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Abstract

Cyclonona-3,5,7-trienylidene appears as boat-shaped transition state for having a negative force constant, while its singlet
state exhibits less stability than the corresponding triplet state. Succeeding the quest for the largest unsaturated stable
carbene-like species, theoretical investigations coupled with suitable isodesmic reactions are used to examine the effects of
a,a'-tetrahalo groups on the thermodynamic along with kinetic viabilities of nine-membered cyclic silylenes. All the singlet
and triplet silylenes appear as boat-shaped minima for having positive force constants on their potential energy surfaces
and singlet states emerge as ground state, exhibiting more stability than their corresponding triplet states. The order of
stability estimated by singlet (S)—triplet (T) energy separation (AEg = Ey_Eg) emerges as a,a'-tetrahydrocarbene < a,a'-
tetrahydrosilylene < a,a-tetrafluorosilylene < a,a -tetraiodosilylene < a,a-tetrachlorosilylene < a,a -tetrabromosilylene. This
research specifies band gap (AEyqnmo_rumo) Of scrutinized silylenes with this order. Hence, singlet 2,2,9,9-tetrabromosila-
cyclonona-3,5,7-trienylidene exists as the most stable species. From both thermodynamic and kinetic points of view, this
species is more stable than synthesized silylene by Kira. It shows the highest heat of dehydrogenation through isodesmic
reaction. The NBO analysis provides significant evidences for the stability of it through positive hyperconjugation, negative
hyperconjugation, as well as mesomeric effects.
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geometrical sizes of the ns and np orbitals when n>2. While
methylene (H,C:) has a triplet ground state with a AEg 1 of
—37.6 kJ/mol, the ground state of silylene (H,Si:) is a singlet
that lies 79-96 kJ/mol lower than its corresponding triplet
state. Silylenes show ambiphilic character because of the
presence of an occupied s-orbital and vacant p-orbital that
makes silylenes react either as an electrophile or nucleo-
phile. Henceforth, in a silylene, two electrons occupy 3s
orbital leading to a singlet ground state (Fig. 1).

There are many ways to enhance the nucleophilicity of
silylenes such as using a Lewis base [3]. The o-donation
ability and high nucleophilicity of silylenes [4, 5] make them
promising compounds in H-abstraction reactions, dimeriza-
tion, and transition metal bridging ligands [6, 7]. While a
broad assortment of N-heterocyclic silylene-transition metal
complexes [8—11] and acyclic silylene ligands [12, 13] have
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Fig. 1 Possible electronic configurations and orbitals of singlet and
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been reported, the carbocyclic silylene ligands are less con-
sidered [14]. To suggest a sufficient stable silylene for isola-
tion, the thermodynamic and kinetic characterization of the
reactive vacant p-orbital is essential (the lone pair is inert
by reason of its high s-character) [15, 16]. The synthesis of
the first stable five-membered cyclic silylene I (Scheme 1)
in 1994 by Denk et al. was indebted to both the electron
donating from the adjacent nitrogens (thermodynamic sta-
bilization) and the steric hindrance provided by ~-Bu groups
(kinetic stabilization) [17]. Consequently, silylenes II-VI
were synthesized (Scheme 2) [18-22].

In our previous works, one of us studied carbenic deriva-
tives of 1y containing a-cyclopropylcyclonona-3,5,7-
trienylidenes which are substituted with ¢-NMe, PMe, O,
S, CH,, cyclopropyl, and CMe, groups (1x,) (Scheme 3)
[23-25].

Interestingly, 1 appears as a transition state 17.1 kJ/
mol less stable than its substituted analogous as the global
minima [23-25]. These studies called for further quantita-
tive investigations on the stabilizing effects of other hetero
atoms, such as halogens. Up-to-date, nothing has been done
to study the substituent effect on the largest non-planar
unsaturated cyclic silylenes with CgHX,Si: molecular for-
mula, 2y (where X=H, F, Cl, Br, and I) via experimental
and theoretical methods (Fig. 2). Here, a brief comparison
is also made among these results with those of some stable
synthesized silylenes I, V, and VII (Scheme 4) [18-22].

Results and discussion

Following our quest for stable cyclic compounds bearing
divalent group 14 atoms, here, density functional theory
(DFT) calculations are employed to form a systematic inves-
tigation on the effects of halogen substitutions on the atomic
charge distribution, thermodynamic stability as a meas-
ure of AEg -, polarity, polarizability, kinetic stability as a
measure of AEyovo_umo> and NBO analysis of scrutinized
species (Fig. 2). In each series of calculations, the results
are made through comparison to the parent carbene 1. To
verify the validity of widely accepted B3LYP method for the
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(X4 = NMe, PMe, O, S, cyclopropyl, CMe,, and CH,)

Triplet Transition State

optimizations and energy computations, all molecules are re-
optimized with more accurate but time-consuming M06-2X
method. The differences among the results obtained from the
two methods are not significant. Henceforth, the remaining
calculations are concentrated on B3LYP.

