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One Collision – Two Heteroatoms: Gas-Phase Preparation of
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Abstract: Nature has long favored cyclic, particularly heterocyclic, molecules in the synthesis of key biomolecules. Silicon-
substituted hydrocarbons have gained increasing attention due to their unique chemical bonding and electronic structure
compared to their iso-valent carbon counterparts. However, the synthesis of silicon-containing heterocyclic molecules
remains a significant challenge. In this work, we investigate the reaction mechanism leading to a sparsely explored class
of silicon- and nitrogen-containing aromatic heterocycles, in which silicon and nitrogen atoms are positioned adjacently
within an aromatic, six-membered ring: azasilabenzenes. This is achieved through the reaction of the silicon nitride (SiN)
radical with 1,3-butadiene (C4H6) via single collision conditions, exploiting a crossed molecular beam experiment combined
with electronic structure calculations and statistical analysis. Our results reveal the formation of two novel cyclic products:
1-aza-2-silacyclohexa-3,5-dien-2-ylidene and 1-aza-2-silabenzene. Interestingly, this reaction contrasts with the iso-valent
system involving the cyano radical (CN) and 1,3-butadiene (C4H6), which predominantly yields an acyclic product (1-
cyano-1,3-butadiene) via a simple addition–elimination pathway. In addition to elucidating the reaction pathways, this
study also provides insights into the nature of bonding and atomic interactions in the resulting products, offering a deeper
understanding of structure–stability relationships in silicon–nitrogen heterocycles and the counterintuitive concept of
iso-valency.

Introduction

Heterocyclic organic molecules are characterized by cyclic
moieties where one or more carbon atoms are substituted
by heteroatoms, commonly nitrogen (N), oxygen (O), sul-
fur (S), or silicon (Si).[1–3] These rings can be saturated,
unsaturated, or aromatic and play a fundamental role in
natural products like amino acids (1–3)[4,5] and vitamins
(4–9),[5] pharmaceuticals such as Clonidine, Temazepam,
and Alprazolam (10–15),[6–9] and biologically essential com-
pounds serving critical functions in cellular metabolism and as
genetic materials like purine (16) and pyrimidine (17) bases
in deoxyribonucleic acid (DNA) (Scheme 1).[10] Over the
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last decade, silicon-substituted heterocyclic molecules have
received special attention as carbon and silicon share the same
number of valence electrons and hence, are iso-valent. This
“carbon–silicon switch” invokes Langmuir’s concept of iso-
valency, which predicts similarities in structural and chemical
properties.[11] This perception captivated the attention of both
the synthetic and theoretical chemistry communities from the
fundamental point of view of the reactivity, stability, chemical
bonding, and electronic structure of exotic organosilicon
molecules (Scheme 2).[12–16]

However, experimental findings revealed that Lang-
muir’s iso-valency concept is not always as predictive as
expected.[17,18] While acetylene (C2H2) is the most stable
isomer on the C2H2 potential energy surface (PES), with
the vinylidene (H2C═C) isomer less stable by 291 kJ mol−1,
the replacement of one carbon atom by silicon results in the
silavinylidene isomer (H2C═Si) as the global minimum.[18–20]

Furthermore, when both carbon atoms are replaced by
silicon, a double-bridged butterfly structure disilyne (Si(μ-
H2)Si) represents a local minimum on the Si2H2 potential
energy surface.[21,22] The primary reason for this divergence
arises from the larger atomic radius of silicon (110 pm)
compared to carbon (70 pm), its lower electronegativity
(1.90 vs. 2.55 on the Pauling scale), and the less effective s–
p mixing between the 3s and 3p orbitals relative to the 2s
and 2p orbitals. Comparing the 6π aromatic benzene molecule
(C6H6, 21) with silabenzene (SiC5H6, 23), this results in
longer silicon–carbon bond lengths of about 177 pm in
23 versus 140 pm for the carbon–carbon bond in 21.[23–25]

