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Abstract 

The interaction between CpzMoHz (Cp = $- 
CsHs) and SnMe&,_,, (n = O-3) proceeds in aprot- 
ic solvent with the elimination of HCl and the 
formation of heterometallic complexes of the 
composition Cp,Mo(H)SnMe,CIJ_ n (n = O-3) and 
Cp,Mo(SnMezC1)? which contains an Mo-Sn u-bond. 
It has been found that in all studied compounds the 
length of this bond is 0.20-0.30 A less than the sum 
of the covalent radii of the MO and Sn atoms. 

Based on analysis of the geometry of the MO and 
Sn environment, the high values of the isomeric shifts 
(1s) in the Miissbauer spectra, the constants of the 
spin-spin interactions (Ssr) J3Cp-sn and JZHMOSn, 
and the considerably decreased values of the J2wsn 
constants in ‘H NMR spectra, it was concluded that 
the decrease in the interatomic distance MO-Sn is 
due to the high s-character of this bond. It is sug- 
gested that this effect, which is most pronounced in 
wedge-like complexes, is brought about by changing 
the orbital hybridization type of the tin atom from 
sp3 to s + 3p. This can explain the shorter interatomic 
distance M-Sn in heterometallic complexes of other 
types. 

Introduction 

Molybdenocene dihydride, Cp,MoH2 (Cp-T$- 
C5H5), is known to be a rather strong Lewis base 
due to the presence of an unshared pair-of d-electrons 
at the MO atom. Known reactions of this compound 
with Lewis acids and the halides of transition and 
non-transition metals can take three distinct path- 
ways, depending on the nature of these metals: 

*Author to whom correspondence should be addressed. 

0020-1693/86/$3.50 

(a) with the retention of the MO-H bonds and the 
formation of donor-acceptor type adducts Cpz- 
MoH2MX, (M = B, Al) or chelate type complexes 

H 
with hydrogen bridges Mo<,>M’ (M’ = Zn, Fe(II), 

Cu(II), Cu(I)) [ 1 I ; 
(b) with partial or complete elimination of hydro- 

gen and reduction of the metal atom of the Lewis 
acid (M’ = Fe(III), Cu(II)), which, in some cases, 
results in forming structures with an assymetrical 

H 
heterobridge Mo(,l> M’ [2,3] ; 

(c) with the elimination of HX (X = Hal, R) and 
formation of the complexes with an MO-M’ u-bond. 
This type of reaction and its products have been 
studied in the examples of the interactions of Cp,- 
MoHz with HgXp [4] and CpzMoH2 with SnC& 

[5,61. 
This paper concerns further studies of the reac- 

tions between Cp,MoH* and organometal Lewis 
acids SnMe,Cl+, of ‘C’ type and establishes the 
influence of the strength of a Lewis acid on the 
composition and structure of the resulting hetero- 
metallic complexes. 

Experimental 

All the procedures were carried out under dry 
argon. Solvents were dried by boiling and subsequent- 
ly distilled over LiAlH,, (ether, benzene) directly 
before use. Cp,MoHz and Cp,MoDz were obtained 
as previously described [7]. Tin chloride and methyl- 
chlorides were analytically pure. The complexes of 
Cp,Mo(H)SnC13 (I) and [CpzMo(H)SnC13]2*SnC14 
(II) were obtained by reacting Cp2MoHz with SnC14, 
as previously described [5]. The rest of the com- 
plexes were obtained by the following techniques. 
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C)J~ Mo(H)SnMe& (III) 
0.2 mmol solution of SnMeCls in benzene (or 

ether) was added to the solution of 0.3-0.4 g (0.1 S- 
0.20 mmol) of CpzMoHZ in 30 ml of the same solvent 
under stirring. This resulted in a yellow precipitate, 
which was filtered off, washed with ether and dried 
under vacuum. The compounds were obtained in 95% 
yield. The resulting CpzMo(H)SnMeClz is a crystalline 
yellow substance, insoluble in benzene and ether, 
poorly soluble in acetonitrile and THF, and readily 
soluble in methylene chloride, DMSO and DMFA. 
Anal. Found: MO, 22.2; Cl, 16.2. Calc. for (CsH&- 
Mo(H)SnMeClz: MO, 22.20; Cl, 16.21%. 

