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The potential energy surfaces for the reactions of stable silylenes with carbon tetrachloride have been characterized
in detail using density functional theory [B3LYP/6-311G(d)], including zero-point corrections. Five stable silylene
species (1-5) have been chosen in this work as model reactants. The activation barriers and enthalpies of the
reactions are compared to determine the relative reactivity of the stable silylenes on the reaction potential energy
surface. Our theoretical findings suggest that stable silylene 5, which has two carbon atoms bonded to the silicon
center and does not contain a resonance structure, is relatively unstable with respect to the reaction with haloalkanes,
in comparison with the other stable silylenes (1-4). Of the three possible reaction paths, Cl abstraction (path 1),
CCl3 abstraction (path 2), and CCl, insertion (path 3), path 1 is found to be most favorable, with a very low
activation energy and a large exothermicity. In short, electronic as well as steric factors play a dominant role in
determining the chemical reactivity of the stable silylene species kinetically as well as thermodynamically. Furthermore,
a configuration mixing model based on the work of Pross and Shaik is used to rationalize the computational
results. The results obtained allow a number of predictions to be made.

I. Introduction that, although théert-butyl groups provide some kinetic and
steric stabilization to these silylenes, electronic factors arising
from the pseudoaromaticity of the speciesr@onation from

nitrogen to silicon are primarily responsible for the stability

Over the past decade, silylene chemistry has received
serious attentioh.One reason for this activity is an interest

in understanding how silylenes play a key role in many of these systems? In principle, the availability of stable

thermal and photochemical reactions of organosilicon com- _. .
. silylenes has allowed the discovery of new compounds and
pounds’ Nevertheless, it seems to be generally accepted that y y P

silylenes cannot be stabilized at room temperaturefact,
many silylenes, which have been observed and identified
when isolated in argon or hydrocarbon matrices at very low
temperatures, are extremely unstable, decomposing rapidly
at temperatures above 77°Kt was not until 1994 that the
first thermally stable silylene]l, was synthesized and

(2) Forinstance, see: (a) Okazaki, R.; Tokitoh Adc. Chem. Re200Q
33, 625. (b) Tokitoh, N.; Matsumoto, T.; Okazaki, Bull. Chem.
Soc. Jpn 1999 72, 1665. (c) Auner, N.; Weis, JOrganosilicon
Chemistry VCH: Weinheim, Germany, 1994. (d) Auner, N.; Weis,
J.Organosilicon Chemistry IVCH: Weinheim, Germany, 1996. (e)
Auner, N.; Weis, JOrganosilicon Chemistry I]IVCH: Weinheim,
Germany, 1998. (f) Auner, N.; Weis, Qrganosilicon Chemistry IV
VCH: Weinheim, Germany, 2000. (g) Gaspar, P. P.Reactve

isolated®* Since then, several stable silylenes have been
reported, includin@,* 3,% 4,6 and5.” It has been suggested

*To whom correspondence should be addressed. E-mail: midesu@
mail.ncyu.edu.tw.

(1) For the most recent reviews, see: (a) Gaspar, P. P.; West, Feln
Chemistry of Organic Silicon Compoundand ed.; Rappoport, Z.,
Apeloig, Y., Eds.; Wiley: New York, 1999; Part 3, pp 2463568.
(b) Haaf, M.; Schmedake, T. A.; West, Rcc. Chem. Re200Q 33,
704. (c) Gehrhus, B.; Lappert, M. B. Organomet. Chen2001, 607—
608 209. (d) Hill, N. J.; West, RJ. Organomet. Chen2004 689
4165. (e) Kira, M.J. Organomet. Chen2004 689, 4475. (f) Kuhl,

0. Coord. Chem. Re 2004 248 411. (g) Alder, R. W.; Blake, M.
E.; Chaker, L.; Harvey, J. N.; Paolini, F.; SchutzAhgew. Chem.,
Int. Ed. 2004 43, 5896. (h) Gehrhus, B.; Hitchcock, P. B.; Pongta-
vornpinyo, R.; Zhang, LJ. Chem. Soc., Dalton Tran00§ 15, 1847.
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IntermediatesJones, M., Jr., Moss, R. A., Eds.; Wiley: New York,
1981; Vol. 2, pp 335-385. (h) Gaspar, P. P. Reactve Intermediates
Jones, M., Jr., Moss, R. A, Eds.; Wiley: New York, 1985; Vol. 3,
pp 333-427. (i) Jasinski, J. M.; Meyerson, B. S.; Scott, B.Aanu.
Rev. Phys. Chem1987 38, 109.

(3) Denk, M.; Lennon, R.; Hayashi, R.; West, R.; Haaland, A.; Belyakov,
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2691.

(4) (a) West, R.; Denk, MPure Appl. Chem1996 68, 785. (b) Haaf,
M.; Schmedake, T. A.; Paraduse, B. J.; WestCRn. J. Chem2000
78, 1526.

