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Abstract

The higher the electropositivity of the substituents has been associated with the higher possibility of encountering a triplet ground
state silylene [P.P. Gaspar, M. Xiao, D. Ho Pae, D.J. Berger, T. Haile, T. Chen, D. Lei, W.R. Winchester, P. Jiang, J. Organomet. Chem.
646 (2002) 68]. Here, going from the reported halo-azasilylenes X-CNSi [M.Z. Kassaee, S.M. Musavi, H. Hamadi, M. Ghambarian, S.E.
Hosseini, J. Mol. Struct. (Theochem) 730 (2005) 33] to the analogues more electropositively substituted halo-phosphasilylenes X-CPSi
has reduced the chances of encountering triplet ground state silylenes (X = H, F, CI and Br). Even though all singlet isomers seem to be
more stable than their corresponding triplets, singlet—triplet cross over diagrams may help the future design of new acyclic triplet state

silylenes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Considerable studies are focused on the structures and
reactions of silylenes and related group-14 divalent species
[1-13]. Generally, all known silylene species possess a sin-
glet (s) ground state, in contrast to their carbene analogues
which often have triplet (t) ground states. This has made
the quest for triplet ground state silylenes one of the most
challenging issues in the modern organosilicon chemistry
[14]. Theoretical studies indicate that substituents attached
to the divalent center have considerable effects on the sin-
glet-triplet energy gaps (AEs,) [14-16]. It has been shown
that electronegative substituents increase the AEg ¢, whereas
electropositive substituents decrease the gap. In addition,
n-donor or m-acceptor substituents exert a significant effect
on AEg. This is in a way that t-donor substituents stabilize
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singlet states while m-acceptor substituents stabilize triplet
states. For instance, the °B; state of SiH, is 18-23 kcal/
mol [17,18] higher in energy than the 'A; ground state,
whereas a much larger gap of 75-77 kcal/mol has been
measured for SiF, [19]. Likewise, methyl substituents
increase the gap to 23-26 kcal/mol in Si(CHj3), [20,21]. In
contrast, the more electropositive SiH3 group decreases
the calculated AE,, to —5 to —10 kcal/mol in Si(SiH3),
[16,22]. With electropositive Li substitution, was predicted
that SiLiH and SiLi, are ground-state triplets, being by sev-
eral kcal/mol more stable than their corresponding singlet
species [15,20,23,24]. Holthausen et al. have provided a the-
oretical prescription of how to generate the first triplet
ground state silylene [22,25]. Afterward, a Japanese group
realized this prediction by synthesis and EPR confirmation
of bis(tri-zert-butylsilyl)silylene [26]. Moreover, four triplet
silylenes were found beyond the potential energy surface
(PES) of monohalogenated H,Si; silylenes [27], while on
the PES of its analogous C,H,Si no triplet silylenes were
observed [28]. We have already reported the calculated
thermodynamic data on 24 isomers of haloazasilylenes
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Fig. 1. The three most significant structures considered for singlet (s) and
triplet (t) phosphasilylenes, X-CPSi (1, 2 and 3, where X = H, F, Cl and
Br).

X-CNSi, where only triplet H-N=C=Si silylene appeared
to be more stable than its corresponding singlet state [29].
In attempt to boost the chances of encountering triplet
ground state silylenes we have switched to the analogous
halophosphasilylenes X-CPSi where the higher electroposi-
tivity of phosphorous (than nitrogen) was predicted to be a
help. Moreover, great attentions have been paid to the
chemistry of silicon and phosphorus, due to their atten-
dance in the astrophysical chemistry as well as their micro-
electronic and photo-electronic applications [30,31]. Hence,
in this manuscript silylenic structures of H-CPSi, F—CPSi,
CI-CPSi and Br-CPSi formula in their singlet and triplet
states are examined, using detailed ab initio and DFT cal-
culations (see Fig. 1). These molecules are concurrently
involving interesting bonding properties [32-39].

2. Computational methods

All calculations, in this paper are performed using the
GAussiaN 98 program package [40]. The geometries and
energetics of singlet and triplet H-CPSi silylenes, as well
as their halogen substituted analogues: F-CPSi, CI-CPSi
and Br—CPSi, are calculated using standard quantum
chemical ab initio and DFT methods. These X-CPSi spe-
cies are confined to three skeletal arrangements including:
3-X-2-phospha-1-silacyclopropenylidene (1), [(X-phos-
phino)methyleneJsilylene (2), and X-methylidynephos-
phinesilylene (3). Full optimizations are preformed
without any symmetrical restrictions. In some cases final
optimized structures are drastically different with the
input structures. For DFT calculations the Becke’s hybrid
one-parameter and three-parameter functional are
employed, using the LYP correlation [41,42] with the 6-
311++G™ basis set. For the second-order M@ller—Plesset
(MP2) method 6-311++G™ basis set and for the third-
order M@ller-Plesset (MP3) method the 6-311+G" basis
set is employed [43,44]. In order to improve the energetic
predictions, the MP2/6-311++G™* optimized geometries
are submitted as input for single-point calculations at
MP4, QCISD(T) and CCSD(T) levels with 6-311++G™*

basis sets [45-48]. Singlet states are calculated with
spin-restricted wave functions. Triplet states are calcu-
lated using the unrestricted formalisms. The harmonic
vibrational frequencies and zero point energies (ZPE)
are calculated on the MP2 and B3LYP optimized struc-
tures, at the same level used for their optimization. The
vibrational frequencies and ZPE data at the HF,
B3LYP and MP2 are scaled by 0.89, 0.98 and 0.92,
respectively [49,50]. This is to account for the differences
between the harmonic and anharmonic oscillations of the
actual bonds. The NBO population analysis are accom-
plished at the B3LYP/6-311++G™ level, for all silylenic
structures [51].

