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VII. CALCULATION OF CO STRETCHING FORCE CONSTANTS AND 
SEPARATION OF MESOMERIC AND INDUCTIVE EFFECTS FOR LM(CO), 
COMPLEXES 

F. T. DELBEKE, E. G. CLAEYS AND G. P. VAN DER KELEN 

Laboratory for General and Inorganic Chemistry - B, University of Ghent, Krygslaan 271, 9000 Ghent 
(Belgium) 

(Received November 30th. 1970) 

SUMMARY 

Refined values of the CO stretching force constants for monosubstituted metal 
pentacarbonyl complexes have been obtained by rigorous direct methods of calcula- 
tion. 

The following compounds have been treated by this method: manganese 
carbonyl complexes, halogenometal pentacarbonyls, some recently prepared amino- 
carbene complexes [RHN (Me) C] Cr (CO),, carbene pentacarbonyl compounds 
(P(OCzH&lM(CO)5 (R=CHs, n-&H, and M = Cr, W), phosphacarborane metal 
carbonyls of general formula (CH,),N [B,H ,,CHE . M (CO),] with E = P, As and 
M=Mo, W, Cr and arsine pentacarbonyl complexes of Cr, MO and W. 

Using the more exact carbonyl stretching force constants obtainable from such 
calculations, relative oand 7~ Graham parameters for a series of LMn (CO), compounds 
have been derived_ The relative importance of c and z bonding in some organotin 
derivatives is discussed_ 

CALCULATION OF FORCE CONSTANTS 

Using the Cotton and.Kraihanzel force field’ and the orbital overlap theories 
outlined by Jones’, a more exact method for the direct calculation of CO stretching 
force constants of complexes of the general formula LM(CO), has recently been 
presented3. 

Previously, all papers dealing with calculations of force constants in the CO 
stretching region for substituted metal carbonyls used, the Cotton and Kraihanzel 
approximative method which enabled only three of the five related force constants to 
be evaluated, and in an attempt to resolve this problem. Dalton ef aL4 have published 
some interesting interaction force constant relationships by introducing angular 
correction terms in the treatment of Jones”. As mentioned earlier this procedure 
does not improve the results. 

If however, the interaction force constants relations and the rigorous algebraic 
(continued on p_ 394) 
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method described in Part III of this series are used, all the CO stretching force con- 
stants of monosubstituted metal carbonyls LM(CO), may be calculated with great 
precision_ This method has now been applied to a second series of LM(CO), com- 
pounds and the results are presented in Table 1. 

The calculations were mainly carried out in double precision on an IBM 360 
type -?O computer of the Digital Computing Laboratory of the University of Ghent. 

SEPARATZON OF IhTDlJCTIVE AND MESOMERIC EFFECTS 

CO ‘stretching frequencies and force constant shifts in substituted metal car- 
bonyls are currently interpreted in terms of the differences in K bonding ability between 
the ligands 14, although in some infrared studiesi it has been suggested that is the.0 
bonding ability cf the ligand and not its z bonding capacity which is the principal 
factor in determining the CO stretching frequencies of the complex. 

In a particularly interesting paper ‘“, Graham has assumed that inductive 
effects operating through the ligand-metal G bond, and ligand-metal rr bonding, 
are both important in determining the carbonyl stretching force constants in complexes 
of the type LM(CO), (M=Mo, Mn). 

In order to separate the inductive and mesomeric effects, the following sirnple 
relations have been suggested by Graham: 

Ak, =k;-k, =nr*A,ofn-An 
Ak? = k;--kl = AG+ An 

with nr= 1 and n=2. In these equations k; and kl are the stretching force constants of 
the carbonyl group tram to L in the compound considered and in the reference 
compound respectively, while kl and k2 are the related stretching force constants of 
the carbonyl groups cis to L. AG and Arc are the differences between the s inductive 
and z acceptor properties of the ligands. The coefficient m = I is introduced to allow 
for the assumption that the inductive efiect of the ligand operates equally over all five 
CO groups, whereas the coefficient n = 2: simply arises from the sphtting of the over-al! 
change in the 7c portion according to the treatment of Jones’. 

