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Ab Initio MO Study of the C02 Insertion into the Cu(1)-R Bond (R = H, CH3, or OH). 
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Ab initio MOMP4, SD-CI, and CCD (coupled cluster (doubles)) calculations are carried out on the insertion 
reactions of COz and C 2 b  into the Cu-R (R = H, CH3, and OH) bond. The insertion into the Cu-CH3 bond 
occurs with a higher activation energy than the corresponding insertion into the Cu-H bond. This is because 
Cu(CH3)(PH3)2 distorts at the TS to a greater extent than CuH(PH&, due to the highly directional sp3 valence 
orbital of CH3 unlike the spherical 1s valence orbital of H. The COz insertion into the Cu-H and Cu-CH3 
bonds occurs with a lower activation energy and a higher exothermicity than the C2& insertion. The higher 
exothermicity of the COZ insertion is because the Cu-OC(0)R bond is stronger than the Cu-CHZCHZR bond. 
The reason for the lower activation energy is that the n orbital of COz lies at lower energy level than that of 
C z b ;  accordingly, the exchange repulsion between R and C02 is smaller than that between R and C 2 b .  The 
COz insertion into the Cu-OH bond proceeds with no barrier. The main reason is that the lone-pair orbital of 
OH, which is not used for coordination to Cu, can form a bonding interaction between OH and CO2 without 
weakening of the Cu-OH bond. 

Introduction 

COz insertion into the M-R (R = H, CH3, or OR) bond has 
received considerable interest in the chemistry of CO2 fixation' 
because similar insertion reactions of alkene, alkyne, and CO 
are involved as key processes in many homogeneous catalytic 
cycles.2 Actually, many examples of the catalytic COz conver- 
sion into organic chemicals involve the CO:, insertion as an 
important elementary ~ t e p . ~ - ' ~  General knowledge about the 
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CO2 insertion is, therefore, necessary to a good understanding 
of the COz fixation and finding a new efficient catalyst for the 
C02 fixation. In this context, experimental investigation of the 
COz insertion has been actively carried out, in which various 
valid data have been r e p ~ r t e d . ' ~ - ~ ~  Not only experimental work 
but also theoretical work is expected to offer such general 
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COZ Insertion into the Cu(1)-R Bond 

knowledge. However, only few MO studies have been carried 
out on the COz i n ~ e r t i o n . ~ ~ , ~ ~  In those studies, the geometry of 
transition state (TS) has not been optimized, and calculation at 
the correlated level has not been performed except for prelimi- 
nary MP2 calculations of the CO;! insertion into the Cu(1)-H 
and Cu(I)-CH3 bonds.33 

In this work, the CO;! insertion into the Cu(1)-R bond (R = 
H, CH3, or OH) is theoretically investigated with the ab initio 
MO/MP4, SD-CI, and CCD (coupled cluster (doubles)) methods. 
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employed for PH3. In the second (BS 11), core electrons of Cu (up to 
2p) were replaced with effective core potentials (ECP2), and its valence 
orbitals (3s, 3p, 3d, 4s, and 4p) were represented with a (5s 5p 5d)/[3s 
3p 3d] set.40 The usual MIDI-4 sets3' were used for C, 0, and P, and 
the (4s)/[2s] set was employed for H.38 In the third (BS 111), an all 
electron type basis set was used for Cu; Huzinaga's (13s 7p 4d) 
primitive set37 was augmented with one diffuse d primitive function (5  
= 0.141)41 and two p primitive functions describing the valence 4p 
orbital, and the resultant (13s 9p 5d) primitive set was contracted to a 
[5s 4p 3d] set. For the other atoms, the same basis sets as those in BS 
I1 were used. In the fourth (BS IV), (9s 5p)/[3s 2 ~ 1 ~ ~  sets were used 
for C and 0. For Cu, a (14s 9p 5d) primitive set of W a c h t e r ~ ~ ~  was 
augmented with one diffuse d primitive function ( 5  = 0,1491) given 
by Hay43 and two p primitive functions (% = 0.155 065 and 0.046 199) 
describing the valence 4p orbitals.@ The resultant (14s l l p  6d) 
primitive set was contracted to a [5s 4p 3d] set. For PH3, the same 
basis sets as those in the BS I1 and BS I11 were used. The BS I set 
was used only for geometry optimization, the BS 11-IV sets were used 
for examination of basis set effects, and the BS I11 set was used for 
discussion of energy change, electron redistribution, and change in 
bonding nature by the insertion reactions. Calculations at the correlated 
level were performed with all the core orbitals excluded from an active 
space. 

