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Exploring the cyclization reaction channel for the
gas-phase elementary reaction between the
silicon nitride radical (SiN, X2R+) and isoprene
(C5H8, X1A0) to prepare methylazasilacyclo-
hexadienylidenes (SiNC5H7, X1A0)

Surajit Metya, a Iakov A. Medvedkov, a Daniel González, a Shane J. Goettl, a

André K. Eckhardt *b and Ralf I. Kaiser *a

Silicon-containing heterocyclic molecules have emerged as promising candidates in medicinal and

agrochemical research. However, the synthesis of silicon-containing heterocycles has remained highly

challenging. In this work, we employed the crossed molecular beams technique to elucidate the underlying

reaction pathways for the synthesis of a unique class of six-membered cyclic organosilicon molecules in

which silicon and nitrogen atoms occupy adjacent positions: methyl-azasilacyclohexadienylidenes – silicon

and nitrogen substituted benzenes functionalized with a methyl group. This class was accessed via the reac-

tion of ground-state silicon nitride radicals (SiN, X2S+) with isoprene (C5H8, X1A0) under single-collision

conditions at a collision energy of 25 � 1 kJ mol�1. Integration of experimental results with electronic

structure calculations revealed the formation of at least two cyclic products: 4-methyl-1-aza-2-silacyclohexa-

3,5-dien-2-ylidene and 5-methyl-1-aza-2-silacyclohexa-3,5-dien-2-ylidene. The underlying mechanism shows

strong similarities to the previously studied reaction of the silicon nitride radicals (SiN, X2S+) with 1,3-butadiene

(C4H6, X1Ag), with the methyl group in isoprene classified as a spectator, thus advancing our fundamental

understanding of the organosilicon chemistry through the delivery of synthetic pathways to a distinct class of

silicon-containing heterocyclic molecules: methylazasilacyclo-hexadienylidenes.

Introduction

It is a well-established observation that nature exhibits a
marked preference for heterocyclic molecules as integral seg-
ments or as molecular skeletons in the architecture of contem-
porary biomolecules.1–3 Five- and six-membered heterocyclic
molecules, whether saturated or unsaturated, containing one
or more heteroatoms (Scheme 1), are of particular interest due
to their fundamental role in the chemistry of life. In this context,
the study of cyclization reactions holds a central place in
chemical research, serving as a vital tool to probe the properties
and reactivity of biomolecules. Generally, cyclization reactions
proceed through a variety of intermediates, such as cationic,
anionic, radical, or metal-complex species, each offering unique
mechanistic insights and synthetic potential.1 Over the past few
decades, radical-mediated cyclization reactions have gained

significant attention compared to other types of cyclization reac-
tions for their synthetic utility, offering high regio- and stereo-
chemistry under mild conditions with broad functional group

Scheme 1 Common heterocyclic moieties present in biomolecules.
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tolerance.4 Beyond preparative synthesis, these reactions are also
of great interest in the field of gas-phase reaction dynamics, as they
provide valuable insights into processes relevant to atmospheric
chemistry and extraterrestrial environments.5–10