(5) Gehrhus, B.; Lappert, M. F.; Heinicke, J.; Boose, R.; Balased.D.
Chem. Soc., Chem. Commui995 1931.
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Scheme 1 [l. Theoretical Methods
N\ _rL: ><N\ XN Me:S{ SiMe. All geometries were fully optimized without imposing any
[ Si [ Si: @: Si: | Si Si symmetry constraints, although in some instances the resulting
N N N NN structure showed various elements of symmetry. For our DFT
T+ X MesSi SiMes calculations, we used the hybrid gradient-corrected exchange
1 2 3 4 5 functional proposed by BecKé,combined with the gradient-

) ) ) ) corrected correlation functional of Lee, Yang, and Parthis
novel reaction chemistry However, little is known about  fynctional is commonly known as B3LYP and has been shown to
the behavior of silylenes toward haloalkanes. Indeed, to the pe quite reliable for both geometries and eneréidhe geometries

best of our knowledge, until now neither experimental nor and energetics of the stationary points on the potential energy
theoretical work has been devoted to detailed mechanisticsurface were calculated using the DFT (B3LYP) method in
studies of the reactions of stable silylenes with haloalkanes, conjunction with the 6-311G(d) basis séiVe denote our B3LYP
let alone a systematic study of the effects of the reactivities calculations by B3LYP/6-311G(d). The spin-unrestricted (UB3LYP)
of a series of stable silylene species such as the shown informalism was used for the open-shell (doublet) species. She
Scheme 2. expectation values of the doublet and triplet states for the calculated
This has prompted us to investigate the reactions of Stablespecies all showed ideal values (2.00 and 0.75, respectively) after
silylenes with haloalkanes. A detailed understanding of stable spin annihilation, so that their geometries and energetics are reliable

. S . for this study. Frequency calculations were performed on all
silylene reactivity is of interest not only for the advancement structures to confirm that the reactants, intermediates, and products

of basic science but also for the continued development of hag ng imaginary frequencies and that transition states possessed
their applications. We therefore present a density functional only one imaginary frequency. The relative energies were corrected
theory (DFT) study of the following reactions ([stable for vibrational zero-point energies (not scaled). All of the DFT
silylene] stands for the stable silylenes5 given in Scheme  calculations were performed using tBAUSSIAN O0Package of

1): programs:>

(1)

o [stable silylene]-Cle + CClss [ll. Results and Discussion

[stable silylene]+CCI4—@>[8table silylene]-CCls+ + Cl+ (1) Geometries and Energetics of Stable Silylenes.
—Cl Before discussing the geometrical optimizations and the
~CCls potential energy surfaces for the reactions, we first review
the geometries of the reactants, i.e., the stable silylénés

It should be mentioned that, for the sake of simplicity, we

have used Cklsubstituent groups, instead of Cpgroups,

@. [stable silylene]

That is, three competitive reaction pathways have been
proposed for the initial reactions of stable silylenes with

carbon tetrachloride. Basically, two are radical pathways . . i
proceeding either via a chiorine ato@l-Abs (path 1), or in several stable dialkylsilylene molecules (suchlast).

via a CC} group abstractionCCla-Abs (path 2). The third Also, we.have used SH—;ubstituent groups, instead of SiMe
possible pathway is an insertion in which the central silicon 970UPS, in the stable silylene moleculs).(Our calculated
atom of the stable silylene inserts into aCl bond of carbon ~ 9€ometrical parameters for the closed-shell species, based
tetrachloridens (path 3). The reason for choosing G@& on the B3LYP/6-311G(d) level of theory, are collected in

only because experiments on this compound were availableF19ure 1, where they are compared with some available
for comparisor? experimental values given in parenthe%es,

The aims of this work are threefold: (I) to determine which
_react|0n_ pathway predomlnate_s and to prowd_e essentlal(ll) (a) Becke, A. DPhys. Re. A 1088 38, 3098. (b) Becke, A. DJ.
information about the mechanism of the reaction; (ll) to Chem. Phys1993 98, 5648.
obtain a detailed understanding of the energetics and kinetics{12) Lee, C.. Yang, W.; Parr, R. GPhys. Re. B 1988 37, 785.

h ith hlori A (13) (a) Su, M. DJ. Phys. Chem. 2004 108, 823. (b) Su, M.-DlInorg.
of the transfer of either a chlorine atom or a ¢@roup Chem.2004 43, 4846. (c) Su, M. DChem—Eur. J. 2005 10, 5877.
from CCl to a stable silylene, as well as those for the (14) éa)hDuPning, l FIII.I, JEra Hgly, P.J. PKIIOde:P Tkhelcg?gcal ngemisuy
: : : : : chaefer, H. F., lll, Ed.; Plenum: New York, ; pp28.
Insertion reagtlon with Cq_j _(I_”) to probe the dom_mam (15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
factors affecting the reactivities of these stable silylenes. M. A; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,, Jr.;
From these investigations, it is hoped that, in view of recent ~ Vreven, T.; Kudin, K. N, Burant, J. C.; Millam, J. M.; lyengar, S. S.;

. . . . Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega,
dramatic developments in stable silylene chemistry, analo- N.; Petersson, G. A.; Nakatsuiji, H.; Hada, M.; Ehara, M.; Toyota, K.;
gous extensive studies of their reactions with haloalkanes
should soon be forthcoming and will open up new areas.

