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Abstract: Molecular structure data from X-ray and electron diffraction studies, mass spectral data, and molecular 
orbital calculations are presented for selected compounds of the type R-Co(CO)4 (R = silyl or substituted silyl 
group). These data are shown to be consistent with the presence of (i) partial [Co(3d,4p) -*• Si(3d)]7r and [Co(3d) -*• 
Si(3p)]7r double-bond character between the cobalt and the silicon and (ii) an intramolecular interaction between 
the equatorial carbonyl groups and the silicon, which could be responsible, at least in part, for the raising of the 
equatorial carbonyl groups out of the molecular plane towards the silyl group. It is postulated that analogous 
types of interactions might exist in a variety of other transition metal carbonyls and their derivatives. 

Aseries of silicon cobalt tetracarbonyls of general 
formula R3Si-Co(CO)4 (R = H, F, Cl, organic 

groups) have been reported during recent years.2-4 In
frared,6-6 Raman,7 electron diffraction,8 and X-ray stud
ies9-10 on certain of these compounds show that they 
have trigonal bipyramidal configurations about the 
cobalt with the R3Si group in an axial position. In this 
respect, they are similar to the analogous alkyl11 and 
perfluoroalkyl cobalt tetracarbonyls, R-Co(CO)4,12-16 

and to the parent compound, HCo(CO)4.16 

Several infrared studies of the carbonyl stretching re
gion in silicon cobalt tetracarbonyls have led to the con
clusion that there may be some partial (d^-d)x double-
bond character in the silicon-cobalt bond due to over-
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lap of filled 3dxz and 3dj,2 cobalt orbitals with empty 
3d« and 3d„2 orbitals on the silicon.6-11 Conclu
sions as to the extent of this interaction vary.11-17 

Infrared studies on other transition metal carbonyls 
containing group IV elements, such as silicon, ger
manium, or tin, have also suggested the possible presence 
of an analogous (d-*d)7r partial double bond between 
the group IV element and the transition element.10-18-19 

Dipole moment11 and nuclear quadrupole resonance20 

studies have also been carried out on some of these com
pounds and are not inconsistent with the bonding con
cepts described in the present paper. 

In a previous publication,6 we had interpreted the 
apparently short Si-Co bond length in Cl3Si-Co(CO)4, 
determined by X-ray methods, as indicating the possible 
presence of some (d-»-d)7r double-bond character in this 
linkage. Since then, structural data on new compounds 
have become available and we believe that these, to
gether with older data, are consistent with the (d-*d)7r 
bonding concept. Another intriguing structural fea
ture in this series of molecules is the displacement of the 
equatorial carbonyl groups toward the silicon substit-
uent. Data from X-ray, electron diffraction, mass 
spectra, and molecular orbital calculations are examined 
in this study in an attempt to understand the factors 
which contribute to the bonding between silicon and the 
-Co(CO)4 group in cobalt tetracarbonyls. 

Results and Discussion 
I. Multiple Bonding in the Si-Transition Metal Bond. 

In determining whether a given group IV element-
transition element bond is shorter than that expected for 
a single bond, as would be the case if significant (d-*d)7r 
bonding were present in the linkage, an estimate of the 
hypothetical single bond length must first be made. 
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Table I. Experimental and Calculated Group IV Element-Transition Element Bond Lengths 
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Compound 

TTOnJ-HCF2CF2Co(CO)3P(C6H6V 
H3Si-Co(CO)4

6 

F3Si-Co(CO)4
0 

Cl3Si-Co(COV 
(CW-CFH=CF)-Mn(CO)6' 
(CHs)3Si-Mn(CO)6^ 
(C6Hs)3Ge-Mn(CO)6" 
(CH3)3Sn-Mn(CO)6

ft 

(C6H6)3Sn-Mn(COV 
/TOfW-(C6H6)SSn-Mn(CO)4P(C6H6V 

Exptl length, A 

1.95 
2.38 
2.23 
2.25 
1.95 
2.50 
2.53 
2.67 
2.67 
2.63 

Calcd length,™ A 

2.10 
2.49 
2.48 
2.48 
2.10* (2.19) 
2.54(2.63) 
2.57'(2.66) 
2.76(2.85) 
2.76(2.85) 
2.76(2.85) 

Contraction,™ A 

0.15 
0.11 
0.25 
0.23 
0.15(0.24) 
0.04(0.13) 
0.04(0.13) 
0.09(0.18) 
0.09(0.18) 
0.13(0.22) 

° Reference 43. 6 Reference 8. c Reference 10. d Reference 9. ' Reference 61. ' R. S. Hamilton and E. R. Corey, Abstracts of the 
Inorganic Division of the 156th National Meeting of the American Chemical Society, Atlantic City, N. J., Sept 1968, No. 025. ' Reference 
53. * R. F. Bryan, J. Chem. Soc, A, 696 (1968). ' 'H. P. Weber and R. F. Bryan, Chem. Commun., 443 (1966). >' R. F. Bryan, J. Chem. 
Soc, A, 172 (1967). * A radius of 0.73 A for sp2-hybridized carbon was used: H. A. Bent, / . Chem. Educ, 37, 616 (1960). l A value of 
1.20 A for the covalent radius of germanium was obtained from the Ge-Ge bond length in Ge2H6: L. Pauling, A. W. Laubengayer, and 
J. L. Hoard, J. Amer. Chem. Soc, 60,1605 (1938). m Values in parentheses were calculated using a manganese radius of 1.46 A. Adjacent 
values not in parentheses were calculated using a 1.37-A radius for manganese. 