Contextually, radical-mediated cyclization reactions for
synthesizing exotic heterocyclic molecules, particularly those con-
taining silicon (Si), have attracted significant attention in recent
years.11–25 A major reason for this interest is the isovalency of
silicon with carbon.26 However, silicon differs markedly from
carbon in several properties: silicon has a larger atomic radius
(1.10 Å vs. 0.70 Å), lower electronegativity of 1.90 versus 2.55 on the
Pauling scale, the ability to adopt higher coordination numbers via
3d orbitals, and a general inability to form stable double or triple
bonds.27–31 Interestingly, these differences often make silicon-
substituted organic molecules environmentally friendly and non-
toxic alternatives to their carbon analogues.21,32–35 Despite this
potential, the synthesis of silicon-containing heterocycles has
remained challenging, and studies on their reaction dynamics
are sparse. Yang et al. investigated the gas-phase synthesis of the
five-membered silicon-containing heterocycle 1-silacyclopenta-2,3-
diene (SiC4H6, X1A1) through the reaction of the silylidyne radical
(SiH, X2P) with 1,3-butadiene (C4H6, X1Ag) proceeding via doublet
radical intermediates.11 In our recent work, we synthesized an
adjacent silicon–nitrogen-containing benzene-type heterocycle
representing a special class of organosilicon molecules, through
the gas-phase cyclization reaction using a crossed molecular beam
machine. That study explored the reaction dynamics of silicon
nitride (SiN, X2S+) and 1,3-butadiene (C4H6, X1Ag), which yields
two isomers of azasilabenzene: 1-aza-2-silacyclohexa-3,5-dien-2-
ylidene and 1-aza-2-silabenzene (Fig. 1).36 In contrast, the isovalent
cyano radical (CN, X2S+) reacting with 1,3-butadiene (C4H6, X1Ag)
produces predominantly the acyclic product 1-cyano-1,3-butadiene
rather than a pyridine-like ring.37,38 These observations underscore
that reaction dynamics for silicon variants can differ significantly
from their carbon analogues. Several experimental and theoretical
studies shows that the cyano radical (CN) reacting with hydro-
carbons (CxHy) such as acetylene (C2H2),39 ethylene (C2H4),40

allene (H2CCCH2),41 methylacetylene (CH3CCH),41 propene
(CH2CH(CH3)),41 and benzene (C6H6)42 predominantly pro-
duces organic nitriles (RCN) via unimolecular decomposition
involving hydrogen loss, with no evidence of isonitrile (RNC)

formation. By contrast, analogous reactions with isoelectronic
silicon nitride radical (SiN) predominantly yield silaisonitriles
(RNSi), as the unpaired electron of the radical resides on the
nitrogen atom due to the lower electronegativity of silicon.43,44

In this work, we present the reaction dynamics of the cycliza-
tion channel in the reaction between silicon nitride (SiN, X2S+) and
isoprene (2-methyl-1,3-butadiene; C5H8, X1A0), leading to the for-
mation of six-membered heterocyclic molecules containing adja-
cent silicon and nitrogen: 4-methyl-1-aza-2-silacyclohexa-3,5-dien-
2-ylidene and 5-methyl-1-aza-2-silacyclohexa-3,5-dien-2-ylidene.
This study is conducted under single-collision conditions, exploit-
ing a crossed molecular beam apparatus combined with electronic
structure and statistical calculations.41,45–49 The reaction dynamics
of gas-phase cyclization reactions between two acyclic reactants
proceeded via radical intermediates and can be explored using the
crossed molecular beam technique, which provides a clean and
controlled synthesis environment.11 A key advantage of the crossed
molecular beam technique over traditional preparative methods is
that both reactants can be independently generated in separate
source chambers in distinct molecular beams. The reaction pro-
ducts then exit the collision zone without any interference, allow-
ing for clean detection via a differentially pumped quadrupole
mass spectrometer.6,47,50,51 Therefore, this molecular-level investi-
gation, supported by electronic structure calculations, provides
fundamental insights into the reaction dynamics under isolated
conditions free from wall effects and secondary collisions. Hence,
this system is particularly intriguing from a physical-organic
chemistry perspective, as such compounds help elucidate
chemical reactivity, bond dissociation processes, and the cycliza-
tion of acyclic precursors into organosilicon rings. This, in turn,
opens new avenues for exploring the relatively underdeveloped
class of silicon–nitrogen-containing heterocyclic molecules.

