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REACTIVITY OF METAL—METAL BONDS

XI*. FURTHER CLEAVAGE REACTIONS OF SOME GROUP IVB—TRANSI-
TION METAL BONDS WITH HALOGENS, PSEUDO-HALOGENS, HYDRO-
GEN HALIDES OR TRIFLUOROIODOMETHANE
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Department of Chemistry, University of Western Ontario, London, Ontario, N6A 3K7 (Canada}
(Received August 31st, 1973)

Summary

The reactions of HCI, HBr, Cl,, I,, ICl or CF,;1 with some trimethyl, tri-
phenyl or phenyl(pentafluorophenyl) Group IV metal—transition metal deriva-
tives containing M—Fe (M = Si, Ge or Sn) and Sn—M’ (M’ = Mn, Cr, Mo, or W)
bonds are described. The reactions of HCI or HBr with systems containing
Sn—Fe or Sn—M’ bonds, and Cl, with those containing Sn—Mn bonds resulted
in partial or complete replacement of the organic groups bound to tin. In all
other reactions, cleavage of the metal-—metal bond occurred. Some of the factors
affecting the relative reactivity of the Group IV metal—carbon and metal—
metal bonds towards these reagents are discussed.

Introduction

In a previous paper [2], the cleavage reactions of the metal-—metal or
metal—carbon bond in the trimethyltin and triethyllead derivatives of manga-
nese pentacarbonyl by halogens, hydrogen halides, iodine monochloride and
trifluoroiodomethane were described. Reactions involving halogens or the hy-
drogen halides have also been reported for systems containing tin—iron [3],
tin—manganese [3], germanium—manganese [5], tin—rhenium [4, 6], tin—
molybdenum [7] and tin—tungsten [7] bonds, but while it appears that the
susceptibility of the metal—metal bond to cleavage by these reagents is partly
dependent upon the nature of the metals and upon the substituents bound to
tin, other factors are also involved. In an attempt to clarify these points we
now report the results of similar studies on systems containing M—Fe (M = Si,’
Ge or Sn), Sn—M’ (M’ = Mn, Cr, Mo or W) bonsds.

*For part X seevxef. 1.
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Experimental

Volatile reactants and products were in most cases manipulated by stan-
dard vacuum techniques and identified spectroscopically using the instrumen-
tation described previously [1]. Mass spectra were obtained on an AEI MS-9
spectrometer operating at 70 eV.

The compounds Me;MFe(CQO),Cp (M = Si [8], Ge [9] or Sn [10]),
Ph;SnM'(CO);Cp (M’ = Mo [11] or W [11}), MesSnM'(CO):Cp (M’ = Mo [11,
12] or W {11]1) Ph; —,, (CsF'5),SnMn(CO)s (12 = 0 to 3) [13] and Ph3;SnFe(CO).-
Cp [3] were all obtained by the literature methods, while MesSnCr(CO);Cp was
obtained by a procedure exactly analogous to that used for the molybdenum
and tungsten derivatives. The series of compounds Ph,SnFe(CO),_.(Cp)L, [x=
1, L=PEt; or P(OPh); and x = 2, LL = P(OPh);] were prepared by a method
similar to that previously reported for the preparation of Ph;SnFe(CO)(Cp)PPh;
[14]. The analytical, physical and spectroscopic properties for these compounds
are given in Table 4.

Except for the triphenyltin or phenylpentafluorophenyltin derivatives,
reactions involving a gaseous reactant were carried out in evacuated sealed
Carius tubes, while those with non-gaseous reactants were carried out under
nitrogen at the reflux temperature of the solvent. The reactions of the triphe-
nyltin derivatives were performed by the addition, via a burette, of the exact
stoichiometric amount of a freshly standardized solution of HCI dissolved in
ether to a solution of the tin—iron compound in an appropriate solvent. Reac-
tions with the phenylpentafluorophenyltin derivatives were accomplished by
a similar method using a standardized solution of chlorine in carbon tetrachlor-
ide. The relevant experimental details for the reactions that resulted in the
cleavage of the tin—carbon bond are given in Table 1, while those resulting in
the cleavage of the metal—metal bond are given in Table 2. A typical example
for each type of reaction is described below. The analytical and spectroscopic
data for the new compounds formed by cleavage of the tin—carben bond are
given in Table 3.

(a) The reaction of chlorine with trimethyltin(cyclopentadienyl)dicarbonyliron
Trimethyltin{cyclopentadienyl)dicarbonyliron (0.45 g, 0.75 mmoles) and
chlorine (0.426 g, 6 mmoles) were sealed in a Pyrex Carius tube with carbon
tetrachloride (45 ml) and stored at 0° for 15 minutes. The initially yellow so-
lution turned red immediately. Upon opening the tube, the volatiles were re-
moved and were found to contain carbon monoxide (0.3 mmoles) and trimethyl-
tin chloride, which was identified by its NMR spectrum. The residue left in the
Carius tube was extracted first with hexane and then with dichloromethane. The
hexane extract was found to contain trimethyltin(cyclopentadienyl)dicarbonyl-
iron (50 mg, 20% recovery), while the dichloromethane extract contained cy-
clopentadienyldicarbonyliron chloride, identified by a comparison of the infrared
and NMR spectra with those of a genuine sample prepared by the literature
method [15]. A considerable amount of an insoluble residue remained in the