It appears likely that the single bond covalent radius 
of cobalt in R3Si-Co(CO)4 is not less than 1.22 A. A 
cobalt radius of 1.243 A has been reported in CoH21 

while 1.32 A has been found for cobalt in the pentaco-
ordinate cobalt compound Co[(CH3)2N(CH2)2NCH3-
(CH2)2N(CH3)2]C12,

22 when the usual value for the co
valent radius of chlorine (0.99 A)21 is subtracted from 
the experimental Co-Cl bond distance. An X-ray 
study gives a value of 1.66 A for the H-Co bond in the 
trigonal bipyramidal molecule, HCo[P(C6H5)S]3N2.

23 

Using 0.32 A for the radius of hydrogen, 1.34 A is ob
tained for the radius of cobalt. Values of the cobalt 
radius ranging from 1.22 to 1.32 A have been found in 
16 assorted cobalt carbonyl complexes.2425 In addi
tion, values of 1.331 and 1.335 A for the cobalt radius 
have been obtained from the Co-Co distance in [Co-
(CO)3P(rc-C4H9)3]2.

26.27 From studies on [Co-
(CNCH3),]+ and [Co(CNCH3)S]2

4+, Cotton, et ah,™ 
state that the cobalt radius is expected to be approx
imately 1.38 A and certainly not less than 1.23 A. It 
therefore seems likely that the radius which should be 
assigned to cobalt in compounds of the type R-Co(CO)4 

is probably close to the 1.33-A value which is used for 
estimating the Si-Co single boond length in Table I. 

Although the use of 1.46 A for the single-bond co
valent radius of manganese in compounds such as R3Si-
Mn(CO)5 has been recommended by Doedens and 
Dahl,29 the 1.31-30 and 1.38-A31 radii for manganese ob
tained from neutron diffraction studies on H-Mn(CO)8 

and X-ray studies on Cl-Mn(CO)5, respectively, suggest 
a smaller value. A preliminary C-Mn distance of 2.13 
A ino H3C-Mn(CO)5 suggests a manganese radius of 
1.36 A; however, the structure is disordered and has not 

(21) L. Pauling, "The Nature of the Chemical Bond," 3rd ed, Cornell 
University Press, Ithaca, N. Y., I960, p 257. 

(22) M. DiVaira and P. L. Orioli, Chem. Commun., 590 (1965). 
(23) B. R. Davis, N. C. Payne, and J. A. Ibers, / . Amer. Chem. Soc, 

91, 1240 (1969). 
(24) G. M. Sheldrick, Chem. Commun., 751 (1967). 
(25) P. W. Sutton and L. F. Dahl, / . Amer. Chem. Soc, 89, 261 (1967). 
(26) R. F. Bryan and A. R. Manning, Chem. Commun., 1316 (1968). 
(27) J. A. Ibers, J. Organometal. Chem., 14, 423 (1968). 
(28) F. A. Cotton, T. G. Dunne, and J. S. Wood, Inorg. Chem., 3, 

1495 (1964); 4, 318(1965). 
(29) R. J. Doedens and L. F. Dahl, J. Amer. Chem. Soc, 87, 2576 

(1965). 
(30) S. J. LaPlaca, W. C. Hamilton, J. A. Ibers, and A. Davison, 

Inorg. Chem., 8, 1928 (1969). 
(31) R. F. Bryan, P. T. Greene and A. R. Manning, Abstracts, Ameri

can Crystallographic Association, March 24-28, 1969, No. M6. 

allowed an accurate determination of this bond length.32 

It is difficult to decide on an appropriate radius to use 
for manganese in calculating bond lengths in com
pounds of this type; hence, values of 1.46 and also 1.37 
A are used for the calculations in Table I. 

The radii used for M (M = group IV element) in 
R3M-Co(CO)4 were obtained, where possible, by halv
ing the M-M distance in appropriate species. Values 
obtained in this manner were (A): 1.16 ± 0.01 
(H3Si-);33 1.15 ± 0.05(Cl3Si-);34 1.17 ± 0.10[(CH3)3-
Si-].35 No Si-Si bond length data are available for 
Si2F6; however, in view of the relative insensitivity of 
the radius of silicon to changes in the substituent on sil
icon, as evidenced from the Si2H6, Si2Cl6, and Si2(CH3)6 

data, it would seem that the radius of silicon in Si2F6 is 
not far removed from 1.15 A. The radius for tin 
(1.39 A) was taken as half the tin-tin distance in 
[(C6Hs)2Sn]6.

