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Summary

Dissociative ionisation of organometallic cyclopentadiene derivatives contain-
ing one, two or three M(CH,), groups (M = Si, Ge, Sn) has been studied.

Among the monometallated compounds, CsHsSi(CH;),Cl, CsH;Si(CHj),-
OCH; and (CsH;),Sn have also been investigated. To verify fragmentation
patterns, the spectra of deuterated compounds such as CsDsSi(CH;);, CsDsSn-
{CH5);, CsD,S1,(CH,)s and C;D;Si,(CH,)s have been measured. Dissociative
ionisation of h'-cyclopentadienyl derivatives has been shown to differ essentially
from that of A%-compounds.

Introduction

h'-Cyclopentadienyl compounds of transition or non-transition elements,
representative of fluxional molecules, are at present under intense physical and
chemical study (NMR, IR, X-ray, electron diffraction [1}]). These studies aim
mainly at clarifying those peculiarities of electron molecular structure which
govern intramolecular metalio- and proto-tropic rearrangements in the com-
pounds. Mass spectrometric data are very informative of these features. Rakita
and coworkers [2] studied a series of indany! and indenyl compounds of Group
IVB elements and demonstrated that the ionization potentials found from mass
spectra can be used to show convincingly whether or not the w-electron system
is 6—r hyperconjugable with the metal—carbon bond. Egger was the first to
point out that mass spectrometry may be used to differentiate between h'- and
h3-cyclopentadienyl compounds [3]. His qualitative approach led to the conclu-
sion that the h!-CsH:—M bond should be about 30 kcal/mol weaker than the
alkyl—M bond. while the ~25-CsHs—M bond should be much stronger.
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Egger’s assumption was that mass spectral molecular ion fragmentation
depends on bond strengths and he predicted the prevailing degradation routes,
and a difference between mass-spectral patterns, of the k! and h® types. The
spectrum of CsH Pt(CH;); proved its h® structure.

Lorberth studied fragmentation of A'-CsHsHgCH, and k'-CsHsHgC,Hs
under the action of electron impact [4]. Alber and Schraer {5] in their short
communication report only the main fragments for (CsH;),Sn(CH;)Cl and
(CsH,),Sn(CH,)I1.

We wanted to solve the following two problems.

(1) To find criteria for assigning a structure to a Group 1VB cyclopenta-
dienyl on the basis of its mass spectral molecular ion fragmentation.

(2) To clarify electronic structural features that relate to anomalous
physical and chemical properties of the compounds.

The present paper deals with mass spectra of sixteen organometallic cyclo-
pentadiene derivatives containing one, two or three identical or different
M(CH;); groups (M = Si, Ge, Sn) in the same cyclopentadienyl,

Experimental

Trimethylsilylcyclopentadiene (1) was synthesized according to ref. 6. It
is an equilibrium mixture of three isomers, la, Ib and Ic, due to prototropic
rearrangement.

SI(CH3)3 = H H

SI(CH3)3 Sl(CH3)3
" (Ia) (Ib) (Ic)

Ashe’s method [7] of recrystallisation at low temperature gave us 98%
pure la. The same method yielded a mixture containing 26% of Ib + Ic*, la
deuterated in the ring was obtained by the same preparative technique [6] but
using cyclopentadiene.d, [8]. The Ashe recrystallisation resulted in a 98% pure
deuterated Ia (referred to as ds-Ia) whose isotope composition** was d5, 58.5%;
ds, 30.2%; d3, 9.5%; d,, 1.8%, and in a mixture containing 18.6% of Ib + Ic
(ds, 53.5%; ds, 33.4%; d;, 8.9%; d., 4.8%). Pure 5-isomers of CsH;Ge(CH3); (IV),
CsH;Sn{CHj;); (V) and CsDsSn(CH,;); (ds-V) were obtained according to refs. 9
and 10***,

The dimetallated cyclopentadienes were synthesized as descibed by us
earlier [12]. Bis(trimetl.ylsilyl)cyclopentadiene deuterated in the ring, (d,-V1I;
da, 14%:; ds, 11%; d,, 9%), was obtained from d;-1 similarly [12].

Trimetallated cyclcpentadienes were synthesized as in ref. 12 except for
2,5,5-tris(trimethylsilyl)cyclopentadiene (XII) synthesized by us [13] through

* The isomer ratio was found by integrating the PMR Si(CH3)3 signals in the diluted solution in
benzene [7].
¢ Found from mass spectra.
* &% The organotin derivatives were obtained by modifying the Jones and Lappert [10] procedure and
applying this to metallation of CsHg and CgHsM(CH3)3 with (C2Hs)NSn(CH3)3 {111
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a procedure similar to that described by Jutzi {14].

2,5,5-Tris(trimethylsilyl)cyclopentadiene was obtained by metallating
bis(trimethylsilyl)cyclopentadiene (VII) with butyllithium arid treating the
resulting organolithium compound with trimethylchlorosilane*. A deuterated
2,5,5-tris(trimethylsilyl)cyclopentadiene, (d3-X11; d5, 77.5%; d., 18.6%; d,, 1.8%),
was obtained from d,-VII.

Mass spectra were measured on a standard MKh-1303 intrument; the direct
inlet of samples into the ion source was used. The inlet temperature was 25°,
the ionisation chamber temperature 180°. Ionising voltage was 50 V for mono-
metallated compounds (70 V for VI recorded at 30°) and 70 V for the di- and
tri-metallated compounds.

Ionisation potentials for I, III, V, V1I and XII were recorded on an MKh-1311
photoionisation machine fitted with an all-glass direct inlet accessory.

To facilitate interpretation, all mass spectra (except for some silicon-con-
taining compounds) were recalculated for the monoisotopic form using *3Si,
Ge and '?°Sn.

Results and discussion
Monomelallated cyclopentadienes C;HsMR ; (M = Si, Ge, Sn)**

(a) M = Si

5-Trimethylsilyleyclopentadiene (I). The main fragmentation route for I
acted upon by electron impact or photoionisation pulse is the CsHs—Si bond
fission, in the course of which positive charge is localised on the silicon-containing
fragment and the [Si(CH;);]" peak occurs at m/e of 73. Photoionisation at 10.2
eV leads only to peaks of P* (m/e 138) and [Si(CH,);]* (m/e 73), the intensities
ratio being 1.54/1. Electron impact at 50 eV (Fig. 1 and Scheme 1) leads to
peaks of P* (its stability against decomposition, Wp, is 8.9%, ref. 15), [Si(CH;);]"
(the most intense peak), [CsHs]* (m/e 65), [CsHsSi(CH;), " (m/e 123); the
latter ion is formed by methyl abstraction from P* (route B). Consequent-

SCHEME 1

FRAGMENTATION OF P* OF la. ELECTRON IMPACT, 50 eV.
~-CgHs

(38.7)* = [sucHy, ] 1
(A)

. mje 73(51°%)

g 5'l5
H mie 65 (0.24%) J

P*. mje 138 (W, =8 9°%) -CHg3
(109.5)*

‘
[C5H55|(CH3)2]
mie 123 (6.2%%)

(B8)

* PDetails of the synthesis, structure assignments, and metallotropic rearrangements will be published
soon.
44 See also ref. 36. Nole: For all monometallated cyclopentadienes a reartangement of the molecular
ion is ohserved. It is accompanied by elimination of a cyclopentadiene molecule. The rearrangement
agrees with the metastable peaks found for I and IV.
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ly, the C;Hs—Si bond fission (route A) predominates markedly, and the positive
charge is localised mainly on the silicon-containing fragment.