0.35-0.45 mmol solution of SnMe2C12 in benzene 
was added to the solution of Cp2MoH2 (0.15-0.20 
mmol) in the same solvent under stirring. The com- 
pletion of the reaction was marked by forming a 
yellow solution and a white flocculent precipitate V 
(see below). The precipitate was filtered off, washed 
with ether and dried under vacuum. Slow evaporation 
of the yellow solution gave yellow needle-like crys- 
tals of Cp2Mo(SnMe2 Cl)2, readily soluble in benzene 
and ether. Anal. Found: MO, 16.1; Cl, 11.9. Calc. for 
(CsHs)2Mo(Sn(CH3)2Cl)2: MO, 16.16; Cl, 11.79%. 

[ Cp2 Mo(SnMe2 C’l12 H] ‘CT ( V) 
The white substance, isolated from the above 

synthesis in the form of a white flocculated precipi- 
tate and insoluble in organic solvents, dissolves in 
DMSO and DMFA with decomposition, Anal. Found: 
MO, 15.0; Cl, 17.0. Calc. for [(CsHs)2Mo(Sn(CHa)2- 
C1)2H]+Cl-: MO, 15.23; Cl, 16.90%. 

Cp2 Mo(H)SnMe2 Cl (VI) 
Under prolonged retention of the precipitate V 

in a small volume of ether, the solvent turned 
yellow, yielding needle-like crystals of VI, moderately 
soluble in ether and benzene, and readily soluble in 
CH2C12, THF, acetonitrile, DMSO and DMFA. Com- 
plex VI can also be obtained by reacting Cp2MoH2 
with SnMeaCl at the ratio Mo:Sn = 1:2 according to 
the technique described for the complex Cp,Mo(H)- 
SnMes. Anal. Found: MO, 23.2; Cl, 8.6. Calc. for (Cs- 
Hs)2Mo(H)Sn(CH3)2Cl: MO, 23.33; Cl, 8.64%. 

Cp, Mo(H)Snh& ( VZZ) 
1 mmol of triethylamine was added to the 

solution of Cp2MoH2 in benzene (0.15-0.20 mmol) 
under stirring; then 0.2 mmol solution of SnMeaCl 
in the same solvent (the ratio Mo:Sn:EtaN = 1:1:5) 
was added to the reaction mixture under stirring. The 
solution was stirred for 5-6 h, and gave a pale-gray 
flocculent precipitate of Et,N*HCl. The solution 
became turbid and turned an intensive yellow color. 
It was filtered, and after slow evaporation, yellow 
foliated crystals of Cp,Mo(H)SnMe, were isolated. 
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To obtain big crystals suitable for X-ray analysis, 
complex VII was recrystallized from pentane or 
hexane. This was a yellow crystalline substance, 
readily soluble even in alkanes. Anal. Found: MO, 
24.6; Cl, 0.0. Calc. for (CsH5)2Mo(H)Sn(CH3)3: MO, 
24.6 1%. 

The contents of molybdenum was determined 
spectrophotometrically. The quantity of chlorine 
was calculated by titration with silver nitrate solu- 
tion with potentiometric indication of the equiv- 
alence point. IR spectra were taken on UR-20 and 
IKS22B instruments. The samples were prepared 
as suspensions in Nujol. ‘H NMR spectra of the solu- 
tions in d’-DMFA and CD2C12 were recorded on 
Varian-XL100 and VarianFT80 spectrometers. 
Solvent resonances served as standards for references 
of proton chemical shifts. The Mossbauer ‘19Sn 
spectra were taken on a spectrometer of an electro- 
dynamic type. Ba 119mSn03 served as the source. 

The X-ray study was performed using a Synthex 
Pi diffractometer (MO k, irradiation, graphite mono- 
chromator, 28-scanning up to 20 < 54’). 

The crystals of VI are monoclinic: a = 8.848(2), 
b = 11.702(2), c = 14.727(3) A, r = 114.59(l)‘, 
space group F2 ,/b, Z = 1, pc = 1.96 g cmd3. The crys- 
tals of VII are monoclinic: a = 8.944(2) b = 
11.845(2), c = 26.275(5) A, -r = 91.86(2)‘, space 
group f’2&z1, Z = 8, pc = 1.87 g cmm3. 2002 reflec- 
tions for VI and 3468 for VII with I > 3a(I) were 
used for the calculations. The correction for absorp- 
tion was made: nv* = 28.4 cm-‘, crystal size, 0.2 X 
0.3 X0.4 mm, nvrx = 26.6 cm-‘, crystal size 0.2 X 
0.2 X 0.14 mm. 

