSE-corrected intrinsic interaction energies of
acetylene bonding increase in the order P(CF3); < PF3; <
PPh; < PH3; < P(CHjy);5 from 58.9 to 77.9 kcalmol™!, while the
total interaction energies range from 32.9 to 42.4 kcalmol™
in the order PPh; < P(CF3); < P(CHj;); < PH; < PF;. These
results reveal that the total influence of PH; and PPh; on the
thermodynamics of the acetylene bonding is different and
therefore in this sense PHj3; is not a good model of PPhj in
theoretical calculations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Alkynes and tertiary phosphanes coordinated to transi-
tion metals (TM) have been the subject of extensive experi-
mental and theoretical studies.!?! This can be attributed to
the specific reactivities of these species, which in the field
of organometallic synthesis and catalysis give rise to a wide
variety of products.l># Because of the early work of Reppe
et al.,Bl it is well known that nickel complexes promote the
reactivity of the acetylene triple bond in several catalytic
processes such as carbonylation, cyclooligomerization, and
cooligomerization. Common to these processes is the pres-
ence of acetylene complexes with low-valent Ni(PR3), frag-
ments, where R is mostly a bulky alkyl or aryl group.l3-°]

In general, the reactivities of coordinated ligands are dis-
cussed in terms of steric and electronic effects, although the
distinction between them is not always straightforward be-
cause both effects are interconnected. The steric properties
of PR; ligands are usually measured by the cone angle, 6,
introduced by Tolman.[l The steric effects for acetylene are
less important, but in the case of alkynes with bulky substit-
uents they may also influence the bonding.[®! The electronic
effects of alkynes and phosphanes are inherently connected
with the Dewar—Chatt-Duncanson (DCD) model,”! i.e.,
with the ability of ligands to act as electron density donors
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and acceptors. Thus, the electronic contribution to a TM—
P bond stems from two factors: a c-donation from the
phosphorus lone-pair orbital to empty metal orbitals, and
a m-back-donation from occupied metal orbitals to the vir-
tual 6* P-R MOs of the PR; ligands.'% It is clear that
electron-withdrawing substituents change the basicity of the
PR; ligands and consequently their ability for o-donation.
The classification of donor/acceptor properties of PRj li-
gands has long been of interest in both experimen-
tal 710610111 and  theoretical studies.*?"!2 Due to the
presence of a double n-system in alkyne ligands, two donor
and two acceptor interactions are possible. As a result, al-
kynes exhibit a remarkable flexibility of coordination
modes, and are able to act as two- or four-electron donors
and to occupy up to four coordination sites.!'3-14

In the present work we are interested in the structural,
electronic, and energetic properties of the bond-formation
processes shown in Scheme 1.

The chosen phosphane substituents offer a broad variety
of steric and electronic effects. While theoretical investi-
gations of the effects of phosphane substituents on direct
TM-PR; bonds are more common,?""12] investigations of
the inductive effects on bonding of other ligands are
scarce.’!l To the best of our knowledge, a systematic study
of the inductive effect of phosphane substituents on acety-
lene bonding in complexes ¢, including electron with-
drawing and sterically demanding substituents, has not
been reported so far. Furthermore, our chosen substituents
should provide insight into the question of whether the PH;
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Scheme 1.

ligand, which is frequently used in theoretical studies as a
model for bulky organophosphanes,>#13 is a good substi-
tute for the PPhs ligand, which is more common in experi-
mental studies.

Results and Discussion

Before we discuss our results in more detail, we present
a simplified picture (Figure 1) of the well known DCD
model for the donor—acceptor interactions between the val-
ence n-MOs of acetylene (a) and the metal fragments
Ni(PR3) (b).

o-donation n-donation
—_— e
) Ni(4s) T Ni(4p,,)
iﬁbackdonallon{ g d-backdonation
€« €
T Ni(3d,) T Ni(3d;)

Figure 1. Simplified representation of the DCD model for synergic
donor-acceptor interactions between valence MOs of acetylene
and NI(PR3)2

