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The formation reaction of oxanickelacyclopentene from [Ni(PHjs)], hydroxyacetylene (a model of eth-
oxyacetylene), and carbon dioxide was investigated by the ab initio MO/SD-CI method. Of the two possible

1 /1
products of oxanickelacyclopentene [(HsP)Ni-C(OH)=CH-CO(O)] and [(H3P)Ni-CH=C(OH)-CO(O)], the
former was yielded with a lower activation energy (E,) of 27 kcalmol~! and a higher exothermicity (Eexo) of
31 kcalmol™?! than the latter (E,=38 kcalmol™" and Bexo=25 kcalmol™!). This result is consistent with the
regioselectivity experimentally observed in the Ni(0)-catalyzed 2-pyrone synthesis from ethoxyacetylene and
carbon dioxide. The regioselectivity of this reaction and the reactivity of hydroxyacetylene are discussed in
terms of the energy level and the shape of the hydroxyacetylene 7* orbital.

In various CO, fixation reactions,? the transition
metal-catalyzed coupling reactions of CO; with un-
saturated hydrocarbons are of particular interest,>—"
because these kinds of reactions afford useful organic
products such as 2-pyrone derivatives> %% and acrylic
acid derivatives.” When unsymmetrically substituted
acetylene is used as a substrate, interesting regioselec-
tivity is observed in these coupling reactions; for in-
stance, a-substituted acrylic acid 1 is preferentially pro-
duced from a terminal alkyne and CO; in the Ni-cat-

alyzed electrochemical reaction (Eq. 1); 1:2=90:10 for

R:TL—Cﬁng.
[Ni(bpy);]1(BF,), R
RC=CH + CO, > N
e’ HOZC/_
1
R
+ \=3\
CO,H

1)
This reaction is believed to proceed via oxanickelacy-
clopentene 3 (Scheme 1), which has been isolated from
the reaction between CO2 and 4-octyne.”® In the case
of a terminal alkyne, there are two isomers of 3. The
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preferential formation of 1 means that 3a is more eas-
ily produced than 3b. Another example is found in the
Ni(0)-catalyzed coupling reaction of CO2 with ethoxy-
acetylene, in which 2-pyrone derivative 7 is formed as a
product (see Scheme 2). Of the two isomers of 7, only
4,6-diethoxy-2-pyrone 7a is produced; 3,5-diethoxy-2-
pyrone 7b is not formed. According to the reaction
mechanism proposed by Tsuda et al.,2>*® oxanickela-
cyclopentene 5 (Scheme 2) is also involved as a key in-
termediate in the catalytic cycle. The oxanickelacyclo-
pentene leading to 7a must possess an ethoxy group at
the C atom adjacent to Ni. This means that not 5b but
5a is formed as the intermediate. These two examples
clearly show that the regioselectivity of these coupling
reactions is determined in the oxanickelacyclopentene
formation step. Therefore, detailed knowledge of the
oxanickelacyclopentene formation step is important in
understanding these coupling reactions.

Not only from the chemistry of CO; fixation but also
from a theoretical chemistry viewpoint, the formation
of oxanickelacyclopentene is an attractive subject for
research, because this reaction is considered to be sym-
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metry-forbidden in the absence of a transition metal
complex.!V) In our previous report,) a theoretical inves-
tigation was carried out on the formation of oxanickel-

7
acyclopentene [(H3P)Ni-CH=CH-CO(O)] from COs,,
unsubstituted acetylene, and [Ni(PHj3)] (Eq. 2). Al
though a detailed discussion has been presented on the

1
[Ni(PH3)] 4+ CO2 + CoH2 — [(H3P)Ni-CH=CH-CO(O)]
8 9 (2)

catalytic function of Ni, the above-mentioned regiose-
lectivity has not been examined at all. A similar cou-
pling reaction of carbon dioxide with ethylene was also
discussed by Dedieu et al., based on theoretical calcu-
lations of [Ni(PHj3)2(CO2)] and [Ni(PHj)2(C2Hy)], in
which the regioselectivity was also not discussed.!?