These distinct molecular properties upon silicon substitution
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Scheme 1. Heterocycles present in amino acid, vitamin, drug, and genetic molecules.

not only enable the design of iso-valent, nontoxic variants
such as ibuprofen versus sila-ibuprofen,[26] but also pro-
vide environmentally friendly organosilicon counterparts like
silicon-based fertilizer.[27,28] Therefore, innovative silicon het-
erocycles have received particular attention as building blocks
of conjugated π -systems owing to their electroluminescence

and highly efficient electron transportation at the molecular
level.[29]

Disubstituted heterocycles with adjacent nitrogen and
silicon atoms have garnered special focus considering their
aptitude of forming stable divalent silylenes (SiR2)—silicon
analogs of carbenes (CR2)—in the singlet state.[30,31] This
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Scheme 2. Structure of the five and six-membered heterocyclic
molecules with silicon and/or nitrogen substitution.

stability arises from the donation of the lone pair of
electrons from the nitrogen to the empty 3p orbitals
of the silicon atom.[32] However, while five-membered
nitrogen heterocyclic silylenes such as 1,3-di-tert-butyl-
4,5-dihydro-1H-silaimidazol-2-ylidene (19) and 1,3-di-tert-
butylsilaimidazol-2-ylidene (20) have been extensively inves-
tigated both experimentally and theoretically with sta-
ble, even “bottleable” compounds successfully synthesized
(Scheme 2),[33–36] the synthesis of six-membered nitro-
gen heterocyclic silylenes has provided a fundamental
synthetic challenge to the preparative organic chemistry
community, and hence, only a few computational studies
have been reported in the literature.[37] Veszprémi et al.
investigated six-membered nitrogen-containing heterocyclic
silylenes (SiNC4H5)—isovalent molecules of benzene (C6H6,
21)—computationally.[38] Although fully valence saturated
and 6π Hückel aromatic, the 1-aza-2-silabenzene (26) iso-
mer is less stable by 36–48 kJ mol−1 compared to the
silylene-type isomer 1-aza-2-silacyclohexa-3,5-dien-2-ylidene
(27). This observation parallels the stabilities observed in
acyclic systems, where the silylene-type isomer aminosilylene
(HSi–NH2) exhibits a stabilization energy of 58 kJ mol−1

compared to the silaimine (H2Si═NH) isomer.[39,40] This
finding is particularly intriguing since pyridazine (24) and
1,2-disilabenzene (25), which contain two adjacent nitro-
gen and silicon heteroatoms, respectively, exhibit aromatic
behavior.[14,41] However, despite their intriguing chemical
bonding and molecular structure, an experimental prepara-
tion of six-membered silylene molecules featuring adjacent

nitrogen and silicon atoms has not yet been accomplished,
thus classifying azasilabenzenes as one of the least explored
classes of organosilicon chemistry.

Here, we report the first gas-phase synthesis of two
six-membered, silicon–nitrogen heterocyclic counterparts of
benzene (C6H6, 21)—1-aza-2-silabenzene (26) and 1-aza-
2-silacyclohexa-3,5-dien-2-ylidene (27). This preparation is
accomplished via a gas-phase reaction of ground-state silicon
nitride radicals (SiN, X2�+) with 1,3-butadiene (C4H6, X1Ag)
under single collision conditions, exploiting the crossed
molecular beams approach. In strong contrast to a classical
preparative synthesis, in crossed molecular beam experiments,
both reactants can be prepared in separate source cham-
bers in distinct molecular beams.[42–45] The nascent reaction
products then “fly away” undisturbed from the collision
center prior to their detection in a differentially pumped
quadrupole mass spectrometer. Therefore, this investigation
on the molecular level, supported by electronic structure
calculations, offers a fundamental understanding of the
reaction dynamics in an isolated environment, which is free
from wall effects and secondary collisions, thus affording
a “clean” and selective synthesis of two novel silicon–
nitrogen heterocyclic molecules: 1-aza-2-silabenzene (26) and
1-aza-2-silacyclohexa-3,5-dien-2-ylidene (27) (reaction (1)).
Unlike the reaction of 1,3-butadiene (C4H6, X1Ag) with
the isovalent cyano radical (CN, X2�+), which favors the
preparation of acyclic products like 1-cyano-1,3-butadiene
over pyridine,[46,47] the reaction of silicon nitride radicals (SiN,
X2�+) and 1,3-butadiene (C4H6, X1Ag) yields exclusively
cyclic products. Hence, this system is stimulating from the
viewpoint of a physical–organic chemist as such compounds
represent benchmarks to unravel the chemical reactivity,
bond-breaking processes, and synthesis of cyclic organosilicon
molecules from acyclic precursors, thereby opening new
avenues to the rather obscure class of silicon–nitrogen
containing heterocyclic molecules: azasilabenzenes.