Since the nickel 3d levels are fully occupied in complexes
b, the donation of electron density from acetylene in-plane
(m)) and out-of-plane (r, ) MOs can take place to the empty
nickel levels with predominant 4s and 4p character (Fig-
ure 1 top). In these L — TM donation interactions the oc-
cupied nickel 3d levels can participate due to second-order
mixing only, i.e., due to three-orbital two-electron interac-
tions.['% In complexes ¢ two occupied Ni 3d levels may be
involved in backbonding interactions with the empty m*
and m,* MOs of acetylene (Figure 1 bottom). From pre-
vious investigations it is well known that the contributions
from the out-of-plane L — TM n-donation and M —L 3-
back-donation are by far less important than those from
the in-plane o-donation and m-back-donation interac-
tions.!?!
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Contrary to homoleptic acetylene-nickel com-
pounds,[34-131 complexes ¢ prefer a planar molecular struc-
ture over a twisted one (Scheme 2).[%%! In structure ¢ the
acetylene, nickel, and phosphorus atoms are placed in the
same plane while in the twisted structure ¢’ the acetylene is
rotated by 90° around the C, axis. Previous calculations on
the model complex 1c¢ have shown that backbonding inter-
actions from the nickel 3d, orbital to the acetylene in-plane
m* MO account for the stability and preferred molecular
geometry of this class of compounds.?®2¢2.2kl In the
planar geometry ¢ the acetylene-nickel in-plane m-back-
bonding interaction is enforced by electron density do-
nation from a phosphorus lone-pair out-of-phase combina-
tion, which in the twisted geometry ¢’ is not possible
(Scheme 2).

. X

Scheme 2.

In order to find out the preferred arrangements of the
phosphane ligands in the planar molecular structure of the
acetylene complexes 1c-5c¢ and their molecular fragments
1b-5b we first investigated the rotation of the PR; ligands
around the Ni—P bond. For 1b—4b and 1c—4c we considered
one Cy-symmetric and two C,,-symmetric rotamers
(Scheme 3). Complexes 5b and 5¢ were optimized in C; and
C; symmetry. For the sake of clarity the lowest energy
structures of Sb and 5¢ are shown in Figure 2; the relative
energies of the optimized conformers are presented in
Table 1 and selected optimized parameters of the lowest en-
ergy structures are collected in Table 2. The energetics for
the bond formation between acetylene (a) and Ni(PR3), (b)
are summarized in Table 3 and the results of NBO popula-
tion analyses in Tables 4 and 5.

From Table 1 it is evident that the different rotamers of
1b—4b and 1c-4c are energetically almost equivalent and the
lowest energy structures adopt C,, symmetry. For 1b-4b,
1c, and 3¢ the energy differences are below 0.3 kcalmol !
and for 2¢ and 4c¢ they are only slightly larger [0.7 kcalmol !
(2¢), 0.9 kcalmol™' (4¢)]. Due to the steric requirements of
the PPhj; ligands, 5b and 5¢ prefer nonsymmetric over Cy-
symmetric structures, which are less stable by 9.5 and
2.2 kcalmol™!, respectively (Table 1).

From Table 1 it is also evident that the lowest energy rot-
amers of the complexes 2¢-Sc and the metal fragments 2b—
5b are characterized by the same conformation of the phos-
phane ligands. Although the preferred conformation of the
phosphane ligands in the metal fragment 1b-2 differs from
that in the complex 1c-1, the energy difference between 1b-1
and 1b-2 (0.1 kcalmol™') is not relevant for our discussion.

The experimental molecular structures of 1c—4¢ are not
known and only that of 5¢ has been determined by X-ray
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Scheme 3.

Table 1. Relative energies [kcalmol '] of the BP86/TZV(2df,2pd)-
optimized rotamers of the metal fragments Ni(PR3), (b) and the
acetylene complexes CoH,Ni(PR3), (¢).

R=H R=CH; R=F R=CF; R =CgHs
Symm. n 1b-n 1lc-n 2b-n 2c-n 3b-n 3c-n 4b-n 4c-n Sb-n Sc-n
G, ! 01 00 00 00 01 01 00 00
C,, 2 00 02 00 07 0.0 00 008 09
Cs 3 03 02 03 01 01 008 00 02 95 22
5b-4 el 4 0.0 0.0

Figure 2. Optimized unsymmetrical molecular structures of 5b and 5c. [a] Relative energies AE = 0.02 kcalmol .

Table 2. Selected optimized parameters of the most stable rotamers of the metal fragments Ni(PRj), (b), the acetylene complexes
C,H,Ni(PR3), (¢), and acetylene (a) in comparison with experimental data, where available.