SCHEME 2. FRAGMENTATION OF [Si((CH3)3T* (/e 73).

-CH -CHj; +
[sitcHy), 1" 3 [sicH;), 1" [SiCH,]
mfe 73 (51%) mje 58(0.48%) mle 43(2.4%)
-CH, -CH;
-CoHg4 + -CH3 4
(27.4)* [HsicH ) ] [HsicH,]
mle 59 (1.4 /) mje 44(1.4°%)
-CHjp
]
[HsicH]"

mfe 45(2.9%)

SCHEME 3*. FRAGMENTATION OF [C5H5S1i(CH3)al* (m/e 123) IN THE SPECTRUM OF la.

-CaH .
2.4 [c HsH,]
mle 95(1.7%)
[-CH,
-cH .
2 e [CHSUCH,IH]
> 109 (0 05%)
-CoH -CH -CsH .
22 e [CHSiHEH,,) —— 2 [ mSitCHH] (22‘2')‘_ [sicH,]
mfe 97 (0.72%) mte 63 (0 S5%) mje $3(2 3%:)
|-
. -CH -CoH
[C,HySICH, ] e [c,H5i]" 22 [sicH]®
mie 82(0 28%) M2 6710 72 %) mle 41Q96%)
e e,
-CH3; . -CH, .
[CohsieHy) J'— [C H SICH,] [c.h.si]
mje 123(6.2%" mje 108(0 28%,) mf=>93(096%)
-CH
182.000 2
[CeHasin]®
mie S4(<005%)
-CaqH
22 e [ HSiCHH]'
mje 70(0 72%,)
'C-.'Hc‘;

[cHscH, T
mje 69 (0.96 %)

* The degradation of lCSHsSl(CH3)H]+ (m/e 109) may be accompanied by a rearrangement and
elimnation of [C5HgI'. Indeed, a metastable ion at m* 17.0 may be indicative of this process.
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The [Si(CH;3)3]" (m/e 73, Scheme 2) fragmentation is similar to fragmenta-
tions of all (CH;),Si-containing compounds [16-18]; CH;, CH. and C,H, neutral
species are abstracted. Consequently, the silicon-containing fragments between
m/e 73 and 43 may be assumed to form from [Si(CH3);]* rather than
[CsHsSi(CH3), 1" (m/e 123). An exception is [SiCH;]* (m/e 43) formed from
[CsH;sSi(CHs), 1", as verified by a metastable peak at m* 22.2.

The fragmentation of [CsH;Si(CH,).]* (m/e 123, Scheme 3) consists of
abstraction of ethylene, methylene and methyl species from the silicon, and
acetylene elimination from the ring. Also, some rearrangements are ohserved
accompanied by ring opening and the loss of C3Hg and C,H; neutral fragments
(C;H; from the ring, CH; and CH, from the silicon).

All these paths may be substantiated by collating the spectrum of Ia with

1% SI(CH3)3
H
25 */e] (1a)
12°/s
3 150 mjle
1% -
1300 o SI(CH3)3
D
(dg-Ta)
€ "l
30 60 l [0 ' 120 150 mje
I°l 4
SICH3), _o H_ QH
H H H
(1a) S sucHy, SCH3k
o L Ub) (Lc)
25°/% x
x 0.25 @
12%7 wn I
T Q= - 3
7[[ Ll j. ? 1 = A
30 60 90 120 150 mje
I° =2\, $1{CH,),Cl
o =/ H
6611 T (I
x D66
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33%1e T b
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Fig. 1. Mass gpectra of la, ds-1a, the I isomers mixture enriched 1n 12 + Ib, and of 0.
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the spectrum of its deuterated derivative. The shifts of the filial ions towards
higher masses are quite demonstrative.

The probabilities of the dissociation by routes A and B are 71 and 19.7%
respectively. Inevitable inaccuracies in constructing the fragmentation pattem
may lead to errors of about + 10% in the values of N, and Ny, but the accuracy
is satisfactory for discussing qualitative pattemns.

The spectra of ds-Ia, Fig. 1, show that no randomisation of deuterium
between the ring and the silicon-methyls is caused by electron impact. The
stability of P* is somewhat decreased (Wp = 6.7%).

A mixture of isomers of [ enriched in vinyl isomers (26% of ib + Ic), Fig. 1,
gives a spectrum identical with that of the pure 1a as to positions of all fundamen-
tal peaks, but differing in relative intensities. The most significant fact is an in-
crease of Wp to 14%; N, and Ny are 64.4 and 16.6% respectively and, within
the accuracy discussed, close to those for Ia.

Chlorodimethylsilylcyclopentadiene (I1) and methoxydimethylsilyleyclo-
pentadiene (IIT). The behaviour of II and III is similar to that of la. The spectrum
of 11 recorded at 50 eV is shown in Fig. 1. Again, the main fragmentation route
is the CsH;—Si bond fission (N, = 74.49%), the methyl radical abstraction
probability is 6.6%, the probability for chlorine is 4.5%, and the molecular ion
stability W, is 8.9%. The transitions P*—CH; (m/e 158 - 143) and P*—CsH;
(m/e 158 -~ m/e 93) agree with metastable peaks at m* 129.6 and 54.6.

The spectrum of 111 obtained under the same conditions is shown in Fig. 2.
As before. the prevailing route is the CsHs—Si bond dissociation (N, = 67%),
the probability of abstraction CH; from P is 8.4%, whereas the probability is
as low as 1.4% for the Si-—OCHj; bond rupture. The molecular ion stability at
50 eV (Wp = 9.1%) falls to 3% at 80 eV. A characteristic of fragmentation of
P'—CH; and [Si(CH;),OCH;]’ is elimination of a formaldehyde molecule,
CH,0. The metastable peaks at m* 85.6, 51.5, and 39 respectively indicate
the following transitions:

[C5H581(CH3)0CH3]*'_—’ [CsHsSiHCH3]+

m/e 139 m/e 109
P — > Si(CH,;),0OCH,
m/e 154 m/je 89

+
[Si(CH;).OCH;]* ——— HSIi(CH,),

m/e 89 m/e 59

A doubly-charged ion, [P—CH;]?*, is observed at 80 eV (m/e 69.5, intensity
0.35%).

(b) M= Ge

Trimethylgermylcyclopentadiene (IV). A mass spectrum of IV recorded at
50 eV is shown in Fig. 2, and the main fragmentation routes in Scheme 4. Similar
to silyl cyclopentadienes I-ITl, the prevailing route is the C;Hs;—Ge bond decom-
position (N, 66%) in P* (m/e 184), leading to [ Ge(CH;);]* (m/e 119), the most
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Fig. 2. Mass spectra of II1, IV, V and ds-V.

intense peak in the spectrum. The abstraction of CH, from P* is probable at a
lavel of Nz = 28%. The molecular ion stability Wp is 5.6%, that is, by a factor
of 1.5 lower than with {.