Experimental
Crossed molecular beam experiment

The gas-phase reaction between the silicon nitride radical (SiN,
X2S+) and isoprene (2-methyl-1,3-butadiene; C5H8, X1A0) was
studied under single-collision conditions exploiting a crossed
molecular beam apparatus. The experimental setup, data

Fig. 1 Mechanistic pathways for the reaction between silicon nitride radical (SiN, X2S+) and 1,3-butadiene (C4H6, X1Ag). Red arrows indicate the most
probable pathways.31 Atoms are color-coded as follows: nitrogen (blue), silicon (violet), carbon (grey), and hydrogen (white).
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acquisition method, and analysis procedures were described in
detail previously.47–49,52–54 The crossed beams machine consists
of a stainless-steel vacuum chamber (10�8 Torr) which encloses
two source chambers and a triply differentially pumped ultra-
high-vacuum (10�12 Torr), rotatable, differentially pumped
quadrupole mass spectrometric detector (QMS). The pulsed
supersonic beam of silicon nitride radicals (SiN, X2S+) was
generated in situ in the primary source by laser ablation (3 mJ,
266 nm, 30 Hz; Quanta-Ray) of a silicon rod (Si, 99.999%,
Goodfellow) and subsequent reaction of the ablated species
with neat nitrous oxide (N2O, 99.99%, Matheson) that also acts
as seeding gas. The nitrous oxide was released by a Proch–Trickl
piezoelectric pulsed valve55 operated at 60 Hz with a backing
pressure of 4 atm. The SiN(X2S+) radical beam was skimmed
and velocity-selected using a four-slot chopper wheel (120 Hz);
this achieved a peak velocity vp = 1204 � 18 m s�1 and speed
ratio S = 4.3 � 0.4. The pulsed secondary molecular beam
(60 Hz, vp = 730 � 10 m s�1, S = 8.5 � 0.2) of neat 2-methyl-
1,3-butadiene (450 Torr, CH2C(CH3)CHCH2; Sigma-Aldrich,
99%) was released 49 ms prior to the primary beam. Both
molecular beams intersected at 901 in the scattering chamber
at a mean collision energy of EC = 25 � 1 kJ mol�1. Note that an
attempt was also made to generate silicon nitride radicals (SiN,
X2S+) by exploiting molecular nitrogen gas. However, this
resulted in silicon nitride radical number densities about one
order of magnitude lower.56

The reactively scattered products were ionized via electron
ionization at 80 eV (2 mA) at the entrance of the rotatable
detector, filtered according to mass-to-charge ratios (m/z) by the
QMS (Extrel, QC 150; 2.1 MHz), and detected using a Daly-type
particle ion counter.57 The detector is rotatable in the scattering
plane defined by the primary and secondary beams. Angularly
resolved time-of-flight (TOF) spectra were recorded at discrete
laboratory angles between 29.251 and 59.251. Operating laser at
30 Hz and the pulsed valve at 60 Hz allowed instant background
subtraction (‘‘laser-on’’ minus ‘‘laser-off’’) during the TOF
recording. To gain information on the reaction dynamics, the
TOF spectra and the laboratory angular distribution (LAD) were
fitted with a forward-convolution technique.58,59 This approach
uses initially a trial angular flux T(y) and translational energy
P(ET) distributions in the center-of-mass (CM) frame to simulate
the laboratory data (TOFs and LAD). CM functions were then
iteratively refined until the best fit of the TOF spectra and LAD
was achieved. Together, the CM functions represent the reactive
differential cross section I(y, u), the CM velocity u, I(u, y) B P(u)
� T(y), which is represented as a flux contour map, thus
depicting an overall image of the reaction outcome.

Theoretical calculations

Quantum-chemical calculations were carried out using the
Gaussian 16 software package (Revision C.01).60 Geometries
and energies were calculated with the CBS-QB3 composite
method by Petersson as included in the Gaussian 16 software
package.61–68 The CBS-QB3 calculations are a five-step proce-
dure, which involves extrapolations to the complete basis set and
complete correlation through a series of calculations. In the first