In this work, the formation of oxanickelacyclopentene
from CO3, hydroxyacetylene, and [Ni(PHj3)] is theoreti-
cally investigated with the ab initio MO/SD-CI method,
where hydroxyacetylene is adopted here as a model of
ethoxyacetylene. There are two oxanickelacyclopentene
isomers, 9a and 9b produced by this reaction (Eq. 3);
in 9a, the OH group is introduced on the C atom adja-
cent to Ni, and in 9b, the OH group is on the C atom
apart from Ni. Our aims in this work are (1) to show

[Ni(PH3)] + CO2 + HC=COH —
8

1
[(HsP)Ni-C(OH)=CH-CO(0)]
9a

or [(HsP)Ni—-CH=C(OH)CO(O))
9b (3)

which oxanickelacyclopentene, 9a or 9b, is preferen-
tially produced from carbon dioxide and hydroxyacet-
ylene, (2) to clarify the reason for the regioselectivity,
and (3) to make a detailed reactivity comparison be-

tween acetylene and hydroxyacetylene.

Calculations

Spin-restricted ab initio MO and limited SD-CI cal-
culations were performed with Gaussian 86,3 92,139
and MELD programs'? respectively. Two kinds of basis
sets were employed here. In the smaller one (BS-I), the
core electrons of Ni (up to 3p) and P (up to 2p) were
replaced with effective core potentials,'®!® and their
valence electrons were represented by (3s 2p 5d)/[2s 2p
2d]*® and (3s 3p)/[2s 2p)*® sets, respectively. MIDI-3
sets and a (4s)/[2s] set'” were employed for C, O, and H
respectively. In the larger basis set (BS-II), MIDI-4 sets
were used for all 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 function
(¢=0.10)' and three p primitive functions whose expo-
nents were taken to be the same as the three outermost
s primitive functions of Ni. BS-I was used for geometry
optimization at the Hartree-Fock (HF) level and BS-II
for SD-CI calculations.

Limited SD-CI calculations were performed with a
single 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 possi-
ble spin-adapted configuration functions were screened
by using second-order Rayleigh—Schrodinger perturba-
tion theory?? to reduce the number of configuration
functions on which variational SD-CI calculations were
performed. The energy threshold adopted in the per-
turbation selection was 50 phartree. The SD-excited
configurations remaining after the perturbation selec-
tion included over 90% of the estimated SD correlation
energy. The total energy obtained from the limited SD-
CI calculation was corrected by estimating the correla-
tion energy arising from the discarded SD excited con-
figuration functions. Correction for the higher-order CI
expansions was also made to estimate the total energy
of a full CI calculation, to yield Fi(est. full CI). The re-
liability of the single reference (SR) SD-CI calculation
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was ascertained in our previous work" on a similar re-
action between unsubstituted C,Hs and carbon dioxide
(Eq. 2), in which SR SD-CI calculations were compared
with multi-reference SD-CI calculations. The MELD
program was used for these SD-CI calculations.

The geometries of hydroxyacetylene, CoH(OH), and
its Ni(O) complex, [Ni(PH3){C;H(OH)}|, were opti-
mized at the HF level with the energy gradient tech-
nique by using the Gaussian 86 and 92 programs. Ge-
ometry changes caused by the CoHo—CO5 coupling reac-
tion were optimized in our previous work® by taking the
0 angle as a reaction coordinate (see Scheme 3 for the 6
angle). Only the CC(OH) angle was optimized by least-
squares fitting of the total energies, while the C-OH and
O-H distances were taken from the optimized geometry
of [Ni(PH3){C.H(OH)}] and the geometry of the other
part was assumed to be the same as in the CoHy—COs
coupling reaction investigated previously.?

The OH-substituted C atom of CoH(OH) is called C*
and the other C atom is C%. Also, the C atom adjacent
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to Ni is named C® and the C atom apart from Ni is C?
in this work.

We should mention here the reason that the model
system is reasonable. Although the molar ratio of phos-
phine/Ni is 2 in many reaction conditions,® 2-pyrone is
satisfactorily synthesized when the molar ratio is 1.5%
We adopted the present model to mimic such condi-
tions. A comparison between [Ni(PHj3)(C2H2)(CO2)]
and [Ni(PHj3)2(C2H2)(CO2)] was made in our previous
work.?)

