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A theoretical study, based on ab initio MO calculations, has been carried out on a ds Co(1)-CO, complex, [C~(alcn)~(CO,)]- 
(alcn = HNCHCHCHO-), which has been examined as a model of the well-known 7'-C-coordinated CO, complex M[Co(R- 
salen)(C02)] (R-salen = alkyl- (R-) substituted N,N'-ethylenebis(salicy1ideneaminato); M = alkali-metal cation). The 7I-C 
coordination mode is calculated to be the most stable among the three possible coordination modes (7, side-on, VI-C coordination, 
and 7'-0 end-on modes), whereas the q2 side-on and 7'-0 end-on modes appear to be unstable. These results are well rationalized 
in terms of molecular orbital interactions, taking into account the electrostatic interaction between C02 and [Co(alcn),]-. On 
the basis of the same criteria, the coordination mode of C02 is predicted for various transition-metal complexes. Driving forces 
for the C02 bending and effects of an alkali-metal countercation are also investigated; the C02 bending strengthens the 
charge-transfer interaction from the Co dzz orbital to the C02 a* orbital and weakens two pairs of four-electron destabilizing 
interactions, Le., Co d p C 0 2  a and Co d d 0 2  na (na = the nonbonding r orbital). The presence of a Li' cation greatly enhances 
the C 0 2  coordination through electrostatic interaction between Li+ and C02 and polarization of CO, by Li+. 

Introduction 
There is much current interest in transition-metal carbon dioxide 

complexes with the aim of carbon dioxide fixation into organic 
substances, since coordination to transition-metal ions is one of 
the most powerful ways of activating inert molecules.2 Over the 
last decade, intense efforts have been made to synthesize and 
characterize transition-metal carbon dioxide complexes. Un- 
fortunately, carbon dioxide very rarely forms stable adducts with 
transition metals, and only a restricted number of transition-metal 
carbon dioxide complexes have been isolated and structurally 
characterizedG3-' Furthermore, effective catalytic reduction of 
carbon dioxide to useful organic substances has not been generally 
successful, except for the case of a few pioneering w ~ r k s . ' ~ , * - ~ ~  

In this light, we need fundamental information concerning 
bonding nature, stereochemistry, reactivity, and electronic structure 
of transition-metal carbon dioxide complexes. Such information 
can be obtained from a theoretical study of transition-metal carbon 
dioxide complexes. Yet, only a few MO investigations have been 
reported,I2-l4 and the above-mentioned issues have not been fully 
elucidated. A comprehensive discussion of the coordination mode 
is still lacking, and factors determining the coordination mode 
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100, 7405. (b) Gambarotta, S.; Arena, F.; Floriani, C.; Zanazzi, P. F. 
J .  Am. Chem. SOC. 1982, 104, 5082. 
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are also ambiguous, although one of the characteristic features 
of transition-metal carbon dioxide complexes is the presence of 
several coordination modes, i.e. the &C mode (l), the 7, side-on 
mode (Z), and the q l -0  end-on mode (3) (Chart I). Some of these 
modes have been discussed in an a b  initio M O  study of Ni(P- 
H3),(CO2)I3 and an EH-MO study of [ C O ( N H ~ ) ~ ( C O , ) ] + . ' ~  
However, both studies do not seem sufficient; for example, in the 
ab initio M O  study a detailed discussion of the ql-C mode was 
not reported, and in the EH-MO study the electrostatic inter- 
action, which might be important for determining the relative 
stability of the three coordination modes, is hardly taken into 
account. 

Hence, the interaction between carbon dioxide and a metal 
center should be theoretically investigated in more detail, in order 
to get convincing information about the coordination modes. We 
present here an a b  initio M O  study of the VI-C-coordinated Co- 
(I)-C02 complex [Co(alcn),(C02)]- (alcn = HNCHCHCHO-), 
either with or without the Li+ countercation. This complex is 
believed to be a realistic model of M[Co(R-salen)(CO,)] (M = 
alkali-metal cation; R-salen = alkyl- (R-) substituted N,N'- 
ethylenebis(salicylideneaminato)), which is a well-known s'-C- 
coordinated carbon dioxide ~ o m p l e x . ~  Our goal is (a) to elucidate 
why the q'-C coordination mode is stable but why the other modes 
are not isolated in the Co(1) complex, (b) to clarify the driving 
force necessary to distort carbon dioxide from its equilibrium linear 
structure to the bent one in the Co(1) complex, and (c) to delineate 
the effect of an alkali-metal countercation on the CO, coordination. 
It is also our intention with this work to summarize the results 
of MO studies of transition-metal carbon dioxide complexes and 
to present general rules for predicting the coordination mode by 
considering the nature of the metal center. 
Computational Details 

All-electron ab initio MO calculations of [Co(alcn),]-, [Co(alcn),- 
(C02)] - ,  and Li[Co(alcn),(CO,)] were carried out with two different 
basis sets by using the IMSPAK15 and A S T E R I X ' ~  program systems. In a 

(15) Morokuma, K.; Kato, S.; Kitaura, K.; Ohmine, I.; Sakai, S.; Obara, S. 
Program 0372, IMS Computer Program Library, The Institute for 
Molecular Science, 1980. This program was used after minor modifi- 
cation by S.S. 

