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Ab initio molecular orbital calculations using a (valence) double-ζ pseudopotential basis set (DZP) with (MP2,
QCISD) and without (SCF) the inclusion of electron correlation predict that the transition states (5, 7) involved in
homolytic (1,2)-translocation reactions of silyl (SiH3), germyl (GeH3) and stannyl (SnH3) groups between silicon and
other group () centres proceed via homolytic substitution mechanisms involving frontside attack at the heteroatom
undergoing translocation. At the highest level of theory (CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ), an energy
barrier (∆E‡) of 135.9 kJ mol�1 is calculated for the translocation of SiH3 between silicon centres; this value is 143.8
kJ mol�1 at the CCSD(T)/DZP//MP2/DZP level. Similar results are obtained at the CCSD(T)/DZP//MP2/DZP level
of theory for reactions involving germanium and tin with values of ∆E‡ of 146.5 and 129.1 kJ mol�1 respectively for
the rearrangements of trigermapropyl and tristannapropyl radicals respectively. These data strongly suggest that
homolytic (1,2)-translocation reactions are unlikely to be involved in the free-radical degradation of polysilanes,
polygermanes and polystannanes. CCSD(T)/DZP//MP2/DZP calculated energy barriers associated with mixed
systems range from 108.1 kJ mol�1 for the (1,2)-translocation of SnH3 from tin to silicon, to 181.0 kJ mol�1 for
the similar migration of SiH3 from silicon to tin. The mechanistic implications of these observations are discussed.

Introduction
Polysilanes have interesting chemical and physical properties
with benefit to a wide range of emerging technologies.1 Often,
these polymers are prepared by dehydrogenative coupling of
silanes in the presence of metallocenes to give the poly(hydro-
silane) structure 1.2 These poly(hydrosilane)s are readily
functionalised by further reaction with suitable substrates such
as terminal alkenes, aldehydes and ketones,3 or can themselves
be used as reagents for the free-radical reduction of organic
halides.4

Of particular significance to chemical synthesis are the stab-
ility properties of 1. Chatgilialoglu et al. reported recently that
poly(hydrosilane)s are susceptible to autoxidation in a process
predominantly involving a free-radical chain mechanism.5 In
addition, free-radical attack at tetravalent silicon appears to
play an important role in the radical-based degradation of
poly(phenylsilane).6

Homolytic substitution chemistry involving attack at satur-
ated silicon, germanium and tin is not without precedent. For
example, intramolecular (1,n) group transfer chemistry involv-
ing silyl, germyl and stannyl radicals can be useful in free-
radical based synthesis.7 Radical Brook-type rearrangements 8

and the 1,5- and 1,6-translocations reported by Kim and co-

† Electronic supplementary information (ESI) available: HF/6-311G**,
HF/DZP, MP2/6-311G**, MP2,DZP, MP2/cc-pVDZ, MP2/aug-cc-
pVDZ, B3LYP/6-311G** and B3LYP/DZP Gaussian Archive entries
for the optimized structures in this study and higher-level calculated
single-point energies. See http://www.rsc.org/suppdata/p2/b1/b100162k/

workers 9 are representative of this chemistry (Scheme 1); other
examples can be found in recent reviews.7,10

Work in our laboratories has been directed toward the
design, application and understanding of free-radical homo-
lytic substitution chemistry with the aim of developing a novel
synthetic methodology.11 To that end, we published recently
several ab initio studies with the aim of increasing our under-
standing of the factors which affect and control the mechanism
of homolytic substitution at several main-group higher hetero-
atoms. It is generally agreed that homolytic substitution by a
radical (R�) at a group (Y) proceeds either via a transition state
(2) in which the attacking and leaving radicals adopt a collinear
(or nearly so) arrangement resulting in Walden inversion, or
with the involvement of a hypervalent intermediate (3) which
may or may not undergo pseudorotation prior to dissociation.7

Indeed, high-level ab initio calculations support this view
for reactions involving free-radical attack at the pnicogens,
chalcogens and halogens; reactions involving phosphorus 12 and
tellurium 13 are predicted to involve intermediates, while those
involving sulfur,13 selenium 13 and the halogens 14 appear to
proceed by direct displacement of the leaving radical.