The structures were solved by the direct method 
and refined by the full-matrix least-squares method 
in the anisotro ic (isotropic for H atoms) approxima- 
tion up to Rvp = 0.019 and Rv” = 0.022 (Rwv” = 
0.029) respectively. VII showed two crystallographi- 
tally independent molecules, la and lb. Atomic 
coordinates for complexes VI and VII are listed in 
Tables I and II, and the most important structural 
characteristics are listed in Table III. 

Results and Discussion 

In all cases the interaction between Cp2MoH2 
and tin methylchlorides SnMe,CL,__. was accom- 
panied by the elimination of HCl and the 
formation of complexes with an Mo-Sn u-bond. 
However, the composition of the final reaction 
products depends both on methylchloride acidity 
and on the basicity of the complex Cp2Mo(H)SnMe,- 
c13_,. 
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TABLE I. Atomic Coordinates for the Complex CpzMo(H)- 

SnMczCl (VI) 

TABLE II. Atomic Coordination for the Complex CpzMo- 

(H)SnMes 

Atom x Y z u W Atom x Y z u eq 

Sn 0.8204(l) 0.2359(l) 0.1621(l) 0.049(l) 
MO 0.5081(l) 0.2106(l) 0.1348(l) 0.035(l) 

Cl 0.8839(2) 0.0869(2) 0.0706(l) 0.110(l) 
C(1) 0.2517(5) 0.0784(4) 0.1824(3) 0.063(2) 
C(2) 0.3344(5) 0.0031(4) 0.1624(3) 0.062(2) 
C(3) 0.4653(5) 0.0337(4) 0.2224(3) 0.058(Z) 
C(4) 0.4673(5) 0.1304(4) 0.2787(3) 0.058(Z) 
C(5) 0.3340(6) 0.1594(5) 0.2550(3) 0.065(2) 
C(6) 0.3665(5) 0.2314(5) 0.0135(3) 0.065(2) 
C(7) 0.4831(6) 0.1896(4) -0.0204(3) 0.061(2) 
C(8) 0.6391(5) 0.2838(5) -0.0044(3) 0.063(2) 
C(9) 0.6211(6) 0.3820(4) 0.0407(3) 0.068(2) 
C(10) 0.4514(6) 0.3506(5) 0.0517(3) 0.070(2) 
C(ll) 0.8961(7) 0.1983(6) 0.2932(4) 0.098(3) 
C(12) 1.0267(6) 0.4002(5) 0.1130(4) 0.093(3) 
H(0) 0.6011(64) 0.3353(50) 0.1987(36) 0.071(18)a 

%otropic heat parameter of the atom. 

As shown in [5], the reaction between Cp2MoH2 
and SnC14*5H20 or SnC14*2Et20 solvates results 
in the complex Cp2Mo(H)SnC1s (I). The interaction 
between Cp2MoH2 and unsolvated SnC14, which is a 
stronger electrophyl than the complexes SnC14*2L, 
goes deeper and yields [Cp2Mo(H)SnC1s] 2SnC14 
(II). The data of the IR, ‘H NMR and Mossbauer 
spectroscopy testify to the adduct nature of this com- 
pound, where two molecules of I coordinate the 
molecule of SnC14 by MO-H -+ Sn bridges [5]. 

Irrespective of the solvent nature, the interaction 
between Cp2MoH2 and tin methylchloride is describ- 
ed by the eqn. 1. The resulting Cp2Mo(H)SnMeC12 
(III), as well as complex I, is not protonated by evolv- 
ing HCl. Unlike the reaction between Cp2MoH2 

Snl 0.7605(l) 0.2382(l) 0.4413(l) 0.038(l) 

Sn2 0.0074(l) 0.2642(l) 0.6723(l) 0.041(l) 

Mol 0.4579(l) 0.2622(l) 0.4561(l) 0.036(l) 

Mo2 0.3065(l) 0.2605(l) 0.6971(l) 0.035(l) 

C(l1) 0.3165(6) 0.2221(5) 0.5250(2) 0.061(2) 

C(l2) 0.3520(7) 0.3400(5) 0.5252(2) 0.065(2) 

