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The intermetallic bond in compounds of formula 
(CO)sM-M’RJ (M = Mn, Re; M’ = C, Si, Ge, Sn, Pb) 

In all these works a 7~ interaction was proposed in 

and n-CsH5(CO),MM’Rj (M = Fe, MO; n = 2,3; 
order to explain the i.r. spectra of some carbonyl 

M’ = Ge, Sn, Pb) was studied by using infrared 
compounds8-‘1 and the i9F chemical shift of some aryl 

(C=O and M-C stretchings) and n.m.r. (7 values of 
platinum compounds having Pt to Sn bond.7 

~E-C~HS ring) spectra and dipole moments in solution. 
However, in our opinion a systematic investigation 

It was found that only inductive eflects of R groups 
of related compounds of the type (CO),M-M’R, (M = 
Mn, Re; M’ = C, Si, Ge, Sn, Pb) and (x-CsH+ 

were operative on the electronic density of the trans- (CO),M-M’RJ (M = MO, Fe; n = 3, 2; M’ = Ge, 
ition metal. The polarity of the metal-metal bonds 
was found low and with the following distribution 

Sn, Pb) (Table I) could give a-more clear picture of 
the metal-metal interaction. 

6+ 6- 
of charge M-M’. However, the metal-metal bonds 
seem to be very polarisable in the following order 
M-Si < M-Ge < M-Sn < M-Pb. 

We report here an investigation by infrared and 
n.m.r. spectra and dipole moments in solution on these 
and related compounds. 

introduction 

The increasing interest on the preparation’ and 
reactivity’ of transition metal compounds with metal- 
metal bonds has stimulated many speculations on the 
nature of this type of bond. In a general survey304 of 
some physical properties such as magnetic interactions, 
bond distancies and reactivity, the nature of this bond 
was correlated with oxidation states and configurations 
of the metals involved in the bond. The strength of 
the metal-metal bond was found to decrease from a 
multiple bond, such as in [ReKls12-,5 to a weak inter- 
action such as in some dE complexes compounds.4*6 

Between the many classes of compounds with metal- 
metal bond, compounds with an heterogeneous bond 
between a transition metal and a group IV B metal 
were the more extensevely studied. 

The nature of this type of bond has been investigated 
by Parshall,’ Stone: Graham? Bigorgne” and by us.i’ 

(1) la) R. D. Gorsich. 1. Amer. Chem. Sot.. 84. 2486 (1962): (b) F 
Bon% ‘a&d G. Wilkins&.‘/. Chem. Six., 179 i196i): (cj I.~*: Y‘o;ng: 
R. D. Gillard and G. Wilkinson, I. Chem. Sot., 5176 (1964); (d) 4. S. 
Kasenally. R. S. Nyholm and M. H. B. Stiddard. I. Chem. Sot., 5343 
(1965): (e) F. Bonati. S. Cenini. D. Morelli and R. Ugo, /. Chem. Sot., 
(A). 1052 (1966): (I) H. R. H. Pat11 and W. A. G. Graham, Inorg. 
Chem.. 5. 1401 (1966). 

(2) (a) R. D. Cramer, E. L. Ienner. R. V. Lindsey Jr. and U. G. 
Stolberg. 1. Amer Chew. Sot.. 85. 1691 (1963); (b) 1. A Osborne. G. 
Wilkinson and I. F. Young, Chem. Comm.. 17 (1965): (c) G. Bond and 
M. Mellier, Chem. and. Ind., London, I (1965); (d) H. C. Clark and 
I. H. Tsai, Inorg. Chem.. 5 l&w flQk6*11 

(3) 1. Lewis. Plenarv LI I 
_, . *_1 \. ,_“,. 

ecture, VIII. I.C.C.C.. Vienna (1964); Pure am 
d. Butterworths. Apl;lki Chem.; 10. 11.(1965). Et 

(4) J. Lews and R. S. Nyhc 
(----‘ IYW). 

IIm, Science Progress. 52, No. 208. 557 

(5) F. A. Cotton, Quart. Rev.. 20, 389 (1966). 
(6) N. Bailey, F. Bonati. G. 8. RobertSon and R. Ugo. Chem. Comm., 

n submission. 
_, (7) R,. V. “Lindsey Ir.. G. W. Parshall and U. G. Stolberg. I. Amer. ,_” ,<lr_\ 

Experimental Section 

Infrared spectra in the region 200-400 cm-’ were 
recorded on Perkin-Elmer 621 (grating) spectrometer. 

Infrared spectra at higher frequencies (combination 
bands) were determined using a Perkin-Elmer 125. 

‘H n.m.r. spectra were recorded on a Perkin-Elmer 
R-10 instrument operating at 60 Mc./sec. with tetra- 
methylsilane as internal standard. 

Starting materials were prepared by standard 
methods. Reactions were carried out in a nitrogen 
atmosphere, according to a general method where 
Na[ Mn(CO)s], Na[Re(CO)J and Na[x-CsHsFe(CO)z] 
were involved. 

The compounds are listed in Table I, where analytical 
data are also given. Other properties are reported on 
the tables. 

Mn(CO5)Sn(C~H5),. A tetrahydrofuran (THF) 
solution of Na[Mn(CO)s] was prepared from 300 mg 
of Mn2(CO),o and sodium amalgam ( 100 mg of Na and 
1 ml of Hg) in 10 ml of dry THF. The reaction 
mixture was stirred at room temperature for 1 hr. and 
then the mercury was separated. Subsequently a 
solution of triethyltin chloride (0.26 ml) in dry THF (10 
ml) was added in small portions and the reaction 
mixture was stirred at room temperature for 3 hr. The 
solvent was removed under vacuum and the residual 
oil was extracted with n-hexane. Distillation on small 
scale (13O”C/O.3 mm) gave the pure compound. 

(8) N. Flitcroft, D. A. Harbourne, 1. Paul, P. M. Tucker and F. G. A. 
Stone. 1. Chem. Sot.. (A), 1 I30 (1966). 

(9) W. letz, P. B. Simons, 1. A. 1. Thompson and W. A. G. Graham, 
lnorg. Clwm.. 5. 2217 (1966). 

(IO) M. M. Olivier Kahn and M. Bigorgne. Compf. Rend. Acud. SC. 
Paris, (C). 263, 973 (1966). 

(II) R. Ugo, F. Cariati. F. Bon&i. S. Cenini e D. Morclli, Ric. Sci., 
36, 253 (1966). 
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Table 1. 

