J. Phys. Chem. R007,111,7915-7924 7915

Theoretical Study of Oxidative Additions of H, and MeCN to a Nickel(0) Complex:
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Oxidative addition of H to Ni(PHs), was theoretically studied as a prototype of nickel-catalyzdibnd
activation reaction, where CASSCF, CASPT2, CCSD(T), broken symmetry (Bs) MP2 to MP4(SDTQ), and
DFT methods were employed. The CASPT2 method yields a reliable potential energy curve (PEC) when the
active space consists of 10 electrons and 10 orbitals including five outeridthls. The CCSD(T) method
presents almost the same PEC as the CASPT2-calculated one, when either the ANO or the cc-pVTZ basis set
is used for Ni. Bs-MP4(SDTQ)-calculated PEC is similar to those calculated by the CASPT2/ANO method,
while the PEC is not smooth around the transition state. In the DFT calculation, ANO, cc-pVTZ, and triple-
quality basis sets (SDB) with StuttgaiDresden-Bonn effective core potentials (ECPs) must be used for Ni.

The DFT-calculated reaction energy is somewhat smaller than the CASPT2- and CCSD(T)-calculated values,
while B3APW91 and mPW1PW91 present moderately better energy changes than BLYP, B1LYP, and B3LYP.
Oxidative addition of MeCN to Ni(PkJ, was investigated by the DFT(B3PW91) and CCSD(T) methods.
Almost the same activation barrier was calculated by these methods, when cc-pVTZ was employed for Ni.
However, the DFT method moderately underestimates the binding energy of the reactant complex and the
reaction energy compared to the CCSD(T) method. This oxidative addition exhibits interesting characteristic
features, as follows: The barrier height relative to infinite separation is lower, and the product is more stable
than those of the oxidative addition oflds. These differences are discussed in detail in terms ef\ié and

Ni—CN bond energies and the participation of the @Norbital to stabilization interaction in the transition

state.

1. Introduction investigating theoretically the -©CN o-bond activation by
nickel(0) complexes. However, no theoretical study has been
reported about the €CN o-bond activation, and no detailed
knowledge has been presented about it; for instance, knowledge
strong G-CN o-bond with transition-metal complexes and the of transition state str_upture and electronic process has not been
C—CN o-bond activation can be utilized for organic synthesis. €POrted yet, though it is necessary to understand well tHerT

As a result of various attempts, several examples of stoichio- ?-bond activation and catalytic reaction via the-CN o-bond

Activation of the C-CN o-bond of nitrile by a low-valent
transition-metal complex is one of the challenging reactions in
organometallic chemistry, because it is not easy to activate the

metric C-CN o-bond activation reaction by a transition-metal activation.

complex have been reported, so far: Previousiybond As well-known, nondynamical (static) and dynamical electron
activation of benzonitrile (PhCN) was succeeded with platinum- correlation effects must be carefully considered in the theoreti-
(0),12 palladium(0)? and nickel(0§ complexes. Also, €CN cal study of nickel complexes, actually, an outer (second) 3d
o-bond activation with nickel(Gy* and molybdenum(0) com-  shell, which has one nodal plane in a radial part like a 4d shell,
plexes$ has been reported. Recently, the CN o-bond activa- must be included in the active space of the CASPT2 calculation
tion by nickel(0) complexes was comprehensively investigated of Ni to present correct energy differences among various
by Jones and his collaboratdrThough these ECN o-bond  electronic state¥ and incorporation of a 3p-3d intershell

activation reactions take place through the oxidative addition, correlation is necessary for the evaluation of energy differences
a different type of G CN o-bond activation was performed with  among various electronic states in the first-row transition-metal
the help of the silyl group in rhodium(iif) and iron(ll) atoms!3 These results suggest to us to employ properly an active
complexed. Besides these stoichiometric reactions, the@N  space in the multireference calculation. Also, many theoretical
o-bond activation is included as a key elementary step in works have been carried out to evaluate binding energies of
interesting catalytic reactions, Ni(0)-catalyzed biaryl syntifesis nickel(0) complexes with post HartreEocki2-28 and DFR9-32
and Ni(0)-catalyzed carbocyanation of alkyte. methods. However, no organometallic reaction of a nickel
_ Considering that nickel(0) complexes have been often used ;omplex has been theoretically investigated with a multirefer-
in these stoichiometric and catalytic reactions, it is worth .o method such as CASPT2 and MRMP2 methods except
+ Comesponding author e-mail. sakaki@moleng kyoto-u.ac. for a few limited works*3 in these pioneering works, the reaction
TGraduapte Schgool of Engineering. gyolortactp. of H, with a bare Ni atom was theoretically investigated with
* Fukui Institute for Fundamental Chemistry. the CASSCF method, while the active space employed did not
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include the outer 3dshell. The lack of a multireference 9.922
calculation of a chemical reaction is easily understood, as
follows: Though active space should be adequately selected to
incorporate well nondynamical correlation effects, such a
selection cannot be easily made in the case of a reaction because & 3
orbital energy and orbital nature significantly change in the RC=-2.14 RC=0.00 RC=+1.78
reaction in general. Reactant Transition State Product
Because of the above-mentioned difficulties in the theoretical Figure 1. Geometry change in the oxidative addition of té Ni-
study of nickel complexes, it is necessary to clarify what type (Pr)z optimized by the DFT(B3LYP) method. [The Wa-TZ(f) and

. " - 6-31G(d,p) basis sets were employed for Ni and the other atoms,
of computational method should be applied to organometallic respectively. All geometries havg, symmetry.] Bond lengths are in

reactions of nickel complexes. In this work, we theoretically angstroms and bond angles are in degrees. RC means the reaction
investigated the oxidative addition of,Ho Ni(PHz),. We coordinate obtained by IRC calculation.