C(13) 0.5038(7) 0.3540(5) 0.5325(2) 0.063(2) 

C(l4) 0.5673(6) 0.2470(5) 0.5365(2) 0.056(2) 

C(l5) 0.4501(7) 0.1646(5) 0.5314(2) 0.057(2) 

C(l6) 0.4717(6) 0.1791(5) 0.3755(2) 0.056(2) 

C(l7) 0.4354(7) 0.2926(5) 0.3705(2) 0.063(2) 

C(l8) 0.2958(8) 0.3074(5) 0.3941(2) 0.073(2) 

C(19) 0.2504(6) 0.2003(6) 0.4147(2) 0.071(2) 

C(110) 0.3607(7) 0.1238(5) 0.4025(2) 0.067(2) 

C(lll) 0.8441(6) 0.0771(4) 0.4684(2) 0.049(2) 

C(112) 0.8499(7) 0.2483(7) 0.3646(2) 0.068(3) 

C(113) 0.9029(7) 0.3605(6) 0.4811(3) 0.069(2) 

C(21) 0.2907(9) 0.1075(5) 0.7494(3) 0.072(3) 

C(22) 0.4404(7) 0.1312(5) 0.7367(3) 0.074(3) 

~(23) 0.4577(7) 0.1141(5) 0.6853(3) 0.070(3) 

~(24) 0.3187(8) 0.0808(4) 0.6650(3) 0.066(2) 

~(25) 0.2168(6) 0.0749(4) 0.7043(3) 0.063(2) 

C(26) 0.2326(7) 0.4432(5) 0.7 136(3) 0.077(3) 

C(27) 0.3097(8) 0.4032(5) 0.7560(3) 0.081(3) 

C(28) 0.4563(8) 0.3810(5) 0.7408(3) 0.078(3) 

C(29) 0.4223(8) 0.4222(6) 0.6987(4) 0.085(3) 

C(210) 0.3312(8) 0.4448(5) 0.6730(3) 0.081(3) 

C(211) -0.0696(8) 0.4111(6) 0.6313(3) 0.080(3) 

C(212) -0.1385(7) 0.2579(6) 0.7375(2) 0.077(3) 

C(213) -0.0829(8) 0.1287(7) 0.6247(3) 0.082(3) 

HMol 0.5435(54) 0.3900(40) 0.4442(18) 0.054(16)’ 

Hlol 0.9545(90) 0.2882(65) 0.3631(29) 0.143(28)* 

?sotropic heat parameter of the atom. 

CpzMoH2 + SnMeCls -Cp2Mo(H)SnMeC12 t HCl 

(1) 

and SnC14, the methyl-substituted analog of complex 
II is not formed in the excess of SnMeCls. This can be 
due to lower acidity of methylchloride as compared 
to SnCl+ 

TABLE III. Interatomic Distances and Valent Angles in the Complexes Cp2 Mo(H)SnMe#l (VI) and Cp2Mo(H)SnMe3 (VII) 

Cp2Mo(H)SnMezCl 

Bond d (A) 

Mo-Sn 2.700(l) 
MO-Cp 1.985(5) 
MO-H 1.64(5) 

C-Cnlean 1.40(2) 
Sn-Cl 2.499(2) 
Sn-Cl 2.149(6) 
Sn-C2 2.157(5) 

Angle 

CpMoCp 
HMoSn 
c-c-c 
MoSnCl 
MoSnCl 
MoSnC2 
ClSnC 1 
ClSnC2 
C 1 SnCl2 

CpzMo(H)SnMea 

w e> Bond d (A) 

la lb 

144.6 Mo-Sn 2.758(l) 2.755(l) 
72.7(2) MO-Cp 1.955(2) 1.945(2) 

108 MO-H 1.60(5) 1.5 l(6) 
111.8(2) C-C,,,, 1.40(2) 1.39(2) 
120.5(2) Sn-Cl 2.191(2) 2.177(2) 
120.2(2) Sn-C2 2.169(3) 2.155(3) 

99.4(2) Sn-Cs 2.166(3) 2.169(3) 
95.0(2) 

105.1(2) 

w (“) 

la lb 

CpMoCp 146.1 146.6 
HMoSn 67.6(3) 69.5(3) 

c-c-c 108 108 

MoSnCl 114.1(l) 117.5(2) 

