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An ab initio MO/SD-CI study was carried out on the formation reaction of oxanickelacyclopentene, (HsP)-

1

Ni-CH=CH-CO(O) 1, from Ni(PH3), CO2, C2H2. Because CoH2 coordinates to Ni(PHs) more strongly than
does CO2 by ca. 11 kcalmol™! at the SD-CI level, coordination of CyHs to Ni(PH3) takes place first. The
resultant Ni(PH3)(C2Hz) reacts with CO2 to yield 1 with no activation barrier and a significant ezo-thermicity
of 68 kcalmol ™! at the HF level, but a moderate barrier of 30 kcalmol™! and ezo-thermicity of 17 kcalmol ™! at
the SD-CI level. 1 takes a three-coordinate T-shaped structure, due to the low-spin d® electron configuration of
Ni(II). Ni(PHs) stabilizes the transition state through a charge-transfer interaction from the occupied d orbital
of Ni to the unoccupied m* orbitals of CO; and CyHs. The electron re-distribution during the reaction is
discussed, based on orbital mixing among the d orbital of Ni and the 7 and 7* orbitals of CoHy and COs.

The chemical utilization of CO4 for the synthesis of
various organic compounds is an attractive research
subject, as has been recently reviewed.) Of particu-
lar interest are the transition metal-catalyzed coupling
reactions of CO2 with such unsaturated hydrocarbons
as dienes,>™* trienes,” and alkynes,5'® since chem-
ically useful 2-pyrone derivatives and «,3-unsaturated
acids are produced. In these reactions, oxametallacy-
clopentene and oxametallacyclopentane have been pos-
tulated as being key intermediates, as shown in Eqgs. 1
and 2.
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Similar metallacycle complexes have been considered
as key intermediates in transition-metal catalyzed mu-
tual coupling of alkenes or alkynes.'? As is well-known,
the mutual coupling reaction of alkenes or alkynes in a
(2s+2s) geometry is symmetry forbidden. However, the
transition metal complex weakens the symmetry-forbid-
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den nature and allows the coupling reaction to proceed
easily, as has been theoretically explained by Hoffmann
and collaborators.'? In the coupling reaction between
carbon dioxide and alkyne, the situation is slightly dif-
ferent from the mutual coupling reactions, as follows:
The symmetry is lower than in the mutual coupling of
alkenes or alkynes, and HOMO of carbon dioxide is not
a 7t orbital, but a non-bonding 7t orbital. We can thus
expect that the symmetry-forbidden nature is weaker in
this coupling reaction than in the mutual coupling reac-
tion. Nevertheless, the transition metal complex is in-
dispensable for this coupling reaction, as is well-known
expermentally,>—1% and is clearly shown in the present
work. From both viewpoints of CO5 fixation and tran-
sition metal catalysis, therefore, it is of fundamental
importance to theoretically investigate the coupling re-
action between CO5, and alkynes and to clarify the role
that the transition metal complex plays in this coupling
reaction. So far, several theoretical studies have been
carried out on Ni(0)-COz complexes'®'¥) in which the
coordinate bonding nature and coordinating structure
of CO2 have been mainly discussed. However, only a
few theoretical studies have been reported concerning
the coupling reaction between CO, and alkene.l4®14°)
In the present work, the formation of oxanickelacy-

T
clopentene, (H3P)Ni-CH=CH-CO(O) 1, from Ni(PHj3),
COg,, and C3H, (Eq. 3) was investigated using the ab
initio MO/SD-CI method. This reaction is considered
to be a key step of a nickel(0)-catalyzed 2-pyrone synthe-
sis from COs and alkyne.3>'® The aims of the present
work were (1) to estimate the activation energy and
the energy of the reaction, (2) to show how the geom-
etry and electron distribution change during the reac-
tion, (3) to present a theoretical explanation for those
changes, and (4) to provide a detailed understanding of
the origin of the Ni(0) catalysis in this coupling reaction.
It was also our intention to provide the first quantitative
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~ semiquantitative picture of this coupling reaction.

IS
Ni(PH3) + C02 + CZHZ —_— (H3P)N‘i\
0
(3)

Computational Details

Models of Reaction System and Their Geome-
tries. Although both four- and three-coordinate
Ni(0) complexes have been reported, Ni(0) complexes
of alkene, alkyne, CO2, and their analogues have been
known to be mostly of the three-coordinate type. For
instance, NI(PR3)(C2H4)2, Nl(PHg)(CQHz)(CQH4), and
Ni(PR3)(CaHsy)s have been reported in NMR studies
(Scheme 1).'® It is thus not unlikely to suppose that
CyoHy; and COs coordinate to Ni(PHjz) to yield Ni-
(PH3)(C2H2)(CO2). This three-coordinate system is
adopted here as a reaction model. Actually, the Ni-
(COD)s—PRj3 equimolar system catalyzes a 2-pyrone
synthesis.®?) Of course, the authors do not rule out
the possibility that the formation of oxanickelacyclo-
pentene proceeds on the four-coordinate Ni(0) complex,
Ni(L)2(C2H2)(CO2) (L=PRg etc.), since the Ni(0) com-
plex with chelate phosphine, bipyridine, or 2—4 equiv
of monodentate phosphine efficiently catalyzes 2-pyrone
formation.®—7%1% In this study, three coordinate reac-
tion system was first investigated in detail; the four-co-
ordinate reaction system was then compared with the
three-coordinate system.

