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Ab initio calculations using 6-311G**, cc-pVDZ, aug-cc-pVDZ, and a (valence) double-ú pseudopo-
tential (DZP) basis set, with (MP2, QCISD, CCSD(T)) and without (UHF) the inclusion of electron
correlation, and density functional methods (B3LYP) predict that 1,n-homolytic transfers (n ) 1-5)
of silyl, germyl, and stannyl groups from group IV heteroatoms to carbon radicals can proceed via
a frontside attack mechanism. At the B3LYP/DZP level of theory, energy barriers (∆Eq) of 101.2,
98.8, 58.9, and 63.4 kJ/mol are calculated for the 1,2-, 1,3-, 1,4-, and 1,5-translocation reactions,
respectively, of SiH3 between silicon atoms. Similar results are obtained for reactions involving
germanium and tin with energy barriers (∆Eq) of 85.9-113.1, 84.4-109.0, 41.7-73.3, and 48.5-
78.2 kJ/mol for the 1,2-, 1,3-, 1,4-, and 1,5-translocation reactions, respectively. This study also
predicts that four- and five-membered ring-closure reactions can be competitive with the 1,4- and
1,5-translocation reactions. These results suggest that while 1,2- and 1,3-translocation four-
membered ring-formation reactions are unlikely to be synthetically viable, 1,4- and 1,5-transfers
and five-membered ring-formation have synthetic possibilities.

Introduction

Homolytic group or atom transfer (translocation) reac-
tions, which often involve homolytic substitution by alkyl,
aryl, and other radicals at heteroatoms such as silicon,
germanium, tin, chalcogen, and halogen, are important
free-radical processes1 that can be useful in free-radical-
based synthesis.2 Radical Brook-type rearrangements,3
the 1,3-stannyl shift reported by Tsuai and co-workers,4
the 1,4-translocation of a cyano group shown by Cossy
and co-workers,5 and the 1,5- and 1,6-transfers of silyl,
germyl, and stannyl groups reported by Kim and his
associates6 are representative of the direction that this
chemistry is headed in (Scheme 1); other examples can
be found in recent reviews.7,8

Work in our laboratories has been directed toward the
design, application, and understanding of free-radical
homolytic substitution chemistry with the aim of devel-
oping novel synthetic methodology.9 To that end, we
recently published several ab initio studies with the aim
of increasing our understanding of the factors that affect
and control the mechanism of homolytic substitution at
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several main-group higher heteroatoms. It is generally
agreed that intramolecular homolytic substitution by a
radical at a group (Y) proceeds via either a transition
state (1) in which the attacking and leaving groups adopt
a collinear (or nearly collinear) arrangement resulting
in Walden inversion or with the involvement of a hyper-
valent intermediate (2) that may or may not undergo
pseudorotation prior to dissociation.10 We have also
established that depending on the element undergoing
translocation, a third frontside mechanism involving a
transition state (3) is also possible. Roberts suggested
that a similar mechanism might be important in hydro-
gen atom transfers between heteroatoms that have
available orbitals and are not coordinately saturated.11

Indeed, an extensive ab initio study of 1,2-transloca-
tions involving silicon-, germaniun-, and tin-containing
groups predict that these reactions proceed via concerted
mechanisms involving frontside homolytic substitu-
tion.12,13 Similarly, intermolecular homolytic substitution
involving silicon, germanium, and tin is predicted to
proceed via both frontside and backside attack mecha-
nisms.14 As part of our ongoing interest in homolytic
substitution chemistry involving main group higher
heteroatoms, and in order to provide further insight into
the mechanistic details of this chemistry, we began to
explore 1,n-transfer reactions of silyl, germyl, and stannyl
groups in ω-substituted radicals (6-9) (Scheme 2) using
computational methods.

During the course of these studies, our co-workers
discovered an experimental example of a 1,4-migration
reaction of a trimethylstannyl moiety from silicon to
carbon; these studies revealed that the 1,4-shift of Me3-
Sn can be competitive with ring-closure through intramo-
lecular homolytic substitution of acyl radical at silicon
with expulsion of Me3Sn (Scheme 3).15 Encouraged by
these results, we also examined the analogous cyclization
chemistry of the above-mentioned ω-substituted radicals.
We report that 1,4- and 1,5-translocations are syntheti-
cally viable with B3LYP/DZP-calculated energy barriers
of 36-73 kJ/mol, while 1,2- and 1,3-migrations are
predicted not to be synthetically viable, with 80-104 kJ/
mol energy barriers calculated at the same level of theory.

In competition, homolytic ring-closure reactions at
silicon, germanium, and tin (Scheme 4) are found to
involve both backside and frontside attack mechanisms,
and five-membered ring-closure reactions are found to
have similar activation energies to those of the competing
1,5-transfer reactions.