Both insertion reactions of CO2 and C2I-L are considered to proceed 
via the precursor complexes (PC) and TS, as shown in Scheme 1. 
Geometries of CO2, C&, CuR(PH3)z (1) (see Scheme 1 for 1-10), 
PC (2, 7), TS (3, S), and products (4-6, 9, 10) were optimized with 
the energy gradient method at the HF level, in which the geometry of 
PH3 was fixed to the experimental structure of the free PH3 molecule.45 
There are several possible isomers in the products; see 4-6 in the CO2 
insertion and 9 and 10 in the C2I-L insertion. 4A and 4B could not be 
optimized since they converted to 5A and 5B, respectively, with no 
barrier.33 Their MO calculations were carried out, assuming the 
geometry of the OC(0)R group and the Cu-0  distance to be the same 
as those in 5A and 5B. Because 5B converted to 6B with no barrier, 
the geometry of 5B was optimized on the assumption that the Cu-0' 
bond was fixed on the Cu(PH& plane. Geometries of 9A and 9B were 
optimized under the constraint of C, symmetry. In the CO2 insertion 
into the Cu-OH bond, PC and TS could not be optimized because 
this reaction proceeded with no barrier at both HF and correlated levels 
(vide infra). Geometry changes by this insertion were optimized, taking 
the distance between 0 of OH and C of CO2 as a reaction coordinate. 

Results and Discussion 

Effects of Basis Set and Electron Correlation on the C02 
and CzH4 Insertions. Prior to detailed discussion, we will 

CuR(PH,), -I- CO, -+ CU(~'-OCOR)(PH,)~ -. 

This reaction is selected here, considering that there are many 
experimental reports on the insertion reactions of COz into Cu- 
(I) - alkyl, 3c-e~16b,e, 8,26,27q Cu( I) - hydride,28 and Cu( I) - alkoxide 
b o n d ~ . ~ ~ g , ~ ~ ~ . ~ s ~  Our aims in this work are (a) to optimize the 
geometry of the TS, (b) to estimate the activation energy and 
the energy of reaction, (c) to reveal characteristic features of 
the C02 insertion by comparing it with the CZ& insertion (eq 
2) ,  and (d) to clarify the factors determing the ease of the COz 

CuR(PH,), + CzH, -. Cu(CH,CH,R)(PH,), (2) 

insertion. Points of departure from previous works33,34 are 
presenting (i) detailed knowledge of the TS structure and (ii) 
discussion based on the calculations at the correlated level. 

Computational Details 
Ab initio closed-shell Hartree-Fock (HF), MP2-MP4(SDQ), SD- 

CI, and coupled cluster (doubles; CCD) calculations were carried out 
with Gaussian 8635a and 923Sb programs, where four kinds of basis sets 
were employed. In the small basis set (BS I), core electrons of Cu (up 
to 3p) were replaced with effective core potentials (ECP1) given by 
Hay et aL3(' and its 3d, 4s, and 4p valence orbitals were represented 
with a (3s 2p 5d)/ [2s 2p 2d] set. The usual MIDI-337 and ( 4 ~ ) / [ 2 s ] ~ ~  
sets were used for C, 0, and H respectively. STO-2G39 sets were 
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Table 1. Effects of Basis Sets and Electron Correlation for COZ and C2& Insertions into the Cu-H bond (kcdmol) 

(A) Basis Set Effects at the Hartree-Fock Level (COz Insertion into the Cu-H Bond) 
BS I BS I1 BS 111 BS IV BS V“ BS VIb 

EaC 7 .O 3.7 4.2 1.6 12.5 5.4 
AEd -38.9 -50.4 -48.5 -53.8 -37.5 -56.8 

(B) Electron correlation effects 
HF MP2 MP3 MP4(DQ) MP4(SDQ) SD-CI SD-CI + De SD-CI + DS’ SD-CI + Pg 

(a) COz Insertion into the Cu-H Bond 
Ea 4.2 8.3 2.2 6.5 7.9 4.5 5.3 4.2 4.3 
A E  -48.5 -30.1 -43.9 -36.0 -33.1 -43.1 -41.0 -40.0 -39.7 

Ea 23.3 2.7 11.6 6.8 2.0 6.8 2.0 12.6 9.9 
(b) CZ& Insertion into the CU-H Bond 

A E  -13.5 -19.4 -16.5 -15.2 -18.3 - 16.9 -16.8 -16.3 -16.4 
BS V (BS I1 of ref 33b). The basis set for Cu was the same as it in BS I, while the basis sets for the other part were the same as those in BS 

IV. BS VI (BS ID of ref 33b). The basis sets for Cu, C, and 0 were the same as those in BS 111, while MIDI-3 was used for PH3. E,  = the 
energy difference between the transition state and the precursor complex (PC). AE = the energy difference between product and PC. e D = the 
Davidson correction for higher order excitations.4’ f DS = the Davidson and Silver correction for higher order  excitation^.^^ P = the Pople correction 
for higher order  excitation^.^^ 

