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ABSTRACT: The observation that (iPr,Si)(fBu,Si)Si: (1) yields an

The reaction occurs from the singlet state

intramolecular C—H bond insertion product at room temperature, R38| JBu ki>>k; l RsSi By

together with earlier computational predictions that triplet 1 is slightly —51—-:Bu k fB“SS'\ ks tBUsSK  k  HSi—di~tBu
. . . s S Sii— |

more stable (or isoenergetic) than singlet 1 and additional CMez RS’ e RSI” H,C—CMe,

considerations, led previous investigators to conclude that 1 is the R—-JPT tBu Triplet Singlet

first silylene to exhibit triplet electronic state reactivity. In this paper we ks, ka>>k1.ka

test, using DFT and ab initio methods, whether the occurrence of

intramolecular C—H bond insertion indeed indicates the presence of a triplet-state silylene. DFT calculations at the B3LYP/
6-31+G(d,p)//B3LYP/6-31+G(d,p) level show that singlet (iPr;Si)(tBuMe,Si)Si: (9), a close model of singlet 1, inserts
intramolecularly into a C—H bond of the Bu group with a barrier of 22.7 kcal/mol (22.2 kcal/mol at SCS-MP2/cc-PVTZ).
However, for triplet 9 the barrier of this insertion reaction is significantly higher, 34.6 kcal/mol (41.9 kcal/mol at SCS-MP2/
cc-PVTZ). This implies that at room temperature the intramolecular insertion reaction of the singlet is 10°—10"? faster than that of the
triplet. We conclude, in contrast to previous conclusions, that the observed intramolecular C—H bond insertion reactions of 1 as
well as of (tBuSi),Siz (2) occur from the singlet state. Furthermore, the occurrence of an intramolecular C—H bond insertion cannot
serve as evidence for the presence of a triplet silylene, either in cases where the singlet and triplet states are nearly isoenergetic (e.g,, 1
and 9) or even for silylenes where the triplet state is the ground state (e.g., 2), because the corresponding singlet silylenes insert
intramolecularly much faster. The search for a genuine reaction of a triplet silylene has to continue.

B INTRODUCTION

Silylenes (R,Si:)," the silicon analogues of carbenes (R,C:),”
are among the most important reactive intermediates in
organosilicon chemistry and as such attract considerable
interest.’ A fundamental difference between silylenes and
carbenes is the multlphaty of their ground state. Methylene
(CH,) is a ground-state *B, triplet, w1th the 'A, singlet state
lying ca. 9 kcal/mol higher in energy % In contrast, SiH, is a 'A,
ground-state singlet, with the °B triplet state lying 18—21 kcal/
mol higher in energy.”> The reversal of the ground-state
multiplicity on going from methylene to silylene has stimulated
numerous experimental and theoretical studies,' > and it has a
marked effect on the chemistry of silylenes in comparison with
that of carbenes."

The reactions of singlet and triplet carbenes were studied
extensively both experimentally and theoretically.” Special
attention was devoted to their prototypic insertion and addition
reactions. Insertion reactions of silylenes are at the center of
this paper, and we therefore review shortly the available
computational studies for both carbenes and silylenes.

It is generally accepted that a singlet carbene undergoes C—
H bond insertion in a concerted single-step process through a
triangular transition state in which the empty p-orbital of the
carbene interacts with the filled 6(C—H) orbital**" (Figure 1a).
In contrast, insertion of a triplet carbene occurs in two steps, via
a linear hydrogen abstraction transition state occurring in the
first step™® (Figure 1b).

Computational studies on the insertion of singlet CH, (‘A,)
into CH, at both the MP2/6-31G(d) and the B3LYP/
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6-31G(d, 4p) levels of theory found that it is a barrierless
reaction.”” Calculations at QCISD(T)/6-31G(d)//QCISD-
(T)/6-31G(d) found a negative activation barrier of —2.4 kcal/
mol [—4.2 kcal/mol at QCISD(T)/6-31+G(2df,p)//QCISD-
(T)/6-31G(d)].* The insertion of singlet methylene into a C—
H bond of ethane occurs in a single step, and the calculated
barrier is —6.4 kcal/mol at MP2/6-31G(d) [—11.0 kcal/mol at
MP4SDTQ/6-31G(d)],"* while for the insertion into CH,CI
the activation barrier is 5.4 kcal/mol at MCSCF(MP2)(4,4)/
6-31G(d)//MCSCF(4,4)/6-31G(d) [13.2 kcal/mol at
MCSCF(4,4)/6-31G(d)//MCSCE(4,4)/6-31G(d)].°

In contrast, a relatively high activation barrier of 17.9 kcal/
mol (UMP3/6-31G(d,p)//UHF/3-21G) was calculated for the
insertion of triplet CH, (°B,) into a C—H bond of methane.
The reaction proceeds in two steps: a rate-determining
hydrogen abstraction step to form two methyl radicals (Figure
1b) which in a second barrierless step recombine to produce
ethane.’ The activation barrier calculated for abstraction of
hydrogen from CH,Cl by *B, CH, is even higher than that
from CH,, 22.4 kcal/mol at MCSCF(MP2)(4,4)/6-31G(d)//
MCSCF(4,4)/6-31G(d) [24.1 kcal/mol at MCSCF(4,4)/
6-31G(d)//MCSCF(4,4)/6-31G(d)].° A barrier of 24.4 kcal/
mol (MP3/6-31G(d)) was calculated for hydrogen abstraction
by triplet methylene from ethylene.”

In contrast to the barrlerless insertion reaction of singlet
methylene into CH,,**" the calculated barrier for the insertion
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Figure 1. Schematic representation of the mechanistic insertion of CH, into methane: (a) singlet CH, ('A;) and (b) triplet CH, (*B)).

of singlet SiH, into a C—H bond of CH, is high, 22 kcal/mol at
MP4SDTQ/6-311G(d,p)//MP2/6-31G(d).® The best esti-
mated experimental gas-phase value is 14 + 3 kcal/mol (at
610 K).>* The authors state that, due to the very small rate
constant measured for this bimolecular insertion reaction, this
process is unlikely to be observed.”® However, intramolecular
unimolecular insertion of singlet silylene into C—H bonds has
been observed.”™!® These insertion reactions occur despite
their high barriers; e.g., the activation barrier for the
intramolecular C—H insertion of Me,HSiCH,SiH to form
1,3-disilacyclobutane was estimated from kinetic data to be 29
kcal/mol‘® (of which ca. 13 kcal/mol are attributed to ring
strain in the transition state'®). A barrier of ca. 20 kcal/mol
was estimated experimentally for other intramolecular insertion
reactions of singlet silylenes.'® Recently Boo and co-work-
ers'"'? studied computationally, using a variety of DFT
functionals and basis sets as well as ab initio MP2 level
calculations, the insertion pathways of several silylenes which
were studied earlier experimentally.'” According to these
calculations, the Gibbs free energy barriers at 800 K for the
intramolecular C—H insertion of singlet Me;SiSiH,
Me,HSiSiMe, and Me;SiSiMe to form the corresponding
disilacyclopropanes via a four-membered ring (4-MR) tran-
sition state are 19.8, 23.0, and 21.5 kcal/mol, respectively, while
the Gibbs free energy barriers for the insertion of the related
alkyl-substituted silylenes, Me,HSiCH,SiH and
MeH,SiCH,SiMe, to form 1,3-disilacyclobutane via a five-
membered ring (5-MR) transition state are 31.7 and 34.9 kcal/
mol (at MP2/aug-cc-PVTZ//B3LYP/aug-cc-pvDZ), respec-
tively.'" These comlputational results are consistent with the
experimental data.'” The above studies show that the
intramolecular insertion barriers are significantly lower for
silyl-substituted silylenes than for alkyl-substituted silylenes, and
this Si vs C substituent effect is even more pronounced when
taking into account the higher ring strain in the 4-MR vs the $-
MR insertion reaction transition state of the studied silylenes.
The lower activation energies found for silyl- vs alkyl-
substituted silylenes correlate with the smaller singlet—triplet
energy gap (AEgrp) of silyl-substituted silylenes (e.g, —8.4
kcal/mol for (H,Si),Si:) vs alkyl-substituted silylenes (—25.6
kcal/mol for Me,Si:). A similar correlation between AEg; and
the activation energy for intermolecular C—H bond insertion of
germylenes was found computationally."

