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Computational Study of the “Stable” Bis(amino)silylene Reaction with Halomethanes. A
Radical or Concerted Mechanism?
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The reaction of bis(amino)silylene with XGHX = ClI, Br, I, has been studied computationally using DFT

with flexible basis sets. A radical process where a halogen atom is abstracted from halomethane is predicted
to be much more favorable than oxidative addition of the halomethane to the divalent silicon center. A chain
mechanism is proposed that consists of a chain-initiation step (halogen abstraction) followed by competing
chain-propagation steps. In one branch, the methyl-substituted bis(amino)silylene abstracts a halogen from
XCHjs; to form an observed product (the 1:1 adduct), releasing a methyl radical. In the other branch, the
methyl-substituted bis(amino)silylene is intercepted by another bis(amino)silylene, which, in turn, can abstract
a halogen from XCHhlto form the other observed product (the 2:1 adduct) and release a methyl radical. In the
series, XCH, X = ClI, Br, and |, we predict an increase of the 1:1 adduct-producing pathway over the 2:1
adduct-producing pathway, which is consistent with experimental observations. The reactivity of bis(amino)-
silylene indicates a greater similarity to disilene rather than to previously suggested phosphines.

Introduction

The first report of the isolation of a stable silyleM&N-di-
tert-butyl-1,3-diaza-2-silacyclopent-4-en-2-ylidedejn 1994
resulted in a flurry of publications investigating its chemical
and physical properties. At the forefront of the research was
the origin of its stability. Both theoreti¢al'® and experimentéi?
work have concurred that-electron donation from the-sub-
stituent to the formally empty silicon p orbital and possible
aromaticity of the 6z electron ring are the main factors causing
the divalent silicon species to be stabilized.

In addition, there has been an active interest in the reactivity
of 1 and related silylene’®18 A divalent silylene, like the
isolelectronic divalent carbert&can be a Lewis acid or a Lewis
base by virtue of its low lying vacant p orbital (Lewis acid)
and its nonbonding electron pair (Lewis base). It is now well
established that acyclic silylenes and cyclic alkyl silylenes
behave as Lewis acid3120n the other hand, cyclic bis(amino)-

silylenes can act as Lewis bases by donating the nonbond-

ing electron pair on the silicon atom as in silylene-metal
complexes?#18 or in Arduengo carbenes (1,3-diimidazol-2-
ylidene)?1®

As shown in Scheme I conjugation increases the electron
population of the empty p orbital on the Si atom, which leads
to lower acidity and higher basicity. This can account for the
different reactivities of the two types of silylenes, dialkylsi-
lylenes (Lewis acids) and bis(amino)silylenes (Lewis bases).

A number of reactions utilize the electron donicitylpfand
are well understooét~17 However, few examples can be found
for the reaction ofl with Lewis bases. Recently, reactions of
silylenes with halocarbons were reporféd® 22 The reactions
of dialkylsilylene, 2,2,5,5-tetrakis(trimethylsilyl)silacyclopentane-
1,1-diyl, 2, with halomethanes were studied by Ishida et®al.
The reactions oR with CCl, and CHC} gave dichlorosilane
by a radical mechanism. Methyl iodide also reacts vidtto
give a single insertion product. However, the reaction with
CHCI; gave double insertion products in which two Si atoms
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are bonded to a carbon atom. The autPfossiggested that the
activation of the G-Cl bond by silylene complexation would
facilitate the nucleophilic attack of another silylene and proposed
a Lewis acid-Lewis base reaction mechanism via an-gloatse
complex. Similarly, the reactions of with halomethanes
(Scheme 2) were reported by West and co-worké?s22The
reaction betweeft and ICH; was reported to give a 1:1 adduct
as exclusive product, whereas chlorocarbons, exceptBacl,
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Figure 1. Geometries optimized at B3LYP/6-31(d) level where bond lengths are in A, angles are in degrees, aridfBeb@ymbols are given

in parentheses. (a) Geometrical parameters for stationary points in the reacAowitf CICH;. The geometry ofA is compared with MP2/6-
311G(d¥® (underlined); withl by gas-phase electron diffractiom parentheses; and withby X-ray diffractior?? (italicized). The geometry of
Cl—P2is compared with X-ray diffractiofd where thet-Bu groups have replaced the hydrogens on nitrogen. (b) Geometrical parameters of stationary
points in the reaction of with BrCHs. (c) Geometrical parameters of stationary points in the reactignhwith ICHs. (d) Geometrical parameters

of transition states in the reaction bfe—A with XCHs; (XMeA-TS) and in the reaction oMe—D with XCH3 (XMeD-TS). Free energies in
kcal/mol are given in parentheses with respect to reactants. (e) Geometrical parameters of transition states in the néacdomitbf XCH3
(XA-TS) and in the reaction o€l—D with CICH; (CIDCI-TS). Free energies in kcal/mol are given in parentheses with respect to reactants.
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Figure 2. Schematic reaction free energy profile is presented for the reactidnwoth CICH; at the B3LYP/LBS//B3LYP/SBS level. The figure

is divided into an initiation step (1), a common propagation step (2), and two competing propagation steps (3a and 3b). The initiation step produces
a CH; radical, which, in turn, adds to another bis(amino)silylene. The free energy~o& + CH; and CH + Me—A are shown at the same free
energy so that free energies over the entire reaction can be compared. The entire list of species represented by theal3hisldmen, in Table