IV differs from I in that it expels a methylcyclopentadiene molecule from
its P* (route C) while a similar rearrangment occurs in P*—CH,; (m/e 169) and
agrees with metastable peaks at m* 59 and 47.

Although £* and P*—CH; decompose to give CsH;CH;, Ng and N, may be
calculated easily since the [ Ge(CH)),]" (m/e 104) and [GeCH;]* (im/e 89) peaks
are small. The respective filial intensities are also negligible.
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SCHEME 4°*

FRAGMENTATION OF IV. ELECTRON IMPACT, 50 eV.

-CaH,

-Ge{CHal; . .
‘ (A) [CoHs] (23.2)* [C4H5]
mle 65 (05%) = m/e 39(0.5%)
-CH e
[CHGe(CH ) T 5(:) [Ge(cH 3, ]
+ = o, mje 119 (51.0%,)
P, mfe 184 (W, =5.2%)
l-cw.3
-CsHsCH . -H
L2 5" 3. [Ge(CH3),] ——— = [CHyGeCH,]"
(c) (59 mfe 104 (2 6°a) mfle 103 (2 6%)
(8)| -CH,
-CeHsCH .
[CgHgGe(CH, ), 1" > 5 3 [GeCH;]
mfe 169 (100%) (470) mfe 89 (8 8%)
-C,Hg
*
[cHGel

mje 139 (1030¢%%,)

{c) M =Sn

Trimethylstannylcyclopentadiene (V). The spectrum of V measured at 12
eV displays peaks of P* (m/e 230, Wp = 32.6%), [Sn(CH,);1" (m/e 165, 54.4%%).
[CsH;:Sn(CH;), 1" (m/e 215, 8.6%), [CsHsSn]* (m/e 185, 2.4%), and also
[Sn(CH;).])* (m/e 150, low intensity) and [CsH;]" (m/e 65, low intensity). The
C;s;Hs;—Sn bond rupture probability is Ny = 54%, the CH; abstraction probability
is Ng=13%

The spectrum of V at 30 eV is shown in Fig. 2. The molecular ion stability
falls to 7.5%. The spectrum readily reveals the further fragmentation of

SCHEME 5

FRAGMENTATION OF P* OF V. ELECTRON IMPACT. 30 eV.

-CyHg -CgHg

[CgHgSN(CH,),TY [Cehssn]® — % [sn}*
mje 215 (6.6 %) m/e 185 (18.5%) ) mje 120 (4.4%,)

1—CH4

+
[cgH,snCH, ]
mfe 199 (1.0%)
* This scheme omits the degradation of {Ge(CH3)3T* (m/e 119) by elimination of C2I'4, verified by

a metastable peak m" at 69.9. Decomposition of this type 1s characteristic of molecules containing
a Ge(CHj); group [37. 38].
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SCHEME 6

FRAGMENTATION OF [Sn(CH3)3T* (m/e 165).
- CoHg

(110.5)* \\

-CH -CH
[sntcHy, 1" 63 . [sn(cH;3),1* 3 [sncH.1*
mle 165 (419 %) (13637 e 150(5.4%) mje 135 (7 4%)
-CcH ~CoH
2 [HSn(CH;),]* _~%2%s _ [snH]?
mje 151(1.0%) mje 121 (2% )

[CsHsSn(CH3).1" (m/e 215) and [Sn(CH;);1" (m/e 165) [34] shown in Schemes
5 and 6. The prevailing fragmentation probabilities are N, = 61% and Ny = 31%.

A specific feature of V compared to Ia and 1V is the absence of any C—C
ring bond decomposition in the filial ions, and the decompaosition of [CsHsSn]*
(m/e 185) leading to the C;H; abstraction (cf. the metastable peaks in the
spectra of V and d.-V).

The ion [C;H;Sn]" (m/e 185) is also observed as the most intense ion in
the spectrum of (h*-C5H;),Sn. Unlike V in the spectrum of (CsHs).Sn, this ion
undergoes not only CsHs;—Sn bond fission but also acetylene elimination. It
is very probable, therefore, that these two ions of the same composition are of
different structure [19].

Finally, we have observed that [ CsHsSn(CH;),;]* decomposes to lose a CH,4
molecule, with CH; being removed from the metal and hydrogen from the ring.
This is readily seen from the shift of four mass units of the resulting {CsH,SnCH;]*
(m/e 199) in the spectrum of ds-V.

In conclusion, in I-IV as well as in V the predominant route is the C;H;,—Sn
bond fission accompanied by the positive charge localisation on the metal-con-
taining fragment. The fragmentation of [C;D.Sn(CH;);1* (ds-V) was studied at
12, 30, and 50 eV, As with d;-I, the deuterium is not randomised between the
ring and the methyls. The spectrum of d;5-V at 50 eV is shown in Fig. 2, from
which it can be seen that there is no significant difference between the behaviour
of V and d;-V, the observed shifts towards higher masses agreeing with the
fragmentation pattern assumed. The fragmentation parameters found at 12 eV
are Ny = 64, Ng =10, Wp=26.1%; at 30 eV N, = 65.6, Ng = 27.8, W, = 6.6%;
and at 50 eV N = 66.5, Ng= 28.3, Wp = 5.4%.

Tetracyclopentadienyltin (VI). The spectrum of VI at 70 eV is shown in
Fig. 3, and its fragmentation pattern in Scheme 7.

The molecular ion stability is the lowest among the compounds studied. As
with V, the predominant fragmentation route is the C;Hs;—Sn bond fission lead-
ing to [(CsHs)sSn)* (m/e 315). Further decomposition of [(CsHs)aSnl* (m/e
315) proceeds via loss of C; H;, dicyclopentadiene, or C;Hs. The latter rearrange-
ment is supported by the metastable peak at m* 112.6. The ion [C¢H,Sn]*

(m/e 199) formed via this route may have a cyclohexadiene ring in its structure:
this is suggested by its further decomposition which consists of a rearrangement
and elimination of butadiene verified by the metastable peak at m* 105.6.
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Fig. 3. Mass spectra of VI, VII, d4-VII and VIIL

Table 1 lists stabilities of molecular ions of the compounds I-VI, and
degradation probabilities for CsH;—M and R—M bonds. For comparison, the
Table includes data for CH,=CHSi(CH3;); [20, 21] and the data obtained by

Egger for h5-CsH:Pt(CH,), [31.

These data demonstrate that, unlike h*-compounds, h'-C;H; compounds
decompose principally via the CsH;—M bond fission, in accordance with the
qualitative predictions by Egger. The fact that N,/Ng = 1 suggests that the
structure is of the h!-type, and this ratio may be used as a criterion for discern-
ing between the structures: for h3-species, e.g. C:H,Pt(CH;);, No/Ng <€ 1 {3].