All of the optimizations were carried out at the
Hartree-Fock (HF) level using the energy-gradient
method in which the geometry of PH3; was fixed to
the experimental sturcture of a free PH3 molecule.!®
The geometry of the reaction system of Ni(PHj3)(CoHz)-
(CO2) was optimized at a fixed 6 (=<X;NiXy) angle,
where X; and X, are the center of the C=C triple bond
of CyH, and that of the C=0 double bond of COs, re-
spectively (Scheme 2); the angle was rather arbitrarily
taken to be 130°, 120°, 110°, 100°, 95°, 90°, 85°, 80°,
75°, and 70° as a reaction coordinate. The geometry
of Ni(PH3)2(C2oH2)(CO2) was optimized at only =75°
(note that this system is too large to carry out a detailed
examination).

ab initio MO /SD-CI Calculations. Spin-re-
stricted ab initio MO and limited SD-CI calculations
were carried out using the Gaussian 86'” and MELD'®)
programs. Three kinds of basis sets (BS-I, BS-II, and
BS-IIT) were employed. In the BS-I set used for geome-
try optimization, MIDI-3 sets'®) and the (4s)/[2s] set?”

e
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HC
Scheme 1.
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Scheme 2.

were adopted for C, O, and H respectively. The valence
electrons of P and Ni were represented by (3s 3p)/[2s 2p]
and (3s 2p 5d)/[2s 2p 2d] split-valence basis functions,
respectively, while the core electrons of P (up to 2p) and
those of Ni (up to 3p) were replaced by effective core
potentials (ECP) of Hay and Wadt.?'>!®) In the BS-
IT set used for SD-CI calculations of Ni(PHs3)(C2H3),
Ni(PHy)(COs), Ni(PHy)(CoH,)(COs), and (HP)Ni-

T/

CH=CH-CO(0O), MIDI-4 sets were employed for all of
the ligand atoms.'® For Ni, Huzinaga’s (13s 7p 5d)
primitive set proposed for the 3D(d%) state of Ni'?
was augmented with a diffuse d primitive ((=0.10) and
three p primitives whose exponents were taken to be the
same as the three most diffuse s primitives of Ni. The
resultant (13s 10p 6d) primitive set was contracted to
a [5s 4p 3d] split-valence basis function. In the BS-III
set used for SD-CI calculations of Ni(PHj3)2(CaHs), Ni-

1

(PH3)2(CQH2)(COQ), and (H3P)2Ni—CH=CH—CO(O),
ECPs?'*219) were employed for the core electrons of P
(up to 2p) and Ni (up to 2p) in order to reduce the
computation time (note the large size and low symme-
try of Ni(PHj3)2(CoHz)(COz2)). For Ni, a triple-¢ basis
set (5s 5p 5d)/[3s 3p 3d]*'<) was adopted to represent
the valence electrons, including 3s and 3p electrons. For
P, the same basis set as in the BS-I set was adopted to
represent the valence 3s and 3p electrons. For the other
atoms, MIDI-4 sets were employed.

Limited SD-CI calculations were carried out with a
single Hartree—Fock (HF) configuration as a reference,
where all of the core orbitals were excluded from the
active space and virtual orbitals were transformed to
K-orbitals?? in order to improve the convergence of CI.
All possible spin-adapted configuration functions were
screened by using second-order Rayleigh—Schrodinger
perturbation theory®® to reduce the number of config-
uration functions on which variational SD-CI calcula-
tions were performed. The energy threshold adopted in
the perturbation selection was 50 phartree. The SD-
excited configurations remaining after the perturbation
selection included over 90% of the estimated SD corre-
lation energy. The results of limited SD-CI calculations
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were corrected by estimating the correlation energy aris-
ing from the discarded SD excited configuration func-
tions. A correction for the higher order CI expansions
was then made?® in order to yield E(est full-CI). All
of the discussion is based on the E;(est full-CI) value.
As shown in Table 1, the coefficient for the HF ref-
erence is about 0.91 in the single-reference (SR) SD-
CI calculation. To ascertain the reliability of the SR
SD-CT calculations, multi-reference (MR) SD-CI calcu-
lations were carried out on two important geometries
(6=95° and 80°, see above for ), where the HF and K-
orbitals were used for the occupied and virtual orbitals,
respectively. Although the sum of the squares of the CI
coefficients for the reference configurations is not suffi-
ciently large, even in the MR SD-CI calculations, the
energy difference (AE) between two structures changes
only slightly upon going to the MR SD-CI calculation
from the SR SD-CI calculation (see Table 1). Thus, the
results of the SR SD-CI calculations seem to be reliable
in at least estimating the energy change of this reaction.