3.

reacted withl to give a 2:1 adduct. Interestingly, reaction with  1,3-shift from a 2:1 intermediate complex was proposed. Both
bromobenzene gave mixed products of the 1:1 and 2:1 adductssilylenes,1 and 2, show similar trends of reactivities toward
(Scheme 2). Further investigation showed that the proportion halomethanes, even though they have completely different
of product yields, 1:1 and/or 2:1 adducts, changed dependingchemical properties.

upon the ratio of the reactants. Also, increasing the bromoben- Recently theoretical studies on the mechanism of halophilic
zene ratio led to a higher proportion of 1:1 adduct with reactions of silyleneA (Scheme 1) with CICk CHCl; and
exclusively 1:1 adduct after four equivalences of bromobenzene. CHBr; were reported at the B3LYP/6-31G* [eV&IThe author
From these observations, a radical mechanism was suggesteduggested that the reactions follow the general pathway:
for the formation of the 1:1 adducts with IGHout a 1,2-shift insertion of silylene into a halogercarbon bond followed by
mechanism with bromobenzene arA8uCl via a 1:1 intermedi- dimerization with another silylene to form the final 2:1 reaction
ate complex. For chlorocarbons, a halophilic mechanism via a product. However, the reported results cannot completely
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Figure 3. Schematic reaction free energy profile is presented for the reactidnvath BrCH; at the B3LYP/LBS//B3LYP/SBS level.

account for the experimental observations. If the disilane product“LBS” to denote the 6-31%+G(2df,pH-SDD basis set. The
(2:1 adduct) were formed via initial insertion into-SX bond transition states on the singlet PES were tested to determine
of the 1:1 product, the 1:1 product should be observed in the whether a spin broken-symmetry solution was lower in energy.
reaction of silylenel with a 100-fold excess of CHghs is the If so, the transition state was reoptimized with the spin broken-
case in the reaction with bromobenzéAdzurthermore, the symmetry method. These structures are tabulated in Table 1

possibility of radical involvement was excluded in the study,
because only restricted DFT calculations were perforfed.

(CI=TS3, Br—TS2, Br—TS3, | —TS2) with the [(Fexpectation
value. A notation scheme is used in the text, Figures, and Tables

Therefore, we felt that it is necessary to reinvestigate the reactionfor the various structures wherX* is the halogenCl, Br, or

of bis(amino)silylene A) with halomethanes to consider the
radical mechanism.

Computational Details

Possible reactions of silylen® with XCHz (X = CI, Br, I)

were examined by using density functional thébimplemented

in the Gaussian03 prograthThe hybrid B3LYP combination

of exchange and correlation functiorflwas utilized throughout
this study. Geometry optimizations of all stationary points were
performed with a 6-3+G(d) basis set for H, C, N, Si, Cl and
Br and with a standard LanL2BZ effective core potential
(ECP) and basis set for | (Figure 1). At each stationary point,
vibrational frequencies were calculated to confirm whether it
was a minimum (no imaginary frequencies) or transition state
(one imaginary frequency). At every transition state, the
transition vector was animated with the Molden progfdmand

if necessary, the intrinsic reaction coordinate (IRCyas

1), “A” is the cyclic bis(amino)silylene,D” stands for two
cyclic silylene units bonded with a SBi bond, and P” stands
for a product.

Natural population analysis (NPA) was carried out on the
important radical intermediates at the UB3LYP/SBS level by
utilizing the NBO prograrfi implemented in Gaussian to explain
the different reactivity of silylene toward halomethanes. In
addition, St-CHz and Si-X bond enthalpies were determined
in X—P1 (Figure 1; X= ClI, Br, I) and compared with XCHjs
bond enthalpies.

Result and Discussion

Bond lengths and bond anglesAfoptimized at the B3LYP/
6-31+G(d) level are in good agreement with those at the MP2/
6-311G(d) leve? and also agree with those determined by gas-
phase electron-diffractidrand solid-state X-ray diffracticf of
the t-Bu derivative,1 (Figure 1a). The slightly longer SN

computed to connect the corresponding minima. To obtain a bond lengths inA than in 1 can be rationalized by greater

better energetic description of the reaction profile, single-point
calculations were performed with a larger 6-3HG(2df,p)
basis set for all atoms except for I, for which the SBBECP

electron donation from thieBu group inl. The possible radical
intermediates,X—A (X = CI, Br, I) and Me—A, show
interesting characteristics. Because the-2m-electron system

and basis set were used. Thermodynamic corrections to 298 K,is interrupted by the addition of a halogen radicaKirrA or a
zero-point vibrational energy corrections (ZPC), heat capacity methyl radical inMe—A, the Si-N bonds lengthen (0.047

corrections C,), and entropy corrections\§) obtained at the
B3LYP/6-314+G(d)+LanL2DZ level were applied to single-
point energies at the B3LYP/6-3+1#G(2df,pH-SDD level. The

