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Trimethylsilylnitrene and its Surprising Rearrangement to

N-(Dimethylsilyl)methanimine via Silaziridine and Silaazomethine Ylide

Curt Wentrup,* Holger Liierssen, Hugo Santos Silva, Alain Dargelos, and Didier Bégué*

Abstract:

Photolysis of trimethylsilyl azide at 254 nm in Ar matrix at 15 K generates the triplet ground
state trimethylsilylnitrene 2aT, observed by ESR spectroscopy (|D/hc| = 1.540 cm™; |E/hc| =
0.0002 cm™). Calculations at the CASPT2(14,13) level reveal the open-shell singlet nitrene
2aS('A”) is a discrete intermediate lying ~38 kcal/mol above the triplet. The normally
expected rearrangement of the nitrene 2aS to dimethylsilanimine 3a has a high calculated
barrier (33 kcal/mol), which explains why this product has never been observed. Instead, the
singlet nitrene 2aS inserts into a methyl C-H bond to yield silaziridine 12 via an activation
barrier of only 6 kcal/mol. Ring opening of 12 generates a 1-silaazomethine ylide 13, in
which a facile 1,2-H shift yields N-(dimethylsilyl)methanimine 5, all with barriers well below

the energy of the singlet nitrene.
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Introduction
Despite extensive experimental and computational investigations, our understanding of
silylnitrenes 2 (eq 1) is still very limited, especially as regards the existence of a singlet state

(open shell 2S(*A”) or closed shell 2S(*A”)).

R38i'N3 — R3Si'|.\]: (1)

1 -N, 2
a. R: CH3
b: R=Ph

Pyrolysis of triphenylsilyl azide 1b in a vacuum system at 680 °C yields a cyclic dimer
[PhoSiNPh]z and a linear polymer, suggesting the intermediacy of the silanimine PhoSi=N-Ph
3b,!"! but pyrolysis of trimethylsilyl azide 1a at 500 °C under nitrogen flow was reported to
yield about 20 compounds with none identified. Evidence for the formation of silanimines
R2Si=NR 3 was obtained by co-pyrolysis of trialkyl- and triphenylsilyl azides with trapping
agents in an atmospheric pressure nitrogen flow system at 610 °C.?! The imines underwent
Wittig-type reactions with aldehyde and ketones and were also trapped with (Me2Si0); and
(Me:SiNMe): in co-pyrolysis reactions to form eight-membered ring systems 4 in moderate

yields (eq 2). These products were also obtained by photolysis of the azides."!

Rl
Rd

. . (Me,SiO) SITNC
RR'zsI-N3+ (M628IO)3 m»lR'QSENR] ;ﬁ (I) $IM€2 (2)

] 610 °C 3 Me,Si. O

'N2 O_SiMe2

a:R=R'=CHj 4
b: R =R'=Ph

c:R'=CHg R = Ph

The matrix photolysis of trimethylsilyl azide 1a at 17 K was investigated by Ogilvie,
who postulated a rearrangement of an initially formed but unobserved silanimine to a
silylimine: 1a — [3a] — 5 (eq. 3).[* Perutz also concluded that the matrix photolysis of
trimethylsilyl azide at 10 K did not result in compounds containing Si=N bonds, but instead
C=N and Si-H bonds ascribed to 5 or, less likely, Me,Si(H)-CH=NH.! Formation of 5 was

confirmed by Ferrante, who also obtained 2a by microwave discharge in N> and Ar.[®!

HC

h \ \
(HeC)sSi—Ng ——»|  Si=N —>  SiH-N 3)
-N2 H3C CH3 Hsc \CH2
1a 3a 5
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FVP of trimethylsilyl azide 1a at 830 °C/10? hPa with online photoelectron
spectroscopic monitoring resulted in ionization peaks at 9.3 and 10.9 eV assigned to 5, but
the putative silanimine 3a was not observed.!”!

Yet, matrix photolysis experiments have clearly revealed the formation of other
silanimines of the type RR’Si=NR” (e.g. 10 and 11, Scheme 1) and silylimine 9 from silyl
azides 6/*°! but again, the N-methylsilanimine 8 was not observed. Silylnitrenes 7 were

postulated, but neither triplets nor singlets were observed.