SiN + C4H6 → SiNC4H5 + H (1)

Results and Discussion

Laboratory Frame

The experiments were carried out under single-collision
conditions employing a crossed molecular beams
machine.[42,43,45,48] Reactive scattering signals for the
bimolecular reaction between ground-state silicon nitride
radical (SiN, C∞v, X2�+) and 1,3-butadiene (C4H6, C2h,
X1Ag) were recorded at a mass-to-charge ratio (m/z) of
95 (Figure 1). Considering the natural abundance of the
isotopes of carbon [12C (98.9%), 13C (1.1%)] and silicon
[28Si (92.2%), 29Si (4.7%), 30Si (3.1%)], signal at m/z = 95
may correspond to 28SiN12C4H5, 28SiN13C12C3H4, and/or
29SiN12C4H4 accompanied by atomic hydrogen and molecular
hydrogen losses, respectively. It should be emphasized that
under our experimental conditions, no reactive scattering
signal was observed at m/z = 94 (28SiN12C4H4), which would
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Figure 1. a) Laboratory angular distribution and b) time-of-flight (TOF)
spectra recorded at m/z = 95 for the reaction involving silicon nitride
(SiN, C∞v, X2�+) and 1, 3 butadiene (C4H6, C2h, X1A1). In a), the solid
circles with error bars represent the normalized experimental
distribution with ± 1σ uncertainty (standard deviation of the TOF
integrals for each angle), while in b), the experimental data are shown as
open black circles. For each angle, 1.5 × 106 TOF spectra (15 h total
acquisition) were averaged to achieve an adequate signal-to-noise ratio.
The red solid lines in a) and b) correspond to the best-fit results from
the forward-convolution routine. Atoms are color-coded in blue
(nitrogen), violet (silicon), grey (carbon), and white(hydrogen).

correspond to the molecular hydrogen loss (H2) channel.
This observation alone confirms that the reaction between
silicon nitride radical (SiN, C∞v, X2�+) and 1,3-butadiene
(C4H6, C2h, X1Ag) yields a product with the chemical
formula 28SiN12C4H5 formed via reaction (1) through atomic
hydrogen loss. Time-of-flight (TOF) spectra were then
recorded at m/z = 95 at laboratory angles from 25.25° to
55.25° in 5° intervals, scaled, and integrated to obtain the
laboratory angular distribution (LAD). This LAD is spread
over 30° in the scattering plane defined by both beams
(Figure 1) and peaks at the center-of-mass angle of 40.25°.
The ion signal in the TOF spectra was spread over some
250 µs, ranging from 600 to 850 µs. Overall, the laboratory
data suggest the exclusive gas-phase preparation of SiNC4H5

isomer(s) via the elementary gas-phase reaction of the silicon
nitride radical (SiN, C∞v, X2�+) with 1,3-butadiene (C4H6,
C2h, X1Ag).