(10) Su, M. D.Inorg. Chem.2004 43, 4846.

Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross,
J. B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.;
Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg,

(8) Forinstance, see: (a) West, R.; Schmedake, T. A.; Haaf, M.; Becker,

J.; Mueller, T.Chem. Lett.200], 68. (b) Lee, M. E.; Cho, H. M.;
Kim, C. H.; Ando, W.Organometallics2001, 20, 1472. (c) Avent,
A. G.; Gehrhus, B.; Hitchcock, P. B.; Lappert, M. F.; Maciejewski,
H. J. Organomet. Chen2003 686, 321. (d) Naka, A.; Hill, N. J.;
West, R.Organometallic2003 23, 6330. (e) Moser, D.; Naka, A;
Guzei, I. A.; Muller, T.; West, RJ. Am. Chem. So2005 116, 2691.

(9) Li, W.; Hill, N. J.; Tomasik, A. C.; Bikzhanova, G.; West, R.

Organometallic2006 25, 3802.
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J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.;
Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. ASAUSSIAN 03
Gaussian, Inc.: Wallingford, CT, 2003.
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Figure 1. Optimized geometrical parameters of stable silylehe8 and
5 based on the B3LYP/6-311G(d) method, compared with the available
experimental data (in parentheses). See refS and 7, respectively.

Although only a few details concerning their geometrical

parameters are as yet available, we can compare some o

our results with those obtained for stable silylenes. As one

Table 1. Relative Energies (All in kcal/mol) for Singlet and Triplet
Stable Silylenes and for the Process Stable Silylete$) + CCly —
Transition State—~ Product3®

path 1 path 2 path 3
system AEs AE*d AH® AE¥d AH® AE*d AHe

+53.32 +8.868 +4.822 +52.48 +35.65 +31.42 —51.31
+68.02 +8.830 +5.685 +53.06 +37.44 +28.21 —62.80
+59.56 +8.117 +7.229 +55.87 +38.63 +30.88 —55.05
+58.99 +9.784 +7.534 +57.03 +38.98 +30.36 —55.41
+33.56 +3.572 —12.28 +47.36 +23.74 +13.35 —72.34

abwNE

a At the B3LYP/6-311G(d) level of theory. For the B3LYP-optimized
structures of the stationary points, see Figure$.22 Energy differences
have been zero-point-corrected. See the teEnhergy relative to the
corresponding singlet state. A positive value means the singlet is the ground
state.d The activation energy of the transition state, relative to the
corresponding reactantsThe reaction enthalpy of the product, relative to
the corresponding reactants.

significantly longer bond distance (SN) and narrower bond
angle (ONSIN) than the corresponding closed-shell singlet
state. The reason for this phenomenon can be understood
simply by considering their electronic structuteéSee Figure
2. As discussed previousk the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) for a cyclic silylene arem; and ms orbitals,
respectively. As a result, in the triplet state of stable silylenes
(1—4), one electron is situated in the; orbital, in which
there are antibonding interactions between the silicon center
and nitrogen and carbon atoms. This orbital is empty in the
singlet state. The additional occupationgftherefore leads
to a weakening of the SiN bonds and a narrowing of the
OONSIN angle. This qualitative argument agrees with our
computational results obtained at the B3LYP level of theory
as given in Figure 1.

However, as seen in Figure 1, the triplet state of stable

can see in Figure 1, the molecular parameters for our B3LYPy Silylenes has a significantly wider bond angleCSiC) and

6-311G(d) calculations agree reasonably well with the
experimental dat#,>” bearing in mind that the synthesized
molecules contain bulkier substituents. For example, our
calculated SN bond lengths inl (1.778 A), in2 (1.742

A), in 3 (1.771 A), and in5 (1.928 A) compare favorably
with those determined from X-ray data ih (1.735 A)
synthesized by Denk et &2 (1.72 A) prepared by Denk et
al.*3(1.752 A) reported by Lappert et &lgnd5 (1.911 A)
identified by Kira et al’, respectively. In these stable silylene
molecules, the valence angles at the silicon center {90.5
92.0¢, 88.2, and 93.88) are somewhat wider than those
calculated for our closed-shell species (86,590.07,
87.80, and 91.37 at the B3LYP level, respectively). This
may be attributed to the larger size of the alkyl substituents

longer bond distance (SIC) than its closed-shell singlet
state. Again, the reason for this phenomenon can be
understood simply by considering its electronic structure. In
contrast to the case of a simple silylerieghe HOMO of
stable silylenés is essentially a nonbonding orbital. This
lone-pair orbital is arranged in the cyclic plane, in a
pseudotrigonal planar fashion with respect to the two sets
of Si—C linkages. As a result, such a lone pair can be viewed
as located within an orbital of predominant sp character. On
the other hand, our computational results show that the
LUMO of stable silylenés corresponds to the silicon vacant
p—a orbital. Accordingly, the dominant configuration of a
singlet stable silylens is 0%7°, while that of a triplet isr'z.!