RR‘ hv RR‘ . R=CH, HGC\ . ~1,3-H HSC\

~Si—Ng —> SSi—N:| ———> /SI:N\ — §iH—N\

-N2 H ~1 ,2-Me H CH3 H \CH2
6 7 8
~ ,2-H¢ \E=Ph
R\ Ph\
aR=H Si=N Si=N
b: R = CHj R/ H H Ph
c:. R =Ph
10 11

Scheme 1. Photochemical silyl azide rearrangements

Early calculations on trimethylsilylnitrene 2a located the triplet state (*A™), but a
singlet was not mentioned.!'’! Calculations on the unsubstituted silyl azide 6a by Nguyen et
al.'! indicated that the loss of N> is concerted with the rearrangement to silanimine H,Si=NH
10, and that a singlet nitrene H3Si-N does not appear as a distinct intermediate, although it
was mentioned that preliminary data suggested that the open-shell 'A” singlet state might
play a role in photolysis.

DFT calculations on 6b by Kuhn and Sander confirmed the concerted nature of imine
formation and the absence of a minimum for the singlet nitrene 7bS.[*! In a study of bicyclic
compounds containing twisted Si=N bonds, Michl et al.['?! also concluded that silanimine
formation from silyl azides was most likely concerted with N> loss, and that discrete singlet
silylnitrenes were not involved. However, Bertrand et al. concluded that there are two
reaction paths in the photolysis of cyclic Si-azidosilanes in solution, one involving the triplet
nitrene, which abstracts H from solvent and results in dimerization of the resulting free
radicals, the other being the concerted formation of silanimine from the azide without the
occurrence of a singlet silylnitrene.[!*]

Triplet silylnitrene 2aT has been generated by microwave discharges in N2 or Ar and

investigated by ESR spectrosocopy in N> and Ar matrices at 10-20 K.1®! A zero-field splitting
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(ZFS) parameter |D/hc| = 1.57 cm™ in N2 was measured, but the ESR signal was destroyed, if
the sample was briefly exposed to the radiation of a Hg arc lamp or on annealing the matrix
to temperatures of ~35 K. Therefore, the nitrene was reportedly not observable under UV
irradiation due to rapid destruction.[®!

Silylnitrenes were also generated by v-irradiation of trimethylsilyl azide 1a,
triphenylsilyl azide 1b, and mixed methyl(phenyl)silyl azides using a ®°Co source and
investigated by ESR spectroscopy in solid solution at 77 K. For 2aT the ZFS parameters
\D/he| = 1.54 em™ and |E/hc| = 0.0035 cm™ were determined.!'*) Methyl(phenyl)silyl azides
and diazides PhSiMe(N3)2 and PhSi(N3)s, also yielded ESR spectra with |D/kc| close to 1.5
cm! when the azides were irradiated in solid solution at 4 K (A>350 nm), but
trimethylsilylnitrene 2aT was not observed under these conditions, and no nitrenes were
observable at 77 K under photolysis conditions. The “N hyperfine splitting was observable
under the y—irradiation conditions, but not when the azides were photolyzed at 4 K in solid

solution. It was theorized that the silylnitrenes abstract H from solvent even at 40 K.

Experimental

Trimethylsilyl azide was deposited together with Ar (ratio ~1:1000) on a Curod at 15 K in a
closed-cycle liquid helium cryostat. No signals were observable by ESR spectroscopy
(9.3285 GHz, Varian X-band spectrometer). Irradiation of the matrix at 254 nm for 2 h
generated the transition shown in Figure 1, X2 = 8178 G, Y> = 8187 G, Hy = 3374.4 G, |D/hc|
= 1.540 cm’'; |E/hc| = 0.0002 cm™. FVP of the azide at 500 °C and deposition of the product
with Ar at 10 K did not result in any observable ESR absorption.