selected this reaction as a prototype of Ni(0)-promatdzbnd

activation. Our purposes here are to clarify how much nondy- represents that the active space consists@lectrons and
namic and dynamic correlation effects are important in this type orbitals. These active spaces will be discussed below in detail.
of reaction, what computational method should be applied, and |n the oxidative addition reaction of MeCN, all geometries
what basis sets should be employed. Then, we theoreticallywere optimized by the DFT method with either B3LYP or
investigated the €CN o-bond activation of MeCN by Ni(Pk), B3PW91 functional, where Wa-TZ(f), SDB, and cc-pVTZ basis
with the computational method that provides reliable results sets were employed for Ni and 6-31G(d,p) basis sets for the
about the oxidative addition of +o Ni(PHs). Our purposes  other atoms. In all the stationary points, frequency calculations

of this part are to clarify the characteristic features of thisGI were performed to confirm if it was equilibrium structure or
o-bond activation reaction and to present a detailed understand+ransition state. To estimate an energy change, the CCSD(T)
ing of this reaction. and DFT methods were employed where Wa-TZ(f), SDB, and

cc-pVTZ basis sets were used for Ni and cc-pVDZ basis sets
S - ) ) ) for the other atoms.

In the oxidative addition reaction of Hwith Ni(PHs),, We used the Gaussian 03 program packhfg DFT, Bs-
reactant, transition state, and product were optimized by the \,po to MP4(SDTQ), and CCSD(T) calculations ,and the
DFT method with the B3LYP functionat3where the Wacht- MOLCAS (version 5.4") program packador CASS’CF and
ers basis set (14s9p5d1f)/[9s5p3difhugmented with an f  cASPT2 calculations. Molecular orbitals were drawn with the

polarization functior?’ which is called Wa-TZ(f) hereafter, was  \10L EKEL programs® Population analvsis was carried out with
used for Ni and 6-31G(d,p) basis s&were employed for the the methodpof%/Veir;holdpet ) ySISW ! Hew

other atoms. In all the stationary points, frequency calculations
were performed to confirm if it was equilibrium structure or
transition state. We also carried out an IRC calculation to
ascertain if the transition state was connected with the reactant 3.1. Geometry Changes by Oxidative Additions of Hand
and the product. MeCN to Ni(PH3),. Geometry changes in the oxidative addition

Potential energy curves (PECs) were calculated by various of Hz to Ni(PHg), are shown in Figure 1, where RC represents
methods and various basis sets, as follows: In CASSCF andthe reaction coordinate evaluated by IRC calculation with the
CASPT2 calculations, the (21s15p10d6f)/[6s5p4d2f] basi¥set, DFT(B3LYP) method. Although the produdtis-Ni(H)2(PHs)2,
which is called ANO hereafter, was employed for Ni. In CCSD- could be optimized by the DFT(B3LYP)/Wa-TZ(f) method, the
(T), broken-symmetry (Bs) MP2 to MP4(SDT&) and DFT product became less stable than the transition state when a better
calculations, ANO, cc-pVTZ! Wa-TZ(f),36376-31G(f)2 and basis set was employed, as will be discussed below in detail.
m6-31G(ff® were employed for Ni, where one g-polarization In the oxidative addition of MeCN, we investigated the basis
function was omitted in the cc-pVTZ basis set. These all-electron set effects on geometries, where we concentrated on the
basis sets are constructed for nonrelativistic calculations. transition state because the transition state structure significantly
Besides, the (311111/22111/411/1) basi¢“setis employed depends on the basis set in the oxidative addition ofd-Ni-
for valence electrons of Ni, and energy-consistent effective core (PHs).. We employed here Wa-TZ(f), cc-pVDZ, and SDB basis
potentials (ECPs) of the Stuttgatbresder-Bonn group were  sets on Ni and 6-31G(d) on the other atoms; we will show that
employed to replace its core electrons (up to 2p). This basis setthe quality of the cc-pVTZ is enough to present reliable energy
is called SDB. Also, (761/681/51/1) and (7511/6711/411/1) basis changes below. The DFT(B3LYP)/Wa-TZ(f)-optimized transi-
setd®were employed for valence electrons of Ni, and the shape- tion state structure is considerably different from the DFT-
consistent ECPs of Christiansen, Ermler, and co-wofkersre (B3LYP)/cc-pVTZ- and DFT(B3LYP)/SDB-optimized ones; for
employed to replace its core electrons. These basis sets are calleeixample, the €CN bond length is calculated to be 1.754 A
CE-DZ and CE-TZ, respectively. These basis sets with ECPs by the DFT(B3LYP)/Wa-TZ(f) method but 1.818 A by the DFT-
include a relativistic effect in their potentials. BLYP3> (B3LYP)/cc-pVTZ method (see Supporting Information Figure
B1LYP,* B3PW91%’ PBE1PBE!*® and mPW1PW9*¥ func- S1). On the other hand, the DFT(B3LYP)/SDB method provides
tionals were employed in DFT calculations. Bs-MP2 to Bs-MP4 almost the same transition state structure as the DFT(B3LYP)/
methods were also usé@lwhere the cc-pVTZ basis set was cc-pVTZ-optimized one. These results indicate that Wa-TZ(f)
employed for Ni. In all these calculations, cc-pVDZ basis sets cannot be used for Ni. Considering the large size of cc-pVTZ,
were employed for the other atoms. In several CCSD(T) we employed the SDB basis set for Ni in geometry optimization
calculations, we used cc-pVTZ basis $&fsr ligand atoms to of the oxidative addition of MeCN to Ni(PHk hereafter.
examine how much basis sets of ligand moiety influence Then we optimized geometries of the reactant complex Ni-
computational results. (PHs)2(MeCN) 1a—1c, transition statd'S;—,, and productis-

