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Addition of Nitromethane to a Disilene and a Digermene: Comparison
to Surface Reactivity and the Facile Formation of 1,3,2-

Dioxazolidines**
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Abstract: The addition of nitromethane to tetramesityldisilene
and tetramesityldigermene leads to the formation of the novel
1,3,2,4,5-dioxazadisil- and digermolidine ring systems, respec-
tively. The 1,3,2,4,5-dioxazadisilolidine isomerizes to the
1,4,2,3,5-dioxazadisilolidine  ring system, whereas the
1,3,2,4,5-dioxazadigermolidine undergoes ring opening to the
isomeric oxime. The preferential formation of the 1,3,2,4,5-
dioxazadisilolidine, and its rearrangement to a 1,4,2,3,5-diox-
azadisilolidine, provides support for the suggested reaction
pathway between nitromethane and the Si(100) 2x 1 recon-
structed surface.

By attaching complex organic molecules to Group 14 semi-
conductors, hybrid devices having a semiconductor substrate
and an organic surface are possible, with a range of potential
applications designed to take advantage of the chemical
function of the organic layer. With this objective in mind, the
organic functionalization of silicon and germanium surfaces
has been widely studied.!'! Of particular interest to us is the
functionalization of Si(100) and Ge(100) 2 x 1 reconstructed
surfaces, which are composed of rows of surface dimers
isolated by trenches.'®! An effective molecular model for the
dimers on the Si(100) and Ge(100) reconstructed surfaces can
provide valuable insight into the chemistry at the surface,
including the structure of surface adducts. Such insight will be
critical if a complex functional molecule is to be attached to
the surface through a primary layer. Based on our previous
work,” we have proposed that tetramesityldisilenel!
(Mes,Si=SiMes,, Mes =24,6-Me;C;H,) and tetramesityldi-
germene!* (Mes,Ge=GeMes,) can serve as effective molec-
ular models for the corresponding Si(100) or Ge(100) 2x 1
reconstructed surfaces, respectively. The main differences
between the molecular and surface species are the geometry
about the double bond (planar in the case of the disilene® and
trans-bent in the case of the digermene® versus cis bent on
the surface) and the nature of the substituents (aryl versus
silyl/germyl). Despite these differences we have shown that
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the reactivity of surface disilenes and digermenes are com-
parable to their molecular counterparts.?

The addition of nitromethane to the Si(100) 2 x 1 surface
has been recently studied.’! Three different binding energy
features were identified by N 1s X-ray photoelectron spec-
troscopy and assigned to three different types of adducts with
the aid of DFT calculations: 1) cycloadduct 1, with two NO
bonds, present as a minor product; 2) adduct(s) 2 where one
oxygen of the nitro group inserted into the silicon lattice ; and
3) adduct(s) 3 where the two oxygen atoms of the nitro group
have inserted into the silicon lattice (major product). The
authors proposed that adduct 1 is metastable and rapidly
undergoes rearrangement creating Si—O bonds at the expense
of N—O bonds (Scheme 1).
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Scheme 1. Selected products from the reaction of nitromethane with
the Si(100) 2x 1 surface. Several isomers are possible for 2 and 3.1

The formation of adduct 1 suggests a rather unusual and
interesting reaction pathway for nitroalkanes: 1,3-dipolar
cycloaddition through the nitro functional group. Thus, given
our use of tetramesityldisilene as a model for the Si(100)
reconstructed surface, we have investigated the reaction of
nitromethane with tetramesityldisilene and compared our
results to those on the surface. For comparison purposes, we
have also examined the addition of nitromethane to tetrame-
sityldigermene (see the Supporting Information for exper-
imental details).