SCHEME 7

FRAGMENTATION OF VL. ELECTRON IMPACT. 70 eV,

+
[ccH ), 5n]
P, m/e 380 (W,=0.016%)

~CgHs
‘ CeH
[(CeHg),SnT* 575 .
mie 315(12.4%)
-CgHg
-2CgHsg (112.6)*
(108.5)*
Y
-CLH
[cHssn]? 22

mje 185(72.5%)

~CgHsg
(77.6)*

+
[(CsHs)zsn]
mfe 250(065%)

[ceH,sn]”
mle 199(0.5%)

[CyHy5n]"
mfe 159 (1 1%)

~C2H;

_H2

—

-C4Hg
(105.6)*

47

[(:10"'65"]T

mje 246 (0.4%%)

[C,oHeSn]"

mfe 248(0.65%)

[coHsn]’
m/e 145 (0.97%)

[sn]”

mje 120 (6 6°%.)

TABLE 1

— [C;H,sn]”
mje 158 (0.4%)

STABILITIES AGAINST DECOMPOSITION (Wp") AND PROBABILITIES OF THE CsH;—M AND R—M
BOND FISSIONS IN SPECTRA OF I-VI

Compound Na(%) NB(%) NalINg wp Electron
(%) energy
(eV)
h!1-CsH5SI(CHA)3 (D) 71 19.7 3.6 8.9 50
h!-C5D5Si(CH3)3 (ds-T) 73 19.5 3.7 6.7 50
hl.C5H5S:(CH3),Cl (11) 74.4 11.1 7.4 8.9 50
(P*—CH3 6.6;
P*—Cl1 4.5)
h1-C5HSSI(CH3)20CH 3 (IF]) 79 9.8 8.1 9.1 60
(P*—CHj 8.4;
P*—OCH3 1.4
h1-CsH5Ge(CH3)3 (V) €6 28 2.4 5.6 50
h1-CsHgSn(CH3)3 (V) 61 31 2 75 30
h'-C5sDs5Sn(CH3)3 (ds-V) 66.6 28.3 2.4 5.4 50
(h1-C5Hg)4Sn (V) 99.4 — - 0.016 70
CH,=CH-Si(CH3)3 93 6.4 14.6 1.2 —
h5-CsHsPt(CH3)3 8.9 86 0.1 4.6 —
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There are other specific features in the spectra of h'-CsH;MR; compounds,
of which the most striking is the absence of any P* fragmentations leading to
C—C bond fission in the Cs;H; ring, a process so typical of h°-complexes [ 22-24].
In contrast, the ions P*—CH,; produced by h'-CsHs compounds (except for V)
decompose in this manner very readily although they are not subject to a
CsHs—M bond fission. Consequently, the CsHs;—M bond in the ions [CsHsMR, 1"
is much stronger than it is in the initial molecular ions, and its stability is close
to that in molecular ions of h%Cs;Hs compounds. However, this bond can hardly
be thought of as greatly different from the bond in h'-molecular ions. There are
no data to suggest that [CsH;MR,]" ions are h*-structured: such an assumption
would require more detailed investigations to be carried out.

" There are a number of interesting degradations found which open new
paths of study. To begin with, there is the unusual decomposition of [(CsH;s);Sn]"
described above. The compounds to be studied in detail are (h3-C;H;).Ti(h'-CsH;),,
and other (C;H;);M compounds. Also of interest are rearrangements in the
molecular ion of 1V and in [CsH;Ge(CH;).1*, giving rise to the abstraction of
methylcyclopentadiene.

Dimetallated cyclopentadienes CsHM(CH ;)M (CH 1)

(a) M =AM =Si

5,5-Bis(trimethylsilyl)cyclopentadiene (VII). Photoionisation of VII at
10.2 eV gives just three peaks: P* (m/e 210, Wp 78%), [CsH3Si(CH,). 1" (m/e
122, 12%) and [Si(CH;);]" (m/e 73, 10%).

Electron impact at 70 eV gives rise to three fragmentation paths of P,
shown in Scheme 8 and Fig. 3. The C;H,—M bond fission (route A) predominates
markedly and proceeds via two paths. The first fission is accompanied by the
positive charge localisation on the fragment [Si(CH;);1* (sm/e 73). Further, this
ion decomposes in a usual way as shown in Scheme 2. The second path is the
abstraction of (CH;);Si leading to [C;H;Si(CH,).1* (m/e 122). An assumption is
that the process is a rearrangement accompanied with the (CH;);Si abstraction,
but not a fast consecutive elimination of (CH,);Si and CHj;. The proof is that

SCHEME 8

FERAGMENTATION OF VIL ELECTRON IMPACT, 70 eV.

-CH;
(B)

+
— [cH,siyeny ]
mje 195(3.9%)

- Si(CH3)3, -CH,
(C) - SiICH,), (70.8)*

. +
[CgH,Si(CH,), ]
mfe 122 (26 %)

-+~
[CeHaSI1(CH,) ]
Pl me 210 (Wp=2.1%)

- C5H4S| (C H3 )3
(A)

[Si(CH5),T"
mjle 73(53%)
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the Cooks—Williams criterion [29] is satisfied: the ratio of the intensity of
[(CH,),Si]* (m/e 73) (the ion formed through simple C—Si bond rupture) to
the intensity of [CsH4Si(CH,).]" (m/e 122) increases with the ionising energy.
Indirect proof is also the absence of the [CsH,Si(CH;);3]" peak (m/e 137) from
the spectrum. The fragmentation of VII involving the Si—CH,; bond fission
(route B) leads to abstraction of CHj; groups and, finally, to [CsH,Si;]" (m/e
120). The filial ions formed through these decompositions lie at m/e 195 to
m/e 120 and are of low intensity, except for [CsH;Si.(CH;)s]1" (m/e 195, 3.9%).
Noteworthy of [CsH,Si(CH;).]" is its high stability against deeper decom-
position, Wyc, u.siccn.y.1 = 84%. The prevailing route (Scheme 9) is the CH;

SCHEME 9

FRAGMENTATION OF [CsH:S1(CH3):I* (m/e 122) IN THE SPECTRUM OF V.

[cgHSiH]Y
mje 93 (0 3%)

-H
-CoHz + ~-H
[C H,SitCH)CH,TY 22 e [CH,S1]T ——— - [CHgS1H,]T
mje 121 (0.4%) mje 95 (G 4%) mje 94 (0.45%)
}-H
(E)l120)"
) -CH -C,H
[CaHaS1ICH,),] = e [CHSICH] ——2 2 e [C HsiT’
mje 122 (26%) ¢ (9373 mje 107 (0.51%) mje 81(0 3%)
-CH
-C,H , 2Ha
-CqHy - [c5H95|]
mje 97(0 3%)
‘} [_CZHZS|H]+
. -CH> mfe 55 (0.4%)
[caH,si] = [cyHsi]t
mje 83(0 44%) mfe 69 (0 a%)
-CH;
[CH st

mje 68(0.45%)

abstraction (route D) and the hydrogen abstraction from methyl (route E),

m/fe 122 -~ m/e 121, verified by a metastable peak at m* 120. Also, ring C—C

bond rupture is observed, and results in the fragments C;H; and C;H (Scheme 9).
The spectrum of the deuterated compound, ds-VII (Fig. 3) shows that

deuterium is not randomised between the methyls and the cyclopentadlenyl

under the action of electron impact. Peaks of all the route E ions, as well as
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peaks of [CsH,Si(CH;).1" (m/e 122), [CsH4SiCH,l" (m/e 107), [CsH,SiH, |
(m/e 94), and of [CsH4Si(CH;)CH,1* (m/e 121), are shifted by four mass units
towards higher masses, which agrees with the pattern in Scheme 9.