Insertion reactions of triplet silylenes have been hardly
studied computationally. Hydrogen abstraction from CH, by a
triplet SiH, forming a silyl radical and a methyl radical, the first
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step in the insertion of triplet silylenes into C—H bonds
(similarly to (b) in Figure 1), was calculated to have a barrier of
32.6 kcal/mol (UMP3/6-31G(d,p)//UHF/3-21G),> signifi-
cantly higher than the calculated activation barrier of 22 kcal/
mol for the insertion of singlet SiH, into CH,.* Recently, Boo
and co-workers calculated that the Gibbs free energy (800 K)
barrier for the intramolecular insertion reaction of triplet
Me;SiSiMe into its y(C—H) bond is 47.8 kcal/mol (MP2/aug-
cc-PVTZ), significantly higher than that for the singlet ground
state (21.5 kcal/mol)."

Until recently, only ground-state singlet silylenes were
known." Generation of triplet ground-state silylenes turned
out to be very difficult, encountering many failures."™'* In the
early unsuccessful efforts to generate triplet silylenes, bulky
alkyl substituents, e.g., 1-adamantyl, were used.'* This approach
was stimulated by the theoretical prediction by Gordon'® that
by forcing the RSiR bond angle to be wider than ca. 125° a
reversal of the ground state multiplicity occurs and the triplet
state is lower in energy than the singlet state. Disappointingly,
R,Si: (R = 1-adamantyl) was determined to be a ground-state
singlet on the basis of the high degree of stereospecificity of the
diadamantylsilirane decomposition and the (1-adamantyl),Si:—
olefin addition reaction.'* Later computational studies showed
that electropositive substituents, such as bulky silyl substituents,
should be used to obtain a triplet ground-state silylene.'**" For
example, (l-adamantyl),Si: is calculated to have a singlet
ground state with AEqr = —15.9 keal/mol,'®® while for (1-
silaadamantyl),Si: AEg 1 = +0.9 kcal/mol, and ((¢Bu),Si),Si: is
calculated to be a ground-state triplet with AEg.r = +7.1 kcal/
mol'®® (BLYP/DZVP-ECP//BLYP/DZVP-ECP; 4.5 kcal/mol
at BLYP/TZVP'®®). The theoretical prediction that
((tBu);Si),Si: has a triplet ground state was supported by its
recent synthesis and characterization by electron paramagnetic
resonance (EPR) spectroscopy.'”

To date, only three experimental studies claimed the
generation of triplet silylenes.'”” >' In 2001, Gaspar et al.
generated photolytically (iPr;Si)(tBu,Si)Si: (1)."® This silylene
is predicted by theory to have nearly isoenergetic singlet and
triplet states (AEgr = 0.1 kcal/mol (B3LYP/6-31+G(dp),
triplet more stable, current study; —1.0 kcal/mol, singlet more
stable, ref 16¢). Silylene 1 reacts with 2,3-dimethylbutadiene to
give the 1,4-addition product (Scheme 1, path a) and with
Me,SiH/Me;SiD to give Si—H/D bond insertion (Scheme 1,
path b), two typical reactions of singlet silylenes.'® However, in
the absence of trapping reagents, intramolecular insertion into a
5(C—H/D) bond occurs, yielding the corresponding disilacy-

dx.doi.org/10.1021/ja403068r | J. Am. Chem. Soc. 2013, 135, 9032—9040



Journal of the American Chemical Society

Scheme 1
X
Y tBu3S|\
— - s |
a 7
R3Si
i tBu3Si H/D
BusSiy MesSHD 0 Ng/
5 T rs” s
RsSi R3Si SiMe3
2 et R fBu
c HSi—Si—1Bu
—
1,atRT. HC—CMe;
2, methylcyclohexane matrix annealing
at> 147 K

clobutane product (Scheme 1, path c). On the basis of the
observation of the unusual intramolecular insertion reaction,
the authors concluded that while an equilibrium may exist
between the nearly isoenergetic (as predicted by theory) singlet
and triplet states of silylene 1, only the triplet silylene is reacting
in the intramolecular §(C—H) insertion reaction, thus shifting
the singlet—triplet equilibrium toward the triplet state.'**" On
the basis of literature data, the authors assumed that an
intramolecular §(C—H) bond insertion reaction which occurs
from the singlet state should have an activation barrier higher
than 20 kcal/mol (see above).”'® This assumption, in
combination with the assumption that for the triplet silylene
the two-step abstraction—recombination mechanism for C—H
bond insertion (Figure 1b) has a lower barrier than the single
step C—H bond insertion of a singlet silylene, led to the
conclusion that the intramolecular §(C—H) insertion reaction
observed under mild conditions occurs from the triplet
state.'®>** Additional support for this conclusion was provided
later by a study of the thermal decomposition of a silirane ring
to produce silylene 1," which in the absence of trapping
reagents, also yielded the corresponding 1,2-disilacyclobutane
(Scheme 1, path c). The activation barrier for this insertion
reaction was estimated indirectly from competition reactions to
be smaller than 10 kcal/mol," significantly lower than previous
estimates (experimental and theoretical) of the barriers for
intramolecular C—H bond insertion reactions of singlet
silylenes,'® thus leading Gaspar et al. to conclude that silylene
1 reacts from its triplet state.'”**

In 2003, Sekiguchi et al. generated (fBu,Si),Si: (2) and
presented EPR spectroscopic evidence that 2 has a triplet
ground state.!” 2 has larger silyl substituents than 1, and is
predicted by theory to be a ground state triplet with a larger
singlet-triplet energy gap (AEgy = 4.5—7.1 kcal/mol) (Table
1)16]”’17 than that of 1. They also showed that 2, like 1,
undergoes intramolecular §(C—H) bond insertion, yielding 1,2-
disilacyclobutane (Scheme 1, path c). The spectroscopic EPR
evidence for the presence of a triplet silylene led also these
authors to conclude that the 1,2-disilacyclobutane product is
derived from the reaction of triplet 2,'” as concluded earlier for
11821922 15 5 recent study, Sekiguchi et al. reported the
synthesis of metallasilylenes, (t+-Bu,Si)SiM (M = Li, K), which
were characterized as triplets by their EPR spectra.’®*®
However, reactions of these silylenes were not yet reported.

Is the conclusion that silylenes 1 and 2 insert intra-
molecularly from their triplet state'””'5**'%?> correct? Accord-
ing to the calculations, 1 has nearly isoenergetic singlet and
triplet states (Table 1) and 2isa ground-state triplet (AEg.t
= 4.5—7.1 kcal/mol, Table 1). The relatively small singlet—
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triplet energy gaps suggest that the two states may exist in
equilibrium™ and therefore both states can react, and the
intramolecular insertion product (Scheme 1, path c) can in
principle result from reaction of either the singlet state or the
triplet state of silylenes 1 and 2. Previous gas-phase studies
showed that at elevated temperatures, singlet ground-state
silylenes can undergo intramolecular C—H bond insertion to
form disilacyclobutanes and siliranes (see above).'® The barrier
for the reaction from the singlet state is indeed high, but what is
the barrier height for the §(C—H) insertion reaction from the
triplet state? Is the barrier from the triplet state indeed
significantly lower than that from the singlet state as previously
assumed,'®*'”** or is it higher than that from the singlet state
as indicated by the calculated high barrier for H abstraction
from CH, by triplet H,Si:* and by the calculated barrier for the
intramolecular §(C—H) bond insertion of Me,SiSiMe?"?

