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Durnng the past few vears considerable research efiort has been devoted to
investigations into multiple bond formation between carbon and the other atoms
of group IV. Bonding of this type between silicon and carbon has received particular
attention. Undoubtedly the position of silicon with respect to carbon in the periodic
table and the similarity in behavior of some of their compounds have, amongst other
stimuli, encouraged such research. In the realm of pure double bond formation, 7.e.
p.—p. orbital interactions, the record has been one of dismal failure. All attempts
to form stable silicon-to-carbon double bonds'—2 or to incorporate silicon as an integral
part of a p_-aromatic system?® ® have been unsuccessful®-%. Attempts to form double
bonds between carbon and germanium have not been reported. Reasons for the in-
ability of these elements to form such bonds have been summarized bv Eaborn®.
Perhaps the most cogent of these is that the energyv needed to compress the central
c-bond to obtain reasonable z-orbital overlap is not compensated for adequately by
the energy gain from overlap.

Even more extensive investigations have been made into the possibility that
silicon or germanium can participate in multiple bond formation involving one of
their emptyv 4-orbitals and a filled p-orbital of an element of the first row. Here efiorts
have been attended by some success, albeit limited. The results of investigations by
Benkeser and Krisiaki® on the dissociation constants of para-substituted trimethyl-
silyl anilines, phenols and benzoic acids, are best interpreted in terms of some dative
sz-bonding between the benzene ring and the empty 3d-orbitals of silicon. Related
work by Chatt and \Williams!! on the dissociation constants of acids of the type
H-RMCH COH (R = CH; or C,H;; M = C, Si or Ge) revealed that =-bonding of
this tvpe opposed the normal electron releasing effects of the R M group where M = S1
or Ge although little difference couid be observed between the effects of silicon and
germanium. The magnitude of such dative =z-bonding has been investigated bv
Benkeser ef al.12, who studied the rates of alkvlation and acylation of certain silicon
and germanium compounds. Thev concluded that the conjugative effects for these
two elements were weak and of the same magnitude. Other experimental research
work!3-1% on the comparative magnitudes of the latter effect for silicon and germanium
has pointed to a greater amount of :z-bonding by silicon than by germanium®*. The

" Some of the results in this paper were the subject of a preliminary communication by us in
Tetrahedron Letlers, (1962) 1291,

** The results of more recent work by Bedford =¢ al.16, support thisconclusion. Theseinvestiga-
tors studied the ESR spectra of the anions of phenvltrimethylsilane and phenyltrimethylgermane
and concluded that silicon was much more capable of conjugating with an aromatic svstem than
was germanium.
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concensus of opinion, however, appears to have been, that while p,~4, bonding*
canoccur between silicon or germanium and carbon the magnitude of the effect is rather
small (in the ground state). However, In the past few vears the appearance of a series
of articles by Vol'pin ¢t al.?®, seemed to contradict this viewpoint completely.

The latter workers discussed at length the problem of stabilization of three-
membered arematic heterocycles. Thev considered two types of systems, one rep-
resented by (I) in which three p-orbitals are involved, and the other of type (II)
where two p-orbitals and a d-orbital are utilized. In both instances, Huckel’'s aroma-
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ticity rule®™—that stable systems should have 4n = 2 electrons—was invoked wherein
n = o. Whereas there is ample evidence that systems of type {I) obev Huckel’s rule
{although seofar, only where M = C) and are very stable?!, the applicabilitv of this
rule to systems involving orbitals other than p, has been seriously questioned®. In
addition in svstems involving both 25 - and 34_-orbitals, extensive overlap cannot
be expected not merely because of the disparity in the svmmetries of these two types
of orbitals, but largelyv because of the compactness 25_ orbitalst3.

From several points of view then the claims by Vol'pin ¢? al.?, to have prepared
examples of the svstem (II} (M = Siand Ge) were most interesting. Here were systems
supposedly, in which p_-d_ interactions were large enough to permit extensive electron
delocalization around the ring thus giving rise to enough overlap energy to compensate
for the angle strain and bend compression that must occur in heterocyceles of this tvpe.