R Structure Ni-P [A] Ni-C [A] C=C[A] P-Ni-P (§) [’] H-C-C (0) [°]
H 1b-2 2.084 148.4
lc-1 2.145 1.903 1.278 107.8 148.4
CH, 2b-1 2.113 167.2
2¢-1 2.161 1.879 1.286 114.8 145.2
F 3b-2 2.054 131.2
3c-2 2.094 1.914 1.269 108.1 152.5
CF, 4b-1 2.080 144.7
4c-1 2.130 1.931 1.266 121.1 152.2
C¢Hs 5b-4 2.132 179.9
5¢-4 2.185/2.189 1.902/1.911 1.279 115.6 148.5/149.2
5¢-d(exp)l! 2.153/2.166 1.873/1.882 1.239 148.0
C,H, 1.207 180.0
C,Hs(exp) 1.203 180.0

[a] X-ray data from ref.[]
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Table 3. Calculated energies [kcalmol™'] for the reaction of acety-
lene (a) with Ni(PR3), (b) to give the complexes ¢, together with
counterpoise corrected AE;T and AEC? values.[]

R Compl AEl AEZ AE3 AE AE3CP AECP
H lc-1 +18.4 +13.1 -78.6 471 -71.1 -39.6
CH;  2e¢-1 +22.1 +16.8 -84.0 451 -77.9 -39.0
CH;™  2¢-1 +22.5 +15.7 -126.3 -88.1 -108.8 -70.6
F 3c¢-2 +14.6 +7.6 -70.2 -48.0 -64.6 -424
CF; 4c-1 +14.1 +83 -62.6 -40.2 -589 -36.5
CeHs  5c-4 +18.1 +169 -71.0 -36.0 -679 -329

[a] See Experimental Section for definition of the particular energy
components. [b] Results obtained with the SV(d) basis set.

Table 4. Calculated occupancies of acetylene r, phosphorus lone-
pair [Lp.(P)] and o*(P-R) NBOs in complexes 1¢-5c.

C,H, PR,
R Compl. L T, m* m,* Lp.(P) o*(P-R)
H lc-1 1.838 1.965 0.509 0.032 1.694 0.244
CHj; 2¢-1 1.840 1.967 0.587 0.037 1.576 0.322
F 3c-2 1.836  1.956 0.456 0.024 1.505 0.653
CF; 4c-1 1.826 1.957 0418 0.026 1.617 0.682
CeHs Sc-4 1.842 1.963 0.520 0.039 1.581 0.380

crystallography.[®] Although the optimized bond lengths of
5c-4 are slightly longer than the experimental values
(Table 2) the differences are not large (0.03-0.04 A), and the
most important geometrical features are well reproduced by
the calculations. Taking into account that the theoretical
data refer to the gas phase and are not subject to crystal-
packing forces, such small deviations are understandable
and are not considered relevant. Furthermore, it is well
known that the BP86 functional usually slightly overesti-
mates the bond lengths. The optimized bond lengths and
angles of 1c-1 and 2¢-1 are in good agreement with results
obtained at different levels of theory in previous calcula-
tions.[Ze,Zi,Zl]

The Ni-P bonds of 3¢-2 (2.094 A) and 4c-1 (2.130 A) are
shorter than those of 1c-1 (2.145 A), 2¢-1 (2.161 A), and 5c-
4 (2.185/2.189 A). An opposite effect is observed for the
nickel-acetylene bonds, where for complexes with electron-
withdrawing substituents in the phosphane ligands the Ni—
C bonds are longer [1.914 (3¢-2) and 1.931 A (4c-1)] than
in the other investigated compounds (1.897-1.903 A). The
shortening of the Ni—P bonds as well as the lengthening of
the Ni—C bonds of 3¢-2 and 4c¢-1 vs. 1c-1, 2¢-1, and Sc-4
can be well understood in the framework of the DCD
model. The calculated occupancy of the o*(P-R) NBOs of

3c¢-2 (0.653) and 4c¢-1 (0.682) is significantly higher than in
the remaining compounds (0.244-0.380; Table 4). Thus,
with respect to 1c-1, 2¢-1, and Sc-4, the Ni-o*(P-R) back-
bonding interactions of 3c¢-2 and 4c-1 are stronger. It is
clear that an enhancement of Ni-c*(P-R) backbonding
shortens the Ni—P bonds and diminishes the competitive
Ni—acetylene backbonding, which, in turn, leads to longer
Ni—C bonds. Indeed, the occupancy of acetylene n* NBOs
of 3¢-2 and 4c-1 is significantly lower than that of 1c-1, 2c¢-
1, and 5c¢-4 (Table 4).