Methods

Ab initio and DFT molecular orbital calculations were
carried out on Compaq Personal Workstation 600au and Alpha
Station DS10L computers using the Gaussian 98 program.16

Geometry optimizations were performed using standard gradi-
ent techniques at the SCF, MP2, and B3LYP levels of theory
using restricted (RHF, RMP2, and RB3LYP) and unrestricted
(UHF, UMP2, and UB3LYP) methods for closed- and open-
shell systems, respectively.17 All ground and transition states
were verified by vibrational frequency analysis. Further single-
point QCISD and CCSD(T) calculations were performed on
each of the MP2 optimized structures, while for some 1,5-
translocation reactions, QCISD and CCSD(T) single-point
calculations were also performed on the B3LYP-optimized
structures. When correlated methods were used, calculations
were carried out using the frozen core approximation. Values
of 〈s2〉 never exceeded 0.86 before annihilation of quartet
contamination and were mostly 0.79 at correlated levels of
theory. Where appropriate, zero-point vibrational energy (ZPE)
corrections have been applied. Standard basis sets were used,
as well as the (valence) double-ú pseudopotential basis sets of
Hay and Wadt18 supplemented with a single set of d-type
polarization functions for the heteroatoms in this study
(exponents d(ú)Si ) 0.284,19 d(ú)Ge ) 0.230,19 and d(ú)Sn )
0.200), together with the double-ú all-electron basis sets of
Dunning20 with an additional set of polarization functions
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and H. We refer to this basis set as DZP throughout this
work.6,12,13,21-23 In previous work, results generated using DZP
proved to be very similar to those obtained using
6-311G**.12,13,22,23

Optimized geometries and energies (Gaussian Archive
Entries) for all structures in this study are available in
Supporting Information.

Results and Discussion

1,2-Translocation Reactions in 6. Hypervalent spe-
cies (16; Y, Z ) Si, Ge, Sn) of C1 symmetry were located
on the H2CYH2ZH3 (Y, Z ) Si, Ge, Sn) potential energy
surfaces at the UHF/DZP, MP2/DZP, and B3LYP/DZP
levels of theory located. In addition, 16 (Y ) Z ) Si) was
also optimized at the UHF/6-311G**, MP2/6-311G**,
MP2/cc-pVDZ, MP2/aug-cc-pVDZ, and B3LYP/6-311G**
levels of theory. Analysis of the force constants associated
with structures 16 reveals that they correspond to the
transition states for the rearrangement of radical 6
(Scheme 2).

Some typical transition structures 16 are summarized
in Figure 1, while calculated energy barriers (∆E1

q and
∆E2

q, Scheme 6) and corresponding imaginary frequen-
cies are listed in Table 1. The important geometric
features of all structures 16 can be found in Figure S1
in Supporting Information. Figure 1 reveals that transi-
tion states 16 resemble those located for analogous

intermolecular homolytic substitution reactions involving
the frontside mechanism,14 as well as those involved in
other intramolecular homolytic 1,2-translocation reac-
tions involving silicon, germanium, and tin.12,13 Transi-
tion states 16 are predicted to involve attack angles (θ)
in the range 41-49°; these angles are similar to those
predicted for the transition states in other 1,2-translo-
cation reactions involving silyl, germyl, and stannyl
radicals,12,13 and significantly more severe than those
found for the analogous intermolecular reactions.14,23 The
size of the attack angle decreases in progressing from
silicon to germanium and tin for the atom undergoing
attack.

Inspection of Table 1 reveals that the calculated energy
barriers (∆E1

q) for the forward reaction (Scheme 6) are
calculated to be smaller than those for the reverse
reaction (∆E2

q) at all levels of theory, indicating that
these reactions are exothermic. The energy barrier (∆E1

q)
associated with transition state 16 (Y ) Z ) Si) is
calculated to be 162.2 kJ/mol above the reactant carbon
radical 6 using the UHF/6-311G** level of theory. As
expected, electron correlation is important in these
calculations; for example, MP2/6-311G** serves to lower
this energy barrier to 101.9 kJ/mol. Interestingly, inclu-
sion zero-point vibrational energy correction (ZPE) ap-
pears to have little effect on this number. Further
improvements in basis set quality and correlation provide
further reductions in ∆E1

q, which appears to converge to
a value of about 100 kJ/mol. At the highest level of theory
used (CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ), a ∆E1

q

value of 99.9 kJ/mol is predicted for reaction involving
the 2,3-disilapropyl radical (6, Y ) Z ) Si). It is interest-
ing to compare this value with that calculated using the
B3LYP (density functional) method, which provides
values of 97.3 kJ/mol (B3LYP/6-311G**) and 101.2 kJ/
mol (B3LYP/DZP), while CCSD(T)/DZP//MP2/DZP pro-
vides a value some 10 kJ/mol higher. The data provided
in Table 1 and in Table S2 (Supporting Infromation)
reveal that the B3LYP/DZP level of theory predicts
energy barriers that are comparable to those obtained
at the CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ level,
providing a useful benchmark and confidence in the
performance of the B3LYP method in the systems in this
study.