MoSnC2 119.1(2) 113.5(2) 
MoSnCs 114.8(2) 117.6(2) 

C1SnCz 102.4(2) 102.4(3) 

CISnCs 102.4(2) 100.7(3) 

C2SnCs 101.8(2) 102.9(3) 
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The reaction between CpzMoH2 and SnMezClz 
in diethyl ether or benzene results in the mixture 
of soluble Cp,Mo(SnMe,Cl)s (IV) and insoluble 
[CpzMo(H)(SnMeZCl)z]‘Cl- (V). In the presence 
of triethylamine the same reaction gives complex 
IV alone (eqn. 2). This suggests that V is the product 

EtaN 
CpzMoHz + 2SnMezClz _f 

Cp,Mo(SnMezCl)o + EtaN*HCl (2) 

of protonating complex IV (eqn. 3) and that it 
possibly has an ionic structure. This is confirmed by 
their chemical properties and the IR and Mossbauer 

Cp,Mo(SnMezC1), t HCl I 

[CpzMo(H)(SnMeZCl)Z]+C1- (3) 

spectroscopic data (IS = 1.66 mm/s, QS = 2.90 mm/s 
for V are similar to the same parameters for the com- 
plex IV (Table IV). However, the IR spectrum of 
V shows a broad band of low intensity for tierr 
at 1660-1720 cm-‘, which, in terms of its form and 
frequency, is different from &o_H in Cp2MoHZ). 
Thus, V dissociates in ether according to the eqn. 
4 to give CpzMo(H)SnMe,C1 (VI). Dissolved in DMSO 

CpzMo(H)(SnMezC1)Z’C1- I 

solid 

Cp,Mo(H)SnMe&l+ SnMe& 

solution 

(4) 

and DMFA, complex V gives NMR signals which cor- 
respond to the complexes TV, VI, Cp,MoHz and Sn- 
MezClz*nL. Thus, V is decomposed in strongly solvat- 
ing solvents according to eqns. 5 and 6. 

[CpzMo(H)(SnMezC1)2]‘CT 
solid 

CpaMoHz+ CpzMo(SnMe,C1),t 2SnMezClz* nL 
f solution (5) 

+ L’ 
\ 

&Mo(H)SnMe&l+ SnMe&lz*nL (6) 
solution 

Treatment of IV, V and VI with an excess of HCI 
results in breaking of the Mo-Sn bond and the 
complete substitution of stannyl groups at the 
molybdenum atom for the atoms of hydrogen, for 
example, according to eqn. (7). 

HCl 
[Cp2Mo(H)(SnMezC1)Z]‘C1- _f 

[Cp,Mo(H)zSnMezC1] +[SnMe&Zl,]-s 

[CpzMoH,]‘[SnMe2C1a]- + SnMelClz (7) 
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Cp,Mo(H)SnMes (VII) is formed only in the 
presence of EtsN. In contrast to V, the protonated 
complex VII is unstable and is decomposed by eqn. 8. 
This explains why VII can not be obtained in the 
absence of EtaN. The increase in the Sn:Mo ratio to 
2:l does not result in forming the disubstituted 
complex CpzMo(SnMes)Z, as happens with IV. 

CpaMo(H)SnMes + HCl - 

{ [Cp,Mo(H)aSnMea]‘Cl-} __f Fig. 1. Molecular structure of the complexes Cp2Mo(SnX3)Y 
(Y = H or SnMe*Cl, X = Me or Cl). 

CpzMoHa t SnMesCl (8) 

The reaction occurring is untypical for tin alkyl- 
halides (eqn. 9) and involves the redistribution of a 
methyl group between tin atoms. The fact that this 

Et3N 
CpaMoHa + 2SnMea Cl - 

{CpzMo(H)SnMes t MesSnCl}--’ 

CpzMo(H)SnMezC1 + SnMe4 (9) 

reaction proceeds in mild conditions indicates a 
considerable weakening of the Sn-C bond in the 
complex VII as compared to tin methylchlorides. 