35 

Experimental C-Co, Si-Co, C-Mn, Si-Mn, Ge-Mn, 
and Sn-Mn bond lengths, together with the values es
timated for a single covalent bond, and corresponding 
contractions, are given in Table I. All experimental 
values are based on single crystal X-ray studies, except 
that for H3Si-Co(CO)4, which was determined on a 
gaseous sample (electron diffraction).9 It might be 
noted that the contractions are of approximately the 
same magnitude as that (~0.2 A) observed between the 
single-bond and double-bond length in H3C-CH3 and 
H2C=CH2 , respectively; however, in the hydrocarbon 
case, the contraction is approximately 13%, whereas 
with the longer bonds in the transition metal species the 
contraction is never greater than 10%. 

It is difficult to ascertain the extent to which these 
contractions are caused by the amount of ionic character 
in the bonds or by d-orbital contraction in the cobalt, at 
least in the case where the substituent has a relatively 
high electronegativity.37 Allred and Rochow electro
negativities38 for the elements (Si = 1.74, Sn = 1.72, 

(32) This study also indicates that all the H3C-Mn-COeQ angles are 
90 =fc 1 °. This datum may be misleading in view of the degree of dis
order in the structure: L. W. Michael and E. R. Corey, unpublished 
observations (1969). 

(33) L. O. Brockway and i. Y. Beach, J. Amer. Chem. Soc, 60, 1836 
(1938). 

(34) Y. Morino and E. Hirota, J. Chem. Phys., 28, 185 (1958). 
(35) L. O. Brockway and N. R. Davidson, J. Amer. Chem. Soc, 63, 

3287 (1941). 
(36) D. H. Olson and R. E. Rundle, Inorg. Chem., 2, 1310 (1963). 
(37) M. R. Churchill and J. P. Fennessey, ibid., 6, 1213 (1967). 
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Co = 1.70, Mn = 1.60) suggest that the ionic character 
is probably small. The increase in contractions in the 
series R3Si-Co(CO)4 on proceeding from R = H to 
R = Cl to R = F is qualitatively consistent with an in
crease in ionic character in the Si-Co bond as well as 
with an increase in tr bond character in this linkage 
due to lowering of the energy of the silicon 3d orbitals 
by the electronegative halogen atoms. However, as 
pointed out by Robiette, et a/.,8 the contraction in bond 
lengths of this type is more likely to be due to 7r-bonding 
effects in view of the relative insensitivity of Si-H and 
C-H bond lengths to change in electronegativity of 
other substituents on the carbon or silicon.39 Further
more, the Cl3Si- and F3Si- groups would be expected to 
have significantly different electronegativities, and yet 
the contractions in the Si-Co bond in these two com
pounds (see Table I) are almost identical (0.23 and 0.25 
A, respectively). Mass spectral appearance potential 
studies for R3Si-Co(CO)4 (R = F, Cl) have been in
terpreted as indicating relatively strong Si-Co bonding. 
These results are consistent with the presence of Co-Si 
multiple bonding. 

It has been suggested40-42 that in certain perfluoro-
alkyl derivatives of the transition metal carbonyls, there 
may be some double-bond character in the carbon-tran
sition metal bond due to a partial overlap of filled d or
bitals of appropriate symmetry on the transition metal 
with the lowest energy antibonding orbitals on the car
bon. Evidence for this partial double-bond character 
has resulted in part from X-ray data, where the experi
mental bond length has been found to be shorter than 
the calculated value. For example, the experimental 
C-Co bond length in ?ra«.s-HCF2CF2-Co(CO)3P(C6H5)3 

(1.95 A) is 0.15 A shorter than the calculated value of 
2.10 A, using 1.33 A as the radius for Co.43 It is un
fortunate that structural data on simple alkyl32 transi
tion metal carbonyls, analogous to that reported for the 
compounds discussed here, are not available; this is 
probably due, in many cases, to the smaller thermal 
stability of the carbon compounds. 

The data in Table I suggest that similar interactions 
may be present in the manganese pentacarbonyl deriva
tives, although uncertainty in assigning a reliable value 
to the single-bond radius for manganese reduces the 
significance of the conclusions. 

Molecular orbital calculations have been carried out 
on F3Si-Co(CO)4 and Cl3Si-Co(CO)4 in order to ex
amine in part the types of interactions that can con
tribute to the Co-Si bonding. The extended Huckel 
theory (EHT) calculations were accomplished using the 
Hoffman program44 modified for charge iterative ad
justment of orbital energies and Slater exponents45-48 

(38) A. L. Allred and E. G. Rochow, J. Inorg. Nucl. Chem., S, 264, 
269 (1958). 

(39) E. A. V. Ebsworth, "Volatile Silicon Compounds," Pergammon 
Press Ltd., London, 1963, pp 18-19. 

(40) R. B. King and M. B. Bisnette, J. Organometal. Chem., 2, 15 
(1964). 