The values of ∆E1
q appear to be principally dependent

on the nature of the migrating group, while values of ∆E2
q

seem to be influenced by both the attacking and leaving
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groups. As can be seen from the table, the reactivity for
the 1,2-translocation reactions in this study is clearly Sn
> Ge ∼ Si.

1,3-Translocation Reactions in 7. Intramolecular
homolytic 1,3-migration of silyl, germyl, and stannyl
groups from silicon, germanium, and tin to carbon atoms
would involve the cyclic arrangement of atoms as de-
picted in Scheme 7. Within the geometric constraints
imposed by this cyclic arrangement, there are two pos-
sible stereoisomeric transition states, 17 and 18. Hyper-
valent species 17 of C1 symmetry were located on the
H2CCH2YH2ZH3 (Y, Z ) Si, Ge, Sn) potential energy
surfaces at the UHF/DZP, MP2/DZP, and B3LYP/DZP
levels of theory.

In addition, 17 (Y ) Z ) Si) was also optimized at the
UHF/6-311G**, MP2/6-311G**, MP2/cc-pVDZ, MP2/aug-
cc-pVDZ, and B3LYP/6-311G** levels of theory. Analysis
of the force constants associated with structures 17 (Y,
Z ) Si, Ge Sn) reveals that they correspond to the
transition states for the rearrangement of radical 7 (Y,
Z ) Si, Ge, Sn). At all levels of theory employed, reactions
involving transition states 17 were only found to involve
the frontside mechanism, such that the attacking radical

approaches from the same face as the leaving group.
Interestingly, extensive searching of the potential energy
surfaces failed to locate any intermediates or transition
states 18 expected for backside attack at the hetroatoms
in question. The typical transition structures 17 are
summarized in Figure 2, while B3LYP/DZP-calculated
energy barriers (∆E1

q and ∆E2
q, Scheme 6) and corre-

sponding imaginary frequencies are listed in Table 2.
Inspection of Figure 2 reveals that MP2/DZP calcula-

tions predict the C-Y-Z transition state angles (θ) for
these 1,3-translocations to be some 16-28° greater than
those for the corresponding three-membered transition
states located for the similar 1,2-migration reactions. It
is also interesting to note that these angles (θ) are still
about 16-28° smaller than those predicted for the
analogous intermolecular homolytic substitution reac-
tions involving the frontside attack mechanism. The
smaller attack angles involved in the 1,3-transfers are
likely to lead to considerable strain within these transi-
tion states. On the other hand, the C-Y and Y-Z
distances in transition state 17 for the 1,3-translocation
reactions are predicted to be shorter than those for the
1,2-migration reactions and longer than those for the
similar intermolecular reactions.

Inspection of Tables 2 and S2 (Supporting Information)
reveals that these reactions are predicted to be exother-
mic at most levels of theory. The energy barriers (∆E1

q)
associated with transition state 17 are calculated to be
very similar to those for the 1,2-translocation reactions
at the same level of theory, while (∆E2

q) is predicted to
be some 15-20 kJ/mol lower than those of the corre-
sponding 1,2-translocation reactions. However, at the
B3LYP/DZP level of theory, the values of ∆E1

q and ∆E2
q

are still about 50 kJ/mol higher than those calculated
for the analogous intermolecular homolytic substitution
reactions.

1,4-Translocation Reactions in 8. Within the geo-
metric constraints imposed by the cyclic arrangement
depicted in Scheme 8 for intramolecular homolytic 1,4-

FIGURE 1. Optimized structure of typical transition states 16 for the rearrangement of radicals 6. (UHF/6-311G**), UHF/DZP,
(MP2/6-311G**), MP2/DZP, [MP2/cc-pVDZ], {MP2/aug-cc-pVDZ}, (B3LYP/6-311G**), B3LYP/DZP.
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migrations of the type already discussed, there would
appear to be two possible stereoisomeric transition states,
19 and 20. Hypervalent species 19 of C1 symmetry were
located on the H2CCH2CH2YH2ZH3 (Y, Z ) Si, Ge, Sn)
potential energy surfaces at the UHF/DZP, MP2/DZP,
and B3LYP/DZP levels of theory. Analysis of the force
constants associated with structures 19 (Y, Z ) Si, Ge,
Sn) reveals that these structures are the transition states
for the rearrangement of radical 8 (Y, Z ) Si, Ge, Sn).