In the CASSCEF calculations, three kinds of active space, (4e Ni(CN)(Me)(PHs)2 2 with the DFT(B3LYP) and DFT(B3PW91)
4a), (10e 10a), and (12e 12a), were employed, wheeeng) methods, as shown in Figures 2 and 10. Though both of these

2. Computational Method

3. Results and Discussion
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calculation. This change suggests that intra 3d-shell correlation
is important. It is noted that CASPT2 calculation with the same
. . active space presents completely uphill PEC, which is totally
z,moz-mn different from the CASSCF(4e 4a) calculation. CASSCF(10e
d o 10a) and CASSCF(12e 12a) calculations present uphill PEC,
too, where the active space (10e 10a) consists of five occupied
3d orbitals and five second 3¢buter 3d) orbitals, as shown in
Figure 4. The active space (12e 12a) contains occupigdrp
unoccupied 4p orbitals in addition to 10 electrons and 10
orbitals of the (10e 10a) active space. We added these occupied
3p; and unoccupied 4porbitals to the active space, because
the importance of 3p-3d correlation was reported previotsly.
In this CASSCF(12e 12a) calculation, we included canonical
SPNIP-CINICH = 000 MO-18a shown in Figure 4. However, this orbital changed to
1e NO-15a during the CASSCF calculation. This means that the
Figure 2. Three possible geometries of Ni(R{MeCN) optimized 3p-3d correlation is more important than the correlation arising

by the DFT(B3PW91) method. [SDB and 6-31G(d,p) basis sets were from the dihydrogeno orbital. The CASPT2(10e 10a) and
employed for Ni and the other atoms, respectively.] Bond lengths are CASPT2(12e 12a) calculations present more uphill PECs than

Ni(PH,), + MeCN

in angstroms and bond angles are in degrees. those by CASSCF calculations with the same active spaces,
15 indicating that dynamical correlation plays an important role
-8 |CASPT2(dc 42) in this reaction. Also, it is noted that (10e 10a) and (12e 12a)

" active spaces present almost the same PECs in both CASSCF

g1 f CASPT(1 26 120) and CASPT2 calculations. From these results, it should be
E * |CASPT2(10¢ 10a) concluded that (10e 10a) is necessary to incorporate well
: s _o |CASSCF(10¢ 102) nondynamic correlation effects in this reaction but (4e 4a) is
B T |CASSCR(12¢ 120) too small, the dynamical correlation plays an important role in
L this oxidative addition, and the CASPT2(10e 10a) method
0 provides the reliable energy change of this oxidative addition

& |CASSCF(4e 42) reaction.

. Then, we carried out CCSD(T), Bs-MP4, and DFT calcula-
T2 5 0 ! tions, where the DFT(B3LYP)/Wa-TZ(f)-optimized geometries

Reaction Coordinate (amu'? Bohr)

£ 3 Potential  the oxidative addition ofthl were employed (Figure 1). As shown in Figure 5, the endo-

lgure 5. Fotential energy curves of the oxidative adation oft thermicity is calculated to be 7 kcal/mol by the CCSD(T)/ANO

Ni(PHs), calculated by the CASSCF and CASPT2 methods with the " - this < <hahtly Smaller than thg’ p ASPT2(1(O¢)3 108)/

various active spaces. ANO and cc-pVDZ basis sets were employed ’ ghtly - ;

for Ni and the other atoms, respectively. ANQ-caIcuIated value by about 1.5 kcal/mol. To investigate
basis set effects, cc-pVTZ, SDB, CE-TZ, CE-DZ, Wa-TZ(f),

two methods yield similar geometries of reactant, transition state, 6-31G(f), and m6-31G(f) were employed for Ni, where cc-pVDZ
and product, the DFT(B3LYP) method failed to optimize one basis sets were employed for the other atoms. It is noted that
of the reactant complexeks in which the C atom of the CN  the CCSD(T)/cc-pVTZ method presents almost the same PEC
group interacts with the Ni center (see Supporting Information as that of the CCSD(T)/ANO method. When the other basis
Figure S2 for the DFT(B3LYP)-optimized geometry changes). Sets are employed for Ni, however, CCSD(T)-calculated PEC
This is easily understood in terms of the fact that the C atom of becomes completely different from the CASPT2(10e 10a)/ANO-
CN weakly interacts with Ni(Pk. in 1c, and the B3LYP and CCSD(T)/ANO-calculated ones. On the other hand, the
functional is not useful very much for such a weak interaction; CCSD(T)-calculated endothermicity depends slightly on the
note that the B3PW91 functional is better than the B3LYP basis sets of ligand moiety; it is calculated to be 6.9 and
functional for van der Waals interacti6hlt is concluded here 6.7 kcal/mol with cc-pVDZ and cc-pVTZ basis sets, respec-
that the DFT(B3PW91)/SDB method should be used for tively, where the cc-pVTZ basis set was employed for Ni. Here,
geometry optimization. we wish to mention the relativistic effect on the PEC. The
3.2. Energy Changes by Oxidative Additions of H and Douglas-Kroll—Hess second-order scalar relativistic effect
MeCN to Ni(PH3).. To investigate what computational method Moderately decreases the endothermicity to 4.8 kcal/mol by
and basis sets present a reliable potential energy curve (PEC)@bout 2 kcal/mol in CCSD(T) calculation (see Supporting
we evaluated the energy changes by the oxidative addition of Information Figure S3). Also, it should be noted that the shape
H, to Ni(PHs), with such computational methods as CASSCF, ©f PEC is still uphill and essentially the same as that by the
CASPT2, CCSD(T), Bs-MP2 to Bs-MP4(SDTQ), and DFT honrelativistic CCSD(T) calculation. This result indicates that
methods and various basis sets for Ni, where the DFT(B3LYP)/ the relativistic effect is not large in this system. We will present
Wa-TZ(f)-optimized geometries were employed (see Figure 1). & discussion based on nonrelativistic calculations.
The CASSCF(4e 4a) method presents the downhill PEC, as In Bs-MP2 to Bs-MP4(SDTQ) calculations, PEC considerably
shown in Figure 3. The (4e 4a) active space consists of occupiedfluctuates, as shown in Figure 6; actually, the reaction is
Ni(d), Ni(d) + H(1s), unoccupied Ni(d), and Ni(d)-H(1s) calculated to be exothermic by Bs-HF, Bs-MP2, Bs-MP3, Bs-
orbitals, as shown in Figure 4, where-" and “—" represent MP4(D), and Bs-MP4(DQ) methods but endothermic by Bs-
bonding and antibonding combinations, respectively. The Ni- MP4(SDQ) and Bs-MP4(SDTQ) methods. The Bs-MP4(SDTQ)
(dy) + Hz(0) combination is observed in a canonical orbital, as method yields almost the same endothermicity as that of the
shown in Figure 4. Although we included this orbital in the (4e CASPT2(10e 10a)/ANO method. However, the Bs-MP4(SDTQ)-
4a) active space, it changed to the Ni(d) orbital during CASSCF calculated PEC is not smooth around TS, though the fluctuation
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Figure 4. Pseudonatural orbitals (NOs) in the CASSCF calculations.
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Figure 5. Potential energy curves of the oxidative addition oftdl
Ni(PHs), calculated by the CCSD(T) method. Various basis sets were
employed for Ni, and cc-pVDZ basis sets were employed for the other
atoms.
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Figure 6. Potential energy curves of the oxidative addition oftbl
Ni(PHs); calculated by the broken symmetry (Bs) MP2 to MP4(SDTQ)
methods. The cc-pVTZ and cc-pVDZ basis sets were employed for Ni
and the other atoms, respectively.