Center-of-Mass Frame

Having provided compelling evidence on the gas-phase
synthesis of the previously elusive SiNC4H5 isomer(s), our
ultimate goal is to identify the nature of the isomer(s)
formed and also aim to unravel the most likely reaction
pathways. This is accomplished by transforming the experi-
mental data from the laboratory (LAB) to the center-of-mass

(CM) reference frame by exploiting a forward-convolution
technique.[49,50] Figure 2 presents the translational energy
flux distribution, P(ET), and the angular flux distribution,
T(θ), in the CM frame corresponding to the best fit of the
experimental data. The most comprehensive representation
of the reaction dynamics is provided by the product flux
contour map, which depicts the reactive differential cross
section in terms of intensity as a function of scattering angle
θ and CM velocity u, I(θ , u), where I(θ , u) ∼ P(u) × T(θ).
To elucidate the underlying reaction dynamics, analysis of
the P(ET) offers several key insights. First, when the product
isomers exhibit well-separated energetics, the maximum
translational energy (Emax) can be employed to identify the
nature of the reaction products, since Emax is the sum of the
reaction exoergicity and the experimental collision energy
(Ec) for those molecules born without internal energy.[51]

Here, Emax is derived from the P(ET) to be 170 ± 42 kJ mol−1.
Considering the experimental collision energy of 24.0 ± 0.5 kJ
mol−1, the reaction exoergicity is thereby evaluated to be 147
± 42 kJ mol−1. Second, the P(ET) exhibits a plateau from 0
to approximately 30 kJ mol−1, suggesting the involvement of
both a loose exit channel, characterized by minimal changes in
geometry and electron density, and a tight exit transition state,
marked by substantial structural and electronic rearrange-
ments, during the formation of the final SiNC4H5 products
from the decomposing SiNC4H6 intermediates.[42,48,52] Finally,
the center-of-mass angular distribution, T(θ), provides further
insight into the underlying reaction dynamics. It exhibits
intensity over the complete angular range proposing indirect
scattering dynamics. Further, this distribution is slightly
backward scattered relative to the primary SiN beam, with
an intensity ratio of I(0°)/I(180°) = (0.8 ± 0.2): 1. This
observation suggests that at least one reaction channel
involves a relatively short-lived SiNC4H6 intermediate that
ejects atomic hydrogen.[52] These findings are also illustrated
in the flux velocity–angle contour map (Figure 2c), which
offers a comprehensive view of the scattering behavior in the
reaction.

Electronic Structure Calculations and Reaction Mechanism

In case of polyatomic reactants, it is beneficial to combine
the experimental data with electronic structure calculations.
First, the nature of the SiNC4H5 structural isomer(s) can
be determined by comparing the experimentally measured
reaction exoergicity with the reaction energies of possi-
ble isomers obtained from electronic structure calculations.
The geometries of the corresponding reactants, products,
intermediates, and transition states are optimized at the
B2PLYP-D3(BJ)/Def2-TZVPP[53–57] level of theory; ener-
gies are refined exploiting CCSD(T)-F12/cc-pVTZ-F12[58–61]

(Supporting Information). This computational investiga-
tion revealed three atomic hydrogen loss reaction chan-
nels (p1–p3) leading to distinct SiNC4H5 isomers: 1-aza-
2-silacyclohexa-3,5-dien-2-ylidene (p1, Cs, X1A′, −157 kJ
mol−1), 1-aza-2-silabenzene (p2, Cs, X1A′, −132 kJ mol−1),
and 1-silaisocyano-1,3-butadiene (p3, Cs, X1A′, −67 kJ
mol−1). The relative stability of the products p1 and p2 agrees

Angew. Chem. Int. Ed. 2025, e17656 (4 of 9) © 2025 Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202517656 by U

niversity O
f H

aw
aii A

t M
anoa, W

iley O
nline L

ibrary on [10/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Research Article

Figure 2. a) Center-of-mass translational energy distribution P(ET), b) the angular flux distribution T(θ), and c) the flux contour map (top view)
leading to the formation silicon nitrogen containing heterocyclic products from the reaction between ground state silicon nitride radical (SiN, C∞v,
X2�+) and 1, 3 butadiene (C4H6, C2h, X1A1). The solid red lines indicate the best fit, while the shaded regions represent the error margins. The
direction of the silicon nitride is defined by 0°, while that of the 1, 3 butadiene is at 180°. Atoms are color-coded in blue (nitrogen), violet (silicon), grey
(carbon), and white(hydrogen).

well with a previous study by Veszprémi and coworkers[38]

where they also identified an isomerization pathway of p2 to
p1 through a transition state of 200 kJ mol−1. Nevertheless,
this barrier is well above the total energy of our system,
thus blocking the conversion from p2 to p1. Our work also
identified the existence of multiple intermediates (i1–i6) on
the doublet potential energy surface and nine transition states
(TS1–TS9).