Results and Discussion

Geometries and Coordinate Bonds of Ni-
(PH3)(C2H2) and Ni(PH3)(CO2). Prior to in-
vestigating the coupling reaction, we need to examine
the geometries and coordinate bonds of the reactants.
As shown in Fig. 1, the optimized structure of Ni(PHs)-
(CqHz) is bent (2b). The linear structure 2a was opti-
mized under the assumption of the C; symmetry. Al-
though 2b is 2.4 kcal mol~! more stable than 2a at the
HF level, 2a is 2.0 kcal mol~! more stable than 2b at
the SD-CI level. Furthermore, 2a converts to 2b with
only a small barrier at both the HF and SD-CI levels.
These results indicate that the coordination structure of
Ni(PH;3)(CyHz) is flexible and that CoHs easily changes
its coordination site. The CoHy part is significantly dis-
torted in 2a and 2b; the C-C distance is about 0.2 A
longer than in the free CoHy molecule (Fig. 1), and the
CCH angle is 138°. This distorted structure suggests
that a strong back-bonding interaction is involved in
Ni(PH3)(CoH2). Consistent with this suggestion, a sig-
nificant charge-transfer (0.94 e) occurs from Ni(PHj) to
CoH,. The CoHy part of Ni(PHj3)2(CoHs) 4 is also sig-
nificantly distorted; its geometry agrees well with the
experimental structure.?® A discussion concerning 4 is
omitted here because it has previously been investigated
in detail.?®

In the case of Ni(PH3)(COz), an only bent structure
3 is obtained from an optimization. The pseudo-linear
structure®” was calculated to be less stable than 3 by
ca. 6 kcalmol~! at the SD-CI level. In 3, the C=O bond
coordinating to Ni lengthens to 1.33 A from its equilib-
rium value (1.16 A) and the OCO angle is 135°. This
distorted structure agrees well with the experimental
structure of COs in Ni(PCys3)a(n?-CO,).2®

The coordinate bonds of CO5 and C3Hs are compared
by considering the following assumption:2®

An MO Study on Oxanickelacyclopentene Formation

3291

NI(PH3)(COQ) + CyHy, &2 NI(PHJ)(CQHQ) + COs. (4)

3 2a
The difference in the total energies between the right-
and left-hand sides (Eright — Fieft) was calculated to be
+0.3 kcalmol~! at the HF level, but —10.7 kcal mol ™!
at the SD-CI level. We now briefly discuss the reason
that 2a is more stable than 3. Since the HF calcula-
tion of Ni(PHj3) failed, an energy decomposition anal-
ysis could not be carried out on 2a and 3; a detailed
discussion concerning the coordinate bond of 2a and
3 is therefore difficult. However, a qualitative under-
standing of the relative stabilities of 2a and 3 is possi-
ble from previous theoretical studies of Ni(PHj3)2(CO2)
and Ni(PHj)2(CoHy).'®>139) The electrostatic (ES) in-
teraction in Ni(PHj)2(CoHy) is stronger than that in
Ni(PHj3)2(COs3), since two negatively charged C atoms
intereact with the positively charged Ni atom in the for-
mer, but one negatively charged O and one positively
charged C atom interact with Ni in the latter. The
same situation exists in Ni(PH3)(CyHs) and Ni(PHj)-
(CO,) (note that Ni is positively charged in these neu-
tral molecules). In these complexes, CO2 and CoHs
significantly distort, forming a strong back-bonding in-
teraction which is important in these complexes. Back
bonding seems not to be very different in these com-
plexes, considering that the Mulliken populations of
CO, and CyH, increase to a similar extent. However,
the distortion energy (34.0 kcal mol~1) of COs is slightly
larger than that (30.3 kcalmol~!) of CoH,. Although
information concerning the other interactions (donating
interaction, dispersion interaction etc.) is ambiguous,
the greater ES interaction and smaller distortion en-
ergy at least favor the coordination of CoHs more than
that of COs.

From these results, a coherent picture concerning the
formation of the Ni(PHj3)(C2H2)(CO2) reaction system
might emerge as follows: First, the coordination of ace-
tylene to Ni(PHj) takes place to form linear Ni(PHj)-
(CoHy) 2a; secondly, 2a offers a coordinating site to
CO2 by changing to the best structure 2b, and then
COq interacts with (or coordinates to) 2b to yield the
Ni(PH3)(C2H2)(CO3) reaction system.