Computational Methods

Ground-state geometries and energies were determined at the DFT level using the B3LYP
exchange-correlation functional with the 6-311G(d,p) basis set. The UB3LYP approach was
used for systems capable of existing in open-shell states. In order to obtain reliable energies
of the open-shell singlet (OSS) nitrenes and the transitions states connecting them to isomeric
molecules, calculations were carried out at both the CASPT2(9,8)/6-311+G(d,p) and
CASPT2(14,13)/SP/6-311+G(d,p) levels. Calculations were performed using the Gaussian 09
and the Molpro program packages.!!>!®! The transition state optimizations and IRC
calculations are carried out at both DFT and CASPT2 levels. Excited-state calculations were

performed using ORCA.!""1 Harmonic and anharmonic frequencies were calculated at the
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B3LYP/6-311++G(3df,3pd) level. Natural spin densities calculated at the B3LYP/6-311g(dp)
level for MesSi-N (2aT) were 1.93 on N and -0.049 on Si (see Supporting Information).
Spin-spin (SS) and spin-orbit (SO) contributions to the zero-field slitting (ZFS) parameters
were calculated with the BP86 exchange-correlation functional in UKS mode using the
Resolution of the Identity approximation and with the def2-TZVPP basis set. Convergence
criteria were set to very tight. SO coupling was calculated by solving the spin Hamiltonian in
coupled perturbed form, and SS was calculated directly from the canonical orbitals for the
spin density. All calculations of ZFS parameters were performed using the ORCA 3.0.3

software.!!”]

Results and Discussion

The Triplet Nitrene.

Although previous researchers had reported that the ESR spectrum of the triplet nitrene 2aT
was not obtainable under matrix UV photolysis conditions, we found that photolysis of
trimethylsilyl azide 1a in Ar matrix at 254 nm for 2 h generated a transition at 8187 G
ascribed to MesSi-N 2aT with ZFS parameters |D/hc| = 1.540 and |E/hc| = 0.0002 cm’!

(Figure 1) in excellent agreement with the data from y-irradiation.®!

Intensity

Wmm

|, — = —
700 8000 9000
Magnetic field/Gauss

10000

Figure 1. ESR spectrum of trimethylsilylnitrene 2aT (*A”) in Ar at 15 K. X> = 8178
G, Y> = 8187 G, |D/hc| = 1.540 cm’; |E/he| = 0.0002 cm™ (Ho = 3374.4 G). Inset: repeated

scan.
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We have reported an excellent linear correlation between observed |D/hc| values and
natural spin densities on the nitrene-N for a large number of nitrenes, calculated at the
B3LYP/EPR-III level.'®!%2%1 This would require a spin density on N of 1.83 for a D value of
1.54. The calculated natural spin densities in Me3Si-N 2aT are 1.93 on N and -0.049 on Si at
the B3LYP/6-311g(dp) level. Although the value for N is overestimated by 5%, which is
below the computational accuracy, the high D value (1.54) demonstrates that there is little or
no delocalization of a nitrene electron onto Si. This is clearly seen in the total calculated

electron density projected on the spin density (Figure 2).

Figure 2. Total electron density of 2aT projected on the spin density. Blue = high spin
density.

The relatively high D value of 1.54 cm™ is similar to those of alkylnitrenes, which
again indicates little or no delocalization of electron spin onto Si. There is only a modest
calculated contribution of spin-orbit coupling (SOC) to D by 0.10 cm™’. Similarly, a SOC
contribution to D of 0.15 cm™ was calculated for H3SiN.!?!l In contrast, very strong SOC
causes high D values in triplet silylenes (D ~1.64 cm™).??l Since SOC is inversely
proportional to the energy difference between the mixing states,”’! the large S-T gap in
silylnitrene (~38 kcal/mol) as well as the fact that the singlet state is an open shell may be
responsible for the low level of SOC in silylnitrenes. Other examples of deviation from the
linear correlation of D values with spin densities due to SOC have been summarized.?"!

Ferrante obtained the IR spectrum of 2aT in N matrix at 10 K by depositing the
product of the microwave discharge.!®! This only produced small amounts of the silylimine 5,
but a better yield of 5 was obtained by matrix photolysis. The silanimine 3a was not
characterized. We have confirmed Ferrante’s assignments by calculating the IR spectra of
2aT, 3a, and 5 (see Supporting Information) at the B3LYP/6-311++G(d,p) level, which has
given excellent results for a variety of nitrenes.!**?*! The experimental IR spectra ascribed to

2aT and 5 are in excellent agreement with the calculations.
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Reaction Mechanism.