The addition of excess nitromethane to a bright yellow
solution of tetramesityldisilene in hexanes or C¢Dg at room
temperature gave a pale yellow solution. Removal of the
solvent yielded a pale yellow solid, which revealed the
presence of compound 4 along with minor amounts of at
least two additional products (5 and 6!) in a 10:1:1 ratio,
respectively, by "H NMR spectroscopy (Scheme 2). The high-
resolution mass spectral data of 4 and the isotopic pattern of
the signal assigned to the molecular ion were consistent with
the molecular formula Si,C;;H;;NO,, a 1:1 adduct between
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Scheme 2. Addition of nitromethane to tetramesityldisilene.

tetramesityldisilene and nitromethane. The 'H NMR spec-
trum of 4 revealed the presence of two sets of signals assigned
to two non-equivalent mesityl groups and a singlet at
3.10 ppm that integrated to 3H, indicating that a methyl
group, most likely attached to nitrogen, was present. Only one
signal, at 1 ppm, in the Si dimension of the *Si-'H gHMBC
spectrum of 4 correlated to the signal at 3.10 ppm in the 'H
dimension. The structure of 4 was unambiguously identified
as 4,4,5,5-tetramesityl-1,3,2,4,5-dioxazadisilolidine by single-
crystal X-ray diffraction (Figure 1).' All bond lengths and
angles in 4 are within normal ranges; the structural metrics of
the ONO linkage are similar to those of a carbon analogue.®!

Figure 1. Structure of 4 (ellipsoids set at 50% probability; hydrogen
atoms are omitted for clarity) showing the disorder located at the
nitrogen atom. Selected bond lengths [A] and angles [°]: Si1-O1
1.701(17), Si1-Si2 2.41(9), Si2-02 1.699(18), O1-N1 1.36(3), 02-N1
1.47(3); O1-Si1-Si2 88.47(6), O2-Si2-Si1 87.81(6), N1-O1-Sil
110.72(15), N1-02-Si2 114.22(15), O1-N1-02 109.7(2).""

After a long period of time (months), adduct 4 was found
to isomerize to 5. The "H NMR spectrum of 5 is similar to that
of 4, with two sets of mesityl groups and a singlet at 3.20 ppm.
The signal at 3.20 ppm, assigned to the NCH; group, and the
signals at 2.36 and 6.64 ppm, assigned to one mesityl group, in
the 'H dimension of the *Si—'H gHMBC spectrum of 5
correlated to the signal at —21 ppm in the *’Si dimension and
the signals at 2.55 and 6.64 ppm, assigned to a second mesityl
group, correlated to the signal at —18 ppm in the *Si
dimension. Based on the similarity of the #Si chemical
shifts of 5 to those of the closely related N-phenyl analogue,”!
5 was identified as 3,3,5,5-tetramesityl-1,4,2,3,5-dioxazadi-
silolidine.

The addition of excess nitromethane to a bright yellow
solution of tetramesityldigermene in THF or hexanes at room
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Scheme 3. Addition of nitromethane to tetramesityldigermene.

temperature gave a clear, colorless solution. Evaporation of
the solvent yielded a clear, pale yellow oil and analysis of the
product by "H NMR spectroscopy revealed the formation of
compound 7, which cleanly isomerizes to 8 when the
concentration of the solution is lowered (Scheme 3).

Adduct 7 was isolated by recrystallization from a saturated
hexanes solution at low temperature. The "H NMR spectrum
of a concentrated sample of 7 (ca. 0.02 M) is similar to that of 4,
with two sets of signals assigned to non-equivalent mesityl
groups. The spectrum also revealed a singlet at 3.18 ppm
assigned to a methyl group attached to nitrogen. Single-
crystal X-ray diffraction data unequivocally provided the
structure of 7 (Figure 2), 4,4,5,5-tetramesityl-1,3,2,4,5-dioxa-

Figure 2. Structure of 7 (ellipsoids set at 50% probability; hydrogen
atoms are omitted for clarity). Selected bond lengths [A] and angles [°]:
Gel-0O1 1.835(2), Ge2-02 1.838(2), Ge1-Ge2 2.4963(7), O1-N1
1.447(3), 02-N1 1.454(3), N1-C1 1.461(4); O1-Gel-Ge2 87.27(6);
02-Ge2-Gel 86.74(6), N1-02-Ge2 103.37(15), N1-O1-Gel 100.68(15),
0O1-N1-02 105.41(19).1"

zadigermolidine.'” All bond lengths and angles are within
normal ranges. The identity of the compound in solution was
found to be dependent on the concentration of the solution.
At higher concentration (ca. 0.02m), adduct 7 predominates,
whereas at lower concentrations (ca. 6 x 107M), 7 tautomer-
izes to 8.