At all levels of theory employed, reactions involving
transition states 19 were all found to involve the frontside

mechanism; no intermediates or transition states 20 for
the backside attack were able to be located. Typical
transition structures 19 are summarized in Figure 3,
while B3LYP/DZP-calculated energy barriers (∆E1

q and
∆E2

q, Scheme 6) and corresponding imaginary frequen-
cies are listed in Table 3 (important geometric features
of all transition structures in this study can be found in
Figures S1-S9 in Supporting Information, while calcu-
lated energy barriers at all levels of theory employed in
this study are listed in Tables S1-S7 in Supporting
Information). As can be seen in Figure 3, transition states

TABLE 1. Calculated Energy Barriersa (∆E1
q and ∆E2

q; Scheme 6) for the 1,2-Translocation Reactions of Radicals 6 and
the Corresponding Imaginary Frequencyb (ν)

Y Z ∆E1
q ∆E1

q + ZPE ∆E2
q ∆E2

q + ZPE ν

Si Si UHF/6-311G** 162.2 163.1 185.4 178.4 683.1i
UHF/DZP 165.2 165.9 183.8 176.5 684.8i
MP2/6-311G** 101.9 102.2 170.3 164.1 476.5i
MP2/DZP 108.7 109.1 163.7 157.0 493.9i
MP2/cc-pVDZ 102.4 102.6 165.2 158.6 486.1i
MP2/aug-cc-pVDZ 96.6 96.6 159.8 153.6 470.9i
QCISD/6-311G**//MP2/6-311G** 111.6 161.8
QCISD/DZP//MP2/DZP 117.6 155.3
QCISD/cc-pVDZ//MP2/cc-pVDZ 112.5 156.6
QCISD/aug-cc-pVDZ//MP2/aug-cc-pVDZ 107.5 151.9
CCSD(T)/6-311G**//MP2/6-311G** 104.6 157.8
CCSD(T)/DZP//MP2/DZP 111.2 151.3
CCSD(T)/cc-pVDZ//MP2/cc-pVDZ 105.7 152.5
CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ 99.9 147.3
B3LYP/6-311G** 97.3 96.7 138.8 131.4 442.2i
B3LYP/DZP 101.2 100.5 139.0 131.6 458.5i

Si Ge UHF/DZP 166.7 167.7 207.5 199.3 667.2i
MP2/DZP 109.8 111.0 190.1 183.4 521.4i
QCISD/DZP//MP2/DZP 116.7 179.4
CCSD(T)/DZP//MP2/DZP 110.2 175.5
B3LYP/DZP 100.7 100.6 163.7 155.8 452.1i

Si Sn UHF/DZP 166.9 167.6 232.5 222.9 601.1i
MP2/DZP 115.6 117.3 226.5 219.2 586.4i
QCISD/DZP//MP2/DZP 118.5 210.1
CCSD(T)/DZP//MP2/DZP 111.6 206.4
B3LYP/DZP 101.7 102.2 193.2 184.8 462.6i

Ge Si UHF/DZP 163.5 163.6 162.6 155.2 626.3i
MP2/DZP 112.2 112.1 151.1 144.6 522.9i
QCISD/DZP//MP2/DZP 119.3 140.8
CCSD(T)/DZP//MP2/DZP 113.1 137.4
B3LYP/DZP 103.9 103.2 124.7 118.0 475.0i

Ge Ge UHF/DZP 163.5 163.9 181.8 173.6 585.3i
MP2/DZP 112.3 113.1 173.8 167.3 518.1i
QCISD/DZP//MP2/DZP 117.7 161.2
CCSD(T)/DZP//MP2/DZP 111.2 157.8
B3LYP/DZP 102.7 102.4 145.9 138.6 439.7i

Ge Sn UHF/DZP 162.0 162.2 200.1 190.7 503.1i
MP2/DZP 116.9 118.2 204.4 197.5 560.4i
QCISD/DZP//MP2/DZP 118.0 186.0
CCSD(T)/DZP//MP2/DZP 111.3 182.8
B3LYP/DZP 102.2 102.2 169.2 161.4 427.7i

Sn Si UHF/DZP 133.2 133.4 122.5 116.3 523.3i
MP2/DZP 85.1 85.3 117.3 112.2 436.4i
QCISD/DZP//MP2/DZP 91.8 105.6
CCSD(T)/DZP//MP2/DZP 86.3 103.0
B3LYP/DZP 78.8 78.2 92.8 87.2 381.0i

Sn Ge VHF/DZP 135.0 135.5 138.6 131.7 490.8i
MP2/DZP 87.1 87.9 137.5 132.2 439.9i
QCISD/DZP//MP2/DZP 91.6 123.2
CCSD(T)/DZP//MP2/DZP 85.9 120.7
B3LYP/DZP 78.7 78.4 110.6 104.4 349.8i