M.P. “Ca Analyses 
Compound Colour obs. lit. C H 

talc. found talc. found 

Mn(COhSnCh white 167-68 168b 
Mn(CO)sSnCICbH~ white 84-5 83-5 b 
Mn(CO)SnCl(C.H& white 94-5 97-8 a 
Mn(CO)Sn(CH& white 151 148-50 
Mn(CO)Sn(CH& white liquid this work 32.9 33.2 3.7 3.9 
Mn(COhPb(CsH& pale-yellow 146 146-48 b 
Mn(CO)IPb(CzH& yellow liquid liquid b 27.0 27.4 3.1 3.2 
Mn(C0)5Ge(ChH& white 162 162-64 c 
[ Mn(CO)s]zSnC1l white 145 143-44 b 
[ Mn(CO)s]Sn(C~Hs)~ white 137 137-39 a 
trans-Mn(CO)dPPhJSnCl, white 157 159 b 40.4 40.6 2.3 2.3 
truns-Mn(CO)rPPhaSn(C6HS)J white 228 228-30 b 
Re(CO)SnCl, white 220 220 d 10.8 11.3 0.0 0.0 
Re(CO)Sn(CsH& pale-yellow 145-46 142-43 d 40.8 40.7 2.2 2.0 
Re(CO)sGe(ChH& pale-yellow 156 157.5-158.5 e 43.8 43.5 2.4 2.8 
Re(CO)C(CH& pale-yellow 98-100 this work 49.5 48.4 2.6 2.9 
x-CjHsFe(CO)SnCh acre-yellow 158 157f 
x-C~HsFe(CO)Sn(C~H~)J yellow 140 139-41 a 
x-CsHsFe(CO)Sn(C~H& red-orange liquid this work 40.8 40.1 5.2 5.0 
x-CjH,Fe(COhPb(CsH& brown 130 this work 48.8 48.1 3.2 3.4 
x-CsHsFe(CO)IPb(C~H& red-orange liquid this work 33.1 32.7 4.2 4.5 
x-CsHsFe(CO)1Ge(C6H~)~ yellow 160 160-61 c 

a Melting points were determined on a Leitz Heitztischmikroskop and are uncorrected. b See ref. (la). c See ref. (31). d See 
ref. (32). eSee ref. (9). f See ref. (lb). 

Re(CO)sC(CsH&. To a THF solution of Na- 
[Re(COh], obtained from Rez(CO)ro (0.5 g) in dry THF 
( 10 ml) and sodium amalgam (200 mg of Na and 1.8 ml 
of Hg), a solution of triphenylcarbonchloride (220 mg) 
in dry THF (10 ml) was added in small portions. After 
3.5 hr. under stirring the solvent was removed under 
vacuum and the residue was extracted several times 
with n-hexane in a nitrogen atmosphere. On evaporat- 
ing the filtered solution and on cooling , pale-yellow 
crystals of the compound were obtained. 

x-CsHsFe(CO)2Sn(C2H~)~. A THF solution of Na- 
[ x-CsHsFe( CO),] was prepared from [ x-CsHsFe( CO)& 
(300 mg) in dry THF ( 15 ml) and sodium amalgam ( 100 
mg of Na and 1 ml of Hg). The mixture was stirred 
at room temperature overnight and after the mercury 
was removed. Subsequently a solution of triethyltin 
chloride (0.3 ml) in dry THF (10 ml) was added in 
small portions, and the reaction mixture was stirred at 
room temperature for 3 hr. The solvent was removed 
under vacuum, and the residual red oil was extracted 
with n-hexane. Distillation on small scale (150- 
lSO”C!/O.4 mm) gave the compound. 

7c-CsHiFe(CO)zPb(C6H~)~. To a THF solution of Na- 
[x-CsHsFe(CO)z], obtained from [n-CsHsFe(CO)& 

Table II. Dipole moments of some Manganese compounds 

(300 mg) in dry THF (15 ml) and sodium amalgam 
(100 mg of Na and 1 ml of Hg), a solution of triphenyl- 
lead chloride (780 mg) in dry THF (15 ml) was added 
in small portions. After 2 hr. under stirring the 
solution was filtered and evaporated to dryness. The 
residue was extracted several times with n-hexane. On 
evaporating the filtered solution and on subsequent 
cooling, brown crystals of the compound were ob- 
tained. 

dYjH.$e(CO)zPb(CzH~)~. This compound was 
prepared in a similar manner as the analogous tin 
derivative, but distillation on small scale or column 
chromatography always gave decomposition products. 
The red oil obtained evaporating the extraction 
solutions was sufficiently pure (see Table I) for our 
purposes. 

Dipole moments. Dielectric constants were measur- 
ed on a WTW dipolmeter DMOl. Dipole moments 
(Table II) were calculated by the Halverdstand-Kumler 
formula’* 

P 3Vla0 

2cm = (c,+2)2 
+ (vI+f3)~ 

Compound Solvent w, lo2 

Mn(CO)SnCh dioxane 0.962 
Mn(CO)sGe(CsH& benzene 1.323 
Mn(CO)Sn(C‘H& benzene 1.099 
Mn(CO)sPb(CJW~ benzene 1.001 
trans-Mn(CO),PPh,Sn(CH& benzene 1.068 
irons-Mn(CO),PPhSnCh dioxane 1.100 

0 Calculated with the atomic refractivities, ref. (48). 

a0 --P tm P Pea u 

15.2 0.4994 1114.2 50.5 7.21 
0.605 0.5063 151.8 109.1 1.45 
0.564 0.5063 161.7 109.1 1.60 
0.419 0.5063 170.7 109.1 1.87 
6~367 0.5063 1081.8 189.5 6.60 

31.4 0.5433 3478.5 127.0 12.81 

(12) I. F. Halverstadt and W. D. Kumler, J. Am. Chem. Sm., 64, 
2988 (1942). 
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Results and Discussion 

Infrared spectra: carbonyl stretching region. We 
have first examined the carbonyl stretchings of com- 
pounds of the series (n-C5H5)(C0)2Fe-X and (T&H~)- 
(CO)ZMO-X (Tables III and IV). The iron compounds 
showed two strong absorptions which, on the ground 
of a probable local C, symmetry, can be assigned to A’ 
and A” modes of vibration. 

between the A” vibration and Taft’s polar constants 
Q* of X groups” (Figure 1). 

No such correlation was obtained using Hammett’s 
CH Or reSOnanCe CfR ConStan&. 

The frequencies of the A1 or A” absorptions in 
molibdenum compounds (which were assigned to the 
bands at higher frequency on the basis of their inten- 
sities)15.showed to be in linear correlation with Taft’s 
polar constants Q* (Figure 2). 

Table III. C-O stretching frequencies and cyclopentadienyl hydrogen chemical shifts in x-CIHsFe(CO)zX molecules 

X Solvent A” A’ Solvent &rHs a 

SnCl, CH,Cl, 2047 (vs) 2007 (vs) CDCl, 4.80 
SnBr, b 2045 1996 CDCl, 4.81 
SnIl b 2032 1990 CDCl, 4.98 
Sn(C6H5)C11 b 2033 1970 CDCl, 5.01 
Ge(C6H1J3 CH,Cl, 1996 (vs.) 1943 (vs) CDCl, 5.26 
Sn(C6Hsh CHzCI, 1993 (vs) 1941 (vs) CDCl, 5.25 
IWCsHs), CHzClz 1994 (vs) 1947 (vs) CDCl, 5.20 - 5.27 
Sn(C2Hsh CH,Cl, 1978 (vs) 1924 (vs) CDCl, 5.30 
Pb(CzH,), CH,Cl, 1973 (vs) 1922 (vs) CDCl, 5.23 
Sn(CH& _i - - CHCl, 5.11 
Cl CCL c 2050 (vs) 2010 (vs) CDCl, 4.98 

kF, CHCl, nujol e 2044 2053 (s) (vs) 2003 2000 (vs) (s) CDCl, CHCI, or Csl e 4.99 5.01 
z, Ccl, CCL f f 2010 2010 (vs) (vs) 1955 1950 (vs) (vs) toluene f 

n-C,H, film g 
as pure liquid E 

5.40 5.70 

2013 (vs) 1953 (vs) 
iso-C,H, film g 

as liquid g pure 5.41 
2012 (vs) 1953 (vs) 

CaHs 
as pure liquid % 5.42 

nujol c 2021 (vs) 1969 (vs) 
COCH, cyclohex. h 2035 (s) 1969 (s) s, h 573 
COOCH, cyclohex. h 2046 (s) 1995 (s) CS> h 5.14 
CH,COCH, cs, ’ 2028 (vs) 1976 (vs) CCL 1 5.10 

“TMS as iniernal standard. b See ref. (33). c See ref. (34). d See ref. (35). eSee ref. (36). p See ref. 
(37). h See ref. (38). ‘See ref. (39). f See ref. (40). 

f See ref. (13). 

