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Abstract: By using Density Functional Theory (DFT) for the description of the initial stages of the reaction between Lewis 
acid A and Lewis base :B, an expression for the amount of charge transfer is obtained. With this expression, it is shown that 
for the soft acid-soft base interaction this amount of charge transfer is controlled by the frontier orbitals, thus confirming 
the exclusive role frontier orbitals play in chemical reactivity. 

Motivation 

Density Functional Theory (DFT) proved to be a very valuable 
tool in providing a solid foundation for the basic concepts used 
in chemical reactivity theory. It is rather obvious that quantities 
like ionization potential (/) and electron affinity (A) are of primary 
importance for processes involving electron transfer. It was already 
realized by Mulliken that the linear combination in the form 

X = V2(I + A) (D 
is characteristic of an escaping tendency for the electrons and 
therefore x may serve as a basis for an electronegativity scale.1 

DFT confirmed this conclusion by identifying the finite difference 
formula for chemical potential ix = (8E/dN)v with the negative 
of the Mulliken electronegativity.2 Moreover, using DFT ar
guments Parr and Pearson were able to recognize the importance 
of a second derivative of E vs. N. The finite difference formula 
for this second derivative 

-K$.-K£).-b-o (2) 

was identified by them as an operational definition of an absolute 
hardness.3 Therefore, DFT provided a quantitative measure for 
a qualitative concept that was so successfully used in a description 
of Lewis acids and bases.4 Parr and Pearson also derived simple 
(but very valuable) expressions for the amount of charge transfer 
AiV and energy change AE which accompany the formation of 
A:B complex from acid A and base :B. These expressions are 

AN = 
XA XB" 

2(»7A + VB) 

AE = 
<XA X B 0 ) 2 

4(fA + VB) 

(3) 

(4) 

Although eq 3 and 4 are incomplete, they have a great value 
in trying to predict a global change during the reaction with a 
minimum number of parameters. The shortcomings of eq 3 and 
4 are known and were pointed out in the original derivation.3 Thus 
the dependence of the chemical potential on the changing external 
field was neglected. Also, stereoselectivity of the reaction is not 
manifested through these expressions. 

An extended version of eq 3 and 4 was obtained by Pearson5 

using a semiempirical molecular orbital approach. For example, 
for a two-atom two-electron system in which there is a bonding 
between A and B, the analogues of eq 3 and 4 are 
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AN = 
XA" - XB" 

2(I,A + U B ) - I / * - 2 0 / W V B ) 1 ' 2 

- ( X A 0 - XB 0 ) 2 

AE = 
4[(I>A + 1 B ) - l/R + 20] 

(5) 

(6) 

In (5) and (6) 7? is the internuclear separation and /3 is the 
resonance integral.5 For a fixed R, fi is fixed and eq 5 and 6 have 
a form of eq 3 and 4. But according to the derivation in ref 5, 
AN and AE given by eq 5 and 6 are optimal changes along the 
reaction coordinate and therefore we are justified in considering 
them to be actual changes along this coordinate. In other words, 
AE and ATV in (5) and (6) can be considered as functions of R. 
With this interpretation in mind, the orientational selectivity of 
the reaction is included in (5) and (6) through the exchange 
integral /3. Therefore it may seem that MO theory can explain 
orientation and stereoselectivity of the reaction, while DFT is not 
able to do it. In what follows, we want to show that this is not 
the case. DFT is perfectly capable of explaining stereoselectivity. 
Moreover, it underlines the importance of frontier orbitals in this 
selectivity. 

Density Functional Theory Description 
Electronegativity and hardness defined by eq 1 and 2 are global 

quantities describing molecules. Understanding stereoselection 
requires quantities with local character. The first of such quantities 
was introduced by Parr and Yang.6 The quantity they introduced 
depends on the orientational properties and was therefore called 
frontier or fukui function,/(r), defined by eq 7. 