(16) Btnard, M.; Dedieu, A.; Demuynck, J.; Rohmer, M. M.; Strich, A,;  
Veillard, A,, unpublished work. 
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Figure 1. Geometry of Co(1)-C02 complexes examined here: underline, 
optimized value; [ 1, experimental value; (), assumed value. (a) N o  local 
minimum was found in this region examined. (b) The geometry of the 
C 0 2  part was optimized at  d = 2.0 8,. 

smaller basis (SB) set, a (12s 7p 5d) primitive set contracted to [5s 3p 
3d],I7 the usual 4-31G, and the 31G basis sets" were used for the cobalt, 
the first-row, and the hydrogen atoms, respectively. Geometry optimi- 
zation and preliminary investigation of Co(I)-CO2 complexes were 
carried out with this basis set. A larger basis (LB) set was employed for 
an energetic comparison of various structures and a discussion of the 
bonding nature. In the LB set, a (14s 9p 5d) primitive set was contracted 
to [6s 4p 3d] for c0ba1t.l~ Standard (9s 5p) and (4s) sets20 were con- 
tracted to [3s 2p] and [Zs] for the first-row and hydrogen atoms, re- 
spectively. For the lithium atom, a (9s 4p) primitive set was constracted 

A closed-shell singlet state was assumed for [C~(a lcn )~ ] - ,  [Co- 
(al~n)~(CO,)]-, and Li[C~(alcn)~(CO,)], as described in our preliminary 
work,22 since diamagnetism has been experimentally reported in Na-  
[ C o ( R - ~ a l e n ) ] , ~ ~  Na[Co(R-salen)(C02)], and Na[Co(R-salen)(py)- 
(C02)]23 (py = pyridine). 

The structures of Co(I)-CO2 complexes examined here are displayed 
in Figure 1. Some geometrical parameters important for the carbon 
dioxide coordination were optimized, while the remaining geometrical 
parameters of the Co(alcn), moiety were taken from appropriate refer- 
ences and fixed during optimization. For instance, the geometries of the 
CoN202  core and the alcn ligand were taken from the experimental 
structures of K [ C ~ ( P r - s a l e n ) ( C O ~ ) ] ~ ~  and [ C o ( ~ a l e n ) , ] ~ ~  (salen = bis- 
(salicylaldehyde) ethylenediimine), respectively, assuming a planar 
structure of the C o ( a 1 ~ n ) ~  part. In the 7I-C mode, the Co-C and C-0  
distances and the OCO angles were optimized independently, assuming 
a Cs symmetry4b and equal C-O bond distances (Figure lA).25a In the 

to [3s 2p] .21 

The original set of (12s 6p 4d) presented by Roos-Veillard-Vinot was 
augmented by a primitive p function (exponent l =  0.1 18 259) and a 
diffuse d primitive function with an exponent proposed by Hay: Roos, 
B.; Veillard, A.; Vinot, G. Theoret. Chim. Acta 1971, 20, 1. Hay, P. 
J. J .  Chem. Phys. 1977, 66, 4377. 
Ditchfield, R.; Hehre, W. J.; Pople, J. A. J.  Chem. Phys. 1971, 54, 724. 
Hyla-Kryspin, I.; Demuynck, J.; Strich, A.; Bbnard, M. J .  Chem. Phys. 
1981, 75,3954. The original (13s 7p 5d) set was modified by adding 
an s primitive (l = 0.3572), two p primitives ( r  = 0.2728, 0.0886), and 
a d primitive (r = 0.1 173), where these exponents were estimated from 
the even-tempered criterion. 
Huzinaga, S. "Approximate Wavefunction", Technical Report, Univ- 
ersity of Alberta, 1971. 
Primitives for the s function were taken from ref 20, but primitives for 
the p function were from the work of: Dunning, T. H.; Hay, P .  J. In 
Method of Electronic Structure Theory; Schaeffer, H. F., Ed.; Plenum: 
New York, 1977; p. 23. 
Sakaki, S.; Dedieu, A. J.  Organomet. Chem. 1986, 314, C63. 
Floriani, C.; Fachinetti, G. J.  Chem. Soc., Chem. Commun. 1974, 615. 
Schaefer, W. P.; Marsh, R. E. Acta Crystallogr., Sect. B Struct. 
Crystallogr. Cryst. Chem. 1969, 825, 1675. 
(a) A rotation of C02 around the Co-C bond was not examined here, 
considering the rather large size of [C~(alcn)~(CO,)]-. The orientation 
of the C 0 2  li and was assumed to be the same as that in K[Co(R- 
~a len ) (CO~) ]?~  (b) The length of the C = O  bond was optimized to be 
1.158 A with the 4-31G set, which is very close to the experimental 
value. Sutton, E.,  Ed. Tables of Interatomic Distances and Configu- 
rarions in Molecules and Ions; Special Publication No. 18; The Chem- 
ical Society: London, 1965. 
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Figure 2. Variation of total energy and energy level of d orbitals near 
the H O M O  as a function of the R(Co-0) distance in the 7'-C end-on 
mode (see note a). (a) The small basis set is used. (b) AE = E,{[Co- 
(alcnMCO2)I-I - EtI[Co(alcn)2l-I - Et(C02). 

7' side-on mode, the coordinated C=O bond was placed on the xz plane 
perpendicularly to the z axis. The coordinated C=O bond length and 
the OCO angle of carbon dioxide were optimized at R = 2.0 and 2.5 8, 
(see Fi ure 1B for R) ,  while the other C=O bond length was kept at 
1.160 1 (the experimental value of carbon In the 7 ' - 0  
end-on mode, the C 0 2  ligand was placed on the z axis perpendicularly 
to the Co(alcn), plane, assuming the two C=O bond distances to be 
1.160 8, and varying only the Co-0 distance. Although the examination 
of this mode seems rather brief, it was found certainly that this mode is 
unlikely even in a local minimum, as will be described later. 