is small, being less than 0.5 kcal/mol. This nonsmooth PEC is
interpreted in terms of fluctuation of singlet biradical nattfte;
the <&> value of the Bs-HF wave function slightly increases
from 0.5943 to 0.6064 upon going from RE—2.14 to RC=

concluded that the Bs-MP4(SDTQ) method should be applied
carefully to this oxidative addition reaction, in particular, around
TS.

In DFT calculations, basis set effects were first examined
with the B3LYP functional, as shown in Figure 7(A). The DFT/
ANO and DFT/cc-pVTZ methods yield uphill PEC like the
CCSD(T)/ANO and CASPT2(10e 10a)/ANO methods, while
the endothermicity is somewhat smaller than the CASPT2(10e
10a)/ANO- and CCSD(T)/ANO-calculated values. The DFT/
SDB and DFT/CE-TZ methods present further smaller endo-
thermicity than the DFT/ANO and DFT/cc-pVTZ methods,
though the difference is small. DFT/m6-31G(f)- and DFT/CE-
DZ-calculated PECs are still uphill but considerably different
from CCSD(T)/cc-pVTZ- and DFT(B3LYP)/cc-pVTZ-calcu-
lated PECs. Both DFT/Wa-TZ(f) and DFT/6-31G(f) methods
give completely different PECs from those of the CCSD(T)/
ANO and CASPT2(10e 10a)/ANO methods. Itis concluded that
though basis set effects are not large in the DFT calculation in
general, basis sets better than triplguality should be employed
for Ni in this type of reaction.

Energy changes also somewhat depend on the functional, as
shown in Figure 7(B). B3PW91, PBE1PBE, and mPW1PW91
present almost the same endothermicity, which is still smaller
than those of the CCSD(T)/ANO and CASPT2(10e 10a)/ANO
methods but moderately larger than those of B3LYP, BLYP,
and B1LYP. Moreover, PECs calculated with B3PW91,
PBE1PBE, and mPW1PW91 functionals are smooth, while those
calculated with B3LYP, B1LYP, and BLYP are not.

We evaluated the energy changes of the oxidative addition
of MeCN to Ni(PH), with the CCSD(T)/cc-pVTZ method,
because this method presents reliable energy changes in the
oxidative addition of Hto Ni(PHs)2, where the DFT(B3PW91)/
SDB-optimized geometries were employed. The activation
barrier €,) is defined as an energy difference betwdeh ,
and la because€la is the most stable reactant complex. The
reaction energy is defined as either an energy differeAég)(
between the produ@ and the sum of reactant or the energy

—0.49 but then considerably decreases from 0.6064 to 0.3207djfference AE») betweer? and the most stable reactant complex

upon going from RG= —0.49 to RC= +1.78 (see Supporting
Information Table S1). This change ef$*> value indicates
that the singlet biradical nature slightly increases upon going
from RC = —2.14 to RC= —0.49 but starts to decrease
considerably after RC= —0.49. From these results, it is

la As shown in Table 1, th&;, value is about 35 kcal/mol.
This largeE, value indicates that this oxidative addition occurs
with difficulty. The AE; value is—15.8 kcal/mol, but the\E,
value is 14.7 kcal/mol; in other words, the prod@cis more
stable than the sum of reactants but less stable thahese



Oxidative Additions of H and MeCN to a Ni(0) Complex

Energy (kcal/mol)

[ L T A - -]

Ld &

- |CASPT2(10e 10a))ANO
= | CCSD(T)ee-pVTZ

B3LYP/ce-pVTZ
B3LYP/ANO

. IB3LYP/SDB

BILYP/CE-TZ

|B3LYP/m6-31G(f)

BILYP/CE-DZ

|B3LYP/Wa-TZ(f)
~ |B3LYP/6-31G(f)

J. Phys. Chem. A, Vol. 111, No. 32, 2007919

Energy (keal/mol)

——h
—y

\|
“

o |CASPT2(10e 10a)/ANO

CCSD(T)/ce-pVTZ

“ |B3rwol

PBEIPRE
mPWIPW9|

33 [BLYP

B3ILYP
BILYP

-2 -1

0 1

Reaction Coordinate (amu'? Bohr)

(A) Basis set effects”

Reaction Coordinate (amu'? Bohr)

(B) Dependence on functional”

Figure 7. Potential energy curves of the oxidative addition oftbl Ni(PHs), calculated by the DFT method. a) Various basis sets were employed
for Ni, and cc-pVDZ basis sets were employed for the other atoms. b) The cc-pVTZ and cc-pVDZ basis sets were employed for Ni and the other
atoms, respectively.