briefly examine basis set effects on the COz insertion into the 
Cu-H bond. As shown in Table lA, the activation energy, E,, 
and the energy difference between the PC and the product, AE, 
significantly decrease upon going to BS V from BS VI,33b 
whereas only the basis set for Cu is different between BS V 
and BS VI; in BS VI, a (3s 2p 5d)/[2s 2p 2d] set is employed 
with the ECP1,36 but in BS VI, an all electron type basis see2 
is used (see footnotes a and b of Table 1 for BS V and BS VI). 
Similarly, E, and AE considerably decrease upon going to BS 
I1 from BS I. On the other hand, BS 11, BS 111, and BS IV 
yield similar values for E,  and A E .  These results lead to the 
following findings: (1) E,  and A E  do not depend much on the 
basis sets of ligand atoms but significantly depend on the ECPs 
for Cu, (2) Huzinaga’s basis set and Wachters’ one for Cu give 
similar results for E,  and AE,  (3) the basis set involving the 
ECPl yields considerably different results from others, and (4) 
BS 11 involving ECP2 yields almost the same results as the better 
basis sets such as BS I11 and BS IV. Thus, use of either BS I1 
or better basis sets is necessary in estimating the energy change. 
Very recently, use of ECP2 has also been r e ~ o m m e n d e d . ~ ~  

Then, we will inspect the correlation effects on E, and A E  
(Table 1B). Unexpectedly, Ea of the COz insertion little changes 
upon introducing electron correlation, except that the E, value 
slightly fluctuates at the MP2 level. On the other hand, 
introduction of electron correlation considerably changes the 
E, of the CzH4 insertion and the AE of both COz and C 2 h  
insertion reactions. An important result to be noted is that both 
E, of the CzI& insertion and A E  of C02 and CzJ& insertion 
reactions considerably fluctuate at MP2-MP4(SDQ) levels, 
demonstrating that the MP2-MP4(SDQ) methods are not 
reliable in investigating these insertion reactions. On the other 
hand, SD-CI and CCD methods give similar results on E, and 
AE, suggesting that these methods are reliable (see Tables lB, 
2, and 3). The discussion presented below is based on the SD- 
CI and CCD calculations with BS-111. 
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Table 2. Energy Change by COz Insertion into the Cu-R 
(R = H, CH3) Bond (kcdmol) 

MP4(SDQ) SDCI-DS" CCD 
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bond is newly formed, and the Cu-CH3 and =C=O bonds 
change to the Cu-OC(O)CH3 and =C(O-)- bonds respec- 
tively. Thus, the exothermicity (Eex,) is approximately repre- 
sented by eq 3. In the C2& insertion into the Cu-CH3 bond, 

E,,, = E(Cu-OC(O)CH,) + E(=C(O-)-) + 
E(CH3-C(0)O-) - E(Cu-CH,) - E(=C=O) 

(A) COz Insertion into the Cu-H Bond 

precursor complex 2A -4.5 -5.0 -4.7 
transition state 3A 3.4 -0.8 -0.4 
Cu(v1-OCOH)(PHs)2 4A -22.3 -28.4 

5A -35.2 -42.1 

CuH(PH3)z (1A) + COz O.Ob 0.0" 0.W 

CU(~~-OZCH)(PH~)Z 6A -37.0 -44.5 -44.7 

Cu(CHs)(PH3)z OB) + COz 0.0' 0.W 
(B) COZ Insertion into the Cu-CH3 Bond 

precursor complex 2B -5.2 -5.2 
transition state 3B 10.5 4.1 
Cu(v1-OCOCHs)(PH3)2 4B -13.2 -20.6 

5B -39.0 -47.1 
C~(~2-0zCCHs)(PH3)z 6B -40.7 -49.1 

DS = Davidson-Silver's correction for higher order  excitation^.^^ 
Et(SDC1 + (DS)) = -2510.008WE, 

= -2509.9929 e Et(MP4(SDQ)) = -2549.1425 fEt(SDC1 -t (DS)) = 
Et(MP4(SDQ)) = -2510.0628 

-2549.0848 (hartree units). 

Table 3. 
(R = H, CH3) Bond (kcaVmol) 

Energy Change by C Z ~  Insertion into the Cu-R 

compd MP4(SDQ) SDCI-DS" CCD 
(A) CzI& insertion into the Cu-H bond 

precursor complex 7A -1.2 1.3 -0.8 
transition state 8A 0.8 6.7 9.7 
CU(CZH~)(PH~)Z 9A -16.4 - 14.5 

10A -19.5 -17.6 -16.4 

CuH(PHs)z (1A) + CzH4 0.P 0.oc 0.V 

(B) CzI& Insertion into the Cu-CHs Bond 
Cu(CHs)(PHs)z 1B + Czh 0.0' 0.W 
precursor complex 7B -2.8 1.0 

CU(C~H~)(PH~)Z 9B -11.5 -11.2 
transition state 8B 22.5 23.4 

10B -18.9 -18.3 
DS = Davidson-Silver correction for higher order excitations?8 

Et(CCD) = -2400.4669 e Et(MP4(SDQ)) = -2439.6029 fEt(SDC1 
Et(MP4(SDQ)) = -2400.5232 Et(SDC1 + (DS)) = -2400.4794 

+ (DS)) = -2439.5565 (hartree units). 