Thus, our experimental data suggest that CpaMoHa 
interacts with SnMe,CL_, by the general Scheme 1. 
Apparently, the reaction of Cp2MoHz with SnMe,- 
Cl+. starts by forming donor-acceptor com- 
plexes with MO-H + Sn or MO: + Sn bonds, follow- 
ed by the production of the ionic complex, whose 
stability depends on the basic properties of Cpa- 
Mo(H)SnXa and determines equilibrium points in 
2 and 3. At n < 2, when the complexes CpzMo(H)- 
SnXa have no basic properties, the equilibrium in 
3 is completely shifted to the right. At n = 2 the 
basicity of Cp2Mo(H)SnMe2C1 grows, and the second 
hydrogen atom is substituted for SnMeaCl group 
giving the ionic complex V. Finally, at n = 3 the 
basicity becomes so high that the interaction between 
CpaMo(H)SnMea and the evolving HCl results in split- 
ting the complex and shifting the equilibrium 2 to 
the left. Triethylamine always shifts equilibrium 3 
to the right. 

All the compounds obtained were characterized 
by IR, ‘H NMR and the Mossbauer spectroscopic 

data (Table IV). X-ray studies of complexes I [6], 
IV [8], VI and VII showed that all these compounds 
have similar molecular structures of the CpaMo(Sn- 
Xa)Y type, where Y-H (I, VI, VII) or SnXa (IV) 
(Fig. 1). Basic structural parameters of all these com- 
pounds are listed in Table V. As is seen from Table 
V, the parameters characterizing the bond MO-$- 
CsHs (~~,,_-o~, rrvrO+ T&) are the same for all the 
complexes and close to those found for other com- 
plexes of the CpaMXX’ type [9, lo]. At the same 
time, the length of the Mo-Sn bond is markedly 
shorter than the sum of covalent radii of MO (1.53 
8, [ll]) and Sn (1.40 A [12]). This difference is 
about 0.2-0.3 A. Similar shortening of the Mo-Sn 
bond is observed for tin-containing complexes of nio- 

bium [ 131, manganese and iron [ 14, 1.51. This 
usually indicates the increase in bond multiplicity 
and is due to n-dative interaction between the 
unshared electron pair of the transition metal and 
the vacant d-orbitals of the tin atom. This is evid- 
enced by the increase in I~+, with the decrease 
in the acceptor strength of stannyl group SnXa 
in the series CpFe(CO)$nPh,Cla_, [14, 151, Cp,- 
Nb(CO)ShPh,Cls_, [ 131 and Cp,Mo(H)SnMe,- 
Cls-, (Table V). The hypothesis of dative inter- 
action agrees with the fact that the angles CpMoCp 
and HMoSn grow with the increase in the occupation 
of non-bonding orbitals 1 a, of CpzMo fragment (Table 
V). However, the analysis of all spectral (Table IV) 
and structural (Table V) data shows that shortening 
of the interatomic distance Mo-Sn can not be as- 
cribed only to dative interaction. Indeed, even for 

/H\ 
Cp*Mo, ,SnX$I 

/ H \ 

/ + Et3N H 

CpzMoHp + 5-1 X,CI 1 2 1 / cl- a cp2Mo, + HCI 

(X=Me,Cl) \ 
H 

HCI 3 SnX3 
/ 

Cp*Mo - Sn X3CI 
\ 

H 

Scheme 1. 



126 A. N. F’rotsky et al. 

the complexes CpsMo(H)SnMes and CpsNb(CO)- 
SnPhs [ 131, where the stannyl group is virtually 
a non-acceptor, rWs,, is about 0.2 A shorter than 
the sum of the covalent radii. Besides, the occupation 
of tin d-orbitals in donor-acceptor complexes of 
SnX4*2L type results in decreasing IS in the Moss- 
bauer spectrum due to the shielding of s-electron den- 
sity. Hence, the value of IS for the complexes Cps- 
Mo(H)SnMe,Cls_, should increase with the growth 
of ‘n’ due to the decrease in dative interaction. 
The real situation is quite the opposite (Table IV). 
Moreover, occupation of d-orbitals in the complexes 
SnMe,C14_,*2L results in increasing of the s- 
character of the Sn-C bonds, and, hence, in in- 
creasing SSI constants zJrr-o-s, [ 161. At the same 
time, the value of 2JH_+s, in the complexes 
with M-Sn bonds is 2-2.5 times lower than 
that in the corresponding methylchlorides. All 
these data do not agree with the hypothesis of 
n-dative interaction and testify to the fact 
that the shortening of the bond is caused by some 
other factor, which needs more detailed dis- 
cussion. 