As a result, the optimum SiC bond lengths in the triplet

at the nitrogen centers that cause substituted stable silylene&'® Ionger than those in the singlet state. This is presumably

to have larger bond angles than the parent stable silylene

itself. In any event, the good agreement between our

computational results and available experimental data is quite

encouraging. We therefore believe that the B3LYP/6-311G-
(d) level employed in this work can provide reasonable

molecular geometries as well as energetics for those chemicaK

reactions for which experimental data are still not available.

due to the fact that conjugation of the triplet silylene
electron with the twar electrons of ther-donor group is
less important than the delocalization of the latter into the
empty p-x orbital on the stable silylene silicon atom in the
singlet state. This, in turn, would make the bond angle
OCSIC) in the triplet state larger than that in closed-shell

(16) Su, M. D.; Chu, S. Ylnorg. Chem.1999 38, 48109.

Furthermore, as one can see in Figure 1, in the case of(17) Herrmann, W.: Kocher, GAngew. Chem.. Int. Ed. Engl997, 36,

stable silylene reactantsl{4), the triplet state has a

2163 and references cited therein.
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Figure 2. Schematic representation of the relative energies (au) for frontier orbitals of stable cyclic silylerjsbased on the B3LYP/6-311G(d)
calculations, compared with the stable cyclic carbene. For more information, see the text.

singlet state. These predictions based on the electronic Finally, it should be noted that for all of the silylenes

structures are consistent with the computational results studied in this work the excitation energies from the singlet

presented in this work. ground state to the first triplet excited state are quite large
Calculated values for the energy differentBs (=Exipiet (ca. 34-68 kcal/mol). This means that thermal production

— Esingle) between the singlet and triplet states of various of the first excited triplet state under experimental conditions

stable silylenesl(—5) are given in Table 1; a positive value s practically impossible. Thus, only the singlet potential

for AEgimplies that the singlet is predicted to be the ground surface has been considered throughout this work.

state rather than the triplet state. According to Table 1, our (2) Transition States for Abstraction Reactions.As

calculations indicate that all of the above stable silylene mentioned in the Introduction, the initial reaction of a stable

species 1—5) should have a singlet ground state. Moreover, silylene with carbon tetrachloride can take place from three

our B3LYP results indicate that the singtdtiplet splittings directions: via abstraction of a chlorine atom from ¢l

for these stable silylenes are 5313,(68.0 ), 59.6 @), 59.0 produce (stable silylene)Cind CC¥ (Cl-Abs; path 1), via

(4), and 33.6 §) kcal/mol, respectively; i.eAEsdecreases  CCly* radical transfer to stable silylene leading to the

in the order2 > 3 > 4 > 1 > 5. We use the above results formation of (stable silylene)Cgland Ct (CCls-Abs; path

to explain the origin of barrier heights for chemical reactions 2), and finally via an insertion reaction with C&lns; path

in a later section. 3). The main geometrical parameters of the transition states

9248 Inorganic Chemistry, Vol. 46, No. 22, 2007
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Figure 3. Optimized geometries (in A and deg) for the reactants, transition
states Ss), and productsRros) of stable cyclic silylene %) with CCls
through three reaction pathways, i.e., the one-Cl abstracBéAljs), the
one-CCi-group abstractionGCls-Abs), and the insertion reactionng).

All were calculated at the B3LYP/6-311G(d) level of theory. The heavy
arrows indicate the main components of the transition vector. Hydrogen
atoms are omitted for clarity.
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Figure 4. Optimized geometries (in A and deg) for the reactants, transition
states {Ss), and productsRros) of stable cyclic silylene2) with CCly
through three reaction pathways, i.e., the one-ClI abstracibAlfs), the
one-CCi-group abstractionGCls-Abs), and the insertion reactionng).

All were calculated at the B3LYP/6-311G(d) level of theory. The heavy
arrows indicate the main components of the transition vector. Hydrogen
atoms are omitted for clarity.

bond-forming processes are not collinear along the-Cl

corresponding to the two possible abstraction reactions asaxis, as displayed in Figures-3. The silicon atom makes

well as their appearance are shown in Figure3 3ogether
with the meaningful components of their transition vectors.

an angles, with respect to the'€LC bond, of 170, 164,
168, 167, and 1586 for stable silylened—5, respectively.

The results for the transition states of the stable silylene One of the interesting points to emerge from calculations of
abstraction and insertion reactions might perhaps be somethe transition state geometries is the extent to which the Si
of the most interesting results of the present study becauseCl’ bond is formed in the transition state. Relative to its value
neither experiments nor theory has yet studied their barrier in the product (vide infra), the SiCl bond lengths irl-Cl-

heights.

The transition states for the stable silylen&s%) will be
referred to asl-Cl-Abs-TS, 2-Cl-Abs-TS, 3-Cl-Abs-TS,
4-Cl-Abs-TS, 5-Cl-Abs-TS, and1-CCl;-Abs-TS, 2-CCls-
Abs-TS, 3-CCls-Abs-TS, 4-CCl5-Abs-TS, 5-CCls-Abs-TS,
and1-Ins-TS, 2-Ins-TS, 3-Ins-TS, 4-Ins-TS, 5-Ins-TS for
path 1 (Cl abstraction), path 2 (GClbstraction), and path
3 (insertion), respectively.

