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Nitrosilanes are unknown, much like the nitro analogues of most
metalloids. Their nitrite isomers are better known and even used as
reagents. Still, most studies on nitritosilanes focus on reactivity and
there remains a doubt on their identity and even their existence. In
this contribution, we verify computationally whether nitrosilanes
could exist and obtain full confirmation for the existence of
nitritosilanes.

Nitro compounds are ubiquitous in organic chemistry. They are
industrial precursors (¢f: nitrobenzene),>® widely used as energetic
materials, both civil and military, and display highly unusual
physical properties because of the strong electron-withdrawing
effect of the nitro functional group.' The functional group nitro
(-NO,) can also be found in the isomeric form nitrite (-ONO),
where the group is attached at one of the oxygen positions. Nitrites
are also very well known in organic chemistry, as reagents (often as
nitrosating agents)’ and pharmaceuticals® (amyl nitrite, etc.).
While the chemistry of nitro and nitrite groups is well developed
with carbon, the same cannot be said of the metalloids and most
other non-metals of the main group. Indeed, very few nitrito
derivatives of boron, silicon, phosphorus, etc. are known and most
have not been convincingly characterized, while only two electron-
precise B-NO, compounds have ever been reported.®” Nitritosi-
lanes are well-known and invoked as nitrosylating and (de)oximat-
ing reagents,® ' yet their isolation and characterization is the topic
of only one report claiming the isolation of triisopropylnitritosilane
and tricyclohexylnitritosilane.'® To the best of our knowledge, no
nitrosilane has ever been reported. Our group is interested in
trends influencing the stability of main-group compounds bearing
oxidizing groups like the nitro group. Nitro derivatives of oxophilic
elements like silicon would be expected to display interesting
performances as energetic materials."*™® Therefore, the problem
of the apparent non-existence of nitrosilanes is of significant
fundamental importance and of potential applied relevance. This
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contribution deals with our computational predictions on the
plausibility of the existence of nitrosilanes and with our experi-
mental confirmation of the structure, nature and physical proper-
ties of several nitritosilanes.

Our computational estimates in acetonitrile solution (B3LYP/6-
311+g(d,p))-SMD"" ™ show that nitrosilanes (Table 1) would have
expected spectroscopic features for nitro compounds. Indeed,
predicted values for ty_o asym range from 1457 to 1542 cm™ !, those
for 1o sym from 1371 to 1417 cm ™. Predicted '*N chemical shifts
are slightly outside of the usual region expected for nitro com-
pounds (typically 0 to —100 ppm), with § values ranging from 24 to
83 ppm (see SI). Nitrosilanes that bear electronegative substituents
like —F (Fig. 1) and -OMe (see SI) have significantly outlying values.

Table 1 Thermochemistry (right two columns) and energy barriers (left
two colums) for the isomerization of nitrosilanes into nitritosilanes, in kcal
mol ™, predicted at the B3LYP/6-311+g(d,p)-SMD(acetonitrile) level

Oy _ %
N0
R(SQ'}'?R
“‘_—"- TS \\\\
_.-="" isomerization . 0
oy o N
N =" keal/mol ? "
R,Si'\"}'?R' S — Rrs'*R
nitrosilanes nitritosilanes
Nitrosilane AHjgm AGiom AHigom AGisom
H;SiNO, 17.0 18.0 —10.5 —11.3
CL,SiNO, 12.0 11.4 ~20.7% ~20.4°
F4SiNO, 6.6 8.6 —25.6° —24.3¢
(Me,Si);SiNO, 20.5 19.9 ~4.9 -5.9
(MeO);SiNO, 14.6 16.7 -12.9 —-12.7
(NMe,);SiNO, 17.1 17.6 9.6 ~11.1
Me;SiNO, 18.7 19.9 -86 —8.1
Ph,SiNO, 17.1 17.6 -10.5 —11.2
iPr,SiNO, 18.3 18.2 9.0 9.8
tBuMe,SiNO, 18.4 19.1 —8.6 —9.1
Bu,SiNO, 16.5 16.2 —11.2 -11.7

“ These nitrites not stable minima in solution.
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Fig. 1 Predicted geometries of selected hypothetical nitrosilanes (B3LYP/
6-311+g(d,p))-SMD(acetonitrile). Left: F3SINO,; center: MesSiNO,; right:
(NMe,)sSiINO,. Bond distances in A. Beige = silicon, blue = nitrogen, red =
oxygen, white = hydrogen, light gray = carbon, green = fluorine.