3. Results and discussion

We begin with listing our results, before discussing
them. The singlet (s) and triplet (t) of silylenes X-CPSi con-
sisting of H-CPSi, F-CPSi, CI-CPSi and Br-CPSi, are
described in three structures including: 3-X-2-phospha-1-
silacyclopropenylidene (1), [(X-phosphino)methylene]Jsilyl-
ene (2), and X-methylidynphosphinesilylene (3) (see
Fig. 1). Thermodynamic data are calculated at eight ab ini-
tio and DFT levels of theory including: HF/6-311+G™,
BILYP/6-311+4+G™*,  B3LYP/6-311++G™*,  MP3/6-
311+G*, MP2/6-311++G™*, MP4(SDTQ)/6-311++G™,
QCISD(T)/6-311++G™ and  CCSD(T)/6-311++G™*
(X=H, F, Cl and Br) (see Tables 1-4). These calculation
methods show a rather conspicuous consistency in calculat-
ing the relative energies of the 24 structures (see Tables 1—
4). Optimized geometrical parameters of 1 through 3 are
reported, using MP2/6-311+4+G™ and B3LYP/6-
311++G™ levels of theory; where bond lengths are given
in angstrom and bond angles in degrees (shown in italics,
Fig. 2). Similar results are obtained for the geometrical
parameters optimized through methods other than
B3LYP/6-311++G™ and MP2/6-311++G™ which are
not included in Fig. 2. All optimized structures appear pla-
nar with C, symmetry. Two structures including: 1. (opti-
mized at B3LYP/6-311++G™) and 1.y (optimized at
MP2/6-311++G™) ruptured through optimization (see
Fig. 3). For both singlet and triplet isomers of X-CPSi,
the energies of the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals
(LUMO) are obtained through NBO analysis [51] (see
Fig. 4). The B3LYP/6-311++G™ calculated LUMO-
HOMO energy gaps of the singlet X-CPSi silylenes, appear
to have a linear relationship with their corresponding sin-
glet—triplet energy separations, AEs.x, where halogens
appear to increase the magnitude of LUMO-HOMO
energy gaps. The linearity trend is: 2,.x (R* = 0.98) > 3,.x
(R* = 0.97) > 1,x (R’ = 0.65), where R? = correlation
coefficient. The order of LUMO-HOMO energy gaps as
a function of substituents X for silylenes 1-3 follows the
electro-negativity: F > C1 > Br > H.

The eight different ab initio and DFT calculation meth-
ods employed in this work show similar orders of relative



Table 1
Relative energies (kcal/mol), with ZPE corrections, for singlet 14y, 2.y and 3¢y as well as triplet states 1¢.y, 2. and 3¢y of silylenic H-CPSi; calculated at eight levels of theory; along with dipole
moments (Debye) and vibrational zero point energies (kcal/mol), calculated at B3LYP/6-311++G**

Structure Relative energies (kcal/mol) Dipole moments Vibrational zero point
(D) energies (kcal/mol)

HF/ MP36- BILYP/ B3LYP/ MP2/ MP4(SDTQ)/ QCISD(T)/ CCSD(T)/ B3LYP/ B3LYP/
6-311++G™ 311++G™ 6-311++G** 6-311++G™ 6-311++G*™ 6-311++G* 6-311++G*™ 6-311++G*™ 6-311++G** 6-311++G™"

lon 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.57 10.08

len 12.15 41.71 33.07 33.85 22.09 44.98 38.48 38.66 1.29 8.81

2.1 31.62 36.51 28.86 28.92 35.21 31.60 31.00 31.10 0.36 7.76

2en 32.28 60.19 44.10 44.65 64.79 59.08 52.68 53.15 0.59 7.23

3eH 17.51 25.41 18.76 19.07 21.48 19.03 19.59 19.75 0.27 7.31

3in 15.32 53.56 38.11 38.61 55.70 52.98 43.08 43.65 0.95 7.34

& ZPE not included.

Table 2
Relative energies (kcal/mol), with ZPE corrections, for singlet 1, 2. and 3, as well as triplet states 1¢y, 2.r and 3.y of silylenic F-CPSi; calculated at eight levels of theory; along with dipole
moments (Debye) and vibrational zero point energies (kcal/mol), calculated at B3LYP/6-311++G**

Structure Relative energies (kcal/mol) Dipole moments Vibrational zero point
(D) energies (kcal/mol)