The C;H;—CO; Coupling Reaction on Ni-
(PH;3). The changes in the geometry and energy
during the coupling reaction are shown in Figs. 2, 3, and
4 as a function of .3°®) The 5 (#=120°) and 6(6=110°)
exhibit a similar stabilization energy, and both are only
4 kcal mol~! more stable than Ni(PH3)(C2Hz) 2a+CO»
at the SD-CI level (a correction of the basis set super
position error (BSSE) by the counterpoise method de-
creases the stabilization energy of 6 to ca. 1 kcal mol™1).
The reaction system becomes less stable upon both an
increase or decrease in 6.3°® In 6, the distance between
C3 of CO2 and C2 of CoH, is 3.01 A. This means that
the C2-C3 bond between CO, and CyH, is not formed
at all. Consistent with this suggestion, the geometry
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Table 1. Comparison of Single Reference SD-CI and Multi Reference SD-CI
Calculations®
Reference function $C? P Perturbation selection® AEY
Numbers  Configuration® Kept Discard kcal mol™*
1 HF-configuration 0.831 0.863 0.076 20.2
2f) +(dm+ds)?—(dn—ds)®  0.832  0.860 0.076 20.3
48 +(mL)?— (%)% of C2H2  0.838  0.783 0.087 20.7
+(m.)2—(m})? of CO,
5 +(dn+da)' —(dn—da)'  0.841  0.784 0.087 19.3
a) MR SD-CI calculations were carried out for 6=95° and 80°. b) Sum of the square of
the CI coefficients in the reference space (6=80°). c¢) At #=80°. d) [E(est. full-CI) at
0=280°]—[E(est. full-CI) at #=95°]. e) The bonding interaction is represented by “+”
and the anti-bonding interaction is represented by “—”. f) See Fig. 7 for ¢4. g) These
7, and ﬂ‘i are the perpendicular to the molecular plane.
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Fig. 1. Optimized structures of the reactants.

of the CoHy part hardly changes from that of 2b. In-
terestingly, the geometry of the CO, part is far from
it in Ni(PHj3)(COz); for instance, the C—O bond ap-
proaching Ni(0) slightly lengthens to 1.18 A and the
OCO angle is 172°, indicating that only a slight distor-
tion takes place in the CO» part. Considering this small
stabilization energy and slightly distorted geometry of
COa, it can be reasonably concluded that 5 and 6 can
be regarded not as being the usual charge-transfer-type
complex, but as a van der Waals complex between Ni-
(PH3)(C2Hz) and CO;. This result is consistent with a
picture in which the coupling reaction proceeds via the
approach of COz to Ni(PHj3)(CsHs).

Here, we should mention a previous theoretical pro-
posal in which the coupling reaction between COs
and alkene proceeds via the approach of alkene to Ni-
(NHj3)2(CO3).14214%) In that work the coordinate struc-
tures of Ni(NH3)2(CO2) and Ni(NHs)2(C2Hys) were in-
vestigated using the CAS-SCF method; the slide move-
ment of CO, from the n?-side-on coordination to the
n'-O-coordination was calculated to occur more eas-
ily than a similar movement of CoHy. From this re-
sult, the approach of CoHy4 to Ni(NHj)2(CO2) has been
proposed. In our calculations, on the other hand, the
initial structure 5 can be seen to be consistent with
a picture in which CO. approaches Ni(PHj)(C3Hz).
This picture is considered not to change upon the in-
troduction of electron correlation, because the HF cal-

Bond length in A and bond angle in degree.

culation tends to overestimate the binding energy of
CO; more than that of CoHy (vide supra). The dif-
ference between the previous proposal and ours would
result from the co-existing ligand. In the model ex-
amined previously, two molecules of NH3 coordinate to
Ni, in which the approach of a substrate to Ni is dif-
ficult. In Ni(NH3)2(COs3), therefore, the slide move-
ment of CO, is necessary in order to allow a substrate
to approach Ni. Thus, a picture in which CoHy ap-
proaches Ni(NHj3)2(CO3) seems reasonable, because the
slide movement in Ni(NH3)2(CO2) occurs more easily
than in Ni(NH3)2(C2Hy). In our reaction system, one
PH3 coordinates to Ni, which facilitates the approach
of a substrate by the bending of Ni(PHs)L (L=CyH,
or CO3); therefore, the slide movement is not necessary
for the coupling reaction. This means that the reac-
tion course would not be influenced by the ease of the
slide movement, but due to the relative stabilities of
Ni(PH3)(C2Hs) and Ni(PH3)(COz). Thus, a picture in
which the coupling reaction proceeds via the approach
of CO; to Ni(PH3)(CyHs) seems to be reasonable in
the reaction system examined here, because Ni(PHjs)-
(C2Haz) is more stable than Ni(PH3)(COz).

As the 6 value decreases (i.e., as COs approaches
CoHs), the C-C bond of the CyH; part slightly length-
ens, which is not surprising, since its C—C bond is al-
ready considerably long in 2a and 2b. In the CO3 part,
on the other hand, the C=0 bond coordinating to Ni be-
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Fig. 2. Geometry changes during the coupling reaction between CO2 and CzH: along the reaction path 1. Bond
length in A and bond angel in degree. Geometries at #=90° and 70° are omitted to save the space.
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Fig. 3.