0.053 AinX—A and 0.028 A irMe—A). In addition, the G-C
bonds become longer and the-8 bonds shorter indicating a
greater degree of localization in the {(HCH), unit. When the

reaction profiles were constructed on the basis of relative free methyl radical is addedMe—A), the C-C and C-N bond

energy at 298 K (Figures-24). For convenience, “SBS” will
be used to denote the 6-8G(d)+LanL2DZ basis set and

lengths show very little change, whereas the-GHs bond is
long (1.923 A) compared to other -SC bonds. Electron
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TABLE 1: Calculated Electronic Energies (hartrees), have a localized €C double bond (1.3481.349 A) and G-N
Zero-Point Energies (kcal/mol), Heat Capacity Corrections single bonds (1.4161.418 A). The SN bond lengths in the
to 298 K (kcal/mol), Entropy (cal/mol-K) and Spin-Squared seriesA — CI—A — CI—P1 vary irregularly, 1.779— 1.832
Values ($?[) Calculated at the B3LYP/SBS Level - . ;
—1.739 A. InA, the Si-N bonds are short due toconjugation
ZPC Cpcorr S [¥0 B3LYP/SBS B3LYPILBS from nitrogen lone pairs into the empty silicon orbital, whereas
A 419 34 676 —477.64745 —477.73632 in CI—P1the Si—N bonds are short due to the stronger Ri
AT? 40.6 3.9 74.6 2.01 —477.55314 —477.63895 single bonds (more s character).
CHs 188 25 465 075 ~—39.84264  —39.85653 Relative electronic energieAE), enthalpies at OKAHok),
Me—A 641 50 829 0.76 —517.53588 —517.63997 . )
Me—D 1063 90 1181 0.76 —995.19985 —995309464  enthalpies at 298 KAHoge), and free energies at 298 K
Me—TS 612 6.0 956 075 —517.49031 —517.59302 (AGgogk) of all stationary points relevant to the reaction
MeD-TS  106.3 8.7 122.3 0.76 —995.18501 —995.37706 pathways are tabulated in Tables3 Bond enthalpies of XC
CICH3 239 25 56.0 —500.11152 —500.15697 in XCHz and X—Si bond enthalpies iX—A andX—P1 (X =
g::g :31421'2 g-g 1?2-% g-;g:lz?l’gggggg :13?1’233%2 Cl, Br, 1) are given in Table 6. The XC bond enthalpies of
Cl-P1 659 60  90.0 977.83386 —977.97601 methyl halldessare in good agreement with well-known experi-
Cl-pP2 107.8 100 1254  —145548668 —1455.71920 ~ Mental values® _
Cl-Ts1 650 6.0 938 —977.67677 —977.81091 Bond formation inX—A can be viewed as somewhere
Cl-Ts2 643 63 972 —977.67376 —977.81063 between two extremes. At one end of the spectrum,Z2cbond
CI—TS3 62.7 6.7 100.6 0.69 —977.70646 —977.84346 formation takes place after electron promotion, whereas at the

CID-TS 84.6 8.2 1158 0.76—1415.51770 —1415.72991 : -
CIA-TS 652 75 1099 076-1437.95702 —1438 13061 other end, 2e 3e bond formation takes place without electron

CIMeA-TS 87.3 7.9 112.3 0.76-1017.63345-1017.78579  Promotion. The preferred mode depends on the required
CIMeD-TS 129.2 11.9 147.0 0.76-1495.29462 —1495.53768 promotion energy versus the strength of the-2e bond. The
CIDCI-TS 1075 11.4 143.3 0.76-1915.62568 —1915.88940 promation energy i\ can be estimated from the singtetiplet

BrCHs 235 25 588 —2611.63240 —2614.07317  energy gap AHs™), which was calculated to be 60.3 kcal/mol
Br—A 421 47 850 0.76-3049.39289 ~3051.90445 (AHS%9g). Thus, the new 2e2e bond energy must be greater
Br—D 845 8.7 1189 0.76—3527.06051 —3529.66078 h kealimol- otherwi ; il be f

Br—pP1 657 6.1 925 ~3089.35807 —3091.88715  than 60.3 kcal/mol; otherwise 2@e bonding will be favored.
Br—P2 107.6 10.2 127.9 —3567.01446 —3569.63195 The Si=X bond strength inK—P1 should be a good estimate
Br—TS1 648 6.1 957 —3089.20762 —3091.73264 of full intrinsic Si—X bond strength because no promotion

Br—TS2 62.7 6.7 103.6 0.71-3089.21634 —3091.74032 energy is required. As shown in Table 6, the Byof Si—Cl,

Br-TS3 612 75 1118 1.00-3089.23614 —3091.76072 - - P ot
BID-TS 845 82 1168 0.76-3527.04677 352064433 o D0 and SFCHs in X—P1is larger thanAH® o5 but the

BrA—TS 647 76 1145 076566102212 —5665.96792 BDE,gg of Si—1 is only slightly larger. Therefore, i\, where
BrMeA—TS 87.3 7.8 113.2 0.76—3129.17238 —3131.71068 a promotion of 60.3 kcal/mol is required, the-22e bond

BrMeD—TS 129.1 12.0 148.4 0.76—-3606.83581 —3609.46322 enthalpy of 65 kcal/mol is barely enough to form a-2= bond

ICH3 232 26 608 —51.29691 —51.34492 in I—=A. Indeed, the Sil bond strength inX—A is only 20.1
:_g gi-é g-? 1%-3 g-;g _ggg-%‘l‘% _gzg-égggg kcal/mol and is characterized by a much longer!Sond than