Using these equations the IS and rr parameters for a series of pentacarbonyl- 
manganese derivatives LMn(CO), have been calculated, some of them for the first 
time. As the required experimental stretching force constants k, and k, are closely 
related to the interaction force constants, and since the calculation method3 used here 
allows the direct evaluation of all five of the most important CO force constants, all in 
perfect agreement with the vibrational data, the parameters presented in Table 2 are 
considered more accurate_ 

Despite the increased accuracy, however the magnitude acid variation 
of cr and rc donor-acceptor properties is very similar to that found by Grahami6. 
However, HMn(CO), is preferred as the reference compound over CH,Mn(CO), 
as force constant values for the former have been calculated exactly using the isotopic 
substitution method”, 

It is pertinent to query the justification for the calculation of force constants to 
nine significant figures, despite the fact that from such calculations it is possible to 

J. Oiganometal. Chem., 28 (1971) 391-397 
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T.4BLE 2 

I? ASo it BONDING PARAhlI3XRS FOR PENTACARI~OSYI.~lAS~iA~\:I~SSE <‘O\,,‘I.EXES LMn(CO),” 

L k, kz Ak, Akx_2 AG AX 

(CH,),SnCIs 

(CHs)$n 
BrxSn4 

(GH,),GeJ 
(C6Hs)zSGFs 
(C6H,),SnCI 

C,H&W,FJ, 
(C,Hs),Pb 
(C,H,),Sn 
[($$)3;i 

6 53 n 
(CH3)2SnCI” 

(C,HsWes 
(C,Hs)SnC12 
Hb 
Br,Sn’ 
HCFCICFz 
HCCI,CFr 
HCF2CF, 
N3C3Fl 
cycle-C,F, 
cycle-C,F, 

GF5 
NW=4 
HCF,CFCl 

16.651 16.727 
16.308 16.498 
16.984 17.188 
16.439 16.665 
16.564 16.797 
16.597 16.879 
16.636 16.927 
16.346 16.646 
16.314 16.643 
16.345 16.680 
16.763 17.131 
16.406 16.792 
16.318 16.711 
16.683 17.085 
16.460 16.880 
16.823 17.253 
16.543 17.301 
16.528 17.292 
16.549 17.329 
16.509 17.296 
16.594 17.383 
16.604 17.398 
16.494 17.289 
16.505 17.310 
16.534 17.345 

0.191 -0.153 - 0.497 0.344 
-0.152 -0.382 -0.612 0.230 

0.524 0.308 0.092 0.216 
-0.021 -0.215 - 0.409 0.194 

0.104 - 0.083 - 0.270 0.187 
0.137 -0.001 -0.139 0.138 
0.176 0.047 - 0.082 0.129 

-0.114 - 0.234 - 0.354 0.120 
-0.146 - 0.237 - 0.328 0.091 
-0.115 -0.200 - 0.285 0.085 

0.303 0.251 0.199 0.052 
0.054 - 0.088 -0.122 0.034 

-0.142 -0.169 -0.196 0.027 
0.223 0.205 0.187 0.018 

0.363 0.373 0.383 -0.010 
0.083 0.42 1 0.759 -0.338 
0.068 0.412 0.756 -0.344 
0.089 0.449 0.809 -0.360 
0.049 0.416 0.783 -0.367 
0.134 0.503 0.872 - 0.369 
0.144 0.518 0.892 - 0.374 
0.034 0.409 0.784’ -0.375 
0.045 0.430 0.815 -0.385 
0.074 0.465 0.856 -0.391 

” All spectra were measured in cyclohexane solution. Force constants have been taken from parts III and 
VII of this series. b Reference_ 

reproduce the experimental values for the wave numbers perfectly to within 1 x lo- lo 
cm-‘. 

The experimental precision in determining the force constants is, of course, 
not nearly so high. Indeed, on the assumption that they are mutually independent, 
root mean square errors m (standard deviations G) of + 1 cm- ’ in each of the four 
bands in a typical case of LM(CO), compounds, change the values of k, and k2 by m 

equal to 0.029 and 0.013 mdynes/A, and of k,, kc, and k, by m equal to 0.010,0.011 and 
0.0065 mdynes/A respectively. Actually such an experimentaI precision is an upper 
limit, since it pre-supposes the comparison of spectra obtained under the most favor- 
able conditions and in one and the same solvent. The corresponding uncertainties for 
the s and 7z parameters are easy to evaluate. 