To investigate the nature of the bonding, the energy decomposition 
analysis (EDA), proposed by Morokuma et a1.?6 was applied here. Since 
this EDA method has been reported elsewhere,26 only its outline is given 
here. The total complex, [C~(alcn)~(CO,)]- ,  is considered to consist of 
two fragments, the [ C ~ ( a l c n ) ~ ] -  part and the C 0 2  ligand. The binding 
energy (BE), the deformation energy (DEF), and the interaction energy 
(INT) are defined, as follows: 

BE = ~tI[Co(alcn)*(CO2)1-)0,, - Et{[Co(alcn),I-l - E,(C02), 

DEF = Et(C02)dat - Et(C02)cq 

= DEF + INT (1) 

(2) 

(3)  INT = E,([Co(alcn)2(C02)l-lopt - Et{ [Co(aW21-) - Et(C02)dat 

The subscripts "eq" and "dist" denote the equilibrium structure and 
distorted structure, respectively (note that C 0 2  is distorted in the Co- 
(I)-C02 complex). INT is then divided into several terms 

INT = E S  + EX + FCTPLX + BCTPLX + R (4) 

i.e. electrostatic (ES), exchange repulsion (EX), forward charge transfer 
from C 0 2  to [ C ~ ( a l c n ) ~ ] -  (FCTPLX), back charge transfer from [Co- 

(26) (a) Morokuma, K. Acc. Chem. Res. 1977, 10, 294. (b) Kitaura, K.; 
Morokuma, K. Inf .  J.  Quantum. Chem. 1976, 10, 325. (c) Kitaura, K.; 
Sakaki, S.;  Morokuma, K. Inorg. Chem. 1981, 20, 2292. 
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Figure 3. Energy changes along the dissociation path of the C02 ligand 
in the q2 side-on [ C ~ ( a l c n ) ~ ( C O ~ ) ]  (A) and along the linear transit 
between the q'-C mode and the 72 side-on mode of [Co(alcn),(CO,)] (B). 
(a) SB = small basis set. LB = larger basis set. See the text (compu- 
tational details) for SB and LB. (b) The zero of energy for the separate 
molecules. (c) Zero of energy refers to the 7'-C mode. 

to COz (BCTPLX), and a higher order remaining term (R).27 

Results and Discussion 
Preliminary Investigation of Three Coordination Modes. The 

optimized structure of the 7'-C mode agrees well with the ex- 
perimental structure, as shown in Figure 1A. The binding energy 
of C 0 2  in this coordination mode is calculated to be 6.2 kcal/mol 
by using the LB set.28a This value seems rather small for a usual 

(27) Carbon dioxide has the Lewis acidic center on the carbon atom and the 
Lewis basic center on the oxygen atom. In the VI-C mode, the acidic 
center interacts with the cobalt of [Co(alcn),]-. In this light, the for- 
ward charge transfer might be defined as the charge transfer from 
[C~(a lcn)~] -  to C 0 2  strictly speaking. However, the usual definitions 
of FCTPLX and BCTPLX are used to avoid the confusion with the 
general concept that the coordinate bond is mainly formed by the charge 
transfer from ligand to metal. 

(28) (a) An MO calculation with the SB set yields a binding energy of 13.6 
kcal/mol. In this calculation, the basis set superposition error (BSSE) 
of the VI-C mode was estimated to be 14.5 kcal/mol with the ghost 
orbital (GO) methodz9 and 4.2 kcal/mol with the ghost virtual orbital 
(GVO) method.30 The true value of BSSE would lie between these two 
values, since the GO method overestimates the BSSE. A small binding 
energy is, therefore, expected for this mode. (b) The BSSE value for 
the LB set should be smaller than the value for the SB set. The value 
of 20.0 kcal/mol for the binding energy would not be significantly 
decreased after correction of the BSSE. 

,k+ I 
I _  

[ ~ o ( a ~ c n ) ~  J-  CQ2 

Figure 4. Schematic orbital correlation diagram and the important 
four-electron destabilizing interactions for the 7'-0 end-on mode. 
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coordination bond. The presence of the Li' cation, however, leads 
to a greater value of ca. 20 kcal/mol (in the LB set calculation).28b 
Thus, it is reasonably concluded that the 7I-C mode is a stable 
coordination mode and that a Li+ countercation plays an important 
role in stabilizing this complex. 

The potential energy curve of the q l - 0  end-on mode, computed 
with the SB set, is shown as a function of the distance R between 
cobalt and oxygen atoms in Figure 2 (see Figure 1C for the 
definition of R) .  This curve is apparently repulsive in the range 
of R = 2.1-2.5 A, although the SB set tends to overestimate the 
binding energy. The lengthening of the C=O bond was examined, 
in order to consider the weakening of the C=O bond upon co- 
ordination. Such calculations, however, resulted in further de- 
stabilization by ca. 4 and 6 kcal/mol for the lengthening (0.05 
A) of one and two C=O bonds, respectively. We cannot rule out 
the possibility that some binding energy would be found at an R 
distance longer than 2.5 A. But, the interaction between cobalt 
and carbon dioxide would be very weak for such a long distance 
and would not correspond to a normal coordination bond. Thus, 
the q l - 0  end-on mode appears to be unlikely in the Co(1) complex, 
which will be supported later by an orbital interaction diagram. 

The potential curve for the q2 side-on mode is repulsive (see 
Figure 3A).31a The fact that the q2 mode is less stable than the 
7'-C mode is also well exemplified by the conversion to the 7'-C 
mode from the q2 mode in which the geometry change was 

(29) Boys, S. F.; Bernardi, F. Mol. Phys. 1970, 19, 553 .  Ostlund, N. S.; 
Merrifield, D. L. Chem. Phys. Lett. 1976, 39, 612. 

(30 )  This idea has been proposed in the following papers: Petterson, L.; 
Wahlgren, U. Chem. Phys. 1982, 69, 185.  Bagus, P. S.; Herman, K.; 
Bauschlicher, C. W. J .  Chem. Phys. 1984,80, 4378;  1984, 81, 1966. 
Bauschlicher, C. W.; Bagus, P. S .  J .  Chem. Phys. 1984, 81, 5889.  

