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ABSTRACT

The crossed molecular beam reactions of the ground state silylidyne radical (SiH; X*IT) with
allene (H,CCCHy; XlAl) and D4-allene (D,CCCDy; X1A1) were carried out at collision energies
of 30 kJ mol™. Electronic structure calculations propose that the reaction of silylidyne with
allene has no entrance barrier and is initiated by silylidyne addition to the & electron density of
allene either to one carbon atom (C1/C2) or to both carbon atoms simultaneously via indirect
(complex forming) reaction dynamics. The initially formed addition complexes isomerize via
two distinct reaction pathways leading eventually both to a cyclic SiC;Hs intermediate. The latter
decomposes through a loose exit transition state via an atomic hydrogen loss perpendicularly to
the plane of the decomposing complex (sideways scattering) in an overall exoergic reaction
(experimentally: - 19 + 13 kJ mol'; computationally: - 5 + 3 kJ mol™). This hydrogen loss yields
the hitherto elusive 2-methyl-1-silacycloprop-2-enylidene molecule (c-SiCs;Hs), which can be
derived from the closed shell cyclopropenylidene molecule (c-C3;H;) by replacing a hydrogen
atom with a methyl group and the carbene carbon atom by the isovalent silicon atom. The
synthesis of the 2-methyl-1-silacycloprop-2-enylidene molecule in the bimolecular gas phase
reaction of silylidyne with allene enriches our understanding toward the formation of
organosilicon species in the gas phase of the interstellar medium in particular via exoergic
reactions of no entrance barrier. This facile route to 2-methyl-1-silacycloprop-2-enylidene via a
silylidyne radical reaction with allene opens up a versatile approach to form hitherto poorly
characterized silicon-bearing species in extraterrestrial environments; this reaction class might
represent the missing link leading from silicon-bearing radicals via organosilicon chemistry
eventually to silicon-carbon-rich interstellar grains even in cold molecular clouds where

temperatures are as low as 10 K.
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1. Introduction

The energetics and dynamics of elementary reactions of the simplest silicon-bearing radical —
silylidyne (SiH(X?IT)) — with prototype hydrocarbon molecules under single collision conditions
is of crucial interest to understand the formation of organosilicon molecules both from the expe-
rimental and theoretical viewpoints spanning astrochemistry and physical organic chemistry.
First, considering the astrochemical relevance, an understanding of the chemical reaction
dynamics of silylidyne with prototype hydrocarbon molecules is necessary to reveal the
underlying molecular processes involved in the formation of organosilicon molecules in the
interstellar medium.'™ This is due to the key role of silicon-bearing molecules in the formation of
silicon carbide dust grains in the outflow of circumstellar envelopes of carbon rich Asymptotic
Giant Branch (AGB) stars like IRC+10216,”"* which may account for up to 80 % of the silicon
abundance in the interstellar medium bound to carbon.'”"” However, with temperatures rising up
to a few 1,000 K close to the photosphere of the central star,' the basic molecular processes,
which link the circumstellar silicon and carbon chemistries to dust formation, are far from being
understood.'”?" Astrochemical models proposed that the formation of organosilicon molecules
are driven by reactions of small silicon-bearing radicals such as silylidyne with hydrocarbon

2222 involving atomic and/or molecular hydrogen replacement channels (reactions (1)

molecules,
and (2), respectively). Silylidyne radicals are predicted to be present at fractional abundances of
up to 2x107 within two stellar radii of IRC+10216,” however, the chemical dynamics of these
reactions with key hydrocarbon molecules have not been explored yet.

(1) SiH + C\Hy — SiC,H, + H,

(2) SiH + C\Hy - SiCHy.; + H».

These considerations have led to the development of astrochemical models of, for instance, the
circumstellar organosilicon chemistry of the bright carbon star IRC+10216. Nevertheless,
astrochemical models show inconsistent growth mechanisms for the principal routes to the build-
up of organosilicon molecules in the interstellar medium. For instance, calculated column
densities of silicon carbide (SiC) and silicon dicarbide (c-SiC,) are diverged by up to a factor of
three from observed values.'® This disagreement is based on inaccurate laboratory data such as

product branching ratios and incorrect thermochemistry of the neutral-neutral reactions of

silylidyne radicals with hydrocarbon molecules.”*” Based on these shortcomings, Ziurys called
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explicitly for a systematic experimental study on the formation and chemical bonding of (hydro-
genated) silicon carbides via reactions of silicon bearing species.'” 2*>° Likewise, Millar et al.
reiterated that experimental studies on reactions of silicon-bearing radicals are imperative,
stressing that the products of silylidyne radical reactions are completely unknown and that the
branching ratios are simply guessed — a crucial limitation of these models.”'>* In preliminary
models, Howe and Millar proposed key neutral-neutral reaction mechanisms aiming to
rationalize the formation of silicon-carbide clusters in the outflow of the envelopes.” On the
other hand, Gensheimer et al. proposed that the formation of silicon dicarbide (c-SiC,) involves
hitherto unstudied ion-molecule reactions with acetylene (C,H,) acting as the progenitor.*®
However, the penetration of the interstellar ultraviolet field has been limited thus failing to
produce ionized species in the inner shell of IRC+10216. Therefore, MacKay and Charnley
confirmed the necessity of incorporating neutral-neutral reactions pointing out that silane (SiH)
might represent a precursor to the silylidyne radical.'® Willacy and Cherchneff demonstrated
nicely that in the region of thermal equilibrium, the silylidyne radicals have significant fractional

abundances of up to 2x107,% which is three orders of magnitude higher than the silylene (SiHy;

1% 10'10). Based on these considerations, Wakelam,23 Ziurys,ls’ 30 Millar, 22 and Kaiser’”*® et al.

emphasized the need of the involvement of silicon-bearing molecules and the connection of the
silicon with the circumstellar carbon chemistry. Therefore, if we determine the chemical
dynamics of silylidyne radical (SiH(X’II)) reactions with key hydrocarbon molecules, we will
eliminate these central uncertainties and provide well-constrained information on the reaction
products (organosilicon molecules) and their branching ratios — crucial data to rationalize the

interstellar organosilicon chemistry.

Second, organosilicon molecules have attracted substantial interest from the physical organic
chemistry community to better understand basic concepts of molecular structure and chemical
bonding of carbon versus silicon.* ***! Although silicon and carbon belong to the same main
group and hence are isovalent, the chemical bonding of carbon versus silicon is quite distinct.
This is well demonstrated by the structure of the cyclic C,, symmetric ¢c-SiC, molecule, while the
tricarbon (C;) molecule is linear. Likewise, isovalent cyano (CN) and silicon nitride (SiN)
radicals have discrete reactivities with acetylene and ethylene leading to nitriles (HCCCN,
C,H;CN)Y’* and isosilacyano products (HCCNSi, C,H3NSi),>7 respectively. A replacement of

a carbon by an isovalent silicon atom may lead to novel molecules, whose carbon-analog
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counterparts do not exist. So far, theses aspects of the organosilicon chemistry and the formation

of chemical bonds involving silicon are not well understood.

