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The Mechanism of C—X (X=F, Cl, Br, and I) Bond Activation in CX, by a

Stabilized Dialkylsilylene

Chi-Hui Chen and Ming-Der Su*!*!

Abstract: The potential-energy surfaces
for the abstraction and insertion reac-
tions of dialkylsilylene with carbon tet-
rahalides (CX,) have been character-
ized in detail using density functional
theory (B3LYP), including zero-point
corrections. Four CX, species, CF,,
cdl,, CBr,, and CI,, were chosen as
model reactants. The theoretical inves-
tigations described herein suggest that
of the three possible reaction paths, the

low activation energy. However, the in-
sertion reaction can lead to the ther-
modynamically stable products. More-
over, for a given stable dialkylsilylene,
the chemical reactivity has been found
to increase in the order CF,<CCl,<
CBr, < Cl,, that is, the heavier the hal-
ogen atom (X), the more facile is its re-
action with a stable dialkylsilylene. In
particular, halogen abstraction is
always predicted to be much more fa-

vorable than abstraction of a CX;
group from both energetic and kinetic
viewpoints. In brief, electronic as well
as steric factors play a crucial role in
determining the chemical reactivity of
the haloalkane species, kinetically as
well as thermodynamically. Our conclu-
sions based on the results of our theo-
retical investigations are in accordance
with available experimental observa-
tions. Furthermore, a configuration-

one-halogen-atom abstraction (X ab-
straction), the one-CX;-group abstrac-
tion (CX; abstraction), and the inser-
tion reaction, the X-abstraction reac-
tion is the most favorable, with a very

lations -

Introduction

Stable silylenes based on imidazole heterocycles (1-4) have
attracted widespread interest owing to their inherent stabili-
tyl!l and their interesting structural and bonding features.”!
As a result, the availability of stable silylenes has allowed
the discovery of new compounds and novel reaction chemis-
try.”! These successful synthetic results have demonstrated
that such a heterocyclic framework can lend considerable
stability to a silicon-containing ring through aromatic n-elec-
tron delocalization. After the discovery of N-heterocyclic
stable crystalline silylenes 1-4,1”! Kira et al. reported the
synthesis of the first isolable dialkylsilylene 5! with no such
nitrogen stabilization. That is, this species is distinct from si-
lylenes 1-4 in that its stability is derived entirely from steric
protection of the divalent silicon atom by the two SiMe;
groups attached to each of the two o-carbon atoms. It is
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mixing model based on the work of
Pross and Shaik has been used to ra-
tionalize the computational results. The
results obtained allow a number of pre-
dictions to be made.
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thus commonly recognized that dialkylsilylene S should be a
stable silylene and its reactivity towards a range of organic,
inorganic, and organometallic substrates should also contin-
ue to be explored.

In fact this situation has changed greatly during the past
five years and our knowledge of the chemical properties of
dialkylsilylene 5 has significantly improved. In particular,
the reactions of 5 with halogenated hydrocarbons yielded
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products remarkably different to those obtained using other
stable silylenes (such as 1 and 2).l') For instance, as shown
in Scheme 1, with the haloalkane CXCl; (X=CI or H), di-
chlorosilane 6 was isolated in high yield, whereas addition
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Scheme 1. Reactions of dialkylsilylene 5§ with halogenated hydrocarbons.

of CH;l exclusively gave the corresponding iodo-
(methyl)silane 7. In contrast, reaction of 5 with CH,Cl, gave
the double insertion product 8 and a small amount of 6. On
the other hand, reaction of 5 with (chloromethyl)cyclopro-
pane produced the unusual spiro[4,4]nonane derivative 9
and 6. As observed in similar reactions of 1 and 2, the above
reactions proceed selectively to produce radical-coupling
products such as Cl;CCCl; and HCIL,CCCL,H, which were
found in the reaction of 5§ with CCl, and CHCl;. From these
findings, West and Hill suggested that these reactions can be
explained in terms of a radical pathway (or a single-elec-
tron-transfer mechanism).'"l Namely, for example, homolytic
scission of the C—Cl bond gives the carbon radical and the
chlorinated silyl radical. Then, recombination of the silyl
radical and another chlorine radical, formed by chlorine ab-
straction from another haloalkane, can give the observed
coupling product, dichlorosilane 6.

This motivated us to investigate the mechanisms for the
chemical reaction of dialkylsilylene with haloalkanes. Basi-
cally, as in organometallic systems,”) two kinds of reaction
pathway can be involved. One is a radical mechanism pro-
ceeding by single-electron transfer (SET) and either halo-
gen-atom (X) or CXs;-group abstraction [see Eq. (1); {sily-
lene} represents the stable dialkylsilylene 10].'% The other
is an insertion mechanism in which the central silicon atom
of the dialkylsilylene inserts into the C—X bond of the hal-
oalkane [Eq. (2)].