The reaction is initiated without a barrier through the
addition of the silicon nitride radical (SiN, C∞v, X2�+) with
its nitrogen atom to the π -electron density of the terminal
carbon atom of 1,3-butadiene (C4H6, C2h, X1Ag) forming a
carbon–nitrogen bond in the collision complex i1 (SiNC4H6,
C1, X2A); the latter is stabilized by 220 kJ mol−1 with
respect to separated reactants. The collision complex can
either undergo atomic hydrogen elimination to the acyclic
product silaisocyano-1,3-butadiene (SiNC4H5, p3, Cs, X1A′)
via a transition state (TS1) with a barrier of 16 kJ mol−1

with respect to p3 or isomerize to the s-cis conformer i2
(SiNC4H6, C1, X2A) by overcoming a low barrier (TS2) of
61 kJ mol−1; i2 isomerizes to i3 (SiNC4H6, Cs, X2A′) via ring
closure. It is important to note the existence of an alternative
path to i3 via the addition of the silicon nitride radical
through the silicon atom, forming a silicon–carbon bond,
followed by a cyclization to i3. However, these steps involve
transition states well above the energy of the separated
reactants and hence cannot be accessed at our experimental
collision energy. From i3, the reaction can proceed via two
competing pathways: one leads to intermediate i4 (SiNC4H6,
Cs, X2A′′) through a hydrogen migration from carbon to
silicon; alternatively, intermediate i5 (SiNC4H6, C1, X2A)
forms via hydrogen migration from the methylene moiety
to the nitrogen atom. Intermediate i4 may either undergo

unimolecular decomposition to product p2 via hydrogen
atom elimination or undergo further hydrogen migration
from carbon to nitrogen to yield i6 (SiNC4H6, C1, X2A).
Alternatively, i6 can also form in one step from i5 through
hydrogen migration from carbon to silicon. Intermediate i6
can subsequently decompose through atomic hydrogen loss,
either forming p1 via a loose transition state or p2 via a
pathway with a barrier of 19 kJ mol−1

.

Among all possible pathways from reactants to products,
the most probable one can be identified by comparing
experimental observations with computational predictions.
The experimentally derived exoergicity of the reaction is 147
± 42 kJ mol−1, which agrees well with the computed reaction
energies for both p1 (−157 ± 15 kJ mol−1) and p2 (−132
± 15 kJ mol−1). In contrast, the calculated exoergicity of
the acyclic product p3 (−67 kJ mol−1) is significantly less
exoergic, thereby ruling out the i1 → TS1 → p3 pathway
as a dominant channel. As shown in Figure 3, the transition
state TS4 lies higher in energy than TS5, indicating that the
intermediate i3 is more likely to isomerize to i5 rather than to
i4. However, both transition states are below the energy of the
separated reactants thus some fraction of the i3 intermediate
may convert to i4, overcoming the transition state TS4. In this
case, from i4, formation of the product p2 is more favorable
as the transition state TS7 is lower in energy compared to
the transition state of the isomerization step from i4 → i6.
On the other hand, from i5, two potential pathways emerge
to the products p1 and p2: (a) i5 → TS8 → i6 → p1,
and (b) i5 → TS8 → i6 → TS9 → p2. The experimentally
derived kinetic energy flux distribution shows a plateau from
0 to approximately 30 kJ mol−1, indicating that both a
barrierless decomposition of the i6 intermediate to p1 (path
a) and hydrogen atom elimination via a tight exit transition
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Figure 3. Potential energy surface of the reaction silicon nitride radical (SiN, C∞v, X2�+) and 1,3 butadiene (C4H6, C2h, X1A1) where dotted lines
represent the doublet surface. The numbers denote energies (in kJ mol−1) for each species calculated at the CCSD(T)-F12/cc-pVTZ-F12//
B2PLYP-D3(BJ) /Def2-TZVPP + ZPE (B2PLYP-D3(BJ) /Def2-TZVPP) level of theory. Atoms are color-coded in purple (silicon), blue (nitrogen), grey
(carbon), and white (hydrogen).