step geometries are optimized and frequencies are calculated at
the B3LYP/CBSB7 level of theory to obtain thermal corrections,
zero-point vibrational energy (ZPVE) corrections, and entropic
information.69–71 In the next steps single point energy calcula-
tions are performed at CCSD(T)/6-31 + G(d),72–76 MP4SDQ/
CBSB477,78 and MP2/CBSB379–83 levels of theory. Final energies
are obtained after extrapolation to the complete basis set. The
overall charge and multiplicity were 0 and 2 for the SiN and
isoprene system, respectively. All stationary points on the
potential energy surface (PES) were characterized by harmonic
vibrational frequency analysis. All minima were confirmed by
the absence of imaginary frequencies, while all transition states
exhibited exactly one imaginary frequency corresponding to
motion along the reaction coordinate. For each TS, intrinsic
reaction coordinate (IRC) calculations verified connectivity to the
intended reactant and product minima. The energies depicted in
Fig. 4 and 5 are reported as E0 = Eelectronic + ZPVE. We used CBS-
QB3 because it delivers near-CCSD(T)/CBS thermochemistry at
roughly chemical-accuracy for small main-group systems while
remaining practical for mapping full PESs. This is ideal for
deriving reliable 0 K thresholds and barrier heights for the SiN
+ isoprene surface without the cost of full CCSD(T)/CBS
optimizations.

Results and discussion
Laboratory angular distribution

Reactive scattering signal of the bimolecular gas-phase reaction
of the silicon nitride radical (SiN, X2S+; 42 amu) with isoprene
(CH2C(CH3)CHCH2; X1A0; 68 amu) was monitored at m/z = 109
(SiNC5H7

+), 108 (SiNC5H6
+), and 95 (SiNC4H5

+) for potential
atomic hydrogen, molecular hydrogen, and methyl elimination
channels, respectively. Signal was only detected at m/z = 109,
suggesting the presence of only the atomic hydrogen loss
reaction channel (reaction (1)).

SiN(42 amu) + C5H8(68 amu) - SiNC5H7(109 amu) + H(1 amu)
(1)

The corresponding laboratory angular distribution (LAD) was
extracted by integrating TOF spectra recorded at m/z = 109 at
distinct laboratory angles from 29.251 to 59.251 in intervals of 51.
Notable features of the LAD (Fig. 2a) include its width of at least
301 and symmetry around the CM angle at 44.3 � 0.51. These
findings propose that the SiNC5H7 products were formed via
indirect scattering dynamics through complex formation involv-
ing one or more SiNC5H8 intermediates. The ion signal in the
TOF spectra was spread over approximately 250 ms, ranging from
650 ms to 900 ms (Fig. 2b). Overall, the laboratory data suggest the
exclusive gas-phase preparation of SiNC5H7 isomer(s) via the
elementary gas-phase reaction of the silicon nitride radical
(SiN, Cpv, X2S+) with isoprene (C5H8, C2h, X1A0).

Center of mass frame

To gain information on the reaction mechanisms, a forward-
convolution routine is exploited to convert the laboratory data
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(TOFs, LADs) into the center-of-mass (CM) reference frame.58,59

The laboratory data could be fit with a single channel (reaction (1))
with an energy-dependent reaction cross section proportional
to EC

�(2/3) for entrance-barrierless reactions dominated by long-
range dipole–dipole interactions.84 The best-fit CM functions
are depicted in Fig. 3, where the grey-filled areas define the
limits of the acceptable fits. Considering the translational
energy flux distribution P(ET) (Fig. 3a), the maximum energy
(Emax) represents the kinetic energy of those molecules born
without internal excitation. The energy conservation dictates
that Emax = EC � DrG, where EC and DrG represent the collision
energy and the reaction energy, respectively. The derived P(ET)
terminates at 187 � 26 kJ mol�1. Subtracting this Emax from the
experimental collision energy of 25 � 1 kJ mol�1 yields an
exoergicity of DrG = �162 � 27 kJ mol�1 for the atomic
hydrogen loss channel. In addition, the distribution maximum
of the P(ET) shows a plateau from 0 to some 25 kJ mol�1,
indicating the likely existence of both loose and tight exit
transition states.84 The average translation energy of 48.6 �
6.3 kJ mol�1 suggests further that 26.1 � 7.0% of the total
energy is channeled into product translation, which implies the
formation of a covalently bound, long-lived intermediate.84 The
T(y) distribution contains additional information on the under-
lying reaction dynamics. The CM angular flux distribution
(Fig. 3b) shows intensity over the full angular range, addition-
ally supporting the indirect scattering dynamics via complex