Relative Stabilities of the Products and the Energy of 
Reaction. Relative stabilities of the products are given in Tables 
2 and 3 as an energy difference from the sum of reactants, 1A 
+ COZ, 1A + CZ%, 1B + COz, and 1B + C2H4, where a 
negative value represents a stabilization energy (and vice versa). 

In the product of the CO2 insertion, 6A and 6B are calculated 
to be the most stable in 4A-6A and 4B-6B, respectively, 
suggesting that Cu(?$OzCR)(PH3)2 is a final product of the COZ 
insertion.33 Relative stabilities of these products have been 
discussed in our previous and the discussion is omitted 
here. Both C02 insertion reactions into the Cu-H and Cu- 
CH3 bonds are significantly exothermic, and the exothermicity 
of the former is slightly greater than that of the latter. 

In the product of the Cz& insertion, 10A and 10B are 
calculated to be more stable than 9A and 9B, respectively, 
indicating that 1OA and 10B are final products. The exother- 
micity of the C2& insertion reaction hardly depends on the kind 
of R. 

One of the differences between COz insertion and C2H4 
insertion is that the former is much more exothermic than the 
latter. This difference is rationalized in terms of bond energies?O 
In the COz insertion into the Cu-CH3 bond, the CH3-C(O)O- 

(50) We discuss the exothermicity of Cu(tjJ-OC(O)R)(PH3)2 (5A, 5B, or 
5C) here, because the final product, Cu(qZ-OzCR)(PH3)2 (6A, 6B, or 
6C) is only slightly more stable than 5A, 5B, and 5C, respectively 
(see Table 2 and Figure 5) .  

E,,, = (E(Cu-OC(O)CH,) - E(Cu-CH3)} + 
{E(=C(O-)-) - E(=C=O)} + E(CH3-C(0)O-) (3) 

the Cu-CH3 and >C=C< bonds change to the C U - C ~ H ~  and 
the -CHz-CHz- bond respectively, and the -CH,-CH3 bond 
is newly formed. In this case, E,,, is approximately represented, 
as follows: 

E,,, = E(Cu-C,H,) - E(Cu-CH3) + E(-CH,-CH,) + 
E(-CH2-CH2-) - E(C=C) 

'v {E(-CH,-CH,-) - E(>C=C<)} + E(-CHz-CH3) 

(4) 
E(Cu-CH3) is considered to be almost the same as E(Cu- 
C3H7). 

A difference between =C=O and =C(O-)- bond energies 
appearing in eq 3 can be estimated from the energy difference 
(AE,-l) between right- and left-hand sides of eq 5 ,  as follows: 

CO, + H, + H-C(0)OH ( 5 )  

AEr-l = E(H-H) + E(=C=O)- E(=C(O-)-) - 
E(=C(H)-) - E(-0-H) (6a) 

E(=C=O) - E(=C(O-)-) = AEr.-l - E(H-H) + 
E(=C(H)-) + E(-0-H) (6b) 

Similarly, a difference between the >C=C < and -CHz-CHz- 
bond energies can be estimated from AEr-1 of eq 7: 

(7) C2H, + H, - H3C-CH, 

AEr-l = E(H-H) + E(>C=C<)  - E(+C-C+) - 

2E(+C-H) (8a) 

E(>C=C<) - E(+C-C+) = AEr-l - E(H-H) + 
2E(+C-H) (8b) 

In these estimations, the H-H and +C-H bond energies are 
calculated with MP2-MP4(SDQ) and SD-CIfl3S I11 methods 
(Table 4), where geometries of 'CzH5, 'C(O)OH, and H-C(0)- 
0' radicals are optimized with the ROHFBS I method. A 
difference between Cu-CH3 and Cu-OC(0)R bond energies 
can be evaluated, considering the energy difference between 
right- and left-hand sides of eq 9, where -0-H and H-C(0)- 

Cu(CH,)(PH,), + H-OC(0)R + Cu(OC(O)R)(PH,), + 
H-CH, (9) 

AEr-l = E(H-CH,) + E(Cu-OC(0)R) - E(Cu-CH3) - 
E(-0-H) (loa) 

E(Cu-OC(O)R) - E(Cu-CH3) = AE,-, - E(H-CH3) - 
E(-0-H) (lob) 

OR bond energies can be estimated as described above. Using 
these bond energies and their differences (Table 4), a difference 
in E,,, between CO2 and C2H4 insertion reactions can be easily 
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Figure 1. Optimized geometries of precursor complexes in the C02 
and C2I-b insertions into the Cu-H and Cu-CH3 bonds. Bond lengths 
are given in 8, and angles in degree. 

explained. The difference between =C=O and =C(O-)- bond 
energies is about 100 kcal/mol, about 30 kcaUmo1 greater than 
the difference between >C=C< and -CHz-CH2- bond energies. 
Thus, the E(=C(O-)-) - E(=C=O) term is not responsible 
for the higher exothermicity of the C02 insertion. The H3C- 
CH3 bond energy does not differ very much from the H3C- 
C(0)OR bond energy (see Table 4), yielding only a little 
difference in the exothermicity between the C02 and C2H4 
insertion reactions. On the other hand, E(Cu-OC(0)R) is larger 
than E(Cu-CH3) by ca. 50 kcal/mol, indicating that the term, 
E(Cu-OC(0)R) - E(Cu-CH& is responsible for the greater 
exothermicity of the C02 insertion than that of the Cz& 
insertion. In other words, the greater exothermicity of the C02 
insertion is because the Cu-OC(O)CH3 bond is stronger than 
the Cu-CH3 bond. 