The 'H and *C NMR spectra of 8 revealed the presence of
two non-equivalent mesityl groups. Two doublets were also
present in the "H NMR spectrum of 8, at 5.87 and 6.68 ppm,
with a coupling constant of 9 Hz. The chemical shifts of the
two doublets suggest the presence of vinylic hydrogen atoms.
The magnitude of the geminal coupling constant is consistent
with that observed between the vinylic hydrogens in the
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structurally-related oxime, (HO(CH,),ON=CH,, J = 8 Hz).!"!
After an extended period of time (months), compound 8
predominates in solution; concentrating the solution did not
result in the isomerization of 8 back to 7. Monitoring the
conversion of 7 to 8 over two weeks by 'H NMR spectroscopy
revealed direct conversion with no evidence of any inter-
mediate.

Adducts 4 and 7 appear to be derived from a formal [3+2]
cycloaddition of nitromethane to the dimetallene to give the
unusual 1,3,2-dioxazolidine ring system. The two different
mesityl groups observed by 'H NMR spectroscopy for 4 and 7
leads to the conclusion that the nitrogen does not undergo the
rapid inversion typically observed in amines. DFT calcula-
tions performed at the TPSSTPSS!"'/6-31G(d) level of theory
show that the barrier for inversion at the nitrogen in the
model compound MeN(OGeH,), is 112 kJmol™!, which is in
reasonable agreement with the estimated inversion barrier for
the nitrogen in the parent 2H-1,3,2-dioxazolidine
(111 kTmol ) and sufficiently high for the nitrogen to be
configurationally stable.® As a consequence, the mesityl
groups exhibit two sets of signals by NMR spectroscopy.

Compounds 4 and 7 are new heterocyclic ring systems
containing the O-N-O moiety and are formed easily and in
high yield. It is interesting to compare the chemistry of the
disilene and digermene with nitromethane to that of an
alkene. The reaction of alkenes with nitroalkanes generally
proceeds through the nitronate isomer and not by cyclo-
addition through only the nitro group.!! The 1,3,2-dioxazo-
lidine ring system can be generated by a limited number of
methods;™ however, the synthesis of these ring systems by
cycloaddition of a nitro group to an alkene only occurs under
special circumstances. Thermally, the reaction proceeds only
between highly strained alkenes and aromatic nitro com-
pounds.® The photochemical 1,3-addition of a nitro group to
an alkene forming a 1,3,2-dioxazolidine is also known.*!"]
Thus, the reactivity of nitromethane towards tetramesityldi-
silene and tetramesityldigermene in terms of both kinetics
and reaction pathway was somewhat surprising. The addition
reactions are undoubtedly facilitated by weakness of the
M=M bond and the strength of M—O bond.

Although both the silicon and the germanium analogues
of the 1,3,2-dioxazolidine ring systems are somewhat stable in
solution at room temperature, both are prone to rearrange-
ment albeit by two different pathways. In the case of silicon,
the formation of two isomeric products in minor yield was
evident in the crude product mixture (namely, 5 and 6) and 5
grew in over time at the expense of 4. Isomer 5 is derived from
the cleavage of an N—O bond in favor of the formation of
a Si—O bond to give the 1,4,2-dioxazolidine ring system, that
is, the oxygen inserted into the former Si—Si bond. The
1,4,2,3,5-dioxazadisilolidine ring system was found to be more
stable than the 1,3,2 isomer by 342 kJmol™! as determined by
DFT calculations (M06/6-31G(d)). In comparison, the addi-
tion of nitromethane to the Si(100) reconstructed surface
produces an adduct(s) where both oxygen atoms have
inserted into the underlying silicon matrix as the major
product. With mesityl groups as the substituents in the
molecular system, insertion of oxygen into the Si—C bond of
the substituent is less thermodynamically stable in compar-
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ison to insertion into a Si—Si bond, and thus does not occur;
the substituents of the molecular disilene have a major
influence on the products formed. In comparison, the
analogous adduct where one oxygen has inserted between
the silicon atoms of a surface dimer (2, Scheme 1) is only
82 kImol™' more stable than adduct 1 because of the con-
strained geometry of the subsurface silicon substituents, and
thus is not formed in appreciable quantities.® Notably,
neither the molecular nor the surface reactions were carried
to equilibrium, and thus, the relative ratios of the products is
kinetically and not thermodynamically controlled.