Since the first synthesis and characterization of the silicon-carbon double bond in 1,1,2-
trimethylsilaethylene ((CH3);SiCH) in 1976, increasing interest has been devoted to strained
and unsaturated organosilicon compounds. Gordon et al. conducted ab initio calculations at the
6-31G* and 3-21G* levels on selected SiC3H, isomers and identified 10 cyclic structures and 8
acyclic isomers with the global minimum proposed to be 2-methyl-1-silacycloprop-2-en-1-ylidene
(6) (Figure 1).*®! Further, 4-silatriafulvene (SiCsH;) was proposed to hold a nonplanar Cq
symmetry due to the aromatic character of the ring system.®*®® This is in strong contrast to
methylenecyclopropene (c-C4H4) which is C,, symmetric. The intrinsic polarity of the Si=C
bond in 4-sliatriafulvene aroused substantial interest from the synthetic organic chemistry
community leading to the first synthesis of isolable 4-silatriafulvene more than a decade after
Gordon’s studies.®*® Further, enlightened by facile chemisportion of cycloalkenes on metal
surfaces, Gentle and Muetterties synthesized silacyclobutane (SiC;Hg) and silacyclobutadiene
(SiCsHy) on a Pd(110) surface via thermal desorption.66 Fink et al. generated silacyclobutadiene
in hydro-carbon glass at 77 K via a photochemical rearrangement of cyclopropenylsilylene;67

Puranik compiled detailed synthetic routes leading to silacylcobutadiene.®®

Despite the key role of small organosilicon molecules in understanding basic concepts of
chemical bonding compared to their isoelectronic hydrocarbon counterparts, and in rationalizing
the role of silicon-bearing molecules in interstellar environments such as in circumstellar
envelopes of carbon stars like IRC+10216, the fundamental question, how these silicon-bearing
molecules are formed, has not been answered. Likewise, an experimental and theoretical inves-
tigation of the related potential energy surfaces is still in its infancy. The only studies under
single collision conditions have been limited to the atomic silicon — acetylene’ and silylidyne —
acetylene systems™® leading to the linear ethynylsilylidyne radical (SiCCH) and to silacyclopro-
penylidene (c-SiC;H;) via atomic hydrogen loss in single collision events. Here, the elucidation
of reaction mechanisms involving organosilicon molecules and a comparison with the corres-
ponding carbon analog systems under single collision conditions can help to shed light not only
on the distinct reactivity of ground state silylidyne (SiH(X’II)) versus methylidyne radicals

(CH(X’II)), but also on the molecular structures and chemical bonding of hitherto elusive
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molecules within the SiCiHy (x<6, y<6) systems. This comparison of the chemical behavior of
silicon relative to carbon will have a crucial impact in rationalizing chemical bonding involving
silicon atoms and how we think about chemical structure. Here, we expand on our knowledge of
the formation of small organosilicon molecules under single collision conditions, and present the
results of a combined experimental and theoretical investigation of the reaction of the ground

state silylidyne (SiH; X?IT) with allene (H,CCCH,; X'A)).

2. Experimental Methods

The crossed beam reactions of the silylidyne radical (SiH; X*IT) with allene (H,CCCH,; X'A))
and with D4-allene (D,CCCDy; XlAl) were conducted in a universal crossed molecular beams
machine under single collision conditions.®”> We generated a pulsed supersonic beam of ground
state silylidyne radical (SiH; X°IT) via the photolysis of disilane (Si;Hg; 99.998 %; Voltaix)
seeded in helium (He; 99.9999 %; Gaspro) at a seeding fraction of 0.5 %. This mixture was fed
into a pulsed piezoelectric valve (Piezo Disk Translator P-286.23; Physik Instrumente) operating
at a repetition rate of 120 Hz, pulse width of 80 us, a peak voltage of -400 V, and 1,520 Torr
backing pressure, before introducing the mixture into the primary source chamber. Since disilane
has a flammability limit as low as 0.2 % in air, we incorporated a liquid nitrogen cooled cold trap
(Nor-Cal products) in the foreline between the turbomolecular pump and the backing pump
station to trap the non-photolyzed disilane. The output of an excimer laser (ArF, 193 nm, 30 mJ
per pulse) was focused with a UV-coated lens of 2 meter focal length; this output intercepted the
molecular beam 2 mm downstream of the nozzle over a spot area of I mm x 4 mm. Recent
laboratory studies determined the photodissociation cross section of disilane leading to silylidyne
radicals to be 5 x 10" cm?®.™ Accounting for the pulse energy and the laser spot size in the
photodissociation region, our 193 nm photon flux of 7 x 10'” cm™ per pulse is sufficiently high
enough to reach saturation level. The pulsed beam of the silylidyne radicals passed through a
skimmer; a four-slit chopper wheel rotating at 120 Hz selected a section of this beam with a
well-defined peak velocity (v,) and speed ratio (S) of 1730 + 13 m s’ and 18.9 + 2.9,
respectively. Based on calibration experiments with helium, neon and argon, we determined
number densities of a few 10'? radicals cm™ per laser pulse in the interaction region of the

scattering chamber.” In the interaction region, this pulse intercepted the most intense part of a
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pulsed allene/D4-allene beam (Cs;H4, Organic Technologies; C3D4, CDN Isotopes) held at a
backing pressure of 550 Torr perpendicularly. Peak velocities (v,) and speed ratios (S) for the
secondary beam were determined to be 800 + 10 ms™ and 12.0 + 0.4, and 790 + 10 ms™ and 12.0
+ 0.4, respectively. This yields nominal collision energies of 30.3 + 0.7 kJ mol™ and 31.4 + 1.0
kJ mol™ as well as center-of-mass angles of 32.5 + 0.6 and 34.6 + 0.6, respectively. Note that
the primary pulsed valve was triggered 1886 ps after the time zero defined by the infrared diode
mounted on top of the chopper wheel; since the secondary beam was slower than the primary
beam, the secondary pulsed valve was triggered 37 us prior to the primary one to allow a
maximum overlap in the interaction region. Finally, the excimer laser was triggered 155 us after
the primary pulsed valve to guarantee an efficient overlap of the gas pulse with the laser beam.
To allow a ‘laser-off” minus ‘laser-on’ background subtraction, both valves were triggered at 120
Hz, but the laser was operated at 60 Hz. The pulse sequence of the experiments is shown in

Figure 2.

It is important to highlight that we determined the velocity and the speed ratio of the
silylidyne radical beam on-axis in the time-of-flight (TOF) mode. Since signal at m/z = 29 (SiH")
also originates from dissociative ionization of non-photolyzed disilane in the ionizer, even a
laser on minus laser off subtraction at 80 eV electron impact energy cannot fully eliminate this
contribution. Therefore, we operated the electron impact ionizer in the soft ionization mode at an
electron energy of 26 eV. This allowed sufficient signal from ionization of the silylidyne radical,
but greatly reduced signal from dissociative ionization of the disilane precursor.37 Here, the TOF
spectra of the silylidyne beam were obtained at an electron energy of 26 eV with an emission
current of 1 mA and a calibrated ion-flight constant of 3.75 + 0.13 ps amu™’? at 26 eV; in
contrast, this ion flight constant is lower than those obtained at 34 eV (3.85 us amu™?) and 80

eV (5.25 us amu™’?).