Sn Sn UHF/DZP 137.2 137.6 154.7 147.1 437.3i
MP2/DZP 93.5 94.6 165.0 159.5 476.9i
QCISD/DZP//MP2/DZP 93.8 144.9
CCSD(T)/DZP//MP2/DZP 87.9 142.7
B3LYP/DZP 80.2 80.3 131.3 125.2 345.6i

a Energies in kJ/mol. b Frequencies in cm-1.
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19 involved in the 1,4-translocation reactions of silyl,
germyl, and stannyl groups are predicted to adopt the
half-chair conformation at all of levels of theory em-
ployed. As expected, the C-Y-Z transition state angles
(θ) for these 1,4-translocation reactions are predicted to
be greater than those for the corresponding 1,2- and 1,3-
processes and almost the same as those predicted for the
analogous intermolecular frontside homolytic substitution
reactions, indicating that there is minimal strain in
transition states 19 for these 1,4-migration reactions. The
C-Y and Y-Z distances in transition states 19 are
shorter than those in transition states 16 and 17 for the
1,2- and 1,3-translocation reactions, respectively, and
similar to the separations of the frontside transition
states for intermolecular substitution reactions. These
observations are, once again, indicative of the differing

levels of strain in the various cyclic transition structures
involved in the chemistry under consideration.

Inspection of Table 3 reveals some interesting trends
in energy. It is clear from Table 3 that these reactions
are all predicted to be exothermic at the B3LYP/DZP level
of theory. As observed in previous work, for given
attacking and leaving radicals involved at the group IV
heteroatom, the order of reactivity is usually Sn > Si g
Ge.23 The results reported here reveal the same trend,
namely, that the order of reactivity for 1,4-migration of
a group IV heteroatom from the same group is: Sn > Si
> Ge. On the other hand, the order of reactivity for 1,4-
migration of a group from the same group IV heteroatom
is Sn > Ge > Si. It is instructive to compare these results
with those determined recently by our colleagues. For the
1,4-translocation depicted in Scheme 3, preliminary
experiments provided values for the energy barrier of 46

FIGURE 2. Optimized structure of typical transition state 17 for the rearrangement of radicals 7. (UHF/6-311G**), UHF/DZP,
(MP2/6-311G**), MP2/DZP, [MP2/cc-pVDZ], {MP2/aug-cc-pVDZ}, (B3LYP/6-311G**), B3LYP/DZP.

SCHEME 7

TABLE 2. B3LYP/DZP-Calculated Energy Barriersa

(∆E1
q and ∆E2

q; Scheme 6) for the 1,3-Translocation
Reactions of Radicals 7 and the Corresponding
Imaginary Frequencyb (ν)

Y Z ∆E1
q ∆E1

q + ZPE ∆E2
q ∆E2

q + ZPE ν

Si Si 98.8 100.7 118.7 113.2 401.5i
Si Ge 96.7 98.2 133.3 126.8 404.6i
Si Sn 94.1 95.9 150.2 143.3 412.2i
Ge Si 101.7 103.4 105.5 100.1 374.4i
Ge Ge 98.7 100.2 116.8 111.0 360.6i
Ge Sn 96.4 97.9 130.1 123.5 365.2i
Sn Si 80.4 82.0 73.5 69.2 313.9i
Sn Ge 79.8 81.0 82.8 78.0 299.7i
Sn Sn 80.6 81.9 94.3 88.8 305.5i

a Energies in kJ/mol. b Frequencies in cm-1.

TABLE 3. B3LYP/DZP-Calculated Energy Barriersa

(∆E1
q and ∆E2

q; Scheme 6) for the 1,4-Translocation
Reactions of Radicals 8 and the Corresponding
Imaginary Frequencyb (ν)

Y Z ∆E1
q ∆E1

q + ZPE ∆E2
q ∆E2

q + ZPE ν

Si Si 58.9 62.4 91.1 86.1 238.5i
Si Ge 52.9 56.9 105.1 99.8 284.3i
Si Sn 47.4 51.9 125.3 119.7 299.3i
Ge Si 66.0 69.0 82.0 77.3 238.8i
Ge Ge 58.6 62.1 92.3 87.4 229.9i
Ge Sn 52.7 56.6 108.0 102.8 239.2i
Sn Si 46.0 49.6 51.5 48.3 215.8i
Sn Ge 40.4 43.9 59.1 55.3 195.0i
Sn Sn 36.0 40.1 71.4 67.6 190.4i

a Energies in kJ/mol. b Frequencies in cm-1.
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kJ/mol,15 which is in excellent agreement with our
calculations on the reaction involving the similar radical
8 (Y ) Sn, Z ) Si), where ∆E1

q + ZPE is predicted to be
49.6 kJ/mol at the B3LYP/DZP level of theory.