Table IV. C-O stretching frequencies and cyclopentadienyl hydrogen chemical shifts in x-CIHsMo(CO),X molecules 

X Solvent VC.0 Solvent r-C.H. a 

SnCl, 
Sn(CH,)2Cl 
Sn(GH& 
Sn(CH& 
Cl 
Br 

LF, 
H 

EE2 b 
Ccl: d 

Ekd 
ccl: z 
Ccl, e 
nujol f 
cs, e 

2049 (s) 1988 (s) 
2013 1947 
2004 1934 
1997 1922 
2055 (vs) 1980 (vs) 
2049 (vs) 1977 (vs) 
2040 (vs) 1968 (vs) 
2054 (s) 1976 (vs) 
2030 (vs) 1949 (vs) 

1964 (s) 
1913 
1909 
1895 
1960 (vs) 
1958 (vs) 
1955 (sh) 
- 
- 

CDCl, = 4.34 
Ccl, d 4.63 
CDCl, 4.74 
CHCl, P 4.59 
CDCl, 4.71 
- - 

& or CHCl, f 4Yl 
toluene e 5.4 

CH, ccl, e 2020 (vs) 1937 (vs) - 

C,Hs Ccl, e 2016 (vs) 1932 (vs) - 
isoGH, ccl, = 2010 (vs) 1930 (vs) - 

toluene e 

z% d 
tolueie e 

5.3 
4.68 
4.75 
5.2 

a TMS as internal standard. b See ref. (20). c See ref. (41). dSee ref. (If). c See ref. (13). f See ref. (36). 

The molibdenum compounds showed two or three 
strong absorptions: the different number of bands 
could be attributed to an accidental degeneration or to 
a different coordination stereochemistry. In fact, as 
previously pointed out,” a local CJ” symmetry (2 bands 
A, + E) or a local C, symmetry (3 bands 2A’+ A”) could 
be present in such molecules. 

The frequencies of the A” vibration in the series 
(7c-CsHs)(CO)zFe-X (when X is different from M’R3) 
were found strictlv dependent from the inductive power 

A discontinuity was found in the correlation by 
passing from compounds with CL, symmetry to com- 
pounds with C, symmetry with the exception of the 
trifluoromethyl derivative for whom, however, a spec- 
trum in nujol mull was reported. 

No correlation was obtained using Hammett’s BH or 
resonance CR CGnS&tntS. On the ground of these linear 
correlations it is reasonable to suppose that only 
inductive effects are operative on the frequencies of 

of the X group. in fact a linear correlation was iound 

(13) T. S. Piper and G. Wilkinson, /. fnorg. Nucl. Chem., 3, 104 
(1956). 

(14) (a) R. W. Taft. in M. S. Newman, Ed., xSteric ErTects in Organic 
Chemistryr, lohn Wiley and Sons. Inc.. New York. N. Y. (1956) ; 
(b) Edward S. Amis. aSolvent etlects on reaction rates and mechanism%+, 
Academic Press. New York-London (1966). 

(15) L. E. Orgel, fnOrg. Chew.. 1, 25 (1962). 
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Figure 1. v(C0) (A”) of CrH5Fe(CO)IX (circles) and of 
C,H5Fe(C0)SnRI (triangles) against c* and Cc*. 

-2 

4 

Figure 2. A, or A” type carbonyl stretching frequency of 
CrH5Mo(CO)IX (circles) and of CsH,Mo(CO)$nRj (triangles) 
against Q* and Zu*. 

carbonyl stretchings of the compounds above reported. 
This proposition is confirmed by the linear cor- 

relation found between the same carbonyl stretchings 
and an entity, such as electronegativity, which is less 
sensitive than Taft’s constants to steric requirements 
and secondary effects (Figure 3). 

3:. 
zu4 m m amu maa x3 _ 

ca sr”.frc”,“c P”m”wc” cr.-‘1 

Figure 3. A” type of carbonyl stretching frequency of 
C5H,Fe(CO)IX (circles) and of CsHSMo(CO),X (triangles) 
against the electronegativity of the X groups. 

In order to have comparable figures we choose the 
group electronegativity calculated applying Pauling’s 
method to thermochemical data of mercury organo- 
metallic compounds.i6 

When the carbonyl stretchings of compounds of the 
type (x-CsHs)(CObFe-M’R3 or (xCjH5)(C0)3Mo_M’R, 

(M’ = Sn, Ge, Pb; R = halogen, Et, Me, Ph) are 
compared, a decreasing of the Al or A” frequencies was 
found in the case of tin in the order Cl > Ph > Et > Me. 
This behaviour was previously explained by an increas- 
ed x-acceptor properties of the tin atom in the order 
SnCL > SnPh,> &Et, > SnMej.7-” 

It seems, however that only inductive effects are 
again operative, probably through the Q bond, without 
changing the n bond, if any. Indeed nice linear cor- 
relations were found (Figures 1 and 2) between the sum 
of Taft’s polar constants (Cc*> of SnRs groups and A2 
or A” stretching frequencies. 

Besides, by passing from Sn to Ge and to Pb no 
appreciable variation of the values of carbonyl stretch- 
ing frequencies was found (Tables III and IV). 

The second series of compounds which was 
investigated have the general formula (CObMX and 
(C0)5M-M’R3 (see Table I). 

Compounds of formula (CO)sMX (M = Mn, Re) 
should have a Ca, symmetry, if no distorsion is present; 
the carbonyl modes of stretching are of the type A,(‘), 
AI(~) and E, according to Cotton’s assignements.” 

In Tables V and VI we have reported the frequencies 
&these absorptions with the relative assignements. In 
every case the Al(‘) carbonyl stretching which cor- 
responds to the carbonyl vibration parallel to the four- 
fold axes in C& local symmetry and tram to X is well 
separated from the E stretching, which corresponds to 
the asymmetric vibration of the four carbonyls in the 
plane and cis to the X ligand. 

As we have pointed out before,” the Al(‘) frequency 
should be most affected by change of X in tram position. 
It was now found that such a change is not only due to 
an inductive effect, because by plotting the A,(*) 
frequency against Taft’s polar constants Q* of X groups 
we have not obtained any linear correlation. 

However, good linear correlations were obtained by 
plotting Alc2’ or E frequencies against Taft’s polar 
constants Q* (Figures 4, 5, 6 and 7). 