In order to gain more clarity on the nature of the singlet nitrene Me3Si-N 2aS and its possible
involvement in the pyrolysis and photolysis of trimethylsilyl azide la, we carried out
calculations at DFT as well as CASPT2 (10,9) and CASPT2(14,13) levels.

At the DFT level, the lowest energy path to the silanimine Me>Si=NMe 3aS1 is
clearly the concerted reaction of the azide (Figure 3); the transition state (A) resembles a
distorted silylnitrene, where one Me group is already tilted toward the N atom (Figure 3).
This transition state has a large degree of closed-shell singlet nature. The activation energy,

which is largely the barrier for loss of N> from azide 1a is high, ~61 kcal/mol.

concerted
mechanism

(A) (36.9)

'i’ f-.? ;|_|
(A") (7.3)
Aay |  3aT i
- A Bt ntil

S (A) (-24.0) | 3a51 | "A‘O/A °

WMo, SI-N, S (A) (-32.8) '
Me,-Si=N-Me kv P

-

o

Me,Si-N

Figure 3. The mechanisms of formation and rearrangements of triplet and singlet
trimethylsilylnitrenees 2aT and 2aS at the DFT level. The triplet (T) and two different
conformers (S1 and S2) of the singlet silanimine 3a can form. Energies in kcal/mol.
However, there are two non-concerted paths as well, via the singlet and triplet
nitrenes, but these have very much higher activation energies (Figure 3) and would not be
expected to play any role, if the results of the DFT calculations were accepted.
A major difference at the CASPT2 levels is that the open-shell singlet

trimethylsilylnitrene 2aS (A”) is a discrete intermediate (Figure 4). The activation barrier for
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its formation by N> loss from the azide is 60 kcal/mol, very close to the 61 kcal/mol at the
DFT level. Activation energies for decomposition of silyl azides have not been reported, but
the azides are said to be surprisingly stable.! Azide 1a has been pyrolysed in flow systems at
atmospheric pressure at temperatures of 350-430 °C*®! and 500-600 °C,'* and in an FVP
system at 800 °C/102 mm.!®

The calculated singlet-triplet splitting in 2a is high, ~38 kcal/mol (Figure 4). The high
value agrees with previous calculations for H3Si-N 7a, 42.3 kcal/mol (MCSCF/6-31G(d))!”]
and 39.7 kcal/mol (MP4SDQ),”! and for Me,Si(H)-N 7b 41 kcal/mol at the B3LYP/6-
31G(dp) level.[®! For consistency, we calculated the S-T splitting in H3SiN 7a (see below) at
the CASPT2(8,9) level as 41 kcal/mol, very close to the value for 2a.

The singlet nitrene 2aS can rearrange to the silanimine 3aS2 (Figure 4), but again the
barrier is high, ca. 33 kcal/mol above the singlet nitrene, or 94 kcal/mol above the azide. It is
not surprising then, that there is no experimental evidence for formation of Me>Si=NMe 3aS2

in the reaction.

'. 1‘ 704 70.9 , *
. o,
4 205

(A)
38.541.4 ")
358 37.9
— (A7)
(A" 0.0 0.0 136 15.2
m _Ao;* %* ? g
(A) -24.5 -22.9 ~ ,
Me,Si-N, ‘
Me,SI-N

Figure 4. Formation of singlet Me3Si-N S(A”) 2aS and (potentially) silanimine 3aS2 at the
CASPT2(9,8)/6-311+G(d,p) (upright numbers) and CASPT2(14,13)/SP/6-311+G(d,p)

(numbers in italics) levels. Energies in kcal/mol.

However, there is an alternate and much more favourable route to the observed

reaction product Me>Si(H)-N=CH> 5§ (Figure 5). Here, the singlet nitrene 2aS inserts into a
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methyl group to form a silaziridine!’® 12 (Scheme 2, Figure 5 and Figure 6) via a transition

state lying only 6 kcal/mol above the nitrene.

L a5

(A)
38.541.4 A") T8RS

9
(A)-245-229 % 125 |

Me,Si-N, ;
p‘ W (A)-335-27.7
Me,Si-N ;

Figure 5. Formation of trimethylsilylnitrene 2aS and the silaaziridine 12 at the
CASPT2(9,8)/6-311+G(d,p) (upright numbers) and CASPT2(14,13)/SP/6-311+G(d,p)

(italics) levels. Energies in kcal/mol.