X-ABS_ (silylene}-X++ CXa*
{silylene} + CX4~| " ox “ M
silylene}-CX3e + Xe
CX3—Abs{ Y )
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In fact, to the best of our knowledge, until now neither ex-
perimental nor theoretical resources have been devoted to
the study of the mechanism of the reaction of a dialkylsily-
lene with haloalkanes. As a result of the experimental diffi-
culties in handling such reactions, their reaction barriers and
their spectroscopic features are still not well understood. It
is astonishing how little is known about the mechanisms of
this reaction considering the importance of silylene in or-
ganic synthesis and coordination chemistry and the exten-
sive research activity on other bottle-stable silylene species
(such as 1 and 2).1

To study this reaction, it is necessary to determine the op-
timum intermediate and transition-state geometries of the
molecules as well as the ground-state energies of the decom-
position products. Consequently, we undertook to investi-
gate the potential-energy surfaces of the model reactions in
Equation (3) by using density functional theory (DFT). That
is, we have explored theoretically three kinds of reaction
paths for the model reaction between CX,, where X=F, Cl,
Br, and I, and a coordinatively unsaturated dialkylsilylene.
These three reaction pathways are 1) the one-halogen-atom
abstraction reaction, which is named X-Abs [Eq. (3a)],
2) the one-CX;-group abstraction reaction, which is named
CX;-Abs [Eq. (3b)], and 3) the C—X bond insertion reac-
tion, which is named InS [Eq. (3¢)]. For simplicity, the spe-
cific dialkylsilylene system we have investigated is 2,2,5,5-
tetrakis(silyl)silacyclopentane-1,1-diyl (10).1!

{silylene}-X- + CXa-+ (3a)
{silylene} + Cx44E{silylene}CX3- +Xe (3b)
{silylene}{ x (3c)

~CXs

The purpose of this work was fourfold: 1) To determine
which reaction pathway predominates and to provide essen-
tial information about the mechanism of the reaction, 2) to
obtain a detailed understanding of the energetics and kinet-
ics of the transfer of either a halogen atom or a CX; group
from CX, to dialkylsilylene, 3) to probe the dominant fac-
tors affecting the reactivities of a variety of halocarbons,
and 4) to obtain a better understanding of the origin of bar-
rier heights for such dialkylsilylene reactions. From these in-
vestigations, a better understanding of the thermodynamic
and kinetic aspects of such dialkylsilylene reactions with hal-
oalkanes may shed some light on the optimal design of fur-
ther related synthetic and catalytic processes.
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Computational Methods

All geometries were fully optimized without imposing any symmetry con-
straints, although in some instances the resulting structure showed vari-
ous elements of symmetry. The geometries and energetics of the station-
ary points on the potential-energy surface were calculated by using the
DFT (B3LYP)!"!! method in conjunction with the 6-311G(d) basis set."?
We denote our B3LYP calculations by B3LYP/6-311G(d). The spin-unre-
stricted (UB3LYP) formalism used for the open-shell (doublet) species
and their <S$%> expectation values were nearly all equal to the ideal
value (0.75). Therefore their geometries and energetics are reliable for
this study. Vibrational frequency calculations at the B3LYP/6-311G(d)
level of theory were used to characterize all stationary points as either
minima (the number of imaginary frequencies (NIMAG)=0) or transi-
tion states (NIMAG =1). The relative energies are thus corrected for vi-
brational zero-point energies (ZPE, not scaled). Thus, only the singlet
potential-energy surface was considered throughout this work. All of the
DFT calculations were performed using the Gaussian 03 package of pro-
grams.!"”!

Results and Discussion

Geometries and energetics of dialkylsilylene: The predicted
geometrical parameters for the closed-shell dialkylsilylene
species, based on the B3LYP/6-311G(d) level of theory, are
collected in Scheme 2 and are compared with some available

£.C2Si'C® = 91.45° (93.88°)
£ Si'C%C® = 108.0° (106.0°)
£C2C3C* =108.9° (108.9°)
£C3C*C® =108.9° (109.6°)
£ C*CPSi' = 108.0° (106.2°)

Scheme 2. Predicted geometrical parameters for the closed-shell dialkyl-
silylene species based on B3LYP/6-311G(d) calculations along with some
available experimental values.

experimental values.® As mentioned earlier, we have used
SiH; substituent groups, instead of SiMe; groups,!'”! in the
stable dialkylsilylene molecule (10) for the sake of simplici-
ty. Nevertheless, as seen in Scheme 2, the molecular parame-
ters for our B3LYP calculations agree reasonably well with
the available experimental data. For instance, the calculated
Si—C and C—C bond lengths in the five-membered ring
shown in Scheme 2 are in good accord with experimental
data.® The bond lengths and angles are in agreement to
within 0.02 A and 2.0°, respectively. In particular, it is inter-
esting that the B3LYP value for the ¥ C2C3C4 bond angle
(108.9°) in 10 is in perfect agreement with the experimental
data.’l However, the calculated ¥ C2SiC5 angle in 10 is pre-
dicted to be smaller by about 2.4° than the corresponding
experimental value.® In any event, the good agreement be-
tween our computational results and the available experi-
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mental results is quite encouraging. We are therefore confi-
dent that the B3LYP/6-311G(d) calculations can provide an
adequate theoretical level for further investigations of the
molecular geometries and energetic features of the reaction
of dialkylsilylene with haloalkanes.