(41) J. B. Wilford and F. G. A. Stone, Inorg. Chem., 4, 389 (1965). 
(42) F. A. Cotton and R. M. Wing, J. Organometal. Chem., 9, 511 

(1967). 
(43) J. B. Wilford and H. M. Powell, /. Chem. Soc, A, 2092 (1967). 
(44) R. Hoffman, J. Chem. Phys., 39, 1397 (1963). 
(45) P. C. Van der Voorn, K. F. Purcell, and R. S. Drago, J. Chem. 

Phys., 43, 3457 (1965). 
(46) L. C. Cusachs and J. W. Reynolds, ibid., 43, S160 (1965); L. C. 

Cusachs, J. W. Reynolds, and D. Barnard, ibid., 44, 835 (1966). 
(47) E. Clementi and D. L. Raimondi, ibid., 38, 2686 (1963). 
(48) F. P. Boer and W. N. Lipscomb, ibid., 50,989 (1969). 

(Table II). The results of these calculations and a de
scription of the procedure are found in Tables II, III, 
and IV.49 Table III is particularly important in ex
amining the Co-Si bonding, for it contains the calcu
lated overlap energies for all overlapping orbital pairs 
on cobalt and silicon. The overlap energy can be 
thought of as the molecular energy term associated with 
bonding. The results in Table III show that this M O 
procedure predicts that a bonding accounts for about 
8 4 % of the Co-Si bonding in F3Si-Co(CO)4 , and that 
interactions using the silicon 3s and 3p2 orbitals are re
sponsible for approximately 95 % of the a bonding en
ergy, while the 3d22 contributes only approximately 5 %. 
The two principal Co-Si TT interactions are cobalt 
2>dxz,yz, silicon 3dIZi!;3(d-»-d)7r, and cobalt 2>dxz,yz, sili
con 3pz,j,(d-*-o-*)7r, which respectively account for about 
8 and 6 % of the total Co-Si bonding. This calcula-
tional procedure thus predicts relatively small yet sig
nificant Co-Si 7T bonding. 

Table II. Atom-Atom Net Overlap Populations49 from 
EHT Calculations"-= 

H-Co(COV.e F3Si-Co(CO)4'' Cl3Si-Co(CO)4'' 

R-Co 
3(R-Ceq) 
3(R-O60J 
Co-C e q 

Co-Oe, 
C o - C a l 

CO-Oa35 

•A*— a x - ^ e q/ 

3(Oax-Oeq) 
j(,*-'ax~*-'eqj 

j(.*~ eq—Uax.) 

^- •a^ ' - ' ax 

^ e q ^ e q 

(R = H) 

0.353 
0.128 

- 0 . 0 1 4 
0.495 

- 0 . 1 2 9 
0.434 

- 0 . 1 2 4 
0.085 
0.000 

- 0 . 0 0 6 
- 0 . 0 0 6 

1.391 
1.363 

(R = Si) 

0.293 
0.303 

- 0 . 0 2 3 
0.488 

- 0 . 1 2 7 
0.441 

- 0 . 1 2 4 
0.092 
0.000 

- 0 . 0 0 6 
- 0 . 0 0 7 

1.391 
1.354 

(R = Si) 

0.187 
0.254 

- 0 . 0 2 8 
0.496 

- 0 . 1 3 2 
0.431 

- 0 . 1 3 0 
0.097 
0.000 

- 0 . 0 0 7 
- 0 . 0 0 7 

1.388 
1.350 

" Positive overlap populations are bonding; negative values are 
antibonding. b All input VSIP were taken from ref 46 except 
cobalt 4s = -7.75, 4p = -4.60, 3d = -9.50, and silicon 3d = 
— 2.50 eV. AU input orbital exponents were taken from ref 47 
except silicon 3d (e 1.302, ref 48) and cobalt 4s U 1.400), 4p (e 1.250), 
and 3d (e 3.250). The VSIP were varied with charge by the proce
dure VSIP = VSIF - 0.155(charge), where the definition and 
values for B are given in ref 46. The Slater exponents are varied 
with charge by the procedure e = e° + 0.35/«(charge). Off-diag
onal elements are approximated using the Wolfsberg-Helmholz 
approximation. c The coordinate system is shown in Figure 1 
with the R-Co bond lying along the z axis. d The coordinates for 
the Co(CO)4 fragment have been held constant for the three mole
cules and correspond to the observed structure in Cl3Si-Co(CO)4 
(ref 9) which differs only slightly from that in F3Si-Co(CO)4 (ref 10) 
and is probably close to that in H-Co(CO)4 (ref 9). The SiCl3 and 
SiF3 structural parameters are from ref 9 and 10. ' The H-Co dis
tance is taken as 1.60 A. 

Analogous calculations for Cl3Si-Co(CO)4 show sig
nificantly less -K interaction in the Si-Co bond, a bond
ing accounting for about 97% of the bonding. Again, 
most of the a bonding involves interactions using the 
silicon 3s and 3pz orbitals. The x bonding involving 
the silicon 3dxl,yz and cobalt 3dI2,„s orbitals is compar
able to that in F3Si-Co(CO)4; the very much smaller 
total 7T bonding in Cl3Si-Co(CO)4 is caused by a strong 
antibonding interaction between the silicon 7>vZiV and 
the cobalt ^XiV orbitals. 