Silaziridine 12 can easily rearrange to the methanimine 5 by ring opening to a
zwitterionic intermediate 13, MexSi®”)-NH=CH, <> Me,Si=NH®-CH,"” <> Me,Si"-NH-
CH,", which is in fact a 1-silaazomethine ylide (Scheme 2 and Figure 6). It is well known
that aziridines undergo ring opening to azomethine ylides both thermally and
photochemically.!”®] This takes place in thermal reactions well below the temperatures

required for decomposition of silyl azides.
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HSC\ HSC\ . * Hsc\ /]
H3C—/Si—N3—>H30—IS|—N:—> Sill
H3C 'N2 HSC Hsc \
1a 2a 12
H3C H3C\+. _ H3C\ . -
C”S'\N CH, =-=— HSC’S'\I\II”CHZH HsC/Si:l\ll”CH2
H H H
13
~1,2-H
HSC
C’S|_
CH2
5

Scheme 2. The silazirine 12 — silaazomethine ylide 13 route to N-silylimine 5.

If the postulated, thermally relaxed silanimine 3aS1 were formed, it would need to
overcome a barrier of nearly 60 kcal/mol and undergo two hydrogen shifts to yield 5 (Figure
6). Activation barriers for direct 1,3-H shifts are usually very high, because they are

(297 Therefore, such reactions

thermally forbidden by the Woodward-Hoffmann rules.
commonly proceed by different, lower-energy mechanisms.*%*!l In our case, the formal 1,3-
H shift 3a — 5 takes place in the form of two consecutive 1,2-H shifts via the silaazomethine

ylide 13 (Figure 6).

3;@ =§ (A) 70.4 70.9
» (67.4) ’ » »
® .;L—f\} 174 (A)
51 3y (45.3)
228 | —— 4 oAb
S (A h ‘ (A
358370 136 152 54383 Py 4 ' (8.1
(11.5) ) (34.8) 1.9 153 ‘ 9.2}
‘ - (11.1)
vd B3, Y o, E5
> 18.6 19.9
# A") 8.1 m & (14.6) ]

| |
Me,Si-N &Y yﬁc . { e
Me,-SisN-Me MOS0t Me,Si(H)-N=CH,

10
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Figure 6. Two paths for formation of N-silylmethanimine Me>Si(H)-N=CH,. Numbers in
upright font: CASPT2(10,9); italics: CASPT2(14,13); in parentheses: DFT (kcal/mol). Blue:

triplets; black: singlets; orange: the singlet silaziridine — silaazomethine ylide route.

The silaziridine 12 — silaazomethine ylide 13 path (orange path in Figure 6) is clearly
favored energetically with its maximum transition state lying only ~45 kcal/mol above the
triplet and 6 kcal/mol above the singlet nitrene, 2aT and 2aS, respectively. This route
explains why the silanimine Me;Si=NMe 3a has never been observed experimentally.
Silanimine 3a may not even be formed as an intermediate; the conformer 3aS1 should be
relatively stable and observable, whereas the unstable conformer 3aS2 is a very transient
species, which can proceed to the product 5S with virtually no activation barrier (Figure 6).
Also the triplet nitrene 2aT can rearrange to the final product, 5aT, which would then
undergo intersystem crossing to the ground state SaS. Moreover, 3aS2 and 3aT are nearly
degenerate, and their energy profiles cross at a point close to the 3aS2 and 3aT minima,
thereby allowing the reaction to pass easily from the triplet to the singlet energy surface. In
addition, the singlet and triplet profiles also cross close to the transition states for the
rearrangement 2aT — 3aT and 2aS — 3aS2 (the crossing points are marked in Figure 6; see
also Supporting Information).

In contrast, the simpler silanimines Me>Si=NH 10b and PhSi(H)=NPh 11 (Scheme 1)
are observable!®°! — probably because here there is no N-methyl group, which could form a
silaziridine, a silaazomethine ylide, and hence a silylmethanimine. We calculated the
transition state for the simplest 1,2-H shift H3Si-N = H>Si=NH (7a — 10a) which lies only 4
kcal/mol above the singlet nitrene, and 41 kcal/mol above the triplet, at the CASPT2(8,9)
level (Figure 7). Notably, the transition states for the singlet and triplet paths are nearly
degenerate, and the reaction can easily pass from one to the other at this point. Once either
10aS2 or 10aT is formed, simple rotation or intersystem crossing will generate the ground

state silanimine 10aS1.