The progression of u and 7~ parameters in some tin derivatives, as reported in 
Table 3, is one interesting aspect of the results. A comparison of the parameters found 
by Grahami on the basis of the Cotton and Kraihanzel approximate force constant 
calculation method (needing only three frequencies) with those derived from the 
rigorous algebraic approach presented here (using all four frequencies) suggests that 
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TABLE 3 

INFLUENCE OFFORCECOMTANT~CALCULATION~~ETHODSON~ AND~LPARAMETERSFOR (R,_,SnX,)Mn(CO)s 

(CH3)3Sn -0.612 -0.84 0.230 0.51 
(CH&SnCI - 0.497’ -0.66 0.344 0.56 

- -o.122d 0.034d 
CH3SxlCI~ I 0.02 I 0.23 
SnCI, 0.383’*, 0.18 -0.010’*~ 0.31 

GH5)3Sn -0.328 -0.59 0.091 0.41 
(CsH,).SnCI -0.121 -0.38 0.140 0.43 
C,H,SnC& 0.187 -0_04 0.018 0.29 
SnCl, 0.383’.f 0.18 -0.010’J 0.31 

(W-Q& - 0.328 -b.59 0.091 0.41 
(C6H&SnC,Fs - 0.270 - 0.52 0.187 0.49 
C6H,Sn(CsF& - 0.082 -0.31 0.129 0.41 
Sn(CsF& 0.199 - 0.27 0.052 0.51 

a c,, zz, : G and R parameters obtained in this study. b pz, x= : Graham 6 and z parameters. E Ret 5. ’ Ref. 4. 
c SnBr,. / Force constants calculations for these compounds could not be made as the B, mode of these 
derivatives has nor, as yet, been assigned. 

the significance of differences in force constants in series of related compounds is not 
so absolute as generally stated. It appears that particular trends in the 7~ parameter 
may be reversed by applying another, more exact, method of calculation. 

l%e increasing trend in the G parameter with progressive chlorine or C,H, 
substitution is as expected. The overall effect of this progressive substitution means 
that the substituted tin group becomes a weaker G donor ligand with every new sub- 
stitution- As a result of this effect the contraction of the filled d orbitals of manganese 
will progressively increase, reducing their overlap with the antibonding x orbital on 
carbon monoxide and hence increasing the CO stretching frequency_ At the same time, 
the excess negative charge built up on manganese by donor (3 bonding, and available 
for back donation to the ligand, should decrease. 

The changes and fluctuations in the x parameter are not so clear-cut. With the 
introduction of the first electronegative substituent (chlorine or C,F, group) in the 
R,Sn Iigand, the z parameter appears to rise, suggesting that there should be an 
increase in 71 electron withdrawal from manganese to tin. This result., however, does 
not fit the expected synergic character in the metal-ligand bond, although the change 
in the x parameter also results in an increase of v(C0). 

Tinitselfhas d, orbitals which could be sensitive to electronegative substituents, 
and for this reason, the first chlorine or C,F, substituent could cause a contraction of 
these tin d, orbitals, increasing their n bonding with the manganese atom_ This could 
be a possible explanation for the observed increase of the n parameter_ 

The second substitution, however, gives rise to a drop of the parameter for 5t 
acceptor ability, in agreement with the synergic interaction, while the third substitu- 
tion leads to an increase of the Graham z parameter, when the approximate evaluation 
method is used, but yields a further decrease of the ‘IT parameter if the rigorous direct 
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calculation method is applied. The latter effect is more logical than the former, for if 
this result is accepted, decreases of the rr parameter after.a second and third substitu- 
tion could be interpreted as a result of the contribution of two simultaneous processes, 
(a) a further contraction of the tin d, orbitals beyond the ideal extent for overlap with 
the manganese d orbitals, and (b) a back donation from the electronegative substituent 
to tinlg, which also would reduce the it acceptor capacity of tin with respect to the 
manganese atom. Such a suggestion agrees with a partial decrease of v(CO), which is 
evidently cancelled by a greater potential increase of v(C0) due to the inductive effect. 

In general, these results point out the relative importance of the G donor effect 
at the expense of the mesomeric effect. 

Finally, it should be stated that, as suggested by Gay and GrabamZo, it will be 
necessary to examine the IR spectra of isotopic enriched species in order to arrive at 
less speculative interpretations regarding the relation of CO stretching force constants 
to chemical bonding. However, this refinement does not eliminate the need to integrate 
both v(M-C) and v(M-L) in the carbonyl stretching force constants calculations. 
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