state to p2 (path b) can account for the experimental
data. Although both the p1 and p2 product channels are
accessible, the formation of p1 remains the overall lowest-
energy pathway, consistent with its thermodynamic stability
over p2. To identify the most favorable pathway, Rice–
Ramsperger–Kassel–Marcus (RRKM) statistical analysis was
performed (see Supporting Information). The results indicate
that, under statistical conditions, p1 would be the dominant
product, with a branching ratio of p1:p2:p3 = 88.1:2.6:9.3.
RRKM calculations also indicate that the rate constant for
the i3 → i4 transition is approximately 105 times slower than
that for i3 → i5 (Table S2), suggesting that the formation of
p2 via dissociation of i4 contributes negligibly to the overall
product distribution. Under these conditions, about 97% of
the i6 intermediate dissociates to p1, while only 3% leads to
p2.

Quasi-Atomic Orbital Analysis

Having identified novel azasilabenzenes, to better understand
the chemical bonding of these SiNC4H5 isomers, a detailed
quasi-atomic orbital (QUAO) analysis was performed at
RHF//Def2-TZVPP//B2PLYP-D3(BJ)/Def2-TZVPP level of
theory using GAMESS software.[62–64] The interference
kinetic bond orders (KBOs) provide a quantitative measure-
ment of the bond strength. Figure 4 displays the orbitals
that participate in the π–π bonding interaction. For p3, the
electron occupations of π QUAOs for Si (0.47) and N (1.47)
imply a charge transfer from Si to N, which agrees well
with the difference in electronegativity of the two atoms.
The small variations between the occupations of Cπ orbitals
demonstrate a lower degree of charge polarization compared
with Si-N π . For p1 and p2, such transfer of charges from
Siπ to Nπ can be observed, while there is a higher degree
of charge transfer among Cπ orbitals compared with p3.

In agreement with QUAO analysis for C2H2 versus Si2H2

from Guidez, Gordon, and Ruedenberg that the lowering
of interatomic KBO is the driving force of bond formation,
the most stable isomer p1 has the lowest interatomic KBO,
followed by p2 and p3, respectively.[65] The dominant KBOs
are the σ interactions with an increase in the order of
Si─C/N < C─C < C─N (Figure 4). These indicate that
the C─N σ is the strongest, followed by C─C σ , while
the Si─N and Si─C are the weakest σ interactions. The
C─C bond distances of p2 are ideally equivalent (140 pm),
which align well with the slight difference in KBOs of C─C
π interactions. Moreover, Table S4 demonstrates the weak
interactions between the two C─C double bonds (KBO =
−28 kJ mol−1) and Nπ and Cπ QUAOs (KBO = −33 kJ
mol−1) of p3. Based on the theoretical studies, p1 is more
stable than p2 by 25 kJ mol−1. However, the stable form of
their isovalent molecule, pyridine, is more favored to exhibit
lone-paired electrons at N instead of an N-H bond due to
aromaticity. Comparing p1 and p2, the KBOs of their σ -σ and
π -π interactions are in the same order of magnitude, except
for N─H versus Si─H. The former has stronger bonding
(KBO = −178 vs. −105 kJ mol−1, respectively). This is likely
due to a better orbital overlap between N and H atoms.
Another reason for the stability of p1 over p2 attributes to
the reduced sp hybridization of the silicon atom. In Table S5,
there are about 10%–20% of s-characters contributing to the
Si–σ -type QUAOs for p1, whereas one can see that those for
p2 are greater (30%–35%). These imply that a high degree of
sp mixing is unfavored for the silicon atom. This is in excellent
agreement with the concept of sp hybridization in which it is
more applicable for the second row of the periodic table, as
the energy levels of 2s and 2p are closer to each other. Such
sp mixing is less likely to be exhibited when going below the
second period elements.