Geometry changes during the coupling reaction between COs and CoHs along the reaction path 2.*) Bond

length in A and bond angle in degree. a) Geometries after 8 are given with the geometry at 70° omitted for brevity.

comes long and the OCO angle becomes small. These
changes in the CO, part seem to be reasonable, since
the CO2 part is only slightly distorted at 5 and 6.
The important result to be recognized is that the re-
action path separates into two parts around the transi-
tion state (TS) (#=80°), and that there are two isomers,

1
1la and 1b, in the product, (HsP)Ni-CH=CH-CO(0O),
as shown in Figs. 2 and 3; although in 1a, PHj lies at
the trans-position to the oxygen atom, in 1b it exists
at the trans-position to the carbon atom. Here the re-
action course leading to la is called path 1, and the
reaction course leading to 1b is path 2. Both reactions

along paths 1 and 2 proceed with a slight activation
barrier, but significant ezo-thermicity (68 kcal mol~—*! for
la and 69 kcalmol~! for 1b) at the HF level (Fig. 4),
where the ezo-thermicity is defined as the energy differ-
ence between 1 and 2a+CQO5, and the activation bar-
rier is the energy difference between TS and 6. How-
ever, the situation completely changes upon going to
the SD-CI level from the HF level. The reaction along
path 1 proceeds with a moderate activation barrier of
30 kcal mol ! and an ezo-thermicity of 16 kcal mol~1.3V
The reaction along path 2 occurs with a slightly higher
activation barrier of 40 kcal mol~! and a slightly smaller
exo-thermicity of 12.6 kcal mol~!.
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Fig. 4. Energy changes® during the coupling reaction
between CO2 and CyHs. a) Standard (energy 0) is
taken for the infinite separation between COs and
Ni(PHs)(C2Ha2).

The TS is found at around 10a (#=80°) in path 1
and around 11b (#=75°) in path 2. The TS exhibits
the following geometrical features: (1) the C2-C3? dis-
tance between CO, and CoHs is 1.74 A in 10a and
1.67 A in 11b, suggesting that the C>~C3 bond is not
completely formed at the TS; (2) the C!NiO! angle is
120° in 10a and 114° in 11b, somewhat greater than
in the products; and (3) the C—-C bond distance of the
CyH, part and the C-O bond distance of the CO4 part
are close to those in the products. Here, it should be
mentioned that the difference in the activation barrier
between paths 1 and 2 is much greater than the energy
difference between 1a and 1b (discussed below).

We now inspect the difference between products la
and 1b. Both 1la and 1b take the T-shaped structure,
due to the low-spin d® electron configuration of Ni(II),
as has been clearly explained by Hoffmann et al.’® 1a
is calculated to be only 4.0 kcalmol~! more stable than
1b at the SD-CI level. The relative stabilities of 1a and
1b are easily interpreted in terms of the trans-influence
of PH3. In 1a, the trans-position of the carbon atom
is empty, while the trans-position of the oxygen atom
is occupied by PH3. In 1b, the trans-position of the
carbon atom is occupied by PHgs, while the trans-posi-
tion of the oxygen atom is empty. Because the carbon
atom exhibits a stronger trans-influence than does the
oxygen atom, la is more favorable than 1b. However,
the difference in the energy between the two structures
is unexpectedly small (vide supra). This would result
from the steric repulsion between the CH group and
PHj; in 1a, the PNiC angle is 105°, considerably larger
than 90°, which is probably due to a steric repulsion be-
tween the CH group and the PHj ligand. In 1b, on the
other hand, both the PNiO and ONiC angles are about
90°. Thus, although the trans influence of PH3 would
favor 1a, the steric repulsion would favor 1b, leading
to the small energy difference between 1a and 1b.

Since CyH, insertion into the Ni—C! bond must oc-
cur in the next step (see Eq. 1), 1a should convert
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to 1b. The inter-coversion between them was roughly
examined, as shown in Fig. 5.3¥ The activation bar-
rier of this inter-conversion was estimated to be ca. 6
kcalmol~! at the SD-CI level. Thus, the inter-conver-
sion between 1la and 1b occurs more easily than does
CoHy—CO4 coupling reaction from 5 to 1a.

In the absence of Ni(PHj), the approach of CO, to
CyHs causes a significant destabilization in the energy
(Fig. 4), as expected, where the geometries of CO2 and
CsoHy are taken to be the same as those in Fig. 2, and
only the Ni(PH3) part is removed from the reaction
system. Thus, Ni(PHg3) is indispensable for the CoHo—
COg coupling reaction.