Similarly, exothermicities of the Cop and C2H4 insertion 
reactions into the Cu-H bond are represented by eqs 11 and 
12, respectively. The difference, E(=C=O) - E(=C(O-)-), 

E,,, = E(Cu-OC(O)H) + E(=C(O-)-) + 
E(H-C(0)OR)- E(Cu-H) - E(=C=O) 

= E(Cu-OC(O)H) + (E(=C(O-)-) - 
E(=C=O)} + E(H-C(0)OR) - E(Cu-H) (1 1) 

E,,, = E(Cu-C2H5) + E(-CH,-CH,-) + 
E(H-C2H5) - E(Cu-H) - E(>C=C<)  

= E(Cu-C2H5) + (E(-CH2-CH2-) - 

E(>C=C<))  + E(H-C,HJ - E(Cu-H) (12) 

is larger than the difference, E(>C=C<) - E(-CH2-CH2-), 
as discussed above. E(H-C(0)OR) is calculated to be similar 
to E(H-C2H5), as shown in Table 4. Thus, these two terms 
cannot explain the greater exothermicity of the C02 insertion 
into the Cu-H bond. On the other hand, E(Cu-OC(0)H) is 
much larger than E(Cu-CzH5). This is a major reason for the 
greater exothermicity of the COz insertion into the Cu-H bond 
than that of the C2& insertion. 

Precursor Complexes (PC), Transition States (TS), and 
the Activation Energies (Ea).  Geometries of PC and TS are 
shown in Figures 1 and 2, respectively. In the PCs, the Cu- 
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C02 and Cu-C2& distances are considerably longer than and 
the geometries of C02, C2H4, and CuR(PH3)z parts only slightly 
distorted from those of the reactants. Consistent with these 
geometrical features, stabilization energies of PCs (Tables 2 and 
3) are much smaller than that of the usual coordinate bond, 
indicating that C02 and C2& weakly interact with CuR(PH3)2 
like a van der Waals complex. 

In the TS of the COz insertion into the Cu-H bond (3A in 
Figure 2), both C-H and Cu-0' distances between C02 and 
CuH(PH& are much longer than those in the product. The 
Cu-H and C-0'  bonds lengthen somewhat by ca. 0.1 8, and 
ca. 0.05 8, respectively, and the C02 part starts to bend (COCO 
= 150'). Similar features are observed in the TS of the CO2 
insertion into the Cu-CH3 bond (3B in Figure 2). There is, 
however, a critical difference between 3A and 3B; the CH3 
ligand moves considerably downward and changes its direction 
toward the incoming C02 molecule, whereas the H ligand only 
moves slightly downward at the TS. This difference between 
CuH(PH3)z and CU(CH~) (PH~)~  is easily interpreted in terms 
of the valence orbitals of CH3 and H ligands. Because of the 
highly directional sp3 valence orbital, the CH3 ligand must 
change its direction toward C02 in order to form a new bond 
with C02. At the same time, the CH3 ligand wants to keep a 
bonding interaction with Cu as much as possible. Thus, the 
downward movement of CH3 occurs to satisfy these two 
requisites, as schematically shown in Chart 1A. On the other 
hand, the H ligand does not need to change its position because 

(Chart IB). 
The TS of the C2& insertion into the Cu-R bond (R = H 

or CH3) exhibits interesting features (Figure 2), as follows: (1) 
the Cu-H distance slightly lengthens but the Cu-CH3 bond 
lengthens considerably, (2) both H and CH3 ligands move 
considerably downward, (3) the C'-C2 bond of C2H4 lengthens 
considerably by 0.13 A, and the C'H2 and C2Hz planes are 
remarkably bent back by 26 and 30°, respectively, and (4) the 
Cu-C' distance is short (2.1 A) like that in the product, but 
the C2-R bond is still long. These features suggest that the 
TS of the C2& insertion is product-like compared to the TS of 
the C02 insertion and that the Cu-C' bond is formed prior to 
the formation of the C2-R bond (remember that both Cu-0' 
and C-R bonds between CO2 and CuR(PH3)z are not yet formed 
at the TS of the CO2 insertion). These differences between CO2 
and C2H4 insertion reactions will be discussed below. 