( 3 1 )  (a) The reoptimization of the C 0 2  part at R = 2.5 8, resulted in a very 
small binding energy of 2 kcal/mol (the SB set calculation). The BSSE 
value was, however, estimated to lie between 6.8 and 2.4 kcal/mol, 
which were calculated by the GO and GVO m e t h o d ~ , ~ ~ J ~  respectively. 
Even the smaller value of BSSE cannot lead to the binding energy for 
the C 0 2  coordination after correction of the BSSE. (b) In the q2 mode, 
the distance R was taken to be 2.02 8, (the same distance as that of the 
7'-C mode) and the geometry of the CO ligand was assumed to be the 
same as the optimized one at  R = 2.0 A (differences in the structure 
and energy between R = 2.0 8, and R = 2.02 8, are not expected to be 
large). Both the geometry change modeled by a linear transit and the 
assumed geometry of the 7' mode seem rather arbitrary. In this light, 
the conversion to the 7I-C from the q2 mode must be examined in more 
detail, in future. However, it ap ears to reasonably conclude that the 

zation was not found in a normal coordinating distance, as described 
above. 

q2 mode is less stable than the 7 7 -C mode, since any effective stabili- 
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Figure 5. Four-electron destabilizing interactions in the 9l-C mode and 
v2 side-on mode. 

modeled by a linear transit between these two limiting structures.31b 
The total energy given in Figure 3B shows a continuous decrease 
on going to the 7'-C mode from the v2 mode, again suggesting 
that the 72 side-on mode does not even remain in a local minimum 
and is less stable than the 7'-C mode. 

From these results, we can draw a reasonable conclusion that 
the VI-C mode is the only stable coordination mode in the d8 
[ C o ( a l ~ n ) ~ ( C O ~ ) ] -  complex. 

Why Is the 8'-0 End-On Mode Unstable? Before starting a 
discussion of the three coordination modes, it is instructive to 
briefly examine important orbitals of carbon dioxide and [Co- 
(alcn),]-. In the C 0 2  ligand (Chart 11) the 0-end lone pair (4), 
the a (5), the nonbonding n a  (6), and the a* (7) orbitals are 
important for interaction with the transition metal, of which the 
first three are doubly occupied, the n a  is the HOMO, and the 
a* orbital is the LUMO. In the 7'-C and q2 side-on modes, the 
a, na, and A* orbitals are classified into two types, those belonging 
to the plane consisting of Co and C02 and the others being 
perpendicular to this plane. The former are expected to play a 
key role in the interaction between Co and C 0 2 ,  as will be dis- 
cussed later, and are denoted by q, n q ,  and a*ll. The latter are 
labeled T ~ ,  nr,, and a*L. [Co(alcn),]- has a HOMO, mainly 
composed of the Co dz2 orbital, at a rather high energy level, -2.36 
eV (the LB set calculation). The Co d, and dyz orbitals lie lower 
in energy than the HOMO by ca. 0.6 eV. The empty Co 4s and 
4p, orbitals, which might be important for th'e charge-transfer 
interaction from CO, to Co, are found remarkably high in energy 
above some A* orbitals of the alcn ligand, suggesting a very weak 
Lewis acidity for the [Co(alcn),]- system. 

From symmetry considerations, the 7 ' - 0  end-on mode is ex- 
pected to involve several u-type interactions between the lone pair 
( lp )  of C 0 2  and Co 3d,2, 4s, and 4p, orbitals and also a-type 
interactions between CO, a, na, and a* and Co d, orbitals. 
Stabilizing interactions arise from the C 0 2  l p C o  4s, CO, I p C o  
4p,, and CO, r*-Co d, pairs, whereas destabilizing interactions 
arise from the CO, ZpCo dz2, CO, a-Co d,, and CO, na-Co d, 
pairs. Both the d, and dZ2 orbitals of cobalt are calculated to be 
raised in energy by the coordination of CO, (see the lower part 
of Figure 2). Also, C 0 2  approaching Co hardly stabilizes the lone 

- 
Edm: -3.04 eVa) E ~ z  = -2.36 e v a )  

( A )  l ' - C  mode (B) 72-Side on 

Figure 6. Important charge-transfer interactions in the 9'-C mode and 
?* side-on mode. (a) Orbital energy in [C~(alcn)~]-. The LB set is used. 

Table I. Changes in Electron Population Caused by the 
Coordination of Carbon Dioxide" and Energy Decomposition 
Analysis of the Interaction between CO, and [Co(alcn),]- (kcal/mol) 

9'-C mode 
T~ side onb bent C02c linear C02d 

Electron Populations 
co -0.18 -0.40 -0.24 

S +0.04 +0.09 +0.04 

d -0.23 -0.43 -0.17 
dl2 -0.07 -0.63 -0.24 

P +0.01 -0.07 -0.10 

dx, -0.19 0.08 0.04 
co2 +0.28 +0.71 +0.31 

BE 
DEF 
INT 

ES 
EX 
FCTPLX 
BCTPLX 
R 

Energies 
27.0 -6.2 
16.0 49.2 
11.0 -55.4 
-85.2 -67.9 
147.6 103.8 
-14.9 -12.1 
-34.1 -53.0 
-2.4 -26.2 

54.8 
13.1 
41.5 
-83.7 
170.2 
-10.8 
-29.1 
-5.1 

"The LB set is used. bThis structure is the same as that of q2 side 
on given in Figure 1B. cThe optimized geometry. dOnly the OCO 
angle is changed to 180° from the optimized structure. 

pair ( l p )  and n a  orbitals.32 Furthermore, the antibonding in- 
teractions are found in the Co d, and do orbitals, as shown in the 
right half of Figure 4. These results, suggesting that the de- 
stabilizing interactions are predominant, are well explained by 
a schematic picture of the orbital interaction diagram sketched 
in Figure 4. A characteristic of this diagram is two pairs of 
four-electron destablizing interactions, one between the Co dzz 
orbital and the lone pair of C 0 2  and the other between the Co 
d, orbital and the n a  orbital of C 0 2 .  Such an unfavorable sit- 
uation arises from the presence of high-lying occupied dZ2 and d, 
orbitals and the absence of a good accepting orbital in [Co(alcn),]-. 
From these results it is concluded that the Q'-0 end-on coordi- 
nation is repulsive owing to four-electron destabilizing interactions. 