The main component of the transition vector of ClI

Abs-TS, 2-Cl-Abs-TS, 3-Cl-Abs-TS, 4-Cl-Abs-TS, and
5-Cl-Abs-TS are 13%, 12%, 17%, 14%, and 18%, respec-
tively, longer than those in the corresponding products. In
addition, the distances of the'€IC bond to be broken are
23%, 21%, 18%, 21%, and 14% longer than that of the
corresponding reactant CCIAIl of this suggests that the
stable silylené Cl-abstraction reaction arrives at its transi-
tion state relatively early, whereas the stable silyléhe
reaction reaches its transition state relatively late. As a

abstraction corresponds to the motion of the chlorine atom consequence, the barrier is encountered earlier in the
between the silicon and carbon atoms. The eigenvalues giveabstractions of the former than of the latter. As will be shown

imaginary frequencies of 1031-CIl-Abs-TS), 103 (2-Cl-
Abs-TS), 1172 (3-Cl-Abs-TS), 150 (4-Cl-Abs-TS), and 121
(5-Cl-Abs-TS) cm™. Indeed, inspection of the transition

below, this is consistent with the Hammond postuldte,
which associates an earlier transition state with a lower
barrier and a more exothermic reaction.

vector shows clearly that the reaction proceeds toward the \We now consider the CEhbstraction reaction (path 2).

formation of (stable silylene)Cland CC}. It should be
pointed out here that the three atoms (SI, @hd C; Cl =
migrating chlorine atom) involved in the bond-breaking and

A search for the transition state revealed that the energy

(18) Hammond, G. SJ. Am. Chem. Sod.954 77, 334.
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4-Cl-Abs-Pro 4-CCls-Abs-Pro  4-Ins-Pro

3-Cl-Abs-Pro 3-CCls-Abs-Pro 3-Ins-Pro (+7.5 keal/mol) (+39 keal/mol) (-55 keal/mol)
(+7.2 keal/mol) (+39 kcal/mol) (-55 keal/mol)

) o o -~ Figure 6. Optimized geometries (in A and deg) for the reactants, transition
Figure 5. Optimized geometries (in A and deg) for the reactants, transition states TSs), and productsRros) of stable cyclic silylene4) with CCl,

states TSs), and productsRros) of stable cyclic silylene3) with CCl, through three reaction pathways, i.e., the one-Cl abstracfials), the
through three reaction pathways, i.e., the one-Cl abstradBibs), the one-CCt-group abstractionGCls-Abs), and the insertion reactionné).
one-CCi-group abstractionGCls-Abs), and the insertion reactionn§). All were calculated at the B3LYP/6-311G(d) level of theory. The heavy

All were calculated at the B3LYP/6-311G(d) level of theory. The heavy arrows indicate the main components of the transition vector. Hydrogen
arrows indicate the main components of the transition vector. Hydrogen atoms are omitted for clarity.
atoms are omitted for clarity.

The present calculations predict that the barriers-@fi-
profile for this reaction exhibits a maximum. The transition Abs-TS, 2-Cl-Abs-TS, 3-CIl-Abs-TS 4-Cl-Abs-TS, and
states located for the C{dbstractions by the various stable 5-CI-Abs-TS are 8.9, 8.8, 8.1, 9.8, and 3.6 kcal/mol,
silylenes are presented in FiguressB Those transition  respectively. That is, our B3LYP results show that the overall
structures are characterized by imaginary frequencies of 441 barrier heights are determined to be in the orgler 3 < 2
453, 474, 474, and 482cm ! for 1-CCls-Abs-TS, 2-CCls- <1 < 4. In any event, the above reflects the greater ease of
Abs-TS, 3-CCls-Abs-TS, 4-CCls-Abs-TS, and5-CCls-Abs- abstracting a chlorine atom with stable silyleBeover
TS, respectively. The normal coordinate corresponding to abstraction with stable silylends-4. Namely, our theoretical
the imaginary frequency is primarily located at theCt findings suggest that the more electropositive the substituents
Cl bond cleavage, followed by the formation of the-8IiCl; attached to the silicon atom of the silylene, the more facile
bond. As a consequence, the reaction coordinate is fundathe abstraction of a chlorine atom from G®ecomes.
mentally an asymmetric stretch at the conventional transition  The energetics of reactions of the type stable silyléne
state. Additionally, to avoid steric repulsion with the sub- CCl, via path 2 (CC abstraction) are summarized in Figures
stituents, Si-C---Cl is slightly bent in these transition states. 3—7 and in Table 1. The B3LYP calculations indicate that
Moreover, the transition structures show that the newly the overall barrier heights with respect to the corresponding
formed SiC bond lengths are 2.60 AL{CCls-Abs-TS), reactants are 52L{CCls-Abs-TS), 53 2-CCls-Abs-TS), 56
2.52 A 2-CCl3-Abs-TS), 2.48 A 3-CCls-Abs-TS), 2.45 A (3-CCl3-Abs-TS), 57 (1-CCls-Abs-TS), and 47 §-CCls-
(4-CCls-Abs-TS), and 2.44 A $-CCls-Abs-TS) compared Abs-TS) kcal/mol. Consequently, our theoretical results
to those in the final radical product (vide infra) of 2.02 A predict that the process of CChbstraction with stable
(1-CCls-Abs-Pro), 1.98 A 2-CCls-Abs-Pro), 1.99 A 3- silylene 5 is more facile than that with the other stable
CCls-Abs-Pro), 1.99 A @-CCls-Abs-Pro), and 1.95 A §- silylenes1—4. That is, the trend is similar to that for the
CCls-Abs-Pro), respectively. Again, taken together, these Cl-abstraction reactions described above.
features indicate that the transition structures for stable Furthermore, from the computational data discussed above,
silylene5 take on a more reactant-like character than that in one can readily see that, for a given stable silylene species,
the stable silylen@ case. These observations will be related the barrier to Cl abstraction is always smaller than that for
to the predicted energetics below. CClz abstraction. This may be due to the fact that the site of
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_ follows a trend similar to that of the activation energi-Cl-