Substituent effects on charge, AE,_;, and polarity

Owing to the intrinsic properties of scrutinized silylenes,
their triplet structures show less atomic charge distribution
on Si:, C, (C), Cy (C,) than those of their corresponding
singlet states, at B3ALYP/AUG-cc-pVTZ (Table 1).
Replacement of the carbene (in our previous work)
[23-25] with silylene in the present research leads to an
increase in the p-character of C—Si compared to C—C bond
[26]. In the present study, a decrease in the C—D—C angle; D
being the divalent, carbene-like atom (A/degree) is observed
from 121.19° for C-D-C angle (‘D’ refers to the ‘divalent’
atom) in 1y—g carbene to 97.06° for the corresponding
C-Si-C in 2y—g silylene (Table S1). Substituting of the

Singlet Minima

carbene with silylene leads to an increase in the bond lengths
X,C=Si: compared to X,C-C: bond. Also, X-C, (C,), and
X-C, (C,) bond lengths seem linearly proportional to the
size of the substitution element (X=H, F, CI, Br, and I). The
T structures show larger Cy—Si—-C, or C,—Si—C, angles and
less Si—-C, (C,), Si—C, (C,) bond lengths than those of their
corresponding S states, at BBLYP/LANL2DZ-6-311+ G*
level (Table S1).

Substitution of CH,—C:—CH, with CH,-Si:—CH, in 1y
alters its status from an unstable transition state to rather
stable minimum for showing no negative force constant
(Table 2).

Replacement of a,a’-CH, with CF,, CCl,, CBr,, and CI,
in 25 alter their status from an unstable triplet transition
state to rather stable singlet minima (Table 2). These singlet
silylenes emerge as ground states, showing more stability
than their corresponding triplet states. The overall stability
order of the calculated and synthesized silylenes (I, V, and
VII) based on their AEg 1 values is: VII> 1> 25 > 2> 2>
V> 2p> 2. Beyond such a high stability lays the mesomeric
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Fig.2 The optimized singlet
carbene (1y-g) and singlet
silylenes 2g-g, 25-s» 2¢17s»
2g,~s> 21-g) are compared and
contrasted to their correspond-
ing triplet states (1g~p 2g~p, 25~
1 2¢rm 21 2p0p) along with
their corresponding symmetries,
at B3SLYP/AUG-cc-pVTZ level

1g-s (Cy) 11 (C1)

2p-5 (C1)

2c1-s (C1) 2¢-1 (CY)
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Fig.2 (continued)

2p:-s (C1)

effects of non-planar cyclic 2y,—, 2¢—s, and 2;— compared
to VII-g, and I-g which are cyclic, planar, continuously con-
jugated and obeys Hiickel rule of 4n+2 (Fig. 3).
Moreover, 2g,-s, 2¢1-s> and 2;-g show the higher stabil-
ity than V-g. The larger the substituents (—SiMe;) have
the smaller stabilizing effect on carbene-like atom than the
Cl, Br, and I heteroatoms. It was found that B3LYP is the
most efficient method to use in performing calculations
of carbene-like atoms [23-25]. In Table 2, it can be seen
that after full optimization of scrutinized species, the spin
contamination parameters < S?> for singlet closed shell
states are zero, while the spin eigenvalues are relatively
closer together for diradical triplet states (more than 2.00),

215 (C)

2p;-1 (C)

B B

211 ()

indicating that those wave functions were contaminated
with higher spin states. Fascinatingly, our triplet parent
carbene shows higher S? than its corresponding silylenic
analogous, and the S? value for triplet silylenes increases
as a function of the ring size and size of substituted group
VII-p < I3 < Vop < 2571 < 251 < 2011 < 21 < 25~ and it
increases as the steric effect increases.

The zero-point (ZP) correction and zero-point vibra-
tional energy (ZPVE) decrease in going from singlet
silylenes to their corresponding triplet states, and in going
from 2y to 2;. In contrast, the stability of the synthesized
species decreases in going from the cyclic-saturated V to
cyclic-unsaturated diaminosilylenes I, and VII, respec-
tively, that both become more stable in the presence of
heteroatoms.