TABLE 1: Energy Changes (kcal/mol) by the Oxidative Addition of MeCN to Ni(PH3),

2

basis set for Ni method lad 1b? 1 TS5 (E)° AE© AES
cc-pvTZ CCSD(T) ~30.5 -20.3 -7.1 5.4 (36.9) -15.8 14.7
DFT(B3PW091) —26.4 —18.7 -3.0 10.7 (37.1) 7.7 18.7

DFT(B3LYP) -22.0 -16.3 0.7 14.9 (36.9) -5.7 16.3

SDB CCSD(T) —-33.9 —18.9 —5.5 1.2(35.1) —25.5 8.4
DFT(B3PW91) —255 —17.6 —2.4 11.3(36.8) —7.6 17.9

DFT(B3LYP) -21.6 —~15.4 1.4 15.1 (36.7) 6.5 15.1

Wa-TZ(f) CCSD(T) —48.2 —27.7 —15.6 —16.5(31.7) —45.8 2.4
DFT(B3PW91) —43.0 -28.6 -13.8 —8.5 (34.5) -32.1 10.9

DFT(B3LYP) —38.7 —26.2 —10.5 —4.4 (34.3) —30.3 8.4

2The energy difference between Ni(BH{MeCN) and the sum of Ni(Phh and MeCN.? The energy difference betwedis;-, andla © The
energy difference betweehand the sum of Ni(PkJ. and MeCN.¢ The energy difference betweénand 1a.

results indicate that the difficulty of this oxidative addition arises sets cannot be used. (5) The DFT methods are useful to evaluate
from the presence of too stable reactant comdlax activation barrier. (6) We must be careful about the tendency
Also, we evaluated the energy changes with the CCSD(T), of the DFT method to underestimate moderately the binding
DFT(B3PW91), and DFT(B3LYP) methods with three basis sets energy and the reaction energy.
for Ni to examine if the DFT method is useful or not in this 3.3. Origin of Electron Correlation Effects. It is worth
reaction; note that it is important information as to how much discussing the origin of the significantly large electron correla-
the DFT-calculated energy deviates from that of the CCSD(T)/ tion effects in the oxidative addition of Ho Ni(PHs),. We
cc-pVTZ method because the CCSD(T)/cc-pVTZ method cannot inspected the electron population of natural orbitals (NOs)
be applied to the large system but the DFT/cc-pVTZ method evaluated by the CASSCF(10e 10a) method. As shown in
can be applied. When cc-pVTZ and SDB are employed for Ni, Figure 8(A), the populations of NO-15b, NO-16b, NO-18a, and
the similar activation barrierdy) is evaluated by the CCSD-  NO-19a considerably change, while the remains change slightly.
(T), DFT(B3PW91), and DFT(B3LYP) methods, while the DFT  This means that these four orbitals play a key role in the reaction.
method moderately underestimates the stabilit@.aVhen the Consistent with these population changes, the weight of con-
Wa-TZ(f) basis set is employed for Ni, all methods present figuration 2 suddenly increases around TS but that of config-
considerably different energetics from the CCSD(T)/cc-pVTZ- uration 3 decreases around TS, as shown in Figure 8(B).
calculated one; for example, the DFT(B3LYP)/Wa-TZ(f) and Configuration 2 consists of two-electron excitation from NO-
DFT(B3PW91)/Wa-TZ(f) methods give moderately differégt 15b to NO-16b, where NO-15b and NO-16b mainly include
values and considerably differetdE; and AE; values from Ni(d) + H(1s) bonding interaction and its antibonding coun-
those of the CCSD(T)/cc-pVTZ method. These results show terpart, respectively. Thus, configuration 2 becomes important,
that Wa-TZ(f) cannot be used for these oxidative addition when the Ni-H bond is formed. Configuration 3 mainly consists
reactions of Ni(0) complex, as observed in the oxidative addition of one-electron excitation from NO-18a to NO-19a and that from
of Hy to Ni(PH)a. NO-15b to NO-16b, where NO-18a and NO-19a mainly involve
These results lead to several important conclusions, as3d and the outer (second) '3drbitals, respectively. Because
follows: (1) Either ANO or the cc-pVTZ basis set should be the Ni—H bond is formed slightly before TS, this configuration
used for Ni in the CCSD(T) calculation, but SDB, CE-TZ, CE- corresponds not only to the correlation effect of the-Nibond
Dz, Wa-TZ(f), 6-31G(f), and m6-31G(f) basis sets cannot be but also to the intra 3d-shell correlation. In the CASSCF(4e
used. (2) The reliable energy changes are calculated with4a) calculation, these four orbitals are involved in the active
CASPT2(10e 10a)/ANO, CCSD(T)/ANO, and CCSD(T)/cc- space. However, the CASSCF(4e 4a)- and CASPT2(4e 4a)-
pVTZ methods. (3) The Bs-MP4(SDTQ)/cc-pVTZ method calculated PECs are considerably different from the CASSCF-
should be used carefully around the transition state. (4) In the (10e 10a)- and CASPT2(10e 10a)-calculated PECs, as discussed
DFT calculation, ANO, cc-pVTZ, SDB, and CE-TZ should be above. This significantly large difference indicates that the other
used, while CE-DZ, m6-31G(f), Wa-TZ(f), and 6-31G(f) basis type of electron correlation plays important roles. The (10e 10a)
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Figure 8. Occupation numbers of pseudonatural orbitals (NOs) and configuration weights in the oxidative additioto ditPH;)..