Activation energies (Ea) of these insertion reactions are given 
in Tables 2 and 3. Both C02 and C2H4 insertion reactions into 
the Cu-H bond occur with lower activation energies than those 
into the Cu-CH3 bond. This result can be interpreted in terms 
of the valence orbitals of H and CH3 ligands, again; as described 
above, the CuH(PH3)z part distorts at the TS to a lesser extent 
than the Cu(CH3)(PH& part because the 1s valence orbital of 
H is spherical but the sp3 valence orbital of CH3 is directional. 
Accordingly, the insertion into the Cu-CH3 bond needs a higher 
activation energy, due to the greater distortion energy of the 
Cu(CH3)(PH& part. Consistent with this result, Darensbourg 
et al. experimentally suggested that C02 could insert into the 
Ni-H bond but not into the Ni-CH3 bond.27m The other 
interesting result to be noted is that the Cz& insertion requires 
a higher activation energy than the CO?; insertion, which will 
be discussed after investigating characters of the TS. 

Electron Redistribution in the COZ and CzH4 Insertion 
Reactions and the Reason for Rather Low Activation Energy 
of the COz Insertion. Changes in Mulliken populations by 
these reactions are shown in Figure 3. In all the insertion 
reactions examined, electron populations of C02 and C2& 
remarkably increase as the reaction proceeds, indicating that 
the charge-transfer from CuR(PH3)2 to CO2 or C2H4 takes place 
during these reactions. In the insertion into the Cu-H bond, 
electron populations of both Cu and H significantly decrease 
(Figure 3A,C). This implies that the insertion into the Cu-H 
bond causes the charge-transfer from the H ligand to CO2 or 
C2& concomitantly with the polarization of CuH(PH3)z which 
induces electron flow from Cu to H (Chart 2A). In the insertion 
into the Cu-CH3 bond, on the other hand, only the electron 
population of CH3 decreases considerably, but the electron 
population of Cu hardly changes (Figure 3B,D), indicating that 
insertion into the Cu-CH3 bond causes only charge-transfer to 
COz or C2H4 from the CH3 ligand (Chart 2B), unlike insertion 
into the Cu-H bond. This difference between R = CH3 and R 
= H is easily interpreted in terms of the directionality of the 
valence orbital, again. Because the Cu-CH3 bond must be 
broken to form a new CH3-CO2 bond at the TS due to the 
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directional sp3 valence orbital of CH3, the electron flow from 
Cu to CH3 becomes difficult around the TS. On the other hand, 
the electron flow from Cu to H can occur, because the Cu-H 
bond still exists at the TS due to the spherical 1s valence orbital 
of H. 

Electron redistribution at the TS can be investigated in more 
detail by inspecting the difference density maps (Figure 4): e- 
[CuR(PH3)2* -.Sub]~s - e[CuR(PH3)2] - @[Sub], where Sub 
means COZ or C2H4. An important feature found in the COz 

insertion (Figure 4A) is that electron density accumulates on 
the terminal 0 atoms but slightly decreases on the central C 
atom (a similar feature is observed in the C02 insertion into 
the Cu-CHs bond, the picture of which is omitted here for 
brevity). This feature arises from the HOMO, "HOMO- 

(CUR-. C02), of the reaction system. This YHOMO(CUR' * 4 2 0 2 )  
resembles quite well the HOMO, YHOMO(COZ.*.R-), of the 
CO2-..R- system, as clearly shown in Figure 4C,E. Both 
YHOMO(CUR' Con) and YHOMO(CO~'**R-) mainly consist of 
the large pn orbital of 0, the very small pn orbital of C, and the 
HOMO of R-, which are formed through orbital mixing among 
the JC and JC* orbitals of C02 and the HOMO of R-; as shown 
in Scheme 2A, the HOMO of R- overlaps with the x* orbital 
of C02 in a bonding manner, into which the x orbital of C02 
mixes in an antiboding manner with the HOMO of R- because 
the former lies at lower energy than the latter. This orbital 
mixing decreases the pn orbital of C but enhances the pn orbital 
of 0, which leads to accumulation of electron density on the 0 
atoms but a slight decrease of electron density on the C atom, 
as we have seen in Figure 4A. 

In the C2H4 insertion, electron density accumulates on the 
C1 atom but decreases on the C2 atom (see Figure 4B, a similar 
feature is observed in the C2H4 insertion into the Cu-CH3 bond, 
the picture of which is omitted here to save the pages). This 
feature is explained in terms of the HOMO of the reaction 
system, YHOMO(CUR'*C~H~),  again. As shown in Figure 4D,F, 
this HOMO resembles quite well the HOMO of the Cz& * *R- 
system, YHOMO(C~H~* W ) .  The HOMO, which mainly con- 
sists of the large pn orbital of C1, the small pn orbital of C2, 
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Figure 4. Maps of difference density (A and B) and HOMO at the transition state of COZ and (22% insertions into the Cu-H bond (C-F): (A) 
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Key: (a) countour values for density are f0.05, f0.02, f0.01, f0.005,  f0.002, and fO.01; (b) contour values for contour are f0.2, f0.1, f0.05, 
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and the HOMO of R-, are formed through the orbital mixing 
among the n and n* orbitals of C2& and the HOMO of R-; 
the HOMO of R- overlaps with the n* orbital of C& in a 
bonding manner, into which the n orbital of C2H4 mixes in an 
antibonding manner with the HOMO of R- because the former 
lies at lower energy than the latter, as shown in Scheme 2B. 
This orbital mixing enhances the C' pn orbital but decreases 

which leads to an increase of electron density on the C' atom 
but a decrease of electron density on the C2 atom. 