formation. The T(y) also displays a slight backward scattering
with respect to the radical beam, with an intensity ratio I(01)/
I(1801) of (0.7 � 0.1) : 1. This suggests that at least one reaction
channel proceeds via a rebound mechanism85 and/or a short-
lived SiNC5H8 reaction intermediate ejecting the atomic hydro-
gen. These findings are also depicted in the flux velocity–angle
contour map (Fig. 3c), which provides an overall image of the
reactive scattering processes.

Fig. 2 (a) Laboratory angular distribution and (b) time-of-flight (TOF) spectra
recorded at m/z = 109 for the reaction between silicon nitride (SiN, X2S+) and
isoprene (2-methyl-1,3-butadiene, C5H8, X1A0). In (a), the solid circles with
error bars represent the normalized experimental distribution with �1s
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 � 106 TOF spectra (10 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).

Fig. 3 (a) Center-of-mass translational energy distribution P(ET), (b) the
angular flux distribution T(y), and (c) the flux contour map (top view)
leading to the formation of silicon nitrogen containing heterocyclic
products from the reaction between ground state silicon nitride silicon
nitride (SiN, X2S+) and isoprene (C5H8, X1A0). Solid red lines represent the
best-fit results, while shaded regions indicate the associated uncertainties.
The direction of the silicon nitride beam is defined as 01, and that of
isoprene as 1801. Atoms are color-coded as follows: nitrogen (blue),
silicon (violet), carbon (grey), and hydrogen (white).
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Electronic structure calculation

In case of complex, polyatomic systems, it is beneficial to combine
the experimental data with a computational investigation of the
underlying potential energy surface (PES). In total, 38 product
isomers P1–P38 were examined to identify the most probable
reaction channel (Fig. 4). Among the products explored, P1–P4
are six-membered cyclic structures, P5–P8 carry a five-membered
ring, and the remaining isomers are acyclic. The calculated reac-
tion energies are in the range from �157 to +200 kJ mol�1. The
experimental reaction energy (�162� 27 kJ mol�1) with respect to
separated reactants correlates well with two thermodynamically
most stable product isomers, P1 (4-methyl-1-aza-2-silacyclohexa-
3,5-dien-2-ylidene; �156 kJ mol�1, Cs, X1A0) and P2 (5-methyl-1-
aza-2-silacyclohexa-3,5-dien-2-ylidene; �150 kJ mol�1, Cs, X1A0);

both carry six-membered rings with adjacent silicon and nitrogen
atoms. Based on the energetics, both isomers are likely products of
the reaction between silicon nitride radical (SiN) and isoprene
(C5H8), in line with previous observations from the reaction of
silicon nitride radical (SiN) with 1,3-butadiene (C4H6).36 That
reaction was initiated by a barrierless addition of the silicon nitride
radical via its nitrogen center, followed by isomerization and
cyclization to form a cyclic C4H6NSi intermediate, ultimately
eliminating a hydrogen atom to yield six-membered heterocyclic
azasilabenzenes (Fig. 1). Addition through the silicon center at the
initial step was found to involve a substantial entrance barrier of
31 kJ mol�1, which was not accessible with experimental collision
energy (24.0 � 0.5 kJ mol�1). Given the structural similarity
between 1,3-butadiene (C4H6) and isoprene (C5H8) – methyl-
substituted 1,3-butadiene derivative – comparable mechanistic