Comparison of the ql-C Mode with the q2 Side-On Mode. Now, 
let us investigate why only the ql-C mode is stable and why the 
q2 side-on mode does not even remain in a local minimum. In 
the comparison of the VI-C mode with the q2 side-on mode, the 
four-electron destabilizing interactions will be examined first. As 
schematically shown in Figure 5 ,  the side-on mode involves four 
pairs of four-electron destabilizing interations, i.e. Co d,2-C02 
na , , ,  Co dZ2-CO2 a,,, Co d,-CO, nail, and Co d,-COz all. In 
the ql-C mode, on the other hand, two of them, the Co d,2-C02 
nail and Co d,,-COz all pairs, cannot cause a four-electron de- 
stabilizing interaction because of their symmetry properties (note 
that the orbitals belonging to the same symmetry can contribute 
to the orbital interaction). Consequently, the $-C mode suffers 
less from the four-electron destabilization than the T* side-on mode. 
This result is also corroborated by the energy decomposition 

(32) 6,, = -10.88 eV at Rc- = 2.5 8, and -10.78 eV at R,, = 2.1 A, 
6, = -16.35 eV at Rc4 = 2.5 8, and -16.44 eV at Rc4 = 2.1 A (the 
SI! set calculation). 
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analysis; as compiled in Table I, the EX repulsion, which includes 
the four-electron destabilizing interaction as a main contributor, 
is larger in the q2 side-on mode than in the 7’-C mode. 

In addition to the above-mentioned preferable situation, the 
ql-C mode receives remarkably large stabilization from an in- 
teraction between the Co dzz and COz r*ll orbitals (see Figure 
6) .  This interaction significantly decreases the electron population 
of the Co d,2 orbital and substantially increases the electron 
population of C 0 2  upon the C02 coordination, as shown in Table 
I. The q2 side-on mode also experiences similar charge-transfer 
interactions, one between the Co dZz and C02 T*,, orbitals and 
another between the Co d, and C 0 2  T*,, orbitals. They are rather 
weak, however; the Co dzz orbital cannot overlap well with the 

orbital of C02,  since the positive overlap between the Co d,z 
and carbon pT orbitals is significantly decreased by the negative 
overlap between the Co dZ2 and oxygen p, orbitals, as shown in 
Figure 6B. The Co d,, orbital cannot cause a strong charge- 
transfer interaction between Co and COz in spite of its good 
overlap with the orbital of COz, since this orbital lies lower 
in energy than the Co dzz orbital (see Figure 6B for the energy 
levels of these d orbitals). Reflecting the weakness of these 
interactions, the q2 coordination of COz leads to a smaller decrease 
in the Co atomic population and a smaller increase in the electron 
population of C 0 2  than the 7’-C coordination. This result is also 
supported by the energy decomposition analysis. The BCTPLX 
term includes a charge-transfer interaction between Co and C02 
as a main contributor. This term offers larger stabilization in the 
ql-C mode than in the q2 side-on mode (see Table I), indicating 
that the 7’-C mode can cause a stronger charge transfer from Co 
to COz than the qz side-on mode. 

The electrostatic interaction, on the other hand, disfavors the 
q’-C mode relative to the q2 side-on mode. The energy decom- 
position analysis clearly indicates that the ql-C mode receives 
smaller stabilization from the ES term than the q2 side-on mode 
(see Table I). This result can be easily understood by considering 
the following electron distribution of the interacting species. The 
carbon atom is positively charged (+0.73 e Mulliken charge), but 
the oxygen atom is negatively charged (-0.37 e) in carbon dioxide 
(distorted stucture). The cobalt atom is positively charged (+0.90 
e), in spite of a negative whole charge of [C~(alcn)~]-. In the ql-C 
mode, the carbon atom is placed near the cobalt atom, as shown 
in Chart 111 (8), yielding an electrostatic repulsion between them. 
In the q2 side-on mode, however, the electrostatic repulsion between 
cobalt and carbon atoms is compensated, to some extent, by the 
electrostatic attraction between cobalt and oxygen atoms, because 
both the carbon and the oxygen atoms interact with the cobalt 
atom (see 9 of Chart 111). 

In conclusion, the q’-C mode is stable due to the strong 
charge-transfer interaction between Co and C 0 2  and the weak 
four-electron destablizing interaction, in spite of the unfavorable 
situation found in the electrostatic interaction. The q2 side-on 
mode is, on the other hand, unstable in [C~(alcn)~(CO~)]- ,  because 
the strong four-electron destabilizing interaction cannot be ov- 
erwhelmed by the weak charge-transfer interaction and rather 
strong electrostatic interaction. 

The above discussion and results of a previous study13 of Ni- 
(PH3)2(C02) provide us with useful rules to predict the coordi- 
nation mode of C 0 2  in transition-metal complexes. When the 
metal part has a dZ2 orbital as the HOMO, the ql-C mode can 
yield a stronger charge-transfer interaction and suffers less from 
the four-electron destabilizing interaction than the qz side-on mode. 
As a result, the 7I-C mode is more stable than the q2 side-on mode. 

10 1 1  

Table 11. Effect of the Coexisting Li’ Cation on the C 0 2  
Coordination to [ C ~ ( a l c n ) ~ ( C O ~ ) ] - ~  

Mulliken population 
Li [Co(alcn) z- 

Li [ C ~ ( a l c n ) ~ ]  (C02)l 
I I1 I I1 

c o  25.88 25.90 25.47 25.50 
d 2  1.84 1.83 1.24 1.14 

COZ 22.63 22.68 
C 5.48 5.46 
01 8.60 8.68 
0 2  8.55 8.54 

Li 2.23 2.26 2.25 2.26 

“The LB set is used. See Figure lD,E for structures I and 11. 

From the point of view of the electrostatic interaction, the ql-C 
mode is inferior to the qz side-on mode, if the central metal is 
positively charged. In this light, the most desired situation for 
this mode is the presence of the HOMO mainly composed of a 
d, orbital and a low oxidation state of the metal. [Co(R-sal- 
e r ~ ) ( C o , ) ] - ~  and [RhCl(d iar~)~(CO2)] ,~  which are well-known 
as 0’-C-coordinated C 0 2  complexes, satisfy these conditions, 
because both have a ds-electron configuration of low oxidation 
state (+1) and their HOMO is mainly composed of the d12 orbital 
(see 10 of Chart IV). Consideration of these factors also supports 
the 7l-C mode inferred for [IrClzL3(COz)]- and [Fe(q-C,H,)- 
(CO)z(C02)]-,33,34 because the [IrC12L3]- and [Fe(q-C,H,)(CO),]- 
fragments have a d, type orbital as the HOMO (see 10 and 11, 
respectively, in Chart IV). 