The reactively scattered products were then mass filtered exploiting a quadrupole mass
spectrometer (QMS) operated in the TOF mode and a Daly ion detector housed in a rotatable,
triply-differentially pumped ultrahigh vacuum chamber after electron-impact ionization of the
neutral products at an electron energy of 80 eV and an emission current of 2 mA. The detector
can be rotated within the plane defined by the primary and the secondary reactant beams to

collect angular resolved TOF spectra. At each angle, up to 6 X 10° TOF spectra were
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accumulated to obtain good signal-to-noise ratios. Filtered by the Extrel QC 150 quadruple mass
spectrometer at 1.2 MHz, the ions of a well-defined mass-to-charge (m/z) ratio were directed
toward a stainless steel target coated with a thin aluminum layer floated at -22.5 kV. Triggered
by the impact of the cations on the aluminum coated stainless steel target, an electron cascade is
generated and accelerated onto an aluminum-coated organic scintillator to initiate a photon pulse
which is further amplified by a photomultiplier tube (PMT, Burle, Model 8850) operating at -
1.35 kV. The signal was filtered by a discriminator (Advanced Research Instruments, Model F-
100TD) at a discrimination level of 1.6 mV and fed into a Stanford Research System SR430
multichannel scaler. The recorded TOF spectra were then integrated and normalized to extract
the product angular distribution in the laboratory frame. In order to acquire information on the
scattering dynamics, the laboratory data were transformed into the center-of-mass reference
frame utilizing a forward-convolution routine.”®”® This iterative method employs a parametrized
or point-form angular flux distribution, 7(8), and translational energy flux distribution, P(E7), in
the center-of-mass (CM) frame. Laboratory TOF spectra and the laboratory angular distributions
are calculated from the 7(¢) and P(E;) functions and are averaged over a grid of Newton
diagrams accounting for the apparatus functions, beam divergences, and velocity spreads. During
the analytical fitting, we considered an integral reactive scattering cross section with an E., "
energy dependence with E. being the collision energy. This energy dependence is exploited for
barrier-less reactions dominated by long-range attractive forces within the line-of-center model.”
The center-of-mass distributions can be combined as a flux contour map, /(6,u) = P(u) x T(6),
which reports the flux of the reactively scattered products as a function of the center-of-mass
scattering angle (6) and product velocity (u). This plot acts as an image of the reaction and

contains all the information of the scattering dynamics.80

Finally, we would like to highlight that only silylidyne radicals in the *IT ground electronic
state participate in the reaction. The first electronic state A’A that might be populated in
photolysis process has a lifetime of only 534 + 23 ns*' and hence relaxes to the ground state
before reaching the collision center. We further characterized the ro-vibrational energy
distribution of the silylidyne radical in its ground electronic state (X°IT) employing laser-induced
fluorescence (LIF) for the A’A — XTI band.®** Briefly, the beam of the detection laser
propagated within the scattering plane and orthogonally intercepted the chopped section of the
pulsed silylidyne radical beam. Fluorescence of electronically excited silylidyne via the A*A «
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X°I1 transition around 412 nm was detected by a top-mounted photomultiplier tube Hamamatsu
R955. Tunable radiation near 412 nm for A’A «— X°II electronic excitation was produced by a
Lambda Physik Scanmate dye laser with circulating Exalite 411 dye, pumped by the third
harmonic of an integrated Nd:YAG laser operating at 10 Hz. We attenuated the 10 ns pulse
energy to 10 pJ by reducing the apertures of irises in the beam path. An interference filter
centered at 410 nm, with 10 nm FWHM transmission, was placed in front of the photomultiplier
tube (PMT) to reduce ambient light exposure. The signal from PMT was pre-amplified in
Hamamatsu C7247 socket assembly prior to a gated detection by a digital oscilloscope interfaced
to a computer. In order to eliminate the observed baseline fluctuations due to electromagnetic
interferences or pre-amplifier instability, we introduced a high pass filter between the pre-
amplifier and the oscilloscope. The timing pulse sequence is compiled in Figure 3. The delay
introduced by the first pulse/delay generator (PDG I) determines which part of the 80 ps pulse
passes through the slit. PDG II controls the delay between the pulsed valve opening and the
excimer laser photolysis pulse generation, and PDG III offsets the LIF pulse generation event by
the time needed for the silylidyne radical beam traveling at 1730 ms™ velocity to arrive in the
interaction region. The resulting excitation LIF spectrum of silylidyne radicals in (0,0) A*A «
XTI region is presented in Figure 4. The spectrum was analyzed utilizing a LIFBASE database
and spectral simulation for diatomic molecules by Jorge Luque.® A single rotational temperature
cannot reproduce the observed transitions. Best fits interpret the rotational state distribution as a
sum of two thermalized distributions with 80 % of the silylidyne radicals at 40 + 10 K and 20 %
at 300 = 50 K. The bimodal temperature distribution might be the result of two distinct formation
pathways of silylidyne from disilane, which are well documented in the literature. Silylidyne
radials can be formed via a single 193 nm photon absorption of disilane via reaction (3)* or
through consecutive absorption of two photons (reactions (4) and (5)).”* Therefore, the photo-
dissociation of disilane produces apart from the silylidyne radical likely silane (SiH,4) as well as
silyl radicals (SiH3). We also conducted the search for the silyl radicals using TOF mass spec-
troscopy. No detectable levels of silyl radials were found. If these radicals are still in the beam at
concentrations below our detection limit, silyl radicals were found to have very slow rate
constants of only 10"* ¢m’ molecule” s' upon reaction with unsaturated hydrocarbons.®’
Reactive scattering signal of silyl radicals with unsaturated hydrocarbons should not be

observable under our experimental conditions. Note that we cannot resolve the degenerate spin-
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orbit states of silylidyne radical, since the A-splitting for the SiH ground state “IT is 0.099 cm™

that is lower than the resolution of the excitation dye laser (0.13 cm™).

(3) Si,Hg + hv — SiH, + SiH + H
4) Si,He + hv — 2 SiH;
(5) SiH; + hv — SiH + H,

3. Theoretical Methods

Structures for the reactants, intermediates, and products were obtained via wB97X-V/cc-
pVTZ¥® geometry optimizations and frequency calculation. Transition state structures were
computed using the freezing string method (FSM)’*" followed by a transition state search using
the partitioned-rational function optimization (P-RFO) eigenvector-following method”® and
frequency calculation, also at the ®B97X-V/cc-pVTZ level. These vibrational frequency
calculations confirm that the minima have no imaginary frequencies and the transition states
have only one imaginary frequency. They additionally were used to calculate the harmonic zero-
point energy corrections for all structures. All DFT calculations were carried out using an
integration grid consisting of 99 radial points and 590 angular points. Except where otherwise
specified, all energies are computed at the ®B97X-V/cc-pVTZ level. Energies of reactants, pl,
and p2 were additionally computed using coupled cluster with single, double, and perturbative
triple excitations [CCSD(T)]** utilizing a frozen core approximation and second-order Moller-
Plesset perturbation theory.” To compare directly to experimental data, the reaction energies for

p1 and p2 were computed via

E(CCSD(T)/CBS)
= E(HF /cc —pV5Z) + E“""(MP2/CBS,5) + E“""(CCSD(T)/cc — pVTZ)
— E""(MP2/cc —pVTZ) + ZPE(wB97X —V /cc — pVTZ)

where E*"(MP2/CBS4 ) is the extrapolated MP2 correlation energy using the cc-pVQZ and cc-

pV5Z basis sets and the extrapolation approach:®

ET"(MP2/(CBSyn))
= [N3EC""(MP2/cc — pVNZ) — M3E"™" (MP2/cc — pVMZ)]/[N3? — M?]

10
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where M and N denote the cardinal number for the cc-pVNZ basis sets. These CCSD(T)/CBS
energies are estimated to be converged to within 3 kJ mol™. Algorithms for calculating nucleus-
independent chemical shift values were utilized to gauge the relative aromatic character of pl
and similarly shaped comparable molecules.”®®” These calculations were performed at the
HF/cc-pVDZ and B3LYP/cc-pVDZ levels.”®'™ All calculations were performed using the
QChem suite of electronic structure programs.'®’ Please note that the coupled cluster results are a
higher level benchmark that can be used to partially validate the density functional theory used to
evaluate energies of the intermediates. In comparing the CCSD(T)/CBS reaction energies against
the ®B97X-V/cc-pVTZ reaction energies, we see that the reaction energy is changed from -19.9
kJ mol™ to -4.9 kJ mol”'. This energy change is a measure of the uncertainty in the calculated
relative energy of the intermediates.