Fig. 4 Optimized geometries of the reactants and the possible product isomers from the reaction of silicon nitride radical (SiN, X2S+) with isoprene
(C5H8, X1A0), computed with CBS-QB3 composite method. Relative energies (in kJ mol�1) with respect to the separated reactants are provided in
parentheses (blue colors). Texts in red color represent the symmetry and the electronic states of the isomers. Atom colors are designated as follows:
nitrogen (blue), silicon (violet), carbon (gray), and hydrogen (white).
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pathways are expected. The experimental collision energy of the
reaction of silicon nitride radical (SiN, X2S+) and isoprene (C5H8,
X1A0) is similar to the collision energy for the reaction of silicon
nitride radical (SiN, X2S+) and 1,3 butadiene (C4H6, X1Ag).36 In
contrast to 1,3-butadiene, isoprene possesses a methyl substituent,
which breaks the symmetry of the p-system and leads to multiple
nonequivalent reactive centers. As a result, the SiN plus isoprene
reaction exhibits a larger number of entrance channels, intermedi-
ates, and product isomers compared to the SiN plus 1,3-butadiene
system. Overall, mechanism of reaction of SiN and isoprene most
likely forms an acyclic addition intermediate through carbon–
nitrogen bond formation, where the nitrogen atom of the radical
attacks one of the terminal carbon atoms of isoprene; note the
sterical effect of the methyl group, which facilitates a doublet
radical addition to the sterically more accessible C1 and C4

positions of the 1,3-butadiene moiety.22,86–93 These intermediates
subsequently undergo cyclization and isomerization via hydrogen
migration followed by atomic hydrogen elimination to P1 and P2.

Fig. 5 presents the potential energy surfaces (Paths I and II)
for the formation of the two most probable products: 4-methyl-
1-aza-2-silacyclohexa-3,5-dien-2-ylidene (P1) and 5-methyl-1-
aza-2-silacyclohexa-3,5-dien-2-ylidene (P2). Considering Path I,
the reaction is initiated with the barrierless addition of the
silicon nitride radical (SiN) with the nitrogen atom to the
terminal carbon atom of isoprene, yielding the acyclic i1-trans
(C1, X2A) intermediate. The i1-trans intermediate subsequently
isomerizes to i1-cis (C1, X2A) followed by ring closure to a six-
membered ring, generating i2 (Cs, X2A0). Intermediate i2 can
then evolve either to i3 (Cs, X2A00) via a hydrogen shift from the
C1 carbon of the 1,3-butadiene moiety to the silicon atom

Fig. 5 Potential energy surface of the reaction silicon nitride radical (SiN, CNv, X2S+) and isoprene (C5H8, X1A0) where solid black and red lines represent
the doublet surface. Path I and II are two mechanistic pathways depending on the initialization step involving the addition of the silicon nitride radical
(SiN) to either of the terminal carbon atoms in isoprene (C5H8). The numbers in blue color denote energies (in kJ mol�1) for each species calculated with
CBS-QB3 composite method. Atoms are color-coded in purple (silicon), blue (nitrogen), grey (carbon), and white (hydrogen).
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overcoming a barrier of 182 kJ mol�1, or to i4 (C1, X2A) through
a hydrogen shift to the nitrogen atom with the transition state
lying 140 kJ mol�1 above the i2. From i3, two distinct pathways
are accessible: a hydrogen migration from the C4 carbon atom
to nitrogen, leading to i5 (C1, X2A) or a hydrogen shift from
silicon to nitrogen, forming i6 (C1, X2A). Intermediate i5 may
also arise from i4 via a hydrogen shift from the C1 carbon atom
to silicon. Unimolecular decomposition of i5 yields P1 (Cs, X1A0)
via atomic hydrogen elimination from silicon along with a
barrierless exit channel. On the other hand, i6 undergoes
unimolecular decomposition to form P1 via atomic hydrogen
loss by overcoming a transition state 14 kJ mol�1 above the
dissociated products. Overall, the methyl group is not involved
in the reaction pathway to P1 and hence acts as a spectator.