In this paper we study computationally this important
mechanistic question, using both ab initio and DFT methods,
aiming to determine which electronic state of silylenes 1 and 2
is responsible for the experimentally observed intramolecular
C—H bond insertion reaction, the singlet state or the triplet
state? The answer to this question will indicate if the observed
5(C—H) bond insertion can serve as a mechanistic tool for
determining the presence of a triplet silylene.

B COMPUTATIONAL METHODS

Calculations were performed using both ab initioc®™* and density
functional theory (DFT)>® methods, as imglemented in the Gaussian
03 and Gaussian 09 series of programs. ¢ The geometries of all
molecules were fully optimized, and vibrational frequencies computed
at the same level of theory were used to characterize the stationary
points as minima (no imaginary eigenvalues) or transition states (one
imaginary eigenvalue) and to calculate the zero-point vibrational
energy (ZPE) corrections. For the DFT calculations we have used the
hybrid B3LYP? density functional with the 6-31+G(d,p)*® basis set.
To evaluate the reliability of the calculated B3LYP/6-31+G(d,p)
geometries and energies of the stationary points on the reaction path,
we performed, for H,;Si(CH;CH,SiH,)Si:, ab initio MP2,*® SCS-
MP2,* and CCSD(T)*' calculations with the 6-31+G(d,p) and
cc-PVTZ* basis sets. Disgersion effects were calculated using
B3LYPD?***** and wB97XD.>* The detailed results are presented in
the Supporting Information (SI, Tables 2S and 3S). Singlet biradical
species were calculated using broken-symmetry DFT with the
guess=mix keyword.”®

The discussion below is based (unless stated otherwise) on relative
energies calculated at B3LYP/6-31+G(d,p)+ZPE for the singlet states
and at UB3LYP/6-31+G(d,p)+ZPE for the triplet states and singlet
biradical species. AG and AH values are calculated at 298 K. These
methods allow us to study relatively large systems that model closely
the experimentally studied silylenes 1 and 2. Corrections based on
higher level ab initio calculations of the smaller model H;Si-
(CH,;CH,SiH,)Si: are discussed.

B RESULTS AND DISCUSSION

Silylenes 1—10 (Scheme 2), which include the experimentally
studied silylenes 1 and 2 and several model silylenes 3—10,
were studied computationally.

Singlet—Triplet Energy Gap. The calculated singlet—
triplet energy gaps, AEg ., and the optimized bond angle o at
the silylenic center (Scheme 2) of H,Si:, Me,Si:, and 1—10 are
given in Table 1.

The calculated singlet—triplet energy gap for the simplest
disilylsilylene, (H;Si),Si, is —8.4 kcal/mol (singlet more stable),
significantly smaller than AEg 1 of H,Si: (—20.7 kcal/mol) or
Me,Si: (—25.5 kcal/mol), as also pointed out in earlier
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Scheme 2
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1, R! = iPr;Si, R* = tBu,Si; 2, R' = R? = tBu,Si; 3, R' = R* = H,Si; 4, R!
= H, R = CH,CH,SiH,; 5, R' = H,Si, R> = CH,CH,SiH,; 6, R'
Me;Si, R* = CH;CH,SiH,; 7, R! = R* = Me,Si; 8, R! = iPr;Si, R
CH;CH,SiH,; 9, R! = iPr;Si, R* = tBuMe,Si; 10, R' = R? = iPr,Si

Table 1. Calculated® Singlet—Triplet Energy Differences
(AEg 1, kcal/mol) and the Optimized Bond Angle at the
Silylenic Center (e, deg)” of Several Silylenes

silylene” AEg1° a, singlet @, triplet
H,Si —20.0 915 1185
Me,Si —25.6 98.0 118.6
(H,S0),Si: (3) -84 92.7 126.4
H(CH,CH,SiH,)Si: (4) —12.6¢ 90.1 1213
H;Si(CH;CH,SiH,)Si: (5) -7.1° 95.9 126.4
Me;Si(CH,CH,SiH,)Si: (6) -3.7 99.0 127.2
(Me;Si),Si: (7) -2.8 101.8 129.8
iPr;Si(CH,CH,SiH,)Si: (8) -2.1 107.1 1283
iPr;Si(tBuMe,Si)Si: (9) -1V 108.7 1334
(iPr,Si),Si: (10) -13% 17" 106.28 143.3¢
iPr,Si(tBu;Si)Siz (1) 0.1; —1.0% 119.3 143.3
(Bu,Si),Siz (2) 47 131.8 151.1

“At UB3LYP/6-31+G(d,p)//UB3LYP/6-31+G(d,p)+ZPE. “See
Scheme 2. “AEgr = Egue — Euple A positive value indicates a
triplet ground state. 468 kcal/mol at MP2/6—31+G(d,p) and —9.9
kcal/mol at CCSD(T)/6-31+G(d,p)//B3LYP/6-31+G(d,p). °—7.5
keal/mol (B3LYP/cc-PVTZ), —1.9 kcal/mol (MP2/6-31+G(d,p)),
—5.2 kecal/mol (MP2/cc-PVTZ), —4.8 kcal/mol (CCSD(T)/6-31+G-
(dp)), =7.7 kcal/mol (CCSD(T)/cc-PVTZ), and —8.7 kcal/mol
(SCS-MP2/cc-PVTZ). #=5.0 keal/mol at SCS-MP2/cc-PVTZ. SAt
BLYP/TZVP.'* "At BLYP/DZVP-ECP.'® 7.1 kecal/mol at BLYP/
DZVP-ECP'® and 4.5 keal/mol at BLYP/TZVP.'*

studies.'®*™® As the size of the silyl substituents increases, the

SiSiSi bond angle « is widened (Table 1), and consequently
AEg 1 decreases.”® The singlet and triplet states of silylenes 1
(R' = iPr,Si, R? = tBu;Si) and its close model 9 (R' = iPr;Si, R>
= tBuMe,Si) are nearly isoenergetic at B3LYP/6-31+G(d,p)
(Table 1), and thus for both 1 and 9 a multiplicity reversal may
occur with other computational methods (Table 1). Only for
the highly congested (tBu,Si),Si:, the calculated AEgy = 4.5—
7.1 keal/mol (Table 1) is large enough to secure that 2 has a
triplet ground state also at higher levels of theory and thus also
in reality.

Intramolecular 5(C—H) Bond Insertion. In the following
discussion we use the term “C—H bond insertion” to imply
silicon intramolecular insertion into a §(C—H) bond, leading to
a 1,2-disilacyclobutane product as shown in Scheme 1, path c.
Stationary points on the singlet and triplet potential energy
surfaces (PESs) are denoted by adding the letters “s” and “t”,
respectively, to the compound number (e.g,, 9s). A schematic
drawing of the reaction paths for the intramolecular §(C—H)
bond insertion of singlet and triplet silylenes (e.g., 9) is shown
in Figure 2. Due to the large size of the experimentally studied
silylenes 1 and 2, we could carry out calculations of the
reactions paths only for smaller model silylenes, the largest
being 9. The relative energies and the geometrical parameters
of important points along the PESs for §(C—H) bond insertion
for singlet and triplet H,;Si(CH;CH,SiH,)Si: (5), Me,Si-
(CH;CH,SiH,)Si: (6), iPr;Si(CH,CH,SiH,)Si: (8), and
iPr;Si(tBuMe,Si)Si: (9)*® are given in Tables 2 and 3,
respectively. The structures of the transition states for the
insertion of 9s and 9t, b and e, respectively, are shown in Figure
3. In the discussion below we will use mainly Gibbs free
energies, AG, and Gibbs free energies of activation, AG/ and
AG,” (the subscripts s and t denote singlet and triplet state
energies, respectively) at 298 K, calculated at B3LYP/
6-31+G(d,p) for the singlets and at UB3LYP/6-31+G(d,p)
for the triplets and for the singlet biradicals. The relative free
energies differ from the relative energies, AE+ZPE, by only ca.