4. Experimental Result

4.1. Laboratory Data

For the reaction of the silylidyne radical (SiH; 29 amu) with the allene molecule (CsHy; 40
amu), reactive scattering signal was observed at m/z = 68 (SiC3H4") (Figure 5). Signal at m/z =
67 (SiCsH3") was also recorded, but the corresponding time-of-flight spectra (TOF) depicted —
after scaling — identical pattern as those obtained at m/z = 68 (SiC3H4+). Therefore, we can
conclude that signal at m/z = 67 actually originates from dissociative ionization of the parent
molecule in the electron impact ionizer. Further, these results suggest that the silylidyne radical
versus atomic hydrogen exchange pathways leading to a molecule with the molecular formula
SiCs;Hy is open and that the molecular hydrogen loss channel is closed under our experimental
conditions. Finally, it is important to highlight that minor scattering signal was detected at m/z =
69, which is about 10% of that at m/z = 68. This implies the detection of the product 29SiC3H4 via
an atomic hydrogen loss channel; further, no radiative association at m/z = 69 (SiC3H5+) occurs
in the current system; hence, the lifetime of the SiC;Hs adduct is too low to survive the flight
time from the interaction region to the ionizer. We also searched for SiC;Hg isomers (m/z = 70)
potentially formed via the reaction of silyl radicals (SiH3; 31 amu) with allene (40 amu), but no
signal was observed. This amplifies our previous conclusion that the concentration of silyl
radicals is too low (or they are absent) to observe reactive scattering signal and/or that the rate
constants and hence corresponding cross sections are lower by up to three orders of magnitude

when compared to rate constants of silylidyne radical reactions with unsaturated hydrocarbons.
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The TOF spectra at m/z = 68 (SiC3H,") were then recorded at distinct laboratory angles,
integrated, and normalized with respect to the center-of-mass reference angle to obtain the
laboratory product angular distribution (Figure 6). This distribution is relatively narrow and
spans only about 25° within the scattering plane as defined by the primary and secondary beam.
This suggests a relatively low translational energy release. The most probable Newton diagram
for the reaction of the silylidyne radical (SiH; 29 amu) with the allene molecule (C;Hy4; 40 amu)
leading to SiCsH4 (68 amu) plus atomic hydrogen (1 amu) is also displayed in Figure 6,
contemplating the formation of the thermodynamically most stable SiCsH, isomer 2-methyl-1-

silacycloprop-2-enylidene (Figure 1).

Having provided evidence on the formation of SiC;Hy4isomer(s) along with atomic hydrogen,
we are attempting to probe to what extent the hydrogen atom originates from the allene molecule
and/or from the silylidyne radical. For this, we conducted the reaction of the silylidyne radical
(SiH; 29 amu) with D4-allene (C3D4; 44 amu). An atomic hydrogen loss should be reflected in
scattering signal at m/z = 72 (SiC3D,"), which can fragment to m/z = 70 (SiC3D3"); on the other
hand, an atomic deuterium loss is expected to lead to reactive scattering signal at m/z = 71
(SiC3D3H"). This signal is unique to reactive scattering signal if the deuterium loss is open, but
cannot arise from dissociative electron impact ionization of heavier reaction products.
Considering that the reactive scattering signal was very weak along with economic limitations
due to the costs of the D4-allene reactant, reactive scattering signal was probed only at the
center-of-mass angle. As a result, signal was observed at m/z = 72 (SiC3Dy4", H-loss) and at m/z =
71 (SiC3D3H+, D-loss) at a ratio of 1.0 to 1.5 (Figure 7). This finding indicates that both the
atomic hydrogen and atomic deuterium loss channels are open and that the reaction mechanism

involves at least two channels.
4.2. Center-of-Mass Functions

The CM translational energy distribution P(E7) is presented along with the center-of-
mass angular distribution 7(6) in Figure 8. It is important to note that the experimental data
could be nicely reproduced exploiting a single channel fit with the reactant masses of 29 amu
(SiH) plus 40 amu (Cs;Hs) and the product masses of 68 amu (SiC3;Hy4) plus 1 amu (H). In detail,

the P(E7) could be fit with a maximum translational energy release E,,.. of 50 + 12 kJ mol™.
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For products born without internal excitation, this high energy cutoff represents the sum of the
collision energy plus the absolute value of the reaction exoergicity. A subtraction of the collision
energy of 30.3 £ 0.7 kJ mol' from the maximum translational energy yields a reaction
exoergicity of 19 + 13 kJ mol. Further, the P(E;) was found to peak at 10 + 3 kJ mol™. This
peaking relative close to zero translational energy indicates the existence of a relatively loose
exit transition state upon formation of the SiC3Hj isomer(s) plus atomic hydrogen.'® Finally, we
computed the average fraction of the available energy channeling into the translational degrees

of freedom to be 43 + 11%.

We gain additional insights into the chemical dynamics of the reaction by inspecting the CM
angular distribution 7(6). First, the 7(8) depicts flux over the complete angular range from 0 to
180" implying indirect scattering dynamics via complex formation along with the existence of
bound SiC;Hs intermediate(s).'” Secondly, 7(0) portrays a pronounced maximum at about 90,
suggesting that the atomic hydrogen emission occurs almost parallel to the total angular momen-
tum vector J and nearly perpendicularly to the rotational plane of the decomposing interme-
diate(s).* Lastly, the 7(9) depicts a slight forward scattering with an intensity ratio 1(0)/ I(180°)
of about 1.25 + 0.05. This finding proposes the existence of an osculating complex. Here, a
complex formation takes place, but the well depth along the reaction coordinate is too shallow
and/or the lifetime of the decomposing complex is too low to allow multiple rotations, such that
the complex decomposes with a random lifetime distribution before one full rotation elapses.'”
We would like to stress that a forward-backward symmetric distribution leads to a slightly worse

fits of the experimental data.
S. Discussion

In order to investigate the underlying reaction mechanisms of the silylidyne radical (SiH; 29
amu) with the allene molecule (C3Hs; 40 amu), we are merging now the experimental results
with the computational data. Let us compile the experimental results. First, the TOF spectra
recorded at m/z = 68 depict evidence of the formation of product(s) with the molecular formula
SiC3;H4 (68 amu) along with atomic hydrogen (1 amu). Experiments of the silylidyne radical (SiH;
29 amu) with D4- allene (C;D4; 44 amu) provided further evidence via the detection of SiC;D4
(72 amu) and SiC;D;sH (71 amu) together with atomic hydrogen and deuterium, respectively, that

at least two (micro) channels exist. Second, the center-of-mass angular distribution 7(6) depicts
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that the reaction followed indirect scattering dynamics via SiCsHs collision complex(es) holding
lifetimes in the order of their rotational period. Further, the distribution maximum close to 90°
suggests a preferential atomic hydrogen loss almost perpendicularly to the rotational plane of the
decomposing complex(es). Third, the formation of SiCsH, isomer(s) plus atomic hydrogen was
found to be slightly exoergic by 19 + 13 kJmol'; the exit transition state was found to be rather

loose as reflected in the peaking of the P(Ey) at only 10 + 3 kJ mol™.

Having monitored the atomic hydrogen loss under single collision conditions, we are
comparing first the experimentally derived reaction energy with the computed data to form
distinct SiCsH4 product isomer(s). The electronic structure calculations reveal that only two
SiC3;H, isomers are energetically accessible at our collision energy of 30.3 + 0.7 kJ mol™ (Figure
9). The structures of the reactants, intermediates, transition states, and products are also listed
here (Table 1). We would like to stress that our computations revealed the existence of overall 28
product SiCs;H, isomers; the structures, energetics, and symmetries of the electronic ground
states of these species are compiled in the Supplementary Material. Here, we are focusing on the
computational data necessary to rationalize the experimental findings. The formation of the 2-
methyl-1-silacycloprop-2-enylidene (p1) and silacyclobut-2-enylidene (p2) isomers was found to
be exoergic (p1) and endoergic (p2) by 5 kJ mol™ and 20 kJ mol™, respectively. The experimen-
tally derived reaction energy of - 19 + 13 kJmol™ correlates within the error limits nicely with
the formation of the 2-methyl-1-silacycloprop-2-enylidene isomer (pl) and a computed
exoergicity of 5 kJ mol™. Therefore, p1 represents the major reaction product. However, we
cannot exclude minor contribution of the thermodynamically less favorable product p2 at a level
of 12 + 3 % assuming all product flux at translational energies of the products less than 10

kJmol™ contributes to p2.