HF/ MP3/ BILYP/ B3LYP/ MP2/ MP4(SDTQ)/  QCISD(T)/ CCSD(T)/ B3LYP/ B3LYP/
66-311+G* 311++G™ 6-311++G*™* 6-311++G™ 6-311++G*™ 6-311++G™ 6-311++G*™ 6-311++G*™ 6-311++G™* 6-311++G™*

j T 35.85 31.27 31.12 30.28 34.98 34.94 34.12 34.00 1.18 5.62

ler 56.47 84.24 73.73 73.79 95.76 91.41 82.23 82.25 1.12 4.38

2 F 36.18 34.86 30.32 29.76 37.76 36.55 35.71 35.75 2.45 4.79

2cr 50.06 75.10 63.62 64.06 86.79 82.08 73.68 73.90 2.26 4.17

3eF 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.92 4.78

3cr 17.21 48.32 36.70 36.70 53.56 54.16 44.22 44.55 1.44 4.84

& ZPE not included.
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Table 3
Relative energies (kcal/mol), with ZPE corrections, for singlet 14.¢y, 25.c; and 3.y as well as triplet states 1¢.cy, 2c.c1 and 3¢y of silylenic CI-CPSi; calculated at eight levels of theory; along with dipole
moments (Debye) and vibrational zero point energies (kcal/mol), calculated at BILYP/6-311++G™*

Structure Relative energies (kcal/mol) Dipole moments Vibrational zero point
(D) energies (kcal/mol)

HF/ MP3/ BILYP/ B3LYP/ MP2/ MP4(SDTQ)/ QCISD(T)/ CCSD(T)/ B3LYP/ B3LYP/
6-311++G™ 6-311+G™ 6-311++G™ 6-311++G™* 6-311++G*™ 6-311++G*™ 6-311++G*™ 6-311++G* 6-311++G™* 6-311++G™

e 23.42 16.87 19.16 18.51 17.46 18.55 18.48 18.33 0.98 4.82

lea 39.82 64.37 55.54 58.16 83.82 69.82 62.00 62.05 1.35 3.71

2.a 32.16 30.12 25.49 24.96 32.93 31.82 30.75 30.78 2.83 422

2ca 41.67 64.56 53.69 54.10 75.68 71.23 63.81 64.01 2.26 3.69

3.l 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.03 427

3ca 11.76 42.73 32.00 32.10 48.58 48.43 38.27 38.60 1.07 4.33

% ZPE not included.

Table 4
Relative energies (kcal/mol), with ZPE corrections, for singlet 1¢.g;, 2¢.5; and 3¢, as well as triplet states 1¢p;,, 2¢g; and 3¢.g;, of silylenic Br-CPSi; calculated at eight levels of theory; along with dipole
moments (Debye) and vibrational zero point energies (kcal/mol), calculated at BSLYP/6-311++G**

Structure Relative energies (kcal/mol) Dipole moments Vibrational zero point
(D) energies (kcal/mol)

HF/ MP3/ BILYP/ B3LYP/ MP2/ MP4(SDTQ)/ QCISD(T)/ CCSD(T)/ B3LYP/ B3LYP/
6-311++G™ 6-311+G™ 6-311++G™ 6-311++G™* 6-311++G™* 6-311++G™* 6-311++G*** 6-311++G*** 6-311++G™ 6-311++G™

) I 22.94 17.50 18.69 18.09 17.29 18.38 18.54 18.38 0.98 4.51

1ep: 36.93 59.85 49.21 49.11 31.91 64.20 57.07 57.15 0.70 3.47

2 Br 30.17 27.77 23.26 22.74 30.43 29.35 28.28 28.32 2.82 4.06

2¢ B 38.67 60.51 49.95 50.32 71.32 89.10 51.27 55.15 1.95 3.53

3¢Br 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.97 4.09

3¢Br 10.62 41.56 30.80 30.93 47.76 47.33 37.04 37.37 0.83 4.11

% ZPE not included.
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Fig. 2. Selected geometrical parameters for 24 silylenic X-CPSi, where bond lengths are given in A and bond angles in degrees (X = H, F, Cl, Br). Data are
computed at two levels of theory: BALYP/6-311++G** and MP2/6-3114+4+G** (in parentheses).

energies. Nevertheless, the calculated relative energies
themselves appear sensitive to the level of theory employed
(see Tables 1-4). As anticipated, the HF calculated energies
appear vastly far from those of the more time consuming
(rather more advanced) methods employed. Also, the rela-

tive energies, calculated at QCISD(T) and CCSD(T) levels,
are quite similar to each other, close to DFT results, while
they appear 2-10 kcal/mol different from those of MP4.
Hence, in this work CCSD(T)/6-311++G™" is chosen over
other calculation methods in the energy discussion.
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Fig. 3. Ruptured optimized structures for 1. (at BALYP/6-311++G**)
and for 1.y (at MP2/6-3114+4+G™*). Bond lengths are given in A and bond
angles in degrees (°).

Results of NBO calculations involved atomic charges
along with the bond orders at B3LYP/6-311++G™* level
for three structures of X-CPSi silylenes are presented (see
Table 5). Harmonic vibrational frequencies are computed
on each MP2 and B3LYP optimized structures. This not
only serves to estimate the zero-point vibrational energy
correction, but also allows assessing the nature of station-
ary points, confirming that they correspond to the true
minima on their potential energy surface. Force constant
calculations show no negative force constants for X-CPSi
silylenes. So, all silylenic species studied are real isomers.
Calculated harmonic frequencies are not provided for the
sake of brevity, but are available upon request.