It is also interesting to note that the energy barriers
(∆E1

q) for 1,4-translocation reaction involving 19 are

calculated to be very similar to those determined for the
intermolecular substitution chemistry involving the fron-
tside attack mechanism,14 further evidence that transi-
tion states 19 are essentially strain-free.

1,5-Translocation Reactions in 9. In a fashion
similar to the 1,4-translocations discussed above, we were
able to locate hypervalent species 21 and 22 as transition
states for the rearrangement of radical 9 (Y, Z ) Si, Ge,
Sn) (Scheme 9). Clearly, structures 21 and 22 are
stereoisomeric structures involved in the frontside mech-
anism. Additionally, extensive searching of the various
potential energy surfaces failed to locate any intermedi-
ates or transition states 23 for the backside attack at the
hetroatoms in each case.

The important geometrical features of typical struc-
tures 21 and 22 are summarized in Figures 4 and 5, while
B3LYP/DZP calculated energy barriers (∆E1

q and ∆E2
q,

Scheme 6) and the corresponding transition state imagi-
nary frequencies are listed in Tables 4 and 5.

Inspection of Figures 4 and 5 reveals that transition
states 21 and 22 are both predicted to adopt chairlike
conformations. These two structures differ only in the
orientation of the hydrogen atoms on the migrating
group, with 21 containing an axially disposed hydrogen
atom, while the similar hydrogen atom in 22 is equato-
rial. It is interesting to note that while transition states
21 were located for all systems at all levels of theory in
this study, transition states 22 were only located for the
cases displayed in Figure 5 at the UHF/DZP and B3LYP/
DZP levels of theory.

The C-Y-Z transition state attack angles (θ) for the
1,5-translocation reactions are predicted to be very

FIGURE 3. MP2/DZP-optimized structure of typical transition state 19 for the rearrangement of radicals 8. B3LYP/DZP values
are in italics, UHF/DZP values are underlined.

SCHEME 8

TABLE 4. B3LYP/DZP-Calculated Energy Barriersa

(∆E1
q and ∆E2

q; Scheme 6) for the 1,5-Translocation
Reactions of Radicals 9 and the Corresponding
Imaginary Frequencyb (ν) of Transition State 21

Y Z ∆E1
q ∆E1

q + ZPE ∆E2
q ∆E2

q + ZPE ν

Si Si 63.4 68.4 95.4 91.5 197.5i
Si Ge 58.0 63.5 110.1 106.6 261.3i
Si Sn 53.1 59.4 131.3 127.4 288.8i
Ge Si 72.5 76.6 88.3 84.5 241.1i
Ge Ge 65.9 70.2 99.5 95.3 216.4i
Ge Sn 60.2 65.7 115.8 111.7 219.1i
Sn Si 53.4 57.8 58.5 56.3 220.9i
Sn Ge 48.7 53.4 67.0 64.3 190.5i
Sn Sn 45.5 50.3 80.8 77.8 167.6i

a Energies in kJ/mol. b Frequencies in cm-1.

TABLE 5. Calculated Energy Barriersa (∆E1
q and ∆E2

q;
Scheme 6) for the 1,5-Translocation Reactions of
Radicals 9 and the Corresponding Imaginary Frequencyb

(ν) of Transition State 22

Y Z ∆E1
q ∆E1

q + ZPE ∆E2
q ∆E2

q + ZPE ν

Ge Si B3LYP/DZP 74.6 79.5 90.4 87.4 251.6i
Sn Si B3LYP/DZP 55.5 60.6 60.6 59.1 233.1i
Sn Ge UHF/DZP 123.2 129.7 113.4 111.2 425.5i
Sn Sn UHF/DZP 119.1 125.7 122.3 119.4 407.7i

a Energies in kJ/mol. b Frequencies in cm-1.
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similar to those for the 1,4-migration reactions, indicating
that there is also little strain in transition states 21
involved in 1,5-migration reactions. In addition, the C-Y
and Y-Z distances in transition states 21 are very close
to those of transition states 12 for 1,4-translocation
reactions. Interestingly, the C-Y-Z transition state
attack angles (θ) in transition states 22 are predicted to
be slightly smaller (up to 3°) than those in transition
states 21, while C-Y and Y-Z distances in the transition
states 22 are predicted to be close to those of transition
states 21.

Tables 4 and 5, and S4 and S5 in Supporting Informa-
tion, reveal that these reactions are predicted to be
exothermic at all levels of theory that incorporate electron
correlation. The energy barriers (∆E1

q) for 1,5-translo-

cation reaction involving 21 are calculated to be only very
slightly larger than those for the analogous 1,4-translo-
cation reactions discussed above, suggesting that both
frontside pathways are feasible. The predicted order of
reactivity reveals the same trends as for the 1,4-trans-
location reactions presented earlier.