When the metal part has a HOMO mainly composed of a d, 
orbital like Ni(PR3)2L (L = q2-ligand such as olefin, acetylene, 
COz, CS2 etc.), the g2 side-on mode is considerably stabilized by 
the r-type back-donative intera~ti0n.l~ However, if the metal has 
a doubly occupied d, orbital, a four-electron destabilizing inter- 
action arises from the overlap of the d, orbital with the a and n* 
orbitals of COz. Thus, the best situation for this mode is the 
presence of a d, orbital as the HOMO and an empty d, orbital 
pointing to the C 0 2  ligand. This situation is found in [Nb(q- 
C5H4Me)2(CH2SiMe3)(C02)] .5 The HOMO of the [Nb(q- 
C5H4Me)2(CH2SiMe3)] fragment is a d, type orbital, whereas 
the d, orbital is empty.35 M o ( P R ~ ) ~ ( C O , ) ~  also satisfies these 
two conditions, which seems an important reason that this complex 
is very stable in spite of coordination of two carbon dioxide 
molecules.’ Unfortunately, Ni(PR3)2(C02) has both doubly 
occupied d, and d, orbitals pointing to the C 0 2  ligand. Probably, 
this is one of the reasons that the q2 side-on structure of the 
complex deviates, to some extent, toward the ql-C structure3 (note 
that the Ni-C distance is shorter than the Ni-0 distance by 0.15 

Bending of the ql-C-Coordinated Carbon Dioxide. In all of the 
transition-metal carbon dioxide complexes whose structures have 
been verified experimentally$b the carbon dioxide is significantly 
bent from its equilibrium linear structure. This is one of the 
characteristic features of C 0 2  coordination. 