/(?) = 
<5/u 

Sv(T) 

Mr) 
dN 

(7) 

Combining eq 2 and 7 one gets for the change in chemical 
potential eq 8. 

d/x = Iv dN + Jf(f) dv(j) dr (8) 

This equation plays a prominent role in our discussion. 
Consider a reaction between Lewis acid A and base :B. We 

shall consider the initial stage of the reaction so that even though 
we deal with one system A:B we still can distinguish two sub
systems, acid A and base :B. From a DFT viewpoint, A and B 
being parts of the same system have to have the same value for 
the chemical potential, i.e. 

MA = MB = MAB (9) 

Now consider some motion of the reactants along some reaction 
coordinate, so that there is an electron flow from B to A, subject 
to the constraint in eq 10. 

d/VA = -d/VB = dTV (10) 

During this motion the external potential acting on the electronic 
cloud in A or B also changes. All this results in a change of the 

(6) Parr, R. G.; Yang, W. J. Am. Chem. Soc. 1984, 106, 4049-4050. 
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chemical potential of A and B, but eq 9 remains valid. Therefore, 
for the change in chemical potential one can write 

dMA = 2VA dTVA + J / A ( ? ) dvA(r) df 

= 2?)B d/VB + J Z B O O duB(r) dr = djtB (H) 

Because we consider the reaction in its earlier stages, we can 
replace ?/, by ^ 0 a n d / b y / 0 , where n° a n d / 0 are absolute 
hardness and fukui functions, respectively, of a free molecule (A 
or B). Equation 9 suggests a close analogy between the description 
of chemical reactions by DFT and the description of phase 
equilibrium in thermodynamics. In this analogy, the advancement 
of chemical reaction is a motion along an equilibrium line in TV,y(r) 
space, while in thermodynamics the equilibrium line is in TJP 
space. The equation describing the equilibrium curve in ther
modynamics is the Clapeyron equation.7 Our eq 11 is the closest 
analogue to the Clapeyron equation in the DFT description of 
chemical reactivity. The close analogy between thermodynamics 
and density functional description was pointed out more than once 
recently.8 

In eq 11 dVA is the change of the external potential acting on 
A, while dKB is the same for B. In the first approximation two 
sources exist for a change in dVA. Therefore 

dVA = dK.O + dKA<2> (12) 

with the same equation for dVB. The first source for a change 
in VA is due to the motion of the nuclei 

dFA<»(?) = (IF1Cf) (13) 

where superscript n stands for nuclei. 
The second source for a change in VA is due to the electron flow 

from B to A 

d»A
(2)(?) = = f^dr 

with 

«PB(?0 
«PBC?') 

W* 
dTVB=ZB°(?')dTVB 

(14) 

(15) 

where the last equality in eq 15 follows from eq 7. The same 
applies to duB. From eq 11-15 one gets 

2»A° dTVA + J A 0 C O di;"(?) dr + 

T C r/AC(?)/B°(?0 ^ . , 1 J > r „ 
J J |f - r'| B = "B B 

r . c n j i n j , J c r/AWB°(?')drdr'1 J/B°(r) d»"(r) dr + ^ J J — j dTVA 

(16) 

Using charge conservation condition dTVA = -d/VB we get from 
the last equation 

[ ( 2 ^ 0 - Jf) + (2r,B° - Jx)] dN = 

J / B ° ( ? ) dv°(T) dr - J A 0 C O do"CO dr (17) 

In eq 17 

Jf 'Sf 
A0OOZB0O?') d? dr' 

I? - r\ 
(18) 

is the Coulomb integral between fukui functions. It is obvious 
that this Coulomb integral Jx has a strong orientational depen

dency. From eq 17 we get for dTV 

J[Z-A0CO-ZB0COIdO0COd? 
diV = (19) 

(2T,A° + 2„B°) - Ux
 K > 

Equation 19 is the final result in DFT language, but the analysis 
can be carried one step further. At this stage we use the ap
proximation to fukui functions in terms of frontier orbitals6 

ZA0 — PLUMO ZB0 — PHOMO (20) 

and therefore 

A0CO -A 0CO <* PAUMO - PSOMO = A/>(?) (21) 