However, quite apart from the doubt that the above empirical observations
threw on these siructures, the three discrepancies cited below, which appeared in the
Russian papers led us to reinvestigate the nature of their products.

ay The aromatic character of these materials was based on the stability of the
ring svstems to bromine, heat, and aerial oxidation. In addition, in the case of the
dihalogermanium compounds {II; R = halogen), the stabilitv of the ring to alkali
and strong mineral acid was aiso cited.

These properties with the exception of inertness to bromine are common to
many organogermanium and organosilicon compounds. For instance tetraalkyvl- and
tetrzarvisilanes are extremely stable to heat and oxidation®, some of the latter
cempounds withstanding distillation in air at temperatures* above 500°. Similar
properties have been noted for organogermanium compounds®. The resistance of
dihalogermanes to further alkvl or arvl cleavage by strong acids or bases has been well
documented.

\Vith regard to the action of bromine on (II) M = Ge; R = CH,; R' = CH,),
our results are at variance with those of Vol'pin. We have found that while the absorp-
tion of bromine is not rapid, one equivalent is taken up in forty minutes and a second
equivalent is absorbed in an additional two and one half hours, at room temperature
in carbon tetrachloride. Attempts to obtain a crystalline product after the addition

* Excellent theoretical discussions of pz—d» bonding can be found in the papers of Craig
¢t al 7, and Jaff&ls.
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of one equivalent of bromine were fruitless, only a glassy substance together with
some starting material being isolated. Nevertheless after the absorption of two
equivalents of bromine it was possible to isolate, in low yield, a substance of m.p.
134-6°. This compound gave poor analytical results but its mass spectrum leaves
little doubt that it has structure (IIT). Although the major peaks in the spectrum
correspond accurately to the fragmentation pattern of tolane, a very broad multiplet
of low intensity at approximatelyv mass 440 represents the parent ion. Its multiplicity
is that which is expected for a molecule containing one germanium and two bromine
atoms. An additional peak, again of low intensity, at m/e 361 helps confirm structure

H,C_ .CH,
Ge

HSCS\C/ \Br

H,Ce U Br
(1I1)

(111} since the loss of Br (Ge-Br fission) from this molecule is to be expected.

1t should be noted that in addition to its origin from a molecule such as (11} (A
= Ge; R = CH,; R’ = C.H,) .it is possible for (III) to arise by symmetrical cleavage
of a dimer of (11I).

$ One of the methods used to prepare the silirene derivative {II}) (A = Si;
R = CH,; R" = C,H,)—that of reacting dichlorodimethylsilane with sodium in the
presence of tolane—was very similar to that used by ourselves?” and others™ for the
preparation of the metalloles (IV). This suggested that the silirene and the germirenes
might possibiv be siloles and germoles despite the excellent elemental analytical data

HCo _‘/CGHS
H,Cq” M CH,
SR

(V)

presented by the Russians. In addition, the formation of the silirene was accompanied
by =ome 1,2,3-triphenvinaphthalene. The latter material we had often observed
during the preparation of 1,4-dilithio-1,2,3,4-tetraphenyibutadiene from tolane and
Iithium>—=.

In order to distinguish between such structures as (II) or (IV) for the germanium
compounds, the iodide (II) (I = Ge; R = I; R’ = C¢H;) was analyvzed by X-rayv
absorption and fluorescence techniques for germanium and iodine. The values obtained
were in good agreement with those obtained by Vol'pin ¢t 2l.18. Correlative results were
obtained when (II) (M = Ge; R = CH;; R" = C;H;) was analvzed for germanium.
The nuclear magnetic resonance spectrum of the latter compound showed aromatic
proton absorption at 418 cps and aliphatic proton absorption at 12 cps downfield
from tetramethyvlsilane at o cps. However, integration did not give an exact 1:1
correspondence for these two types of hyvdrogen, possibly because of secondary
splitting of the aliphatic protons by some of the germanium isotopes. Better results
were obtained with (IT} (M = Ge; R" = C¢H;: R = C,H;). Here the methy] proton to
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aromatic proton ratio {absorptions occurring at 63 and 45 cps and at 420 cps re-
spectively) approximated 1:1 quite closely.

These resulis then eliminated from contention structures such as (IV) (M = Ge)
for the germanium compounds.