Similar linear correlations were also found between 
both these frequencies and the electronegativity of X 
groups. 

It seems then that the X group in these compounds 
acts in a different way on cis or tram carbonyl groups; 

Figure 1. A,‘” type of carbonyl stretching frequency of 
Mn(CObX (circles) and of Mn(CO)$nRI (triangles) against 
c* and Zu*. 

(16) H. 0. Pritchard and H. A. Skimer, Chem. Kcvs.. 55, 771 (1955). (17) F. A. Cotton, Irfoorg. Chem., 3, 702 (1964). 
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Figure 5. E type carbonyl stretching frequency of Mn(CO),X 
(circles), E type (triangles) and AI”’ type (quadrangles) of 
Mn(CO)&R, against u* and Zu*. 

cz.3 s,P~rc*m ,*<P”E*cv lrm“) 

Figure 6. A,“’ type carbonyl stretching frequency of 
Re(CO)?X (circles) and of Re(CO)&tR, (triangies) against 
Q’ and Zu*. 

-* 
.I 

l-0 am0 m a020 2001~ ala mw 

can IrlrruNm rrrP”~*r* cc.-‘) 

Figure 7. E type carbonyl stretching frequency of Re(CO),X 
(circles) and of Re(CO)SnR, (triangles) against u* and Zu*. 

the cis carbonyl groups are affected only by the change 
of the average electronic density on the transition 
metal, while the truns group is affected, as expected,*8 
also by a strictly djrectional effect which could be a 
change in the x-bonding. 

This hypothesis is supported by the linear correlations 
found between Al(‘) stretchings and the sum of 
Hammett’s constants %H or of resonance constants 

(18) R. 1. 
(1962). 

Angelici and F. Basolo. J. Amer. Chem. Sot.. 84. 2495 

LTR. However the correlations were not very good 
for all the experimental points. 

Compounds of formula (CO)sM-M’Rj (M’ = C, Si, 
Ge, Sn, Pb) should belong to the same CC local sym- 
metry. However, (Tables V and VI), many of these 
compounds showed a degeneracy in that AI”’ and E 
stretching frequencies werecoincident, as we proposed 
before.” 

Table V. C-O stretching frequencies in Mn(CO)rX molecules 

X Solvent 

SnCL 

SnBr, 
SnCL(C6H& 

Sn(CH,), 
Cl 
Br 

x 
CH, 

CH,Clz 
cyclohex. s 
cyclohex. b 
CH,Clz 
n-hexane 
cyclohex. 
CH,Clx 
n-hexane 
cyclohex. 
cyclohex. b 
cyclohex. b 
CHCl, 
cyclohex. s 
CHICI, 
cyclohex. b 
CH,Cb 
cyclohex. b 
CH,Clz 
n-hexane 
CH,Cl, 
n-hexane 
cyclohex. b 
CCL = 
CCL = 
CCI, c 

- Assignements 4 - 
A,“’ E A,“’ 

2131 (w) 2045 (s) 2045 (s) 
2126 2046 2039 
2122 2043 2037 
2118 (w) 2029 (s) 2029 (s) 
2114 (w) 2031 (s) 2022 (m,s) 
2113 (w) 2030 (s) 2022 (m,s) 
2105 (w) 2012 (s) 2012 (s) 
2102 (w) 2015 (s) 2015 (s) 
2102 (w) 2014 (s) 2014 (s) 
2101 2006 2015 
2098 2003 2003 
2086 (w) 1993 (s) 2097 2006 ;Q8; (s) 

2095 (w) 1999 (s) 1999 (s) 
2093 2002 2002 
2093 (w) 2002 (s) 2002 (s) 
2091 2003 2003 
2075 (w) 1981 (s) 1981 (s) 
2085 (w) 1989 (s) 1995 (m,s) 
2078 (w) 1981 (s) 1981 (s) 
2078 (w) 1987 (s) 1987 (s) 
2089 1991 1998 
2138 (w) 2054 (s) 1999 (m) 
2133 (w) 2050 (s) 2001 (m) 
2125 (w) 2044 (s) 2003 (m) 
2117 (VW) 2016 (vs) 2007 (s) 
2109 (w) 2010 (vs) 1989 (m) 

cyclohex. d 
cyclohex. e 
cyclohex. l 2114 iw) 2021 (vsj 1997 (mj 
cs, f 2105 2040 1994 

:&Hz 
KBr 0 2155 2050 2016 
cyclohex. a 2106 (w) 2012 (s) 1992 (m) 

a See ref. (17). b See ref. (9). CSee ref. (42). d See 
ref. (43). c See ref. (44). f See ref. (45). g See ref. (46). 
h See ref. (22). 

Table Vi. C-O stretching frequencies in Re(C0)5X molecules 

X 
- Assignements - 

Solvent A,‘l’ E A,“’ 

SnCh 

SnBr, 
C(CaH,), 
Si(C6HA 
Ge(CsHd3 

Sn(C6HA 

Pb(C6Hh 
Sn(CHd, 
Cl 
Br 

Lf 
CHI 
C,H, 
COCH, 
C,H,CH, 

CH,Ch 2150 (w) 2046 (s) 
cyclohex. a 2141 2044 
cyclohex. * 2143 2046 
CH,Cl> 2070 (w) 2009 (s) 
cyclohex. a 2118 2012 
CHzCl, e 2120 (w) 2010 (s) 
cyclohex. 0 2118 2014 
CH,CI, 2116(w) 2008 (vs) 
cyc1ohex.a 2114 2012 
cyclohex. a 2114 2015 
cyclohex. 0 2 108 2003 
Ccl, b 2156 (w) 2045 (s) 
CCL b 2150 (w) 2045 (s) 
CCL b 2145 (w) 2042 (s) 

cyclohex. c 2117 (w) 2015 (s) 
cyclohex. d 2125 (w) 2011 (s) 
Ccl, f 2132 (m) 2021 (vs) 
ccl, f 2131 (wm) 2018 (vs) 
ccl, ’ 2126 (m) 2015 (vs) 

2046 (s) 
2030 
2030 
1965 (m) 
2003 
1990 (sh,m) 
2000 
2008 (vs) 
2003 
2001 
2003 
1982 (m) 
1984 (m) 
1987 (m) 
2006 (m) 
1981 (m) 
1991 (s) 
2001 (ms) 
1986 (s) 

a See ref. (9). * See ref. (42). CSee ref. (43). dSec ref. 
(44). c A weak band at 2045 cm-’ appeared always in the 
three different samples prepared by us. ‘See ref. (47). 
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We have now surely confirmed such a degeneracy 
by studying the combination bands19 in some of these 
compounds (Table VII). 

These bands were assigned by comparison with the 
spectra in the same region of pure SnPhJC1, Sn(C2H5)K1 
and PPhj. Absorptions due to phenyl groups may 
cause some little doubt on the assignements only in the 
case of the compound Sn( CsH&Mn( CO)s. 

Table VII. Binary contributions of C-O stretching fundamentals 

equally distributed to cis and trans carbonyl groups via 
the metal-metal bond, without changing very much the 
‘x metal-metal bond, if any. Indeed no so good cor- 
relations were found by using Mammett’s cry or reson- 
ance bR constants. 