As for the [CsH,Sil* peak (m/e 95), this is shifted by three or four, but
never two, mass units. Similarly, the shifts observed for [C HsSil" (m/e 81),
[CaHSi]" (m/e 83), [C3H;Si]* (m/e 68), [C;HSil* (m/e 69), and [C,H;Si}*
(m/e 55) are greater than the values expected, one or two. Probably these ions
result from a rearrangement while the abstraction of neutral C,H, and C;H;
fragments involves not only the ring skeleton but also the CHj; groups attached
to silicon.

These data lead us to compare the fragmentation of [CsH;Si(CH;), 1" (m/e
122) in the spectrum of VTI with fragmentations of fulvene molecular ions,
[CsHLCR.]".

Mass spectra of dimethylfulvene and other fulvenes were studied by Murata
et al. [ 25]. Their scheme should be extended since the formation of P*—1
(m/e 105, 9.4%, about 50% of the intensity of M*) was not explained. The
scheme did not include peaks at m/e of 79 (3.8%) and 78 (1.9%) either, while
the formation of [CcH;1* (m/e 77) from [C,;H,]* (m/e 91) claimed to be caused
by the elimination of CH, does not agree with the benzyl cation fragmentation
pattern [26]. In the final analysis, the pattern for dimethylfulvene may be laid
down as we give in Scheme 10.

SCHEME 10

AN IMPROVED FRAGMENTATION PATTERN FOR DIMETHYLFULVENE.

L (o) ==~ i
-— e

“CH,
mje 91(29%) mje 91(29 %) mje 65(6.8 %) mje 39(12%)

1_CH3
+
U _H Q -CZHZ
—_— ——— —_——
c /C\O- CH3
H,C© CH,

N CHj
H,C CH,
P’ mfe 106 (20%) mie 105(9.4 %) mje 105(9.4%) mje 79(3.8% )
=@ == O == [
mje 78 (19%) mje 77 (4.4%) mje 51(5%)

Let us remember that in fragmentation of [CsH;Si(CH;);]* the positive
charge is mainly localised on the silicon-containing fragment; then, Schemes 9
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and 10 bear some resemblance. Now, when we remember the anomalous shifts

of some peaks in d;-VII we may assume that at least part of the ions resulting from
JCsH,Si(CHj3)2]" rearrange to merge silicon into the cycle and form silatropylium,
silabenzene, and silacyclopentadienyl cations (Scheme 11). The possibility of a
similar reaction was discussed earlier [27].

SCHEME 11

FRAGMENTATION OF [CsH4Si(CH3)2]1* IN THE SPECTRUM OF VI,

. .
-CH,y -CaHp -CoHp
whE: (@) === (o] 7
I .’ . St St ‘7'
] “Sr 1 [}
H,c” CH, “CH, H H H
mfe 122 (26 %) mfe 107{0 51%) mfe 1070 51%) mfe 81(0 3%a) mfe 55 (0 a%s)
(E )I-H
-C. - - R
— (@) = (8] = (&) = ()
¥ < EY S Sl/
PAIN I C"H
H,e” CH, CH3 3
mfe121(0.4%) mfe 12110 4%:) mfe 95(0 4 %) mfe $3(045 %) mte 93(0 3%)

A common assumption was that the structures were stabilised through the
formation of an aromatic system much less than were their carbon analogues,
or even that there was no aromatic stabilisation at all. Even if this were so, these
processes should not be thought impossible. The dimethylfulvene molecular
ion very easily liberates a hydrogen atom, due to the atom being in an allyl
position with respect to silicon, that is, § to the double bond; therefore, the
fact that the ion (m/e 122) observed for VII loses a hydrogen atom demonstrates
that the silicon—ring bond in the ion resembles a double bond. It is evident that
the hydrogen abstraction is part of a rearrangement, since the C—H bond is
much stronger than C—C and C—Si bonds. Its decomposition may occur only
if the energy consumed is in part compensated for by reorganisation of the
molecule to a more stable structure. Ring expansion seems to be the most
probable assumption. The data discussed above suggest that the ion [CsH,5i-
(CHas),1" is similar in structure to the dimethylfulvene molecular ion and may
be depicted as A [28].

CHy
CHs
(A)

(b)M =M =Ge

5,5-Bis(trimethylgermyl)cyclopentadiene (VIII). Fragmentation of VIII
under the action of electron impact is similar to that of VII (Scheme 12). The
spectrum recorded at 70 eV is shown in Fig. 3. Along with P*—n CH; (n = 1-6),
the spectrum contains peaks of P*—n CH;—H, (n = 2, 4 and 6). Thus
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SCHEME 12

FRAGMENTATION OF VHI AT 70 eV.

-CHy .
B) [CgH,Ge, (CH,), ]
mfe 287 (3.3%)
-C.H,Gel(CH,)
[c5H4Ge2(CH3)6]’ C 4(M 33 = [Ge(CH;),]"
P* mie 302 (Wp=16%) mfe 119 (62°%)
_Ge(CH3)4 +
> [C.H,Ge(CH,) ]
(C) 54 3’

mfe 168 (4.4°)

[CsH4Gez(CH3)s]* (m/e 287) loses a CH; group, hydrogen molecules, or two
CH,; molecules while [CsH;Ge,(CH;)1]* (m/e 272) may lose a CsH,CH; radical
to result in [Ge,(CHj3)31" (m/e 193). Fragmentation of [Ge(CH,);]" (m/e 119)
goes via a usual path (cf. Scheme 4). Unlike the similar ion in the spectrum of
V1I, the ion [CsH,Ge(CH3),1" undergoes no ring C—C bond rupture, and only
liberates CH; and CH, species.

—CH; —CH;,
[CsHsGe(CHj;):]' —— [CsH4GeCH;3]" —— [CsH,GeHY"

m/e 168 (4.4%) m/e 153 (1.1%) m/e 139 (0.9%)

Its stability against further decomposition is markedly lower than in the case of
VIL

(c)M =M =Sn
5,5-Bis(trimethylstannyl)cyclopentadiene (I1X). The fragmentation of IX
at 12.6 eV is similar (Scheme 13) to that of VII and VIII.

SCHEME 13 .

FRAGMENTATION OF IX. ELECTRON IMPACT, 12.6 eV.