(49) Overlap populations and overlap energies are as denned by MuI-
liken: R. S. Mulliken, ibid., 23, 1833, 1841, 2338, 2343 (1955). 
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Table III. Overlap Energies49 for the Si-Co Interaction in 
XjSi-CoCCO)4

0 from EHT Calculations 

Si Co F3Si-Co(CO)4 

-Overlap energy, eV-
Cl3Si-Co(CO)4 

3s 

3p2 

3d8* 

4s 
4pz 

3da* 

4s 
4p* 
3d2* 

4s 
4p2 

3d2* 

-0.0516] +0.0120] 
-0.2839} - 0 . 5 9 0 3 - 0 . 0 2 7 8 - 0 . 2 0 6 5 
-0.2548J -0 .1907J 

-0.2461] -0 .2302] 
-0.5422^ - 1 . 2 0 0 3 - 0 . 4 7 2 2 - 1 . 0 5 8 6 
-0.4120 —0.3560J 

-0.0011] 
-0.0154> - 0 . 0 9 0 0 
-0.0735 

Total a overlap 
energies 

3px 

3d* 

3d^2,yz 

4px,v 

JQXZ.VZ 

- 1 . 8 8 0 6 

-0 .13261 
- 0 . 0 0 3 5 / 

-0 .1361 

-0.05021 _ 
-0.1732/ u-zz*q 

Total T overlap 
energies 

- 0 . 3 5 9 5 

+0.0059 
- 0 . 0 1 0 5 
- 0 . 0 5 3 3 

- 1 . 3 2 3 0 

- 0 . 0 7 4 2 
+0.1571 

- 0 . 0 0 5 8 
- 0 . 1 1 2 8 

- 0 . 0 3 5 7 

-0.0579 

+0.0829 

-0 .1186 

• A negative sign indicates a bonding interaction. 

Table IV. Overlap Energies for Silicon-Equatorial Carbon 
Interactions from EHT Calculations 

Si F3Si-Co(CO)4 Cl3Si-Co(CO)4 

3s 

3p2 

3Px,v 

3Gi2,yz 

3d I„, I2_ s2 

3ds2 

2s 
2p, 
2pi,i/ 

2s 
2pz 

2px,v 

2s 
2p, 
2p*,i/ 

2s 
2p, 
2pxy 

2s 
2p2 

2Pxy 

2s 
2p2 

2Pxy 

-0.131] 
-0.556 
-0.113J 

-0.197] 
-0.554} 
-0.230 J 

-0.293] 
-0.245 
-0.145J 

-0.161] 
-0.160 
-0.126J 

-0.065] 
-0.044 
+0.005J 

+0.018] 
-0.003 
-0.005J 

-0.800 

-0.981 

-0.683 

-0.447 

-0.104 

+0.010 

-0.109] 
-0.492 
-0.080J 

-0.293] 
-0.547 
-0.293J 

-0.222] 
-0.224 
-0.080J 

+0.015] 
-0.102 
-0.033J 

-0.035] 
-0.023 \ 
+0.009 J 

+0.030] 
-0.002 
+0.002] 

-0.681 

-1.133 

-0.526 

-0.120 

-0.049 

+0.030 

With respect to the (d-*-a*)ir interaction discussed in 
the previous paragraph, it is interesting to find that 
the Si-F stretching frequencies in F8Si-Co(CO)4

60 sup
port this (d-*-o-*)7T-type of interaction. Such an inter
action, if present, would be expected to weaken the 
Si-F bond and hence to reduce its stretching frequencies. 
In F3Si-Co(CO)4, the E Si-F stretching band falls at 
940 cm-1 and the Ai band at 825 cm"1. The weighted 
average (2E + Ai)/3, 901 cm -1 , is approximately 50 
cm-1 less than that in SiF3X (X = F, H, CH3, (CH3)3-
SiO, (CH3)2N, etc.).61 A similar, although somewhat 
greater reduction in C-F stretching frequencies in per-

(50) A. P. Hagen, Ph.D. Thesis, University of Pennsylvania, 1968; 
A. P. Hagen and A. G. MacDiarmid, Inorg, Nucl. Chem. Lett., in 
press. 

(51) C. Newman, S. R. Polo, and M. K. Wilson, Spectrochim. Acta, 
IS, 793 (1959); G. J. Janz and Y. Mikawa, Bull. Chem. Soc. Jap., 
34, 1495 (196,1); J. J. Moscony, Ph.D. Thesis, University of Penn
sylvania, 1965. 