Hz
£
HSi (R%);
R‘A&'\Si/c
(R?),

HaC—C(R%),
3
;
H—8i—Si(R?);
r

1
Rie

Reaction coordinate

Figure 2. Schematic drawing of the reaction paths for intramolecular §(C—H) bond insertion in singlet-state (a) and triplet-state (d) silylenes.
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Table 2. Calculated Relative Energies (kcal/mol),” Selected Bond Lengths (r, A),” and SiSiSi Bond Angle (a, deg)” of
Stationary Points a, b, and c along the Intramolecular §(C—H) Bond Insertion Reaction Path of Singlet Silylenes S, 6, 8, and 9

energy geometry
silylene stationary point AE or AE* AE+ZPE or (AE+ZPE)* AH® or AH" AGF or AG* a r 72 r
ss a 0.0 0.0 0.0 0.0 95.9 3914 1.096 4324
6s 0.0 0.0 0.0 0.0 99.0 3.968 1.096 4375
8s 0.0 0.0 0.0 0.0 107.1 4171 1.096 4525
9s 0.0 0.0 0.0 0.0 108.7 3.687 1.095 3424
55 b (TS) 301 279 271 29.1 108.6 1522 1.663 2420
6s 24.8 22.5 21.6 24.1 116.9 1.532 1.598 2.389
8s 24.6 22.0 21.3 23.1 1209 1.534 1.579 2.397
9s 22.7 20.1 19.5 21.5 126.7 1.537 1.573 2.389
Ss c —24.5 —24.5 —26.3 —23.6 - 1493 - 1.938
6s —26.6 —-27.9 —28.7 —26.5 - 1.498 - 1.942
8s =275 —=29.2 —-29.8 —28.4 - 1.498 - 1.944
9s —29.3 -31.0 =315 —29.7 - 1.500 - 1.945

“At B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p). "See definitions in Figure 2. “At 298 K. “At MP2/6-31+G(d,p), AE*, (AE+ZPE)¥, AH*, and AG*
are 27.4, 24.9, 24.1, and 26.3 kcal/mol, respectively. At CCSD(T)/cc-PVTZ, AE* = 27.9 kcal/mol. For reaction barriers calculated at additional

computational levels, see Table 3S.

1.5 kcal/mol for the stationary points on the singlet PESs and
by ca. 3.2 kcal/mol for the triplet PESs, indicating a small
entropy effect for both surfaces.

Intramolecular §(C—H) Bond Insertion of Singlet Silylenes.
The intramolecular insertion of singlet silylenes, a, into a §(C—
H) bond is a concerted single step reaction proceeding via a
relatively late transition structure b to form the final 1,2-
disilacyclobutane product c (Figure 2). Product c is more stable
than the corresponding singlet silylene a by 26.5, 28.4, and 29.7
kcal/mol for Me;Si(CH;CH,SiH,)Si: (6s), iPr;Si-
(CH;CH,SiH,)Si: (8s), and iPr,Si(BuMe,Si)Si: (9s), respec-
tively (Table 2). These intramolecular insertion reactions are
considerably less exothermic than the intermolecular insertion
of SiH, into the C—H bond of C,Hg, —46 kcal/mol (—48 kcal/
mol at MP4(SDTQ)/6-31G(d)//HF/3-21G(d)*’), reflecting
the strain in the 1,2-disilacyclobutane ring.>® The analogous
insertion reaction of CH, into a C—H bond in C,Hy is much
more exothermic, —105 kcal/mol (—118 kcal/mol at MP4-
(SDTQ)/6-31G(d)//HF/6-31G(d)*").

In the transition state for 5(C—H) intramolecular insertion,
the silylenic silicon atom forms relatively short partial bonds to
the 6-hydrogen (r') and to the 5-carbon (), and the breaking
5(C—H) bond (%) is considerably elongated (for notations of
#" see Figure 2). For example, in the transition state of 9s (b),
r', %, and r* are 1.537, 1.573, and 2.389 A, respectively (Figure
3), compared to 3.687, 1.095, and 3.424 A in 9s. In the
insertion product of 9s (c), ! and * are 1.500 and 1.945 A,
respectively. On the basis of these geometrical parameters, we
define the transition state as being relatively “late”.

For singlet iPr;Si(fBuMe,Si)Si: (9s), a close model of 1s, the
free energy activation barrier, AGY (at 298 K), for the
intramolecular §(C—H) bond insertion reaction is 21.5 kcal/
mol. AG/ increases somewhat upon decreasing the sub-
stituent’s size, being 23.1, 24.1 and 29.1, kcal/mol for
iPr,Si(CH;CH,SiH,)Si: (8s), Me;Si(CH;CH,SiH,)Si: (6s),
and H;Si(CH;CH,SiH,)Si (Ss), respectively. These barriers are
similar to those calculated for the intramolecular C—H bond
insertion in Me,HSiSiMe, Me,SiSiH, and Me,SiSiMe to form
the corresponding disilacyclopropanes,'"'**” but they are
significantly higher than the indirect experimental estimate for
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Figure 3. Calculated (B3LYP/6-31+G(d,p)) transition state structures
b and e (bond lengths in A, bond angles in degrees) for the
intramolecular 5(C—H) bond insertion in singlet silylene 9s and triplet
silylene 9t.

1 of only 10 kcal/mol." To test the reliability of the B3LYP
calculations, the intramolecular insertion barrier (AE/") for Ss
was calculated using a variety of DFT and ab initio methods
(see Table 3S). We find a very good agreement between AE"
calculated at B3LYP/6-31+G(d,p) (30.1 kcal/mol) and those
calculated at CCSD(T)/cc-PVTZ (28.0 kcal/mol) and SCS-
MP2/cc-PVTZ (28 kcal/mol). Close agreement was also found
for AE} of the intramolecular insertion of 9s calculated at
B3LYP/6-31+G(d,p) (22.7 kcal/mol) and that calculated at
SCS-MP2/cc-PVTZ (22.2 kcal/mol). The above calculations
support the reliability of the DFT-calculated activation barriers
for the singlet-state insertion reaction.

Intramolecular 5(C—H) Bond Insertion of Triplet Silylenes.
The mechanism for intramolecular §(C—H) bond insertion of
triplet-state silylenes d, leading to product ¢, consists of two
steps (Figure 2). In the first step, which is the rate-determining
step, a 6-hydrogen is abstracted by the silylenic silicon atom via
transition state e, forming a triplet 1,4-biradical, f-triplet. For
6t, 8t, and 9t, TS e is calculated to be relatively “late”, with the
5(C—H) bond #* in TS e significantly elongated to ca. 1.69 A
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Table 3. Calculated Relative Energies (kcal/mol),” Selected Bond Lengths (r, A),” and SiSiSi Bond Angle (a, deg) of Stationary
Points c—f along the Intramolecular §(C—H) Bond Insertion Path of Triplet Silylenes St, 6t, 8t, and 9t

energy geometryb
silylene stationary point” AE or AE* AE or (AE +ZPE) * AH or AH* AG or AG* a rt 7 r
St d 0.0 0.0 0.0 0.0 126.4 3.520 1.096 4.009
6t 0.0 0.0 0.0 0.0 127.2 3.526 1.096 4.018
8t 0.0 0.0 0.0 0.0 128.3 3.523 1.096 4.015
ot 0.0 0.0 0.0 0.0 1334 3.647 1.095 3.506
5t e (TS) 33.1 284 28.0 29.7 126.8 1.621 1.674 3.039
6t 33.5 28.6 323 29.4 127.5 1.626 1.678 3.058
8t 33.6 28.5 28.3 29.0 129.7 1.624 1.681 3.058
9t 34.7 30.3 29.8 32.3 135.0 1.617 1.691 3.033
6t f-triplet 194 14.8 194 14.3 1219 1.496 3.906 3.967
8t 19.9 15.2 15.7 149 123.6 1.496 3.852 3.970
9t 21.7 17.8 18.1 18.8 132.5 1.498 3.776 3.803
6t f-singlete 18.8 14.2 18.7 14.8 120.9 1.497 4.007 4.170
st ¢ (singlet) —315 -33.1 -33.8 —299 - 1493 - 1.938
6t -30.3 -32.1 —28.7 -29.5 - 1.498 - 1.942
8t —-29.6 -31.7 —-32.2 —-29.1 - 1.498 - 1.944
ot -30.7 —-32.1 -32.7 —-289 - 1.500 - 1.945