It is interesting to point out that no appreciable 
variation of the carbonyl stretching frequencies was 
found by passing from Si to Sn, Ge, Pb, but a lower 

Compound Solvent Obs. frequencies Assignements a Calc. frequencies 

Mn(CO)Sn(CIH~h film 4065 (sh, m) A,“‘+ E 4056 
liquid 4043 (s) B, +E vB,+ 1981 

3972 (m) A,“‘+ E 3962 
Mn(COhSn(CsH,h CCL 4085 (w) Al”‘+ E 4094 

mull 4062 (m) B, +E vB, + 1999 
3992 (w) A,‘“+ E 3998 

trons-Mn(CO),PPh,Sn(CIHI)I CCL 3922 (m) B, +E vB, + 1949 (3935) b 
mull 3980 (m) A, +E v Al + 1949 (3989) b 

a See ref. (19). b An i.r. spectrum recorded on very concentrated solution (CCL) showed these frequencies: 2041 (VW, Y&J, 

1987 (VW, vB,) and 1948 (vs, vE). If :hese assignements are exact, we have these calculated frequencies. 

Table VIII. C -0 stretching frcquencics in [ Mn(CO),]SnR, (1 and frans-Mn(CO),PPhSnR, b molecules 

Compound Solvent A,‘l’ 
Assignements 

E A,“’ 

CHXI, 2095 (s) 2029 (vs) 2003 (m) 
CHKI, 2077 (s) 2003 (vs) 1979 (s) 

trans-Mn(CO),PPh,SnCll CH,CI, - 1995 (vs) - 
trans-Mn(CO),PPh,Sn(CsH1), CH,CI, - 1949 (vs) - 

4 The assignements are made on the basis of local symmetry C,,. However, in non polar solvents the spectra are more complex 
as reoorted for similar comuounds (20). The nature of this behaviour will be discussed in a separated paper. b Apparent 
symmetry D,h (see contents).* 

The method of combination bands is particularly 
suitable for discriminating between the Al”) and the E 
frequency since the AI”‘+ E and the A,“)+E combin- 
ation bands are well far away, much more than the 
original bands corresponding to the A,‘” and E modes. 
The degeneracy of the Al”’ and E stretchings is not 
completely accidental because it was present in com- 
pounds which differed for M’ and R. In our opinion” 
in these compounds there is a much more extended 
delocalisation of the x bonds in a manner that the MR3 
groups affect the trans position and the cis position. 

In contrast with other authors, a x contribution to 
the metal-metal bond could compete not only with the 
x bond of the bans CO which involves d, and d, 
orbitals, but also with the x bond of the cis CO which 
involves mainly the d,, orbital, but also d, and d,, 
orbitals. 

For such a reason we thought that there was no 
strong directional effect of the MRI groups on the trans 
carbonyl groups or that this effect was somewhat 
lessened or less evident than that of the X groups 
previously described. 

In fact all the 3 stretchings (A,(‘), A,‘*’ and E) of 
molcculcs of the type (CO),M-M’RJ have been shown 
to be in linear correlation with the Taft’s polar constant 
sum (Ca*)of SnR3 groups (Figures 4,5,6 and 7). 

This means that inductive effects of R groups are 

(1% I. Lewis. A. R. Manning. I. R. Miller. M. 1. Ware and F. Nyman, 
Nolure. 207, 142 (1965). 
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value of the same frequencies was found in the case 
of C (Tables V and VI). 

We briefly investigated also the carbonyl stretching 
frequencies of the compounds of formula trans Mn- 
(C0)4PPh$nR3 (R = Cl, Ph) and [Mn(C0)512SnR;! 
(R = Cl, Ph) (Table VIII). 

The i.r. spectra of these compounds confirmed what 
already found in the series above investigated. Tram 
Mn(CO)dPPh$nRJ should belong to the CC point group 
and they should have 2 infrared active carbonyl stretch- 
ings, E and AI(~). 

However, they have always only one strong infrared 
absorption. 

As we proposed in a previous paper,” it is not pos- 
sible that the A,‘*’ and E stretchings have the samp 
value. Indeed in these compounds the A!(*) stretchin@ 
is of very low intensity; in a very concentrated solutiofi 
two very weak bands appeared in the i.r. spectrum of 
trans Mn(CO)rPPhjSnPhj at 2041 and 1987 cm-’ 
(Table VIII). 

The band at higher frequency is the A,‘*’ band; this 
assignement was found on the basis of combination 
bands (Table VII). 

The band at 1987 cm-’ is probably the infrared 
forbidden BI band. The very weak intensity of the 
A,‘*’ band showed that the selection rules for point 
group Dqh are “strong” in these compounds and that 
the effective symmetry is always almost l&h, as we 
have first proposed.” In fact, in a strictly D4h sym- 
metry the A,‘*’ vibration changes in the parent Al, 
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vibration; which is infrared inactive, while the E 
vibration changes in the parent E, which is still 
infrared active, without any appreciable variation of the 
intensity. 

This behaviour confirms that the metal-metal bond in 
these compounds has a great tendency to transmit 
electronic effects in a manner as symmetrical as pos- 
sible, since by changing R groups (e.g. Ph with Cl) on 
the tin atom there is not a change in the pattern of the 
spectrum, but only the expected change in the value of 
the frequencies in account of the different inductive 
effects of R groups. 

Czv symmetry or a lower symmetry is likely for 
[Mn(C0)5]2SnR2 compounds, so that 8 infrared active 
CO stretchings are expected. 

The carbonyl stretchings of these compounds had 
different patterns in different solvents.” However, in 
some solvents like CHCh or CH& the coupling be- 
tween the two different carbonyl moieties is not strong, 
so that a Cav site symmetry is likely for Mn(CO)s groups 
(Table VIII). The assignements were made on the 
basis of the intensity and value of the frequencies. 

In these compounds the degeneracy of vibrations of 
type Al(*) and E, which was previously found for the 
non bridging compounds, disappeared and the A,‘*’ 
and Al(‘) frequencies were found at a lower value, while 
the E frequency was nearly unchanged. 

It can be deduced here that the bridging groups 
SnR2 have a directional effect on the CO in the truns 
position of Mn(C0)5 moieties and that the Mn-Sn bond 
order is probably a little less than that found in non 
bridging compounds, probably because the tin atom 
can share its 5d orbitals between two manganese 
atoms. However, it seems that many factors affect 
the infrared spectra of compounds with two bridg- 
ings metal-metal bonds. In fact in the series 
[ ( x-&H5 ) Fe ( CO )Z ]zM’R2 ( M’ = Sn, Ge) and 
[(x-CsHs)Mo(CO)J]2SnR2 no linear correlations were 
found between carbonyl s&etchings and any c~ constants 
sum of R groups. 