We are now proposing the underlying reaction mechanism(s) by combining the experimental
data with the electronic structure calculations. An examination of the molecular structures of the
silylidyne and allene reactants together with the 2-methyl-1-silacycloprop-2-enylidene product
(p1) suggests that the reaction involves multiple reaction steps. First, the hydrogen atom from
the silylidyne radical must be either emitted and/or undergo hydrogen migration eventually to the
C1 and/or C3 carbon atom of the allene moiety. Second, since the reaction of the silylidyne

radical (SiH; 29 amu) with D4-allene (C;D4; 44 amu) provided evidence of the formation of
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SiC3Dy4 (72 amu) and SiCsDsH (71 amu), a fraction of the hydrogen atoms from the silylidyne
must be ejected to account for the detection of SiCsDy4 (72 amu). Third, the emission of the
deuterium atom must resemble a second reaction pathway to rationalize the synthesis of
SiC3DsH (71 amu). Fourth, at least one hydrogen migration has to occur to the terminal =CH,
moiety eventually forming a methyl group. Finally, the silylidyne radical is proposed to add
either to one carbon atom (terminal, central) — followed by ring closure via addition to the central
or terminal carbon atom — and/or to both carbon atoms of the allene reactant eventually forming
a cyclic reaction intermediate.

The electronic structure calculations confirm these predictions and reveal that the silylidyne
radical can react with the allene molecule via barrier-less addition to the terminal carbon atom
(C1), the central carbon atom (C2), and simultaneously to the terminal and central carbon atom
(C1-C2) leading to intermediates [il], [i2], and [i3], respectively. These doublet collision
complexes are stabilized by 37, 124, and 141 kJmol" with respect to the reactants (Figure 9,
Table 1). An insertion pathway of the silylidyne radical into the carbon-hydrogen bond of allene
forming intermediate [i4] has an entrance barrier of 57 kJ mol™” and is closed under our
experimental conditions and a collision energy of 30 kJ mol”. These initial collision complexes
can also isomerize to each other. Here, [i1] can undergo ring closure to [13] via a barrier of only
5 kJ mol”. An alternative hydrogen shift from [i1] to [i4] is expected to be energetically less
favorable considering an inherent barrier to hydrogen migration of 50 kJ mol™; further, this
transition states ranges 13 kJ mol above the separated reactants. Similar to [il], [i2] rearranges
via ring closure to [i3] through a barrier of only 34 kJ mol™.

Considering the geometries and connections of the atoms in these intermediates, none of the
[i1] to [i4] structures, however, can decompose via atomic hydrogen loss to pl. Therefore,
additional isomerization pathways of these intermediates — as predicted by the experimental data
— must precede any unimolecular decomposition. As a matter of fact, our computations reveal the
existence of six additional SiCsH4isomers [i5] to [110], which can be formed via hydrogen shifts
and ring closures. The electronic structure calculations propose that intermediate [il] can
undergo a hydrogen shift from the C1 to the C2 carbon atom of the allene moiety leading to [i5];
however, the transition state is located 75 kJ mol™ above the energy of the separated reactants.
Considering the collision energy of about 30 kJmol™, this pathway is clearly closed under our

experimental conditions. Further, intermediate [i2] can undergo hydrogen migration from the
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silicon atom to the terminal carbon atom of the allene moiety forming a methyl group of
intermediate [i6]. This hydrogen shift is associated with a barrier of 60 kJ mol”, which lies well
below the energy of the separated reactants. Intermediate [i3] was found to be connected to
isomers [17], [i8], and [19]. The first isomerization from [i3] to [i7] involves a complex hydrogen
migration — ring closure process, which is energetically not accessible in our experiments since
the transition state lies 45 kJ mol™ above the separated reactants. The [13] to [i8] rearrangement
proceeds via a hydrogen shift from the C1 to the C3 carbon atom via a barrier of 69 kJ mol™. The
final pathway from [i3] follows also a hydrogen migration, but from the carbon atom to the SiH
group forming [19]. Considering that these pathways are associated with barriers ranging 186, 69,
and 140 kJ mol™ above [i3], the isomerization of [i3] should lead preferentially to [i8]. Finally,
our computations reveal that intermediate [i4] can isomerizes to [19] and [110] via ring closure
and hydrogen shift from the SiH, group to the terminal carbon atom involving barriers of 69 kJ
mol” and 193 kJmol™, respectively. However, considering that [i4] cannot be preferentially
accessed via insertion or isomerization of [i1] to [i3], the rearrangements of [i4] to [19] and [110]
play very minor role in the reaction dynamics. Also, our calculations reveal five additional
rearrangements of [i5] to [i110] among each other. Both rearrangement from [i7] to [i8] via a
hydrogen migration — ring opening — ring closure and [19] to [i8] through hydrogen migration
hold transition state well above the experimental collision energy (138 kJ mol™ and 91 kJ mol™)
and hence cannot be accessed. Although an energetically accessible transition state connects [i5]
to [i7] via ring closure, this pathway is irrelevant to the reaction mechanisms, since isomer [i5]
was found not to be accessible at a collision energy of 30 kJ mol”. Likewise, the ring closure
from [110] to [i8] plays no role, since we concluded that [i10] cannot be accessed either.
However, the simultaneous hydrogen shift from the CH, moiety and ring closure from [i6] to [i8]
is associated with a barrier ranging 61 kJ mol”’ below the separated reactants. Finally,
intermediate [18] can be classified as the decomposing complex forming the product pl via

atomic hydrogen loss from the silicon atom via a loose exit transition state.

We would like now to propose the underlying reaction mechanism(s). The computations
suggest that the silylidyne radical adds barrierlessly via three feasible entrance channels to form
intermediates [i1] to [i3] (Figure 9). This indirect reaction dynamics via complex formation were
inferred experimentally from the center-of-mass angular distribution depicting intensity over the

whole scattering range (Figure 8). Considering that intermediates [i11] and [i2] can undergo ring
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closure to [13] with barriers less than the energy of the separate reactants, four pathways do exist
which lead eventually to the decomposing complex [i8]: [i11]/[i2] —[13] — [i8] (pathway 1), [i2]
— [i16] — [i8] (pathway 2), ([i1]/[i12] —)[i3] — [i7] — [i8] (pathway 3) and ([i1]/[i2] —)[i3] —
[19] — [18] (pathway 4). Considering the inherent barriers to isomerization as discussed above,
pathways 1 (Figure 9, blue pathway) and 2 (Figure 9, red pathway) should be favorable
compared to pathways 3 and 4. Eventually, intermediate [i8] undergoes unimolecular
decomposition via atomic hydrogen loss from the silylidyne moiety forming the product p1. Our
electronic structure calculations predict a barrierless dissociation; the experimental analysis
indicates this process is associated with a rather loose transition state based on the weakly oft-
zero peaking of the center of mass translational energy distribution at only about 10 + 3 kJ mol™.
Considering the reversed reaction, i.e. the addition of the hydrogen atom to the closed shell
product p1, the potential existence of a small entrance barrier to hydrogen atom addition might
be reasonable, in particular since pl is partially aromatic (2 m) holding a nucleus-independent
chemical shift (NICS) value of -17.6. Compared to the NICS value of silacyclopropenylidene (c-
SiCyHy) of -15.7, p1 demonstrates slightly more aromatic character (Table 3).