The fully optimized geometries calculated at the B3LYP/
6-311G(d) level of theory for the reactants, precursor com-
plexes (Pex), transition states (TS), and products (Pro) of
the three kinds of reaction mechanisms described earlier are
shown in Figures 1, 2, 3, and 4 for CF,, CCl,, CBr,, and CI,,
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Figure 1. The optimized geometries (in A and °) for the reactants, precur-
sor complexes (Pcx), transition states (TS), and products (Pro) in the re-
action of a stable dialkylsilylene with CF, through three reaction path-
ways, that is, the one-fluorine-atom abstraction (F-Abs), the one-CF;-
group-abstraction (CF;-Abs), and the insertion reaction (F-InS). All were
calculated at the B3LYP/6-311G(d) level of theory. The heavy arrows in-
dicate the main components of the transition vector. Hydrogen atoms
have been omitted for clarity.

respectively. For convenience, we have also given the ener-
gies relative to the two reactant molecules, that is, dialkylsi-
lylene (10)+CX, (X=F, Cl, Br, and I). The relative ener-
gies for the various reaction mechanisms are summarized in
Table 1. To simplify the comparisons and to emphasize the
trends, the calculated heats of reaction and the individual
barrier heights are also listed in Table 1.

Mechanism for the radical reactions: We first consider the
radical mechanisms that proceed by single-electron transfer

Chem. Eur. J. 2007, 13, 69326941
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Figure 2. The optimized geometries (in A and °) for the reactants, precur-
sor complexes (Pecx), transition states (TS), and products (Pro) in the re-
action of a stable dialkylsilylene with CCl, through three reaction path-
ways, that is, the one-chlorine-atom abstraction (Cl-Abs), the one-CCl;-
group-abstraction (CCl;-Abs), and the insertion reaction (Cl-InS). 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 have been omitted for clarity.

[Egs. (3a) and (3b); X and CX; abstraction], focusing on the
transition states as well as the radical products. Starting
from the precursor complex (Pcx-F, Pex-Cl, Pex-Br, and
Pcx-I in Figures 1, 2, 3, 4, respectively), the reaction of dia-
lkylsilylene (10) with CX, can take place in two ways: The
abstraction of a halogen atom X from CX, to produce {sily-
lene}—X" and CXj; products (denoted X-Abs) and the radi-
cal transfer of CXj5' to {silylene} leading to the formation of
{silylene}—CX;" and X products (denoted CX;-Abs), where
{silylene} represents dialkylsilylene (10). That is to say, such
single-electron-transfer radical mechanisms may proceed as
follows: Reactants—precursor complex—transition state —
radical products. The results for the transition states of the
CX, radical reaction might perhaps be some of the most in-
teresting of this study as very little is currently known about
them.

The precursor complexes (Pcx-F, Pcx-Cl, Pcx-Br, and
Pcx-I) all display similar {silylene}--(CX,) bonding charac-
teristics and the monomer geometries are essentially unper-
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Figure 3. The optimized geometries (in A and °) for the reactants, precur-
sor complexes (Pcx), transition states (TS), and products (Pro) in the re-
action of a stable dialkylsilylene with CBr, through three reaction path-
ways, that is, the one-bromine-atom abstraction (Br-Abs), the one-CBr;-
group-abstraction (CBr;-Abs), and the insertion reaction (Br-InS). 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 have been omitted for clarity.

turbed. It was found that the distances between the carbon
atom and the migrating halogen in the CX, moiety for the
precursor complexes studied herein are somewhat elongat-
ed, that is, 1.331 (F), 1.796 (Cl), 2.011 (Br), and 2.462 A (I)
compared with 1.327 (F), 1.792 (Cl), 1.965 (Br), and 2.206 A
(I) for isolated CX,. Moreover, the DFT results shown in
Figures 1, 2, 3, and 4 reveal that the calculated bond distan-
ces for the Si---C contacts decrease from 4.775 (CF,) to 3.650
(CCl,) to 3.233 (CBr,) to 2.740 A (CI,). Also, our B3LYP
calculations indicate that the energies of these precursor
complexes are all lower than those of the corresponding re-
actants by 0.71-7.9 kcalmol . Nevertheless, as reported in
Table 1, the Gibbs free energies demonstrate that the stabili-
zation energies of all these precursor complexes are greater
than those of the corresponding reactants. This strongly sug-
gests that these precursor complexes should not exist at
room temperature. We thus will not consider these precur-
sor complexes further in this work.

Regarding the one-halogen-atom abstraction (X abstrac-
tion) mechanism, we have located the transition state for
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Figure 4. The optimized geometries (in A and °) for the reactants, precur-
sor complexes (Pex), transition states (TS), and products (Pro) in the re-
action of a stable dialkylsilylene with CI, through three reaction path-
ways, that is, the one-iodine-atom abstraction (I-Abs), the one-ClI;-group-
abstraction (CI;-Abs), and the insertion reaction (I-InS). All were calcu-
lated at the B3LYP/6-311G(d) level of theory. The heavy arrows indicate
the main components of the transition vector. Hydrogen atoms have
been omitted for clarity.