Electron redistribution in the region between R and Sub (Sub 
= COz or C2&) is important for the insertion reaction. At the 
TS of the C02 insertion, electron density accumulates in this 
region (Figure 4A). Actually, the considerable C-R bonding 
overlap between COZ and CuR(PH3)z is observed in the YHOMO- 
(CuR..C02) (Figure 4C). At the TS of the C& insertion, on 
the other hand, electron density decreases in this region (Figure 
4B). Because the YHOMO(CUR** Czb) involves the consider- 
able C2-R bonding overlap between C2& and CuR(PH&, like 
that in the COz insertion (Figure 4D), the decrease in the density 

the c2 pn Orbital ~HOMO(c2~"R-) and ~ H O M O ( ~ ~ ' ~ Z & ) ,  

arises not from the YHOMO(CUR**CZH~) but from the other 
interaction, Le., exchange repulsion between the n orbital of 
Cz& and the HOMO of R. Approach of C2H4 to R would be 
difficult due to this strong exchange repulsion, which disfavors 
the C2H4 insertion into the Cu-R bond and leads to the high 
activation energy. In the case of the CO2 insertion, this kind 
of exchange repulsion would be small because the n orbital of 
C02 lies considerably lower in energy (-19.37 eV) than that 
of C2& (-9.63 eV).51 Accordingly, the C2& insertion requires 
a higher activation energy than the COz insertion. 

Finally, an interaction between Cu and Sub will be investi- 
gated. At the TS of the CO2 insertion, electron density decreases 
in the region between Cu and 0' atoms (Figure 4A). At the 
TS of the CZ& insertion, on the other hand, electron density 
increases in this region (Figure 4B). Consistent with this result, 
YHOMO(CUR. * C2H4) at the TS of the C2& insertion involves 
a strong bonding interaction between Cu and C' atoms (Figure 

(51) Geometries of C02 and C2H4 were taken to be the same as the distorted 
structures like in the TSs of their insertion reactions into the Cu-H 
bond. 
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Figure 5. Changes in total energy caused by the CO2 insertion into 
the Cu-OH bond of Cu(OH)(PH&, 1C. 

4D), while YHOMO(CUR. COz) at the TS of the COz insertion 
involves an apparently weaker bonding interaction between Cu 
and 0' atoms than that between Cu and C' atoms in "HOMO- 

(CUR.. CZ&) (Figure 4C). All these features are consistent 
with the TS structure in which the Cu-C' distance is short at 
the TS of the C2& insertion but the Cu-0' distance is long at 
the TS of the COz insertion. The short Cu-C' and the long 
Cu-0' distances are explained in terms of HOMOs, 
WHOMO(CZH~' *W) and YHOMO(COZ*. .R-). These HOMOs 
(Figures 4E and 4F) are calculated to be -2.61 eV for 
COy-*H-, -2.52 eV for COz*.CH3-, 0.56 eV for C 2 b * * H - ,  
and 0.07 eV for CZH4"CH3-, where geometries are taken to 
be the same as those in the TSs. This means that approach of 
R- to CZ& yields the HOMO at considerably high energy but 
approach of R- to COz yields the HOMO at rather low energy. 
Accordingly, '€'HoMo(C~H~' *R-) can form a much stronger 
charge transfer interaction with Cu than does YHOMO(COZ* * W), 
leading to the short Cu-C' distance at the TS of the C Z H ~  
insertion. The Cu-0' distance is, however, rather long at the 
TS because the charge transfer from Y ~ o ~ o ( C 0 2 -  * .R-) to Cu 
is not very strong. 

C02 Insertion Reaction into the Cu-OH Bond of Cu- 
(OH)(PH&. Interestingly, the COz insertion into the Cu-OH 
bond proceeds with no barrier, as clearly shown in Figure 5 .  
The following geometry changes are observed (Figure 6): the 
Cu-OH distance is getting longer, the Cu-0' distance is getting 
shorter, and the LO'CO2 angle gradually closes. All these 
results indicate that the Cu-OH bond is gradually broken, the 
Cu-0' bond is gradually formed, and the Cu-OC(0)OH bond 
is smoothly produced. The geometry at the late stage of this 
reaction is very close to that of the product, C~(T,J-OCO(OH))- 
(PH3)Z (4C) (see the geometry at R(O-CO2) = 1.6 A). After 
the insertion, 4C converts to 5C with a very small barrier (ca. 
2.6 kcaVmol at the MP2/BS I11 level) and 5C converts to the 
final product, Cu($-OzCOH)(PH3)2 (6C), with no barrier 
(Figure 5 ) .  