Results and Discussion

Comparison between CH(OH) and C,;H,.
First, we investigated how the OH group influences the
electronic structures of CoH(OH) and [Ni(PH3){C.H-
(OH)}]. As shown in Fig. 1, the HF-optimized geome-
try of [Ni(PH3){C2H(OH)}] is non-linear (10a or 10c).
The geometry of 10b was optimized at the HF-level
under a constraint that the Ni-P bond and the Ni-X
line were co-linear, where X was the center of the C=C
bond. Although 10b is less stable than 10a and 10c
at the HF-level, 10b is more stable than 10a and 10c
by 1.6 and 3.5 kcal mol~!, respectively, at the SD-CI
level (Table 1). From these results, it could be reason-
ably concluded that [Ni(PH3){C>H(OH)}] takes linear
structure 10b, like [Ni(PH3)(C3Hz)] in which the linear
structure is more stable than the non-linear one at the
SD-CI level.!

A comparison between the equilibrium (linear) struc-
tures of [Ni(PH3){C2H(OH)}] and [Ni(PH;3)(C2H,)] ex-
hibits the following interesting features; (1) the Ni—C*
and Ni~C? distances of the former are slightly shorter
than those of the latter (R(Ni—-C)=1.875 A).» (2) The
C=C bond of the former is slightly longer than that of
the latter (1.303 A).» (3) The CoH(OH) part of [Ni-
(PH3){C2H(OH)}] distorts to an extent similar to the
CyHy part in [Ni(PH3)(CyHz)] (see the CCH angle).
And, (4) the Ni-C? distance is shorter than the Ni~C!

10c

10b

Optimized geometries of CoH(OH) and [Ni(PH3){C2H(OH)}].*) Bond length in A and bond angle in degree.

~ a) 10b was optimized under assumption that the Ni-PH3 bond and the Ni-X line were collinear, where X was the

center of the C—C bond.
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Table 1. Mulliken Populations of C2Hz, C2H(OH), and Their Ni(O) Complexes

C2Hz CoH(OH) [Ni(PH3)(C2Hz)]® [Ni(PH3){C:H(OH)}®

10a 10b 10c

Ni
PH;

ok 6.331 6.030
C? 6.331 6.173
Ag® 0.0 0.0

AE (kcal mol™%)®)

27.291 27.291 27.265 27.278
17.893 17.852 17.869 17.857
6.572 6.124 6.188  6.208
6.572 6.659 6.630  6.553
0.816 0.883 0.911  0.865

1.6 0.0 3.5

a) The linear structure.

energy at the SD-CI level.

distance in [Ni(PH3){C.H(OH)}].

The above results can be explained in terms of the 7*
orbitals of CoHy and CoH(OH) which play an important
role in the acetylene coordination to such a low valent
transition metal as Ni(0).?® Although the 7t* orbital of
CoH(OH) lies at almost the same energy level as that
of CoH, in their equilibrium structures, the former be-
comes much more stable in terms of energy than the lat-
ter upon undergoing the bending distortion, as shown in
Fig. 2. This means that although CoH; and CoH(OH)
distort to a similar extent in [Ni(PHs)L] (L=CsHjy of
CoH(OH)), the 7* orbital of CoH(OH) lies at a lower
energy than that of CoHy. As a result, the 7t back-
donation from the dm orbital of Ni to the 7* orbital
of CoH(OH) is stronger in [Ni(PH3){C2;H(OH)}| than
in [Ni(PH3)(C2Hs,)]. This strong back-donation in [Ni-
(PH3){C2H(OH)}] increases the electron population of
C2H(OH) and decreases the Ni atomic population to

0 C;H(OH)
® CH,
X C,H(CHa)

n#

Eigenvalue (eV)
o

-10 _W T

— o —0—0—0—0—0

2 Lt ) I 1 1 1 1
180 170 160 150 140 130 120

a® (degree)

Fig. 2. Energy levels of the m* orbitals® of CyHg,
C2H(OH) and C2H(CHgs). a) The CCH, CC(OH) or
CC(CH3) angle. b) Only 7 and m* orbitals in the
molecular plane are given.

b) See Fig. 1 for 10a, 10b, and 10c.
in electron population of CoHa or C2H(OH) upon coordination to Ni.

c) The increase
d) Relative

a greater extent than in [Ni(PHj3)(CyH3)], which fa-
cilitates the electron donation from PHj to Ni in the
former. These features are certainly observed in the
Mulliken population (Table 1).