“At UB3LYP/6-31+G(d,p)//UB3LYP/6-31+G(d,p). "See definitions in Figure 2. “At 298 K. “At MP2/6-31+G(d,p), AE*, (AE+ZPE)*, AH", and
AG* are 41.9, 37.0, 36.6, and 38.4 kcal/mol, respectively. At CCSD(T)/cc-PVTZ, AE* = 36.5 keal/mol. For reaction barriers calculated at additional

computational levels, see Table 3S. “Located only for silylene 6.

from that in triplet silylene d (1.096 A), while the forming Si—
H bond (') is significantly shortened from 3.5 Ain dto 1.62 A
in TS e. The SiSiSi angle is hardly changed between d and e
(Table 3, Figure 3). In the second step, the f-triplet crosses to
the singlet biradical, f-singlet. For silylenes 4 and 6, the energy
difference between singlet and triplet intermediates f is only ca.
0.7 kcal/mol (in favor of the singlet state).*” In the second step
a Si—C bond is formed via transition state g, leading to the 1,2-
disilacyclobutane product c.* For triplet H(CH,CH,SiH,)Si:
(4t), TS g lies only 0.6 kcal/mol (AE+ZPE)* above f-singlet.
Unfortunately, TS g could not be located for 6t, 8t, and 9t, but
it is reasonable to assume based on the calculations for 4t that it
lies close in energy to the corresponding f-singlet, or that once
f-singlet is formed it collapses without a barrier to product c.

The main conclusion from Table 3 is that for all four triplet
silylenes the rate-determining activation barriers for intra-
molecular insertion are high, with AG* = 29.7 [38.4 at MP2/
6-31+G(d,p)], 29.4, 29.0, and 32.3 kcal/mol for St, 6t, 8t, and
9t, respectively.* All attempts to locate a lower energy barrier
for 9t failed. Thus, AG" for the triplet state of iPr;Si-
(tBuMe,Si)Si: (9t) is by 10.8 kcal/mol (B3LYP/6-31+G(d,p))
higher than for the insertion reaction of the corresponding
singlet-state silylene 9s (Tables 2 and 3).

While a good agreement was found between the reaction
barriers (AE,") calculated for Ss at B3LYP and a variety of ab
initio methods (Tables 2 and 3S), calculations for the
intramolecular C—H insertion reaction of St reveal that AE*
values calculated using ab initio methods are higher, by 3—9
kcal/mol, than those calculated at B3LYP/6-31+G(d,p) (Table
3S). For example, AE" (5t) = 41.9 at MP2/6-31+G(d,p), 40.1
kcal/mol at SCS-MP2/cc-PVTZ//B3LYP/6-31+G(d,p), and
36.5 kcal/mol at CCSD(T)/cc-PVTZ//B3LYP/6-31+G(d,p),
compared to 33.1 kcal/mol at B3LYP/6-31+G(d,p). Thus, for
5, AAE* = AE? — AE}, the energy difference between the
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activation barriers for the two states, is actually larger with ab
initio methods than that calculated at B3LYP/6-31+G(d,p); i.e.,
AAE* for § changes from 3 kcal/mol at B3LYP/6-31+G(d,p)
to 9 kcal/mol at CCSD(T)/cc-PVTZ, to 12 kcal/mol at SCS-
MP2/cc-PVTZ, and to 14.5 kcal/mol at MP2/6-31+G(d,p)
(Table 3S). For 9, AAE* = 20.1 kcal/mol at SCS-MP2/
cc-PVTZ, compared to 11.9 kcal/mol at B3LYP/6-31+G-
(dp).** The ab initio calculations indicate that B3LYP/
6-31+G(d,p) underestimates the barriers for the triplets and
thus AAE" by ca. 6—8 kcal/mol.

Taking this correction into account, we estimate that the
Gibbs free energy of activation, AG, for the intramolecular
insertion reaction of triplet silylene 9t and thus of the closely
related experimentally studied silylene 1 and 2 is by as much as
ca. 17 kcal/mol higher in energy than that of singlet silylene 9s.
Thus, the calculations predict that at room temperature the
insertion reactions of 1 and 2 proceed some 10'* times faster
from the singlet state than from the triplet state.

Mechanistic Implications. The formation of a 1,2-
disilacylobutane product by an intramolecular §(C—H) bond
insertion reaction of silylenes (iPr;Si)(tBu,Si)Si: (1) and
(tBusSi),Si: (2) in the absence of trapping reagents led
previous researchers to conclude that these silylenes react from
their triplet electronic state."’~**** For 1 this conclusion was
largely based on two considerations: (1) the computational
prediction that the triplet and singlet states are nearly
isoc=.nel‘getic16b’c and thus may be in fast equilibrium even if
the triplet is slightly higher in energy, and (2) the assumption
that triplet silylenes insert much faster intramolecularly into C—
H bonds than singlet silylenes.'**'®'*?* Silylene 2 was
concluded to have a triplet ground state on the basis of its
EPR spectrum'” and on theoretical calculations,"®® and it was
thus assumed that the 1,2-disilacyclobutane insertion product is
obtained from the triplet state,'” similarly to 1.'6'%°
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The calculations presented in this paper clearly show that the
barrier for the intramolecular 5(C—H) bond insertion of
(iPr;Si) (BuMe,Si)Si: (9), a close model to the experimentally
studied silylenes 1 and 2, is significantly higher for insertion
from the triplet state than from the singlet state. For triplet 9,
AG! = 323 kcal/mol (AE" = 34.6 kcal/mol at B3LYP/
6-31+G(d,p) and 41.3 kcal/mol at SCS-MP2/cc-PVTZ),
compared to AG* = 21.5 kcal/mol (AE/* = 22.7 kcal/mol at
B3LYP/6-31+G(d,p) and 22.2 kcal/mol at SCS-MP2/
cc-PVTZ) for the singlet state 9s. Thus, the difference between
the activation energies of the triplet and singlet states, AAE? is
very large, 11.9 kcal/mol at B3LYP/6-31+G(d,p) and 20.1
kcal/mol at SCS-MP2/cc-PVTZ. Corrections based on higher
level calculations for smaller silylenes (see discussion above and
Table 3S) leads us to estimate that, for 9, AG/” is ca. 17 kcal/mol
larger than AG/. These activation energies imply that singlet
disilylsilylenes insert intramolecularly into a 5(C—H) bond at
room temperature by a factor of ca. 10°—10"* faster (depending
on the level of calculations) than the corresyonding triplet
silylenes, contrary to the earlier assumptions.'’~'*** Further-
more, tunneling is expected to further favor the singlet reaction
vs the triplet reaction because of its significantly lower reaction
barrier.** It is also safe to conclude that, although the
calculations explicitly describe reactions in the gas phase, they
are valid also in solution, especially as the studied reaction is
intramolecular, involves neutral species, and occurs in a
nonpolar solvent, methylcyclohexane. Furthermore, the calcu-
lated difference in the reactivities of the singlet and triplet
states, AAE", is much larger than a possible computational
error or a solvent effect.