¢) The molecular weight cited (635) for the iodide (II; R = I; R" = CzHj;) was
determined cryoscopicaily in benzene and was in poor agreement with the theoretical
value (505). Also, the dimethyl derivative (II; R == CH,, R’ = C¢H;) was determined
by the Russians to have a molecular weight of 29q.9 at 1 9 concentration in camphor
which rose to 600 at higher concentrations (10 9;). In the latter case they were able to
obtain an accurate value only by extrapolation to zero concentration of the solute.
Similar results were recorded for (V) and (VI). In addition, ebullioscopic molecular

; HsC
h\ CHy : 6\§§\

CH,
i Ge< K SE<
;,/i/ CHy w csy cH

i (V)

[§)]

weight determinations were claimed to verifv all these data but no specific results
were given. The variations In molecular weight were ascribed to “‘a marked association
often observed with germanium compounds”.

\Vhile such a comment may be applicable to inorganic compounds of germanium
in an lonizing solvent and perhaps even to (II}) (R = CiH;; R=1; M = Ge), i
scarcely can be extended to cover purely organic compounds of germanium. Moreover,
the presence of a dipole, which one might expect in such three-membered ring
compounds, would not necessarily lead to strong molecular association.

A redetermination of the molecular weights of (II) (R = CH;; R” = C.Hj;;
M = Ge) in boiling benzene gave inconsistant results but even these did not bear
out the Russian claims. At concentrations of 1, 3 and 5 2, the values found were 737,
630 and ;766 respectively {theory 280.g). Similarly the higher homolog (1} (R = CJHS;
R’ = C,H;, M = Ge) gave values of 764 and g1o (theory 308.5} at 1 and 2.139;
concentration. Large variations from the theoretical molecular weight have been
observed previously for other organic compounds containing an additional group IV
element. {The cause of the varation has, however, remained unexplained.) Even
taking this into account it did seem that considerably larger molecules were present
than the three-membered ring systems claimed by the Russian workers.

Rather than attempt to use the crvoscopic or osmometric methods for molecular
weight determinations which again depend on the same thermodynamic properties
of solution as the ebullicscopic method, we turned to mass spectrometry for an answer.

The mass spectra of the so-called 1,1-dimethyvi-, 1,1-diethyvl-, and 1.1-diiodo-
2,3-diphenylgermirenes, the 1,r-diiodogermirene and the 1,1-dimethvi-2,3-diphenvi-
silirene are shown in Figs. 1 to 5 respectively.

Mass specira of germanium compounds

Perhaps the most significant features of the spectra (Figs. 1—3) of these com-
pounds are a) the presence of molecular ion groups at mass values tiwice those required
for the three-membered ring compounds and 5) the total absence of any ions cor-
responding to half of these molecular weights.
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Fig. 1. Mass spectrum of *‘1,1-dimethyl-2,3-diphenylgermirene’.

The possibility that the molecular weights seen in the mass spectra are only
apparent and in reality represent tightly bound pairs of molecules of half these molec-
ular weights, that is that thev are ““dimers by association”, seems remote. It appears
veryv unlikely that the energy of such an association would exceed that of a Ge-1 or
Ge-C bond, which would have to be the case to explain the loss of iodine or methyl
at #rfe’s of A-127 and M-15 as can be seen in Figs. 1 and 2 respectively. The loss of
these particular fragments also helps to eliminate trimeric structures and this is
confirmed by the absence of anx higher mass ions in the particularly good spectrum of
““1,1-diethyl-2,3-diphenvigermirene”.

The most probable structures for these materials then appear to be {VII) or
(VIIT).

R__R R’
R'_Ge R’ R R’
; . _R
R >Ge ™R R e UOR
A 3¢
R” R r-<R
(VIT; ) (VI

The mass spectra of the cyclic compounds do not, in themselves, permit a clean
distinction tobe made between (VII) and (VIII). However, the absence of an ion due to
C,(CsH;) ;™ in the phenviated derivatives (i.e. R” = C¢H;) mitigates strongly against
structure {VIIT). This together with the evidence from bromination reported above
leaves no doubt that the germanium compounds must be represented by structure
(VII)*.

Other features of the spectra are interesting. For instance one of the preferred
fragmentation pathways of {VII) (R = CH,, R’ = C,H;) seems to proceed as shown
on the next page:

“ In a very recent publication Vol'pin ¢ al.?°, described an X-ray crystallographic study of
**1,1-dichlorogermirene’ and conclude also that it has in reality structure (V1I) (R = CI; R’ = H).