We have probed changes of enthalpy (AHg_t) and Gibbs
free energy (AGg_r) which confirm the higher stabil-
ity of singlet silylenes (Table S2). As anticipated, AHg ¢
and AGg g trends for silylenes appear the same as that of
AEg g, at BALYP/LANL2DZ-6-311 +4+G** level: VII
>1>2p.> 20> 2> V> 2p> 2y Simultaneously, among
our silylenes, 25 - and 2g,-p exhibit the highest changes
of enthalpy (AHg +=170.63 kJ/mol) and free energy
(AGg_1=165.61 kJ/mol) (Table S2). These results are
consistent with their relatively high stability difference

@ Springer



16

M. Koohi, H. Bastami

Table 1 The NBO atomic charge distribution on divalent, carbene-
like atom (D), C, (Cp, Cy (C,), X, and X, atoms calculated for
unsubstituted singlet, and triplet carbenes (1g-g, and 1y-p) and their
corresponding tetrahalosilylenic analogous (2g-g, 2g-1, 2g-s» 2p-1>
2¢rss 201 2Brmss 21 25-s. and 2p-p, respectively), at (U)B3LYP/
AUG-cc-pVTZ level

2y g Or 2y 1
X=H,F,Cl,Br,!

Structures D G, (Cp Cy(Cp) X, X,

1y-s 0.600 -0.864 —0.783 0.153 0.211
1yt 0.693  —0.900 -0.809 0.181 0.232
24 0.670  -0.856  —0.893 0.235 0.211
241 0522 -0.845 —-0.845 0.252 0.230
2p-g 0713  -0.078 -0.112  -0.229 -0.211
2p1 0.560  —0.008  —0.008 -0215  -0.187
2c1g 0915  -0.881 —-0.852 0.050 0.031
2¢rr 0.805 -0.813 -0.813 0.057 0.041
p 0943 -1.019 -1.001 0.122 0.082
2,1 0.876  —0.990  -0.990 0.105 0.105
2p-g 0.616  —0.966  —0.946 0.210 0.194
21 0.584  -0.708  -0.708 0.125 0.058

(AEg 1=172.42 kJ/mol), and NBO charge distribution on
Si, C, (C,), Cq4 (C,) atoms.

Paired electrons on divalent centers lead to higher dipole
moments (u) in singlet structures (1g-g — 2y-g, and V-g)
than their corresponding triplet states (1g-p — 24-, and V-p)
where the non-bonding electrons of Si atom in singlet states
are paired and located in the o-orbital which is orthogonal
to m-system. While, lower y values of I-g and VII-g with
respect to their corresponding triplets and studied singlets
(1x-s—21-g) show that the non-bonding electrons of divalent
silicon in formers are paired in the m-orbital which partici-
pate to ring current of n-system. Also, an increase of p (in
Debye) is observed from 2.18 in 1x-g and 1.75 in 2y4-g to
6.30 in 2g-g vs. 0.43 in 1g~p, 0.57 in 2-p, and 4.00 Debye
in 2g-y (Table 2). Evidently, polarity for singlets increases
as electronegativity of substitutions increases and polariz-
abilities (0, tyy, ,,, and <oa>) increase as a function of
the substitution size of halogen and carbene-like atoms, and
it decreases as p increases. Our triplet carbene-like atoms
show higher a,, a,, o, and < o> than their corresponding

XX> yyr Vzz>
singlet structures. For instance, 2;-p (218.82 a.u.) displays

@ Springer

a higher polarizability than 2;-g (206.44 a.u.) compared to
parent triplet and singlet carbenes (107.79, and 106.32 a.u.,
respectively) (Table S3).

Substituent effects on heat of hydrogenation
of HOMO-LUMO gap, MEP map, reactivity, and NBO
analysis

It is well known that the HOMO-LUMO energy gap is
associated with the chemical stability to electronic excita-
tion; the larger AEyomo_rumos the more chemically stable
compound. Moreover, the trend of kinetic stability based
on AEyomo-rumo 180 VII>I>25 > 20> 2>V > 25> 24>
1y, and leads to the stability enhancing against electronic
excitations (Table 3).

This means that the electron in 2, is tighter to excite
from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO) than in
the synthesized silylene V (412.61 vs. 351.33 kJ/mol). As
anticipated, this trend is the same as that of AHg 1, AGg_r,
and AEg 1.