A complete study of the i.r. spectra of these and 
related compounds will be reported in a forthcoming 
paper.20 

Incidently, a similar inductive mechanism was 
shown to be operative in some pentacoordinated 
compounds of formula (CO)&OMRJ” (M = Si, Ge, Sn, 
Pb; R = Et, Ph, Cl, OCHj when M = Si). These 
compounds having a trygonal bypiramidal coordination 
showed on the ground of a local CJ, symmetry 3 bands 
(~AI+E). We assume that A,(‘) is the vibration 
parallel to the tertiary axis and Al”’ the symmetrical 
vibration in the trigonal plane. By plotting the 
frequencies of A1 (I), Al(*) and E vibrations against the 
sum of Taft’s polar constants, three linear correlations 
(Figure 8) were obtained, showing that also in this 
case and with a trigonal bypiramidal coordination the 
inductive effects of R groups are transmitted through the 
Q metal-metal bond.* 

The correlations of E and Al”’ vibrations showed a 
nearly equal slope, which possibly means that the induc- 
tive effects are nearly equally distributed in the cis and 
ttuns position of the SIR, group. 

(20) s. Cenini. R. Ugo and F. Bonati, to be published. 
(0) Some similar correlations were recently obtained by Grahitm and 

coworkers (see ref. 28). 

Figure 8. E type (quadrangles), A,“’ type (triangles) and 
A,“’ type (circles) carbonyl stretching frequency of Co(CO),SiR, 
against Za*. 

Infrared spectra: M-C stretching region. We studied 
only the M-C stretchings of compounds of the type 
M(CO)&I’RJ (Table IX) because it is difficult to 
assign M-C stretchings in cyclopentadienyl derivatives. 

Table IX. v(Mn-CO) 0 modes in Mn(CO)IX molecules 

- Assignements 
X Solvent A,“’ E A,“’ e 

SnCl, 

Ge(CLH& 

Sn(CbHT), 

Pb(C,H,), 

Sn(C2H3), 

Pb(CzH& 

Cl b 
Br b 
Ib 
HC 
CH, = 
C,H, = 

nujol 

nujol 

nujol 

nujol 

nujol 

nujol 

nujol 
nujol 
nujol 
cyclohex. 
ccl, 
CCL 

403 (VW) 

400 (w) 

400 (w) 

395 (m) 

410 (w) 

405 (w) 

409 (w) 

410 (w) 

d 
- 
- 
- 
- 
- 

450 (m) 

460 (w) 

465 (s) 

478 (m) 

477 (s) 

472 (m) 

479 (m) 

47$(m) 

403 (m) 
415 (s) 
419 (s) 
462 (m) 
462.7 (m) 
455 (m) 

CH,C,H, = ccl, - 457.8 (m) 

530 (VW) 
450 (m) 
533 (VW) 
460 (s) 
543 (VW) 
565 (s) 
- 
478 (m) 
556 (w) 
480 (s) 
553 (w) 
472 (m) 
545 (w) 
479 (m) 
543 (w) 
476 (m) 
d 
- 
- 
- 
- 
- 
- 

0 G(MnC0) modes were found in the expected 500-700 cm-’ 
region. b See ref. (21). c See ref. (22). d Other bands 
were described but it was impossible to give any assignement. 
e The assignemcnt is made tentatively; in nearly all the com- 
pounds a weak band in the region 520-550 cm-’ appeared. 
This band could be as well assigned to the A,” mode, but, 
because of the high value of the frequency, an assignement 
as a bending mode is also probable. 

In compounds of formula M(CO)sX (M = Re, Mn) 
the only band which can be surely assigned is the 
strong E vibration;2’,u the A,(‘) and A,“: vibrations, 
which should now appear in the following sequence of 
frequencies, A,(‘)> E >A,(*) can be weak or medium 
and their assignments can be made only tentatively on 

(21) M. A. Bennett and R. 1. H. Clark. \. Chem. Soc.. 5560 (1964). 
(22) R. W. Cattrell and R. I. H. Clark. /. Orgonomef. Chem.. 6, 167 

(1966). 
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the basis of the similar pattern of the many reported 
spectra (see Tables IX and XI). 

We found that also in this region a linear correlation 
is obtained by plotting the frequency of E stretchings 
against Taft’s polar constants G* (Figure 9). 

_,I, , , ,, , , 1” 
a .* am ,D 440 W am .m a.0 

I**0 srecR*US “lcies, (cm-‘) 

Figure 9. E type Mn-C stretching frequency of Mn(CO)X 
(triangles) and of Mn(CO),SnR, (circles) against u* and I;c*. 

A similar pattern was obtained using electronegativity 
instead of Taft’s polar constants. It seems then that 
the E metal-carbon vibrations are affected only by 
inductive effects as the carbonyl stretchings. 

In compounds of the type M(CO)sM’R:, the assigne- 
ments of the metal-carbon stretchings were made 
tentatively on the basis of the patterns, which were 
similar to those of M(.CO)SX compounds (Table IX). 
Also in this case the strong E vibration is the only one 
which can be assigned satisfactory; however, the 
reported spectra have a very similar pattern so that Al(‘) 
and A,‘*) stretchings can be assigned reasonably to some 
tipical absorptions which are always present in the 
expected region. 

Some authorsu have previously claimed that any 
linear correlation was not found, in these compounds, 
between vco and VM.C. However, both types of stretch- 
ing frequencies should be sensitive to the same factor, 
namely inductive effects. It was then probable that 
a linear correlation should exist between vco and VM.C; 
indeed such correlation was nicely obtained, with our 
assignements, by plotting these two types of stretchings 
(Figure 10). 

We have then briefly studied the low frequency region 
of some trans substituted compounds and of compounds 
with bridging metal-metal bonds (Table X). 

In compounds of formula trans Mn(C0)4(PPh$SnR~ 
which, as we have previously demonstrated, could 
belong to a local D4h symmetry only the Mn-C stretching 

Figure 10. E type carbonyl stretching frequency against- E 
type Mn-C for Mn(CO)<X (circles) and for Mn(COhSnR, 
(triangles). 

of type E was easily assigned. As expected, the values 
of this frequency are higher when R = Ph than when 
R = Cl. 

A similar conclusion was found for the E stretching 
mode (assuming a L local symmetry) of the bridged 
compounds. 

In these compounds the values of the E stretching 
frequencies were higher or equal to those of the related 
non-bridged compounds. 

Althought shifts of similar frequencies in this region 
are less evident than in carbonyl region, this seems to 
give partial support to the fact that the Mn-Sn bond 
order in bridged derivatives could be a little lower than 
in non bridged compounds. 

Table Xl. v(Re-CO) modes n in Re(CO),X molecules 

X 
- Assignements - 

Solvent A,‘Z’ E A,“’ c 

SnCI, nujol 410 (m) 375 (s) 515(m, w) 
375 (s) 

C(CJ-L), nujol 435 (w) 395 (s) 535 (w) 
395 (s) 

Ge(CJU nujol 425 (w) 393 (m) 525 (w) 
393 (m) 

Sn(CH& nujol 422 (m) 395 (s) 520 (m) 
395 (s) 

Cl b nujol 431 (w) 346 (s) 484 (w) 
346 (s) 

Brb nujol 431 (w) 351 (s) 493 (w) 
351 (s) 

Ib nujol 434 (w) 360 (s) 496 (w) 
360 (s) 

a See note (a) on Table IX. b See ref. (21). C See note 
(e) on Table IX. 