Carius tube.
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(b) The reaction of hydrogen chloride with triphenyltin(cyclopentadieny!)di-
carbonyliron

To a solution of triphenyltin(cyclopentadienyl)dicarbonyliron (2.11 g,
4 mmoles) in benzene (20 ml) was added via a burette a solution of hydrogen
chloride in ether (7.14 ml, 8 mmoles of a 1.12 M solution) and as quickly as
possible the flask was tightly stoppered. The initially yellow solution turned
orange, and after three hours, the smell of HCIl completely disappeared from
the solution. The solvent was removed to leave an orange oil that rapidly crys-
tallized upon tne addition of a few ml of benzene, followed by pentane until
the precipitation of the product was complete. This gave yellow crystals of
phenyldichlorotin(cyclopentadienyl)dicarbonyliron, PhCl,SnFe(CO),Cp (yield
1.2¢g,69%. m.p. 116 - 117°, 1it. [16] 116 -117°).

Results and Discussion

Reactions with hydrogen chloride which lead to cleavage of the Group
IVB metal—carbon bond are summarized in Table 1, while those which lead to
Group IVB—transition metal bond cleavage are shown in Table 2. The tin deriva-
tives tend to undergo Sn—C rather than Sn—M cleavage, in contrast to the silicon
and germanium analogues for which metal—metal bond cleavage is more com-
mon. This may possibly be rationalized in terms of changes in the relative strength
of the metal—carbon and metal—metal bonds as the Group IVB metal changes
from silicon to tin. The lack of reaction between the trimethyl- and triphenyl-
germanium derivatives of manganese pentacarbony! with excess HCI, even at
high temperatures, contrasts with the Ge—Mo cleavage in reaction [17] of
Mes;GeMo(CO);Cp. However, since the Ge—M bond strengths in Me;GeMn(CO);
[18] and Me3GeMo(CO);Cp [19] are nearly equal at 61.5 and 60 kcal/mole
respectively, factors other than relative bond strengths must be involved and may
well be related to differences in the structure and reactivity of the reaction
transition states.

For the triphenyltin—iron compounds, reaction with one molar equivalent
of HCl gave Ph,ClSnFe(CO),_ . CpL, contaminated with some unreacted start-
ing material and the PhCl,Sn analogue. The latter two contaminants were con-
veniently removed by recrystallization. With two molar equivalents, the PhCl.Sn
compounds were formed cleanly while excess HCI readily gave the crystalline
Cl385nFe(CO),—, CpL, compounds, as in the reactions [20] of HX (X = Cl, Br,
or I) with Ph;SnFe(CO),Cp. In contrast, Ph; SnFe(CO), Cp with one molar equi-
valent of HBr gave reasonably pure Ph,BrSnFe(CO),Cp, but two molar equiva-
lents of HBr gave PhBr,SnFe(CO),Cp, severely contaminated with 30% of
Ph,BrSn¥e(CO),Cp. This mixture was converted to pure PhBr,SnFe(CO),Cp by
heating in vacuo at 150° with the calculated amount of Br;SnFe(CO).Cp. These
results suggest that in the reactions with HCI the overall equilibrium lies in favor
of the formation of the phenyldichlorotin species, while with HBr the equili-
brium favors the formation of the diphenylbromo compounds. It is worth noting
that the diphenylhalotin derivatives of manganese pentacarbonyl cannot be made
by this method, since regardless of the mole ratio of HX used, the equilibrium
always lies in favor of the phenyldihalotin species, and under more forcing con-
ditions cleavage of all three phenyltin bonds occurs [ 3].
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As in the reactions of Me;SnMn(CO)s [2], the reactions of Me;MFe(CO),Cp
(M = Si, Ge or Sn) and Me;SnMo(CO);Cp with chlorine even at low temperatures,
result in instantaneous cleavage of the metal—metal bond (Table 2). This is again
in contrast to the reactions of Ph3;SnMn(CO)s with chlorine, where at 0°C cleav-
age of all three phenyl—tin bonds occurs, but leaves the tin—manganese bond intact
[31. This is not due to a difference in the tin—manganese bond strength between
Me;SnMn(CO);:; and Ph;SnMn(CO); since these are nearly equal at 55 + 7 [18]
and 61 + 8 kcal/mole [21] respectively, and can probably be attributed to a dif-
ference in the reaction transition states.

In the reactions of Ph,(C¢F5)SnMn(CO)s and Ph(C¢F5),SnMn(CO); with
chlorine, preferential cleavage of the phenyl—tin bond occurs suggesting that
this bond may be significantly weaker than the C¢F;—Sn bond. This is also con-
sistent with the observations that excess chlorine does not react with (C¢Fs)a-
SnMn(CO)s and that neither of the compounds Ph;_, (C¢F;5),SnMn(CO)s, n =
1 or 2, reacts with hydrogen chloride.