Competitive Ring-Closure Reactions: Formation
of Four-Membered Rings. Extensive search of the H2-
CCH2CH2YH2ZH3 (Y, Z ) Si, Ge, Sn) potential energy
surfaces at the UHF/DZP, MP2/DZP, and B3LYP/DZP
levels of theory located structures 24 and 25 as transition
states for the ring-closure of radical 8 (Y, Z ) Si, Ge, Sn),
resulting in the formation of the metallacyclobutane (14)
and the expulsion of a group IV heteroatom-centered
radical (Scheme 10). Force-constant analysis confirmed

FIGURE 4. MP2/DZP-optimized structure of typical transition state 21 for the rearrangement of radicals 9. B3LYP/DZP values
are in italics. UHF/DZP values are underlined.

FIGURE 5. UHF/DZP-optimized structure of transition state 22 for the rearrangement of radicals 9. B3LYP/DZP values are in
italics.

SCHEME 9
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that structures 24 and 25 correspond to the transition
states for the backside and frontside mechanisms, re-
spectively; typical structures are displayed in Figures 6
and 7, respectively,† while B3LYP/DZP-calculated energy
barriers (∆E1

q and ∆E2
q, Scheme 6) and corresponding

imaginary frequencies are listed in Table 6. It should be
noted that we were unable to locate either a transition
state or an intermediate in some cases.

The backside structure 24, is predicted to adopt an
arrangement of attacking and leaving groups (θ ) 157-
169°) that appreciably deviate from the ideal collinear

arrangement. In the case of the frontside structures 25,
these are predicted to have attack angles (θ) of about 71-
82°, very similar to those predicted for the analogous
intermolecular reaction involving group IV heteroatoms.14

Inspection of Table 6 reveals that, unlike the transloca-
tion reaction discussed above, these cyclization reactions
are predicted to be endothermic, presumably due to the
strain involved in forming the four-membered metallo-
cycles. However, the reactivity trends observed are the
same as those predicted for the 1,4-translocation chem-
istry.

FIGURE 6. MP2/DZP-optimized structure of typical transition state 24 for the backside attack mechanism of ring-closure reactions
of radicals 8. B3LYP/DZP values are in italics. UHF/DZP values are underlined.

FIGURE 7. MP2/DZP-optimized structure of typical transition state 25 for the frontside attack mechanism of ring-closure reactions
of radicals 8. B3LYP/DZP values are in italics. UHF/DZP values are underlined.

SCHEME 10

TABLE 6. B3LYP/DZP-Calculated Energy Barriersa (∆E1
q and ∆E2

q; Scheme 6) for the Four-Membered Ring-Closure
Reactions of Radicals 8 and the Corresponding Imaginary Frequencyb (ν) of Transition State 24 and 25

24 25

Y Z ∆E1
q ∆E1

q + ZPE ∆E2
q ∆E2

q + ZPE ν ∆E1
q ∆E1

q + ZPE ∆E2
q ∆E2

q + ZPE ν

Si Si 96.3 96.3 35.7 37.2 462.0i 98.3 99.9 37.7 40.7 280.0i
Si Ge c 100.0 100.6 24.6 26.9 205.2i
Si Sn c c
Ge Si 86.8 86.8 45.9 46.3 507.5i 89.1 90.7 48.1 50.3 298.1i
Ge Ge 89.8 89.7 31.9 32.4 354.8i 91.0 91.8 33.1 34.5 245.6i
Ge Sn c c
Sn Si 76.4 76.6 62.9 62.0 542.8i 76.8 78.7 63.3 64.1 323.6i
Sn Ge 79.2 78.7 44.8 44.2 411.9i 79.7 80.5 45.3 46.0 276.8i
Sn Sn c 63.3 64.8 12.9 13.8 150.7i

a Energies in kJ/mol. b Frequencies in cm-1. c No transition states were found.
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It is interesting to note that four-membered-ring
formation reactions prefer the frontside attack mecha-
nism at all levels of theory employed. In addition, the
energy barriers (∆E1

q) for these four-membered ring-
closure reactions are calculated to be considerably larger
(some 30 kJ/mol at the B3LYP/DZP level) than those for
the 1,4-translocation reactions. Clearly then, these cy-
clization reactions are less favorable than the competing
translocation chemistry. In good agreement with avail-
able experimental data, no silacyclobutane derivatives
were obtained in the chemistry involving the similar
3-[(trimethylstannyl)diphenylsilyl]propyl radical (Scheme
3).15

Competitive Ring-Closure Reactions: Formation
of Five-Membered Rings. Extensive search of the H2-
CCH2CH2CH2YH2ZH3 (Y, Z ) Si, Ge, Sn) potential energy
surfaces at the usual levels of theory located structures
26 and 27 as transition states for the formation of the
metallacyclopentanes (15) with the expulsion of a group
IV heteroatom radical (Scheme 11).24

Once again, force-constant analysis confirmed that
structures 26 and 27 correspond to the backside and
frontside ring-closure transition states, respectively, and

that hypervalent intermediates were unable to be located.
It should also be noted that no transition state 26 (Z )
Sn) could be located at any level of theory employed in
this study when the leaving radical was silyl or germyl.