Electron Re-distribution during the Coupling
Reaction. Electron re-distribution along the reaction
path 1 is mainly discussed here. First, we examine the
CoHy—COs coupling reaction in the absence of Ni(PHg).
As shown in Fig. 6, although the electron population
of CyHy decreases, the electron population of COs2 in-
creases, as CO, approaches CyHy. These changes sug-
gest that the charge-transfer from CyHs to CO; be-
comes strong as the reaction proceeds. The atomic
populations also exhibit interesting changes: (1) the
O! atomic population increases significantly, much more
than the O? and C3 atomic populations (see Scheme 2
for C1, C? etc.); (2) the C! atomic population decreases
during the early stage of the reaction, but slightly in-
creases during the late stage of the reaction; (3) the C2
atomic population decreases during the late stage of the
reaction.

This electron re-distribution is easily explained based
on the orbital mixing rule.?*) In the CoHo—CO; system,
the m and 7* orbitals of CoHy interact with 7t, 7*, and
non-bonding 7t (n7t) orbitals of CO2 to yield b1—os,

6.0 - p )
l>5/P OHF / BS-I
- / @SD-CI / BS-II
H\c/lh
i)
L w N
il 1}
- 0
]
s
2
~
w 2.0 °
0.0 |-
1 1 1 1 1 L 1 1 | - 1
0 20 40 60 80
§
1a 1b

Fig. 5. Energy changes in the inter-conversion between
la and 1b.*) a) See Figs. 2 and 3 for 1a and 1b. 1a
is taken as a standard (energy 0).



November, 1993]

0.6
—
0.4 C02
“ | o
2 0.2
5 2
'é- = [1]
& o} c3
[
£ L
£
£
- -
v
§ o
S
-0.2~
-041
L I | s ] L | i
90 80 70 60
0
Fig. 6. Mulliken population changes® during the

C2Hy—CO3 coupling reaction without Ni(PHs). a)
Mulliken population changes are given here for an
important range of the reaction from 6=95° to the
product. A positive value means an increase in pop-
ulation and a negative value means a decrease. See
Scheme 2 for C', C? etc.

as shown in Fig. 7. The HOMO (¢3) involves an anti-
bonding overlap between the 7t orbitals of CoHs and
CO,, into which the 7* orbital of CO, mixes in a bond-
ing way. However, the nm orbital of COy only slightly
mixes in an anti-bonding way. In HOMO, therefore,
the p, contribution is considerably enhanced on the O?
atom, moderately on the O2 atom, but reduced on the
C3 atom, which leads to a significant increase in the O*
atomic population and a moderate increase in the O2
atomic population. Although the orbital mixing pre-
dicts a slight decrease in the C3 atomic population, the
C3 atomic population slightly increases (Fig. 6), prob-
ably due to a strong charge transfer from CyHs to the
7* orbital of CO,. Similar electron re-distribution and
orbital mixings of the CO» part have been reported in
an ab initio MO study of the CO5 insertion into the
Cu(I)-H bond.?® ‘

In the CoH, part, the C! atomic population decreases
during the early stage of the reaction, as expected, but
unexpectedly slightly increases during the late stage of
the reaction. This increase is explained by considering
the orbital mixing of the 7* orbital of CoH, into the
¢3 orbital in a bonding way with the 7t orbital of CO,.
During the early stage of the reaction, this orbital mix-
ing is weak, since the overlap between the 7* orbital
of CoHs and the 7t orbital of COs is small. During the
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Fig. 7. Orbital interaction diagram in the CaH2~CO2
coupling reactions without Ni(PHgs).

late stage of the reaction, however, this mixing becomes
important, due to an increase in the overlap, to enhance
the p, contribution of the C! atom to the ¢ (see Fig. 7)
and to increase the C! atomic population.

In the presence of Ni(PHjs), the electron population
of CO; increases and the electron population of CoHs
decreases to a lesser extent than in the reaction system
without Ni(PHj3), as shown in Fig. 8. The Ni atomic
population and the Ni d orbital population exhibits
complicated changes: Both decrease during the early
stage of the reaction, reach a minimum around the TS,
and then increase during the late stage of the reaction,
while the s and p orbital populations of Ni change only
slightly during the reaction (they are omitted in Fig. 8
for brevity). Interesting changes are also observed in
the CO2 and CoHsy parts: (1) as the reaction proceeds,
the O' atomic population significantly increases and the
0? atomic population moderately increases, as in the
reaction system without Ni(PH3); (2) the C! atomic
population slightly increases, the C? atomic population
significantly decreases, and the C* atomic population
slightly decreases, unlike in the reaction system with-
out Ni(PH3). The electron re-distribution in the re-
action system with Ni(PHj3) is expected to reflect the
catalysis of Ni(PH;). When Ni(PHj) is involved in the
reaction system, the d orbitals of Ni can participate in
the orbital mixing. Here, we discuss the reaction sys-
tem, separating it into two parts, Ni(PHj3) and CoHa—
CO;. As shown in Fig. 9, the dy2—,2 orbital of Ni is the
HOMO of Ni(PH3) and the dy, orbital of Ni lies at a
lower energy than the d,2—,2 orbital. Of five 1—bs
orbitals in the CoHy—~CO4 part, the ¢3 and ¢4 orbitals
mainly interact with the Ni dy, and dy2—,2 orbitals. The
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Fig. 9. Orbital interaction diagram in the CoH2—CO2
coupling reaction with Ni(PHz).® a) The ¢2 is omit-
ted here for brevity.