Our results are consistent with the experimental observa-
tion that m-acceptor phosphanes normally exhibit shorter
TM-P bonds.'”! Furthermore, Table 2 shows that substitu-
tion of PH; by P(CH3); and PPh; results in an elongation
of the Ni-P bonds. It is interesting to note that similar
properties have been observed in theoretical studies of
[Fe(CO)4PR ;] compounds.?1

The coordination of acetylene (a) with Ni(PRj3), (b) re-
sults in molecular deformations, which are obviously endo-
thermic processes (Scheme 4, Table 3). Independent of the
phosphane ligands, the deformation of acetylene (AE;) re-
quires more energy than that of the metal fragments
Ni(PR3), (AE,) (Table 3).

In complexes ¢ acetylene is no longer linear and adopts
a cis bent structure d with a significantly elongated C=C
bond (Table 2). The reasons for the deviation from linearity
of coordinated alkynes are similar to those for the pyrami-
dalization of complexed alkenes and have been discussed in
detail in the literature.l'¥®14518] Since, according to NBO
population analyses, the electron-density distributions in
acetylene with a deformed geometry d are the same as for
the equilibrium geometry a, one can ask whether the defor-
mation energy, AE,, as well as the geometrical changes of
the HC=C bond angle, Aa, and the C=C bond length,
ARc—c, are influenced by the chemical nature of the phos-
phane ligands. In Figure 3 we present the deformation ener-
gies, AE}, as a function of Aa and ARc—c. From this figure
it is evident that almost perfect linear correlations are
found.

The AE; values increase in the order: P(CF3); = PF; >>
PPh; = PH; >> P(CH3);. Thus, phosphanes with electron-
withdrawing substituents cause the smallest deformation of
the acetylene ligand. Furthermore, the above ordering of
the phosphane ligands essentially agrees with the predicted
decrease of m-backbonding and an increase of c-bonding
contributions to the Fe-PR; bonds.?T It should also be
noted that the inductive effects from the PH; and PPh; li-
gands on acetylene deformation are very similar, as re-

Table 5. Change of NBO occupancies in 1¢-5e¢ relative to those of acetylene (d) and the corresponding molecular fragments 1e-5e.[*!

R Compl. | T, ¥ ¥ 3s+3d,*! 3d,[*! 3d,tb! Lp 6*(P-R)
H lc-1 -0.16 -0.04 +0.51 +0.03 +0.14 -0.33 +0.01 -0.16 -0.04
CHj; 2¢-1 -0.16 -0.03 +0.58 +0.04 +0.09 -0.34 +0.01 -0.12 -0.04
F 3c-2 -0.16 -0.04 +0.46 +0.02 +0.16 -0.27 +0.02 -0.14 -0.06
CF; 4c-1 -0.17 -0.04 +0.42 +0.03 +0.12 -0.24 +0.02 -0.10 -0.02
Ce¢Hs S5c-4 -0.16 -0.04 +0.52 +0.04 +0.09 -0.30 +0.02 -0.06 -0.03

[a] Positive sign means an increase of NBO population due to complexation. [b] For the placement of the acetylene, nickel, and phosphorus

atoms in the yz-plane, d,, d,, and ds mean the d.- d,

4}
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and d,, NBOs, respectively.
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Figure 3. Deformation energy of acetylene (AE)) as a function of
the changes in the HC=C bond angle Aa (top) and the C=C bond
length ARc—c (bottom) for the transformation from the equilib-
rium geometry a to the geometries d of the [C,H,Ni(PR3),] com-
plexes ¢ (R = H, CH3, F, CF3, and Ph).

flected by the very close AE|, Aa, and AR-—c values (Fig-
ure 3).