Finally, we would like to integrate the experimental finding of an atomic hydrogen and
deuterium loss in the silylidyne — D4-allene system and see if the proposed reaction pathways (1)
and (2) are consistent with the experimental data of a hydrogen loss and a deuterium loss. Figure
10 visualizes both reaction pathways by distinguishing hydrogen and deuterium atoms. Here, in
all initial collision complexes [i1’] to [i3’], the hydrogen atom is connected to the silicon atom.
Considering pathway 1, which involves the sequence ([11°]/[12’] —)[i3’] — [i8’], the hydrogen
atoms is always connected to the silicon atom, since only one deuterium atom is involved in the
hydrogen migration from the C1 carbon atom to the C3 carbon atom of the D4-allene moiety,
resulting into the formation a CDs group in the C3 carbon atom and a double bond between C1
and C2 carbon atoms. In pathway 2 ([i2’] — [16’] — [i8’]), however, a hydrogen atom will
migrate from the silicon atom to the terminal carbon atom to from a CD,H group in the C3
carbon atom of the D4-allene moiety, followed by a deuterium atom migration from the C1
carbon atom to the silicon atom as well as the cyclization between the silicon and C1-C2 atoms
to yield [18”], i.e. an isotopologue of [i8’]. Therefore, in the silylidyne — D4-allene system, two

distinct intermediates exist ([i8’] and [18”’]), which can decompose via an atomic hydrogen loss
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(pathway 1) from [i8’] and also via an atomic deuterium loss (pathway 2) from [i8]. Recall that
signal was observed at m/z = 72 (SiC3D4") and at m/z = 71 (SiC;D3;H") at a ratio of 1.0 to 1.5.
However, we have to keep in mind that the reactants carry one hydrogen atom, but four
deuterium atoms. Therefore, the experimentally determined ratio of the signal of the hydrogen
versus deuterium loss channel of 1.0 : 1.5 changes to 2.7 : 1.0, if we account for the statistical
factor and the availability of deuterium versus hydrogen in the reactants, i.e. preference of the
hydrogen atom loss channel (pathway 1) compared to the deuterium loss channel (pathway 2).
Therefore, at least two mechanisms exist to form c-SiC3Hy (p1) and hence c¢-SiC;Dy4 and c-

SiC3;D3H under single collision conditions.
6. Summary

We conducted the crossed molecular beam reaction of the ground state silylidyne radical (SiH;
X2H) with allene (H;CCCHa; XlAl) and with D4-allene (D,CCCDy; X1A1) at collision energies
of about 30 kJ mol™. Electronic structure calculations propose that the reaction of silylidyne with
allene has no barrier and is initiated by silylidyne radical addition to the © electron density of the
allene molecule either to one carbon atom (C1 and/or C2) or to both carbon atoms simulta-
neously. These indirect (complex forming) scattering dynamics were also confirmed by the
center-of-mass angular distribution. The initially formed addition complexes [il] to [i3] were
found to isomerize via two reaction pathways leading both eventually to the cyclic SiC;Hy
intermediate [18]. The latter decomposed via atomic hydrogen loss through a loose exit transition
state located only 3 kJ mol™ above the energy of the separated reactants via atomic hydrogen loss
perpendicularly to the plane of the decomposing complex (sideways scattering) in an overall
exoergic reaction (experimentally: - 19 + 13 kJ mol'; computationally: - 5 kJ + 3 kJ mol™). The
silylidyne with D4-allene system elucidated the details of the reaction pathways by an
identification of both the atomic hydrogen and deuterium loss pathways leading to SiC;D4 and
SiCsHDj; isomers, respectively, under single collision conditions. Here, the first reaction pathway
proceeded via intermediate [i3] formed either from the reactants via cyclization of [il] and/or
[12]; the latter undergoes hydrogen shift to form eventually [i8]. The second channel involves a
hydrogen migration from [i2] to [16], which then undergoes yet another hydrogen shift to [i8].
Note that for both channels, the four heavy atoms are rotating in the plane almost perpendicular

to the total angular momentum vector J. Considering the microcanonical model of Grice and
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Smith,'™ such a hydrogen loss leads to a preferential hydrogen elimination almost parallel to the
total angular momentum vector, and the resulting peaked center-of-mass angular distribution as
observed experimentally and predicted computationally. This hydrogen loss yields eventually to
the hitherto elusive and aromatic 2-methyl-1-sila-cycloprop-2-enylidene molecule (SiCs;Hy),
which can be derived from the closed shell cyclopropenylidene molecule (c-Cs;H;) by replacing a
hydrogen atom by a methyl group, and the carbene carbon atom by an isovalent silicon. The
formation of the 2-methyl-1-silacycloprop-2-enylidene molecule in the bimolecular gas reaction
of silylidyne with allene enriches our understanding toward the formation of organosilicon
species in the interstellar medium gas phase — in particular of barrier-less, exoergic reactions,
thus opening up a versatile approach to form hitherto poorly characterized silicon-bearing

species in extraterrestrial environments.
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Figure 1. Compilation of the results of previous ab inito calculations on SiCs;H4 isomers. They
are the parent cyclopropenylsilylene (1a and 1b), silacyclobutadiene (2), silatetrahedrane (3),
silylidenecyclopropene (4), 2-silabicyclo[1.1.0]butanylidene (5), 2-methyl-1-silacycloprop-2-en-
l-ylidene (6), 2-methylenesilacycloprop-1-ylidene (7), silacyclobut-2-en-1-ylidene (8), 1-
silamethylenecyclo-propene (9), 2-silamethylenecyclopropene (10), 1-propynylsilylene (11), 2-
propynylsilylene (12), methylethynylsilylene (13), I-sila-l-buta-1,3-dienyldiene (14), 1,2-
propadienylsilylene (15), 1-silabutatriene (16), 1-silabut-1-en-3-yne (17) and 2-silabut-1-en-3-yne
(18). [Schriver, G. W.; Fink, M. J.; Gordon, M. S. Ab initio Calculations on Some C;SiHy
Isomers. Organometallics 1987, 6, 1977-1984].
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Figure 2. Pulse sequence for the crossed molecular beam experiment of the silylidyne radical
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Figure 3. Pulse sequence for the laser induced fluorescence detection of the

(SiH; X°I0).

26

ACS Paragon Plus Environment

Pulsed Valve I ]

silylidyne radical

Page 26 of 45



Page 27 of 45

The Journal of Physical Chemistry

R1

©CoO~NOUTA,WNPE

9.5 |

&
LIF intensity

8.5 | 75 1

651 551

451

35|

25|

1.5 |

Q1

8.51 7.51 6.5 551

4.5 3

25|

0.5

251

1.5

T
411.0

27 Figure 4. The SiH A’A « X’II excitation spectrum employed to determine the rotational

29 temperature of the ground vibrational state. Simulation (red curve) suggests two silylidyne

I
411.5

I
412.0

Excitation Wavelength, nm

31 radical ensembles (see text for full details).