Figure 1. Diagrammatic representation of compounds of general 
formula R-Co(CO)4. 

fiuoroalkyl transition metal carbonyl derivatives has 
been interpreted in terms of partial (d-*-<r*)7r double-
bond character in the C-metal bond.42'62 

II. Direct Interaction between Si and the Equatorial 
CO Groups. The parent compound, HCo(CO)4, for the 
series of compounds with general formula R-Co(CO)4 

has been shown by gas phase infrared studies to have a 
trigonal bipyramidal (C3v) structure in which the equa
torial carbonyl groups are displaced toward the hydro
gen16 (Figure 1). Similarly, the equatorial carbonyl 
groups in R3Si-Co(CO)4 (R = H8, Cl9, F10) are dis
placed toward the silicon. The displacement of the 
equatorial carbonyl groups toward the substituent also 
occurs with other cobalt tetracarbonyls such as (C6H5)3-
PAu-Co(CO)4,53 Hg[Co(CO)4J2,

54 Hg[Co(CO)3P-
(C2H5)3]2)

26 and [Co(CO)3P(n-C4H9)3]2.
26.27 A com

pilation of the values for this equatorial carbonyl dis
placement in group IV element-transition metal car-
bonyls is given in Table V. 

Table V. Out-of-Plane Displacements of Equatorial Carbonyl 
Groups in Group IV Element-Transition Metal Carbonyls 

Compound 

Average 
R-M-COeq Dis-
bond angle, placement, 

deg /3°« 

/ra«j-HCF2CF2-Co(CO)3P(C„H6)3
6 88.4 1.6 

H3Si-Co(CO)4
0 81.7 8.3 

F3Si-Co(CO)/ 85.4 4.6 
Cl3Si-Co(CO)4

6 85.2 4.8 
(CW-CFH=CF)-Mn(CO)5/ 86 4 
(CHs)3Si-Mn(CO)5" 84.5 5.5 
(CH3)3Sn-Mn(CO)5" 84.4 5.6 
CC6Hs)3Sn-Mn(CO)5' 86.7 3.3 
fraas.(C6H5)3Sn-Mn(CO)4P(C6H5)3' 85.7 4.3 

°/3 is the angle defined in Figures 1 and 2. h Reference 43. 
"Reference 8. d Reference 10. e Reference 9. t Reference 61. 
«R. S. Hamilton and E. R. Corey, Abstracts of the Inorganic 
Division of the 156th National Meeting of the American Chemical 
Society, Atlantic City, N. J., Sept 1968, No. 025. * R. F. Bryan, 
J. Chem. Soc, A, 696 (1968). ' H . P. Weber and R. F. Bryan, 
Chem. Commun., 443 (1966). >'R. F. Bryan, J. Chem. Soc, A, 
172 (1967). 

(52) F. A. Cotton and J. A. McCleverty, / . Organometal Chem., 4, 
490 (1965). 

(53) B. T. Kilbourn, T. L. Blundell, and H. M. Powell, Chem. Com
mun., 444 (1965). 

(54) G. M. Sheldrick and R. N. F. Simpson, ibid., 1015 (1967). 
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Figure 2. Diagrammatic representation of compounds of general 
formula R-Mn(CO)6. 

Several factors which may contribute to this experi
mentally observed displacement are: (i) intermolecular 
interactions in the crystal, (ii) unequal steric require
ments of the substituent and the axial carbonyl group, 
(iii) unequal IT interactions of the cobalt with the sub
stituent and with the axial carbonyl group, or (iv) a 
direct intermolecular bonding interaction between the 
axial substituent and the equatorial carbonyl groups. 

i. The magnitude and general occurrence of these 
carbonyl displacements toward the substituent are 
ample evidence that they are not simply due to inter
molecular interactions in the crystal (Table V). This 
viewpoint is supported by the presence of this structural 
feature in gas phase studies on H3Si-Co(CO)4.8 

ii. The bending of the equatorial carbonyl groups 
toward the hydrogen in HCo(CO)4 is qualitatively con
sistent with simple steric arguments, the axial carbonyl 
group having greater steric requirements than the 
hydrogen trans to it. However, in many other 
R-Co(CO)4 species, it is difficult to determine whether 
R, the substituent, or the carbonyl group trans to it, has 
the greater steric requirement. The use of van der 
Waals radii to estimate steric requirements for these 
axial groups do not show definitely whether the equa
torial carbonyl groups should be bent toward or away 
from the axial substituent. For the purpose of the 
present discussion, it will be assumed that steric effects 
alone will cause the cobalt and the equatorial carbonyl 
groups to be approximately coplanar. It should be 
noted that rough calculations based on van der Waals 
radii do show that the distortion of the equatorial car
bonyl groups toward the substituent is definitely un
favorable. 