In the case of germanium, the 1,3,2-dioxazolidine ring
system opens to give oxime 8 which is stabilized by
236 kJmol! compared to the 1,3,2-dioxazolidine ring
system and by 40 kImol ™' compared to the 1,4,2- dioxazoli-
dine isomer, as determined by DFT calculations (MO06/6-
31G(d)). The weaker Ge—O bond apparently does not
provide a sufficient driving force for rearrangement to the
1,4,2-dioxazolidine ring system and suggests that the addition
of nitromethane to the Ge(100) 2x1 reconstructed surface
may be simpler in comparison to the multiple products
formed on the silicon surface.

It is also interesting to compare the results of the addition
of nitromethane to tetramesityldisilene to that of nitro-
benzene performed by West and co-workers.”) The addition
of nitrobenzene to Mes,Si = SiMes, produces 1,4,2,3,5-diox-
azadisilolidine 9 as the only product in comparison to the
formation of 4. The mechanism for the formation of 9 was
postulated by West to proceed through one of two pathways:
[3+42] cycloaddition to give 10 followed by rearrangement to
form 9 (Scheme 4) or [242] cycloaddition to give a 1,2,3,4-

Th Th
N N
~N VN
Mes,Si——=SiMes, —> O/ (0] B ) SiMes;,
+
Mes,Si——SiMes, Mes,Si—O
PhNO, 10 9

Scheme 4. Addition of nitrobenzene to tetramesityldisilene.

oxazadisiletidine-N-oxide, followed by rearrangement to give
9. Evidence for the former pathway was provided by
monitoring the reaction at low temperature by *Si NMR
spectroscopy. The formation of an intermediate with only one
»Si NMR signal, at 0.64 ppm, was observed suggesting the
formation of 10. More recently, a DFT computational study of
the relative stability of the adducts of nitromethane to
a model of the Si(100) reconstructed surface suggests that
the 1,2,3,4-oxazadisiletidine- N-oxide ring system is unstable
relative to the 1,4,2,3,5-dioxazadisilolidine ring system./*!
Notably, the #’Si chemical shift of 10 is similar to that of 4,
and thus our results provide additional support for the [3+2]
dipolar cycloaddition route as proposed by West. In contrast
to 4, 10 undergoes an apparently facile rearrangement to 9
compared to the slow conversion of 4 to the 1,423,5-
dioxazadisilolidine ring system 5 which occurs over an
extended period of time in solution at room temperature.
We propose that the formation of 5 (and 9) follows
a mechanism similar to the well-known Criegee mechanism
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Scheme 5. Proposed mechanism for the rearrangement of the 1,3,2,4,5-dioxazadisilolidine to the 1,4,2,3,5-dioxazadisilolidine ring system.

for the formation of ozonides (Scheme 5)."® Ring cleavage of
4 (or 10) takes place initially to give dimesitylsilanone and the
zwitterionic species 11. Recombination of these two species
gives 5/9. The rate of this rearrangement appears to depend
on the stability of species 11. With a substituent which can
stabilize the negative charge at nitrogen, such as a phenyl
substituent, rearrangement is rapid; however, with an alkyl
substituent at nitrogen (such as methyl), rearrangement is
slow (Scheme 5).

In summary, we have presented a facile way to synthesize
the unusual 1,3,2,4,5-dioxazadisilolidine and 1,3,2,4,5-diger-
molidine ring systems and provided some insight into their
rearrangement chemistry. Our work allows for a coherent
picture of the chemistry between nitro compounds and
molecular and surface disilenes (and digermenes) to
emerge. We continue to investigate the scope of the reaction
between nitro compounds and Group 14 dimetallenes.
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