Molecular electrostatic potential (MEP) map is a useful
feature to examine the reactivity given that an approaching
electrophile will be drawn into negative areas (the electron
distribution in where effect is dominant). The importance of
MERP lies in the fact that it simultaneously displays molecu-
lar size, shape as well as positive, negative, and neutral elec-
trostatic potential regions in terms of color grading, and is
very useful in research of molecular structure with its physi-
ochemical property relationship [27]. Interestingly, the MEP
maps are consistent with their point groups, atomic charge
distribution on carbene-like atoms, C, (C,), Cq (C,), sub-
stitution atoms, and polarities (Fig. 2 and S1). For instance,
the most positive charge is predicted for 2,~g with the high-
est blue-colored cloud on its silicon atom. Simultaneously,
the most negative charge is demonstrated for 25 -g with the
highest red colored electron cloud on its C, (C,), Cqy (C,)
atoms. In this study, every S and T speciesshows the highest
difference between size, shape, along with positive and nega-
tive electrostatic potential regions in terms of color grading,
because of having the highest difference between its sub-
stitution effects and polarizability (Fig. S1 and Table S3).
The MEP map can also be utilized to define the nature of a
molecule chemical bond and the electronegativity difference
is a central causal factor in this definition. When silicon,
hydrogen, and/or halogen atoms with carbon atom are to
form bond, their bond will be expected to be polar covalent.
Since hydrogen, halogen, and carbon atoms have higher
electronegativity than silicon atom, the former will share
the binding electrons with Si, but the binding electrons will
be pulled closer to the more electronegative atoms, form-
ing dipoles within the carbene-like containing molecule.
We expect these bonds to be polar covalent (partly ionic),
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Table2 The calculated total energy (E,,), AEsy, spin contamination parameter<S”>, zero-point (ZP) correction, ZP vibrational energy
(ZPVE) and dipole moment (p) for studied carbene, and silylenes vs. the synthesized silylenes I, V, and VII (Scheme 4)

Species EL @/Hartree AEYr D/KI mol™! <§?>3 ZP correction’/  ZPVE*/kJ mol~! p!/Debye
Hartree
1y-s —348.860724, (—345.704825) —22.78, (—10.95) 0.0000 0.194072 509.04 2.18
1yt —348.867724, (—345.708999) 2.0074 0.194099 510.29 0.43
255 —600.102782, (- 600.096185) 115.49, (107.55) 0.0000 0.155082 405.79 1.75
2gr —600.058318, (—600.055184) 2.0040 0.154340 404.79 0.57
2p-g —997.097388, (—997.031714) 142.62, (150.06) 0.0000 0.122205 320.52 6.30
21 —997.043247, (- 996.974511) 2.0058 0.121831 319.56 4.00
2cg —2438.499181, (—2438.45241) 160.72, (168.54) 0.0000 0.116183 304.72 5.31
2¢rr —2438.438448, (—2438.38815) 2.0065 0.115496 302.92 3.60
2g,~5 —10884.645942, (— 10884.995413) 172.42, (198.63) 0.0000 0.114386 299.99 4.42
2g, 1 —10884.580894, (— 10884.919684) 2.0067 0.113435 297.53 3.26
2 —643.342144, (—641.269648) 156.08, (163.94) 0.0000 0.112177 294.23 3.99
201 —643.287144, (—641.207145) 2.0072 0.111227 291.72 2.72
I —792.2723674, (—792.274367) 224.63, (230.28) 0.0000 0.290173 761.09 1.28
I —792.1867261, (—792.186568) 2.0020 0.288082 755.62 3.34
Vg —2081.630027, (—2081.634027) 138.48, (149.56) 0.0000 0.519409 1362.39 1.15
V-r —2081.577227, (—2081.577007) 2.0044 0.519162 1361.72 0.90
VII-g —477.7155363, (—477.712536) 258.49, (251.09) 0.0000 0.066765 175.10 1.61
VII- —477.6169938, (—477.616804) 2.0024 0.064560 169.33 3.92

! At the B3LYP/AUG-cc-pVTZ, and UB3LYP/AUG-cc-pVTZ for singlet, and triplets, respectively
2At the M06-2X/AUG-cc-pVDZ, and UM06-2X/AUG-cc-pVDZ (values in parenthesis) for singlet, and triplet states, respectively
3At the B3LYP/LANL2DZ-6-311 ++G**, and UB3LYP/LANL2DZ-6-311 ++G** for singlet, and triplet states, respectively

mesomeric effect
intramolecular coordination

X=F,Cl,Br,1
Singlet silylene (2x_g)

Fig.3 Substituent effects of halogen atoms on singlet silacyclon-
ona-3,5,7-trienylidenes

because the difference in electronegativity is between 0.4 eV
and 2.0 eV on Pauling’s scale.

As said previously, the extremely high reactivity of a
silylene is due to its unoccupied 3p, orbital, since six valence
electrons are less than the eight electrons needed by the octet
rule, and its lone pair is predicted to be inert owing to its
high s-character [28]. Henceforth, to classify the reactivity of