11
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a
Voo

ISy

(A")
41.5(43.7)
o

(E)
37.2 (11.7)
H,SiN

:
454 (4838)

4 o)

Figure 7. Reaction paths for the 1,2-H shift in silylnitrene H3Si-N 7a to H>Si=NH 10a
calculated at the CASPT2(8,9)/6-311+G(d,p) level of theory (values in parenthesis are
calculated at the B3LYP/6-311G(d,p) level of theory). Energies in kcal/mol.

Conclusion

Triplet ground state trimethylsilylnitrene 2aT is generated by UV-photolysis of trimethylsilyl
azide in Ar matrix at 10-15 K. CASPT2(14,13) calculations indicate that the open-shell
singlet nitrene 2aS('A”) is a discrete intermediate lying 38 kcal/mol above the triplet. The
rearrangement of singlet nitrene 2aS to N-(dimethylsilyl)methanimine 5 takes place by a new
reaction mechanism, whereby nitrene 2aS inserts into a methyl C-H bond to form a
silaziridine 12. Ring opening of 12 generates a 1-silaazomethine ylide 13, in which a facile
1,2-H shift yields the final product, 5. This process is considerably easier than the usually
expected 1,2-shift of a methyl group to yield a silanimine 3a (6 versus 33 kcal/mol). The
singlet and triplet energy surfaces overlap at the level of 3aS2 and 3aT, thus implying facile
interchange between the singlet and triplet energy surfaces. The mechanism described in

Figure 6 may apply whenever Si-methyl groups are present in silylnitrenes. The 1,2-H shift in

12
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the unsubstituted singlet silylnitrene 7a to silanimine 10a also has a very low calculated
barrier of 4 kcal/mol, and again the singlet and triplet energy surfaces overlap near the
transition state.

Acknowledgements

This work was supported by the Queensland Cyber Infrastructure Foundation at The
University of Queensland (QCIF g01) and the Mésocentre de Calcul Intensif Aquitain of the

Université de Bordeaux and the Université de Pau et des Pays de 1I’Adour.

Keywords: rearrangement e spin crossover ® quantum chemistry ¢ EPR spectroscopy

References

[1] W. T. Reichle, Preparation, Properties, and Thermal Decomposition Products of
Organoazides of Silicon, Germanium, Tin, Lead, Phosphorus, and Sulfur. /norg. Chem. 1964,
3,402-406.

[2] D. R. Parker, L. H. Sommer, Pyrolysis of Silyl Azides. Generation and Reactions of
Unsaturated Silicon-Nitrogen Intermediates [R2Si=NR]. J. Organomet. Chem. 1976, 110, C1-
C4.

[3] D. R. Parker, L. H. Sommer, Photolysis of Silyl Azides. Generation and Reactions

of Silicon-Nitrogen (prm-pnt) Doubly Bonded Intermediates. [R2Si=NR]. J. Am. Chem. Soc.
1976, 98, 618-620.

[4]J. F. Ogilvie, Photodecomposition of Trimethylsilyl Azide in Solid Argon. Nature 1968,
218, 1248-1249.

[5] R. N. Perutz, Matrix Photolysis of Trimethylazidosilane: Silicon-Hydrogen Bond
Formation. J. Chem. Soc., Chem. Commun. 1978, 762-763.

[6] R. F. Ferrante, Observation of Discrete Trimethylsilylnitrene by Matrix-Isolation
Spectroscopy. J. Phys. Chem. 1990, 94, 3502-3508.

[7] a) C. Guimon, G. Pfister-Guillouzo, Theoretical and Experimental Studies of the Flash
Pyrolysis of Trimethylsilyl Azide and Trimethylgermyl Azide: Generation and He I
Photoelectron Spectra of Iminosilylene and Iminogermylene. Organometallics 1987, 6, 1387-

13

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201803245

1392; b) see also A. Systermans, V. Lefevre, J.-L. Ripoll, T. Pieplu, P. E. Hoggan, S.
Joanteguy, A. Chrostowska-Senio, G. Pfister-Guillouzo, Rapid Access to Reactive
Methanimines by Retro-Ene Reaction: the Photoelectron Spectrum of N-
Dimethylsilylmethanimine, New J. Chem. 1997, 21, 383-387.