Energy change by this insertion reaction considerably depends 
on electron correlation. Calculations at both HF and SD-CI 
levels, however, show that this insertion proceeds with no 
barrier. Unexpectedly, the exothermicity of this insertion (27.1 
kcaumol for 6C (SD-CI(P)/BS 111)) is calculated to be much 
smaller than that of the COz insertion into Cu-H and Cu- 
CH3 bonds, whereas C02 can insert into the Cu-OH with no 

barrier. The exothermicity of this insertion is approximately 
represented by eq 13.50 The HO-C(0)OH bond energy is 

E,,,= E(Cu-OC(O)OH) + E(H0-C(0)OH) + 
E(=C(O-)-) - E(Cu-OH) - E(=C=O) 

E,..,= {E(Cu-OC(0)OH) - E(Cu-OH)} + 
{E(=C(O-)-) - E(=C=O)} -I- E(H0-C(0)OH) (13) 

estimated to be 87 kcaYmol, only slightly smaller than the 
C-C(0)OH bond energy (92 kcdmol) (Table 4). On the other 
hand, the term E(Cu-OC(0)OH) - E(Cu-OH) is calculated 
to be 29 kcaYmo1, much smaller than the term E(Cu-OC(0)R) 
- E(Cu-R), as shown in Table 4. Consequently, this insertion 
is less exothermic than the COZ insertion into the Cu-H and 
Cu- CH3 bonds. 

No activation energy of this insertion can be interpreted in 
terms of the HOMO of Cu(OH)(PH3)2 1C. Unlike the HOMOs 
of 1A and lB, the HOMO of 1C mainly consists of a lone-pair 
type orbital of OH- which is not used for a coordinate bond 
with Cu (structure I). As a result, the LLJh40 of COz can easily 

interact with this orbital. This means that the bonding interac- 
tion between COz and OH is formed without weakening the 
Cu-OH bond. On the other hand, both H and CH3 ligands 
have only one valence orbital which is used for bonding with 
Cu in 1A and 1B. Accordingly, the COz insertion into the 
Cu-H bond weakens the Cu-H bond even though the 1s 
valence orbital of H is spherical, and the COz insertion into the 
Cu-CH3 bond considerably weakens the Cu-CH3 bond because 
of the directional sp3 valence orbital of CH3. Thus, the COz 
insertion into the Cu-OH bond occurs more easily than the 
COz insertion into the Cu-H and Cu-CH3 bonds. 

Concluding Remarks 
Ab initio MOMP4, SD-CI, and CCD calculations are canied 

out on the insertion reactions of CO2 and CZ& into the Cu-R 
bond (R = H, CH3, and OH). The activation energy (Ea) is 
calculated to be very low (ca. 4-5 kcdmol) for the COz 
insertion, relatively high (9- 10 kcaYmo1) for the C2& insertion 
into the Cu-H bond, and very high (23-30 kcdmol) for the 
C2& insertion into the Cu-CH3 bond. These results suggest 
that the C2& insertion into the Cu-R bond is more difficult 
than the COz insertion into the Cu-R bond. The difference of 
E, between COz and C2& insertion reactions can be interpreted 
in terms of the exchange repulsion between R and Sub (Sub = 
COz or C2&); because the ~t orbital of C2& lies higher in 
energy than that of COz, the exchange repulsion between Cz& 
and R is much larger than that between CO2 and R, leading to 
the higher E,  value of the Cz& insertion. The exothermicity 
of the COz insertion is much greater than that of the C2& 
insertion. The main reason for the greater exothermicity of the 
C02 insertion is that E(Cu-OC(0)H) is larger than E(Cu- 
C2H5) and E(Cu-CH3) by ca. 50 kcal/mol. C02 insertion into 
the Cu-OH bond proceeds with no barrier. This is because 
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Figure 6. Changes in geometry caused by the Cot insertion into the CU-OH bond of Cu(OH)(PH&, 1C. Bond distances are given in 8, and bond 
angles in degree. 

the HOMO of Cu(OH)(PH& mainly consists of the lone-pair interaction between this lone-pair type orbital and the LUMO 
type orbitals of OH-, and the bonding interaction between CO2 of CO2 can be formed without weakening of the Cu-R bond. 
and OH can be formed without weakening of the Cu-OH bond. This situation facilitates the COS insertion into the Cu-OH 
However, E,,, of this insertion is smaller than that of the other bond. 
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C02 insertion, since the Cu-OC(0)OH bond energy is about 
29 kcaymol larger than the Cu-OH bond energy (remember 
that the Cu-oC(o)R bond energy is about 50 kcaYmol larger 
than the Cu-CH3 bond energy). 

From these results, one can predict a primarily important 
factor for the COz insertion is the presence of a lone-pair type 
orbital of R which is not used for coordination to Cu. When 
the R ligand possesses such a lone-pair type orbital, the bonding IC931341Z 