3.1. Structures (1-3) vs. singlet—triplet energy gaps

3.1.1. Silylenes with cyclic structures (1)

Cyclic singlet 3-X-2-phospha-1-silacyclopropenylidene,
1,.x, appear more stable than their corresponding cyclic
triplet states, 1;.x, mostly due to the higher aromatic char-
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acter of the former and a higher P-Si bond strain of the lat-
ter (X =H, F, Cl and Br) (see Tables 1-4). These results
appear consistent with those of singlet and triplet states
of carbenic C3HX as well as silylenic C,HXSi and CXNSi
analogues [28,29,52]. The CCSD(T)/6-311++G™* calcu-
lated order of singlet—triplet energy gaps (AEqx), between
1,.x and 1.x follows electro-negativity of the substituents
(X): AEgr (48.25kcal/mol) > AE ¢ (43.72 kcal/mol)
> AEg g (38.77 kcal/mol) > AEg ¢y (38.66 kcal/mol). In
this trend, fluorine apparently increases the stability of
singlet state more than the others. A rather low energy dif-
ference between X =H and F (AEs ¢y — AEq¢n=9.48
kcal/mol) is expected, since in cyclic 1,.x and 1.x species,
halogens (X) are not directly attached to the silylenic center
(see Fig. 1). Discrepancy between 1¢x geometrical parame-
ters is considerable. For instance, 1,y preserves its original
cyclic structure through optimization at B3LYP/6-
311++G™, while 1.y breaks apart at the same level of the-
ory. In contrast, 1. preserves its original cyclic structure
through optimization at MP2/6-311++G™, while 1.y
breaks apart at the same level of theory (see Fig. 2, Table
1). The high relative energy of 1.y (38.66 kcal/mol) at
B3LYP/6-311++G™, is most likely due to the strain asso-
ciated with the shrinking of Si—C bond along with the con-
current increase of P-Si bond length to 2.89 A. In fact,
such lengthening is so high that leads to the eventual break-
age of P-Si bond, at MP2/6-311++G"" level of theory,
making cyclic 1,y impossible to be optimized without rup-
ture at this level (see Fig. 3). Similarly, the relative energy
of 1. is also high (82.25kcal/mol) with a MP2/6-
311++G™ calculated P-Si bond length of 2.89 A. How-
ever, according to B3LYP/6-311++G™* calculations, P-Si
bond also ruptures through optimization, making cyclic

. 100 1 100
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s 95 g cl R*=0.98
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L E H
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Fig. 4. Correlations (R? = correlation coefficient) between the LUMO-HOMO energy gaps (kcal/mol) of the singlet X-CPSi phosphasilylenes (where
X =H, F, Cl and Br), against their corresponding singlet-triplet energy separations, AEg (kcal/mol), calculated at B3LYP/6-311++G™* level of theory:
1.x vs. 1x (diagram a); 2¢.x vs. 2¢x (diagram b); and 3, x vs. 3..x (diagram c).



2672

Table 5
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NBO analyses including atomic charges and bond orders of X-CPSi (X = H, F, Cl and Br) phosphasilylenes confined to three structures 1-3 calculated at

B3LYP/6-311++G**

Structure Species Atomic charge Bond order
:Si C P X Cc-X C-P :Si-C :Si-P
1 lon 0.59 —1.07 0.27 0.22 1.02 1.83 1.00 0.92
len 0.76 —1.42 0.40 0.25 1.01 1.58 1.35 0.39
0.59 —0.47 0.23 —0.34 - - - -
16" 0.68 —0.71 0.40 —0.37 - - - —
| e 0.65 —1.03 0.31 0.07 - - - -
lear 0.81 —1.30 0.48 0.01 1.23 1.63 1.27 0.30
) 0.67 —1.14 0.33 0.14 - - - -
1ep: 0.74 -1.22 0.58 —-0.10 0.79 1.86 1.17 0.24
P-X C-P :Si-C
2 2n 0.87 —1.42 0.62 —0.08 0.87 1.65 1.50
2cH 0.75 —1.12 0.37 0.00 0.88 1.58 1.52
2 F 0.98 —1.60 1.20 —0.57 0.79 1.61 1.42
2cF 0.76 —1.12 0.91 —0.56 0.79 1.43 1.49
2. 0.98 —1.54 0.89 —0.33 1.02 1.71 1.39
2ca 0.79 —1.12 0.61 —0.28 0.99 1.49 1.47
2 Br 0.98 —1.53 0.83 -0.27 1.06 1.73 1.37
2¢Br 0.80 —1.14 0.55 —0.20 1.01 1.53 1.47
C-p Si-C :Si-X
3 R 0.81 —1.19 0.63 —0.25 2.46 0.82 0.68
RAT 0.80 —1.24 0.59 —-0.15 2.34 1.27 0.86
3sF 1.23 —1.23 0.66 —0.67 2.47 0.72 0.66
3cr 1.36 —1.36 0.62 —0.63 2.24 1.34 0.69
3s.ar” 0.96 —1.21 0.67 —0.41 - - -
3ca’ 1.00 —1.29 0.62 -0.34 - - -
3sBr 0.89 -1.22 0.68 -0.34 - - -
3eme —0.20 —0.59 0.01 -0.22 - - -

* Bond orders are not included due to rearrangement of initial structures.

1.y impossible to exist (see Fig. 3). In accordance to all
methods of calculations employed, due to P-Si bond
breakage, neither 1. nor 1. g, may exist (see Fig. 2).
The reminiscence of the Br possible anchimeric assistance,
for the P-Si bond ruptures, is indicated by the formation of
a three member cyclic structure, upon optimization of the
initial 1.g, inputs (see Fig. 2). Such neighboring group par-
ticipation of bromine may be attributed to its larger size
and higher polarizability compared to the chlorine and/or
fluorine.