In [C~(alcn)~(CO,)]-, the linear structure of CO, does not yield 

A). 

~~~ 

(33) (a) Evans, G. 0.; Walter, W. F.; Mills, D. R.; Streit, C. A. J .  Orgu- 
nomer. Chem. 1978, 144, C34. (b) Grice, N.; Kao, S. C.; Pettit, R. J .  
Am. Chem. SOC. 1979, 101, 1627. (c) Lee, G. R.; Cooper, N. J Or- 
ganometallics 1985, 4, 194. 

(34) Bowman, K.; Deening, A. J.; Proud, G. L. J .  Chem. SOC., Dalton Tram. 
1985, 857. 

(35) Tatsumi, K.; Nakamura, A,; Hofmann, P.; Stauffert, P.; Hoffmann, R. 
J .  Am. Chem. SOC. 1985, 107, 4358. 
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Table 111. Energy Decomposition Analysis of the Interaction between Li+ and C02" (kcal/mol) 
INT ES EX PL(C02) CT(Li+C02) PL(Li) CT(C02-+Li) R 

-10.3 -8.5 9.9 -11.5 0 0 -1.8 +1.6 

"The LB is used. The structure of C 0 2  is taken to be the same as in [ C ~ ( a l c n ) ~ ( C O ~ ) ] - .  

any stabilization upon CO, coordination,36a as shown in Table I, 
while coordination of the bent COz offers moderate stabilization. 
This means that the bending of COz is essential for the formation 
of a stable Co(1)-CO, complex. The CO, bending significantly 
increases the electron population of CO, but remarkably decreases 
the electron population of the Co dZz orbital (see Table I). Such 
electron redistribution suggests that the bending of COz greatly 
enhances the charge transfer from the Co d,2 orbital to C02.36c 
This conclusion is also supported by an energy decomposition 
analysis, as follows. The BCTPLX term, which includes the 
charge transfer from Co to COz as a main contributor, yields much 
larger stabilization in the bent structure than in the linear one. 
The enhancement of this interaction by the bending is easily 
explained in terms of the orbital of C02. This orbital energy 
is greatly stabilized by the bending of CO,; for example, it lies 
at 3.0 eV in the linear structure but lowers to -0.5 eV in the bent 
one. Such energy lowering of the orbital yields a strong 
charge-transfer interaction between Co dlz and COz 

Besides the above-mentioned charge-transfer interaction, the 
four-electron destabilizing interaction also contributes to the 
driving force for the C 0 2  bending. As easily seen in Figure 5, 
the bending of CO, decreases two kinds of overlap contributing 
a four-electron destabilizing interaction, one between Co d,2 and 
CO, rI, orbitals and the other between Co d, and C02 nr l l  orbitals. 
Such decreases of these overlaps weaken the four-electron de- 
stabilizing interaction in the bent structure. The energy decom- 
position analysis also indicates that the bending of COz reduces 
destabilization from the EX term, as shown in Table I. 

Of the above-described two factors, the decrease in the EX 
repulsion is about 3 times as large as the increase in the BCTPLX 
stabilization, suggesting that the weakening of the four-electron 
destabilizing interaction contributes more to the COz bending than 
the enhancement of the charge-transfer interaction. In the case 
of Ni(PH3),(C02), the BCTPLX stabilization increases signifi- 
cantly upon the C 0 2  bending,36b as for [C~(a lcn)~(CO~)] - .  This 
enhancement of the charge-transfer interaction by the COz 
bending is explained easily in terms of energy lowering of the C 0 2  
r*ll orbital in this complex as well as in [ C ~ ( a l c n ) ~ ( C O ~ ) ] - .  A 
difference between Ni(PH3),(COz) and [C~(alcn)~(CO,)]-  is 
found in the EX term: in Ni(PH3),(COZ), the bending of CO, 
has been reported to weaken the EX repulsion to a lesser extent 
than it strengthens the BCTPLX stabilization.36b The Ni d, orbital 
overlaps little with the pT orbital of the noncoordinating oxygen 
atom in the q2 side-on mode (see Figure 4). Therefore, the bending 
of C 0 2  hardly decreases overlap between Ni  d, and COz n r l l  
orbitals and that between Ni  d, and CO, rll orbitals. Since the 
four-electron destabilizing interaction arises from these overlaps, 
the bending of COz weakens rather slightly the four-electron 
destabilization in the side-on mode. 

In summary, the driving force for the COz bending is essentially 
traced to the weakening of the four-electron destabilizing inter- 
action and secondarily to the enhancement of the charge-transfer 
interaction between Co and C 0 2  in the 7'-C mode. In the 
side-on mode, the driving force is the enhancement of the 
charge-transfer interaction supplemented by the weakening of the 
four-electron destabilizing interaction. 

(36) (a) In the linear structure, the OCO angle was assumed to be 180°, but 
the remaining geometrical parameters were taken to be the same as 
those of the optimized structure of Figure 1A. (b) Going to the bent 
structure from the linear one, the BCTPLX stabilization increases by 
29 kcal/mol but the EX repulsion decreases by 17 kcal/mol. (c) 
Hoffmann and co-workers have proposed previously that the CX2 co- 
ordination (X = 0 or S) can be made possible if CX2 is promoted to 
an excited ~ t a t e . ' ~  Their proposal is similar to our explanation given 
here, since the K * ~ ~  orbital of C 0 2  is populated and CO, is bent in the 
excited state. 

Role of the Coexisting Li+ Cation in the COz Coordination. In 
M [Co(R-salen)(CO,)], an interaction between the acidic alka- 
li-metal cation and the basic oxygen atom of carbon dioxide has 
been proposed to play an important role in the COz ~oordination.~ 
To investigate the role of an alkali-metal cation, MO calculations 
were carried out on Li[Co(al~n)~]  and Li[C~(alcn)~(CO,)]. Both 
Li[Co(R-salen)] and Li[Co(R-salen)(COZ)] have been isolated, 
and the latter has been described as coordinating CO, the most 
strongly among the Li+, Na+, and K+ analogues.4b Since the 
position of Li+ in Li[Co(R-salen)(C02)] has not been reported, 
two types of structures were examined?' In structure I (Figure 
lD), the Li+ cation is placed at  the same position as in the ex- 
perimental structure of Li[Co(R-salen)] .4b In structure I1 (Figure 
lE), the Li+ cation is equidistant from the two oxygen atoms of 
the two alcn ligands and from one oxygen atom of carbon dioxide, 
as found experimentally for the position of K+ in K[Co(R-sal- 
en)(C0z)].4b In both calculations, the geometry of the Co- 
( a l ~ n ) ~ ( C O , )  moiety was assumed to be the same as in the op- 
timized structure without Li+. 

The binding energy for CO, coordination38a is calculated to be 
5.8 kcal/mol in structure I and 20.0 kcal/mol in structure II,38b 
while moving Li+ from the position in I to that in I1 in Li[Co- 
( a l ~ n ) ~ ]  causes a very small destabilization of only 2 kcal/mol 
(see Table 11). In spite of a great difference in the binding 
energies between structures I and 11, only small differences are 
found in the electron populations between these two structures, 
except for the dZ2 orbital population of cobalt (see Table 11); the 
COz coordination decreases the dZ2 orbital population by 0.69 e 
in structure I1 and by 0.60 e in structure I. Also, the electron 
population of CO, is somewhat larger in structure I1 than in 
structure I. These differences found between the two structures 
suggest that the charge-transfer interaction between Co d,2 and 
C 0 2  a*ll is stronger in structure I1 than in structure I. The weak 
charge-transfer interaction of structure I is probably due to the 
fact that in this structure the Li+ cation would stabilize the cobalt 