Table 1. Energies [kcalmol '] of stationary points relative to the reactants CX,+stable silylene (X=F, Cl, Br,

and I) at 7=0 and 298.15 K (in square brackets).[*"!

shown in Figures 1, 2, 3, and 4, respectively, along with the
imaginary frequency eigenvectors. One can see that the
main components of the transition vector correspond to the
motion of the halogen atom (X) between the silicon and the
carbon atom, whose eigenvalues give imaginary frequencies
of 165i (F-Abs-TS), 151i (Cl-Abs-TS), 148i (Br-Abs-TS),
and 126i cm™" (I-Abs-TS). The transition states involve the
approach of {silylene} along the X—C axis of the CX, mole-
cule. The three atoms (Si, X, and C) involved in the bond-
breaking and -forming processes are not co-linear along the
X—C axis, as shown in Figures 1-4. The silicon atom of the
{silylene} makes an angle, with respect to the X—C bond, of
155, 155, 158, and 164° for CF,, CCl,, CBr,, and CI,, respec-
tively. Interestingly, the approach of the {silylene} along the
X—C axis is more bent in the CF, and CCI, cases than in the
CBr, and CI, cases. The breaking X—C bond length is gener-
ally increased and the forming Si—X bond length becomes
smaller. For the reactions of {silylene} with CF,, CCl,, CBr,,
and CI,, the breaking X—C bond lengths are 2.109 (F), 2.040
(Cl), 2.146 (Br), and 2.388 A (I), respectively, whereas the
forming Si—X bond lengths are 0.083 (F), 0.379 (Cl), 0.412
(Br), and 0.443 A (I) longer than those in the {silylene}—X"
product. This suggests that delocalization of the unpaired
electron takes place later along the reaction coordinate.
Thus, the Si—X and X—C bond lengths in the transition-state
structure are more reactant-like for X=Br and I, in accord-
ance with the large exothermicity of the abstraction process.
As demonstrated below, this is consistent with the Ham-
mond postulate!™! which associates an earlier transition state
with a smaller barrier and a more exothermic reaction.
Moreover, the optimized geometries of the {silylene}—X"
(F-Abs-Pro, Cl-Abs-Pro, Br-Abs-Pro, and I-Abs-Pro) radi-
cals are also shown in Figures 1, 2, 3, and 4, respectively. Ba-
sically, these radicals adopt a Sil; pyramidal geometry. The
B3LYP calculations show that in these radicals the Si—X
bond distance is always longer than that in the correspond-
ing CX, molecule (by about
0.320 A). In addition, the flap

angle at the carbon atom of

CF, cal, CBr, Cl, e X, radical (which
the radical (which 1s not

AEy= (Exprer—Euingier) 3223 122.8 83.91 47.77 3 (

reactants: CX,+ {silylene} 0.0 0.0 0.0 0.0 shown in Figures 1-4) decreas-

precursor complex —1.083 [5.587] —0.7103 [6.512]
X abstraction
+3.417 [+14.71]

—12.45 [-13.00]

transition states
{silylene}—X"+ CX;’
(radical products)

+35.74 [+47.30]
+10.92 [+10.35]

CX; abstraction
+47.17 [+60.17]
+23.54 [+28.23]

transition states
{silylene}—CX;"+ X"
(radical products)

+79.66 [+92.02]
+76.22 [+80.40]

insertion
+13.11 [+25.38]
—72.54 [-58.01]

transition states
insertion products

+45.57 [+57.93]
—69.27 [—56.06]

—2.277 [7.631]
—2.111 [+11.57]
—14.24 [-15.18]

+40.36 [+53.71]
+12.30 [+17.19]

+8.091 [+21.20]
—68.33 [-53.09]

es uniformly as halogen X is
changed from F (17.7) to Cl
(10.2) to Br (9.35) and then to
I (6.02°). That is to say, the ge-
ometry of the CX; radical be-
comes strongly pyramidal as
halogen X becomes more elec-
tronegative.'” In other words,
pyramidalization at the CX;
moiety decreases rapidly from

~7.900 [2.962]
—7.156 [+3.870]
—15.34 [~16.05]

+29.17 [+42.81]
—0.3791 [+4.502]

+2.370 [+14.99]
—60.53 [—44.91]

[a] Calculated at the B3LYP/6-311G(d) level of theory, see text. [b] See Figures 1-4 for structures.

each CX, (F-Abs-TS, Cl-Abs-TS, Br-Abs-TS, and I-Abs-TS)
at the B3LYP level of theory. The structures and the main
geometrical parameters of the four transition states are
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Ftol