SCHEME 1: Bonding Interaction between Ni(PHs), and
MeCN

Lone pair CNn CNr*
9.87 eV -9.01 eV 0.90 eV

Figure 9. Three important molecular orbitals [Koktsham orbital]

A) 7-side on coordination form (1
of MeCN. The surface value is 0.05 au. (xaehis o eonminstion:xni(le)

Me Me
active space includes five doubly occupied 3d and the five outer |
(second) 3dorbitals. These results suggest that incorporation Cﬁ:)
of 3d orbitals in active space is necessary to represent well 3d O
electron distributions because the outef 8rbitals have one
nodal plane in the radial part, as shown in Figure 4. Note that % PN
the distributions and energies of 3d electrons are considerably P P P P
changed by the oxidative addition reaction because the oxidation (B) 5'-end on coordination form (1b)
state of the metal center increases by 2 in a formal sense. This
type of electron correlation effect is understood as—tmt” 8: —Me
correlation? In the first-row transition-metal complexes, this T
type of correlation is of particular importance, because the 3d
orbitals are directly influenced by the change of the metal P
oxidation state due to the absence of the inner d Shell. : o

3.4. Characteristic Feature of Oxidative Addition of (E)i. 2 coordinetion femm; (1}
MeCN to Ni(0) Complex. Here, we will discuss the charac-
teristic features of the oxidative addition reaction of MeCN to 1B. The N lone pair orbital also participates in the coordinate
Ni(PHs)2. In the reactant complex, three possible isomers were bond througho-donation (see also Scheme 1B). Tindoack-
optimized, as already shown in Figure 2.1g, the CN triple donation leads to lengthening of the CN bond, while the
bond directly interacts with Ni. Thig?-CN side-on coordination ~ o-donation leads to shortening of the CN bdrdis a result,
form is the most stable. Thg'-end-on coordination forrib is the CN bond length changes slightly by the coordination. In
the next, and thg*-C interacting formicis the least stable. In  1c, the C atom of CN mainly interacts with Ni; actually, the
1a, the C-N bond considerably lengthens to 1.220 A. This is Ni—N distance is considerably longer than the-li distance.
because MeCN coordinates to Ni mainly through the charge The CN (1.178 A) bond is moderately longer than that of the
transfer from the Ni d orbital to the CNxz* orbital; in other free MeCN. This is easily interpreted in terms of the back-
words,z-back-donation plays an important role. Thisback- donation from the Ni gl to the CNxz* orbital, as shown in
donation is also responsible for the longer-Mi distance than ~ Scheme 1C. This back-donationle is weaker than irla, as
the Ni—C distance, as follows: The C,prbital contributes follows: the Ni d; orbital interacts with the CIx* orbital more
more to the CNz* orbital than to the N p orbital, as shownin ~ weakly than does the Ni,dorbital, because the,dorbital is
Figure 9, which leads to larger overlap between Nadd C p HOMO and is at a higher energy than the athital 585° The
orbitals than that between Nj,éind N p, orbitals, as shown in  strength of back-donation can be also understood from the
Scheme 1A. IriLb, the CN bond length (1.165 A) is almost the  population changes of MeCN, as shown in Table 21lanthe

same as that of free MeCN (1.160 A). In this form, théack- population of MeCN considerably increases by the coordination,
donation somewhat participates in the coordinate bond, while indicating that the considerably strong-back-donation is

its contribution is smaller than that iba because the Cix* formed between Ni and MeCN, as discussed above. The electron
orbital overlaps less with the Ni,drbital than does the C.p population of MeCN moderately increasesliaand the least
orbital due to the smaller contribution of the Iy prbital than in 1b. These population changes are consistent with the above

that of the C p orbital in the CNz* orbital, as shown in Scheme  discussion that thea-back-donation mainly participates in the
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TABLE 2: Population Changes* by Coordination of MeCN

la 1b 1c
Ni —0.4528 —0.3236 —0.2519
Ni(3d) —0.2853 —0.1550 —0.0608
PH! 0.0137 0.1273 0.0565
PHs2 0.0150 0.1273 0.0565
MeCN 0.4241 0.0691 0.1389

@ A positive value means an increase in electron population and vice
versa.

Q )
S(PINiP2-CINICY) =
TSI'2

Q (]
143° 3(PINiP2-CINIC?) = 180°

2

Figure 10. Geometry change in the oxidative addition of MeCN to
Ni(PHs), optimized by the DFT(B3PW91) method, where SDB and
6-31G(d,p) basis sets were employed for Ni and the other atoms,
respectively. Bond lengths are in angstroms and bond angles are in
degrees.

coordinate bond oflc, but both theo-donation andz-back-
donation participate in the coordinate bondldfto a similar
extent.

In transition stateTS;—,, the C-CN bond considerably
lengthens to 1.808 A and the NCN distance shortens to
1.803 A, as shown in Figure 10, which is moderately shorter
than that in the product, interestingly. It is also noted that the
Ni—CHjs distance is considerably longer than the—QiN
distance. These geometrical features suggest that th€Ni
bonding interaction induces the<CN bond cleavage, which
will be discussed below. It is also noted that the ©N bond
is not coplanar to the PNIP plane, but the dihedral angle between
PNiP and CNiC planes is 143This type of nonplanar transition
state structure was reported previously and analyzed in the
oxidative additions of Cg-CHz and CH—SiH3 to Pt(PH).6°
We omit the discussion of the nonplanar transition state structure
here because detailed discussion was presented prevf8usly.