‘ ) PO ‘ ‘ found inl —P1and a much higher spin density on iodine (Table
1—P1 656 6.2 95.0 —529.00236 —529.15297 o . .
1—p2 107.7 102 1295 —1006.65409 —1006.89921 2). Both properties indicate that the-Sibond in I—A may
I-TS1 646 62 984 —528.86767 —528.99464 have significant 2e 3e character.
1-TS2 624 6.9 107.3 0.82 —528.87552 —529.00960 In the series X= Cl, Br, |, the Si-X bond enthalpies iiX—A
ID-TS 843 84 121.3 0.76 —966.69006 —966.91470 (52.5 < 37.8 < 20.1 kcal/mol) andX—P1 (103.1 < 86.3 <
IA-TS 639 80 1209 0.78 —540.32671 —540.51151

IMeA_TS 869 80 1161 0.77 —568 82684 —568 98773 65.9 kcal/mol) follow similar trends. The former bond enthalpies
IMeD—TS 128.9 120 1488 0.77—1046.48418 —1046.74062 (X—A) are 50.6, 48.5, and 45.8 kcal/mol smaller than the latter

CHCl, 186 28 646 -959.70053 —959.77776  (X—P1) for X = Cl, Br, |, respectively, due to the required
CHCI; 125 34 707 —1419.28431 —1419.39407 promotion energy inA (estimated from the singletriplet
SEIATS 52-2 i-é lg‘é-zi 0 60*1223-282?2 *}223-2%?8 splitting as 60.3 kcal/mol), which must take place beforea 2c

- : : el : - : 2e Si=X bond can form. On the other hand, the-Ze Si-X
CI3-TS 531 7.5 114.0 0.49-1896.89944 —1897.09927 . . )
Cl—TS 471 82 1186 0.35-235648627 —2356.71888 bond in X—P1 can form without any additional promotion
SiM 76.9 54 834 —556.26415 —556.26415 energy.
SiIM—TS 97.6 8.9 119.5 0.67—1056.32575 —1056.48006
SIM—CI2TS 932 9.2 1254 0.59-1515.92477 —1516.11026 H

aTriplet silyleneA. N\ /CH3 (12)

. . | Si * XCH; — s./,,,,

donation from the methyl group strengthens the I$ibonds /
and increases delocalization over thReNHCH), unit. On the H

other hand, the halogen atom withdraws electron density from

the silicon atom and weakens (and lengthens) theNShonds.

The atomic NPA charges and spin densitieXefA andMe—A H CH E N LH !

support this interpretation (Table 2). When a Cl or Br atom is | AN A0 E N ‘ \,* / jl (1b)
/

attached tcA (CI—A or Br—A), the spin density is delocalized /S""n

over the ring with very little spin density on the halogen atom, N N \ x \171

whereas, in contrast, the iodine atom has significant spin density H H H H

in =A. In Me—A, most of the spin density resides on silicon

(0.62 €) due to 2e-2e SiC bond formation and the In the currently proposed mechanigfthe first step in the
prerequisite electron promotion. reaction of XCH with A is the concerted oxidative addition of

The products from concerted oxidative addition of XZ¢H  XCHs; (eq 1a). The monomer product observed wherFX,
X—P1, (X = ClI, Br, I) show very similar ring geometries. All  X—PZ1, would follow immediately. The dimer product,—P2,
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Figure 4. Schematic reaction free energy profile is presented for the reactidmath ICH; at the B3LYP/LBS//B3LYP/SBS level. The initiation

step of A + ICH; does not have a transition state.

follows from the insertion oA into the X—Si bond ofX—P1
(eq 1b). An alternative mechanism involving a dimer Af

cannot occur because the dimer is not stible.

The calculations below support a radical mechanism (eq
2-5). Free energy profiles in kcal/mol at 298 K are given in
Figures 2-4 for X= ClI, Br, and I. The profile is divided into
three sections, the initiation step (eq 2), the common propaganonCI A 111 033 -045
step (eq 3), and the competition between the two propagationgr—a 1.04 0.29 —0.39

steps (egs 4 and 5), which lead ®—P1 and X—P2
respectively.

i i
N N
\ \ _=X
Si + XCH; — Si
I EEE 1 e S
N N
H H
H H
N 1
CH; + [ Si — | \S])CHS 3)
N N
H H
H H
N 1
| \ #CH; N\ _/CH3
/Sl + XCH; — | /Sll/,,,."x + CH; “@
N N
H H
L
N,
| \S' _»CH,
/ ! + | Sl — Sl_—Sl ' (5a)
p p ooy
H H
H
: ,c S l',I
\ /
| Si——si :, +XCH,—> l + CH; (5b)
/ \
N
H H

TABLE 2: Natural Atomic Charges (NPA) and Mulliken
Spin Densities (MSD) of X-Si(NHCH),, (X = ep2 CHg, Cl,
Br, 1) Radicals Calculated at the B3LYP/SBS Level

Si X NH CH (NHCH)zd
NPA MSD NPA MSD NPA MSD NPA MSD NPA

0.94 0.00 —0.60 0.00 0.13 0.00 —0.94
Me—A 1.26 0.62 —0.42 —0.0* —0.56 0.13 0.14 0.07 —0.84
0.04 —0.51 0.20 0.18 0.14 -0.65
0.08 —0.51 0.19 0.18 0.14 —0.65
0.24 —0.51 0.20 0.19 0.14 -0.65

I-A 096 0.12-0.32

aElectron pair, designating. ® Methyl group charge; atomic charges
on methyl hydrogens are summed with charge on carb8pin density
on methyl carbond Ring —(NHCH), group.