The combination of eq 21 with eq 19 results in the final ex
pression for dTV 

dTV = 
jAp(r)Aun(f) dr 

' 2(VA° + VB" ~ Jf) 
(22) 

Equations 22 and 19 contain our final results. In these equations 
dN is the amount of electronic charge transferred between 
reactants during the small displacement along the reaction co
ordinate. As one can see from these equations the soft character 
of the reactants (TJA° and TJB° are small) facilitates such charge 
transfer, and the bonding has covalent character. Moreover, the 
orientational selectivity is evident in eq 22 and 19. The directional 
properties of frontier orbitals of both A and B determine the 
magnitude of Coulomb integral Jx and thus select the most fa
vorable reaction coordinate. For large overlap Jx increases and 
that causes more effective electron transfer. The numerator of 
eq 22 also underlines the covalent character of the bonding. It 
quantifies the change in electronic attraction energy toward the 
nuclei9 and indicates that during the reaction the electrons are 
redistributing themselves so that they can interact with nuclei more 
efficiently. The more efficient the redistribution is the stronger 
the covalent bonding is. 

Concluding Remarks 
Application of DFT to the description of the initial stages of 

the reaction between Lewis acid A and Lewis base :B results in 
a strongly orientation-dependent expression (eq 22) for the amount 
of electron transfer. This geometric dependence is dominated by 
the interaction of the frontier orbitals among themselves and with 
the nuclei (eq 19). Therefore DFT confirms the conclusion that 
frontier orbitals play a prominent role in the theory of chemical 
reactivity. One can see from eq 19 that frontier orbitals essentially 
control soft-soft reactions, where the bonding has covalent 
character. For hard-hard interactions dN is small and the reaction 
will be controlled by Coulomb interaction between the reagents.10 

Finally, we would like to make some comments on the com
parison of DFT results for the amount of electron transfer given 
by eq 3 and 19. Although they look somewhat similar, they 
describe different quantities. Thus eq 3 approximately describes 
the total amount of charge (ATV) transferred in the reaction be
tween Lewis acid A and Lewis base B, while eq 19 describes the 
differential amount of charge {dN) transferred during a small 
displacement of reactants along some reaction coordinate. 
Equation 19 and therefore eq 22 do not transform into eq 3. While 
deriving eq 3 one assumes that each reactant before the reaction 
is an independent system with its own chemical potential (elec
tronegativity). After the reaction both reactants acquire the same 
chemical potential due to the transfer of charge ATV. Thus eq 
3 estimates the amount of the charge transferred in the reaction 
and points out the direction of electron transfer. In deriving eq 
19, one considers from the start both reactants as a common 
system with a common chemical potential. During the small initial 
displacement along some path the chemical potential is changed, 

(7) Atkins, P. W. Physical Chemistry, 3rd ed.; W. Freeman and Co.: New 
York, 1986; p 140. 

(8) Parr, R. G. Amu. Rev. Phys. Chem. 1983, 34, 631-656. 

(9) Note that the minus sign in eq 19 takes care of the right direction of 
the electron flux. (Remember, the electron charge in DFT is positive.) 

(10) Klopman, G. / . Am. Chem. Soc. 1968, 90, 223. 



/ . Am. Chem. Soc. 1987, 109, 4825-4837 4825 

but in such a way that the equality of chemical potentials of the 
reactants is preserved. This results in a transfer of the charge 
described by eq 19 or 22. The amount of charge transferred is 
now having strong dependence on the structure and orientation 
of the reactants. 

Thus eq 3 and 19 illuminate different aspects of the acid-base 
reaction. The difference is reflected in different expressions for 
the numerator in eq 3 and 19. The common aspect of the 
equations is reflected by their denominator. Both equations show 
that soft-soft interaction facilitates the electron transfer, thus 

I. Introduction 
The extensive use of coordinatively saturated mononuclear metal 

carbonyls as starting materials in organometallic chemistry, along 
with their volatility and high molecular symmetry, has prompted 
numerous experimental1"3 and theoretical4,5 studies on their 

(1) (a) Kettle, S. F. A. Curr. Top. Chem. 1977, 71, 111. (b) Braterman, 
P. S. In Metal Carbonyl Spectra; Academic Press: London, 1975. (c) 
Mingos, D. M. P. In Comprehensive Organometallic Chemistry; Wilkinson, 
G., Stone, F. G. A., Abel, E. W., Eds.; 1982; Vol. 3, p 1. 