The optimized structures of the metal fragments 1b-4b
are bent, where the P-Ni-P bond angles, 5, range from 131°
to 167°, while 5b prefers a linear arrangement of the P-Ni—
P unit (Table 2, Figure 2). Our bent structures of 1b—4b
agree well with those obtained in an all-electron B3LYP
study,['”) but are in disagreement with previous BP86/TZV
and B3LYP/LANL2DZ calculations, where linear arrange-
ments were found for the equilibrium geometries of 1b and
2b.[2¢211 Nevertheless, the deformation energies, AE,, of 1b-
2 (+13.1 kcalmol™") and 2b-1 (+16.8 kcalmol™!) are very
close to those reported for the linear structures (12.7 and
16.4 kcalmol !, respectively).[?!l This suggests that the ener-
gies of 1b-2 and 2b-1 with a linear P-Ni—P unit should be
close to those of the global-minimum bent structures with
[ angles of 148.4° and 167.2°, respectively (Table 2).

In Figure 4 we show the correlation between the defor-
mation energies, AE,, and the A values for the transforma-
tion of the Ni(PRj3), equilibrium structures b into geome-
tries e, i.e., to those that they adopt in the corresponding
complexes ¢ (Scheme 4). Although the Ni(PPh;), fragment
bends more strongly upon coordination with acetylene than
the Ni[P(CHj3);], one, the deformation energies, AE,, are
the same for both molecular units. This can be attributed to

Eur. J. Inorg. Chem. 2006, 213-221
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the fact that the distortion from the equilibrium structures b
to geometries e leads not only to geometrical changes but
also to different electron-density distributions. For the same
reasons, no correlation was found between the AE, values
and the changes in the Ni—P bond lengths. Similar to the
AE, values of acetylene, the lowest AE, values are obtained
for metal fragments with electron-withdrawing substituents
(F and CF53).

20
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AE,[kcal mol ']
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Figure 4. Deformation energy, AE,, as a function of the change in
the P-Ni-P bond angle, Af, for the transformation of the Ni-
(PR3)> (R = H, CHj;, F, CF;, Ph) metal fragments from the equilib-
rium geometries b to complex geometries e.

Despite using large and flexible basis sets in our studies,
the intrinsic interaction energies, AE3, suffer from signifi-
cant BSSE (Table 3). The BSSE contamination differs from
one complex to the other. Thus, in the case of 3¢-2 and
5¢c-4, for example, the counterpoise corrections increase the
difference of the bond-formation energies [AAE; = AE3(3c-
2) — AE5(5¢-4)] from 0.8 to 3.3 kcalmol™!, while an opposite
effect is observed for 5¢-4 and 1c-1. The AAE; values of
5c-4 and 1c-1 diminish from 7.6 to 3.2 kcalmol ! due to
counterpoise corrections. Since relative energies are impor-
tant for our discussion, in the following we will only con-
sider the counterpoise corrected interaction energies. (Note
that in theoretical investigations on TM compounds BSSE
corrections are rather rarely taken into account, and when
low-quality basis sets are used this may lead to wrong con-
clusions.) As an example, we recalculated the bond-forma-
tion process of 2¢-1 by using the SV(d) basis set (Table 3).
Although the use of the SV(d) basis set does not signifi-
cantly change the distortion energies AE; and AE,, the in-
trinsic interaction energy AE; (—126.3 kcalmol™) is largely
overestimated as compared with the TZV(2df,2pd) value
(—84.0 kcalmol™!) and the BSSE contamination increases
from 7.2% [TZV(2df,2pd)] to 13.9% [SV(d)] (Table 3).

In accord with the DCD model from Scheme 1, the
bond-formation processes between acetylene (d) and the
metal fragments Ni(PR3), (e) are accompanied by donor—
acceptor interactions between both molecular fragments
(Table 5).

The data from Table 5 confirm the very weak nature of
the acetylene—nickel out-of-plane m-donation and d-back-
217
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donation interactions. The change in occupancy of acety-
lene m, and m,* NBOs is much smaller than that of the
n) and m* NBOs. In complexes 1e—Sc, the decrease of the
occupancy of the acetylene m; NBO is of the same magni-
tude and, consequently, the acetylene—nickel o-donation in-
teraction cannot be responsible for the different bond
strengths. However, sufficiently large differences in NBOs’
occupancies are discernible for acetylene-nickel m-back-
bonding interactions (Table 5). The increase of the occu-
pancy of the acetylene mj* NBO as well as the decrease of
the occupancy of the relevant Ni3d, level shows a linear
correlation with the intrinsic interaction energies, AE;F
(Figure 5). It should also be noted that analogous corre-
lations of the entire interaction energies, AECY, are not
found.