d, orbital interacts with the ¢3 orbital of the CoHao—
COg, part, which yields a four-electron destabilizing in-
teraction, since both the dy, and ¢35 orbitals are doubly
occupied. On the other hand, the d,2—,2 orbital can
form a strong charge-transfer interaction to the ¢4 or-
bital to yield the HOMO (¥nomo), because of a large
overlap between the d,2—,2 and ¢4 orbitals (see Fig. 9).
This charge-transfer interaction significantly decreases
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Mulliken population changes® during the C2Ha~COs coupling reaction with Ni(PH3). a) See footnote a) of

the dy2—,2 orbital population, stabilizes the reaction
system, and enhances the C2~C3 bonding interaction
between CoHy and COs (note that the ¢4 orbital in-
cludes the C2-C? bonding interaction between CO, and
C2Hs). Into this ¥Ygomo, the ¢ orbital mixes so as to
weaken the C?~C? bonding interaction, because the ¢;
orbital lies at a lower energy than does the ¢4 orbital.
As shown in Fig. 9, this anti-bonding mixing of ¢; en-
hances the p, contribution on C!, O!, and O? atoms,
but reduces the p, contribution on C? and C? atoms. In
the Ni(PH3)(C2H2)(CO2) system, these orbital mixings
work with the orbital mixings in the ¢3 orbital of the
CyH,—-CO, part discussed above. Consequently, the C?
and C® atomic populations considerably decrease, the

‘C! and O? atomic populations moderately increase, and

the O! atomic population considerably increases. The
reliability of these orbital mixings would be justified by
the contour map of the HOMO of Ni(PH;3)(C2H2)(CO3)
(at #=75°). As shown in Fig. 10, the HOMO exhibits
the following features: (1) the HOMO mainly consists
of the * orbital of C;Hsy and the deformed m* orbital
of COgy; (2) the contribution of the Ni dy2—,2 orbital is
small, suggesting that considerable charge-transfer oc-
curs from Ni(PHj3) to the CoH,—CO, part; (3) the C?-
C3 bonding interaction clearly exists between CyHs and
COg2; (4) in the COq part, the pr contribution of the
C? atom is considerably reduced, but the p, contribu-
tions of the O and O? atoms are enhanced; and (5) in
the CyHy part, the C' p, contribution is larger than
the C? p, contribution. All of these features certainly
agree well with the prediction from the orbital mixing
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Fig. 10. Contour map of HOMO of Ni(PH3)(C2Ha)-
(CO2) at §=75°. Values; £0.2, £0.1, £0.05, +0.02,
+0.01.

rule.

In summary, Ni(PH3) stabilizes the reaction system
by a charge-transfer interaction from Ni(PHj3) to CoHo—
COa, which enhances the C-C bond formation between
C2Hs and CO4. This implies that the strongly donating
ligand facilitates the coupling reaction, since it favors a
charge-transfer from Ni to CoH2—COs. In fact, although
PPhj is ineffective, electron-donating PCyj is effective
for a Ni(0)-catalyzed 2-pyrone synthesis.®%»

Here, we briefly discuss the reason that the d-orbital
population of Ni increases during the late stage of the
reaction. After TS, the reaction system changes from
the Csp-like structure to the T-shaped one. In the Csp-
like structure, the d orbital contributes to the coordi-
nate bond to a lesser extent than in the T-shaped one
because the rigid Csj, structure takes the sp? hydridiza-
tion and the T-shaped product includes the dsp?-like
hybridization (note that the T-shaped complex resem-
bles the square planar complex from the point of view of
~electronic structure). Thus, the d-orbital contribution
increases upon going to the T-shaped product from the
TS, which leads to an increase in the d-orbital popu-
laiton after T'S.

Comparison of the Four—Coordinate Reaction
System, Ni(PHj3)2(C2H2)(CO3) with the Three-
Coordinate Reaction System, Ni(PHj3)(C2Hs)-
(CO.). We now examine the CoHy—COs2 coupling
by Ni(PHs)s. The geometry of Ni(PHj)(CoHy)(CO2)
was optimized at §=75°.3®) In the optimization, the pla-
nar structure was assumed, whereas the tetrahedral-like
structure seemed to be reasonable in Ni(0) complexes.
When we discuss the geometry and electronic structure
around the TS, this assumption seems to be plausible,
since Ni is seen to be similar to the d® system around
the TS, due to the significant charge transfer from the
Ni d orbital to 7* orbitals of COy and CoHs. As shown
in Fig. 11, the Ni-P? distance (3.1 A) trans-positioned
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Fig. 11. Optimized geometry of Ni(PHs)2(CoH2)-
(COs) at §=75°. Bond length in A and bond angle
in degree.

to the C atom is much longer than the usual coordinate
bond. Even after considering that the present HF op-
timization tends to yield a rather long Ni—P distance,
as exemplified by the Ni-P! distance trans-positioned
to the oxygen atom, this Ni-P? distance is too long.
It is thus reasonably concluded that two molecules of
PHj are difficult to coordinate to Ni around TS, and
that one PHj positioned trans to the C atom cannot
coordinate to Ni, but only weakly interacts with Ni.