scrutinized silylenes, their nucleophilicity index (&), global
electrophilicity (w), chemical potential (1), global hardness
(n), electronegativity (y), global softness (S), and maximum
electronic charge (AN,,,,) are evaluated using appropriate
indices (Table S4). N values show conspicuous correlations
with the corresponding MEP maps for calculated silylenes
(Table S4 and Fig. S1). These are consistent with the energy
along with pictorial sizes of the frontier molecular orbitals
(Fig. S2). The 2¢-g has the highest absolute values of Eygyo
and Ej ;po- Due to the intrinsic properties of fluorine atom,
2p-g has the lowest N, the highest w as well as the highest
¥, while its unsubstituted silylenic and carbenic analogous
(2g-s and 14-¢) show an inverse relationship. 1y-g, and 2y4-g
silylenes show higher N than the synthesized silylenes I, V,
and VII. Our halogenated silylenes show higher wthan the
synthesized silylenes I, V, and VIIL. Also, 1y-g is the most
reactive carbene-like species, as dictated by the maximum N,
minimum, along with maximum S. Interestingly, 2g,~g is the
least reactive structure with the maximum and all calculated
silylenes have more # and less S than the synthesized silylene
V (Table S4). All calculated and synthesized species have
positive values of AN, with the range of 0.65-1.12 eV (for
the synthesized silylene I and 2g-g, respectively), and, hence,
act as electron acceptors from their environment.

@ Springer
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Table 3 The calculated

frontier molecular orbital Structures Eyomo/Hartree E; ymo/Hartree ﬁJEgg]f“—(?'LUMO/ ?\}/EHOMO_LUMO/

energy (Eyomo» ELumo)>

and AEHoga9£LUA:o for the . - ~0.17709 -0.05629 316.84 3.29

and VII (Scheme 4), at BALYP/ s ~0.24189 009224 392.54 407

LANL2DZ-6-311 ++G** level 2¢1s —0.23828 —0.08300 407.30 423
2p,-s —-0.23909 —-0.08179 412.61 4.28
215 —-0.22723 —0.07508 399.06 4.14
I —0.18932 -0.02509 430.75 4.47
A% —0.20411 —-0.07017 351.33 3.64
VII —0.20084 —0.02868 451.57 4.68
TCNE' —0.34764 —-0.1951 400.11 4.15

'TCNE tetracyanoethylene as a reference

To clarify the role of substituent effect in stability of
silylenes, one may refer to the second-order interactions
of donor (Lewis-type) and acceptor (non-Lewis-type)
NBO orbitals that point to the extent of substituent effect
in silylenes. NBO analysis is originally recognized as a
way of quantifying resonance structure contributions to
molecules and is carried out by surveying all probable

interactions between electron donor and electron accep-
tor NBO orbitals, along with estimating their energetic
importance of second-order perturbation theory [29-32].
Therefore, some of valence data including occupancy,
directionality, and hybridization resulting of NBO calcu-
lation on stable 2 - silylene, at B3ALYP/6-311 ++G**,
are given in Table 4.

Table 4 The bond orbital, occupancy, coefficients, and hybrids corresponding to the intramolecular bonds in stable 2y -¢ species, at B3LYP/

LANL2DZ-6-311 ++G** level

Bond (A-B) Occup. ED,/ % EDg/ % NBO s/ % pl %
Ociasits 1.94053 80.90 19.10 *#0.8994sp>* +%0.4371sp” % 32.95 (¢q3)s 12:37 (gi15) 67.05 (¢13)> 87-63 (gi15)
Oci3mis 1.99571 50.00 50.00 0.7071%sp>23 +%0.7071sp%3 16.06 (¢13)» 12.77 (go19) 83.94 (c13)> 8723 (gr18)
Oc13.B:19 1.96857 49.47 50.53 0.7034%sp>% +0.7108*sp’63 16.41 (¢13)> 11.59 (r10) 83.59 (c13)> 8841 (gr10)
Ociasits 1.95051 80.77 19.23 0.8987*sp'83 +0.4385%sp>10 35.31 (c14)> 10.99 (g45) 64.69 (c14)> 89-01 (g415)
Oc14Bi6 1.96422 48.26 51.74 0.6947#sp%15 07193 4 *sp’6 13.99 (c14)» 11.54 (5,16) 86.01 (c14)> 88.46 (gr16)
Oc1api7 1.99459 50.13 49.87 0.7080%sp*8! +0.7062*sp”=’ 17.22 (c14)> 11.67 (go17) 82.78 (c14)> 88-33 (gr17)
LPg;;5 1.92854 sp* 8 77.98 22.02
LPg,16 1.99005 sp¥2! 82.97 17.03
LPg, 5 1.98912 sp?13 87.11 12.89
LPg1s 1.98841 sp18 84.61 15.39
LPg,10 1.98973 sp2 81.10 18.90