oEss Abs-Pro (+7.5 kcal/mol)> 3-Cl-Abs-Pro (+7.2 kcal/mol)
C + > 2-Cl-Abs-Pro (+5.7 kcal/mol)> 1-Cl-Abs-Pro (+4.8
i ) o kcal/mol) > 5-ClI-Abs-Pro (—12 kcal/mol) and}-CCls-Abs-
~ 5-Reactants (0.0 kal/mol) Pro (+39 kcal/mol)~ 3-CCls-Abs-Pro (+39 kcal/mol) >
' | 2-CCla-Abs-Pro (+37 kcal/mol)> 1-CCls-Abs-Pro (+36
Cl-Abs CC|3'AbS ‘ Ins kcal/mol) > 5-CCls-Abs-Pro (+24 kcal/mol). Note that the
) energies of the C@labstraction products are all above those
sw;f) of their corresponding reactants. This strongly indicates that
o 84 CCls-abstraction reactions with stable silylenes are energeti-

\C \ . .
< Si SE 2z ﬁcl\ cally unfavorable and would be endothermic. That is to say,
e

\c. O— Si ) ‘ our computational results suggest that the abstraction prod-
' ucts (stable silylene)Cglare not produced from a C£I
group transfer reaction, silylere CCl, — (stable silylene)-

94.04°

@) ) \\,
V 115.5° C%‘:I) \“,/ (_,jg( ‘Q/ 4 Lo 4
%ﬁ,ﬁc 7040 & ] 7&\(:}/, IS
2R

() (&(\% N CClz* + CI*, but possibly exist if these radicals are produced
‘ JSN{(\('*" through other reaction paths.
' L‘ e Ins-TS In brief, the present calculations suggest the following
?:gé'agfr;;s 5'(?‘3':;93;[3 (i' 3 a7 about the radical mechanism for the stable silylen€Cl,
C j reaction: (1) The Cl-abstraction pathway is more favorable
: X\. O )\,V;\; l than the CGl-abstraction pathway from both kinetic as well
) WS QU @ as thermodynamic considerations. (2) One of the reasons for
N N g y 2)
>><§ C A, \%\/,ngg"; . \f ﬁoe c? the lower activation energy of path 1 (Cl abstraction) is
X\F@ ,A;g& (s \@ %\\c et presumably less repulsion between the chlorine atom and
ahz” TN ﬂf"”ﬂo’% %\é& the substituents of the stable silylene. The site of the stable
t& C/Q/QSI\ © C\/Slgc/ silylene moiety attacked in path 2 (GGlbstraction) is more
jé Ny © . congested. As a result, it is easier for @@ approach the
5-Cl-Abs-Pro  5-CCls-Abs-Pro 5-Ins-Pro silicon atom of the stable silylene through Cl abstraction
(-12 keal/mol) (+24 keal/mol) (-7 keal/mol) rather than through Cghbstraction. (3) Our model calcula-