The concerted oxidative-addition barriers are compared with
the lower-energy halogen-abstraction barriers in Table 7. The
concerted transition stateX{TS1 andX—TS2) have signifi-
cantly higher free energies of activation than the halogen
abstractionX—TS3) free energy barrier. The latter barriers are
22.9, 16.0, and 22.8 kcal/mol lower in free energy than the
concerted processes for=X ClI, Br, and I, respectively. In the
case of iodine, a transition state for iodine abstraction could
not be found. When X= ClI, Br, the activation free energy for
halogen abstraction decreases (Table 8) whereas the reaction
free energy increases. For X |, the two trends meet, which
explains why there is no transition state.

From the NBO analysis, there are three important denor
acceptor interactions iX—TS1 and X—TS2 (Table 9 and
Figure 5). These are labeleld 2, and 3 and correspond to
electron donation from the silicon lone pair ¢Pto the
antibonding X-C orbital (©*x-c), to electron donation from
the lone pair orbital on X (LE) to the empty orbital on silicon
(LP*j), and to electron donation from the->C bonding orbital
(ox—c) to the empty orbital on silicon (LR}, respectively (Table
9). In X—TS1, the stable bis(amino)silylene is acting as the
Lewis base, where interactidris larger thar+3. The decrease
of interactionl in X—TS1 as X is changed from Cl to | (Cl
42.4 kcal/mol; Br 31.6 kcal/mol; 1 25.1 kcal/mol) can be
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TABLE 3: Relative Energies, Enthalpies, and Free Energies
(kcal/mol) in the Reaction Profile for the Reaction of A with
CICH3;

Joo and McKee

TABLE 6: Bond Dissociation Energies (BDE), Bond
Dissociation Enthalpies 4 0 K (BDE ) and at 298 K (BDE,gg)
Calculated at the B3LYP/LBS//B3LYP/SBS Level (kcal/mol)

label species AEe  AHok AHzgsk AGagsk bond BDE BDR BDEjgs refe
al 3A +2CICH; 0.0 0.0 0.0 0.0 Cl—CH;s 82.0 76.9 78.5 844
atsl CI-TS3+ 2A + CICH3; 31.3 28.2 29.0 35.9 Br—CHjs 68.2 63.5 65.0 700
a2 CI-A + CHz+ 2A + CICH3 29.5 247  26.0 24.5 |—CHjs 51.5 47.1 48.5 56%
ats2 Me-TS+ A +CICH; +CI-A 294 25.1 26.5 30.5 H,C—Si2 29.6 26.1 26.9
a3 Me-A+A+CICH;+CI-A -0.22 -14 -1.0 6.9 Cl-Si? 52.6 52.3 52.5
ats3 CIMeA-TS+ A + CI-A 6.9 4.8 5.7 21.4 Br—Si? 37.8 37.7 37.8
a4 Cl-P1+CHz+ A +CI-A —224 —-27.1 —-25.7 —-17.1 |—-Sid 20.2 20.1 20.1
ats4 MeD-TS+ CICH3 + CI—-A -06 -17 -08 154 Si—CIP 104.4 102.6 103.1 1174 2°98.9
a5 Me-D + CICH; + CI—-A —-11.6 —-12.8 —11.6 5.9 Si—BrP 87.4 85.8 86.3 101.6 22821
ats5 CIMeD-TS+ CI—-A —-29 —-49 -34 22.2 Si—1b 67.0 65.5 65.9 82.22262.7
a6 Cl-P2+ CHz+ CI-A —26.7 —-315 —29.3 -11.2 CISi—CHg? 81.4 76.4 77.6 94.21°70.8
— b
aBecause the transition state is lower in energy than the reactant :B,Srls_lcﬁgf ;Zé ;ig ;gg

(a3 — ats4), there must be an intervening intermediate. At fig.
level, theMe—A/A complex is 2.7 kcal/mol more stable thaB.

TABLE 4: Relative Energies, Enthalpies, and Free Energies
(kcal/mal) in the Reaction Profile for the Reaction of A with

aFrom Me—A and X—A (X = Cl, Br, 1) radical species? From
X—P1 (X = Cl, Br, I). ¢ Literature values for BDEs. ¢ Reference 33.
¢ BDE of Me;Si—X (X = CHj, Cl, Br, 1), from ref 34.f Bond energy
terms of Si-X (X = C, Cl, Br, I) derived from least-squares method.

BrCH 3
label species AEe  AHok AHzgsk AGaosk
bl 3A + 2BrCHs 0.0 0.0 0.0 0.0

Reference 35.