The other important result is that the C* atomic pop-
ulation changes very little but the C? atomic population
significantly increases upon coordination of CoH(OH)
with [Ni(PH3)]. This electron redistribution is inter-
preted in terms of the 7* orbital of CoH(OH). As shown
in Fig. 3, this 7* orbital expands more largely on the C?
atom than on the C! atom. Consequently, the Ni-C?
interaction is stronger than the Ni—-C! interaction, and
the C? atomic population increases more than the C!
atomic population upon coordination of CoH(OH) with
Ni. Thus, it is concluded that the shape of the n* or-
bital of C;H(OH) results in a shorter Ni-C? distance
than the Ni-C! distance. This feature of the 7* or-
bital is also related to the regioselectivity observed in
the Ni(O)-catalyzed coupling reaction between CO2 and
C2H(OH), as will be discussed below.

Changes in Geometry and Energy Upon
Oxanickelacyclopentene Formation from [Ni-
(PH3)], CH(OH), and CO2. In the reaction of
unsubstituted acetylene with [Ni(PHj3)] and COa2, there
are two possible reaction pathways (see Scheme 3); in
one (path 1), PH; moves to the trans-position of the
O atom, and in the other (path 2), PH; moves to the
trans-position of the C atom. Because path 1 leads to a

(B) xz-—plane

(A) xy—planea)

Fig. 3. Contour maps of the 7* orbital of CoH(OH).*)
a) The OH group lies on the zz-plane. Contour val-
ues; +0.2, £0.1, +0.05, £0.02, +0.01.
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more stable product with a lower activation energy than
does path 2,V the effects of the substituent OH on path
1 were investigated. The reaction course is called path
1la when OH is introduced on the C* atom, and path
1b when OH is introduced on the C? atom. Several im-
portant geometries along paths 1a and 1b are shown in
Fig. 4. At the early stage of the reaction, CO, distorts
only slightly, but CoH(OH) distorts considerably in [Ni-
(PH3){CoH(OH)}(CO2)] (see 11a and 11b in Fig. 4).
This result suggests that CoH(OH) coordinates strongly
to Ni(O) but CO; interacts only weakly with Ni(O). In
fact, the coordinate bond of CoH(OH) was estimated
to be 16 kcal mol ! stronger than that of CO, from the
following assumed reaction;

[Ni(PH3){C.H(OH)}|+CO, —
[Ni(PH3)(CO2)] + C:H(OH) (4)

where the left-hand side of this equation is about 16
kcal mol~! more stable than the right-hand side at the
SD-CI level. The above results indicate that CoH(OH)
coordinates first to [Ni(PHj)], yielding [Ni(PHs){C.H-
(OH)}], and then CO; approaches [Ni(PH3){CyH-
(OH)}].2® As the reaction proceeds, the CC(OH) angle
becomes smaller as expected,?® because the C! and C?
atoms are becoming sp? hybridized in the reaction.?®
Apparently, as shown in Fig. 5 and Table 2, the
C2H(OH)-CO; coupling reaction occurs through path
la with a slightly lower activation energy (E,) of 27
kcalmol~! than the E, (30 kcalmol~!) of the unsub-
stituted CoHo~CO4 coupling reaction.) On the other
hand, the reaction proceeds through path 1b with a
higher E, of 38 kcalmol™! than the E, of the CoH,—CO,
coupling reaction. These results clearly show that the

S

L Ve

Bull. Chem. Soc. Jpn., 68, No.7 (1995) 1877

AE (Kcal mol™)®
AE (Kcal mol™)®

———— NI(PH;)(CO,)(C;H,) -|-80

Ni(PH;)(CO,)(CH=COH) 1
gl L L R T IO WU IS
130 120 110 100 90 80 70 60 50
6

Fig. 5. Energy changes® by the oxanickelacyclo-
pentene formation from [Ni(PHs)], CO2, and C:H-
(OH). a) Energy zero is taken for the infinite separa-
tion between [Ni(PH3){C.H(OH)}] and COa.