_CHC! +
B) = [CH,Sn(CH,), ]
mje 379 (29%)
-SN(CH3)a -CoH .
[CoH,Sn e, T (C)“ [ SnicH; )] —2=2e [C H,SnH]
P}l mla 394 (W,=28%) mie 214 (38%) m/e 185(4 2%)
-CH,SN(CH,) -CH; .
5(:) e [snicHy, 1" [Sn(CH;),]
mie 165(4 2%,) mfe 150(17%)

At 70 eV (Fig. 4), the stability of P* against decomposition Wp, falls to
5.7% and the abstraction of CH; or C,H, from tin is sufficiently intense to result
in [CsHaSn,]* (m/e 304), Scheme 14. Further, [(CH;);Sn]* (m/e 165) decom-
poses via the usual Scheme 7. For [CsH;Sn(CH3).]* (m/e 214), similar to the
germanium-containing analogue, no ring C—C bond breakage is observed. The
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Fig. 4. Mass gpectra of 1X-XII.

stability against decomposition is even lower. The fragmentation of [CsHsSn-
(CH;).1" is shown in Scheme 15.

(d) M = Si, M' = Ge

5-(Trimethylsilyl)-5-(trimethylgermyl)cyclopentadiene (X). The spectrum
of X is shown in Fig. 4, and the molecular ion fragmentation is depicted in
Scheme 16.
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SCHEME 14

FRAGMENTATION OF IX. ELECTRON IMPACT, 70 eV, ROUTE B.
[CqHgSnptcH,T!

P? mle 304(W,=5.7%)

(B)|-CH,

+
[CH, Sn,(C H3)5]
mie 379 (15%)

-2CHg
+ -2 CH3 + - CH3 +
[CoHaSnatchH,))] —— 3 [cH Sn,cHlT —=  [cHsn,]
mje 349 (11%) mje 319 (6%) mfe 304(4.5 %)
SCHEME 15
FRAGMENTATION OF [CsH4Sn(CH3)[* (m/e 214).
-CH
3 = [C H,SnCH,T"
mje 199 (3.2 %)
+
[cgH sntcH ), T —
mfe 214 (8.4%)
- CoHg

= [CqH SnH]®
mie 185 (8 8%%)

SECHEME 16

FRAGMENTATION OF X. ELECTRON IMPACT, 70 eV.

_CH3 +
) = [C H S1GelCH,;), ]
mfe 241 (6.4%)
—Si(CH3)4 .
(cy) = [CeH Ge(CH,), ]
1 m/fe 168 (0.48%)
- GelCH,)
+ 3'q +
[cgHgsi1Getch;) ] o) — [CgHgSI1(CH3),]
P} mje 256 (Wp = 3.1%) 2 mfe 122(20.4%)
- CgHgaGelCH3); [sich T’
3’3
Az mje 73(13%)
- CgH4Si(CH5)
5 4 373 +
= [Ge(CH
(AD [Ge(CH;),]

mje 119(42 %)
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The X filial ions decompose in the same way as do the ions of VII, VIII
and IX. The prevailing process is, as expected, the CsH;—Ge bond rupture (route
Ay).

(e) M = Ge, M =Sn

5-(Trimethylgermyi)-5-(trimethylstannyl)cyclopentadiene (XI). The spec-
trum of XI in Fig. 4 shows that the CsH;—M bond fission is predominant, and
the CsH;—Ge bond fission does not differ much from the C;H,—Sn fission, see

Scheme 17. The filial ions shown in Scheme 17 decompose further according
to Scheme 18.

SCHEME 17

FRAGMENTATION OF XI. ELECTRON IMPACT, 70 eV.

-CHq +
) = [C H,GeSn(CH,)]
¢ mje 333 (8.4%)
-Sn(CH5)
39 e [CoH,GelCHy, T
(Ca) mie 168 (5.8 %)
- Ge(CH3)4 +
+
[CcH,Gesn(CH; ) ] <D = [CH,Sn(CHy), ]

P} mle 348 (Wp=4.2%) mje 214 (0.8 %)

- C5H4 Sn(CH3)3

!

+
[Ge(CH;),]

(AQ) mje 119 (15.3%)
-CgH,GelCH3)
>4 33 [snicHy,]"
(A;) mle 165 (84°%)

The most probable precursor of [CH;SnCH;]|* (m/e 149, 5%) is one of the ions
formed via route B (methyl abstraction from the metal).

Table 2 lists degradation probabilities for molecular ions P* of dimetallat-
ed cyclopentadienes. The main routes are: the M(CH3); elimination (probability
N_,). the CHj; elimination (Ng), and the M(CH;); evolution (N¢). The Table also
lists the stability, Wp, of molecular ions of VII-XI. As with monometallated
cyclopentadienes, the first route is absolutely predominant. Comparison of
Table 2 and Table 1 (monometallated cyclopentadienes) demonstrates that if
two organometallic groups are present in a molecule, the fragmentation pattern
will be governed by that metal whose C—M bond is weaker. E.g., C—Ge bond
breakage is major for X, and C—Sn bond breakage for XI. The N,/Ng values
verify that all the dimetallated species studied have k! structures.

However, N, < Ny for CsH,Sn,(CH;)s (IX), and the W, value of this com-
pound is also increased. This may be explained by assuming that the molecular
ion is stabilised through the m-component of the k'-CsHs—Sn bond, i.e. through
o—n conjugation assisted by the mutual repulsion of Sn(CH3;); groups chat
draws the ring to the tin atoms.
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SCHEME 18
FRAGMENTATION OF IONS m/z 333, m/e 165, m/e 119, AND m/e 168 IN THE SPECTRUM OF XI.
[cH,Gesn(CH,L]T"
sHyGesn 3’y
mfe 333(8.4%)

-CaHg

H
[c H,Gesn(cH, )3]
mje 303 (7.3%)

~-CH3
-2CH .
[cH,Gesn(CH,), T 2w [c.H,Gesn]
mje 288(1.4 %) mfe 258 (2°b)
. -CH3 * -CH, + -CH, +
[Sn(CHy). 1" ——= [Sn(CH;,T° ——= [snCH,] —_— fsn]
mje 165 (84 %) mje 150 ( 3.4 %) mye 135 (7.3%%) mfe 120 (59°%)
CcH -CH +
[Ge(CH3)3]+ 3 [Ge(CH3)2]’ 3 [GecH,]
mfe 119(15.3%) mfe 104 (2 2%) mfe 89 (5.9%)
-CoHg .
[CH,Ge(CH; ), ]" - [cgH,GeH]
m/e 168 (5.8%) mie 139 (3.3%)
TABLE 2

STABILITY AGAINST DECOMPOSITION (Wp) AND PROBABILITIES OF THE ROUTES A, B AND
C. FOR CsH3M(CH3)3M (CH3)3

Compound Na (%) Ng (%) Nc¢ (%) Wp (%)
CsH4[Si(CH3)3] (VIY) 67 22 7.0 2.1
d4-CsD4[SICH3)3): (ds-VIT) 50 32 12.2 5.1
CsH4l Ge(CH3)3)2 (VIIT) 69 23 4.4 1.6
CsHalSn(CH3)3), (1X) 26 27 39 5.7
CsH4Si(CH3)3Ge(CH3)3 (X) Si:18 Si:1.2 8.0 3.1
Ge:46 Ge:22
CsH3Ge(CH3)3Sn(CH3)3 (XI) Ge:25 Ge:4.0 27 1.5

Sn:28 Sn:10
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A characteristic of the dimetallated species is a fragmentation to
[CsHaM(CH,), " (M = Si, Ge, Sn), see Table 2.