On the other hand, on con-
sidering the CXj-Abs mecha-
nism, a search for the transition state showed that the
energy profile for this reaction exhibits a maximum. The
transition states located for the CX; (X=F, Cl, Br, and I)
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abstractions are presented in Figures 1, 2, 3, and 4, respec-
tively. Each transition-state structure is characterized by one
imaginary frequency: 580i, 483i, 484i, and 561i cm ' for CF;-
Abs-TS, CCl;-Abs-TS, CBr;-Abs-TS, and CI;-Abs-TS, re-
spectively. The normal coordinate corresponding to the
imaginary frequency is primarily the motion of the halogen
atom (X°) separating from the carbon atom of CX;. There-
fore, the reaction coordinate is fundamentally an asymmet-
ric stretch of the conventional transition state. Further, as
was the case for the halogen-atom abstraction transition
state (X-Abs-TS), the departing halogen atom X' does not
move along the Si—C axis. In addition, the transition-state
structures reveal that the newly formed Si—C bond lengths
are 2.279 (CF;-Abs-TS), 2.446 (CCl;-Abs-TS), 2.512 (CBr;-
Abs-TS), and 2.641 A (CI;-Abs-TS), compared with values
in the radical product of 1.956 (CF;-Abs-Pro), 1.951 (CCl;-
Abs-Pro), 1.937 (CBry-Abs-Pro), and 1.916 A (CI;-Abs-
Pro), respectively. The C—F and C—Cl bond lengths are
shorter (i.e., 2279 A in CF;-Abs-TS and 2.446 A in CCl;-
Abs-TS) and closer to those in the radical products (1.956 A
in CFy-Abs-Pro and 1.951 A in CCl;-Abs-Pro). Taken to-
gether these features indicate that the transition-state struc-
tures for CF, and CCl, take on more product-like character
than those of CBr, and Cl,. This is consistent with the great-
er exothermicity of the {silylene}+ CX, reactions for X=Br
and I (see below).

Furthermore, the equilibrium geometries for the {sily-
lene}—CXj;" (CF;-Abs-Pro, CCl;-Abs-Pro, CBr;-Abs-Pro, and
CIL;-Abs-Pro) radical products are presented in Figures 1, 2,
3, and 4, respectively. As in the case of the X-Abs-Pro spe-
cies, all of these radical products adopt a SiL; pyramidal ge-
ometry. The DFT calculations suggest that the trans Si—C
bond lengths decrease in the order CF;-Abs-Pro (1.956) >
CCl;-Abs-Pro (1.951) > CBr;-Abs-Pro (1.937) > CI;-Abs-Pro
(1.916 A). Again, this result confirms the conventional find-
ing that substitution of a more electronegative ligand (such
as CF; and CCl;) will strengthen the Si—C bond.

In the one-halogen-atom abstraction (X abstraction) ap-
proach, examination of the energy values collected in
Table 1 shows that at the B3LYP/6-311G(d) level of theory
Br and I abstractions are favored. Schematic diagrams for
the {silylene}+ CX, (X=F, Cl, Br, and I) reaction by X ab-
straction are displayed in Figures 1, 2, 3, and 4, respectively.
The calculations performed in this work predict that the en-
ergies of F-Abs-TS, Cl-Abs-TS, and Br-Abs-TS are above
those of the reactants by 35.740, 3.417, and —2.111 kcal
mol ™" and the activation energies for the overall reaction
are 36.80, 4.13, and 0.166 kcalmol™!, respectively. In con-
trast, the DFT calculations suggest that the energies of Br-
Abs-TS and I-Abs-TS are lower than those of the reactants,
so that no net barrier to reaction exists. In addition, the acti-
vation energies from the corresponding precursor complex
for Br and I abstraction are 0.166 and 0.744 kcalmol™, re-
spectively. This is consistent with the observations shown
earlier, in which, for the case of CBr, and CI,, the saddle
point lies much closer to the reactants than to the products.
Consideration of the Gibbs free energies presented in
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Table 1 shows that the energies of all the transition states
are greater than those of the corresponding reactants. Also,
the trends in both the activation barriers and the reaction
enthalpies are the same, even at room temperature. More-
over, for a given dialkylsilylene, the following general com-
ments can be made. 1) The most dramatic change in the po-
sition of radical product along the reaction path occurs with
F-Abs-Pro. The energy of F-Abs-Pro is apparently higher
than the energy of the corresponding reactants by 10.9 kcal
mol ™!, whereas the energies of the other radicals are lower
than those of the reactants. This strongly suggests that fluo-
rine atom abstraction should not occur in the reaction of di-
alkylsilylene (10) with a fluoroalkane. 2) The overall X-ab-
straction reaction is exothermic in each CX, case (with the
exception of CF,, as discussed above) and the enthalpy be-
comes more negative moving from fluorine to iodine. 3) The
overall barrier heights are found to decrease in the order
CF, > CCl, > CBr, > Cl,. This reflects the greater ease of ab-
stracting a halogen from CBr, or CI, than from CF, or CCl,.
That is to say, the heavier the halogen atom (X), the more
facile it is to abstract from CX,.

The energetics of the CX;-abstraction reactions are also
summarized in Table 1 and Figures 1-4. The energies of the
CXj;-abstraction reaction are calculated to be 79.7 (CF5-Abs-
TS), 47.2 (CCl;-Abs-TS), 40.4 (CBr;-Abs-TS), and 29.2 kcal
mol~! (CI;-Abs-TS), respectively, all higher than their reac-
tants. Note that the forward barrier to abstracting a CX;
group from CX, for X=CIl, Br and I is about half that of
the CF, case. Accordingly, our theoretical results reaffirm
the Hammond postulate discussed earlier and predict that
the process of abstracting a CBr; or Cl; group should be
easier than that of abstracting a CF; or CCl; group. From
another point of view, this strongly implies that the leaving
group tendency increases in the order F < Cl<Br <I. More-
over, this result reinforces the trend that the bonding energy
of C—X decreases in the order C—F (116) >C—Cl (78.2) >
C—Br (68) > C—T (51 kcalmol ).l