TABLE 7: Comparison of Free Energies of Activation
(kcal/mol) for Concerted Oxidative Addition with Halogen

bts1 Br—TS3+ 2A + BrCHs 306 264 280 323 Abstraction Reaction for A + XCH3

b2 Br—A + CHz+ 2A + BrCHs 30.4 258 27.2 25.7 — — —

bts2 Me-TS+A +BrCHs+ Br—A 30.3 263 27.7 317 X=dl X=Br X=

b3 Me—A + A+ BrCH; + Br—A 0. -03 0.3 8.0 X-TS12 60.0 57.0 63.1

bts3 BrMeA-TS + A + Br—A 2.4 1.0 1.7 18.0 X—TS22 58.8 48.3 49.5

b4 Br-P1+CHs+A+Br—-A  —183 —226 —21.1 -125 X—TSP 35.9 32.3 26.9

bts4 MeD-TS+ BrCHs + Br—A 0.4 —-05 04 166 o - , . "
b5 Me—D + BrCHz + Br—A ~106 —-11.6 —10.4 7.0 2 Oxidative addition Halogen abstractiorf. There is no transition
bts5 BrMeD-TS + Br—A 78 -93 -78 181 state for halogen atom abstractionAyfrom ICHs. The free energy of
b6 Br—P2+ CHs;+ Br—A —236 —27.9 -257 -75 I—A plus CH is 26.7 kcal/mol.

aBecause the transition state is lower in energy than the reactant TABLE 8: Predicted Differences in Free Energies of
(b3 — bts4), there must be an intervening intermediate. At Kig, Activation (AAGa,gg kcal/mol) for Formation of CH 3 and
level, theMe—A/A complex is 2.7 kcal/mol more stable thh8. |—Si Radical from CICH3 and BrCH3 at B3LYP/LBS//
B3LYP/SBS Level

TABLE 5: Relative Energies, Enthalpies, and Free Energies X X =Cl X — Br X =1
(kcal/mol) in the Reaction Profile for the Reaction of A with

ICH 3 X—TS3 35.9 32.3 -
label species AEe.  AHok AHaesk AGagsk g(_'As(—BFzg):)_A ﬁli 22; N%%?

cl 3A+2ICHs 0.0 0.0 0.0 0.0

c2 |-A+CHs;+ 2A +ICH; 31.3 270 284 267 TABLE 9: Orbital Interaction Energies (kcal/mol) from

cts2 Me-TS+A +ICHz+I1-A 312 274 289 327 Second Order Perturbation Theory Analysis in NBO

c3 Me—A + A + ICH3z + 1—A 1.8 0.9 1.5 9.1 Analysis at the HF/LBS Level

cts3 IMeA-TS+A +1-A 0. —-13 -03 15.5 S .

c4 1-P1+CH;+A-+I-A  —137 —-17.5 —159 -7.6 orbitalinteraction cj— cl- Br— Br— I- |-
cts4 MeD-TS+ ICH; + 1—-A 1.3 0.7 1.6 17.6 donor acceptor TS1 TS2 TS1 TS2 TS1 TS2
c5 Me—D + ICHsz + | —A -9.88 -104 —-9.2 8.1 12 LPg o*y P 424 581 31.6 130 251 401
ctsb IMeD-TS+ I—A —-10.4 —-11.6 —-10.0 16.2 22 Py LP*Si 0.4 62.6 0.4 43.1 0.3 21.1
c6 I-P2+ CHz + 1—A -199 -235 -21.3 -3.1 32 gy b LP*g 103 224 123 51.8 149 354

aBecause the transition state is lower in energy than the reactant
(c3— cts3 ¢3— cts4, andc5 — ctsh), there must be an intervening
intermediate. At theAE; level, theMe—A/ICH; complex is 1.8 kcal/
mol more stable than3; the Me—A/A complex is 2.7 kcal/mol more
stable tharc3; the Me—D/ICH3; complex is 2.2 kcal/mol more stable
thanc5.

aFor depiction of orbital interactions see Figure®’The ¢ and o*
X—CHjs bonds were defined by using CHOOSE and DEL keywords
within the NBO analysis program.

stable bis(amino)silylend,, it appears that the silylene is still
acting as the Lewis acid. It is interesting that the Lewis acid-
attributed to the destabilization of theC o* orbital, which Lewis base character &f can be captured by the two concerted
reduces its acceptor ability. On the other hand, the stable bis-transition states—TS1 and X—TS2. For X = ClI, the two
(amino)silylene is acting as a Lewis acidX+TS2, as shown transition states are separated by only 1.2 kcal/mol in free
by the combined interactions @and3 in which the acceptor ~ energy. This difference increases to 8.7 kcal/mol for=X8r
orbital is LP*%;. The largest interactior2(+ 3) occurs for X= and 13.6 kcal/mol for X= I. The increased separation between
Br (94.9 kcal/mol), followed by X= CI (85.0 kcal/mol) and X the two transition statesX(TS1 and X—TS2) for X = 1 is

=1 (56.9 kcal/mol). Indeed, the lowest concerted free energy likely due to the softsoft acid-base character between iodine
barrier for oxidative addition of XCkto A occurs viaBr— (soft base) and\ (soft acid) inl —=TS2. It must be emphasized
TS2. There has been extensive discussion in the literature aboutthat, though interesting from a pedagogical point of view, the
the increased Lewis basicity @& relative to dialkylsilylenes. concerted oxidative transition state&;-TS1 andX—TS2, do
However, in the concerted oxidative addition of XEtd the not play a role in the reaction mechanism. For all three reactions,
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Figure 5. Orbital interactions are depicted that are analyzed by NBO
in Table 9.
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X = ClI, Br, and |, the halogen abstraction reacti¥r; TS3 is
lower in free energy than the concerted oxidative addition (Table
7).
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to form side products, react with XGhh a degenerate reaction
(CH3 + X—CH3z — CH3;—X + CHg), or (much more likely)
react with A. Reaction withA (labeled “Propagation 2”), a
common step for all halomethanes, has a free energy barrier of
6.0 kcal/mol. The productMe—A, can react with X-CHs
(“Propagation 3a”) or with anothek (“Propagation 3b”). The
competition between (3a) and (3b) will determine which
products are formed. In the reaction of Clgwith A, the two
relevant free energies arats3' and “ats5’, 21.4 and 22.2 kcal/
mol. The calculation would predict a mixture &i—P1 and
Cl—P2 because the free energy barriers are very similar.