The changes of bond lengths during bond-formation or
bond-breaking processes are often correlated with the bond
strengths, i.e., with the corresponding AE or, more rigor-
ously, AEC? values. From the bottom of Figure 6, it is evi-
dent that such correlations do not exist either for the newly
formed Ni—C bonds or for the elongation of the acetylene
triple bond. However, a linear relationship is found with the
intrinsic interaction energies AE;“Y (Figure 6, top) for
which the ordering of the PR; ligands [P(CF3); < PF; <
PPh; < PH; < P(CHj;);] is the same as found for acetylene
deformation energies AE; (Figure 3) or acetylene—nickel in-
plane n-backbonding (Figure 5).

In agreement with the opinion of other authors,[* these
findings point to the conclusion that the intrinsic interac-
tion energies provide a better insight into the chemical na-
ture of the ligand-metal bonds than the usually used AE
(AECP) or D, values. We are aware that the DCD model
represents a simplified picture of the acetylene bonding as
well as that the intrinsic interaction energies may be fur-
ther decomposed into contributions from Pauli repulsion
and electrostatic and orbital interaction terms. Nonethe-
less, the correlations from Figures 5 and 6 support the

-55
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DCD bonding model for the nickel compounds investi-
gated here.

The thermodynamics of bond-formation or bond-break-
ing processes depend upon the total interaction energies
(AES? or D,). In the case of the PH; and PPh; ligands the
AEC? values for acetylene bonding differ by 6.7 kcalmol !
and therefore PH; cannot be considered as a good model
for PPh;. It is evident from Table 3 that this difference
stems from the deformation energies, AE,, of the Ni(PH;),
and Ni(PPhs), fragments and the corresponding intrinsic
interaction energies, AE;“Y. Upon going from 5¢-4 to le-1
the deformation energy, AE,, decreases by 3.8 kcalmol™!,
the intrinsic interaction energy AE;“P increases by
3.2 kcalmol™!, and the deformation energy of acetylene,
AE;, changes by only 0.3 kcalmol™! (Table 3). On the
other hand, similar AE®? values to those of 1c-1 and 2¢-1
do not necessarily indicate a very similar chemical nature
of the acetylene bonding. 1c-1 and 2c¢-1 have almost the
same AECP values (-39.6 and —39.0 kcalmol™!, respectively),
but their AE;? values differ by 6.8 kcalmol™! (Table 3). Fi-
nally, it should be noticed that the influence of phosphanes
on the bonding properties of other ligands is not necessarily
the same as in cases involving cleavage or formation of
TM-P bonds. Thus, for example, the AEC® values calcu-
lated for the cleavage of the Fe-PH; and Fe-P(CH3); bonds
differ by about 10 kcalmol™!, but with respect to PPh; the
Fe-PH; bond is only 0.5 kcalmol™! stronger.* Since the
computational advantage of using H instead of Ph is clear,
one can ask whether the change of the cone angle of PHj3
may lead to a better model for PPh;. Unfortunately, such
changes affect the electronic structure and all energy com-
ponents. Test calculations on 1c-1 with various cone angles
of the PH; ligands have shown that it is not possible to
predict whether and which contributions add up or cancel
out without computational knowledge about the PPh; com-
pound. Therefore, computational model systems should
rather be avoided. In our case, calculations on the PH; com-
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Figure 5. Correlation between intrinsic interaction energies, AE;“F, and changes of the occupancy of acetylene my* NBO and the Ni3d,
level in complexes 1¢—5c¢ relative to C,H, (d) and the metal fragments Ni(PR5), (e) (R = H, CH3, F, CF3, Ph).
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pound 1c-1 with the cone angles of PPh; from 5¢-4 did not
improve the model character of the PH; substitute.