The reactions of Me;SnFe(CO),Cp, Me;SnM'(CO);Cp (M’ = Cr, Mo or W),
and Ph;SnM'(CO),Cp (M’ = Mo or W) with iodine resulted in the simple cleavage
of the metal—metal bond (Table 2). However, the reaction of Me;SnFe(CO).Cp
with iodine in refluxing carbon tetrachloride did not give Me;Snl as expected,
but Me;SnCl along with a considerable amount of decomposition products.
Roberts [22] reported that the same reaction in CDCl; at room temperature
gave only the trimethyltin iodide.

The reactions of ICl with Me;MFe(CO).Cp (M = Si, Ge, or Sn) resulted in
the cleavage of the metal—metal bond (Table 2), the only iron-containing spe-
cies being IFe(CO),Cp. The results thus indicate some specific orientation of
ICl with respect to the metal—metal bond in these reactions. A similar orienta-
tion of CF';l also appears to occur; with Me;SiFe(CO),Cp the products are
Me;SiF and IFe(CO),Cp although with the germanium and tin analogues the
reactions with CF;I give mixtures of Me;MF, Me;MI (M = Ge or Sn), CF; Fe(CO),-
Cp and IFe(CQ),Cp. The MesMF species may well arise by elimination of CF,
from Me;MCF;, which is known to occur for such trifluoromethyl derivatives
[24—26].

In reactions such as these the nature of the products can be only partly
dependent on the relative strength of the metal—metal and metal—carbon
bonds. Thus, there is practically no difference in the metal—metal bond disso-
ciation energies between the compounds Me;SnMn(CO); (55 + 9 keal/mole)
and Phi;SnMn(CO)s (61 * 8 kcal/mole), yet the tin—manganese bond only in
the latter is resistant to attack by chlorine or iodine. Quite clearly, even allow-
ing for possible changes in the methyltin or phenyltin bond energies upon the
bonding of the tin to a transition metal, our results cannot be explained simply
on the basis of relative strength of the metal—metal and metal—carbon bonds.
Therefore, the differences in reactivity must be a result of kinetic and mechanis-
tic aspects of the reactions.

From kinetic data for tetraorgano derivatives of Group 1V the rate of
cleavage of an alkyl or aryl group increases in the order Si < Ge << Sn < Pb [27]
and in general aryl groups are more easily cleaved than are alkyl groups.

In non-polar media it has been proposed that in the absence of ultraviolet
light the reduction does not involve free radicals and proceeds via an activated
(continued on p. 375)
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transition state resulting from either nucleophilic displacement at tin or electro-
philic cleavage of the tin—carbon bond. Among the various transition states that
have been proposed is a four centre cyclic transition state similar to that proposed
for the iodination of hexaphenylditin [28]. By contrast the reactions of iodine
or triphenylphosphine with the decacarbonyls Mn,(CO),, [29] or Re,(CO),,
[30] proceed via an aryl intermediate, while the reaction of [Fe(CO), Cp].
with iodine proceeds via the formation of bridging carbonyl and iodo cationic
species. {31]. Since there is no reason to suppose that cationic species were
formed in any of the reactions in this work, and since in non-polar solvents,
solvent-assisted halogenations are not considered likely [27], a four-centre
transition state such as that shown in I could very well be involved.

5 5—
M t____l\;/[ (M’ = Fe, Mn, Mo or W;
l: ' M = 8j, Ge or Sn)
15— :6"'
' G Y @

[(@ X=CLY=H, (b)X=Y=CL(c)X=Y=1,(d)X=Cl,¥Y=1(e) X=1,
Y =CF; for M= Siand X =Y = CF; or I for M = Ge or Sn]

By contrast, the reaction of HCl with Ph;PAuGePh; proceeds in the op-
posite direction to that predicted by I giving Ph;PAuCl and Ph;GeH, thus sug-
gesting that in this compound the gold—germanium bond is polarized as Au®*—
Ge®~ [32]. Similar results have also been found for the reaction of HCI with
silicon—zirconium [33], silicon—platinum, germanium—platinum [34]and lead—
platinum bonds [35].

The differences in the reactivities of the phenyltin compounds compared
with their methyl analogues may be due to a difference in the availability of
the transition state caused by involvement of the w-electrons of the phenyl
rings.

Finally, it appears that the reactivity of these metal—metal bonded com-
pounds is in part dependent on the nucleophilicity of the transition metal car-
bonyl moiety since if these reactions are indeed electrophilic, the greater the
nucleophilicity of the transition metal carbonyl anion the greater the charge in
the tin—carbon bond thus making it more susceptible to cleavage. Thus in tin—
metal systems containing weak nucleophilic anions such as Co(CO); [36], the
reaction with HCI occurs at the metal—metal bond [37], and is no doubt in-
fluenced by the dissociation of the tin—cobalt bond in polar media [38], while
the very nucleophilic Fe(CO),Cp~ anion results in the ready cleavage of all three
phenyl—tin bonds, while the less nucleophilic Mn(CO)5 anion results in the
cleavage of only two.
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