OH group on C* accelerates the coupling reaction, but
that the OH group on CP suppresses the reaction. Fur-
thermore, path 1a leads to the more stable product 9a,
but 1b leads to the less stable 9b, as shown in Fig. 5.
Consequently, 9a is formed in preference to 9b. These
results are consistent with the experimentally-reported
regioselectivity in the Ni(O)-catalyzed coupling reac-
tion between ethoxyacetylene and CO2,%® in which 4,6-
diethoxy-2-pyrone is formed. This product can be pro-
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Fig. 4.

Several important geometries along the formation reaction of oxanickelacyclopentene from [Ni(PHs)], COq,

and C2H(OH). Bond length in A and bond angle in degree.
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Table 2.  Activation Energies (E,) and Reaction
Energies (AE) of the CO2 Coupling Reaction
with Acetylene (kcalmol™! at SD-CI Level after
Davidson—Silver Correction)

CO2—C2H, CO,—C2H(OH)

path 1 path 1la path 1b
E, 30 27 38
AE® -17 -31 —-25

a) kcalmol™! at the SD-CIlevel. b) The energy differ-
ence between 12 (#=80°) and 11 (6=120°) (see Fig. 5 for
11 and 12). c¢) The energy difference between the prod-
uct and the reactant in which Ni and COg2 are infinitely
separate. A negative value means the exothermicity.

duced not from oxanickelacyclopentene 5b possessing
the ethoxy group on the C? atom, but from 5a possess-
ing the ethoxy group on the C® atom,®® as shown in
Scheme 2. This geometry of 5a agrees with 9a. Also,
the F, value of path l1a is lower than the E, value of
the unsubstituted CoHy—CO5 coupling reaction, which
is consistent with the experimental finding that ethoxy-
acetylene is more reactive than alkyl-substituted acet-
ylene®®) (see below for a more detailed discussion).

The energy changes of the C,H(OH)-CO; and
C2Hy—CO5 coupling reactions without [Ni(PHs)] are
shown in Fig. 5, to clarify the role of [Ni(PH3)], where
the geometries of the CoH(OH)-COy and CoHo—COo
systems are taken to be the same as those in paths la,
1b, and 1, respectively, and only [Ni(PHj)] is eliminated
from the reaction system without any other modifica-
tion. The reaction paths in the absence of [Ni(PHj)] are
described as paths 1a’, 1b’, and 1’, which correspond to
paths la, 1b, and 1, respectively. Several interesting
features are observed in these uncatalyzed reactions;
(1) the CoH(OH)—CO5 coupling reaction causes greater
energy destabilization than the CoHo—CO4 coupling re-
action, (2) path 1a’ is slightly more stable in terms of
energy than path 1b’ around the transition state (TS),
and (3) around the TS, the energy difference between
paths 1a’ and 1b’ is much smaller than that between
paths la and 1b. These features lead to the conclusion
that CoH(OH) is more reactive than CyHs only when
[Ni(PH3)] exists in the reaction system, and [Ni(PHj)]
enhances the regioselectivity of the CoaH(OH)-COx cou-
pling reaction.

Factors Determining the Regioselectivity and
the Reactivity. 9a would be more easily formed than
9b if CO2 more easily approaches [Ni(PH3){C2H(OH)}]
10b from the right-hand side than from the left-hand
side (see Fig. 1). As is clearly shown in Fig. 5, however,
the energy difference between paths la and 1b is very
small at the early stage of the reaction, but significantly
large (11 kcal mol~!) at the TS. This means that the re-
gioselectivity is not determined at the step where COq
approaches [Ni(PH3){C2H(OH)}]. The energy differ-
ence between products 9a and 9b is also much smaller

MO Study on Ozanickelacyclopentene Formation

than the energy difference at the TS between paths 1a
and 1b. Thus, the regioselectivity of this reaction is de-
termined at the TS, and therefore, the bonding nature
and electronic structure of the TS should be investi-
gated in detail to clarify the factors determining the
regioselectivity.