Finally, comparison of the CX,-abstraction pathways for
X=F, Cl, Br, and I reveals some interesting similarities and
differences. The energetics of the X- and CX;-abstraction re-
actions are summarized in Figure 5. As for the similarities,
two similar abstraction pathways (X and CX; abstraction)
exist for each CX, case. In particular, the enthalpies com-
puted at the B3LYP/6-311G(d) level of theory are 10.9 kcal
mol ™! for F-Abs-Pro in the fluorine abstraction process (X
abstraction) and 76.2 kcalmol ™' for CF;-Abs-Pro in the CF,
abstraction process (CX; abstraction). That is, our theoreti-
cal findings demonstrate that the abstraction reactions of di-
alkylsilylene (10) with fluoroalkanes should not occur. Al-
though the similarities between the two pathways are re-
markable, the differences between them are more signifi-
cant. The most notable differences are the barrier heights
and the reaction enthalpies of the abstraction reactions. The
activation barrier for the one-halogen-atom abstraction (X
abstraction) mechanism is always less than that for the one-
CX;-group abstraction (CXj-abstraction) mechanism. The
reason for this is presumably the smaller repulsion between
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Figure 5. Reaction energy profile for the radical pathways (X and CX;
abstraction) of the {silylene}+ CX, reaction. All the energies were calcu-
lated at the B3LYP/6-311G(d) level of theory (see Table 1).

the halogen atom (X) and the substituents of the dialkylsily-
lene (10). That is, the site of the dialkylsilylene moiety is
congested. As a result, it is easier for CX, to approach the
silicon atom of dialkylsilylene (10) by X abstraction than by
CX; abstraction. Moreover, our theoretical investigations
suggest that the energies of the CXj-abstraction products
are higher than those of their corresponding reactants,
except for the Cls-abstraction system. This strongly indicates
that this type of reaction is energetically very unfavorable,
and that, if it did occur, the reactions would be endothermic
as opposed to exothermic for the corresponding one-halo-
gen-atom abstractions.

In brief, the calculations suggest the following about the
radical mechanism for the ({silylene}+CX, reaction.
1) Carbon—halogen activation may proceed by a two-step
abstraction-recombination path (formation of two radicals
collapsing in a subsequent step to give the final product).
2) The reaction rates for {silylene}+ CF, and CCl, by the X-
and CX;-abstraction routes are expected to be significantly
lower than those for CBr, and CI,. 3) The one-halogen-atom
abstraction pathway is much more favorable than the one-
CX;-group abstraction route from kinetic as well as theoreti-
cal considerations. This is consistent with the experimental
observation that only the one-halogen-atom abstraction
products are formed.!

Mechanism for the insertion reactions: Let us next consider
the insertion reactions of {silylene} into X—CX; [Eq. (3¢)].
The corresponding reaction energy profiles for CX, (X=F,
Cl, Br, and I) are again given in Figures 1, 2, 3, and 4, re-
spectively. Some interesting conclusions can be drawn from
these figures and the data given in Table 1.

The optimized transition-state structures for F-InS-TS, Cl-
InS-TS, Br-InS-TS, and I-InS-TS along with the calculated
transition vectors for the four insertion reactions are shown
in Figures 1, 2, 3, and 4, respectively. The arrows in the fig-
ures illustrate the direction in which the atoms move in the
normal coordinate corresponding to the imaginary frequen-
cy. Examination of the single imaginary frequency for each
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transition state (488icm™' for F-InS-TS, 248 cm™ for CI-
InS-TS, 135icm™ for Br-InS-TS, and 130icm™ for I-InS-
TS) provides excellent confirmation of the insertion process.
The vibrational motion for the addition of CX, to {silylene}
involves bond formation between silicon and carbon in con-
cert with the breaking of the C—X bond and halogen trans-
fer to the adjacent silicon atom. Indeed, the main similarity
in the transition states is the three-center pattern involving
the silicon, carbon, and halogen atoms. Note that such char-
acteristic three-center transition states are quite analogous
to the mechanisms observed in the oxidative addition of C—
H bonds to carbene-like ML, fragments.'®!

Furthermore, the B3LYP/6-311G(d) results show that in
F-InS-TS and CI-InS-TS the Si—C and Si—X (X=F and Cl)
distances and the C-Si-X angle are similar in magnitude to
those in the corresponding radical product (see Figures 1
and 2, respectively). On the other hand, in Br-InS-TS and I-
InS-TS the Si—C and Si—X (X=Br and I) distances are
longer than those of the corresponding products. These fea-
tures indicate that the C—Br and C-I insertion reactions
reach the transition state relatively early, whereas in the C—
F and C—Cl insertion reactions the transition state is reached
relatively late. In other words, the heavier the tetrahalome-
thane system, the more reactant-like the transition-state
structure. Accordingly, as in the abstraction processes dis-
cussed previously, one may anticipate a smaller barrier to
CBr, and CI, insertion (see above).