(2) (a) Lewis, K. E.; Golden, D. M.; Smith, G. P. J. Am. Chem. Soc. 1984, 
106, 3906. (b) Bernstein, M.; Simon, J. D.; Peters, J. D. Chem. Phys. Lett. 
1983, 100, 241. (c) Connor, J. A. Curr. Top. Chem. 1977, 71, 71. 

(3) (a) Rees, B.; Mitschler, A. J. Am. Chem. Soc. 1976, 98, 7918. (b) 
Beagley, B.; Schmidling, D. G. J. MoI. Struct. 1974, 22, 466. (c) Hedberg, 
L.; Lijima, T.; Hedberg, K. J. Chem. Phys. 1979, 70, 3224. (d) Jones, L. J.; 
McDowell, R. S.; Boldblatt, M. Inorg. Chem. 1969, 8, 2349. 

(4) (a) Guenzburger, D.; Saitovitch, E. M. B.; De Paoli, M. A.; Manela, 
J. J. Chem. Phys. 1984, 80, 735. (b) Baerends, E. J.; Ros, P. MoI. Phys. 1975, 
30, 1735. (c) Heijser, W.; Baerends, E. J.; Ros, P. J. MoI. Struct. 1980, 19, 
1805. (d) Bursten, B. E.; Freier, D. G.; Fenske, R. F. Inorg. Chem. 1980,19, 
1804. (e) Demuynk, J.; Veillard, A. Theor. Chim. Acta 1973, 28, 241. (f) 
Caulton, K. G.; Fenske, R. F. Inorg. Chem. 1968, 7, 1273. (g) Hubbard, J. 
L.; Lichtenberger, J. /. Am. Chem. Soc. 1982, 104, 2132. (h) Elian, M.; 
Hoffmann, R. Inorg. Chem. 1975, 14, 1058. (i) Saddei, D.; Freund, H. J.; 
Hohlneicher, G. Chem. Phys. 1981, 55, 1981. (j) Johnson, J. B.; Klemperer, 
W. G. J. Am. Chem. Soc. 1977, 99, 7132. (k) Chatt, J.; Duncanson, L. A. 
J. Chem. Soc. 1953, 2939. (1) Hillier, I. H.; Saunders, V. R. MoI. Phys. 1971, 
22, 1025. (m) Vanquickenborne, L. G.; Verhulst, J. J. Am. Chem. Soc. 1977, 
99, 7132. (n) Ford, P. C; Hillier, I. H.; Pope, S. A.; Guest, M. F. Chem. Phys. 
Lett. 1983,102, 555. (o) Burdett, J. K. /. Chem. Soc., Faraday Trans. 2 1974, 
70, 1599. (p) Penzak, D. A.; McKinney, R. J. Inorg. Chem. 1979, 18, 3407. 
(q) Osman, R.; Ewig, C. S.; Van Wazer, J. R. Chem. Phys. Lett. 1978, 54, 
392. (r) Serafini, A.; Barthelat, J. C; Durand, P. MoI. Phys. 1978, 36, 1341. 
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predicting covalent character for the bonding. 
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structure and reactivity. Special attention has been given to the 
degree of <r-donation and ir-oack-donation in the synergic4k M-CO 
bond, and now, after some controversy,^ it seems well-estab-
lished4b_g,5a'5e that ?r-back-donation is more pronounced in the 
M-CO bond than <r-donation. 

There is, however, in spite of many experimental2 investigations 
still a lack of basic data on the thermal stability and kinetic lability 
of the M-CO bond in essential metal carbonyls such as M(CO)6 

(M = Cr, Mo, W), M(CO)5 (M = Fe, Ru, Os), and M(CO)4 (M 
= Ni, Pd, Pt), in particular with respect to the carbonyls of the 
second- and third-row metals. 