Interestingly, the divalent angles ZCSiP in the two sin-
glet species 15 and 14 are larger than those in their cor-
responding triplet states, 1.y and 1. (see Fig. 2). This is in
contrast to many acyclic carbenes and silylenes, where the
singlet divalent angle is found smaller than the correspond-
ing triplet divalent angle [53]. Apparently, halogens exert
less perturbation on the aromatic CSiP ring, in the singlet
states, than the non-aromatic CSiP ring, in the correspond-
ing triplet states; rendering higher s character to the Si
atom in the singlet state. In the four singlet 15.x species,
the B3LYP/6-311++G™* calculated trend of the size of
ZCSiP  angle is: 13y (47.7°)> 14 (47.3°) > 14 g,
(47.2°) > 145 (46.9°) (see Fig. 2). Hence, the ZCSiP angle
is the largest when X = H. Here, in contrast to hydrogen,
which has no non-bonding electrons, halogens have the
potential of forming canonical forms for 14 x with an exo

C=X bond which force an increase in the ZSiPC angle,
on the account of decreasing the size of the ZCSiP angle
(see Scheme 1).

The ZSiPC is larger in all singlet 14.x, compared to their
corresponding angles in triplet state 1.x, due to the higher
p character of P and Si, induced by the singlet aromatic
character of SiPC ring. It is evident that the smaller ZSiPC
angles introduce enormous strain in triplet states, to the
extent where the cyclic structures of 1,¢; and 1.p, tear
down upon optimization (see Fig. 2). The trend of changes
in ZSiCP angle as a function of X in singlet 14.x follows the
size: Br> Cl>F > H (see Fig. 2). Again, this speaks for
lower importance of canonical forms having C=X in 14x
(see Scheme 1).

3.1.2. Silylenes with acyclic structures (2)

Acyclic [(X-phosphino)methyleneJsilylene (2) is more
sensitive to halogens than 1, due to its higher linearity
which enhances the direct resonance effect of halogens
(see Figs. 1 and 2). Higher significance of the resonance
in the singlet states makes 2, species appear more stable
than their corresponding triplet states 2, where X = H,
F, Cl and Br (see Tables 1-4). This is in contrast to the
analogues [(X-imino)methyleneJsilylene where the triplet
state [(imino)methylene]silylene (for X = H) appears more
stable than its corresponding singlet state [29]. Therefore,
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Scheme 1. Resonance canonical forms for singlet X-CPSi silylenes: 14.x,
2, x and 3, x (where X =H, F, Cl and Br).

going from the halo-azasilylenes X-CNSi [29] to the ana-
logues more electropositively substituted halo-phosphasil-
ylenes X-CPSi has reduced the chances of encountering
triplet ground state silylenes. The tendency of C-N to have
a higher bond order overwhelms that of C-P due to the
hardness-softness properties involved. Nevertheless, the
higher C-N and/or C-P bond order, the more stable are
the corresponding structures H-N=C=Si: and/or H-
P=C=Si:. Calculations on H-N=C=Si: show a bond
order of 1.94 for the C=N in its triplet state and 1.89 in
its singlet state. Hence, the triplet state of H-N=—C=Si:
appears about 5 kcal/mol (at B3LYP/6-311++G™™ [29])
more stable than its singlet state. In contrast, all calcula-
tions on H-P=C=Si: show a bond order of 1.65 for the
C=P in its singlet state (25.4) and 1.58 in its triplet state
(2¢.1). Hence, the singlet state of 2,y appears about
22 kcal/mol (at CCSD(T)/6-311++G™*) more stable than
2.4 (see Tables 1 and 5).

B-Halogens in 2 have less effects on their Si—C than C-P
bond length (see Fig. 2). In 2.4, C—P bond length is longer
than those in the halogenated 2,.x with X =F, Cl or Br.
Not much of difference between C-P bond lengths in the
halogenated 2,x is observed. The ZXPC angle, for all
2, x isomers is larger than those in their corresponding
2. x. Again, this can be attributed to the higher importance

of resonance in the singlet state which influences the linear-
ity of singlet more than the triplet states. The higher impor-
tance of resonance stabilization of singlet states of the halo
species 2,.x compared to their corresponding triplet states
2.x is manifested through the comparison of atomic
charges on the carbon atoms involved. Halogens appear
to deplete atomic charges of carbons of singlet states much
more than those in triplet states (see Table 5).

The order of change in Z/XPC angle, in triplet 2,x as a
function of X  follows the electro-negativity:
F > Cl > Br > H. One may rationalize the above data by
comparing the possible resonance canonical forms of 24.x
vs. 2¢.x where X =H, F, Cl and Br (see Schemes 1 and
2). All £SiCP angles in 2,.x are smaller than their corre-
sponding triplets (2.x) since linearity of Si-C-P moiety in
2.x is more than that of 2, x. The CCSD(T)/6-311-++G™*
calculated order of singlet-triplet energy gaps (AEs¢x),
between 2,x and 2.x follows the -electro-negativity:
AEocr  (38.15kcal/mol) > AE; 1 (33.23 kcal/mol) >
AE;p: (26.83 kcal/mol]) > AEg ¢y (22.05 keal/mol) (see
Tables 1-4). Apparently halogen stabilization of the singlet
states is more pronounced in 2 than 1.