With respect to Path II, the reaction once again commences
with a barrierless addition of the SiN radical with its nitrogen
center but to the C1 carbon atom of isoprene, forming the
i7-trans (C1, X2A) collision complex. i7-trans then isomerizes to
i7-cis (C1, X2A) and undergoes ring-closure to i8 (Cs, X2A0). From
i8, two hydrogen shift paths are accessible: one from the C4
carbon atom to the silicon atom to i9 (Cs, X2A00), and a second
option from the C1 carbon atom of the 1.3-butadiene moiety to
the nitrogen atom, yielding i10 (C1, X2A). Intermediate i9 may
further isomerize to i11 (C1, X2A) via a hydrogen shift from the C1
carbon atom to nitrogen, or it may convert to i12 (Cs, X2A00)
through a hydrogen migration from silicon to nitrogen. On the
other hand, i10 undergoes a hydrogen shift from the C4 carbon
atom to the silicon atom, forming the i11 intermediate. Finally,
i11 leads to product P2 (Cs, X1A0) through a barrierless atomic
hydrogen elimination channel. The same product, P2, can also be
formed from i12 via atomic hydrogen elimination, with a tighter
exit transition state 9 kJ mol�1 above the products.

Both Path I and Path II proceed through a tight exit barrier
as well as a barrierless exit channel, which aligns well with the
plateau observed in the experimentally derived translational
energy flux distribution (Fig. 3a). Since all the transition states
lie well below the limit of our collision energy, all the pathways
are energetically accessible for product formation. However, in
Path I, the transition energy for i2 - i3 (182 kJ mol�1) is higher
than that for i2 - i4 (140 kJ mol�1), indicating that the latter
step is energetically more favorable. In Path II, the i8 - i9
isomerization, which involved a barrier of 175 mol�1, is less
favorable than the i8 - i10 step, which has a lower barrier of
only 152 mol�1. Overall, for Path I, the sequence i1-trans -

i1-cis - i2 - i4 - i5 - P1 + H, and for Path II, the reaction
path i7-trans - i7-cis - i8 - i10 - i11 - P2 + H represent
the more favorable reaction routes (Fig. 5). Once again, the
methyl group is not involved in the reaction dynamics to P2 and
hence acts as a spectator. Note that the overall reactions to the
acyclic products (E)-1-silaisocyano-3-methylbuta-1,3-dien (P12,
Cs, X1A0) and (E)-1-silaisocyano-2-methylbuta-1,3-dien (P9, Cs,
X1A0) originating from the hydrogen loss of the initial collision
complexes i1-trans and i7-trans are exoergic by 68 kJ mol�1

and 71 kJ mol�1 (Fig. 4); these products could be hidden in the
low energy tail of the center-of-mass translational energy
distribution.

In exploring the potential energy surface (PES), SiN addition
to all symmetry-inequivalent carbon atoms of isoprene was
considered. However, reaction pathways were retained only
when the associated reaction energies were accessible within
the experimental collision energy (r E(c) E 24.0� 0.5 kJ mol�1).
Notably, ring-closure pathways leading to six-membered hetero-
cycles were identified exclusively for intermediates formed via
terminal carbon addition. No energetically viable cyclization
pathways were found for non-terminal addition channels within
the accessible energy window. The primary objective of this work
is to elucidate the reaction dynamics of cyclization channels
leading to silicon–nitrogen-containing heterocycles. Accordingly,
a complete mapping of the PES for all possible products was not
pursued, particularly for acyclic product-formation pathways,
which are computationally demanding and beyond the scope
of understanding the dynamics of heterocycle formation. We
note that additional reaction channels may exist in principle;
however, based on the energetic thresholds imposed by the
collision energy and barrier heights, these channels are not
expected to contribute measurably under single-collision crossed
molecular beam conditions.