Predicted Si-N bond lengths vary between 1.853 (F3SiNO,) and
1.970 A ((NMe,);SiNO,), while N-O bond lengths are all ca. 1.23 A.
From inspection, all the nitro compounds studied appear structu-
rally stable.

Our estimates, however, show that the nitrito isomers of these
compounds are all significantly thermodynamically favoured, by
5.9 kcal mol " for (Me;Si);SiONO to 24.3 keal mol " for F;SiONO
(Table 1, right two columns). This is in stark contrast with the
opposite trend in nitro/nitrito alkanes, for which the nitro isomers
are typically favored®”*" (we predict by 7 kcal mol™" for MeNO,).
Explanations for this trend are likely to involve the high oxophi-
licity of silicon. F;SiONO and Cl;SiONO are not stable minima in
solution but are weak X3SiO- - -NO adducts. This feature is similar
to what has been predicted for the hypothetical molecule dini-
troacetylene, which is ca. 15-19 kecal mol™* higher in Gibbs free
energy than its nitrite isomers, both of which are weak CO- - -NO
adduets.”

Before any serious synthetic effort at observing nitrosilanes
is to be undertaken, it is therefore necessary to verify whether
the hypothetical compounds could easily interconvert to their
thermodynamically more stable nitrito isomers. We estimated the
isomerization kinetic barriers, via a unimolecular process going
through a Si-O-N three membered ring, for 11 silane derivatives
(Table 1). Our predicted free energy barriers towards isomeriza-
tion in acetonitrile solution range between 8.6 (F3SiNO,) to
19.9 kecal mol™" ((Me;Si);SiNO,). An earlier prediction for the
parent nitrosilane H3SiNO, similarly pointed towards very fast
isomerization at ambient temperature.>® All the computed bar-
riers would lead to short half-lives for the nitro isomers at room
temperature. This feature is again in stark contrast with the
isomerization of nitromethane into nitritomethane, which is
known to occur only at high temperatures®*! (we predict a free
energy barrier of 63.2 kcal mol " for its unimolecular isomeriza-
tion). Because other conceivable mechanisms could lead to
decomposition, like autooxidation, the observation of nitrosilanes
might be a formidable challenge, which would limit their interest
to a niche scientific curiosity.

We therefore shifted our attention towards the thermodynami-
cally favoured nitrite isomers. While nitritosilanes are invoked as
nitrosating agents, a survey of the literature indicates that only one
report deals with the isolation and characterization (by '"H NMR,
MS and IR) of triisopropyl- and tricyclohexylnitritosilane."
Other reports either claim nitritosilanes as intermediates in the
formation of nitrosyl chloride,**?” as nitrosating or (de)oximating
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agents,> "> or as highly unstable molecules that act as N,O;
sources.>'" All of these reports use the reactivity of the invoked
nitritosilanes, the appearance of decomposition products or even
the color of the reaction mixture as a characterization tool. Because
these features could all conceivably be explained by some of the
decomposition products, the body of evidence for the existence
and stability of nitritosilanes remains limited. While there is no
doubt that all those reports conclusively indicate the usefulness of
“nitritosilanes” (or their decomposition products) as reagents, our
genuine interest in the existence of the actual nitritosilane mole-
cules prompted us to revisit these systems computationally and
synthetically.

Our predictions indicate that stable nitritosilanes should
display an "N NMR signal at ca. 200 ppm (207 to 227 ppm) and
ca. 20 ppm upfield from free nitrite or nitrosyl chloride (see SI).
This is in the same region as that of organic nitrite esters. To
our knowledge, "N NMR has never been used to identify
nitritosilanes, even though the breadth of chemical shifts
(commonly from +300 to —400 ppm) makes it a powerful
method to qualitatively identify nitrogen oxide functional groups
in diamagnetic molecules.”® We also predict that the N=O stretch
should be observable between 1729 and 1641 cm ™' as an intense
IR band and a medium to weak Raman peak, which is in fair
agreement with the bands at 1630 and 1625 cm ™" observed for the
claimed Cy;SiONO and iPr;SiONO, respectively.'® Most nitrosi-
lanes from Table 1 display predicted Si-O bond lengths of ca.
1.77 A, (Si)O-N lengths of ca. 1.38 A and (SiO)N=0 bond lengths of
ca. 1.19 A (see SI). Strong deviations from these values are observed
for F;SiONO and Cl;SiONO, which display very short Si-O bonds
and long (Si)O-N bonds (Fig. 2), again indicating they would not
be stable compounds in solution, but rather weak X;SiO---NO
adducts. We predict that tris(trimethylsilyl)nitritosilane, on the
other hand, would display a slightly elongated Si-O bond (Fig. 2).