@ Springer
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The intermolecular interaction is formed by the orbital
overlap between C-Si, C—Br, and the corresponding anti-
bonding orbital which results in an intermolecular charge
transfer (ICT) from a Lewis valence orbital as donor, with
a decreasing of its occupancy, to a non-Lewis orbital as
acceptor. The first two columns of this table give the type
of orbital and occupancy among 1.92854 and 1.99571
electrons. Analysis of occupancy number provides useful
information about the formation of singlet and/or triplet
silylenes. For instance, 6¢y3.prg and 6¢y4.5,17 bOnding
orbitals with the highest occupancies 1.99571 and 1.99459
electrons have 50.00% C,; and 50.13% C,, characters in a
sp>** and sp*8! hybrids and have 50.00% Br,g and 49.87%
Br,; characters in a sp®®* and sp’7 hybrids, respectively.
The sp>?® hybrid on C,; has 16.06% s-character and
83.94% p-character, while the sp®®® hybrid on Br,; has
12.77% s-character and 87.23% p-character, respectively
with polarization coefficient of 0.7071. The magnitude of
this coefficient indicates the significance of the two hybrids
in bond formation. While, 6¢3_gi;5, and 645515 bonding
orbitals show that their silicon centers have a lesser per-
centage of NBOs (19.10 and 19.23%, respectively) and
give a lesser polarization coefficients (0.4371 and 0.4385,

Fig.4 Positive vs. negative
hyperconjugations and their cor-
responding perturbation orbital
diagrams for 25 g species
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respectively) than the other bonding bonds, because sili-
con atom has a lower electronegativity than bromine and
carbon atoms (1.90 vs. 2.96 and 2.55). Also, occupancy
number for lone pair on Si (1.92854) of 25,-g shows high
s-character (77.98%) indicating the paired electrons in
s-orbital. The calculated second-order interaction ener-
gies (E®) among the orbital’s donors—acceptor in stable
25,5 silylene are shown in Table S4. Overall, donation of
Ocopy INClUAing 613 5115, Oc13.8r19> Oci4-Bri6> AN ¢y Bri7
to LP*g; (3p, s;) through positive hyperconjugation on
one side and donation of lone pairs on bromine atom to
unoccupied orbital of silicon center via mesomeric effect
on the other side are totally more than donation of lone
pairs on silicon center (6%;) to the anti-bonding orbitals
of 6% ¢ g, (that is LPgj 15— 6% cy3 819> LPsj1s = 6% 148117
LPg;15— 6*c1aBrie and LPg;15— 6% ¢13.5,15) through nega-
tive hyperconjugation (Table S5 and Fig. 4).

Clearly, higher interaction among 6, p, as donor and
3p, s as acceptor via positive hyperconjugation on one side
and so effective interaction between LPy, as donor with
3p. s as acceptor through mesomeric effect on the other
side leads to the elongation of the acceptor. All these intra-
molecular interactions confirm the higher stability and lower

negative hyperconjugation

— 3p1c Si K r—0 Cqo-Br
acceptor ﬁ ;  acceptor
LPSi -\ ..'
donor

negative hyperconjugation
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reactivity for singlet tetrabromosilylene compared to other
species.

Substituent effects on isodesmic reactions

On the basis of the Hoffmann, Schleyer, and Schaefer’s state-
ment, a stable species must be resistant to fragmentation,
isomerization, etc. [33]. In this study, applying the appropri-
ate isodesmic reactions, we show in detail how the substitu-
ent affects on singlet (S) and/or triplet (T) states’ stabilities
of our divalent molecules, individually. In a theoretical sur-
vey on triplet carbenes, Nemirowski and Schreiner stated
that the classical n-donor/c-acceptor substituents such as
amino simultaneously stabilizes singlet and destabilizes tri-
plet state [34]. Previously, we revealed that in contradiction
of their claim, amino substituents stabilize not only the sin-
glet but also the triplet states [23—-25]. Here, using five pro-
posed isodesmic reactions (Scheme 5 and Table 5), we test
our previous suggestion for the case of tetrahalosilylenes, at
(U)MO06-2X/6-311 ++G**.