[8] A. Kuhn, W. Sander, Photochemistry of Dimethylsilyl Azide: Formation and Reactivity
of 1,1-Dimethylsilanimine. Organometallics, 1998, 17, 248-254.

[9] A. Kuhn, W. Sander, Photochemistry of Matrix-Isolated Phenylsilyl Azides,
Organometallics, 1998, 17, 4776-4783.

[10] B. T. Luke, J. A. Pople, M.-B. Krogh-Jespersen, Y. Apeloig, M. Karni, J.
Chandrasekhar, P. von R. Schleyer, A Theoretical Survey of Unsaturated or Multiply Bonded
and Divalent Silicon Compounds. Comparison with Carbon Analogues. J. Am. Chem. Soc.
1986, 108, 270-284.

[11] M. T. Nguyen, M. Fad, N. J. Fitzpatrick, A Curtius-Type Rearrangement in the Silicon
Series; an ab initio Study of the Model Silylnitrene—Silanimine Isomerization. J. Chem. Soc.,
Perkin Trans. 2 1987, 1289-1292.

[12]J. G. Radziszewski, P. Kaszynski, D. Littmann, V. Balaji, B. A. Hess, Jr., J. Michl,
Twisted Si:N Silicon-Nitrogen Double Bonds: Matrix Isolation of Bridgehead Silanimines. J.
Am. Chem. Soc. 1993, 115, 8401-8408.

[13] A. Baceiredo, G. Bertrand, P. Mazerolles, J. P. Majoral, Le Rearrangement de Curtius en
Serie Siliciee: Mecanismes et Applications Synthetiques, New. J. Chem. 1983, 7, 645-651.
[14] Y. Itagaki, T. Iseoka, T. lida, J. Ohshita, M. Shiotani, A. Kunai, An ESR Study on
Structures of a Series of Silylnitrenes. Chem. Phys. Lett. 2001, 348, 249-254.

[15] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M.
Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J.
J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M.
Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L.
Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S.
Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox,

14

This article is protected by copyright. All rights reserved.


http://pubs.rsc.org/en/content/articlelanding/1987/p2/p29870001289
http://pubs.rsc.org/en/content/articlelanding/1987/p2/p29870001289

Chemistry - A European Journal 10.1002/chem.201803245

Gaussian 09, revision A.2; Gaussian, Inc.: Wallingford, CT, 2009.

[16] H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, M. Schiitz, WIREs Comput. Mol.
Sci. 2012, 2, 242—253. b) MOLPRO, version 2012.1, a package of ab initio programs, H.-J.
Werner, P. J. Knowles, G. Knizia, F. R. Manby, M. Schiitz, P. Celani, T. Korona, R. Lindh,
A. Mitrushenkov, G. Rauhut, K. R. Shamasundar, T. B. Adler, R. D. Amos, A. Bernhardsson,
A. Berning, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert, E. Goll, C. Hampel, A.
Hesselmann, G. Hetzer, T. Hrenar, G. Jansen, C. Koppl, Y. Liu, A. W. Lloyd, R. A. Mata, A.
J. May, S. J. McNicholas, W. Meyer, M. E. Mura, A. Nicklass, D. P. O'Neill, P. Palmieri, D.
Peng, K. Pfliiger, R. Pitzer, M. Reiher, T. Shiozaki, H. Stoll, A. J. Stone, R. Tarroni, T.
Thorsteinsson, M. Wang, MOLPRO, version 2012.1, a package of ab initio programs, 2012.
http://www.molpro.net.

[17] F. Neese, The ORCA program system, WIREs Comput. Mol. Sci. 2012, 2, 73-78.

[18] D. Kvaskoff, P. Bednarek, L. George, K. Waich, C. Wentrup, Nitrenes, Diradicals and
Ylides. Ring Expansion and Ring Opening in 2-Quinazolylnitrenes. J. Org. Chem. 2006, 71,
4049—-4058.