Figure 7. Optimized geometries (in A and deg) for_ the reactants, transition tions demonstrate that a silylene containing a silicon atom
states Ss), and productsRros) of stable cyclic silylene&) with CCls .
through three reaction pathways, i.e., the one-Cl abstradibAljs), the bonded to two carbon atoms and containing no resonance
one-CCh-group abstractionGCls-Abs), and the insertion reactionns). structure reaches an early transition state. This, in turn, results
All were calculated at the B3LYP/6-311G(d) level of theory. The heavy in g |ower barrier to abstraction and an increased exother-
arrows indicate the main components of the transition vector. Hydrogen . .
atoms are omitted for clarity. micity.
(4) Transition States for Insertion Reactions.We next
the stable silylene fragment attacked in the £atistraction consider the insertion reaction of the stable silylenes with
path is more congested. As a result, it is easier for,GCl CCl,. The fully optimized B3LYP/6-311G(d) geometries of
approach the stable silylene through the Cl-abstraction paththe transition states and products are shown in Figurés 3
rather than through the Cg&hbstraction one and, therefore, Moreover, their relative energies, calculated at the B3LYP/
the former is kinetically favored over the latter. We discuss 6-311G(d) level, are given in Table 1.
more about the origin of the barrier heights in a later section.  The transition-state geometries for the insertions of stable
(3) Abstraction Products. The B3LYP/6-311G(d) geom-  silylenes1—5 into the C-Cl bond of CC} are depicted in
etries of the abstraction products for both reaction pathwaysFigures 3-7. All of these transition states possess one
(1-Cl-Abs-Pro, 2-Cl-Abs-Pro; 3-Cl-Abs-Pro, 4-Cl-Abs- imaginary frequency and are true first-order saddle points.
Pro; 5-Cl-Abs-Pro, 1-CCls-Abs-Pro; 2-CCls-Abs-Pro, The calculated imaginary frequencies are i2@85, 217,
3-CCl3-Abs-Pro; 4-CClz-Abs-Pro, and5-CClz-Abs-Pro) are 255, and 244 cm™! for 1-Ins-TS, 2-Ins-TS, 3-Ins-TS,
displayed in Figures 37, respectively. To simplify com-  4-Ins-TS, and 5-Ins-TS, respectively. The arrows in the
parisons and to emphasize the trends, the calculated reactiofigures illustrate the direction in which the atoms move in
enthalpies for abstraction are also collected in Table 1.the normal coordinate corresponding to the imaginary
Unfortunately, experimental structures for these abstractionfrequency. In these transition states, the chlorine atom is
products are not yet known. positioned under the SiC bond, forming a three-membered
As discussed previously, a stable silylene (such)agith ring. The DFT calculations suggest that the barrier height
two carbon atoms bonded to silicon and with no resonancefor Si—Cl bond insertion decreases in the ordéns-TS
structure reaches the transition state relatively early, whereag31 kcal/mol)~ 3-Ins-TS (31 kcal/mol) > 4-Ins-TS (30
a stable silylene (such as—4) with two nitrogen atoms  kcal/mol) > 2-Ins-TS (28 kcal/mol)> 5-Ins-TS (13 kcal/
bonded to silicon and containing a resonance structure arriveamnol). Also, note that at these transition states the breaking
relatively late. The former is therefore predicted to undergo C—CI bond is stretched by 43%-[ns-TS), 36% @-Ins-
a more exothermic abstraction, which is borne out by our TS), 29% @-Ins-TS), 38% @-Ins-TS), and 21% %-Ins-TS),
theoretical calculations. For example, the order of enthalpy respectively, relative to the equilibrium-€CI distance (1.792
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A) in CCl,. Accordingly, the barrier is encountered earlier type transition state and that the stereochemistry at the silicon
in the reaction of stable silylertethan for the other stable  center is preserved.
silylene speciesl(-4). We see the energetics reflecting these  (4) For a given haloalkane (carbon tetrachloride in the

facts below. present work), the stability of a silylene (such &s4) is

(5) Insertion Products. The equilibrium geometries for mainly due to a combination of the electron-donating
the insertion productsl{Iins-Pro, 2-Ins-Pro, 3-Ins-Pro, properties of the electron-rich system and the-electron-
4-Ins-Pro, and 5-Ins-Pro) are presented in Figures-3, withdrawal effect of the electronegative nitrogen atoms

respectively. The reaction enthalpies at the B3LYP level of adjacent to the silylene center. However, this is not the case
theory are outlined in Table 1. The theoretical results, given for stable silylene5. Accordingly, silylene5 may be
in Figures 3-7, show that all of the insertion products adopt relatively susceptible toward the reactions with haloalkanes,
a tetracoordinate conformation at the silicon center. Unfor- especially in comparison with the other stable silyleries (
tunately, experimental structures for these insertion products4). This means that stable silylerte can undergo either
are not known. abstraction or insertion reactions with haloalkanes.
Furthermore, it is apparent that all of the silylene insertions
are thermodynamically exothermic. Moreover, as shown in
Table 1, the main difference between the first four stable |n this section, an intriguing model for interpreting the
silylenes (—4) and stable silylen& is that the reaction of  relative reactivity of the reactant species is provided by the

the latter is more exothermic and its activation barrier lower. so-called configuration mixing (CM) model, which is based
Again, this result is consistent with the prediction that the on the work of Pross and Shaik?! According to the