dzz orbital in energy more than it would the r*ll orbital of CO, 
because of its position near Co. In the structure 11, since the Li+ 
cation is equidistant from CO, and [Co(alcn),], both the CO, r* 
and the Co d t  orbitals become stable in energy to a similar extent. 
Thus, the Li+ cation hardly weakens the charge-transfer interaction 
in structure I1 but weakens it in structure I, which seems one of 
the important reasons for the displacement of the Li+ cation. 

The electron population of Li+ exhibits little change upon the 
coordination of C 0 2  in both structures I and 11, as shown in Table 
111. The energy decomposition analysis of the interaction between 
the naked Li+ and C 0 2 9  exhibits the importance of ES interaction, 
EX repulsion, and polarization of CO, by Li+ (Table 111). The 
absence of an effective charge-transfer interaction accords with 

(37) Two kinds of Kf cation, K,' and K2+, are found in K[Co(R-sa1en)- 
(CO,)]: The KIC cation interacts with carbon dioxide and R-salen (see 
Figure lD,E). The K2+ cation is surrounded by four oxygen atoms of 
two carbon dioxides and two oxygen atoms of two R-salen's (see Figure 
1 of ref 4b). We have investigated only the former type of alkali-metal 
cation, which has been described to be. more important than the latter.4b 

(38) (a) The binding energy is defined as follows: E,(Li[Co(al~n)~(C0~)]]~,~~ 
- E,(Li[C~(alcn)~]-], - Et(CO&, where the subscripts I and I1 denote 
"structure I" and "structure II", respectively. (b) MICo(R-salen)(COz)] 
is synthesized in tetrahydrofuran (THF), pyridine (py), or toluene. In 
the cases of THF and py solutions, the solvation cannot be neglected, 
which means that the calculated binding energy is overestimated owing 
to no consideration of solvent. Nevertheless, the effect of Li+ is con- 
sidered to be reasonably explained in a qualitative sense, at least. 
Furthermore, the solvation does not seem important for the C 0 2  coor- 
dination, since toluene can be used as solvent. 

(39) The positions of Li+ and CO, are taken as being the same as in structure 
I1 of Li[Co(alcn),(CO,)]. 

(40) Unfortunately, the energy decomposition analysis for the interaction 
between [C~(alcn)~]-  and COz was unsuccessful in the presence of Li'. 
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the observation tha t  the Li atomic population hardly changes upon 
C 0 2  coordination in Li[C~(alcn)~(CO)~] (see T a b l e  11). 

In conclusion, the presence of an alkali-metal  cat ion is found 
to  enhance the coordination of carbon dioxide by the electrostatic 
a t t ract ive interaction between Li* and C02  and the polarization 
of C 0 2  by Li+. 
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The synthesis and electronic, infrared, Raman, and resonance Raman spectra of the linear-chain complexes [Pt(trans- 
dach)X2] [Pt(trans-dach)X4] (X = CI, Br; dach = 1,2-diaminocyclohexane) are reported. The electronic spectra are characterized 
by broad, intense intervalence bands at  ca. 25 000 cm-' for X = CI and ca. 18 200 cm-' for X = Br. The temperature dependences 
of the infrared and resonance Raman spectra are discussed with particular reference to the Raman-active vi, v,(X-Pt"'-X) mode 
and the role of unresolved components of this band in determining (a) the dependence on the exciting line of the v ,  band wavenumber 
and (b) the excihtion profile of vi. 

Introduction 
The complexes under study here,  of stoichiometric formula 

Pt( t rans-dach)X3,  where  X = C1 or Br  and dach = 1,2-di- 
aminocyclohexane, were synthesized as part  of continuing research 
into the an t i tumor  activity of dihalo-amine complexes of plati- 
num.I4 A X-ray study5 of Pt(trans-dach)C13 has indicated tha t  
the structure could be refined equal ly  well in the space g roup  
Pmnm (centrosymmetric, with a disordered C1- above and below 
the PtC12N2 plane) or in Pmn21 (noncentrosymmetric, 5-coordinate 
platinum(II1)).  The present spectroscopic study removes t h e  
ambigui ty  in favor  of t h e  former. 

Additionally the temperature dependence of the  Raman spectra, 
specifically t h e  exciting-line dependence of t h e  wavenumber of 
v I ,  v,(X-PtIV-X), and the form of its excitation profile are dis- 
cussed in t e rms  of relative intensity changes in unresolved com- 
ponents of vl. 

Experimental Section 
(i) Preparations. Materials. K2[PtC14] was purchased from Johnson 

Matthey, Seabrook, N.J., and 1,2-diaminocyclohexane, from Aldrich 
Chemical Co. trans-(+)-S,S-dach and trans-(-)-R,R-dach were pur- 
chased from Alfa Thiokol/Ventron Division, Danver, MA 01923. 

Methods. Dihalo( 1,2-diaminocyclohexane)platinum(II), sulfato- 
platinum(I1)-water, sulfato(trans-(+)-S,S)-1,2-diaminocyclohexane)- 
platinum(I1)-water, and sulfato(trans-(-)-(R,R)-1,2-diaminocyclo- 
hexane)platinum(II)-water were prepared by established  method^.^^^.' 

The (+)-S,S- and (-)-R,R-(trans-dach)PtX, complexes were syn- 
thesized by mixing stoichiometric quantities of the appropriate [Pt"- 
(trans-dach)(S04)] and [Pt'V(trans-dach)(S04)X2] in water, in the 
presence of excess of sodium halide. 

Pt(trans-dach)CI, was synthesized by adding [Pt(trans-dach)CI,], 
prepared from a racemic mixture of the trans amine, to concentrated HCI 
and heating for several hours. 

All of the complexes were washed with acetone and diethyl ether and 
finally dried in vacuo. 

University College London. 
*The University of Texas M. D. Anderson Hospital and Tumor Institute 

at Houston. 
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Anal. Calcd for [Pt(trans-(+)-S,S-dach)Br2] [Pt(trans-(+)-S,S- 
dach)Br4]: C ,  13.11; H, 2.55; N ,  5.10; Br, 43.71. Found: C, 13.63; H, 
2.90; N ,  5.25; Br, 42.33. Calcd for [Pt(trans-(-)-R,R-dach)Br2] [Pt- 
(frans-(-)-R,R-dach)Br4]: C, 13.1 1; H, 2.55; N, 5.10. Found: C, 13.64; 
H, 2.26; N ,  5.02. Calcd for [Pt(trans-(+)-S,S-dach)CI2] [Pt(trans- 
(+)-S,S-dach)C14]: C,  17.32; H ,  3.37; N, 6.73. Found: C, 17.53; H,  
3.30; N, 6.69. Calcd for [Pt(trans-(-)-R,R-dach)C12] [Pt(trans-(-)-R,- 
R-dach)CI,]: C, 17.32; H, 3.37; N, 6.73. Found: C, 17.14; H,  3.34; N, 
6.45. Calcd for [Pt(dach)CI2][Pt(dach)Cl4]: C, 17.32; H,  3.37; N, 6.73. 
Found: C, 17.24; H, 3.42; N, 6.61. 

(ii) Instrumentation. Electronic spectra were recorded on a Cary 14 
spectrometer a t  295 K as Nujol mulls of the samples between quartz 
plates. 

Infrared spectra were recorded in the region 650-20 cm-', as wax disks 
of the complexes, with a Bruker IFS 113V interferometer. An RIIC 
liquid-nitrogen cryostat was used to obtain spectra at ca. 80 K. 

Raman spectra were recorded on a Spex 14018/R6 spectrometer. 
(RCA C 3 1034A photomultiplier). Exciting radiation was provided by 
Coherent Radiation Model C R  12 and CR 3000 K lasers. Samples were 
in the form of pressed disks, either of the pure complex or of a mixture 
with K2[S04].  Raman spectra were recorded at  ca. 40 K on an Air 
Products Displex Cryostat and at ca. 80 K with use of liquid nitrogen and 
a Dewar assembly. The usual technique for determining sample tem- 
peratures via Stokes/anti-Stokes ratios is invalid at resonance, and the 
use of a thermocouple would require that it be placed at  the focal point 
of the laser beam on the crystal surface-a technical impossibility for 
Raman measurements. Thus, only nominal sample temperatures can be 
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