J- Organcemetal. Chem., 3 (19635) 233—244
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H,C__CH,

HCq. 3 Geg GeHy
P — > 2C H,C=CCH; + (CH,),Ge=Ge{CHy),

H G~ TGe™
H,C” ~CH, ()

asevidenced by the intense ion at mfe 208, corresponding to (IX). A structure such as
this would be expected to have some stability when positively charged!®. This mode of
decomposition is, as expected, also seen in the spectrum (Fig. 2) of the tetraethyl
derivative (VII; R = C,H;; R’ = CgH;) with the corresponding ion of m/e 264. The
latter compound also shows a fragment at m/e 442 resulting from the loss of one
molecule of tolane and a similar rupture, accompanied by the loss of a methyl group
can be observed for the tetramethyl analog at mfe 371.

Anather type of cracking that appears to be common to both of these com-
pletely alkyviated compounds is the extrusion of a dialkylgermanium fragment, viz.:

R__K
HyCpu G CeHs . HiCel _CgHy HyCo_ _CeHs
H C, ™~ Ge ™CeH; H,Cs ~Ge" ~CgHs H,Ce Ge ~C H,
R” R R~ ™R R~ ™R

£X) XD

However, when R = CH, the positive ion produced i5 (X} {m/e 160) whereas when
R = C.H,, it is the GeR, fragment which acquires the positive charge {m/c 132},
while {X} 15 the neutral fragment. The possibility that such cracking proceeds to give
the closed ring (XI} can be discounted again because of the lack of anyv C(CH) -
fragments in these spectra. The mass spectral cracking patterns of the tetraiodo
compounds {Figs. 3 and ) are similar to one another but diifer from those of the
tetraalkyl derivatives described above. The spectrum of (VII) (R =1I; R" = C;H,)
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Fig. =. Mass spectrum of “*1,1-diethyl-2,3-diphenylgermirene’.
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Fig. 3. Mass spectrum of “'1,1-dliodo-2,3-diphenylgermirene’”.
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Fig. 4. Mass spectrum of **1,1-diiodogermirene’’.

is very ximple, showing in addition to the molecular ion at #/e 1012 only loss of iodine
(M-127} at mfe 885 and peaks for Gel, (/e 328), Gel (m/e 201) and tolane (m:fe 158
In the spectrum of the simpler heterocycle (VII; R = I; R’ = H) similar fragment>
can be seen, the major peaks representing the molecular ion M (m1/¢ 708), M—I (13/¢ 581)
and various combinations of Ge with I at m/e¢ values of 529 (Ge,l;), 328 (Gel,) and
201 (Grel}. )

In conclusion, it should be noted that the lack of svmmetrical cleavage of the
germanium compounds mitigates strongly against the possible existence of three-
membered ring compounds such as (I) or (II) (M = Ge) since one would expect to see
them in the mass specirometer if thev had any intrinsic stability.

J- Organometal. Chem., 3 (1963) 233-2144
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“ig. 5. Mass spectrum of **1,1-dimethyl-2,3-diphenylsilirenc®.

Mass spectrion of stlicon compound

Here again, the presence of an intense mclecular ion at m2/¢ 472 (Fig. 5) and the
lack of any fragment ion of sn/e 236 is strong evidence against the possibility of the
silicon compound having a three-membered ring struciture”. The complete absence of a
C,{C;H;),~ fragment again suggests that the silicon compound must have structure
{XIT} rather than (XIII}.

H,C_ _CH, CeHy
HSCK\/Si\/CGHS HSC‘\/\: /CGHS
szt
H3Cq™ “Si7C,Hy HC,” ST CH,
H,C” \ui H,C" “CH,
(X11 {XIIL:

The fragmentation pattern of {XII} is extremely interesting, for here {cf. Fig. 1) the
extrusion of dimethvlsilicon to provide an ion of #15/¢ 114 seems to be a minor pathway
ar:d collapse across the molecule to give (CH,).Si~-S1{CH,), is unimportant.