The R-Ceq and Cax-Ceq distances are both less than 
the sum of the van der Waals radii of the atoms 
concerned. Hence an interaction—either bonding or 
antibonding—might be expected. It may be of sig
nificance to note that EHT MO calculations suggest 
that the net interaction between the axial and the equa
torial carbonyl groups is actually bonding (attractive) 
rather than antibonding (repulsive). The EHT model 
is not the best MO model for examining interligand re
pulsions, for it does not explicitly contain electronic re

pulsion integrals. Instead, positive and negative over
lap populations function respectively as the bonding 
(attractive) and antibonding (repulsion) contributions. 
The MO calculation result is that there is a net positive 
(bonding) overlap population between the axial and the 
equatorial carbons of the carbonyl groups (Table II). 

iii. It has been suggested from symmetry argu
ments66 that the out-of-plane displacements of the equa
torial carbonyl groups could be caused by a difference 
in w acceptor capacity of the substituent as compared to 
the axial carbonyl groups, the equatorial carbonyl 
groups being bent toward the weaker IT acceptor. 

iv. Although the interaction described in part iii 
may account, at least in part, for the displacement of 
the equatorial carbonyl groups in certain compounds, 
we believe that an intramolecular bonding interaction 
between the substituent and the equatorial carbonyl 
groups may be very important in many cases. Orbital 
overlap considerations66-69 have suggested that an in
teraction of this type occurs in HCo(CO)4, the parent 
compound of these species. The results of our molec
ular orbital calculations on HCo(CO)4 are consistent 
with the presence of a significant bonding interaction 
between the hydrogen and the equatorial carbonyl 
groups (Table II). The question now arises as to 
whether similar interactions can be expected for other 
axial substituents. The average Si-Ceq intramolecular 
distances in H3Si-Co(CO)4, Cl3Si-Co(CO)4, and F3Si-
Co(CO)4 are 2.77, 2.75, and 2.74 A, respectively. 
These values are less than the sum of the van der Waals 
radii of silicon and carbon (3.54 A), but are greater than 
the sum of the covalent radii of these atoms (1.94 A). 
These data, although consistent with a direct Si-C in
teraction, cannot be regarded as supporting evidence for 
such an interaction, since atoms which are attached to 
the same central element in cis positions approach 
closer to each other than the sum of their van der Waals 
radii. Even though the experimental Si-Co bond 
lengths vary from 2.23 to 2.38 A in the above com
pounds, the average Si-Ceq intramolecular distances of 
2.77, 2.75, and 2.74 A are remarkably constant; this 
is also consistent with a direct Si-Ceq interaction.60 

It should be noted that a similar argument could be 
formulated for perfluoroalkyl transition metal car-
bonyls, namely, that the empty a* orbitals of appropri
ate symmetry on the perfluoroalkyl group could interact 
with the equatorial carbonyl groups. The distortion 
of the equatorial groups in HFC=CF-Mn(CO) 5

6 1 

(Table V) might indeed be due, at least in part, to this 
effect. Although structural data are available for 
/ I W W - H C F 2 C F 2 - C O ( C O ) 3 P ( C 6 H S ) 3 (Tables I and V), no 
clear interpretation of these data is possible at the present 
time in view of the difficulty in assessing the extent of 
interaction, if any, between the (equatorial) carbonyl 
groups and the phosphorus. 

Overlap population and overlap energy analysis have 
been applied to the results of EHT molecular orbital 

(55) M. J. Bennett and R. Mason, Nature, 205, 760 (1965). 
(56) W. F. Edgell and G. Gallup, / . Amer. Chem. Soc, 78, 4188 

(1956). 
(57) F. A. Cotton, ibid., 80, 4425 (1958). 
(58) L. L. Lohr, Jr., and W. N. Lipscomb, Inorg. Chem., 3, 22 (1964). 
(59) D. A. Brown and N. J. Fitzpatrick, J. Chem. Soc, A, 1937 

(1967). 
(60) B. J. Aylett, private communication, 1969. 
(61) F. W. B. Einstein, H. Luth, and J. Trotter, J. Chem. Soc, A, 89 

(1967). 
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Table VI. Ratios of Co(CO)1 +/R3SiCo(CO)1-I+ Ion Currents" 

HCo- F3SiCo- Cl3SiCo-
Compound (CO)4 (CO)4 (CO)4 

Co(CO)4
+/RCo(CO)3

+ 0 0 0 
Co(CO)3+/RCo(CO)2

+ 0.59 O O 
Co(CO)2+/RCo(CO)+ 9.75 4.30 0.76 
Co(CO)+/RCo+ 20.0 1.51 0.86 

" Calculated from 70-V spectra expressed in terms of per cent 
total ion current. 

calculations on R3Si-Co(CO)4 (R = F, Cl) in order to 
determine whether this MO model could yield informa
tion on the possible direct Si-Ceq interaction (Tables 
II and III). One of the most prominent results of these 
EHT calculations is the prediction of a large bonding 
interaction between the axial silicon group and the car
bon of the equatorial carbonyl groups. This Si-C 
bonding interaction is reflected in both the large posi
tive (bonding) Si-Ceq overlap population (Table II) and 
the large overlap energy (Table IV). 

Overlap energy analysis shows that in this MO calcu-
lational model, the largest Si-Ceq interaction involves 
the silicon 3s and 3p2 orbitals overlapping with the equa
torial carbon 2pz orbitals, which is analogous to 
HCo(CO)4 where the hydrogen orbital interacts pri
marily with the 2ps orbitals of equatorial carbons. Be
cause the axial substituent's 2s and 2p3 orbitals dominate 
this binding interaction with the equatorial carbonyls, 
it may be expected to be a general phenomenon for any 
axial substituent. In fact, the results of this MO cal
culation indicate a small, but significant, binding inter
action between the carbons of the axial and equatorial 
carbon monoxide groups, thus producing a weak cage 
bonding network. 