Theoretical methods have begun to play a role in determining 
the energetics of organometallics58 and ab initio type methods have 
recently been applied to calculation on the M-CO bond strength 
of Cr(CO)6 ,5^ Fe(CO)5,53-^ and Ni(CO)4,

5a-f but not yet to the 
M-CO bond strengths of their second- and third-row homologues. 

We shall here present calculations on the intrinsic mean bond 
energy Z)(M-CO) and first CO dissociation energy AH of Cr-
(CO)6, Fe(CO)5, and Ni(CO)4 as well as their second- and 
third-row homologues. Our calculations are based on the LCAO 
program system of Baerends et al.6 as well as a new density 

(5) (a) Bauschlicher, C. W.; Bagus, P. S. J. Chem. Phys. 1984, 81, 5889. 
(b) Luthi, H. P.; Siegbahn, P. E. M.; Almlof, J. J. Phys. Chem. 1985, 89, 
2156. (c) Daniel, C; Benard, M.; Dedieu, A.; Wiest, R.; Veillard, A. J. Phys. 
Chem. 1984, 88, 4805. (d) Sherwood, D. E.; Hall, M. B. Inorg. Chem. 1983, 
22, 93. (e) Baerends, E. J.; Rozendaal, A. NATOASI1986, Series C, 176, 
159. (f) Rosch, N.; Jorg, H.; Dunlap, B. I. NATOASI1986, Series C, 176, 
179. (g) Veillard, A., Ed. NATO ASI1986, Series C. (h) Rolfing, C. M.; 
Hay, P. J. J. Chem. Phys. 1985, 83, 4641. 

Thermal Stability and Kinetic Lability of the Metal-Carbonyl 
Bond. A Theoretical Study on M(CO)6 (M = Cr, Mo, W), 
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Tom Ziegler,* Vincenzo Tschinke, and Charles Ursenbach 

Contribution from the Department of Chemistry, University of Calgary, 
Calgary, Alberta, T2N 1N4 Canada. Received December 26, 1986 

Abstract: Molecular orbital calculations based on density functional theory have been carried out on the intrinsic mean bond 
energy D(M-CO) of Mn(CO)n, between M in the d" valence configuration and m CO ligands, as well as the first CO ligand 
dissociation energy AH of M(CO)n,. The calculated values for Z)(M-CO), all in kj mol"1, were Z)(Cr-CO) = 211, Z)(Mo-CO) 
= 178, Z)(W-CO) = 210 for M(CO)6, Z)(Fe-CO) = 216, Z)(Ru-CO) = 163, Z)(Os-CO) = 177 for M(CO)5, and Z)(Ni-CO) 
= 179, Z)(Pd-CO) = 44, Z)(Pt-CO) = 59 for M(CO)4. The calculated values for the intrinsic mean bond energy revealed 
the ordering second row < third row < first row, for a series of homologous M(CO)n, systems with metal centers from the 
same triad. The ordering for Z)(M-CO) without the inclusion of relativistic effects was third row < second row < first row. 
The same trends were found in the calculated values for AH with AHCl = 147, AZZM0 =119, AZ7W = 142 for M(CO)6, AZZFt 
= 185, AHRu = 92, AH0S = 99 for M(CO)5, and AHNi = 106, AHM = 27, AZZPt = 38 for M(CO)4. The x-back-donation 
was found to be more important for the stability of the M(CO)n, systems than the cr-donation. The x-back-donation is largest 
for the first row elements whereas a-donation is largest for second and third row elements. The repulsive interactions between 
occupied /id metal orbitals and occupied aCo orbitals were found to weaken the M-CO bonds for the second and third row 
elements in the pentacarbonyls and tetracarbonyls compared to the homologous systems of the first row elements. Calculations 
are also presented on the M-CO bond strength in V(CO)6", Mn(CO)6

+ as well as the Ni-L bond strength in Ni(CO)3L for 
L = CS, N2, PH3, PF3, N(CH3)3, P(CH3)3, and As(CH3)3. 
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