__CH CH,
Hsca\c q‘- EN Sr—CH
H,C~ é\S! : H,C,” S_‘\CH

Cs = _
(X1 CH, XV}

* Recently \Vest and Bailey3! have also conjectured that the silirene, described by the Russian
workers, has, in fact, a six-membered ring structure. Their evidence cannot be considered entirely
convincing since it consists essentiallv of only two isopiestic molecular weight determinations.
The mass spectral data referred to in their communication was in fact data, from our Jaboratory
reinved to them.
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The dominant mode of decomposition appears to be loss of methyl {(M-15)
followed by loss of tolane to give (XIV),—or preferably—{XV) at m/e 279.

This appears to be followed by the loss of dimethylsilicon to give what mayv be
the 1-methyl-2,3-diphenylsilacyclopropenium ion {XVI) at mje 221, although no
attempt was made to observe the metastable ion decompositions which could have
provided evidence for or against this specific reaction sequence. It is unlikely that the
sequence quoted is the only one which gives rise to the ion fragments observed. Alter-
nate possibilities for the ion at m/fe 221 are of course, the diradical cation (XVII) and
the doubly charged fragment {(XVIII). The latter seems improbable in view of the
intensity of the peak. However, the likelihood that the fragment is (XVII) cannot be
ruled out and a choice between this structure and {XVI) would ultimately depend on
knowing something of the energies associated with these two species.

, s CH,
HsCen | HC SLCH.  HyCo SiC_CiH,
HNGeng 7 T3
L H,C,”* H,Ce  Si7CeHy

""5C6 H,C -
(XVT) (XVIN (XVIID

The conclusions that can be drawn from this spectrum are (a) that it seems verv
improbable that the 1,1-disubstituted silirene can be a very stable entitv {otherwise one
could expect its formation from (XII} under electron impact: and (b) that the sila-
cvclopropenium ion mayv be a reasonably stable syvstem.

In the light of the mass spectral results the molecular weights of both the
germanium and silicon compounds were also determined by osmometryv. For (VII)
(R=1I; R" = C.H;), and (VII) {R = C,H;; R’ = C;H;) the values obtained were
995 and 621 respectivelv (required 1oog and 617} whereas for (XII) 474 was found
{calcd. 472). These results thus complement the mass spectrometric findings.

A number of attempts were made to extend the scope of this synthesis but most
of the research vielded negative results. Hexafluoro-2-butyne could not be induced
to react with germanium dilodide at temperatures up to 200°, whereas when phenyl-
acetvlene reacted with this iodide, no crystalline product could be isolated from the
resultant glass. »

The reaction of decaphenyipentastannane®? with tolane did not proceed below
150° and at higher temperatures led only to tin and tetraphenyitin by disproportiona-
tion. Similar results were obtained with dimethvlacetvlenedicarboxvlate. The reaction
of tributviphosphine with tolane in the presence of an iodine catalyst did give a
recagnizable product. This surprisingly was 1-butvl-2,3-4,5-tetraphenvlphosphole
(XIX) but the vield was low, being only 3 2;. Other reactions which vielded negative
results included the reaction of tolane with red phosphorus plus a trace of iodine at
210°, and tolane with triphenvlphosphine with the same catalyst at zoo°.

Hsca\’_\/CaHs
MG~ P CH,
Bu

(NXIN)
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Arsenic triiodide or trichloride with tolane at 2007 led to only traces of products
which were not investigated.

Of the experiments carried out with antimony compounds only that involving
triphenyistibine with tolane in boiling dipheny1 ether and an iodine catalyst, led to
2 product. This material analvsed well for C.oH,.Sb., but so far no structure has been
devised to fit these results.

EXPERIMENTAL

Mass spectra were obtained from a modified 12-107 Bendix time-of-flight mass
spectrometer and NMR curves were recorded by a Varian A-60 Spectrometer.
Melting points were determined on Fisher-Johns melting point block and are not cor-
rected. All infrared spectra were recorded as Nujol mulls.

The germanium compounds described in this paper were prepared according to
the methods of Vol'pin'®. The latter were found to be completely reproducible only
when the germanmum todide used was in the form of nacreous plates. The dimorphic
needle-shaped form did notlead to any recognizable products when reacted with tolane.