The data in Table 2 suggest that the stability of [CsH;M(CH;).1" falls across
the series Si, Ge, Sn. When two different metals are present in a molecule (X,
XI) the resulting ion preferentially contains the metal of lower atomic number. In
other words, the formation of [CsH1Si(CH,),]" is the most facile, the ion isthe most
stable against its further decomposition, and it is the only one for which we
could observe hydrogen elimination and the rearrangement. Consequently, the
respective neutral molecule, CsH; Si(CHj3),, may be assumed to be more stable
than its analogues [28].

Trimetallated cyclopentadienes CsHM(CH ;) M (CH 3 );M"(CH,),

(a) M =DM =M" =8i

2,5,5-Tris(trimethylsilyl)Jcyclopentadiene (XI[). The spectra of XII and
its deuterated derivative d;-XII are shown in Figs. 4 and 5. Similar to other
h'-cyclopentadienyl compounds, the CsH;—Si bond rupture is the main process
(Scheme 19). However, now the P*—Si(CH;); (m/e 209) peak is present in the

SCHEME 19
FRAGMENTATION OF XliI. ELECTRON IMPACT, 70 eV,

-CHj,

+

= [C H,S13(CH;) ]

(B) (165 2)"
mfe 267 ( 6.0 %)

—_— SI(CH3)3

—SI(CH3)3 + -CHs - +
D<S|(CH3)3 (A) - [C5H3S|2(CH3)6] " l-(:'5.H3S'2(CH3 )5]
SI(CH3)3 mye 209(015°%) mfie 194 (13.0 °b)

P*, mle 282 (W,=6%)
- SI(CH3),

(c) ((133.9*

-CgH;3S1,(CH ;)
(A)

+
» [S1(CH,),]
mje 73 (49.5%)

spectra, so [CsH;3Si.(CHj;)s1" may be formed from not only the P*—(CH,),Si
elimination but also the successive abstraction of Si(CH;); and CH;.

The ion [CsH;Si;(CH3)sl" (m/e 267) formed via route B further loses two
CHj; groups and the process is terminated after all the nine methyls have been
eliminated. The respective filial peaks are of low intensity. The [Si(CH,);]*
fragmentation is shown in Scheme 2, and that of [CsH;Si,(CH,)s]* (route C or A)
in Scheme 20.

The most probable assumption is that the ion at m/e of 194 loses its first
two methyls from the Si(CH,); group in the 2-position in the ring. Unlike mono-
or di-metallated species, I or VII, the dissociative ionisation of XII is specific
in that the H,C=8i(CH3), group is eliminated from position 2 at the double
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Fig. 5. Mass spectra of d 3-XII, XIII and XIV.

SCHEME 20

FRAGMENTATION OF [C5H3Si(CH3)51" IN THE SPECTRUM OF XII.
+

— CH5 .

> sif - CH,Si(CH3), .
— CH5 ——  [CH,Si(CH,), ]
mfe 122 (0.1%)

SilCH3)y
mfe 194 (13%)

l_CHB

[CH,SCHL )L 1Y
mfe 179 (6.2%)
-Cz2Hg -CHp . +
l = [C H;Si,H(CH)]
mfe 135(0.3%)

[CeH3SiptCHy )] —

mje 149(0.3%) -CHj .
= [CgH SIL,CH,]

mje 134(0.15%)
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bond of the ring, route D. In the spectrum of the ring-deuterated compound
d;-XI1, the P"—H,C=Si(CH,). peak (m/e 213) is shifted by three mass units
towards higher masses, so this peak is not a molecular ion of the respective
dimetallated derivative that could have been an admixture to XII.

In the spectrum of d;-XlII, the P'—n CH; (n = 1-9) peaks are shifted by
three mass units towards higher masses, hence there is no hydrogen randomisa-
tion between the methyls and the ring of XII.

(b)M=S8Si, M =M"=8n
2-(Trimethylsilyl)-5,5-bis(trimethylstannyl)cyclopentadiene (XIII). The
spectrum of XIlI is shown in Fig. 5. We observe either successive CH; abstractions
from tin and silicon (route B), or elimination of (CH;);Sn followed by CH; ab-
straction from the second tin atom (Scheme 21), or the elimination of Sn(CH,),

in the course of rearrangement.

SCHEME 21

FRAGMENTATION OF XIIi. ELECTRON IMPACT, 70 eV.
-CHs

.
Y =~  [CH;3S15n,CHy) ]

mje 451 (12 %)

~CgHaSnL(CHy)g

= [si(CH,.]"
(?) (A) [Si1ecH,), ]

+ mle 73(2.8°/o)

—\ Sn(CH.,) .
>< 373 -CgH3SiSn(CHy)g [Sn(CH )],
= Sn(CH, (A) 373

)
3 mle 165 (13%)

SICH,),
P* mje 466(1W,= 3.8%) ~Sn(CH3),
(c) \
—Sn(CH3)3 + "CH3 +
TSI [CoHySiSn(CH;)L ] ———=  [CgHySiSn(CH,), ]
mfe 301 (2.0%) mle 286 (9.1%)

The spectrum contains a peak at m/e 73 due to [Si(CH;)3]*. This may
form both from P directly and from one of the ions generated via route B.
Further degradations of [Sn(CH3)3]" and [Si(CH,);]" proceed in the usual
way, Schemes 2 and 6. The [CsH1SiSn,(CH,)s]* (im/e 451) degradation (Scheme
22) results in not only elimination of ethane and methyls but also abstraction
of methane.

The ion at m/e 286 loses CH; and CH, groups. A probable pattern is
shown in Scheme 23. The spectrum also contains a peak at m/e 255 resulting
from either the methane elimination from the ion of m/e 271, or from hydrogen
abstraction and rearrangement, from one of the methyls in the m/e 256. The
latter fragmentation mode is observed, e.g., at m/e of 122 in the spectrum of VII.

(c)M=S8Si,M' = Ge, M" = Sn
2-(Trimethylsilyl)-5-(trimethyigermyl)-5-(trimethylstanny!l)cyclopenta-
diene (XIV). The spectrum of XIV is shown in Fig. 5. The molecular ion frag-

mentation pattern is shown in Scheme 24.
(coniinued on p. 62)
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SCHEME 22

FRAGMENTATION OF [C5H3Sn2(CH3)s1Y.

. -CH, +
[CaH S1SN,CH, ) ] —=  [CH3S1SN,CH(CH,) ]
mfe 451(12 %) mje 435 (11%)
—CoHg
+ 'CH4 ) +
[CeH5SiSn(CH ) ] = [CH3SiSn,CH,(CH,) ]
mfe 421(57%) mfe 405(0.83%)
~CoHg
[c.nsisnccH ]?
gHy3i5n,(CH,),
mfe 391(4.0 %)
~CHs Sreh [CeHasn, 1"
mje 303(0.57%)
+
[csHas.Snz(CH3)3]
mle 376(3.1%) CoHSA
- +
—2322_ o [sicHy),]
-CH3 mie 73(2.8°)

+
[ceHasisnyCHy), ]
mfe 36110 58%%)

-CyHg

3 +
[CgHysisn, ]
mje 3231(3.6%)

SCHEME 23

FRAGHMENTATION OF m/e 286 IN THE SPECTRUM OF XIIl.