Before starting this detailed discussion, we summa-
rize here our previous findings on Ni(O) catalysis.?
When [Ni(PHj)] does not exist in the reaction system,
HOMO ¢5 of the CoHy—COy system mainly involves
an anti-bonding overlap between the 7 orbitals of CO»
and CyH,, as shown in Scheme 4. When [Ni(PHj)]
exists in the reaction system, the Ni do orbital over-
laps well with LUMO ¢3 in a bonding way, to yield a
charge-transfer (CT) interaction from the Ni do orbital
to LUMO ¢3. Because LUMO ¢3 involves a bonding
interaction between the m* orbitals of CO, and CyHs,
this CT interaction stabilizes the TS and accelerates the
C—-C bond formation between CoHs and CO,. Thus, it
has been reasonably concluded that the catalytic func-
tion of Ni(O) arises from this CT interaction. To as-
certain that the CoH(OH)-CO. reaction system has a
HOMO similar to that of the CoH2—CO5 reaction sys-
tem, the HOMO character was examined around the TS
by drawing a contour map. This contour map (Fig. 6) is
essentially the same as the HOMO previously observed
in the CoHy—CO» coupling reaction;” the 7* orbital
of CO, overlaps with the n* orbital of CoH(OH) in a
bonding way, and the Ni do orbital contributes to this
HOMO only a little as in our previous results, which
indicates that the charge-transfer has already occurred
around the TS.

Now, we will examine how the OH group influences
this CT interaction at the TS. In reaction path la, CO,
approaches the C? atom of CoH(OH), while in path 1b,
CO, approaches the C! atom. Because the v* orbital
of C,H(OH) expands more on the C? atom than on
the C! atom (Fig. 3), the m*~m* bonding overlap be-
tween CO2 and CoH(OH) is greater in path la than in
path 1b; accordingly, LUMO ¢3 lies at a lower energy in
path la than in path 1b. Thus, the occupied do orbital

i -“‘—-.-.-‘-—"":l

J s Xz

/ /

/ ;I
Il I'
breet
----- -0~

Scheme 4.
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Fig. 6. Contour map® of HOMO of [Ni(PH3){C2H-
(OH)}(CO2)] 12a in the path la. a) Contour values;
+0.2, £0.1, +0.05, +0.02, +0.01.

of [Ni(PH3)] can form a stronger CT interaction with
¢3 in path la than in path 1b, which better stabilizes
the TS and accelerates the C—C bond formation be-
tween CoH(OH) and CO2 more in path 1a than in path
1b. Next, C;H(OH) will be compared with C;H,. The
m*—* bonding overlap between CoH(OH) and CO; is
larger than that between CyHy and COj, since the r*
orbital of CoH(OH) lies at a lower energy than that of
CoH, (Fig. 3) (consider that the r* orbital of CO; lies
at a lower energy than those of CoH(OH) and CoHy).
As a result, the CT interaction from the Ni do orbital
to the m*—m* bonding overlap is stronger in the CoH-
(OH)-CO; coupling reaction (path 1a)?® than in the
C3H,—CO5 coupling reaction (path 1), which leads to
a more stable TS and a stronger bonding interaction
between CoH(OH) and CO; in path la than in path
1. In fact, the HOMO of path la is more stable in en-
ergy than that of path 1b around the TS; at #=80°,
e(HOMO)=-10.9 eV in path la, —10.4 eV in path
1b,2” and —10.3 eV in path 1. Although the HOMO of
path 1b lies at an energy level similar to that of path
1, path 1b requires a higher F, than path 1. This is
because other factors such as electrostatic interaction
are less favorable in path 1b than in path 1, as will be
discussed below.

The electrostatic interaction is expected to play some
role in determining the regioselectivity. Because the
C atom of CO. is positively charged, electrostatic sta-
bilization occurs when CO; approaches the negatively
charged atom. As shown in Table 1, the C? atom is
more negatively charged than the C! atom in CoH(OH).
This electron distribution makes path 1a more favorable
than path 1b. The electron distribution of C;H(OH) is
not, however, responsible for the higher reactivity of
CoH(OH) than that of CyH,, because the C! and C?
atoms of CoH(OH) are less negatively charged than the
C atom of CoHsy. The situation significantly changes on
going to [Ni(PH3){C>H(OH)}] in which the C! atom is
less negatively charged but the C? atom is more neg-

Bull. Chem. Soc. Jpn., 68, No. 7 (1995) 1879

atively charged than the C atom in [Ni(PHj3)(C2Hs)]
(see Table 1). When the C atom of CO, approaches
the less negatively charged C! atom of CoH(OH) (path
1b), the coulombic interaction between CoH(OH) and
COs is less attractive than that between CoHo and CO-
(path 1). On the other hand, when the C atom of
CO; approaches the C? atom of CoH(OH) (path la),
the coulombic interaction between CoH(OH) and CO,
becomes more attractive than that between CyH, and
CO; (path 1). Thus, the electrostatic stabilizing energy
is the greatest in path 1a, lower in path 1, and the least
in path 1b, which also contributes to the increasing or-
der of Ea, path la<path 1<path 1b.