Isodesmic reaction#1 shows the dehydrogenation of scru-
tinized silanes by singlet (1y-¢) and/or triplet (1y-r) refer-
ence non-planar carbenes. This reaction describes that the
energy change is associated with an exothermic reaction
that increases its exothermicity on going from fluorine to
bromine and making the 2y4-g silylene as the least stable sin-
glet species (AE, =—142.75 klJ/mol), and the 2y~ silylene
as the most stable triplet species (AE; =—25.16 kJ/mol).
Accordingly, the highest stability is demonstrated by 2p,~g
(AE,;=-200.43 kJ/mol), and the lowest stability is recog-
nized by 25 .-t (AE; =+49.53 kJ/mol). Obviously, every S
silylene appears more stable than its corresponding T state
for showing a higher AE,. In isodesmic reaction#2, heat
of dehydrogenation (AE,) is approximated for S and/or T
carbene-like atoms using the parent planar conjugated sin-
glet (145 *) and/or triplet 1;; 1 * carbenes to examine the
mesomeric effects of halogen atoms, along with hyperconju-
gation effect on stability of silylenes. The higher is the AE,
value, the more is the stability of silylenes. Based on heat
of dehydrogenation in this exothermic reaction, the highest
stabilization is encountered for 2y -5 by —302.01 kJ/mol
followed by 2y-g (—291.56 kJ/mol), 2;-g (—280.98 kJ/mol),
2p-g (—271.87 kJ/mol), to 24-g (—262.30 kJ/mol) decreases
for the corresponding triplet ones. Also, we estimate relative
stability for the studied species employing the 1y-¢* and/or
14-r* planar carbenes and non-planar allene (1 *%) as the
references in third isodesmic reaction [35-38]. This reaction
indicates that the hyperconjugation of hydrogen atoms has a
333.90 kJ/mol stabilizing effect on 1g-g and 341.92 kJ/mol
on its triplet state (1g-p). Isodesmic reaction#3 shows that
the dehydrogenation is coupled with endothermic reaction
which decreases going from planar conjugated 1y-g and/or
1,-pcarbene to its corresponding non-planar analogous and
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increases going from every S state to its corresponding T
state. In isodesmic reaction#4, we estimate relative stabil-
ity for our scrutinized silylenes using the planar conjugated
1,4-¢ and/or 1~pcarbene and singlet and/or triplet methylene
(:CH,). The results are very different to those obtained from
heat of dehydrogenation of Rxn 1-3, indicating stabilization
of S carbenes and S silylenes by about 6.3—8.4 kJ/mol more
than their corresponding T carbenes and T silylenes, and so
carbenes are less stabilized than silylenes. Fascinatingly, the
n-donor/c-acceptor halogen groups stabilize both S and T
silylenes. This is related to the higher electronegativity of
halogen atoms which makes them as stronger c-acceptors
and henceforth prefers S over T state. Furthermore, on
account of the higher electronegativity the n-donating of
halogen atoms in S silylenes is higher than that of T analo-
gous. Hydrogen groups stabilize both 1y4-g and 1g-p car-
benes (Table S6). Also, relative stability of 2y-g and 2y4-¢
silylenes (Table S6) is more than twice of 1y-g and 1g-p
carbenes. The lower electronegativity of silicon than carbon
atom and the lower electronegativity of iodine than other
halogen atoms lead to higher stability of 2;-; silylene than
1~y carbene (AE,=—467.78 vs. —200.51 kJ/mol). Conse-
quently, isodesmic reaction#5 shows the dehydrogenation of
substituted silanes by 2g-g and 2y~ reference silylenes and
so the lowest stability is shown by 2 -1 (AE5;=156.89 kJ/
mol, See Rxn 5 in Scheme 5 and Table 5).

Conclusion

In this survey, we have compared and contrasted thermo-
dynamical, geometrical, and kinetical parameters of nine-
membered cyclic carbene and its halogenated silylenes
including singlet states (1g-g—2¢-g) and triplets (1g-p—2¢-
1)- Except for reference carbene (1g) which emerges one
imaginary vibrational frequency, all of silylenes show real
vibrational frequency and appear as boat-shaped minima on
their potential energy surfaces, at DFT. The 2g,~g shows the
highest stability indicated by the highest AEg 1, AHg_r, and
AGyg_r. From a thermodynamic point of view, all calculated
AEg 1, AHg 1, and AGg ; parameters appear with positive
values, indicating that every singlet silylene is more stable
than its corresponding triplet state. Evidently, among cal-
culated singlet silylenes (2yx-g—2;-), the most stable species
appears to be 2g,-g which is 172.43 kJ/mol more stable than
its corresponding triplet 2g,~y. The overall trend of AEg r,
AHg 1, and AGg_tis: 25 <25 <2;< 2 < 2g,. From a kinetic
viewpoint, 25 - shows the highest value of AEyoyorumo
(412.61 kJ/mol) which is higher than that of calculated for
the parent form of Kira’s synthesized silylene (351.79 kJ/
mol). Respecting the o-donor characteristic of the stable
silylenes, the highest nucleophilicity, the highest HOMO
energy, and the lowest electrophilicity is calculated for
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Scheme 5
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unsubstituted silylene (2y4-¢) via hyperconjugation effect.
These factors make it theoretically more susceptible for
attacking an electrophile. Contrary to our expectation, 2y-
g not only does not turn out to be electrophilic, but also
because of its intrinsic angle strain, boat-like structure and
hyperconjugation effect turn out as the most nucleophilic
character among singlet silylenes. We have employed the

NBO analysis to stress the roles of intermolecular donor and
acceptor interactions through the second-order perturbation
theory. As above the geometrical parameters such as bond
length, bond angle, and symmetry compared and contrasted
for our silylenes, S silylenes show higher Si—C bond lengths
and lower bond angles than their corresponding T states.
This is attributed to the intramolecular orbital interactions,