The calculated reaction profiles for {silylene} insertion
into CX,; (X=F, Cl, Br, and I) are collected in Figure 6.
Indeed, on examination of Figure 6 and Table 1, it is clear
that, from a kinetic viewpoint, the insertion reactions of
CX, for X=Cl, Br, and I are much more favorable than
that of the CF, molecule. For example, the DFT results sug-
gest that the barrier heights for the insertions decrease in
the order F-InS-TS (45.6)>CI-InS-TS (13.1) > Br-InS-TS
(8.09) >I-InS-TS (2.37 kcalmol™'). Note that the activation
barrier for the iodine insertion is smaller than those for the

60 AEra/
keal mol-!

-80

Reactant Tran'sition Prodl uct
State

Figure 6. Reaction energy profile for the insertion pathways (InS) of the
{silylene} + CX, reaction. All the energies were calculated at the B3LYP/
6-311G(d) level of theory (see Table 1).
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other halogen analogues. Similarly, as one can see in Fig-
ures 1, 2, 3, and 4 as well as Table 1, it is clear that all the in-
sertion reactions are thermodynamically exothermic. The
order of exothermicity follows the similar trend as that of
the activation energy: Cl-InS-Pro (—72.5)>F-InS-Pro
(—69.3) > Br-InS-Pro (—68.3) > I-InS-Pro (—60.5 kcalmol™).
It is therefore predicted that the heavier the halogen, the
easier the insertion reaction of tetrahalomethanes. More-
over, the {silylene}+CX, (X=F, Cl, Br, and I) reactions
occur in a concerted fashion as no other intermediates have
been found in such a process at this level of calculation.

In short, two intriguing conclusions are worth noting.
1) The carbon—halogen insertion reaction into dialkylsily-
lene (10) is not only concerted (proceeding without forma-
tion of an intermediate), but also synchronous (with bond-
forming and -breaking occurring simultaneously in transition
states of lower energy). 2) As can be seen in Table 1, the
barrier heights for the reaction of dialkylsilylene (10) with
CX, should increase in the order: X abstraction <inser-
tion < CXj abstraction. On the other hand, the reaction en-
thalpies for the same reactions decrease in the order CXj
abstraction >X abstraction >insertion. That is to say, the
one-halogen-atom abstraction (X abstraction) should be the
fastest reaction from a kinetic viewpoint. In contrast, only
the insertion reaction can produce a thermodynamically
stable product.

Overview of the dialkylsilylene reactions with CX,: From
our survey of the mechanisms of the {silylene}+ CX, reac-
tions, we come to the following conclusions:

1) For the dialkylsilylene system studied herein, precursor
complexes for the haloalkane reaction should not be ob-
servable at room temperature.

2) By considering both the calculated activation barriers
and the reaction enthalpies, we conclude that for the re-
action of dialkylsilylene with carbon tetrahalides, the
order of reactivity is always I>Br>CI>F, no matter
what kind of reaction is involved. This may be a reflec-
tion of the C—X bond strengths.

3) Of the three kinds of dialkylsilylene + haloalkane reac-
tions (X and CXj; abstraction and insertion), the X-ab-
straction mechanism is the most kinetically favorable,
whereas the insertion mechanism is the most thermody-
namically favorable. Indeed, the X-abstraction reaction
is mostly observed in many related experiments.'

4) The SET mechanism occurs by either X or CX; abstrac-
tion by the dialkylsilylene and recombination of the in-
termediates [see Eqgs. (3a) and (3b)]. Regardless of
which haloalkane is considered, one-halogen-atom ab-
straction (X abstraction) is highly favored compared
with one-CXj;-group abstraction (CX; abstraction) from
both kinetic and thermodynamic viewpoints.

5) Our theoretical findings based on the Gibbs free energy
calculations suggest that the magnitudes of the X-ab-
straction (X=Cl, Br, and I) barriers are very small. This
implies that radical reactions of stable dialkylsilylenes
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with haloalkanes should be facile processes at room tem-
perature.

6) The insertion reactions between dialkylsilylene and hal-
oalkanes can produce a thermodynamically stable prod-
uct, although this reaction is not kinetically favored. This
theoretical finding is in agreement with one available ex-
perimental observation.?

7) Electronic as well as steric factors should play a domi-
nant role in determining the chemical reactivity of stable
dialkylsilylene species, kinetically as well as thermody-
namically.

Origin of the barrier height and the reaction enthalpy for
reaction of a stable dialkylsilylene: From our above theoret-
ical analysis, all our computations can be rationalized on the
basis of the configuration-mixing (CM) model developed by
Pross and Shaik.'"*®! From this model, one may easily un-
derstand that the energy barriers governing the processes as
well as the reaction enthalpies should depend on the sin-
glet—triplet splitting AE (= Ey;ipier—Egingier) in the stable dia-
lkylsilylene (10) and the o—o* energy gap AE,. (=En—E,)
of the CX, molecule. That is, the smaller the value of AE+
AE,., the lower the barrier height and the greater the exo-
thermicity.”-1®!

Bearing the above conclusions in mind, the origin of the
trends detailed below can be explained.