To characterize the degree of aromaticity of p1 and p2,
the nucleus-independent chemical shielding (NICS)[66,67] was
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Figure 4. QUAOs analysis of p1, p2, and p3 calculated at RHF//B2PLYP/Def2-TZVPP level of theory. Black numbers represent KBO energies of E─E σ

and π bonds with E = C, N, or Si, whereas blue is KBO energies of E─H σ bonds. Green indicates charge at each atom center. Yellow numbers are
the electron populations in π QUAOs. NICS (0) and NICS (1) were calculated at B2PLYP/Def2-TZVPP level of theory.

calculated, as shown in Figure 4. Clearly, both NICS (0) and
NICS (1) values of p2 are more negative than those of p1,
suggesting that p2 has a higher aromatic character than p1.
This also aligns well with the QUAO analysis. While the
KBO energies and bond orders (BOs) of the π–π interactions
(particularly C─C and C─N interactions) of p2 are in the
same range (KBO = −70 to −60 kJ mol−1 and BO = 0.6–0.7),
large deviations of the KBOs and BOs of p1 can be observed
(Figure 4 and Table S4). This indicates that the π electrons of
p1 are more localized than those of p2.

Conclusion

Our combined experimental and computational study demon-
strates the gas-phase formation of two novel silicon–nitrogen-
carrying benzene isomers via a single-collision reaction
between two acyclic precursors: the silicon nitride radi-
cal (SiN) and 1,3-butadiene (C4H6). The reaction initiates
through a barrierless addition of the nitrogen atom to the
π -electron density of the terminal carbon atom forming
a nitrogen–carbon single bond. A subsequent trans–cis
isomerization, followed by cyclization and multiple atomic
hydrogen migrations, concludes with atomic hydrogen elim-
ination. This sequence leads to the formation of two exotic
silicon–nitrogen heterocyclic molecules through an over-
all indirect scattering mechanism: 1-aza-2-silacyclohexa-3,5-
dien-2-ylidene (SiC4H5N, X1A′, p1) and 1-aza-2-silabenzene
(SiC4H5N, X1A′, p2). All transition states associated with
the isomerization and product formation lie well below
the energy of the separated reactants, indicating that the
synthesis of these exotic cyclic molecules is feasible not only
under high-temperature conditions but also in extremely
low-temperature environments. Furthermore, we performed
QUAO analysis to investigate the nature of chemical bonding
and interatomic interactions in the synthesized products. The
QUAO results reveal that the greater stability of the non-
aromatic product p1 compared to the aromatic p2 attribute,

in part, to a stronger N─H bonding interaction in p1 (KBO
=−178 for N─H bond vs. −105 kJ mol−1 for Si─H bond in
p2) and a reduction in sp hybridization at the silicon center.
The lower s-character observed in p1 (10%–20%) relative to
p2 (30%–35%) further supports the notion that sp mixing
is less favorable for third-row elements such as silicon. This
study reveals the mechanistic pathway for synthesizing a
previously unexplored class of organosilicon molecules. It is
noteworthy that while the cyano radical (CN) is isovalent with
the silicon nitride radical (SiN), it does not participate in a
ring-closing reaction with 1,3-butadiene to eventually form
pyridine; rather, it essentially produces an acyclic 1-cyano-
1,3-butadiene derivative, unlike silicon nitride, which prefers
cyclization reactions to access eventually azasilabenzenes.
More broadly, while carbon and silicon are isovalent, both
experimental and theoretical investigations at the molecular
level demonstrate that they differ significantly in various
aspects of reactivity and structural behavior.
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