-CHSIC . H
2S1CH,) [CHSnCH) <Ha [C H,SnHT
. m(2199(085%) mie 185(5.1%)
r CH,
sn? ~CH3 [ -CHg
Sen. | T [egsisatcHy I L - o - o2 ~.

shicry, mje 271010.8%) .
286 (21% ! N .
mre 286 (91%) —cH, e HysisncH,(CcHy),]

. mie 255(2 6 Ya)
. -H e
(cysisnct - 1--—— -~ -~ - -

mfe 256(0.71%)

H -
[ca,sisnicH,), )" =296 o (e sisn]

mje 241{2.8%) mle 211(4.1%)



SCHEME 24

FRAGMENTATION OF XIV. ELECTRON IMPACT, 70 eV.

-CHs
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[CHSGesn(CH) T

(B)
—Ge(CH3)4

8
mje 405 (17 “b)

[cHsSisn(CH;) T

-Sn(CH3)y

I_ 3<Sn(CH3)3
l. =/ GelCH,), ~
SHCH3),

P*, mfe 420 (W, = 46%%)

(cy)

[C.H51GelCH, ) 1"

-CH;

—

mje 286(0.84%)

[c H,51Ge(CH,) ]

mfe 255(2.6 %) mile 240 (4 6 °b)
-Sn(CH3), (Co)

-CH;51Ge(CH;)g

= [Sn(CH;)]"

(A)

-CaH4S1SN(CH;);

mje 165 (10.5%)

[GelcH,LT"

(a)

-CoH,GeSn(CHy),

mie 119 (6 4°%)

SCHEME 25

(a)

-CHyg,

[CoH,SiGeSNCH,(CH,), 1
mje 389 (0.7 %)

en,

. +
[CqHySiGesn(CHy ), ]
m/e 405 (17%)

1"(:2”6

[C H,S1Gesn(CH,) T
mfe 375 (7.8%)

l‘Csz

-CHyg4

[CoH,S1GeSN(CH3), 1"
‘' mje 345(3.7%)

‘_CHa

+
[CgHyS1Gesn (CH3 L]
m/e 330 (1.4%%)

<

. +
[C5H3S|GeSn(CH3)2]
mye 315(0.7%)

-CHs

[cH.siGesnCH,]

m/e 300(0.45 %)

[sicHLT
mje 73(3.2 %)

. +
[C.H,SiGeSn(CH,),(CH,) |
mye 373 (1.6 %)

+
[C H,S1GeSNn(CH,) (CH,) ]
mje 329 (0.7 %)

- CH
2 [c,H,S1Gesn]”

mye 285(0.8%)
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Further, [CsH,SiGeSn(CHj).1* (in/e 405) decomposes chiefly via the
methyl and ethane abstraction (Scheme 25).

The spectrum also contains peaks at m/e 389, 373 and 329 generated
probably by abstraction of a methane molecule from the ions at m/e 405, 389
and 345 respectively.

Fragmentations of [CsH38iSn(CHj;)s)* (m/e 286), [Sn(CH;)51" (m/e 165),
[Ge(CH5)s]* (m/e 119) and Si(CH,); (m/e 73) follow the usual course. The
m/e 240 fragmentation is shown in Scheme 26.

SCHENMIE 26
+ ~CHj + -C2Hg +
Ge(CH,), | ——= C5H3S|Ge(CH3)4_| C5H3$|Ge(CH3)2—I
SHCH3), mfe 225(6.9%) mfe 195 (1.2 %)

m/e 240 (4.6 %)

The main fragmentation routes observed for trimetallated cyclopenta-
dienes are similar to those found for the mono- and di-metallated compounds.
Again, the cyclopentadienyl—metal bond fission is a prevailing process, indicative
of h'-structures. The group M(CH,); is abstracted from the position 5; conse-
quently mass spectral techniques may be employed as a method of discovering
the arrangement of the substituents in a cyclopentadienyl compound containing
more than one MR; group.

Ionisation potentials of metallated cyclopentadienes

An important problem in the chemistry of h'-cyclopentadieny! derivatives
of Group 1VB elements consists in rationalising electronic effects responsible
for anomalies in physical and chemical properties of the molecules and, in
particular, for metallotropic and prototropic rearrangements. A priori, two electron-
ic effects may be singled out, namely, o— conjugation of the C;H;—M bond with the
ring diene system, leading to partial delocalisation of electrons of the bond, and
d,.—p, interaction of ring w-orbitals with vacant d orbitals of the metal. Both the
possibilities have been discussed [13, 30, 31]. Ionisation potentials of the
molecules allow one to clarify the role of these effects in the ground state of
the molecules, as was shown recently by Rakita et al. [2] who studied a series
of silicon, germanium, and tin indenyls.

We have measured photoionisation potentials for I, IV, V, VII and XII. The
results are listed in Table 3.

For monometallated cyclopentadienes I, IV and V, ionisation potentials
gradually decrease, the decrease being at its most significant (= 0.72 eV) in
going from cyclopentadiene to trimethylsilylcyclopentadiene. The values ob-
tained ave in good accord with the difference in energy between the occupied
upper w-orbitals (0.75 eV) calculated by us through the CNDO/2 technique [33]
neglecting vacant 3d orbitals of silicon.

‘The decrease in the ionisation potentials is a strong indication that a
contribution of g—m conjugation into ground states of the CsHsMR; is
significant. d,—p, interaction plays no significant role, otherwise the ionisation
potential would have slightly increased. h'-Cyclopentadienyls somewhat differ
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TABLE 3

PHOTOIONISATION POTENTIALS OF METALLATED CYCLOPENTADIENES

Compound |13

CgHg 8.70%, 8.57°
CsHsSI(CH3)3 (1) 7.93 = 0.03

CsHs5Ge(CH3)3 (IV) 7.86 = 0.03

CsHgSn(CH3)5 (V) 7.72 £ 0.05

SHCHS),
(VID) 1.72 = 0.03
SI(CH3)3

— Si(CH3),
(X1 7.57 = 0.03

SH(CH3),

S From ref. 32. ® From ref. 35.

from the respective h'-indenyls in that the decrease of their ionisation potentials
observed in going from silicon to germanium and tin is less pronounced.
Introduction of the second (CH,);Si into position 5 of the ring (VII)
leads to some additional decrease of potential in comparison with 1. The effect,
however, is less pronounced than with the introduction of the first substituent
and amounts to just 0.21 eV instead of the 0.72 eV observed when C;H;, is
replaced by I. The third substituent leads to a still lower increment, 0.15 eV.
Apparently, just 60— conjugation of the CsHs;—M bond with the ring
diene system controls rates of metallotropic rearrangements in the compounds
under discussion; indeed, the IP values are paralleled by the free energies of
activation in the series C;H,, CsH:Si(CH,);, CsH:sGe(CH3)a, CcH:Sn(CH1): [13].
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