1) Why does the ease of halogen abstraction or insertion
from CX, increase in the order C—F < C—Cl< C—Br< C-1?
According to the CM model stated above, it is readily seen
that the magnitude of AE,,. for a carbon tetrahalide CX,
should play a key role in determining the reactivity order
for the abstractions or insertions of a stable dialkylsilylene.
That is, a smaller AE,. for the CX, species results in a
lower barrier height and a greater exothermicity. This would
lead to fast abstraction or insertion between the stable dia-
lkylsilylene and the CX, species. A qualitative diagram
showing the relative o and o* energy levels for the C—X
bonds is given in Figure 7."” As one can see in this diagram,
the energies of the o orbitals increase from fluorine to

& %

o _H_
C-F C-Cl C-Br (o}

Figure 7. Schematic representation of the relative energy levels of the o
and o* orbitals of the C—F, C—Cl, C—Br, and C—I bonds (see ref. [19]).
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iodine. Namely, o(C—F) < o(C—Cl)<o(C—Br)<o(C-I). On
the other hand, the energies of the o* orbitals decrease
from fluorine to iodine. Namely, o*(C—F)>o*(C—Cl) > o*-
(C—Br) >0o*(C-I). In other words, the o(C—X)—o0%*(C—X)
triplet excitation energies for CX, decrease along the series
fluorine to iodine. Our B3LYP calculations indicate a de-
crease in AE, in the order CF, (322)> CCl, (123)> CBr,
(83.9)>Cl, (47.8 kcalmol™). In consequence, our DFT re-
sults are in perfect agreement with the above prediction.
Indeed, it has been experimentally reported that the bond-
ing energies for C—F, C—Cl, C—Br, and C—1 are 116, 78.2, 68,
and 51 kcalmol™, respectively,™ in good agreement with
the above prediction.

From the reverse point of view, this means that the order
of radical reactivity should increase in the order F'<Cl'<
Br'<I and CF; < CCly < CBry' < Cl;'. From Table 1 it is ap-
parent that the above predictions are in good agreement
with the trend in activation energy as well as reaction en-
thalpy (AE,, AH) for halogen abstraction [Eq. (3a)], CX;
abstraction [Eq. (3b)], and C—X insertion [Eq.(3c)]. Ac-
cordingly, the investigations presented in this work provide
strong evidence that the singlet-triplet gap (AE,.) plays a
decisive role in determining the reactivity of haloalkanes.

2) Given identical single-electron-transfer reaction condi-
tions, why is the one-halogen-atom abstraction favored over
the one-CX;-group abstraction? Again, the driving force for
this can be easily understood from the bonding energies.
That is, the reactivity order for X and CX; abstractions may
be traced to the relative strengths of the Si—X (X =halogen)
and Si—C bonds. The thermodynamic reactions in Equa-
tion (4) can be used to evaluate the bond energies. As a
result, the energy difference AE(BDE) between the Si—X
and Si—C bonds can be determined from Equation (5).

{silylene}-X — {silylene} + X AE, (4a)
{silylene}—CX; — {silylene} + CX;  AE, (4b)
AE(BDE) = AE,—AE, (5)

Indeed, the values determined from Equation (5) can be
obtained from the differences in the energies of the X- and
CXj;-abstraction reactions (Table 1), which were calculated
to be 70.1, 41.2, 32.4, and 20.6 kcalmol™' for CF,, CCl,,
CBr,, and CI,, respectively. These values thus strongly sup-
port the notion that the bonding energy of Si—X is much
stronger than that of Si—CXj; and therefore that {silylene}—X
is more stable than {silylene}—CX;. Consequently, our theo-
retical findings demonstrate that the one-halogen-atom ab-
straction path is favored over the one-CX;-group abstraction
route.

Conclusion

In conclusion, great success has recently been achieved in
the synthesis and characterization of stable dialkylsilylene
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and haloalkane systems, although even just a few years ago
such systems would have been considered inaccessible.
However, the mechanisms of the synthetic reactions had not
been established either by experimental physicochemical
methods or by theoretical calculations. We have now pre-
sented the first theoretical study of the mechanisms of the
reactions of a stable dialkylsilylene with carbon tetrahalides.
With the above analysis in mind, one can see that, for a
given stable dialkylsilylene, the lower the electronegativity
of the halogen atom in the haloalkane, the smaller its AE,
and, in turn, the more rapid its one-halogen-atom abstrac-
tion from a saturated C—X bond. This kind of abstraction
from a haloalkane can lead to a new silyl radical, which can
either yield a new dihalosilane molecule or the observed
coupling products by radical recombination.!"! In addition,
our computational results show that insertion reactions can
lead to a thermodynamically stable product. Although in
principle these two reactions may compete with other, in
practice, it is likely that the one-halogen abstraction path is
favored for kinetic reasons. These theoretical predictions are
consistent with the available experimental observations.'

Furthermore, as our analysis demonstrates, the CM ap-
proach adds additional facets and insights into this relatively
poorly understood area of mechanistic study. Although the
relative reactivity of the stable dialkylsilylene is determined
by the entire potential-energy surface, the concepts of the
CM model, focusing on the singlet-triplet splitting in the re-
actants, allows one to assess quickly the relative reactivity of
a variety of stable dialkylsilylenes without specific knowl-
edge of the actual energies of the interactions involved. In
spite of its simplicity, our approach can provide chemists
with important insights into the factors controlling the acti-
vation energies of halogen-atom transfer reactions.

We encourage experimental chemists to carry out further
experiments to confirm our predictions.
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