1.1t g-Teiratodo-2,3,5,6-fetraphizivi-1 g-digernin®

This compound had m.p. 302-3° {lit.*® 301-3°) and exhibited absorption in the
ultraviolet spectrum at Jmax 2600 A (e 241 X 10%); Zmax 2850 A (¢ 2.11 < I0%) and
at Zmax 3500 A (e 1.63 1« 10%. The bonds in its infrared spectrum agreed with those
recorded in the literature’®. (Found: Ge, 13.0; I, 51.0. C.;H.Ge.l, calcd.: Ge, 14.39;
I. 50.20. CoHL Gel, caled s Ge, 10.63; 1, 37.17 2,0

5.0, f-Leiramsifivi-2.3,5.6-tctraphenyl-1, f-digersiie

This compound had m.p. 3057 (lit.?? 2657 and exhibited absorption in the
uitraviolet spectrum at Zmax 2270 A (z .63 < 10%) and 7max 2700 A (£ .5 .~ 103
iFound: Ge, 26.0. C;.H .Ge, caled. - Ge, 25.85. C,H.Ge caled.: Ge, 15.81°,.)

The reaction of I, I 4, p-feframctinvi-2,3,5.0-tefraphenyvi-I, g-digernsin with bromine

The germanium compound {0.56 g} in carbon tetrachloride (30 ml} was treated
with a solution of bromine {3.2 mi; 0.128 molar in Br.} during 30 minutes, decoloriza-
tion being complete 10 minutes later. Attempts to isclate a preduct at this stage were
futile, only starting material {0.2 g) and an intractable gummy residue being ob-
tained. These were recombined and rebrominated as above, complete decolorization
occurring after 2.5 hours. The solvent was then removed and the residue triturated
with a little ether. The crvstalline solid {o.1 g) which formed was recrystallized several
times from petroleum ether {b.p. 30-60°) to give white cryvstals, m.p. 134-5°. Mass
spectral analvsis of this compound showed the molecular weight to be gy0. Its infrared
spectrum showed signiticant bands at 6.14, 6.24, 6.30, 10.60, 11.02, 1431 and 1.4.46 u.
Absorption in the ultraviolet spectrum occurred at Zmax 2960 {¢ 2.96 X 10% and
7sn 2750 A (£ 5.6 - 10%) with intense absorption around 2250 . Consistent ele-
mental analyvtical data could not be obtained for this compound and insufficient
was available for X-rayv absorption or tiuorescence analvses.

J- Organometal. Ckem., 5 (1965) 233-24¢
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I-Butvl-2,3,1,5-tetraphenylbhosphole

A solution of tributylphosphine (6.0 g) in diphenylacetylene (5.6 g) containing
a trace of iodine was heated for 24 hours at 250°. Unreacted tributylphosphine was
removed by vacuum distillation and the residue percolated through a column silica
gel (150 g). Elution of the column with a 1:1 mixture of petroleum ether (b.p. 30-60°)
and benzene (150 ml) led to 0.7 g of crude product. Recrystallization from methvlene
chloride provided the pure phosphoie, m.p. 18g-1g0°. (Found: C, 86.7; H, 7.2; P,
6.4. CioHapP caled.: C, 86.5; H, 6.6; P, 7.0°;.) Its infrared spectrum showed bands at
6.22, 6.34, 6.66, 9.30, 9.70, ¥0.94, 13.20 and 14.50 u and closely resembled that of
pentaphenyviphosphole*.

Reaction of triphenylstibine with diphenylacetviene

A solution of triphenylistibine (8.8 g) and diphenylacetvlene (5.4 g) in diphenyl
ether (15 mi) containing a trace of iodine was heated for six hours at 266°. The solution
was cooled and a trace of antimony removed by filtration. The bulk of the diphenyl
ether was removed by vacuum distillation and the residue taken up in petroleum
ether (200 ml; b.p. 30-60°).

On long standing a crystalline precipitate appeared (1.3 g). Recrystallization of
a sample from benzene afforded the analvtical sample, m.p. 210-211°. {Found: C,
17.4; H. 3.4: Sb, 8.6 9%.) The infrared spectrum of this material showed bonds at
0.94, 9.35, 9.78, 10.00, 12.80, 13.53, 13.75 and 14.55 u.
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SUMMARY

The compounds reported recentlv by Russian workers as unsaturated three-
membered heterocyclic rings containing silicon or germanium are shown to be, in
fact, derivatives of the novel ring systems 1,4-disilin and 1,4-digermin.
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