Conclusions

The elementary reaction between the ground state silicon nitride
radical (SiN, X2S+) and isoprene (C5H8, X1A0) was investigated
exploiting a crossed molecular beam apparatus under single
collision conditions at a collision energy of 25 � 1 kJ mol�1. At
this collision energy, the comparison of the experimental and
computational reaction energies indicates that the reaction
proceeds at least via two hydrogen-loss channels leading to
the formation of two cyclic isomers belonging to the previously
elusive class of methylazasilacyclohexadienylidenes: 4-methyl-1-
aza-2-silacyclohexa-3,5-dien-2-ylidene (P1) and 5-methyl-1-aza-2-
silacyclohexa-3,5-dien-2-ylidene (P2). Both reaction channels pro-
ceed barrierlessly through the addition of the silicon nitride radical
with its nitrogen radical via indirect reaction mechanisms involving
long-lived intermediates (SiNC5H8). The data also indicate the
presence of both barrierless and barrier-mediated exit channels,
as evidenced by the plateau observed in the center-of-mass transla-
tional energy flux distribution. Consistent with the reaction of the
silicon nitride (SiN) radical with 1,3-butadiene (C4H6), the present
reaction proceeds through a barrierless addition of the SiN radical
to either terminal carbon atom of trans-isoprene via the nitrogen
center, followed by isomerization to the cis isomer, cyclization, and
successive hydrogen-shifts ultimately leading via unimolecular
decomposition through hydrogen elimination to the six membered
ringed products. However, in comparison with the reaction
between silicon nitride and 1,3-butadiene, important differences
arise due to the asymmetric substitution in isoprene. These silicon-
containing heterocycles are of considerable interest due to their
potential applications in medicinal and agrochemical research,
thus providing new mechanistic insights into the formation of a
unique class of silicon-containing heterocyclic molecules, thereby
broadening the scope of organosilicon chemistry.
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80 S. Sæbø and J. Almlöf, Chem. Phys. Lett., 1989, 154, 83–89.
81 M. J. Frisch, M. Head-Gordon and J. A. Pople, Chem. Phys.

Lett., 1990, 166, 275–280.
82 M. J. Frisch, M. Head-Gordon and J. A. Pople, Chem. Phys.

Lett., 1990, 166, 281–289.
83 M. Head-Gordon and T. Head-Gordon, Chem. Phys. Lett.,

1994, 220, 122–128.
84 R. D. Levine and R. B. Bernstein, Molecular Reaction Dynamics

and Chemical Reactivity, Oxford University Press, Oxford, 1987.
85 W. Miller, S. Safron and D. Herschbach, Discuss. Faraday

Soc., 1967, 44, 108–122.
86 S. J. Goettl, C. He, Z. Yang, R. I. Kaiser, A. Somani, A. Portela-

Gonzalez, W. Sander, B.-J. Sun, S. Fatimah and K. P. Kadam,
Phys. Chem. Chem. Phys., 2024, 26, 18321–18332.

87 B. B. Dangi, T. Yang, R. I. Kaiser and A. M. Mebel, Phys.
Chem. Chem. Phys., 2014, 16, 16805–16814.

PCCP Paper



This journal is © the Owner Societies 2026 Phys. Chem. Chem. Phys., 2026, 28, 4862–4871 |  4871

88 T. Yang, L. Muzangwa, D. S. Parker, R. I. Kaiser and
A. M. Mebel, Phys. Chem. Chem. Phys., 2015, 17, 530–540.

89 I. A. Medvedkov, Z. Yang, A. A. Nikolayev, S. J. Goettl,
A. K. Eckhardt, A. M. Mebel and R. I. Kaiser, J. Phys. Chem.
Lett., 2025, 16, 658–666.

90 B. B. Dangi, D. S. Parker, R. I. Kaiser, A. Jamal and A. M. Mebel,
Angew. Chem., Int. Ed., 2013, 52, 7186–7189.

91 I. A. Medvedkov, Z. Yang, S. J. Goettl and R. I. Kaiser, J. Phys.
Chem. A, 2025, 129, 3280–3288.

92 B. B. Dangi, D. S. Parker, T. Yang, R. I. Kaiser and
A. M. Mebel, Angew. Chem., 2014, 126, 4696–4701.

93 I. A. Medvedkov, A. A. Nikolayev, C. He, Z. Yang,
A. M. Mebel and R. I. Kaiser, Angew. Chem., 2024, 136,
e202315147.

Paper PCCP