Table X. v( Mn-CO) a modes in rMn(CO),lISnRI b and trans-Mn(CO),PPhSnR, b molecules 

Compound Solvent A,“’ 
Assignements 

E A,‘11 c 

[ Mn(CO)r]zSnCI~ nujol 399 (w) 465 (m) 552 (w) 
465 (m) 

[ Mn(CO)rJSn(CJU nujol 405 (w) 473 (m) 542 (w) 
473 (m) 

rruns-Mn(CO),PPh,SnCl, nujol - 464 (m) - 

truns-Mn(CO),PPh,Sn(CaH,), nujol - 491 (m) - 

a See note (a) on Table IX. b See footnotes on Table VII 1 See note fe) on Table IX. 
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N.m.r. spectra. We investigated the possibility of 
correlating the hydrogen chemical shift of cyclopenta- 
dienyl ring of compounds of the type (n-CsH5)Fe(CO)zX 
and (7c-C~HS)MO(CO)~X (see Tables III and IV) with 
some properties of the X group like electronegativity 
or some Q constants. 

In fact, the variation of the values of these chemical 
shifts should reflect the interaction of antibonding 
orbitals of the ring with non bonding electrons on the 
metal. It is reasonable to suppose that the energy 
of non bonding electrons is mainly affected by the 
nature of X groups. 

However, the possible effects of long range shieldings 
due to a group asimmetry, the influence of restricted 
rotation of a bulky RsM-group around the M-M’ bond 
or the effect due to the ring current of the phenyl rings 
might also be operative. 

Studies of this type were reported in compounds of 
formula (7c-CsH&TiX2 and (7c-CsH&Ti(CsH4-X)2” and 
quite nice correlations were obtained. 

By comparing the chemical shifts of (TC-CsHs)- 
Fe( CO)2X and (7c-C5H5)Mo(CO)~X compounds with 
Taft’s polar constants of X groups some nearly linear 
correlations have been obtained (Figures 11 and 12). 

Figure 11. ‘H chemical shift of CsH,Fe(COhR (circles) and 
CjH,Fe(CO)SnRJ (triangles) compounds against Q* and &J*. 

Figure 12. ‘H chemical shift of CsHrMo(CO),R (circles) and 
of C5HIMo(CO),SnR, compounds (triangles) against Q* and 
ccr*. 

(23) H. C. Beachell end S. A. Butter, Inorg. Chcm., 4, 1133 (1965). 

459 

By Using Hammett’s Constant cH or resonance constant 
bR we did not obtain any linear correlation, which 
however were obtained using electronegativities. 

Once demonstrated in this way that mainly polar 
effects are operative on the variation of the chemical 
shift of the cyclopentadienyl ring, we investigated 
compounds of the type (WZsHs)Fe(CO)zSnRs and 
(WZsHs)Mo(CO)$3nR3. 

Linear correlations between the chemical shifts of 
the cyclopentadienyl ring and the Taft’s polar constants 
sum (xc*) of R groups were obtained (Figures 11 and 
12). 

By Using Hammett’s constant CH or resonance 
constant CR the obtained correlations were not so 
straight. 

It is interesting to point out that in the 
bridged compounds [ ( 7c-CsHs) Fe(CO)z &SnRz and 
[(7c-CsHs)Mo(CO)sTjrSnRz the correlations between 
chemical shifts and Ca* of R groups were not so good 
as those obtained with the non bridged compounds. 

The correlations here found confirm again that 
inductive effects of R groups are mainly operative on 
the electronic density of the transition metal through the 
B metal-metal bond, as pointed out from infrared 
spectra. 

In the above reported correlations the experimental 
values of the Sn(CHJ)s group are far away from the 
straight line; on the contrary this discrepancy was not 
found in the infrared correlations. It seems than that 
Sn(CH& group shows a complex behaviour when 
nuclear magnetic phenomena are involved. 

Indeed the position of the methyl resonance was 
found to shift towards lower fieIds passing from 
Sn(CHs)J to (7c-CsHs)Mo(CO)&$CH~)~ and Mn(C0)5- 
Sn(CHA.9 On the ground of inductive effects only a 
shift towards higher field was expected. On the basis 
of this and our results it is clear that there are many 
mechanisms, other than those due to inductive effects, 
which attend to the general trends of chemical shifts of 
methyl group of compounds having Sn(CH& group 
bound to a transition metal. 

Dipole moments. In Table XI I we have reported the 
dipole moments in benzene or dioxane soIution of 
compounds of formula (CO)sMn-M’PhJ (M’ = Sn, Ge, 
Pb), trans-PPhJ(CO)dMnSnRJ (R = Cl, Ph) and (CO)s- 
MnSnCL. 

The crystal structures of many of these compounds 
have been reported” and in every case no appreciable 

Table XII. 

Compound 

Mn(CO)SnCI, 7.21 7.17 2.41 - 3.21 
Mn(CO)sGe(C,HA 1.45 1.01 0.45 - 0.75 
Mn(C0)5Sn(C6HA 1.60 1.16 0.60 - 0.90 
Mn(CO)IPb(C6HA 1.87 1.39 0.77 - 1.07 
rrans-Mn(CO),PPh,Sn(CsHl)l 6.60 6.47 1.9 - - 
truns-Mn(CO),PPh,SnClJ 12.81 12.76 4.3 -4.8 

0 Extreme values by taking pmWco between 0.5-0.8 D, ~+.I’-QH~)J 
between 0.1-0.2 D, ~_l~‘_~,~ between 3.4-4 D and p.m..~~hJ equal to 
4.5 D. b In Debye units. 

(24) (a) 8. P. Kilbourn. T. L. Blundell and H. M. Powell, Chem. 
Comm., 444 (1965) and references therein; (b) R. F. Bryan, Chem. Comm.. 
355 (1967) and references therein. 
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distortion was found from the regular octahedral co- 
ordination of the manganese atom. 

Owing to the good knowledge of the stereochemistry 
of the above reported compounds we calculated the 
partial moment vMd,~, from the dipole moment v found 
for compounds of formula (C0)5Mn-M’Phx, using the 
following formula: 

%.ln-MS = p - hn-CO - ,+(Q,Hj)3 

6- 6+ 

where Mn-C=O was taken equal to 0.5-0.8 D and 
6+ 6- 
M’-(CsH& equal to 0.1-0.2 D. 2.5 

The obtained values are reported in Table XII. 

The polarity of the bond is gn-& in every case; 
by substituting the truns CO with PPh3 the total moment 
increased, as expected. In fact the polarity of the 

6- 6+ 
Mn- P bond is Mn- PPhs with the partial moment 
4.5 D.26 

On the other side, also the partial moment gn-& 
increased, possibly because of the higher electronic 
density of the manganese by substituting the CO group 
with PPh3. 

In the compound of formula (CO)sMnSnCL the 
partial moment Mn- Sn had the same polarity but it 
was higher. (2.3 against 0.6-0.9 D). 

By substituting the tram CO with PPhs the partial 
moment increased, as previously found, of nearly 1.5- 
2 D. 

It seems then that the Mn - M’ bond is of low polarity 
but extremely polarisable; the polarity and the polari- 
sability increased in the order Si < Ge<Sn < Pb. This 
order is confirmed by considering the dipole moments of 
(COkCoM’Rs compounds reported by other authors.‘O 

If a non distorted trigonal bypyramidal coordination 
is considered and if the polarity of the Co-M’ bond is, 
as we have demonstrated for the Mn-M’ bond, 
Ei+ 6- 
Co- M’, the following partial moments can be cal- 
culated (Table XIII). 