Concluding Remarks

In this study we have investigated the structures and
energetics for the bond-formation processes between acety-
lene and the metal fragments Ni(PRs),. We were interested
in the question of how the substituents R (H, CH;, F, CF3
and Ph) in the phosphane ligands influence the nickel-acet-
ylene bonding as well as whether the PPh; ligand may be
modeled in computational studies by smaller, i.e., computa-
tionally less demanding, phosphanes. The bond-formation
processes were analyzed in terms of distortion energies of
acetylene (AE;) and Ni(PR3), (AE,), intrinsic interaction
energies (AE3), and the DCD model. We have shown that
despite using large TZV(2df,2pd) basis sets, BSSE still con-
taminates the AE3 values by 5-10% and therefore should
be considered in accurate studies, especially in cases where
double-¢ basis sets with only a single polarization function
are used. The effects of phosphane substituents on nickel-
acetylene bonding cannot be correlated with total interac-
tion energies (AEY or D,), although linear correlations
were found between the intrinsic interaction energies AE;F
and (i) the acetylene—nickel in-plane m-backbonding inter-
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actions, (ii) the distances of the newly formed Ni—C bonds,
and (iii) the elongation of the acetylene triple bond. In these
correlations the AE;C? values change in the order P(CF5);
< PF; < PPh; < PH; < P(CH3);. The total interaction
energies increase in the order PPhy; < P(CF3); < P(CHj3);
< PH; < PF;. The effects of the phosphane ligands PPh;
and PH; on the thermodynamics of acetylene bonding are
different and therefore PH; cannot be regarded as a good
substitute of PPh;. The differences stem in an almost equal
footing from the deformation energies of the metal frag-
ments (AE,) and the intrinsic interaction energies (AE;CP).

Experimental Section

Calculational Details: The geometry optimizations of the complexes
C,H,;Ni(PR3), (¢) and their molecular fragments C,H, (a) and
Ni(PR3), (b) were carried out with the TURBOMOLE 5.6 suite of
programs.?! As a quantum chemical method we have used density
functional theory (DFT)P!" with the gradient-corrected BP86 func-
tional®? and the RI approximation which takes advantage of den-
sity fitting for the calculations of the Coulomb integrals.?3! All
atoms were described with an all-electron valence triple-¢ basis set
augmented with polarization functions: (17s11p6d1f)/[6s4p3d1f]
for Ni, (14s9p2d1f)/[5s5p2d1f] for P, (11s6p2df)/[5s3p2df] for C and
F, and (6s2pd)/[3s2pd] for H, which we denote as TZV(2df,2pd).
These basis sets, together with the corresponding auxiliary basis
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sets for the RI approximation, were taken from the TURBOMOLE
basis set library.>¥ Note that the TZV(2df,2pd) basis sets used here
are of significantly higher quality than those employed in many
previous theoretical studies on TM compounds of similar size.

The nature of ligand-metal bonds is usually discussed in terms of
bond dissociation energies, D.. It is obvious that the bond-forma-
tion energy of acetylene (a) with fragments Ni(PR3), (b) to give the
complexes ¢, AE, is equal to the negative of the dissociation energy
D, see Equation (1).

-D. = AE = E(c) - [E(a) + E(b)] (1)

E(c), E(a), and E(b) are the total energies of the corresponding
equilibrium structures. In order to obtain deeper insight into acety-
lene-nickel bonding, the bond-formation energy, AE, was parti-
tioned into deformation (also called preparation) energies (AE; and
AE,) and the intrinsic interaction energy (AFE3), as shown in
Scheme 4.

AE| and AE, are the energies that are necessary to transform acety-
lene (a) and Ni(PR3), (b) from their equilibrium geometries into
the geometries that they adopt in the complexes ¢. AE; represents
the intrinsic interaction energy between the two “prepared” frag-
ments d and e in the complex c¢. This partitioning scheme allows
us to correct the intrinsic interaction energy (AE;) and, conse-
quently, the bond-formation energy, AE, for basis set superposition
error (BSSE). The BSSE was calculated according to the counter-
poise method*’! and the corrected energies are denoted as AE;P
and AE®P. The bond-formation processes were calculated for the
closed-shell singlet states of the complexes ¢ and their molecular
fragments a,d and b,e. The electron-density distributions in com-
plexes ¢ and the molecular fragments a,d and b,e were investigated
with the help of natural bond orbital (NBO) procedures.?°l Calcu-
lations of the harmonic frequencies for the equilibrium structures
were carried out with the SNF program.?]
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