The important geometrical features of typical transi-
tion states 26 and 27 are summarized in Figures 8 and
9, respectively, while B3LYP/DZP-calculated energy bar-
riers (∆E1

q and ∆E2
q, Scheme 6) and corresponding

imaginary frequencies are listed in Table 7.
Figures 8 and S8 (Supporting Information) reveals that

the backside attack structures 26 are able to adopt near
collinear arrangements (θ ) 168-179°) of the attacking
and the leaving species. In addition, the frontside struc-
tures 27 are predicted to involve attack angles (θ) of
about 73-83°, very similar to those involved in the
intermolecular chemistry. Analysis of C-Z and Y-Z
separations in transition state 26 and 27 reveals that
the C-Z distances are shorter and the Y-Z separations

(24) For experimental results on this type of reaction, see: Kulicke,
K. J.; Chatgilialoglu, C.; Kopping, B.; Giese, B. Helv. Chim. Acta 1992,
75, 935. Miura, K.; Oshima, K.; Utimoto, K. Bull. Chem. Soc. Jpn. 1993,
66, 2348. Studer, A. Angew. Chem., Int. Ed. 1998, 37, 462. Studer, A.;
Steen, H. Chem. Eur. J. 1999, 5, 759.

FIGURE 8. MP2/DZP-optimized structure of typical transition state 26 for the backside attack mechanism of rring-closure reactions
of radicals 9. B3LYP/DZP in italics. UHF/DZP values are underlined.

FIGURE 9. MP2/DZP-optimized structure of typical transition state 27 for the frontside attack mechanism of ring-closure reactions
of radicals 9. B3LYP/DZP values are in italics. UHF/DZP values are underlined.
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Matsubara and Schiesser

9308 J. Org. Chem., Vol. 68, No. 24, 2003



are longer than those in the transition states involved
in the analogous intermolecular reactions.14 In other
words, transition states 26 and 27 are “earlier” than the
transition state for the intermolecular substitution reac-
tions and also earlier than transition states 24 and 25
for four-memberd ring-formation. The “earliness” of the
transition states in question follows the general order
five-membered ring-closure > four-membered ring-
closure > intermolecular substitution and is also reflected
in the energy barriers involved in each case.

Inspection of Table 7 reveals that most of these
reactions are predicted to be exothermic, in contrast with
the results obtained for the four-membered ring-closure
reactions. In addition, and contrary to the results ob-
tained for the four-membered ring-closure reactions, for
five-membered ring-formation, both frontside and back-
side attack mechanism are predicted to be feasible at all
levels of theory. Importantly, the energy barriers (∆E1

q)
for the five-membered ring-closure reactions are calcu-
lated to be similar to those for the intramolecular

homolytic substitution reactions and slightly less than
those for the 1,5-translocation chemistry that compete
with these ring-closure reactions, suggesting that both
ring-formation and the translocations are feasible and
competitive.
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TABLE 7. B3LYP/DZP-Calculated Energy Barriersa (∆E1
q and ∆E2

q; Scheme 6) for the Five-Membered Ring-Closure
Reactions of Radicals 9 and the Corresponding Imaginary Frequencyb (ν) of Transition State 26 and 27

26 27

Y Z ∆E1
q ∆E1

q + ZPE ∆E2
q ∆E2

q + ZPE ν ∆E1
q ∆E1

q + ZPE ∆E2
q ∆E2

q + ZPE ν

Si Si 55.0 57.7 65.5 66.3 430.9i 64.5 68.6 75.0 77.2 232.9i
Si Ge 56.5 58.9 52.2 53.3 340.0i 65.8 69.4 61.5 63.8 224.8i
Si Sn c 42.6 45.9 25.8 28.0 151.4i
Ge Si 47.6 49.8 77.6 77.3 430.6i 57.6 61.5 87.7 88.9 251.9i
Ge Ge 48.4 50.8 61.5 61.3 343.7i 58.6 62.4 71.7 72.9 224.2i
Ge Sn c 37.2 41.2 33.8 35.2 155.1i
Sn Si 40.8 43.1 98.3 96.5 425.2i 47.7 52.1 105.3 105.4 271.8i
Sn Ge 41.6 44.1 77.6 76.1 346.7i 50.1 53.7 86.1 85.7 226.4i
Sn Sn 28.1 30.4 42.4 41.4 267.5i 32.0 35.2 46.3 46.1 169.2i

a Energies in kJ/mol. b Frequencies in cm-1. c No transition states were found.
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