The complexes I-VII show high values of SSI 
constants 2JH_Mo--Sn and 3Jcti,,. Both IS and 
SSI constants always correlate with the change in 
rM‘,+,. The influence of chemical environment of 
the state of the nucleus in nuclear spectroscopic 
methods is manifested only by changes in s-electron 
density, which is non-zero near the nucleus. Hence, 
high SSI and IS constants in the complexes I-VII 
are due to a considerable increase in the s-electron 
density of the Mo-Sn bond and tin atom nucleus, 
This suggests that the basic reason for the shortening 
of the M-Sn bond in heterometallic complexes is 
its increased s-character, and, correspondingly, its 
higher overlapping integral. Based on this concept, 
let us consider the changes in spectroscopic and 
structural characteristics in the series of Cp,Mo(H)- 
SnMe,C13_ n compounds. 

SSI constants 2JH--C--Sn for these complexes are 
markedly lower than those found for SnMe,CL,_, 
(n = 1, 100 Hz; n = 2, 71.0 Hz; n = 3, 58.1 Hz; n = 
4, 54.0 Hz), i.e., the s-character of Sn-C bond in 
heterometallic complexes becomes less pronounc- 
ed. This can be due to the redistribution of s-electron 
density mainly to the Mo-Sn bond. This affects 
both the frequencies of valent vibrations vati 

and VMo-Sn in the IR spectra (Table V) and the 
lengths of Sn-C, Sn-Cl and MO-H bonds (Tables 
III, V). Besides, since the main contribution to the 
SSI constant is due to contact Fermi interaction 
proportional to s-electron density on the bond 
between interacting nuclei, the increase in ‘n’ brings 
about a quite explanable decrease in the SD cons- 
tants ‘JHMoSn and 3JCpSn (Table IV). The increase 
in the s-character of the M-Sn bond suggests a 
decrease in the mixing of s- and p-atomic orbitals 
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(A.O.) of the tin atom and the domination of s- 
orbital in forming the Mo-Sn bond. This rearrange- 
ment should lead to the changes in the valent angles 
(w) at the tin atom from tetrahedral (sp3-h bridi- 
zation) to (in the limit Xa = 90” and MSn = 

rz 
% 

125.26’ (the angle C SnCl in the completely rehy- 
bridized ionic complex CsSnC13 is 89.8 [ 171). The 
parameter Zlo = Zlwi - 109.47”1 can be used as a 
quantitative criterion of this change. As is seen from 
Table V, the values of Zo are approaching the 
limit of 106” and change in proportion to IS, ‘J-an 
and 3 JCpSn. Complexes I and VII are extreme cases 
of maximally non-hybridized (I) and hybridized (VII) 
orbitals, although in the latter case Z:o is high 
enough, and the values of ‘JHMoSn and 3Jc,,-sn are 
quite considerable. 

As it can be seen from the Table IV the transition 
from the complex VI to VII leads to the uneven 
decrease of IS. This might be due to the sharp growth 
of s-electron screening by p-electrons, when the last 
Sn-Cl bond with markedly pronounced p-character 
(maximal value of rstil in the series of Cp2Mo(H)- 
SnMe,C13_ n complexes and minimal frequences 
~a,.,-& is replaced by the non-polar Sn-C bond. 

Structural characteristics of Cp2Mo(H)SnMe,- 
Cls-, indicate that these complexes are typical d2 
systems with ligands located in the plane bisecting 
the wedge-like sandwich Cp,Mo. However, unlike 
Cp2MoH2 and Cp2MoC12, these compounds are 
characterized by a considerable difference between 
the volume of hydride-ligand and SnX3-groups. 
As a result they become non-symmetrical with 
respect to z axis (Fig. 1). 

Binding of the Cp2Mo fragment with the ligands 
is described by the molecular orbitals (M.O.) scheme 
suggested in [18] (Fig. 2a). It is natural to assume 
that the diffuse %-orbital of tin will interact with the 

bg J 
4 + '1, 

la1 I 
2H 

‘11 al t b2 

CP,MOH, 

U(h) 