[19] C. Wentrup, D. Kvaskoff, 1,5-(1,7)-Biradicals and Nitrenes Formed by Ring

Opening of Hetarylnitrenes. Aust. J. Chem. 2013, 66, 286—296.

[20] C. Wentrup, Carbenes and Nitrenes: Recent Developments in Fundamental Chemistry.
Angew. Chem. Int. Ed. 2018, DOI: 10.1002/anie.201804863; Angew. Chem. 2018, DOI
10.1002/ange.201804863.

[21] Z. Havlas, M. Kyvala, J. Michl, Spin-Orbit Coupling in Biradicals. 4. Zero-Field
Splitting in Triplet Nitrenes, Phosphinidenes, and Arsinidenes. Collect. Czech. Chem.
Commun. 2003, 68, 2335-2343.

[22] A. Sekiguchi, T. Tanaka, M. Ichinohe, K. Akiyama, S. Tero-Kubota, Bis(tri-tert-
butylsilyl)silylene: Triplet Ground State Silylene. J. Am. Chem. Soc. 2003, 125, 4962-4963.
[23] J. Michl, Spin-Orbit Coupling in Biradicals. 1. The 2-Electrons-in-2-Orbitals Model
Revisited, J. Am. Chem. Soc. 1996, 118, 3568-3579.

[24] H. Li, H. Wan, Z. Wu, D. Li, D. Bégué, C. Wentrup, X. Q. Zeng, Direct Observation of
Carbamoylnitrenes, Chem. Eur. J. 2016, 22, 7856 — 7862.

[25] R. Feng, Y. Lu, G. Deng, J. Xu, Z. Wu, H. Li, Q. Liu, N. Kadowaki, M. Abe, X. Q.
Zeng, Magnetically Bistable Nitrenes: Matrix Isolation of Furoylnitrenes in Both Singlet and
Triplet States and Triplet 3 -Furylnitrene, J. Am. Chem. Soc. 2018, 140, 10—13.

15

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201803245

[26] M. U. Ahmed, S. J. C. Irvine, A. Stafford, J. M. Smith, A. C. Jones, S. A. Rushworth,
Decomposition Behaviour of Nitrogen Precursors for p-Type Doping of Pyrolytic and
Photoassisted MOVPE of ZnSe, J. Crystal Growth 1997, 180, 167-176.

[27] M. S. Gordon, The Electronic and Molecular Structure of Silyl Nitrene, Chem. Phys. Let.
1988, 146, 148-150.

[28] L. M. Harwood, R. J. Vickers, R. J. Azomethine Ylides. In Synthetic Applications of
1,3-Dipolar Cycloaddition Chemistry Toward Heteerocycles and natural Products, A. Padwa,
W. H. Pearson, Eds., Wiley: Hoboken, NJ, 2002, Vol. 1, Chapter 3. pp 169-252.

[29] R. B. Woodward, R. Hoffmann, The Conservation of Orbital Symmetry. Angew. Chem.
Int. Ed. Engl. 1969, 8, 781-932.

[30] M. Yoshimine, J. Pacansky, N. Honjou, Ab Initio Studies of the C3Hs Surface. 3.
Thermal Isomerization. J. Am. Chem. Soc. 1989, 111, 4198-4209.

[31] C. Wentrup, D. Bégué, R. Leung-Toung, Ethynamine - Ketenimine — Acetonitrile
Rearrangements: A computational Study of Flash Vacuum Pyrolysis Processes. ChemRxiv.

https://doi.org/10.26434/chemrxiv.5373964.v1, 2017.

16

This article is protected by copyright. All rights reserved.


https://doi.org/10.26434/chemrxiv

Chemistry - A European Journal 10.1002/chem.201803245

Graphical Abstract and Entry for Table of Contents:

Unusual rearrangement of trimethylsilylnitrene: Rather than the widely assumed 1,2-
methyl migration, the open-shell singlet trimethylsilylnitrene 2a inserts into a methyl C-H
bond to yield silaziridine 12 over an activation barrier of only 6 kcal/mol. Ring opening of 12
generates the 1-silaazomethine ylide 13, in which a facile 1,2-H shift yields the final product,
N-(dimethylsilyl)methanimine 5.
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