On the basis of the calculations, we conclude that although 1
has nearly degenerate singlet and triplet states and 2 has a
triplet ground state, as predicted theoretically'® (Table 1) and
verified experimentally,”'” the intramolecular (C—H) bond
insertion reactions observed for these silylenes'””"" occur
predominantly from the singlet state whether a ground state or
not, in contrast to previous conclusions."”” " Therefore, the
occurrence of an intramolecular 5(C—H) bond insertion does not
indicate the presence of a triplet silylene, and it cannot be used to
indicate that a particular silylene has a triplet ground state or reacts
via the triplet state.

Our proposed mechanism for the intramolecular insertion of
1 and 2 and related silylenes is shown in Scheme 3. According

Scheme 3
1 K |1
—Si—Si—  k, . 3 e
| | -—— RS RpSii— | |
—C—C— Triplet kg Singlet —C—C—
Pl kovke  kakovkike ||

to this mechanism, the singlet and triplet states are in fast
equilibrium relative to the reactions leading to products (k;, k,
> ky, ky).* The calculations show that at room temperature
ki/k, ~ 10°—10", and therefore the reacting species is the
singlet, while the much less reactive triplet is being “siphoned
off’, even if the triplet is the ground state (e.g., for 246) 47
Scheme 3 is a typical Curtin—Hammet principle situation,**
where when a fast equilibrium between intermediates exists (ks
ky > ki, k,), the products are determined by the intermediate
that reacts faster, in this case the singlet state (k; > k). Even
for (tBu;Si),Siz, which no doubt is a triplet ground state'”
(calculated AEgy = 5.2 kcal/mol'®"), intramolecular 5(C—H)
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bond insertion occurs from the singlet state “siphoning off” the
much higher concentration of the triplet ground state, which
however reacts at rt 10°—10"* slower. For 2, for which AEq 7 is
significantly larger than for 1, this can be also interpreted in
terms of a two-state reactivity case, in which the triplet crosses
to49the singlet surface en route to the lower energy singlet TS
b.

If reaction products are to be used as a mechanistic tool for
indicating the presence of a triplet-state silylene, then a different
trapping reagent, which reacts faster with the triplet state than
with the singlet state, has to be developed. However, the
exploration of reactions of triplet silylenes is extremely difficult,
as it might be difficult to compete with the much faster
reactions of the singlet state, even in cases when the triplet state
is significantly more stable than the singlet state.

A common chemical test to determine whether a singlet-state
or a triplet-state species reacts is the stereochemistry observed
upon addition to cis- or trans-2-butene. Generally singlet
addition yields retention of stereochemistry while triplet
addition yields cis—trans product mixtures (Skell’s rule).>
Confirmed singlet silylenes, such as 1-Ad,Si:, indeed yield
retention of stereochemistry when added to cis- or trans-2-
butene.'* Kinetic studies of the thermal decomposition of
silirane 11 (Scheme 4) have shown that the extrusion of 1 is

Scheme 4
Me H
, ’ R . ) !
'BU:aS'/,,S, A BusSi, |notrap tBu,SI—Si-SiiPry
o S T [ | DS ot
iPr3Si iPrssi” Me,C—CH,
11 Me 1

concerted and stereospecific.'® Microscopic reversibility*®
dictates that the addition of silylene 1 to trans-2-butene must
also be stereospecific.'” The addition of (iPr;Si),Si: (10), for
which the singlet and triplet states are also calculated to be
nearly isoenergetic,'® to cis- and trans-2-butene forming
silirane is also stereospecific."*>“'” However, the authors stated
that the observed streospecificity is not necessarily an indication
that the reacting species is the singlet silylene, as stereo-
specificity may be observed also if the triplet state is the
reacting species but rotation about the C—C bond in the
intermediate biradical is slow relative to triplet—singlet
intersystem crossing and ring closure to yield the silirane. 8%

Based on the results of our study, a more straightforward
explanation of the stereospecificity in these fragmentation—
addition reactions is that the reacting (or forming) species is
the singlet state, “siphoning away” the triplet state if formed.
Unfortunately 2, a triplet ground state, does not add to trans-2-
butene, probably due to steric reasons.'” It would be very
interesting to study the stereochemistr%r of the addition of
tBu,SiSiLi, clearly a ground-state triplet,*® to cis- and trans-2-
butene. This may reveal for the first time the chemistry of a
triplet silylene.>"

B CONCLUSIONS

The calculations reported in this paper clearly show that the
observed intramolecular 5(C—H) bond insertion product from
silylenes 1 and 2 results from reactions of the singlet-state
silylenes, in contrast to previous conclusions'’~'’ that these
reactions occur from the triplet state. The reacting species are
the singlet states, although 2 is a triplet ground state and for 1
the singlet and triplet states are nearly isoenergetic. The
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calculations predict that the intramolecular C—H bond
insertion reaction of the singlet state is 10°—10'* faster at rt
than that from the triplet state, and therefore the intramolecular
insertion reaction does not indicate the presence of a triplet
silylene, even in cases where the triplet state is significantly
more stable than the singlet state. If products are to be used as
probes for the presence of triplet ground-state silylenes, then
other reactions, in which the triplet reacts at a similar rate or
preferably faster than the singlet, need to be found.”'

In conclusion, reactions of triplet silylenes have not yet been
observed, and it remains a challenge to explore their chemistry
and reactions.

B ASSOCIATED CONTENT

© Supporting Information

Calculated Cartesian coordinates and total energies of the
species discussed in the paper (Table 1S); AEgy of silylenes
calculated with the inclusion of dispersion effects (Table 2S);
Calculated reaction barriers for silylenes § and 9 at several DFT
and ab initio levels of calculations (Table 3S); AEgt of singlet
and triplet (H;Si),Si as a function of their SiSiSi bond angle
(Figure 1S). This material is available free of charge via Internet
at http://pubs.acs.org

B AUTHOR INFORMATION

Corresponding Author
apeloig@technion.ac.il

Present Address
SM. Kosa: Department of Chemistry, Bar-Ilan University,
Ramat-Gan 52900, Israel

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This paper is dedicated to Prof. Sason Shaik on the occasion of
his 65th birthday. We thank P. P. Gaspar and A. Sekiguchi for
correspondence and important comments. This research was
supported by the U.S.-Israel Binational Science Foundation
(BSF), by the Minerva Foundation in Munich, and by the
Technion’s Vice-President for Research Fund. Y.A. holds the
Joseph Israel Freund chair in chemistry.

B REFERENCES

(1) For reviews on silylenes see: (a) Asay, M.; Jones, C.; Driess, M.
Chem. Rev. 2011, 111, 354—396. (b) Becerra, R.;; Walsh, R. Dalton
Trans. 2010, 39, 9217—9288. (c) Mizuhata, Y.; Sasamori, T.; Tokitoh,
N. Chem. Rev. 2009, 109, 3479—3511. (d) Tokitoh, N.; Ando, W. In
Reactive Intermediate Chemistry; Moss, R. A., Platz, M. S., Jones, M., Jr.,
Eds.; John Wiley & Sons: Hoboken, NJ, 2004; Chapter 14, pp 651—
71S. (e) Karni, M.; Kapp, J.; Schleyer, P. v. R; Apeloig, Y. In The
Chemistry of Organic Silicon Compounds; Rappoport, Z., Apeloig, Y.,
Eds.; John Wiley & Sons: Chichester, 2001; Vol. 3, Chapter 1, pp
110—128. (f) Haaf, M.; Schmedake, T. A.; West, R. Acc. Chem. Res.
2000, 33, 704—714. (g) Tokitoh, N.; Okazaki, R. Coord. Chem. Rev.
2000, 210, 251-277. (h) Gaspar, P. P.; West, R. In The Chemistry of
Organic Silicon Compounds; Rappoport, Z., Apeloig, Y., Eds.; John
Wiley & Sons: Chichester, 1998; Vol. 2, Chapter 43, pp 2463—2568;
(i) Apeloig, Y. In The Chemistry of Organic Silicon Compounds; Patai, S.,
Rappoport, Z., Eds.; John Wiley & Sons: Chichester, 1989; Chapter 2,
pp 167—184. (j) Gaspar, P. P. In Reactive intermediates; Jones, M.,
Moss, R. A, Eds.; Wiley: New York, 1985; Vol. 3, Chapter 9. See also
previous volumes of this series.