3 

1 I 
1 I 

‘,4 
Cp$to(H)SnMe,CI~_, 

Fig. 2. The schemes of molecular orbitals for CpzMoHz (a) 

and Cp2Mo(H)SnMe,C13_, (b). 
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most symmetrically similar 2ar orbital of Cp2Mo. 
Then the fact that the SnXs-group is located near 
the z axis provides for maximal overlapping of the 
orbitals and minimal contact with Cp-ligands. This 
might be the reason why the zMoSn angle in the 
series of Cp2Mo(H)SnMe,C13_ ,, compounds is chang- 
ed by as little as 4’ (Table V). However, slight 
changes in the zMoSn angle bring about much greater 
changes in the other component of HMoSn angle, 
that is, the angle zMoH (about 14’) (Table V). In 
complex I this angle is 53’, whereas for Cp2MoH2 
it is 37.8’. In the latter case it provides for minimal 
interaction between the H atom and the lar orbital 
of Cp2Mo occupied by the undivided electron pair, 
and, accordingly, high d-basicity of Cp2MoH2. As 
the s-character of the tin orbital involved in the Mo- 
Sn bond in Cp,Mo(H)SnMe,Cla_ n complexes 
increases, so the energy minimum at the Wolsh dia- 
gram [ 181 shifts towards big angles, which results in 
a considerable deviation of the hydride atom from 
the z axis. Naturally, the big deviation of the H atom 
from the z axis should increase its antibonding inter- 
action with the lai orbital and its destabilization 
(Fig. 2b). Apparently, this explains the fact that 
complexes I and III lose basic properties, and com- 
plexes VI and VII acquire such properties. This type 
of interaction results in a significant elongation of 
the MO-H bond in I and its progressive shortening 
in the series I > III > VI > VII. One can suggest direct 
antibonding interaction of the la1 orbital with the 
difffuse 5sorbital of tin, since the SnX,-group is 
not located on the z axis, and the total overlapping 
is other than zero. 

As is seen from Fig. 2b, the complexes with the 
Mo-Sn u-bonds show an increase in the energy of the 
lar orbital with a decrease in ‘n’. For complex I 
the difference in the energies of the la1 ‘and 
d-orbitals of tin will be minimal, which can bring 
about n-dative interaction. Such interaction, how- 
ever, will be the cause, rather than the effect, of 
shortening the interatomic distance Mo-Sn, and its 
contribution to this shortening should be quite low, 
if any, decreasing with the decrease in ‘n’. 

All this strongly suggests that the decrease in the 
interatomic distances between the transition metal 
and tin atoms with respect to the sum of the covalent 
radii in all heterometal complexes, where there is 
some correlation between I&&, and the VdUeS 1s 

and 2J~~-~n, is due to the high s-character of this 
bond. However, in the case of bicyclopentadienyl 
compounds, all the effects which accompany this 
phenomenon are much more pronounced than, 
for instance, in carbonyl complexes. Thus, the value 
2JHx_Sn for the complexes GSnMe3 is decreased 
in the series G = Cl (58.1 Hz) [16, 191 > Co(CO)e 
(52.6 Hz) > MoC~(CO)~ (49.0 Hz) > Mn(CO)s (48.3 
Hz) [ 191 % Cp2MoH (35.1 Hz), which indicates that 
the s-character of the M-Sn bond is increased. 
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The value of IS for the complexes GSnCls grows 
in the series G = Cl (0.85 mm/s) & Mn(CO)s (1.73 
mm/s) < FeCp(CO)a (1.77 mm/s) [ 14, 151 < Nb(Me- 
Cp)a(CO) (1.90 mm/s) x Cp2MoH, and Zw grows 
accordingly. One can suggest that the s-character of 
the Mo-Sn bond in biscyclopentadienyl complexes 
is higher due to specific localization of metal valent 
orbitals, providing for better overlapping with the 5s 
orbital of tin. 

In conclusion it should be noted that the observ- 
ed shortening of the M-Sn bond in heterometal com- 
plexes of transition metals is determined primarily 
by the hybridization character of tin A.O., and, to 
a much lesser extent, by the nature and environment 
of the transition metal. Depending on the ligand 
environment of the tin atom, the length of the 
M-Sn bond can vary in a wide range; these bonds 
reach their maximum value in the case of sp3-hybridi- 
zation. 

Thus, there are no grounds to consider that the 
shortening of the intermetallic bond as compared to 

z:r,,v is always brought about by higher multiplicity. 
In discussing this question one should take into ac- 
count the character of the A.O. and M.O. involved 
in the intermetallic bond. The changes in the 
character of these orbitals can bring about changes 
in both the orbital overlapping integral and the length 
of the M-M’ bond. 
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