Product2 is completely square planar. The-N\?! bond is
longer than the NP2 bond, indicating that the trans-influence
effect of CH; is stronger than that of CN. This is because the
Me group is electron-donating and the CN group is electron-
withdrawing. We investigated the oxidative addition of ethane,
C,Hs, to Ni(PHg), to clarify the characteristic features of
oxidative addition of MeCN to Ni(0) by making a comparison
between GHg and MeCN. In this reaction, the reactant complex
could not be optimize8 In the transition stat& Sz, the Ni-C
distance is 1.942 A, being moderately shorter than th@iSaf
but somewhat longer than the NCN distance ofTS;—,, as
shown in Figure 11. The NiP distance is slightly longer than
the Ni—P! distance ofTS;—, and moderately shorter than the
Ni—P? distance ofl S;—,. This transition state is nonplanar, too,
in which the dihedral angle is 114The productcis-Ni(Me)-
(PHs)2 4, is a typical four-coordinate planar complex. The-Ni
CHjs distance is almost the same as thaRof

In the oxidative addition of €Hs to Ni(PHs),, TS3—4 and4

J. Phys. Chem. A, Vol. 111, No. 32, 2007921

d s(pmr*-c'm@] =177
Ni(PH;), + C,H 4

Figure 11. Geometry change in the oxidative addition of ethane to
Ni(PHs), optimized by the DFT(B3PW91) method, where SDB and
6-31G(d,p) basis sets were employed for Ni and the other atoms,
respectively. Bond lengths are in angstroms and bond angles are in
degrees.
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Figure 12. Energy changes (kcal/mol) in the oxidative addition of
MeCN (solid line) and @Hg (dashed line) to Ni(Pk).. @) In parentheses

are the CCSD(T)-calculated energy changes, where cc-pVTZ and cc-
pVDZ basis sets were employed for Ni and the others, respectively. b)
In brackets are the DFT(B3PW91)-calculated energy changes, where
the same basis sets were employed as those of the CCSD(T)-calculation.

addition of MeCN to Ni(PH),. However,TS;—4 is much less
stable tharTS;—», if they are compared to the sum of reactants
(see Figure 12). Thus, it is calculated that the smaller activation
barrier of this oxidative addition arises from the absence of the
stable reactant complex.

In these oxidative addition reactions, the charge-transfer (CT)
interaction between the doubly occupiegd atbital of Ni and
the emptyo*-antibonding orbital of MeCN and £ plays
important roles to break the-€C and C-CN o¢-bond and to
form M—Me and M-CN bonds®? Sucho* orbitals of MeCN
and GHe are shown in Figure 13, where geometries are taken
from the IRC calculations of oxidative additions of MeCN and
C.Hs. Apparently, LUMO is C-CN and C-C ¢*-antibonding
orbitals in MeCN and gHg, respectively, when the geometries
of MeCN and GHg are taken to be the same as those of
transition states. However, LUMO of free MeCN is th#
orbital and that of free g is the C-H o* orbital. As shown
in Scheme 2, the distortion of Me&CN induces ther*-o*
mixing, into which ther-bonding orbital mixes in an antibond-
ing way with theo*-antibonding orbital because the orbital
is at lower energy than the* orbital. These orbital mixings
lead to the LUMO of distorted MeCN (Figure 13(A)). The
distortion of GHg lowers the energy of the-€C o*-antibonding
orbital because the antibonding overlap of orbitals decreases
by the distortion, while the energy of the-& o*-antibonding
orbital changes slightly by the distortion. As a result, the@

are 25.2 (31.5) and 6.5 (13.8) kcal/mol less stable than the sumo*-antibonding orbital becomes LUMO in the distortedHg,

of reactants Ni(Pg), + C,Hg, as shown in Figure 12, where
the values without and with parentheses are CCSD(T)- and DFT-
(B3PW91)-calculated values, respectively, hereafter. This ac-
tivation barrier is much smaller than that of the oxidative

and the CG-H o* orbital becomes the next LUMO. It is noted
that the LUMO of the distorted MeCN is at much lower energy
than that of the distorted s (Figure 13). This is because the
LUMO of MeCN mainly consists of the CIx* orbital, which
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Figure 13. Two important unoccupied molecular orbitals [Keh8ham orbital] in (A) MeCN and (B) &s fragments. Geometries of MeCN and
C;Hs are taken from IRC calculations of the oxidative additions of MeCN agtds @ Ni(PHs)2.

SCHEME 2: Orbital Mixing in the CN &* Orbital CN bond energies, considering the following reactions:

. Ni(PHy), + CH,CH, — Ni(Me),(PHy),

Me , we N Me — = e 2 33 2

5 é 5%2 ° C% AE = 6.5 (13.8) kcal/mol (1)
T* o* i

Ni(PH;), + MeCN— Ni(CN)(Me)(PH;,),

is at much lower energy than the<©N ¢* orbital, and the AE = —15.8 (~7.7) kcal/mol (2)
Me sp? orbital overlaps with the CNe* orbital in a bonding

way in the LUMO of distorted MeCN. As a result, the transition CH;CH; —~ 2-Me AE = 94.4(95.8) kcal/mol  (3)
state of the GCN o-bond activation of MeCN is at lower

energy than that of §He. MeCN— ‘Me+ :CN AE=122.3 (1289) kcallm?h)