In the chain mechanism, we depict tie—D radical reacting
with CICH3 to form CI—P2 plus CH (Propagation 3b). In
reality, there is the possibility thdde—D can react with another
A to formMe—T (“T” for trimer). The free energy barrier for
theMe—D + A — Me—T reaction is lower than for thiele—D
+ CICH3; — CI—P2 reaction (9.6 versus 16.3 kcal/mol), but
the reaction is nonspontaneous by 5.9 kcal/fdlvhen we
consider that the experiments involtewith bulky tert-butyl
groups on nitrogen rather thai, the possibility for forming

It has been reported that bis(amino)silylenes are electronically the trimer adduct is even less likely.

similar to trivalent phosphorus compounds (eqs 6 ant¥),
because of strongr-conjugation. We suggest that a better

XsPP+ Y X;Pp—Y (6)

R
|

fll
N, N
AN \
ce Y — s
E/Sl' Y E/Sl Y
Y Y
R

(7)

|
R

analogy might be disilenes,,Bi=SiR, (Scheme 3). Kira has
characterized the reaction os&=SiR, with R'X as proceeding
through a “bimolecular abstraction mechanist'n fact, in
the reaction ofi¢ Pr;Si),Si=Si(i-Pr;Si), with t-BuCl, the radical
product is stable and has been identified by ESR.

More supportive evidence for the analogue between bis-
(amino)silyene and disilene can be found from the nature of
the transition state for halogen atom abstraction by both

compounds. By comparing rate constants and exothermicities

for the reactions of disilene with a series of chlorine- and
bromine-containing molecules, it was conclufed that the
transition states are “late” (silicerhalogen bond formation and
halogen-carbon bond cleavage are well-advanced). In the

This prediction agrees with experimental result where reaction
of 1 with CCl, afforded a mixture of product$? However, the
only reported product of the reaction d{not A) with CH,Cl,
or CHCE (not CICH) is the disilane producQ]—P2). It should
be noted that solvation effects in hexane or benzene (which have
not been included in the present study) are expected to be small
but could be large enough to affect the outcome of the reaction.
Of course, the reaction can be “pushed” toward one product or
the other by changing the initial CIGHA ratio.

In the BrCH-containg pathway 3a (Figure 3e—A +
BrCHs), the transition state has a free energy of 18.0 kcal/mol,
very similar to the free energy from pathway 3b (18.1 kcal/
mol). The two pathways are expected (and found) to be
competitive. In the ICH-containing pathway 3a (Figure 4,
Me—A + ICHj3), the transition state has a smaller free energy
than the pathway to disilane products-P2), 15.5 versus 17.6
kcal/mol. In addition, nonstatistical behavior (see below) may
lead to the formation of—P1 by the capture of the Citadical
released in the initiation step.

Itis very reasonable that the two barriers for addition of %XCH
to Me—A or Me—D should be similar. In both transition states,
the halogen atom is abstracted by a silicon atom in a similar
chemical environment. Fdle—A + XCHzs, the substituent on

reaction of bis(amino)silyene with halomethanes, the transitions the trivalent silicon is methyl whereas Me—D + XCHj, the

state K—TS3) are also “late” as judged by short forming-S{
and long breaking X C bonds (Figure 1d,e). In contrast to the
reactions ofA (bis(amino)silyene) with XCkithat are “late”,
the reactions oMe—A with XCHj; are “early”, as judged by
the long forming Si-X bonds and the short breaking—=>C
bonds in the transition statéMeA-TS (Figure 1d). Thus, the
addition of the methyl substituent # (A + CH; — Me—A)

substituent is methyl-bis(amino)silylene.

We also explored the fate of—A, which should lead to
minor products, perhaps below the detection limit in the
experimental studies. The reaction XA with A has free
energy barriers of 8.3, 9.0, and 8.4 kcal/mol for=XCl, Br,
and | (for structures seeXD—TS, Figure 1). In analogy with
Me—D, the most likely reaction ofl—D is with CICHs to give

makes the halogen abstraction reactions much more exothermidghe dichloro version of the disilane product. The free energy

and changes the transition states from “late” to “early”.

The free energy barrier for halogen abstraction (forming two
radical products) is clearly lower than the concerted oxidative
addition barriers as illustrated in Table 7 for the three halo-
methanes considered, CIgHBrCHs, and ICH. In Figures 2-4,
we present the free energies for the radical mechanisf-tel
andX—P2, X = Cl, Br, I.