The silicon d orbitals are also involved in the Si-Ceq 
bonding and account for about 20% of the total calcu
lated Si-Ceq overlap energy. The quantitative results 
from EHT calculations given in Tables II, III, and IV 
are moderately sensitive to the orbital exponent and 
orbital energy parameterizations and charge adjustment 
routine; however, the principal results and general con
clusions drawn from these calculations, such as the large 
Si-Ceq bonding interaction, are unchanged by large 
variations in parameters such as the exponents of the 
silicon and cobalt 3d orbitals and the ionization poten
tials of the silicon 3d and cobalt 3d, 4s, and 4p orbitals. 
The conclusions also remain unchanged by the inclus-
sion of an interatomic Madelung correction. 

The fragmentation patterns of R-Co(CO)4 (R = H,62 

F3Si,63 Cl3Si64) and other cobalt carbonyl hydride de
rivatives62 suggest that when four or three carbonyl 
groups are attached to the cobalt the R group is then 
held more firmly to the cobalt. This is illustrated by 
the ratios CO(CO)1

+ZRCO(CO)^1+, given in Table VI, 
(62) F. E. Saalfeld, M. V. McDowell, S. K. Gondal, and A. G. Mac

Diarmid, J. Amer. Chem. Soc., 90, 3684 (1968). 
(63) F. E. Saalfeld, M. V. McDowell, A. P. Hagen, and A. G. Mac

Diarmid, Inorg. Chem., 7, 1665 (1968): 
(64) F. E. Saalfeld, M. V. McDowell, and A. G. MacDiarmid, 

J. Amer. Chem. Soc, in press. 

where Co(CO)x+ and RCo(CO)1..!+ refer to the respec
tive ion currents of these fragments. The smaller the 
ratio, the more strongly R is held to the Co(CO)2: group. 
The data are consistent with significant strengthening of 
the overall R-Co(CO)x interaction when x = 4 or 3, 
which is, in turn, consistent with a R-Ceq interaction 
with the (three) "equatorial" carbonyl groups.64 

It should be pointed out that intramolecular bonding 
between the equatorial carbonyl groups and a substit
uent group may account, either in whole or in part, for 
many of the experimental observations previously at
tributed to (d-»-d)7r or (d-»-o-*)7r bonding. This type 
of interaction could also be expected to contribute to the 
observed reduction in the Si-Co bond length. It is 
difficult at the present time to ascertain how these two 
effects could be clearly distinguished experimentally. 
It is possible that this type of interaction could affect 
the carbonyl stretching vibrations. 

The interaction of hydrogen and silicon with the equa
torial carbonyl group, as here suggested for H-Co(CO)4 
and its derivatives, may well be a somewhat general 
type of interaction. These types of interactions 
might well contribute to the observed displacements 
in R-Mn(CO)5 compounds65 and other hydride, 
metalloid, or metal derivatives of transition metal 
carbonyls, where low-energy molecular orbitals on a 
substituent interact with equatorial carbonyl groups 
attached to the adjacent transition metal atom. Thus, 
in a species such as Mn2(CO)10, for example, where the 
equatorial groups are staggered, one possible type of 
interaction might involve molecular orbitals formed 
from the interaction of the 4s orbitals of manganese 
with the 2pz orbitals of the equatorial carbonyl groups 
on the adjacent manganese atom. This would repre
sent, in effect, incipient bridge carbonyl bonding. Such 
interaction might be important, for example, in causing 
the equatorial ligands in compounds such as [Co(CO)3-
P(n-C4H9)3]2,

26^7 Mn2(CO)10,
66 Tc2(CO)10,

67 [Mn(CO)4-
P(C2H5)3]2,

68 Tr-C5H5Fe(CO)5-Mn(CO)5,
69 [Co(CN-

CH3)5]2
4+,2Setc, to be bent toward the adjacent metal. 

The effects of this incipient bridge carbonyl bonding 
may be very important in determining many chemical 
reactions of carbonyls such as methyl migrations, which 
result in carbonyl insertion reactions, and ligand or 
13CO carbonyl replacement reactions.70 
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(65) The average R-M-COCQ angles in HMn(CO)3 and ClMn(CO)6 
are 83.3 and 88.2°, respectively: S. J. LaPlaca, W. C. Hamilton, and 
J. A. Ibers, Inorg. Chem., 3, 1491 (1964); see also ref 31. 

(66) L. F. Dahl and R. E. Rundle, Acta Crystaltogr., 16, 419 (1963). 
(67) M. F. Bailey and L. F. Dahl, Inorg. Chem., 4, 1140 (1965). 
(68) M. J. Bennett and R. Mason, J. Chem. Soc, A, 75 (1968). 
(69) P. J. Hansen and R. A. Jacobsen, / . Organometal. Chem., 6, 
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