3.1.3. Silylenes with acyclic structures (3)

Acyclic X-methylidynphosphinesilylene (3) is more
affected by halogen substitutions than 1, due to the direct

f
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3ex

Scheme 2. Resonance canonical forms for triplet X-CPSi phosphasilyl-
enes: l¢x, 2¢.x and 3.x (where X = H, F, Cl and Br).
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attachment of the halogens to its silylenic center (see
Fig. 1). Singlet 3,.« (X =H, F, Cl and Br) are more stable
than their corresponding triplet 3,x. Among all haloge-
nated X-CPSi species scrutinized, the lowest energy mini-
mum appears to be the singlet 3, while for H-CPSi
isomers the lowest energy minimum is 1gy. These results
are in contrast to C3;HX, C,HSiX and CNXSi previously
studied by us [28,29,52]. Resonance stabilizing effect of
methylidynephosphine group (C=P) along with inductive
and/or resonance effect of halogens, in both singlet and
triplet states of structure 3, can justify this trend of stabil-
ity. In H-CPSi isomers (where X = H) the aromaticity in
cyclic 15 causes higher stability than conjugation of Si
with CP group encountered in 2 and/or 3. This is in con-
trast to the case of cyano group (C=N), in CHNSi where
conjugation of Si with CN, causes higher stability than the
aromaticity in the cyclic form [29]. Singlet-triplet energy
gaps between 3,x and 3¢x (AEg.x), calculated at the
CCSD(T)/6-311++G™ level is: AEgr (44.55kcal/
mol) > AEg a1 (38.60 kcal/mol) > AE; (g,  (37.37 kcal/
mol) > AE i (23.90 kcal/mol) (see Tables 1-4). This find-
ing clearly demonstrates the stabilizing of silylenes, due to
the effects of electro-negativity, suggested by Grev [22].
However, since the difference between AE (¢ and
AE, ¢ g, is small one can conclude that resonance effects
of halogens also act as an stabilizing effect on the divalent
center. Generally, AE in structure 3 is more than that in
structure 2. MP2 and B3LYP calculations suggest Si-C
bond length to be longer for singlet isomers than their cor-
responding triplet states (see Fig. 2).The ZCSiX angle in 3
increases as a function of the size of X: Br>Cl>F>H
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100 =
80 4
60 1

40 4

Relative Energy
(kcal/mol)

20

*—i

60 70 80 90 100 110 120 130 140 150 160 170 180
Bond Angle (deg), A

Cl

80 - \/\.A

70 Si o~
60 —
50
40
30 4
20

P

Relative Energy
(kcal/mol)

60 70 80 90 100 110 120 130 140 150 160 170 180
Bond Angle (deg), A

M.Z. Kassaee et al. | Journal of Organometallic Chemistry 691 (2006) 2666-2678

(see Fig. 2). On the other hand, as expected ZCSiX angle
for all singlet states is smaller than their corresponding
triplets. Linearity of P-C-Si moiety in triplets is higher
than their corresponding singlet states. One of the signifi-
cant parameters affecting the AFE, and determining the
ground state of silylenes and/or carbenes is the magnitude
of divalent bond angle. Therefore, bending potential
energy curves for divalent 3¢.x and 3¢.x species are calcu-
lated at B3LYP/6-311++G™ (see Fig. 5). All the substitu-
ents X employed increase the angle which singlet and
triplet states cross. The order of the singlet—triplet cross-
points as a function of X follows electro-negativity: F (no
clear cross-point) > Cl = Br(150°) > H (140°). One may
wonder how the cross over diagrams can help in designing
triplet silylenes. Evidently, employing trialkylsilyl groups
as substituents, simultaneously electropositive and bulky,
may enable the angle at the divalent silicon atom to sur-
pass where the triplet becomes lower in energy than the
singlet.

To gain more insight into the relative stability trends
obtained for silylenes 1-3, three different isodesmic reac-
tions are considered which are depicted on the bottom of
Table 6. Isodesmic reactions for cyclic structures 1 show
some stabilization of these species due to aromaticity, while
those of acyclic structures 2 and 3 show higher stabiliza-
tions through resonance. Isodesmic reactions suggest that
1,4 is somewhat more stable than 1. (see Table 6). Both
F and Cl increase the stability of the singlets 1.y and 15
more than their corresponding triplets (1. and 1¢.¢;), while
Br somewhat destabilize the singlet 14g,. For acyclic
structures 3, triplet states 3,.x are more stable than their
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Fig. 5. Crossing of the singlet (3,.x, A) and triplet (3.x, W) states through plotting their B3LYP/6-311++G** relative energies (kcal/mol) against their
corresponding divalent bond angle ZXSiC or 4 (°) (where X = H, F, Cl and Br).
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Table 6
B3LYP/6-311+4+G™** calculated enthalpies (kcal/mol), for isodesmic reactions of singlet (s) and triplet (t) X-CPSi silylenes, 1-3
Structure AH? Structure AHP Structure AH®
| 15.10 21 8.20 3cH 17.11
len 13.37 2 H 93.44 3cH 20.67
1er 14.92 2. F 72.60 3.F 11.63
ler —0.48 2 r 6.24 RS 19.28
e 13.85 2. 1 50.05 R 12.94
lea 4.31 2.c1 44.81 3ca 19.07
| . 12.35 2. Br 72.03 3sBr 13.36
P 17.10 2 Br 67.25 3¢ Br 19.17