@ Springer



22

M. Koohi, H. Bastami

Table 5 The substituent effects on singlet and triplet silylenes (AE,
to AEjs, in kJ/mol) via isodesmic reactions 1-5 (see Scheme 5), at (U)
MO06-2X/6-311 ++G**

Species  AE; AE, AE; AE, AE;
1y~ 0.00 0.00 33390 -208.54 -

1yr 00.00 0.00 34192 -200.51 -

24 —142.75  -262.30 71.60 —470.84 - 0.17
241 —25.16 —42.26 79.63  —462.81 - 0.17
2p-g -17355 -271.87 62.03  —480.41 -9.57
P —-16.05 —-24.70 70.06  —472.38 17.56
2crs —188.14  —-291.56 71.60  —470.84 0.00
2¢rr 0.08 2.93 79.63 -462.81 45.19
p - —200.43  —302.01 71.60  —470.84 0.00
2p, 1 9.53 14.63 79.63  —462.81 56.89
25 —183.50  —280.98 6420 —476.06 0.00
P -12.08 —-15.55 73.78  —467.78 33.94

particularly the interaction of paired electrons on divalent
Si atom with 6, 5, * and the interaction of 6, 5, With 3p,. ;
orbitals of the molecules. This analysis indicates that there
is a negative hyperconjugation between c-bonding orbital
of silicon with anti-bonding orbital of carbon-bromine in
a,o’-positions of 25,-g species which leads to stability of
it, and compensating for the mesomeric effect of bromine.
Isodesmic reactions are used to assess the effects of substitu-
tion on the stability of silylenes. Commonly, it is found that
a,a-tetrahalo groups stabilize both singlet and triplet states
of our studied silylenes with a more considerable effect on
the singlet. Based on heat of dehydrogenation in exothermic
isodesmic reaction, the highest stabilization is encountered
for 2p -5 followed by 2¢y=g, 21-g, 2p-g, t0 24~ and decreases
for substituted triplet ones. Both singlet and triplet silylenes
become differently more stable in the presence of halogen
atoms with a more considerable effect on the singlet. Theo-
retical conclusions are waiting for experimental testing and
verifications.

Computational methods

Geometry optimizations of scrutinized silylenes are car-
ried out with the GAMESS program package [39, 40], at
the B3LYP [41-45], and MO06 [46] methods, with standard
triple-zeta 6-311 + G* Pople basis set [47, 48], which is con-
structive for the explanation of diffuse functions [48, 49], is
employed for C, Si, H, F, Cl, and Br atoms, while the valence
double-zeta LANL2DZ basis set with effective core potential
(ECP) of Hay and Wadt is used for I atom [50]. Dynam-
ics are studied at different methods and levels of accuracy
with the DFT outcome expected to provide the more accu-
rate structural and energetic results. For more accurate
energetic data, single point calculations are performed
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at the B3LYP/AUG-cc-pVTZ//B3LYP/6-311 + G* [52],
and M06-2X/AUG-cc-pVDZ//M06-2X/6-311 + G* lev-
els. Triplet states are computed using unrestricted broken
spin-symmetry UB3LYP and UMO06-2X methods at the
same levels. The vibrational frequency computations are
applied to characterize the nature of stationary points as
minimum (NIMAG =0), or transition state (NIMAG=1),
at B3LYP/6-311 ++G**//B3LYP/6-311+G* [51, 52]. The
natural bond orbital (NBO) population analysis is calcu-
lated at BALYP/LANL2DZ-6-311 ++G** and UB3LYP/
LANL2DZ-6-311 ++G** for singlet and triplet states,
respectively [53-56]. Also, reactivity is estimated using the
same level. Hence, the nucleophilicity index (&) is calcu-
lated as N = Eyyomomu—Enomocrene)s Where tetracyanoeth-
ylene (TCNE) is preferred as Ref. [57—62]. In this scale, the
nucleophilicity index for TCNE is N=0.0 eV, presenting the
lowest HOMO energy in a long series of organic molecules
already considered. This choice allowed us conveniently to
handle a nucleophilicity scale of positive values. The capac-
ity of the N index describing the nucleophilic behavior of
organic molecules was tested in the context of the analysis
of the nucleophilic behavior of a series of captodative eth-
ylenes [57-62]. The global electrophilicity (@) is computed
as w= (/42/271) [57-62], where u is the chemical potential
(u=(Egomo + ELumo)/2) and 75 is the chemical hardness
(n=(Erymo—Enomo)/2) [57-62]. Furthermore, y is the
absolute electronegativity (y =— u) is used to predict the
electron transfer direction when the substituted species are
formed, S is the global softness (S=1/27), and AN,,,, is the
maximum electronic charge (AN, =— u/n) [57-62]. The
molecular electrostatic potential (MEP) maps are anticipated
at B3LYP/AUG-cc-pVTZ.
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