34 150
27.25°

100t

Relative Counts
[44]
=

foic)

o 80 . aofa ol

&

29.75°

32.25°

. % a0 a

Q

34.75°

o

37.25°

43 0 200 400 600 800 O 200 400 600 800 O 200 400 600 800 O 200 400 600 800 O 200 400 600 800 1000

46 Figure 5. Selected time-of-flight (TOF) spectra recorded at a mass-to-charge ratio (m/z) of 68
48 (SiC;3H,") for the reaction of the silylidyne radical (SiH; X*II) with allene (H,CCCH,; X'A)).
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Figure 6. Laboratory angular distribution obtained at mass-to-charge ratio (m/z) of 68 for the
reaction of the silylidyne radical (SiH; X*IT) with allene (H,CCCHa; X'A)) (top) along with the
most probable Newton diagram leading to SiC3;Hy plus atomic hydrogen (bottom). In the angular
distribution, the circles represent the experimental data, while the solid lines represent the fits
obtained from the forward-convolution routine. In the Newton diagram, the two red lines define

the angular range while the central black indicates the center-of-mass angle.
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Figure 7. The center-of-mass TOF spectra for the reaction of the silylidyne radical (SiH; XIT)
24 with D4-allene (D,CCCD,; X'A,) for the atomic hydrogen loss (SiC;D4", m/z = 72, left) and the

26 atomic deuterium loss channel (SiC;D3;H", m/z = 71, right), respectively.
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Figure 8. Center-of-mass translational energy distribution P(E7) (top) and angular distribution

T(8) (bottom) for the reaction of the silylidyne radical with allene forming SiCsH, isomer(s). The

hatched areas account for the error limits.
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Figure 9. Relevant stationary points of the SiC;H;s potential energy surface for the reaction of the
36 silylidyne radical (SiH; X°IT) with allene (H,CCCH,; X'A;). Energies of the intermediates,
38 transition states, and products are given relative to the reactants energy in kJ mol™. The
40 elucidated reaction pathways 1 and 2 are denoted in blue and red, respectively, while black lines

42 indicate pathways that are closed under the experimental reaction conditions.
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Figure 10. Reaction pathways from the initial collision complexes [i1°], [i2’] and [i3’] leading to
two decomposing intermediates [i8’] and [i8”], which result in the formation on two distinct

products p1’ and p1”, respectively, via hydrogen loss and a deuterium loss, respectively.
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TOC Figure. Flux contour map for the reaction of the silylidyne radical (SiH; X°IT) with allene
22 (H,CCCH,; X'A)) yielding 2-methyl-1-silacycloprop-2-enylidene molecule (SiCsHy).
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Table 1. Structures of the reactants, products, intermediates, and transition states calculated at the
®B97X-V/cc-pVTZ level of theory. Energies relative to the reactants are given in kJ mol™.
Energies marked with “*” were obtained via CCSD(T)/CBS calculations. The point groups and
symmetries of electronic wave functions are also included. Dark grey: carbon; blue grey: silicon,;
white: hydrogen.

Name Relative Energy | Point group and | Structure
(kJ mol™) Symmetry of
electronic wave
function
SiH Coy—'T1
0 1
HzCCCHz D2d - Al
[pl] -4.90% C,—'A
[p2] 20.2% Ci—-'A
[i1] -36.6 Ci-"A
[i2] -124.2 C,— A’
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[i3] -140.9 C -*A

©CoO~NOUTA,WNPE

14 [i4] -182.5 C,-°A

22 [i5] -141.5 C,— A’

30 [i6] -176.6 C,— A’

38 [i7] 232.4 C,—°A

46 [i8] -172.6 C -*A
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[i9] -165.4 C,— A’
[i10] -73.0 C,— A’
[r-i4] 57.0 C,-’A

[i1-i3] 31.8 C,-’A
[i1-i4] 13.0 Ci-’A
[i1-i5] 75.2 Ci-’A
[i2-i3] -89.6 Ci-’A
[i2-i6] -64.0 C,-’A
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[i3-i7]

45.2

C,-*A

[i3-i8]

-72.3

[i3-19]

-1.0

C, —-*A

[4-i9]

-113.4

[{4-i10]

10.1

[i5-17]

-112.2

[6-18]

-61.2

C, -*A
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[17-i8] 137.7 C -*A
[i8-i9] 90.7 C -*A
[i8-i10] -64.7 Ci-"A
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1

2

2 Table 2. Bond lengths and angles of the reactants, products, intermediates, and transition states
2 calculated at the ®B97X-V/cc-pVTZ level of theory. Bond lengths are reported in picometers
7 and angles in degrees.

g Reactants [13] r(S1,Cy) 187.8
ﬁ H,CCCH, 1(C,C)) 130.2 1(Si,C2) 182.0
g r(C1,Hy) 108.5 r(Si,H)) 149.5
ig 0(C,,C1,Hy) 120.9° 1(C1,C) 153.1
16 SiH 1(Si,H) 152.9 1(C,C3) 132.1
ig Products r(C1,Hy) 108.9
e [p1] (SLCY) 181.4 (CyH) 1088
g; 1(Si,C2) 182.7 0(Si,C1,C2)  63.6°
gi 1(C1,C2) 134.3 0(C1,C2,C3)  135.3°
25 1(C5,C3) 148.8 [i4] r(Si,C)) 185.7
33 r(C1,H)) 108.5 r(Si,H;) 148.8
o HCyHy)  109.3 HCL,Cy) 1309
32 0(S,C1,C,)  68.9° 1(C2,C3) 130.2
32 0(C1,C,C3)  137.0° r(Cy1,Hs) 108.8
gi [p2] 1(Si,C,) 183.3 r(C3,Hy) 108.5
32 1(S1,C3) 197.1 0(Si,C1,C2)  121.6°
g; 1(C1,Cs) 136.9 0(H,,Si,H,) 111.6°
ig 1(C1,C3) 148.4 [i5] 1(Si,C1) 185.7
41 1(C,H)) 109.3 r(Si,H)) 152.5
fé 1(C2,Hy) 108.3 1(C1,C2) 141.9
P HCyH) 1087 HCyCy) 1364
j? 0(Si,C,,C1) 84.8° r(C1,Hy) 109.1
48 0(Si,C3,C1)  77.1° 1(Cy,Hs) 109.0
gg 0(C2,8i,C3)  75.3° 1(C3,Hy) 108.3
> 0(C>,C1.C5)  109.2° 0(Si,C1.Co)  130.6°
> Intermediates 0(C1,Co,C3)  126.1°
22 [i1] 1(S,C1) 192.0 [i6] 1(S,C1) 186.4
g; r(Si,H)) 152.9 1(C1,C2) 134.7
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r(C1,Cs) 146.4
1(C,,C3) 130.7
r(C1,Hy) 110.0
r(Cs,Ha) 108.6
0(Si,C1,C;) 115.2°
0(C1,Co,C3)  141.2°
[i2] r(Si,C1) 189.9
r(Si,Hj) 152.7
r(C1,Cs) 139.1
r(C1,Cs) 139.4
1(Co,H») 108.5
r(C3,Hs) 108.3
0(Si,C,C3) 122.9°
0(C5,C1,C3)  121.3°
0(Si,C5,C;) 83.2°
0(C1,Si,C3) 76.8°
0(C1,C2,C3)  109.6°
[i8] 1(Si,C)) 181.2
1(Si,C>) 182.3
r(Si,H)) 150.9
r(C1,Ca) 134.1
1(C,,C3) 148.7
r(C1,Hy) 108.4
r(Cs,Hs) 109.3
0(Si,C1,C2) 68.8°
0(C1,C5,C5)  136.9°
[i9] r(Si,C)) 181.1
1(Si,C») 182.7
r(Si,H)) 148.4
£(C1,Cs) 137.3
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1(C1,C3) 150.7
r(Cy,Hy) 108.9
r(Cs,Hs) 109.3
0(Si,C1,Co) 108.9°
0(C,,C1,C3)  121.7°
[i7] r(Si,Cy) 186.0
r(Si,Cs) 191.5
r(Si,H)) 150.0
1(C1,C2) 134.5
r(C5,Cs) 152.4
r(C1,Hy) 108.2
1(C,,Hs) 109.1
1(Cs,Hy) 109.2
0(Si,C1,Co)  90.4°
r(C1,Hy) 108.6
1(Cs,Hy) 109.9
0(Si,Cs,C2)  106.5°
0(C1,Co,C3)  140.2°
[i1-i4] 1(Si,C) 192.3
r(Si,H)) 161.2
r(Si,H>) 151.7
1(C1,C2) 133.9
1(C,,Cs) 129.8
r(C1,H) 160.4
r(C1,Hs) 108.8
1(Cs,Hy) 108.6
0(Si,C1,Co) 121.5°
0(C1,Si,H)) 53.1°
[i1-i5] r(Si,C) 190.4
r(Si,H)) 153.1
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1