We chose tert-butyldimethylnitritosilane (1) as our target for
isolation. No reference to it could be found in the literature, but
its expected volatile nature (and that of its expected decom-
position products) would make it a potentially convenient
anhydrous nitrosation reagent and therefore a relevant target
for isolation. Upon treatment of tert-butyldimethylchlorosilane
with silver nitrite in a pentane suspension at room temperature
and removal of the solvent under vacuum at ca. —60 °C, a
colourless, somewhat volatile liquid was obtained and analysed
at room temperature. Raman and IR spectra both showed a
band at 1636 cm ' and the "N NMR spectrum of an

1.618
, 1—‘:57 /& 176948 1.377
1.119 1.185
>0

Fig. 2 Predicted geometries of selected hypothetical nitritosilanes
(B3LYP/6-311+g(d,p))-SMD(acetonitrile). Left: FsSIONO (not a stable mini-
mum); center: MesSIONO: right: (Me3sSi)sSIONO. Bond distances in A.
Beige = silicon, blue = nitrogen, red = oxygen, white = hydrogen, light
gray = carbon, green = fluorine.
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Fig. 3 Synthesis and attempted synthesis of various nitritosilanes. Bottom
right: solid-state structure of 6 obtained from X-ray diffraction analysis. As
expected from its slow formation in DCM, the compound co-crystallized
with a small amount of the chloride starting material, which was modeled
as a substitutional disorder (refined ratio ONO: Cl 0.85:0.15, not shown,
see Sl). Hydrogen atoms were omitted for clarity. Beige: silicon; dark grey:
carbon; blue: nitrogen; red: oxygen.

acetonitrile solution showed a broad signal at +196 ppm. These
features all agree with the predicted signals for a nitritosilane
and fall in the region expected for covalent nitrites. In a similar
manner, we re-obtained triisopropylnitritosilane (2) as a color-
less liquid that displayed the same characteristic spectroscopic
signals, thus strongly supporting its identity as a nitritosilane.
This assignment was finally fully confirmed when marginally
stable triphenylnitritosilane (6, vide infra) could be observed by
X-ray diffraction crystallography (Fig. 3).

Both isolated nitritosilanes 1 and 2 are very moisture-
sensitive, and their hydrolysis yields their siloxane derivative
and nitrogen oxides, presumably from the disproportionation
of somewhat unstable HNO,. Both compounds are relatively
stable as neat compounds and can be stored for months at
—30 °C. At room temperature, compounds 1 and 2 and their
acetonitrile solutions will only slowly decompose over weeks,
with 2 being particularly robust. Major decomposition products
are the siloxane derivatives, NO and NO,.

Since both these compounds were kinetically stable enough
to be isolated at room temperature, we wondered whether true
nitritosilanes were responsible for the reactivity described in
many reports. To verify this, we examined trimethylnitritosilane
(3), which is the species most often invoked in several
reports.'**?* Treating chlorotrimethylsilane with silver nitrite
in acetonitrile, even at —30 °C, led to gas evolution and
produced orange nitrogen dioxide fumes and a blue solution,
as some reports indicate.""'*> "N NMR analysis of such solu-
tions showed no sign of nitritosilane formation and "H NMR
showed the clear presence of hexamethyldisiloxane as the sole
proton-containing product, as one report indicates."’ Gas-
phase IR analysis of a portion of the volatiles from the reaction
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mixture clearly shows the presence of both NO (1877 cm ™, vy0)
and NO, (1616 cm™?, Vno,asym)- Their presence in solution is
expected to lead to some association, presumably yielding low
concentrations of blue N,03, which is undoubtedly responsible
for the blue colour of the solution. Throughout our studies, the
appearance of blue solutions was often accompanied by orange
vapours of NO, and could always be correlated with decom-
position by "H NMR spectroscopy. Therefore, claims based on 3
in acetonitrile, especially those relating the blue color to the
presence of nitritosilanes, even at low temperature, were most
likely incorrect, with the most likely active species being N,0;
and its dissociation products, as proposed by one report.**