# Based on the following isodemic reaction:

H H H ..
6 NN NG Si
| : /™
H
C P — P c——p H
/ X / \ H X
X 1, corl X
® Based on:
H
/ H
. —P H~—_ ‘ H . P H ‘ /
Si C— '™ Si c—7P — Si CcC—
X+ // ‘ \X / \X + S Cc— P\
H H X
2 xor2 g H H ‘
H
¢ Based on:
X \ si H X ?
D, C % + H—C—__ AN Si _H
n P—H N v
3.xo0r3.x \ ‘ N\t H C=—
H H H =P

corresponding singlet states (34.x), due to resonance stabil-
ization effects of C=P triple bonds. The higher the electro-
negativity of X, the greater is the energy difference between
3.x and 3, x species. While triplet 2 g is considerably more
stable than singlet 24 g, other triplet states 2, x are less sta-
ble than their corresponding singlet states 2,x where
X =F, Cl and Br (see Table 6). Isodesmic reactions for cyc-
lic structures of halo-azasilylenes (X-SiNC), 14.x and 1.x,

show triplet 1,y more stable than singlet 14y, while other
triplet states 1.y are less stable than their corresponding
singlet states 14.x, where X = F, Cl and Br (see Table 7).
In order to improve measurement of aromaticity and/or
anti-aromaticity of the species scrutinized, nucleus inde-
pendent chemical shift NICS values [54] are also calculated
for cyclic species of X-SiCP and X-SiCN (see Tables 8 and
9). NICS (1) (i.e., at points 1 A above the ring center) was

Table 7

B3LYP/6-311++G** calculated enthalpies (kcal/mol), for isodesmic reactions of cyclic singlet (s) and triplet (t) X-CNSi silylenes 1

Structure j S len j 1er | WS lea | lepe
AH* —0.14 1.28 —1.76 —10.55 —2.61 —4.76 —1.42 -0.92
Table 8

NICS (total) values (ppm) of sincglet (s) states of cyclic halo-aza silylenes X-SiCN (15x and l¢x) (X =H, F, Cl and Br) [29], calculated at ring centers as
well as 0.5, 1, 1.5, 2, 2.5 and 3 A above; at GIAO-B3LYP/6-311++G**//B3LYP/6-311++G** level

Structure NICS(0.5) NICS(1) NICS(1.5) NICS(2) NICS(2.5) NICS(3)
lon —18.8 ~14.0 —74 —4.0 24 -16
Lor 223 ~13.0 -58 -28 ~1.5 -1.0
s ~20.0 ~12.8 —6.1 -3.1 ~18 ~12
1ype ~19.2 —123 -59 -3.0 -18 -12
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Table 9
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NICS (total) values (ppm) of singlet (s) states of cyclic halo-phospha silylenes X-SiCP (1,.x) (X = H, F, Cl and Br), calculated at ring centers as well as 0.5,
1, 1.5, 2, 2.5 and 3 A above; at GIAO-B3LYP/6-3114++G**//B3LYP/6-311++G** level

Structure NICS(0) NICS(0.5) NICS(1) NICS(1.5) NICS(2) NICS(2.5) NICS(3)
j P —10.3 —16.6 —15.0 -9.1 —52 -3.2 —2.1
1r —13.8 —18.2 —14.2 -7.6 -39 —-2.3 —1.4
e —12.1 —17.4 —14.4 -8.1 —4.4 —2.6 -1.7
P —11.4 —16.9 —14.1 -79 —43 —2.6 -1.7

recommended as being a better measure of the = electron
delocalization as compared to NICS(0) (i.e., at the ring
center) [55]. Interestingly, the NICS values indicate that
all singlet cyclic silylenes show aromatic character for hav-
ing negative NICS values (see Tables 7 and 8). Halogens
rather decrease the aromaticity of 14 x. The aromatic
character of cyclic singlet azasilylenes are lower than their
analogues phosphasilylenes, as predicted by isodesmic
reactions (see Tables 6-9). Moreover, the aromatic charac-
ter of 15x species are higher than that of benzene ring
(NICS(1) = —10.6 ppm) [55,56]. While using isodesmic
reactions can validate theoretical methods, but different
isodesmic reactions give different results without one being
systematically better than the other [57]. Comparison of
data from isodesmic reactions with those of NICS reveal
that the latter values are more reliable for assessing the aro-
matic stability of cyclic systems employed in this study.

3.2. NBO analysis

The NBO method represents the electronic structure of a
molecule in terms of the best possible resonance Lewis
structure. The NBO analysis shows that in all cyclic struc-
tures divalent Si atom has positive charges. Positive
charges on Si atom in all the triplet 1,x species are larger
than their corresponding singlet states 14.x.