Differences in the electronic structure between the oxidative
additions of MeCN and &Hs to Ni(PHs); are found in the  The difference in reaction energy between egs 1 and 3
population changes, as shown in Figure 14. The electron corresponds to twice the NiMe bond energy, and the reaction
populations of Me and CN groups considerably increase, and energy difference between eqs 2 and 4 corresponds to the sum
the Ni atomic population and the Ni d orbital population of the Ni-Me and Ni-CN bond energies. Thus, the Nile
considerably decrease, as expected. These changes are consistefi{d Ni-CN bond energies are evaluated to be 44.0 (41.0) and
with our understanding that this is an oxidative addition reaction. 94.1 (95.7) kcal/mol, respectively. Though the-CN bond of
It is noted that the sum of the electron population of Me and \eCN is considerably stronger than the-C bond of GHg by
CN groups increases more in the oxidative addition of MeCN 27 9 (33.1) kcal/mol, the NiCN bond is much stronger that
than in the sum of the electron population of two Me groups in the Ni-Me bond by 50.1 (54.7) kcal/mol. This is the reason

the oxidative addition of @1s. The Ni atomic population  \hy the oxidative addition of MeCN to Ni(PHb is more
decreases more in the oxidative addition of MeCN than in the exothermic than that of 4.

oxidative addition of GHg. The significant difference is also
observed in the population change of thesPgtoup: The 4. Conclusions
population of PH decreases more in the oxidative addition of
MeCN than in the oxidative addition of;:8g. All these results
arise from the following facts: the LUMO of MeCN is at a
lower energy than that of £, the CN group is electron-
withdrawing, but the Me group is electron-donating.

Also, it is noted that2 is more stable, bud is less stable
than the sum of the reactants. To investigate these difference
between MeCN and £ls, we evaluated the NiMe and Ni-

Oxidative addition of Hto Ni(PHs), was theoretically studied
because this is considered as a prototype of a nickel-promoted
o-bond activation reaction. We employed here CASSCF,
CASPT2, CCSD(T), broken symmetry (Bs) MP2 to MP4-
(SDTQ), and DFT methods to investigate what methods present

geliable results. In CASSCF and CASPT2 calculations, the active
space should consist of 10 electrons and 10 orbitals which
includes 3d and five outer 3drbitals. The CCSD(T) method

0.6 0.6 presents almost the same result as the CASPT2 method with
o N e an active space of 10 electrons and 10 orbitals, when either the
< . Me ANO or the cc-pVTZ basis set is used for Ni. However, the
z o2 g CCSD(T) method presents significantly different energy changes,
% 0 PH;! ?; 0 i, when smaller basis sets than these two were employed for Ni.
E.o.z PH;? g.o.z el ? The Bs-MP4(SDTQ) method presents similar energy changes
S 04 e 204 - niga) to those of the CCSD(T)/ANO, CCSD(T)/cc-pVTZ, and CASPT2/

06 . ‘ Ni 06 N ANO methods, while the potential energy curve (PEC) is not

m’:gg le TSiz 2 fig’;‘:h TS 4 smooth around the transition state. The DFT(B3LYP)-calculated
Ay MeCN © Bive reaction energy is somewhat smaller than the CASPT2- and

Figure 14. Changes of natural populations by oxidative additions of CCSD(T)-calculated values, though the difference is not very

(A) MeCN and (B) ethane to Ni(P$. The DFT(B3PW91) method  large. ANO, cc-pVTZ, and triplé- quality basis sets with
was employed, where cc-pVTZ and cc-pVDZ basis sets were employed Stuttgart- Dresder-Bonn ECPs present much better results than
for Ni and the other atoms, respectively. the Wa-TZ(f) and 6-31G(f) basis sets in the DFT calculations.
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B3PW91 and mPW1PW91 present moderately better energy
changes than BLYP, B1LYP, and B3LYP.
Oxidative addition of MeCN to Ni(Pk). was investigated  19g5 g9 2180.
by the DFT(B3PW91) and CCSD(T) methods. These two  (18) Bauschlicher, C. W., Jr.; Bagus, P. S.; Nelin, C. J.; Roos, B. O.
methods present almost the same activation barrier, when cc-Chem. Phys1986 85, 354. _
pVTZ is employed for Ni However, the DFT method moder- ,, 019) Bonbers, M R AL Brandemat L. 6, Seqoapn, 2, € M-
ately underestimates the binding energy of the reactant complexzgo7.
and the reaction energy compared to the CCSD(T) method. (20) Blomberg, M. R. A.; Brandemark, U. B.; Johansson, J.; Siegbahn,
This oxidative addition exhibits interesting characteristic P- Wennerberg, II. Chem. Phys198§ 88, 4324. _
features, as follows: The barrier height is lower, and the product P._%ligeB'ch”é%e.rg’hgﬂrhBpﬁy'slsgﬂge%b;5h”5’83éfz' M. Lee, T. J.; Rendell, A
is more stable relative to infinite separation than those of the ' "(22) ‘Sodupe, M. Bauschlicher, C. W., Jr.; Lee, TChem. Phys. Lett.
oxidative addition of GHe. The lower barrier arises from the 1992 189, 266.
lower energy of the €CN o*-orbital of the distorted MeCN (23) Pou-Anieigo, R.; Merchan, M.; Nebot-Gil, I.; Malmgqyvist, P.-A.;
than that of the distorted 8. The larger exothermicity of the

(16) Blomberg, M. R. A.; Brandemark, U. B.; Siegbahn, P. E. M.;
Mathisen, K. B.; Karlstfm, G.J. Phys. Chem1985 89, 2171.
(17) Widmark, P—0O.; Roos, B. O.; Siegbahn, P. E. NL.Phys. Chem.

Roos, B. 0J. Chem. Phys1994 101, 4893.
(24) Persson, B. J.; Roos, B. O.; Pierloot, XChem. Physl994 101,

C—CN o-bond activation arises from the strongerNiN bond 6810.
than the Ni-Me bond. (25) Pierloot, K.; Persson, B. J.; Roos, B. D .Phys. Cheml995 99,
3465.
(26) Dapprich, S.; Ehlers, A. W.; Frenking, Ghem. Phys. Let1l995
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