We nevertheless sought to demonstrate that 3 indeed exists
as an intermediate. In dichloromethane, the formation and
decomposition of 3 were substantially slowed, even though the
bluish color of N,O; could still be observed in the cold solu-
tions. Transferring the volatiles of the reaction mixture by
vacuum condensation allowed us to observe, even at room
temperature, a significant signal at +196 ppm in the “*N NMR
spectrum, as well as an intense, sharper signal at ca. +230 ppm,
indicative of the presence of CINO. The presence of CINO was
confirmed by gas-phase IR (N=O stretch at 1800 cm '),*°
thereby confirming previous reports that claimed the presence
of CINO from the reaction of excess R;SiCl with R;SiONO, again
based on reactivity patterns.>***>” 'H NMR showed three
signals, one for the starting material (which had not finished
reacting), one for the nitritosilane and one for the hexamethyl-
disiloxane decomposition product. Because of slow reactions
with insoluble AgNO, and competing reaction between the
starting material and the nitritosilane, we deemed the isolation
of pure 3 impractical and did not pursue it further.

To gain a broader sense of the factors affecting the stability
of the nitrites, we proceeded to generate several other nitrito-
silanes. As predicted by our calculations, the treatment of SiCl,
with silver nitrite rapidly leads to vigorous gas formation in
acetonitrile, yielding no observable species by NMR spectro-
scopy, thus supporting our prediction that Cl3SiONO would not
be a stable compound (Fig. 2 and Table 1). We could however
detect tBuPh,SiONO (4), and (EtO)3;SiONO (5) as marginally
stable nitritosilanes in acetonitrile solutions. Similarly,
Ph;SiONO (6) and PhMe,SiONO (7) were observed but only in
dichloromethane solutions. None of species 4-7 could be iso-
lated, although 5 persists in the neat “isolated”” mixture. 6 is
particularly problematic because its formation is slow in dichlor-
omethane and its decomposition proceeds marginally slower.
Still, to our surprise, crystals stored for months at —30 °C were
shown to contain the desired nitritosilane. Because the com-
pound does not usually survive more than a few days in solution,
we concluded that the compound is considerably more stable in
the solid state (Fig. 3). The crystallization of 6 finally demon-
strated conclusively the identity of 1-7 as nitrites by relating
spectroscopic observations to structural data.

The instability of the aryl derivatives is puzzling and cannot
be tied to steric hindrance, since 4 is more crowded than 1 and yet,
is less stable. Preliminary results suggest that there is no internal
aromatic nitrosation reactions occurring. The mechanisms for the
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decomposition of nitritosilanes and their reactivity with chlorosi-
lanes is still under investigation. Preliminary predictions indicate
that simple Si-O or (Si)O-N bond dissociations are not accessible
decomposition pathways for H;SiONO at ambient temperatures,
with homolytic bond dissociation enthalpies of 42 to 71 keal mol "
in solution. Heterolytic pathways are even less favourable. Inter-
molecular processes, including solvent involvement (as supported
by the observed increased stability in non-coordinating solvent
dichloromethane), appear to be more plausible.

This study sheds light onto the existence of nitrosilanes.
While these hypothetical compounds would be of great impor-
tance to the design of future energetic materials and would likely
display exotic properties, akin to their carbon analogues, the low
barrier towards isomerization into their nitrite analogues alone
suggests that most conceivable nitrosilanes would not exist at
room temperature. Other decomposition mechanisms beyond
the scope of this work could also likely conspire against their
existence. Their nitrite isomers remain highly interesting from
fundamental and reactivity perspectives. For the first time, we
provide direct spectroscopic evidence for their existence with
strong X-ray diffraction structural support. We isolated two
storable nitritosilanes, while showing the transient existence of
several more. We conclusively showed that the greenish-blue
colour observed in some reports does not correlate with the
presence of nitritosilanes, but rather with their decomposition
into NO and NO,. These results will clarify the interpretation of
the reactivity of these useful oxidizing agents in future uses. Our
group is exploring further reactivity and the extension of the use
of nitritosilanes in an anhydrous, main-group synthesis setting,
particularly that of 1, a conveniently volatile reagent.
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