It is also noted here that the C?-C2 distance be-
tween CO4 and CoHy in the Ni(PHjz)o(C2H3)(COs) sys-
tem is longer than in the Ni(PH3)(CyH2)(CO3) system
(compare 11a in Fig. 2 and 12 in Fig. 11). This im-
plies that the four-coordinate reaction system is less fa-
vorable for the C—C bond formation between CO45 and
CsH; than the three-coordinate system. The C—C bond
formation is accelerated by a charge-transfer from Ni
to the ¢4 orbital of the CoHo—~CO4 part, as discussed
above. Because the HOMO of Ni(PHj3), is mainly com-
posed of the dy, orbital of Ni, as is well known, it does
not overlap well with the ¢4 orbital of the CoHs—CO»
part, as shown in Scheme 3. Thus, the four-coordinate
reaction system is not favorable for the charge-transfer
interaction from Ni to ¢4. In the three-coordinate re-
action system, on the other hand, considerable charge-
transfer occurs from Ni to the CoHy—COs part, as dis-
cussed above.

The energy change in the Ni(PHj3)5(C2H3)(CO3) re-
action system also reflects the less favorable situation
for the C2~C2 bond formation. 12 is less stable than

ol e@
Scheme 3.
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Ni(PH3)2(C2Hz) 44+CO2 by ca. 35 kcalmol™! at the
SD-CI level (BS-II1),*® suggesting that the activation
energy of the four-coordinate reaction system is greater
than that of the three-coordinate system. Consequently,
the four-coordinate reaction system is less favorable for
the stabilization of TS and the C-C bond formation be-
tween CoHy and COs than the three-coordinate system.

Conclusion

—
The formation of oxanickelacyclopentene, (RsP)Ni-

T/

CH=CH-CO(O) 1, from Ni(PH3), CO2, and CoH, was
investigated with the ab initio MO/SD-CI method. The
consideration of electron correlation is indispensable for
any theoretical investigation of this reaction, since the
results at the HF level differ from the results at the SD-
CI level, even in a qualitative sense.

CyHy coordinates to Ni(PHjs) more strongly than
does CO3 by ca. 11 kcalmol~! at the SD-CI level. The
linear structure 2a of Ni(PHj3)(CeHsy) is more stable
than its bent form 2b by only 2 kcalmol™! at the SD-
CI level. These results suggest that the coordination of
C2H, to Ni(PHj) takes place first to yield 2a, which of-
fers a reaction site to CO3 by changing to the bent form
2b. CO; interacts weakly with 2b to yield the reaction
system of Ni(PH3)(C2H2)(COsz), on which the CoHo—
CO4 coupling reaction proceeds. There are two possi-
ble structures in the product 1: in one (1a), PH3 lies
at the trans-position of the O! atom; in the other (1b),
however, PH3 exists at the trans-position of the C!
atom. The coupling reaction between Ni(PH3)(CoHs)
and COs yields 1a and 1b with activation barriers of 30
and 40 kcalmol™!, respectively, and an ezo-thermicity
of 17 and 13 kcalmol ™!, respectively, at the SD-CI level.
1a is about 4 kcal mol~! more stable than 1b, which is
interpreted in terms of the trans-influence of PH3. An
inter-conversion between la and 1b proceeds with an
activation barrier of ca. 6 kcalmol~! at the SD-CI level,
less than the barrier of the coupling reaction yielding 1a
from Ni(PH3)(CzHz) and COq. The electron re-distri-
bution during the coupling reaction is easily interpreted
by considering the orbital mixing rule. From the elec-
tron re-distribution and orbital mixing, it is reasonably
concluded that the charge-transfer from Ni(PHj3) to the
7r* orbitals of CoHy and COj is important to stabilize
the TS of this coupling reaction and to enhance the C—
C bond formation betwen CoHy and COs.

In the CyoHy-COg2 coupling by Ni(PHgs)s, two
molecules of PHj are difficult to coordinate to Ni around
TS; although one PHj3 trans-positioned to the O atom
can coordiante to Ni, the other PH3 trans-postioned to
the C atom cannot coordiante to Ni, but only weakly
interacts with Ni. The C-C bond formation between
CyH, and COy is less favorable than in the three coor-
dinate reaction system, due to the unfavorable situation

_for the charge-transfer from Ni to the CoHo—CO4 part.
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In summary, a good catalyst for CO- fixation into 2-
pyrone derivatives is a low-valent transition metal com-
plex which exhibits a strong Lewis basicity. The use of
a donating ligand is also recommended.
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