(2) For recent reviews on carbenes see: (a) Christlieb, M. ; Gras, E.
In Organic Reaction Mechanisms 2006; Knipe, A. C., Ed.; John Wiley &

9039

Sons: New York, 2010; Chapter 4, pp 153—173. (b) Kable, S. H.; Reid,
S. A; Sears, T. J. Int. Rev. Phys. Chem. 2009, 28, 435—480. (c) Special
Issue dedicated to carbenes. Chem. Rev. 2009, 109, Issue No. 8.
(d) Jones, M., Jr.; Moss, R. A. In Reactive Intermediate Chemistry; Moss,
R. A, Platz, M. S, Jones, M., Jr., Eds.; John Wiley & Sons: Hoboken,
NJ, 2004; Chapter 7, pp 273—328. (e) Tomioka, H. In Reactive
Intermediate Chemistry; Moss, R. A.,, Platz, M. S., Jones, M,, Jr., Eds,;
John Wiley & Sons: Hoboken, NJ, 2004; Chapter 9, pp 375—461.

3) Apeloig, Y,; Pauncz, R; Karni, M,; West, R; Steiner, W,;
Chapman, D. Organometallics 2003, 22, 3250—3256 and references
cited therein.

(4) (a) Ramalingam, M.; Ramasami, K; Venuvanalingam, P.;
Sethuraman, V. THEOCHEM 2005, 755, 169—178. (b) Bach, R. D.;
Su, M. D.; Aldabbagh, E,; Andres, J. L.; Schlegel, H. B. J. Am. Chem.
Soc. 1993, 115, 10237—10246. (c) Bauschlicher, C. W,, Jr.; Bender, C.
F.; Schaefer, H. F,, IIL J. Am. Chem. Soc. 1976, 98, 3072—3074.

(5) Gordon, M. S. J. Am. Chem. Soc. 1984, 106, 4054—405S.

(6) Bernardi, F.; Bottoni, A.; Robb, M. A. Mol. Phys. 1992, 77, 51—
60.

(7) Moreno, M,; Lluch, J. M,; Oliva, A; Bertran. J. Phys. Chem. 1988,
92, 4180—4184.

(8) Gordon, M. S.; Truong, T. N. Chem. Phys. Lett. 1987, 142, 110—
114.

(9) (a) Beccera, R.; Walsh, R. Int. ]. Chem. Kinet. 1999, 31, 393—395.
(b) Jasinski, J. M.; Beccera, R.; Walsh, R. Chem. Rev. 1995, 95, 1203—
1228.

(10) (a) Boo, B. H.; Gaspar, P. P. Organometallics 1986, 5, 698—707.
(b) Davidson, I. M. T.; Scampton, R. J. J. Organomet. Chem. 1984, 271,
249-260. (c) Davidson, 1. M. T. ]. Organomet. Chem. 1992, 437, 1—13.
(d) Dickenson, A. P.; O'Neal, H. E.; Ring, M. A. Organometallics 1991,
10, 3513—3520. (e) Dickenson, A. P.; Nares, K. E; O’'Neal, H. E;
Ring, M. A. Organometallics 1987, 6, 2596—2600. (f) Wulff, W. D.;
Goure, W. F,; Barton, T. J. J. Am. Chem. Soc. 1978, 100, 6236—6238.
(g) There is also evidence for singlet silylene intramolecular C—H
bond insertion in solution to form rings of various sizes, e.g,
silacyclohexane and silacyclopentane: Karatsu, T.; Miller, R. D,;
Sooriyakumaran, R.; Michl, J. J. Am. Chem. Soc. 1989, 111, 1140—1141.

(11) Boo, B. H; Im, S; Park, S.; Lee, S. Organometallics 2008, 27,
2123-2127.

(12) Boo, B. H;; Im, S.; Lee, S. J. Comput. Chem. 2010, 31, 154—163.

(13) (a) Su, M.-D.; Chu, S.-Y. J. Phys. Chem. A 1999, 103, 11011—
11019. (b) Su, M.-D.; Chu, S.-Y. Tetrahedron Lett. 1999, 40, 4371—
4374.

(14) Pae, D. H,; Xiao, M.; Chiang, M. Y.; Gaspar, P. P. J. Am. Chem.
Soc. 1991, 113, 1281—1288.

(15) Gordon, M. S. Chem. Phys. Lett. 1985, 114, 348—352.

(16) (a) Grev, R. S.; Schaefer, H. F., III; Gaspar, P. P. J. Am. Chem.
Soc. 1991, 113, 5638—5643. (b) Holthausen, M. C.; Koch, W,
Apeloig, Y. J. Am. Chem. Soc. 1999, 121, 2623—2624. (c) Yoshida, M.;
Tamaoki, N. Organometallics 2002, 21, 2587—2589. (d) For earlier
calculations on the singlet—triplet energy gap in silylenes, see papers
cited in refs 16a and 16b.

(17) Sekiguchi, A,; Tanaka, T.; Ichinoche, M.; Akiyama, K; Tero-
Kubota, S. J. Am. Chem. Soc. 2003, 125, 4962—4963.

(18) (a) Jiang, P.; Gaspar, P. P. J. Am. Chem. Soc. 2001, 123, 8622—
8623. (b) Gaspar, P. P,; Xiao, M.; Pae, D. H; Berger, D. J.; Haile, T.;
Chen, T.; Lei, D.; Winchester, W. R;; Jiang, P. J. Organomet. Chem.
2002, 646, 68—79. (c) Gaspar, P. P.; Beatty, A. M.; Chen, T.; Haile,
T,; Lei, D.; Winchester, W. R,; Braddock-Wilking, J.; Rath, N. P
Klooster, W. T.; Koetzle, T. F.; Mason, S. A.; Albinati, A.
Organometallics 1999, 18, 3921—-3932.

(19) Jiang, P.; Trieber, D., II; Gaspar, P. P. Organometallics 2003, 22,
2233-2239.

(20) Sekiguchi, A.; Tanaka, T.; Ichinohe, M.; Akiyama, K.; Gaspar, P.
P. J. Am. Chem. Soc. 2008, 130, 426—427.

(21) (a) We have not included the attempts to generate (tBu;Si),Si:
by a silylenoid route, because the reacting intermediate might be a
silylenoid rather than a free silylene.”> (b) Wiberg, N.; Niedermayer,

dx.doi.org/10.1021/ja403068r | J. Am. Chem. Soc. 2013, 135, 9032—9040


http://pubs.acs.org
mailto:apeloig@technion.ac.il

Journal of the American Chemical Society

W. J. Organomet. Chem. 2001, 628, 57—64. (c) Wiberg, N. Coord.
Chem. Rev. 1997, 163, 217—252.

(22) Gaspar, P. P., private communication.

(23) The calculated AEg for (Me,;Si)SiLi is 8 kcal/mol in favor of
the triplet state. Solvation by three molecules of Me,O increases the
singlet—triplet energy gap to 16.4 kcal/mol.*

(24) (a) Hehre, W. J.; Radom, L.; Schleyer, P. v. R;; Pople, J. A. Ab
Initio Molecular Orbital Theory; John Wiley & Sons: New York, 1986.
(b) Young, D. C. Computational Chemistry; John Wiley & Sons: New
York, 2001. (c) Jensen, F. Introduction to Computational Chemistry;
John Wiley & Sons: Chichester, 1999.