In the initiation step, a halogen atom is abstracted by bis-
(amino)silylene ), leaving behind a methyl radical. The methyl
radical can react with another methyl radical to form ethane

barrier for this reaction is 17.5 kcal/mol (Figure 1le). The
alternative reactions of—A are with XCH, which have free
energy barriers of 18.0, 14.4, and 12.6 kcal/mol for=XCl,
Br, and I, respectively, to form the dihalogen versiorXefP1
(Figure 1e). Thus, there may be dihalogen products produced
(i.e., two halogens orX—P1 and X—P2) in the reaction of
XCH3; + A, but the concentrations may be low becaseA
is only generated in the initiation step.

One shortcoming of our model is that the free energy barriers
for the initiation steps are still too high to explain the

(chain terminating), react with the solvent (hexane or benzene) experimental observation where the reactions proceed at room
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CHCL (G

SiM (C,,) SiM-CITS (C,) SiM-CI2TS (Cy)
Figure 6. Geometries (B3LYP/6-31G(d)) of reactants C§Cl,, CHCkL, and CCJ} and the transition states for the initiation steps (chlorine atom

abstraction byA) CI2—TS, CI3—TS, andCI4—TS. In addition, geometry of reactaBiM and the transition states for the initiation steps (chlorine
atom abstraction bgiM) SIM—CITS and SiIM—CI2TS.

TABLE 10: Comparison of Activation Energies, Enthalpies, tively). The lowering of the free energy barriers can be attributed
and Free Energies (kcal/mol) in the Initiation Steps for the to the stabilizing effect of the chlorine on the forming methyl
Reaction of A with CICH3;, CH,Cl,, CHCI; or CCl4 and for radical

the Reaction of SiM with CICH; and CH,CI, :

Two methyl substituents on the ring nitrogen atoms cause

A AHox AHzsex AGasax the activation free energy barrier to be lower by about 2 kcal/
g:;f_g gég %gg %Z-g gi’g mol. The electron donation from the methyl groups to the bis-
Cl3-TS 195 18.2 19.0 26.2 (amino)silylene ring enhances the electron delocalization over
Cl4-TS 12.7 12.1 12.8 19.8 the five-member ring system and stabilizes the transition state.
SiM-CITS 30.0 26.8 27.9 33.8 The two effects (methyl groups on nitrogen and additional
Sim-CI2TS 24.1 21.8 22.8 29.6 chlorine atoms on carbon) are additive and the activation free

energy barrier for the reaction &M with CHyCl, (AG*298k

temperature. This can be explained by the fact that our model — 29.6 keal/mol) is 6.3 kcal/mol lower than that of the model

system is not the same as the observed reaction. Most of thereacﬂon. Thus, if we consider the stable silyldmeacting with

. . . CH.Cl,, CHCL;, or CCl, the initiation free energy barriers might
reported reactions are those of stable S|Iylen§|_th CHLCL,, be reasonable for a reaction that occurs at room temperature.
CHCI3, and CCl. Therefore, the effect of additional halogen o . | liarity of the REIA ion is th
atoms on the entering methyl carbon was examined in the ne experimental peculiarity o t.e reaction is that

; . R = t-Bu and R= CHCl, lead to different products. CHEI
reaction of A with CH,Cl,, CHCL, and CCl, as well as the . .
effect of additional methyl groups on the ring nitrogen atoms leads toCl—P2 (with a CHCE substituent rather than G}
i the silv] . N I‘i/dg tf?l derivati gS'M 9 th t-BuCl leads to the correspondir@l—P1 product, the same
In the stlylene (ie. N, imethyl denvative, Si ) n the product observed with ICEHWe think the answer to this riddle
reaction with CICH. In addition, to confirm the additivity of 1,3 come from nonstatistical kinetic modé¥4n the transition
these effects, an investigation of the reaction#M with state for the initiation step, the transition vector (231 éyis
CHCl> was also carried out. Optimized geometries of the 5 cj-CH;, bond stretch (Figure 7). The radical products are
reactants and transition states are given in Figure 6, and the3 g kcal/mol lower in enthalpy (Table 1) than the transition state
calculated activation barriers are tabulated in Table 10. The and the excess energy will become kinetic energies of two
additional halogens on the methyl group lower the activation separating species such that the methyl radical will leave the
free energy barrier by about 5 kcal/mol per chlorine (Ci€l,: vicinity of the CI—A radical. If the reaction of-BuCl follows
n = 1—4; AG¥gs = 35.9, 31.5, 26.2, 19.9 kcal/mol, respec- a similar path, the 3.0 kcal/mol of enthalpy may be absorbed
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Br-TS3
49 em™!
Figure 7. Transition vectors of the two transition stat€3TS3 and
Br—TS3) that indicate the ejection of a methyl radical during halogen
abstraction. A transition state does not exist in the abstraction of iodine
from ICH; by A.

by vibrations of thet-Bu group such that theBu group may
not depart the vicinity ofCI—A and be captured to form the
correspondindgCl—P1 product.

Another reason R= t-Bu leads to the monomer is due to
steric congestion in the transition state for formation of the
dimer. In the case afBuCl reacting withl there are five-Bu
groups in the transition stateMeD-TS) with significant
crowding between the two units. In this case, there is an
advantage of propagation step 3a over 3b.

Conclusion

The present calculations of the reaction of bis(amino)silylene

J. Phys. Chem. A, Vol. 109, No. 16, 2005737

level are given in Table S1. This material is available free of
charge via the Internet at http://pubs.acs.org.
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