2

2 1(C,C5) 139.0 1(C1,Cs) 139.5
5 K(CL,Hy) 1083 HCyCy) 1300
7 r(Cy,Hy) 1083 f(CLH)  109.2
o 0(Si,C1,C2)  68.5° W(CLHy) 1244
. 0(C1,C5,C3)  137.1° H(Co,Hy)  138.1
12 O(H,Si,Hy) 111.3° K(Cy,Hy) 1089
14 [i10] 1(SL,C1) 1883 0(Si,C1,C2)  129.5°
o r(Si,H)) 152.7 0(C1,C5,C3)  175.5°
" KC,Cy) 1319 0(Co,C1,Hs) 62.8°
e 1(C»,Cs) 147.0 [i2-13] 1(Si,C)) 238.5
2L f(CLH)  109.0 1(Si,C2) 192.6
23 KC3,H) 1093 r(Si,H)) 151.9
- 0(Si,C1,Co)  118.2° KC,Co) 1403
- 0(C1.Co.Cs)  139.9° HCyCy) 1337
gg Transition States r(Ci,Hy) 108.2
3 [r-i4] 1(Si,C1) 407.1 K(Cy,Hy) 1087
32 r(Si,H)) 152.2 0(Si,Co,C1)  90.1°
> f(C,C) 1219 0(Si,Co,C5)  128.6°
> r(CyCy) 1373 0(C,C2,C3)  137.4°
g; 1(C1,Hz) 106.6 [i2-i6] 1(Si,C1) 189.9
39 f(Cy,Hy) 1083 r(Si,H) 155.2
p 0(Si,C,C2)  138.8° 1(C,C)  133.0
ph O(H,,Si,Hy) 92.4° HC,Cy)  142.1
P [il-i3] 1(Si,C3) 193.4 HCoH) 1084
j? 1(S1,C») 273.9 1(C3,Hs) 180.6
48 r(Si,Hs) 153.0 f(Cy,Hy) 1087
o0 KCL,Cy)  131.0 0(Si,C1,C5) 84.1°
> HCyCs) 1468 0(C2,C1,.Cs)  138.7°
53

54

55

56

57 [3-17] 1(Si,C1) 193.5 [{4-i10] 1(Si,C1) 1932
28 41
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1(Si,C3) 194.4 r(Si,H)) 151.5
r(Si,H)) 151.3 r(Si,Hs) 165.5
r(C1,Ca) 140.9 r(C1,Ca) 130.4
r(C,,Cs) 151.0 r(C5,Cs) 139.4
r(Cy,H,) 108.7 r(Cy,H,) 108.3
r(Cy,Hs) 121.6 r(Cs,Hs) 108.9
1(Cs,Hs) 142.4 r(Cs,Hs) 148.9
r(Cs,Hy) 109.5 0(Si,C1,Co) 102.5°
0(Si,C1,C2) 92.1° 0(C1,Co,C3)  127.0°
0(Si,C3,C2) 88.8° 0(H,,Si,Hs) 102.4°
0(C1,Si,C3) 73.6° [i5-i7] r(Si,Cy) 183.3
0(C1,Co,C3)  105.4° 1(Si,C3) 279.5
0(C,,C1,H;) 65.2° r(Si,H)) 151.6
[i3-i8] r(Si,Cy) 198.7 r(C1,Ca) 142.9
r(Si,C,) 191.3 r(C5,Cs) 135.8
r(Si,H)) 151.3 r(Cy,H,) 108.4
1(C1,C2) 144.5 1(C,,Hs) 109.2
r(C5,Cs) 135.3 r(Cs,Hy) 108.6
r(Cy1,H,) 108.5 0(Si,C1,Co) 104.0°
1(Cs,Hy) 109.2 0(C1,Co,C5)  121.9°
0(Si,C»,C;)  71.0° [16-i8] 1(Si,C) 194.1
0(Si,C2,C3)  99.2° 1(Si,C») 212.3
0(C1,Co,C3)  126.6° r(Si,H,) 155.5
[i3-i9] 1(Si,C) 211.7 1(C1,C2) 127.7
1(Si,C») 196.6 1(C1,C3) 148.6
r(Si,H)) 151.5 r(Ca,H) 170.7
r(C1,Ca) 129.9 r(Ca,H,) 107.6
1(C,,Cs) 137.8 r(Cs,Hs) 109.3
r(Cy,H,) 171.7 0(Si,C1,Co) 79.7°
r(Cy1,Hs) 107.4 0(C1,Co,C3)  143.1°
r(Cs,Ha) 108.2 [i7-i8] r(Si,Cy) 190.5
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1

2

; 0(Si,C»,C;)  77.9° 1(Si,C») 230.0
5 0(C1,Co,C3)  146.2° 1(Si,C3) 212.6
7 0(H,,Si,H,) 101.5° r(Si,H)) 153.3
8

9 [i4-i9] 1(Si,C) 181.9 1(C1,C2) 131.9
. fSLCy) 2100 HCyCs) 1550
ig r(Si,H)) 148.4 r(C1,Hp) 108.1
14 1(C1,Ca) 131.2 1(Cs,Hs) 131.9
16 1(C,,Cs) 135.8 r(C3,Hs) 126.1
17

18 r(Cy,Hs) 108.4 1(Cs,Hy) 108.2
-'213 r(Cs,Ha) 108.3 0(Si,C1,C)  89.1°
2t 0(Si,C1,Co) 82.5° 0(Si,C3,C2)  75.7°
23 0(C1,Co,C5)  164.2° 0(C1,Si,C5)  75.3°
24

25

26

27

gg 0(C,,C2,C5) 118.5°

32 0(C,,C3,H;) 54.8°

32 [i8-19] 1(Si,C) 178.3

33

34 1(S1,C) 197.3

> r(Si,H)) 151.7

g; 1(Si,Hs) 234.4

39 1(C1,C2) 139.5

41 I'(Cz,C3) 139.0

42

43 r(Cy,H,) 108.1

jg 1(Ca,Hs) 119.8

4 r(Cs,Hs) 108.4

48 r(Cs,Hs) 149.8

49

£0 0(Si,C1,Co) 75.7°

> 0(C1,Co,C3)  141.0°

gj 0(C3,Co,Hs)  70.3°

55 [8-110] r(Si,C1) 188.5

56

57 1(Si,C») 242.8

58

59

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

r(Si,H,)
1(C1,Cy)
1(C,,G3)
r(C1,H)
r(Cs,H3)
0(51,C,,Cy)
0(C1,C2,C5)

The Journal of Physical Chemistry

153.1
130.0
146.5
108.9
109.5
97.7°
155.8°
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Table 3. NICS values for pl, c-SiC;H,, and c-C3H;" calculated at the HF/cc-pVDZ and
B3LYP/cc-pVDZ.

NICS Value

HF B3LYP
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pl -21.638 -17.595
1 ¢-SiC,H, -19.851 -15.682
12 c-C3H;5" -28.621 -23.257
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