In conclusion, the regioselectivity of this reaction and
the higher reactivity of hydroxyacetylene arise from the
7t* orbital of CaH(OH) and the electron distribution of
[Ni(PH3){CoH(OH)}).

Finally, we mention the reactivity of methyacetylene
CoH(CH3) because alkyl-substituted acetylene is used
as a substrate of Ni-catalyzed acrylic acid synthesis
from CO,. From the above discussion, we can pre-
dict that an acetylene derivative is a good substrate
for this kind of coupling reaction when its 7* orbital
lies at a low energy level. The 7* orbital of methyl-
acetylene lies at a higher energy level than those of
C,H3 and CoH(OH) in both equilibrium and distorted
structures (Fig. 2), probably because of the electron-
donating methyl group. This suggests that the CyH-
(CHj3)-CO3 coupling reaction would require a higher
E, than the CoH(OH)-CO; coupling reaction. Thus, it
is reasonably expected that use of ethoxyacetylene as a
substrate would lead to higher yields of the acrylic acid
derivative in the Ni-catalyzed electrochemical coupling
reaction of CO, (Eq. 2).

The regioselectivity of the CoH(CHj3)-CO3 coupling
reaction is also noteworthy. As described above, the
preferential formation of 1 (considering Eq. 1) means
that oxanickelacyclopentene 3a is more easily formed
than 3b in the Ni(bpy)-catalyzed coupling reaction.”
This regioselectivity is opposite those in the Ni(phos-
phine)-catalyzed CoH(OH)-CO2 and C2H(R)—-CO2 cou-
pling reactions.®® Since CoH(CHj3) has an electron dis-
tribution and 7t* orbitals similar. to those of CoH-
(OH),?® the different selectivity of Eq. 1 would be at-
tributed not to the interaction between CoH(CHj3) and
CO2, but to the interaction between C,H(CHj3) and
Ni(bpy). We calculated Ni (II)-vinyl complexes, [NiL-
(PH3)(CX=CHz)] 13a and [NiL(PH3)(CH=CHX)] 13b
(L=H or PH3; X=0H or CHg3), to investigate the sub-
stituent effects on the stability of the Ni(Il)~vinyl bond
(Scheme 5). Their geometries were optimized at the
HF/BS-I level 3V and the relative stabilities were esti-
mated at the SD-CI/BS-II level. Interestingly, the rela-
tive stabilities depend on the ligand (Table 3): When L
is the small H (hydride) ligand, 13a is more stable than
13b for both X=CH3 and OH. On the other hand,
when L is the larger PH3 ligand, 13a (X=CHj) is less
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L X L
/ I
PH, Ni——C PH, NI——C
\\C—H \\c———x
/ /
H H
13a 13b
(L=H or PH;; X = OH or CH,)
Scheme 5.

Table 3. Relative Stabilities® of [NiL(PHz)(CX=CH>)]
13a and [NiL(PH;)(CH=CHX)] 13b (L=H or
PHs; X=CHj3 or OH)

L=H L=PH,4
X=CHs X=0H X=CH; X=OH
AED 2.4 2.5 -16.0 9.9

a) SD-CI/BS-I calculation. b) AE= E;(13a)— E
(13b). A positive value represents that 13b is more sta-
ble than 18a (vice versa).