The changes of charges on the divalent center as a func-
tion of substituents, can clearly presented with drawing
plots of atomic charges on Si atom vs. Swain and Lupton
constants [58] including polar (F) and/or resonance (R)
constants for three silylenic structures 1-3 (see Fig. 6). A
significant point concerns the atomic charges on the diva-

1.2 m=0.15

1 22099

e

0.8 — By

0.6 m =0.04
R?=0.46

charge

0.4

0.2

0 0.2 0.4 0.6 0.8
a F

lent Si atom of 14 x, 1;.x, 3s.x and 3..x which appear to have
better linear relationships with the R constants than their
corresponding F constants. In contrast, 23x and 2.x
appear to have better linear relationships with the F than
the R constants (see Fig. 6). Moreover, the linear relation-
ships of singlet state 2,.x vs. F (R*>=0.99), and the linear
relationships of singlet state 3,x vs. R (R*=0.98) are
remarkable. This results indicates that for acyclic structures
2, inductive effects of substituents attached the divalent
center are more important than their corresponding reso-
nance effects.

3.3. Effects of the nature of the divalent center on singlet—
triplet energy gaps, AE,.,

Equally important is the effect of the nature of the diva-
lent center (carbene vs. silylene vs. germylene) on the mag-
nitude of the corresponding singlet-triplet energy gaps,
AE,, Comparison is made between the B3LYP/6-
311++G™ calculated singlet—triplet energy separations,
AE ¢ (kcal/mol) of X-substituted C,PX carbenes [59],
SiCPX silylenes and GeCPX germylenes [60] which are
confined to three structures: (a) cyclic structures 3-X-2-
phospha-1-M-cyclopropenylidene (14.x vs. 1¢.x); (b) acyclic
structure [(X-phosphino)methylene]-M-ylidene 2 x vs. 2¢.x;
(c) acyclic structure X-methylidynephosphine-M-ylidene
(3sx Vvs. 3¢x), for M =C, Si and Ge, where X=H, F, Cl
and Br (see Fig. 7). While the relative sensitivity of AFg
for acyclic structures 2, are less affected by different diva-
lent centers (see Fig. 7a), it is more pronounced for struc-
ture 1 (see Fig. 7b), and is the most conspicuous for
acyclic structures 3 (see Fig. 7c). Such a high resolution

charge
o
[}
‘

-0.8 -0.6 -0.4 -0.2 0
b R

Fig. 6. Plots of NBO atomic charges on silylenic center vs. polar (F) and resonance (R) (Swain and Lupton constants [58]), for singlet (A) and triplet (H)
states of silylenic X-CPSi (25 x vs. 2¢.x diagram a) and (3,.x vs. 3(.x diagram b), X = H, F, Cl and Br (see Table 5) (R2 = correlation coefficient, m = curve

slope).
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Fig. 7. Comparison of B3LYP/6-3114++G™ calculated singlet-triplet
energy gaps AE,, (kcal/mol) between X-substituted C,PX carbenes (—)
[59], SiCPX silylenes (—) and GeCPX germylenes (—) [60] confined to three
structures: (a) acyclic structure [(X-phosphino)methylene}-M-ylidene 2,.x
vs. 2¢x; (b) cyclic structures 3-X-2-phospha-1-M-cyclopropenylidene (15.x
vs. 1¢.x); (¢) acyclic structures X-methylidynephosphine-M-ylidene (3,.x vs.
3.x), for M = C, Si and Ge, where X = H, F, Cl and Br.

observed in Fig. 7c is possibly due to the different distances
between divalent centers and the stabilizing C=P groups,
regardless of the substituent X employed. The highest cal-
culated AE, for cyclic aromatic structures 1 appears to be
those of silylenes SiCPX. On the other hand, the highest
AE, for acyclic structures 3 is for the most electropositive
germylenes GeCPX.

4. Conclusion

Singlet—triplet energy separation (AEsx) in the silylenic
reactive intermediates X-CPSi, are compared and con-
trasted, at eight high levels of ab initio and DFT methods
(where X =H, F, Cl and Br). Three possible structures
anticipated for each singlet (s) and/or triplet (t) silylene,
X-CPSi, are: 3-X-2-phospha-1-silacyclopropenylidene (1),
[(X-phosphino)methyleneJsilylene (2), and X-methylidyn-
phosphinesilylene (3). All silylenic species studied are real
isomers with no negative force constant. The order of sin-
glet—triplet energy separations for all cyclic and acyclic spe-
cies, lex—1¢x, 2¢.x—2sx and 3;x—3sx, as a function of X,
follows electro-negativity: F > CI> Br > H. Even though
all singlet isomers seem to be more stable than their
corresponding triplets, singlet-triplet cross over diagrams
for 3,.x and 3.x, help design of new triplet state silylenes.
For the six species with X =H (H-CPSi), stability order
is: 1oy > 361> 261 > len > 3en > 2en. Likewise, stability
order for the twelve isomers with X =F and Br, is:
3ox > 1ox > 24.x > 3¢x > 2¢.x > 1¢.x. Finally, the order of
stability for six isomers of CI-CPSi is: 3¢ > ls.c1>
2..c1> 3ca> lea > 2c.a- Linear correlations are found
between the LUMO-HOMO energy gaps of the singlet
X-CPSi silylenes, and their corresponding singlet-triplet
energy separations calculated at B3LYP/6-311++G™.
The lowest energy minimum, among six H-CPSi species
scrutinized, appears to be the singlet cyclic 15y. However
the lowest energy minima, among all X-CPSi (X =F, Cl

and Br) species, appears to be the singlet acyclic 3¢ x.
Among all halo-silylenes studied, the acyclic structure 2
appears to be the most polar species.
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