(25) (a) Parr, R. G.; Yang. W. Density Functional Theory of Atoms and
Molecules; Oxford University Press: Oxford, 1989. (b) Koch, W,;
Holthausen, M. C. A Chemist’s Guide to Density Functional Theory;
Wiley-VCH: Weinheim, 2000.

(26) (a) Frisch, M. J; et al. Gaussian 03, Revision C.02; Gaussian,
Inc.: Wallingford, CT, 2004. (b) Frisch, M. J; et al. Gaussian 09,
Revision C.01; Gaussian, Inc.: Wallingford, CT, 2010. The full list of
authors for both programs is given in the SI.

(27) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648—5652. (b) Lee,
C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785—789. (c) Vosko, S.
H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, $8, 1200—1211.

(28) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972,
56,2257—2261. (b) Francl, M. M,; Pietro, W. J.; Hehre, W. J.; Binkley,
J. S; Gordon, M. S.; DeFrees, D. J.; Pople, J. A. J. Chem. Phys. 1982, 77,
3654—3665. (c) Krishnan, R; Binkley, J. S.; Seeger, R;; Pople, J. A. J.
Chem. Phys. 1980, 72, 650—654. (d) McLean, A. D.; Chandler, G. S. J.
Chem. Phys. 1980, 72, 5639—5648.

(29) Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 0618—22.

(30) (a) Calculated with ORCA: Neese, F. ORCA—An ab initio,
Density Functional and Semiempirical program package, v. 2.8;
University of Bonn, Germany, 2010. (b) Grimme, S. J. Chem. Phys.
2003, 118, 9095—9102.

(31) Pople, J. A.; Head-Gordon, M.; Raghavachari, K. J. Chem. Phys.
1987, 87, 5968—5975.

(32) (a) Dunning, T. H, Jr. J. Chem. Phys. 1989, 90, 1007—1023.
(b) Woon, D. E; Dunning, T. H,, Jr. J. Chem. Phys. 1993, 98, 1358—
1371.

(33) Grimme, S. J. Comput. Chem. 2006, 27, 1787—1799.

(34) Chai, J.-D.; Head-Gordon, M. Phys. Chem. Chem. Phys. 2008, 10,
6615—6620.

(35) Curves of AEg 1 for singlet and triplet (H;Si),Si as a function of
a are shown in Figure 18S.

(36) For singlet 9s, a conformational analysis was performed using
the Universal Force-field with the “Conformers” module of the
Accelrys Materials Studio 6.0 package. This analysis resulted in 22 465
structures. Those were further divided into 10 clusters on the basis of
geometrical parameters. Ten structures (one from each cluster) with
the largest RMS geometry deviation from each other and from all the
rest were subject to B3LYP/6-31+G(d,p) optimizations. The largest
energy difference among these conformers is only 3.5 kcal/mol,
showing that the orientation of the substituents has a relatively small
effect on the energies. For 9t, and for the TSs for the insertion reaction
from both the singlet and triplet silylenes, we carried out several full
geometry optimizations starting from different rotational conformers,
but the resulting structures for each of them differed by no more than
1 kcal/mol. The discussion in the paper is based on the most stable
singlet and triplet conformers of 9 and their corresponding lowest
energy transition structures.

(37) Gano, D. R;; Gordon, M. S; Boatz, J. A. J. Am. Chem. Soc. 1991,
113, 6711—-6718.

(38) The calculated Gibbs free energy exothermicity of the
intramolecular C—H bond insertion reaction of Me;SiSiMe to form
the corresponding disilacyclopropane is even smaller, 13.9 kcal/mol
(atug-cc-PVTZ).12

(39) (a) The intermolecular C—H insertion barriers of SiH, into the
C—H bond of C,Hg and of Me,Si: and (H,Si),Si: into the C—H bond
of CH, are 29.1 (MP4/6-31G(d)//HF/3-21G),*” 23.6, and 15.3 keal/
mol (B3LYP/6-31+G(d,p)), respectively. The lower barrier for the

9040

insertion of (H;Si),Si: relative to those of H,Si and Me,Si is in
agreement with the predicted correlation between AEgy and the
insertion barrier."®

(40) The f-singlets of 8 and 9 could not be located, as they collapse
to the products.

(41) Dissociation of the f-singlet to ethylene and disilene was also
considered, but the high barrier for this reaction (ca. 28 kcal/mol for 6
and 8) suggests that this reaction route does not compete with ring
closure to form the disilacyclobutane product (also when entropy is
included).

(42) We note that the size of the substituents has a very small effect
on the energy barrier of the rate-determining step for the
intramolecular C—H bond insertion reactions of the triplet state,
while in the singlet state the energy barrier decreases for silylenes with
larger substituents (Tables 2, 3, and 3S).

(43) For Me,SiSiMe, AAG" = AGY — AG = 26.3 kcal/mol at
MP2/aug-cc-PVTZ. 12

(44) (a) Ley, D,; Gerbig, D.; Schreiner, P. R. Org. Biomol. Chem.
2012, 10, 3781—3790. (b) Bell, R. P. Trans. Faraday Soc. 1959, 55, 1—
4.

(45) (a) Fast equilibrium between the singlet and triplet states of 1
was previously suggested by Gaspar et al., who, however, attributed the
intramolecular 5(C—H) bond insertion observed for 1 and its
intermolecular Si—H insertion into trimethylsilane to the triplet
state."®'® This mechanism, involving fast singlet—triplet equilibrium
and an assumption that the triplet reacts faster than the singlet, was
later reiterated in a computational study by Yoshida et al.'®®

(46) The Supporting Information of ref 17 states that the photolysis
of the silirane which forms disilacyclobutane (at ca. 147 K), via silylene
2 as an intermediate, was repeated 45 times in order to accumulate
enough disilacyclobutane for an NMR study. This low productivity is
consistent with the calculations and is due to the low population of
singlet 2 at 147 K ([S]/[T] ~ 107'"). However, despite this low
singlet population, because the reaction of singlet silylene at 147 K (we
also note that the actual temperature at which the insertion reaction
occurs is probably higher than 147 K: A. Sekiguchi, private
correspondence) is 10'°—10% times faster than that of the triplet,
also at this low temperature 2 reacts from its singlet state, “siphoning
off” the triplet silylene.

(47) (a) Even if the triplet-to-singlet intersystem crossing rate is
relatively slow,*’" the calculated 10°—10'? faster reaction rate of the
singlet-state silylene dictates that the insertion product formation
occurs from the singlet state. (b) For SiH, the Landau—Zener
calculated transition probability is 3% for the singlet-to-triplet crossing.
See: Matsunaga, N.; Koseki, S.; Gordon, M. S. J. Chem. Phys. 1996,
104, 7988—7995.

(48) See for example: Isaacs, N. S. Physical Organic Chemistry;
Longman Scientific & Technical: Essex, UK, 1987; p 315.

(49) Schroeder, D.; Shaik, S.; Schwarz, H. Acc. Chem. Res. 2000, 33,
139-14S.

(50) (a) Skell, P. S.; Woodworth, R. C. J. Am. Chem. Soc. 1956, 78,
4496—4497. (b) Skell, P. S.; Woodworth, R. C. J. Am. Chem. Soc. 1959,
81, 3383—3386. (c) Gasper, P. P.; Hammond, G. S. Carbene Chemistry;
Academic Press: New York, 1964; Chapter 12. (d) Gaspar, P. P;
Hammond, G. S. In Carbene Chemistry; Moss, R. A., Jones, M,, Jr.,
Eds.; Wiley: New York, 1975; Vol. 2, Chapter 6. (e) Closs, G. L;
Moss, R. A. J. Am. Chem. Soc. 1964, 86, 4042—4052.

(51) We are currently studying theoretically the addition of singlet
and triplet R;SiSiLi to cis- and trans-2-butene.

dx.doi.org/10.1021/ja403068r | J. Am. Chem. Soc. 2013, 135, 9032—9040