stable than 13b (X=CHj), while 13a (X=0H) is still
more stable than 13b (X=O0H). If electronic factors
are important, the relative stabilities of 13a (X=CHj3)
and 13b (X=CH3) would not be different between L=H
and L=PHj; like the relative stabilities for X=0OH. One
of the plausible explanations is that electronic factors
are important for X=0H and that steric repulsion be-
comes important for X=CHjs when a bulky ligand ex-
ists at the cis-position of the vinyl group.?® Moreover,
the steric repulsion between the ligand and the alkyl
substituent is much larger in the real substrate than
in model system 13a (X=CHj;) because CoH(CgH;3)

is used as a substrate.” In 3b, the bpy ligand would

give rise to steric repulsion with the CgH;3 substituent,
which would lead to the preferential formation of 3a.
In the Ni(phosphine)-catalyzed coupling reaction, one
phosphine tends to be eliminated from Ni at the T'S even
when the system involves two phosphines per Ni.! This
means that the selectivity at the TS would be similar
to that of a mono-phosphine system;*® i.e., the a-al-
kyl-substituted vinyl complex is more stable than the
B-substituted one. Thus, CoH(R) exhibits the same re-
gioselectivity as that of C;H(OH) in the Ni(phosphine)
catalytic reaction.

Concluding Remarks.

The formation reaction of oxanickelacyclopentene
[(H3P)Ni-C(OH)=CHCO(0)] 9a and [(H3P)Ni-CH=C-

T

(OH)CO(0)] 9b from [Ni(PHj3)], COz, and hydroxy-
acetylene, Co:H(OH) (a model of ethoxyacetylene), was
theoretically investigated with the ab initio MO/SD-
CI method. 9a is yielded with a lower E, value of 27
kcalmol~! and a higher E.., value of 31 kcalmol™!
than those of 9b (E, =38 kcalmol™! and Fexo=25
kcal mol~!). This preferential formation of 9a is in ac-
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cord with the selective formation of 4,6-diethoxy-2-py-
rone in the Ni(O)-catalyzed coupling reaction between
COg3 and ethoxyacetylene. The lower E, for 9a forma-
tion agrees with the experimental finding that the yields
of 4,6-diethoxy-2-pyrone are higher than those of 4,6-
dialkyl-2-pyrone. These results are interpreted in terms
of the m* orbital of CoH(OH). The catalytic function
of Ni(O) is attributed to the CT interaction from the
occupied do orbital of Ni to the m*—n* bonding over-
lap between CO2 and CoH(OH). This 7*—n* bonding
interaction lies at a lower energy level in path la than
in path 1b, because the 7* orbital of CoH(OH) expands
more on the C? atom than on the C! atom. As a result,
the CT interaction from the occupied do orbital of Ni to
the m*-m* bonding overlap is stronger in path la than
in path 1b. The higher reactivity of C;H(OH) than that
of C3H, is also interpreted in terms of this CT interac-
tion; because the distorted CoH(OH) has a ©* orbital
at a lower energy than that of the distorted CoH,, CoH-
(OH) can form a greater 7*—* bonding overlap with
CO3 than does C2Hy (remember that the coupling re-
action causes the bending distortion of C;Hs and CoH-
(OH)). Accordingly, the CoH(OH)-CO; reaction sys-
tem (path la) involves a stronger CT interaction from
the do orbital of Ni(PHj) to this *—m* bonding over-
lap than the CoH2—CO; reaction system. Furthermore,
the positively charged C atom of CO; yields the most
attractive electrostatic interaction with the C2? atom of
[Ni(PH3){C2H(OH)}], the next attractive one with the
C atom of [Ni(PHj3)(C2Hz)], and the least attractive one
with the C! atom of [Ni(PH3){C2H(OH)}], because C?
of [Ni(PH3){C2H(OH)}] is the most, C of [Ni(PHs)-
(C2H3)] is the next, and C! of [Ni(PH3){C,H(OH)}| is
the least negatively charged. Because of all these fac-
tors, 9a is formed in preference to 9b, and the reactiv-
ity of CoH(OH) is higher than that of CoHy. From this
discussion, we can predict that the acetylene derivative
possessing a 7r* orbital at a low energy level should be
used as a substrate to effectively perform this kind of
coupling reaction with CO,. Interestingly, the regio-
selectivity of the Ni(bpy)-catalyzed CoH(CgHy3)—COq
coupling” is opposite that of the Ni(phosphine)-cat-
alyzed CoH(OH)-CO, coupling.®® This different selec-
tivity of the CoH(CgH13)-CO2 coupling is interpreted in
terms of the steric repulsion between bpy and n-CgH;3
in oxanickelacyclopentene.
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