Table XIII. 

Compound CL 
talc. PO-Mb: 

Co(CO),SiCI, 0.35 - 0.65 
Co(COJrSi(CsHs), 0.25 - 0.65 
Co(CO)&KLHA 0.47 - 0.87 
Co(CO),GeKzHs), 0.74 - 1.14 
Co(COhSn(C2HA 1.05 - 1.45 
Co(COLPb(CzHs), 1.85 - 2.25 

4 See footnote on Table XII and by tiikng pM’ cI = 1.7 D when 
M’ = Si. The dipole are in Debye units. 

Although the absolute values did not agree completely 
with those above obtained (Table XII), the order of the 
polarity is still the same. 

It is interesting to point out that by substituting on 
the Si atoni C6Hs and CzHs groups with Cl there is not 

(25) L. Malatesta and K. Piuotti. Gazt. Chern., 73. 344 (1943). 
(26) +-I) . Chart and F. A. Hart, /. Chem. Sot.. 1378 (1960); (b) W. 

~;ro&cter and H. Ellmaon, Her. Bunsenges. Phys. Chcm.. 68. 481 

any appreciable variation of the value of the Co - Si 
partial moment, which agrees with a low polarisability 
of such a bond. 

Conclusion 

The nature of the metal-metal interaction in the series 
of compounds here investigated have been the subject 
of many discussions. 

The general physical trends of this type of metal- 
metal bond (e.g. high tram-effect, high stability) have 
been always explained in term of d,-d, interactions be- 
tween the filled d orbitals of the transition metals and 
the unfi!led d orbitals of IV group B elements. It is 
well known that empty d orbitals have an interesting 
role in the chemistry of Si, Ge and Sn, but up to now 
there is no sure evidence of strong x interactions in 
transition to group IV metal bonds. 

Indeed the distances found in such metal-metal bonds 
are not far away from the sum of covalent single bond 
radii24 although the single bond radii of transition 
metals are not very well known, and there is no 
appreciable difference in the Mn-Sn distance in com- 
pounds of the type Mn(CO)sSnRJ, when R = CSHS or 
when R = CHj.” 

Parshall described the SnCL- ligand as very weak 
u donor and a strong 7~ acceptor cconly, on the basis 
of its high trans effect. 

However the trans-effect could be explained equally 
well by a very polarisable strong Q bond.” Indeed 
ligands such as H- or CHs- showed very high trans- 
effect also if they do not have the possibility of a r 
interaction with the transition metals. 

The correlations here found demonstrate clearly that 
the effect of R groups bound to the group IV metals 
are transmitted to the transition metal only by a purely 
inductive mechanism through a very polarisable u 
metal-metal bond. 

On the ground of our results the great variations 
(e.g. carbonyl stretchings) found by passing from M’Ch 
to M’(CH& (M’ = Si, Sn, Ge) can not be attributed 
to an inductive effect of halogen substituents which 
could increase the electron affinity of empty d, orbitals 
of group IV metals, ** but mainly to an inductive effect 
which should change the effective electronegativity of 
group IV metals, and subsequently the s character of 
the tin atom for use in the cr metal-metal bond. 

Indeed by substituting a methyl group with a chlorine 
on the tin atom bound to Mn(CO)? or CO(CO)~~@ 
moieties there is a decrease of the tin-hydrogen coupling 
constant. Following the interpretation of Graham 
and coworkers? this means that the tin orbital bonding 
to transition metal is mainly changed in the s character 
and has increased its s character as expected by a 
change of electronegativity. On the other side, as 
pointed out by Stone and coworkers,8 filled p orbitals 
of halogens could compete with filled d orbitals of the 
transition metals in using vacant d orbitals of the group 
1V metals and this mechanism should decrease and not 
increase the x acceptor properties of the group IV 
metals. 

(27) C. H. Langford and H. B. Gray. Ligand Substitution Processes, 
Ed. W. A. Benjamin (1965). 

(28) D. J. Patmore and W. A. G. Graham, Inorg. C/tern., 5, 981 (1967). 
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Recent worksz9 suggested that x interaction is not 
very strong in bonds such as phosphorus to transition 
metal bond. Such bonds are very dependent on the 
over-all electron state of both parts of the complex 
molecule which are connected through the bond. This 
means that donor-acceptor capacities of ccsoft, ligands, 
such as tertiary phosphines, are not constant, but 
depend on the chemical structure of the ligand (e.g. the 
true electronegativity of the phosphorus atom) and also 
on the electronic state of the transition metal. 

We suggest that a similar behaviour can be attributed 
to the heterogeneous metal-metal bonds here studied. 
In fact these bonds are very sensitive to the chemical 
structure of the ligand as shown by the many corre- 
lations here reported and to the electronic state of the 
transition metal as shown by the variation of polarity by 
substituting a carbonyl group bound to the transition 
metal with a tertiary phosphine. 

We believe that TC interaction is less important in 
these meta!-metal bonds than Q interaction; indeed our 
suggestions are supported also by the following points. 
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On the contrary no appreciable change in the 
carbonyl stretchings was found by passing from Si to 
Ge, to Sn and to Pb (although force constants should 
be a better criterium) and, generally speaking, the Si 
compounds are usually less stable than Ge and Sn 
compounds. Besides the polarity and polarisability of 
the metal-metal bonds seem to increase in the order 

M-Si < M-Ge = M-Sn < M-Pb 

The heterogeneous metal-metal bonds here studied 
are not very polar but very polarisable as suggested 
beforeM on the basis of infrared and Raman intensities 
of metal-metal vibrations and the mean features of the 
metal-metal bond seem to depend mainly on the 
apparent electronegativity of group IV metal. 

This latter suggestion is confirmed by the constant 
values of apparent electronegativities of SnRJ groups 
(Table XIV) calculated by using data obtained from 
complexes with different transition metals and different 
stereochemistry. 

Table XIV. Apparent electronegativity of SnR, groups 

SnCh SnBrl 

from iron 2.90 2.85 
from molibdenum 2.80 - 
from 0 manganese 2.61 2.50 
from b manganese 2.73 2.68 
from rhenium a 2.55 2.60 
from rhenium b 2.86 2.90 

average value 2.74 2.10 

Sn(CH1)Cl SnW-Lh Sn(CHh Sn(GHd, 

G4 
1.65 - 1.30 
1.62 1.56 

1.94 1.62 I .60 GO 
2.05 1.98 1.80 1.68 
- 1.90 1.75 - 
- 2.13 1.95 

1.97 1.81 1.73 G9 

1 Variations of the stretching frequency VC=O (A,“‘). b Variations of the streching frequency vcxo (E). 

Owing to the nearly equal electronegativity of Si, Ge, 
Sn and Pb any 7c interactions should increase the 

Our results confirm Nyholm’s and Lewis first sug- 
gestions 3,4 of the stability of heterogeneous metal-metal 

stability and change the polarity of the metal-metal 
bond in the order 

bonds associated with the s character of the bonding 
atomic orbitals. 

M-Si > M-Ge > M-Sn > M-Pb 
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