activation barrier should be correlated with the exothermic- conclusions of this model, the energy barriers governing
ity.!* As demonstrated in Table 1, the order of enthalpy processes as well as the reaction enthalpies should be
follows a trend similar to that of the activation energyins- proportiona| to the energy gaps for both stable Si|y|ene and
Pro (—63 kcal/mol)> 1-Ins-Pro (—51 kcal/mol)> 3-Ins- carbon tetrahalide, that is, proportional AfEs; (=Exipier —
Pro (—55 kcal/mol)~ 4-Ins-Pro (—55 kcal/mol)> 5-Ins- Esingle fOr stable silylene)q+ AE,, (=Euiplet — Esinglet O
Pro (=72 kcal/mol). Combining the theoretical data, it is CCl,). We thus conclude that both the order of the singlet
clear, from both a kinetic and a thermodynamic viewpoint, and triplet states and their energy separation are responsible
that the insertion reaction of stable silyledeis much for the existence and the height of the energy barfiets.
more favorable than those of the other stable silylene speciesBearing this CM model in mind, we explain the origin of
(1-4). the previously observed trends in the following discussion:
In short, the trends in the energetics of these five stable (1) Why does the reaciity of stable silylene abstraction
silylene systems are especially interesting. First, our theoreti- gnd insertion reactions increase in the order< 3 < 4 <
cal findings indicate that for stable silylene insertions there 1 < 57
is a very clear trend toward lower activation barriers and  The reason for this can be traced to the singteplet
more exothermic interactions on going from silylehéo energy gap of the stable silylene. That is to say, the smaller
silylene5. Second, the insertion reaction is more exothermic, AE for the stable silylene, the lower the barrier height and
but the reaction barrier is lower for the abstraction reactions. the larger the exothermicity and, in turn, the faster the
. ) ] ] chemical reaction. As one can see in Table 1, our B3LYP
V. Overweyv of Abstraction and Insertion Reactions results suggest a decreasing trend By, of 2 (68 kcal/mol)
of Stable Silylenes > 3 (60 kcal/mol)> 4 (59 kcal/mol)> 1 (53 kcal/mol)>
From our study of the mechanisms of the reactions of ° (34 kcal/'mol). This correlatg; well with the trend in poth
stable silylenesi(—5) with CCl,, the major conclusions that ~ Parrier height and exothermicity, as demonstrated in the
can be drawn are as follows: previous sectl_on. Namely, our theoretical findings are in good
agreement with the CM model.

V. Configuration Mixing Model

(1) In the competition between abstraction and insertion
react|on_s with CCJ a_bstract|on predommate; for any given ;- ~gnclusion
stable silylene species. Nevertheless, the insertion reaction
is more exothermic, but its barrier height is greater. In the present work, we have studied the reaction mech-
(2) On the other hand, in the competition between chlorine anisms of stable silylenel{-5) abstractions and insertions
(Cl) and CC} abstraction, the CGhbstraction has the highest ~With carbon tetrachloride using DFT. It should be pointed
energy requirement and the |argest endothermicity_ As g out that this study has provided the first theoretical demon-
result, this makes it the least energetically favorable abstrac
; ; ; ; (20) For details, see: (a) Shaik, S.; Schlegel, H. B.; Wolfe, Shieoretical
_t|on pathvygy. Cl ab.stractlon will theref_ore be the first step Aspects of Physical Organic Chemisidphn Wiiey & Sons Inc.: New
in the initial reaction of a stable silylene and carbon York, 1992. (b) Pross, A. IiTheoretical and Physical Principles of

tetrachloride, and Cl-abstraction products will dominate. Organic Reactiity, John Wiley & Sons Inc.. New York, 1995. (c)
. . Shaik, S.Prog. Phys. Org. Chem1985 15, 197. (d) Su, M.-D.
(3) The theoretical results suggest that a singlet stable Chem—Eur. J. 2004 10, 5877.
silylene inserts in a concerted manner via a three-center-(21) (2) For the first paper that originated the CM model, see: Shalk, S.
Am. Chem. Sod 981, 103 3692. (b) For the most updated review of
the CM model, see: Shaik, S.; Shurki, Angew. Chem., Int. Ed.
(19) Chen, C.-H.; Su, M. DChem—Eur. J. 2007, 13, 6932. 1999 38, 586.
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stration about the reaction trajectory and theoretical estima-prefer to undergo one-Cl abstraction rather than ;CCl
tion of the activation energy and reaction enthalpy for these abstraction or insertion reactions. Unfortunately, as we have
processes. Moreover, we have demonstrated that the commentioned earlier, because of a lack of experimental and
putational results can be rationalized using a simple CM theoretical data on such abstraction and insertion reactions,
model. Thus, not only have we given an explanation of the our conclusions above may be considered as predictions for
present theoretical observations, but also we have madefuture investigations.

predictions for the reaction of stable silylenes with haloal- We thus encourage experimentalists to carry out further
kanes. experiments to confirm our predictions.

The theoretical results suggest that the stability of a
silylene is mainly attributed to the electron-donating proper-
ties of the electron-riclr system as well as to theelectron-
withdrawal effect of the electronegative nitrogen atoms
adjacent to the silylene center, which in turn leads to an
increase in the singletriplet energy gap. This results in a
greaterAE, a larger activation barrier, and a smaller reaction ~ Supporting Information Available: ~ Atomic numbers and
enthalpy and stabilizes the silylene itself. Also, our model _coordi_nates for various comp_ounds given in the text. This material
calculations indicate that, in the competition between ab- is available free of charge via the Internet at http://pubs.acs.org.
straction and insertion reactions with GCdtable silylenes  1C7012446
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