In addition to the pathways for homolytic attack described
above, a mechanism involving frontside attack via transition
state 4 has also recently been investigated. Indeed, Dobbs
and Doren explored the mechanism of the reaction of hydro-
gen atom with disilane and noted that frontside homolytic

Scheme 1

2
PERKIN

DOI: 10.1039/b100162k J. Chem. Soc., Perkin Trans. 2, 2001, 939–945 939

This journal is © The Royal Society of Chemistry 2001



substitution is more favorable than the analogous backside
mechanism by 11.7 kJ mol�1 at the MP2/6-311G** level of
theory.15 This value correlates well with available experimental
data.16 Similar computational investigations into the mech-
anism of the radical Brook rearrangement concluded that
1,2-migrations involving group () elements proceed via the
frontside homolytic substitution mechanism,17 while recent
calculations revealed that both frontside and backside
mechanisms have similar energy profiles for intermolecular
reactions involving silicon, germanium and tin.18

As part of an ongoing interest in homolytic substitution
chemistry involving main group higher heteroatoms, and in
order to assess the stability of radicals generated from poly-
silanes and related systems toward free-radical rearrangement,
we now report ab initio calculations on the intramolecular 1,2-
homolytic transfer chemistry of silyl, germyl and stannyl groups
between group () centres and conclude that this chemistry
is unlikely to play a role in the free-radical degradation of
polysilanes.

Methods
Ab initio molecular orbital calculations were carried out using
the Gaussian 94 19 or Gaussian 98 20 program. Geometry opti-
misations were performed using standard gradient 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.21 Further single-point QCISD and CCSD(T) cal-
culations were performed on each of the MP2 optimised struc-
tures. When correlated methods were used, calculations were
performed using the frozen core approximation. Except for
MP2/aug-cc-pVDZ, whenever geometry optimisations were
performed, vibrational frequencies were calculated to deter-
mine the nature of located stationary points. Calculations were
performed on all reactants, products and transition states to
obtain barriers and energies of reaction. Where appropriate,
zero-point vibrational energy (ZPE) corrections have been
applied. Values of 〈s2〉 never exceeded 0.86 before annihil-
ation of quartet contamination and were mostly below 0.79 at
correlated levels of theory.

Standard basis sets were used. In addition, the (valence)
double-ζ pseudopotential basis set of Hay and Wadt 22 sup-
plemented with a single set of d-type polarisation functions
was used for the heteroatoms in this study (exponents
d(ζ)Si = 0.284,23 d(ζ)Ge = 0.230 23 and d(ζ)Sn = 0.200) while the
double-ζ all-electron basis sets of Dunning and Hay 24 with an
additional set of polarisation functions (exponents d(ζ)C = 0.75
and p(ζ)H = 1.00) were used for C and H. We refer to this basis
set as DZP throughout this work.13,14,18

Calculations were performed on DEC AlphaStation 400
4/233, DEC Personal Workstation 433au or 600au, Compaq
DS10 or NEC SX-4 computers.

Optimised geometries and energies for all structures in this
study (Gaussian Archive entries) are available as Supplemen-
tary Material.

Results and discussion

(1,2)-Translocations between silicon, germanium, and tin centres.
Degenerate rearrangements of the trisilapropyl, trigermapropyl
and tristannapropyl radicals

Hypervalent species (5, Y = Z) of C1 symmetry were located on
the H7Y3 (Y = Si, Ge, Sn) potential energy surfaces at the UHF/
DZP, MP2/DZP and B3LYP/DZP levels of theory. In addition,
5 (Y = Z = Si) was also optimised at the UHF/6-311G** and
MP2/6-311G**, MP2/cc-pVDZ, MP2/aug-cc-pVDZ levels of
theory. Analysis of the force constants associated with struc-
tures 5 (Y = Z) reveals that they correspond to the transition

states for the degenerate rearrangement of the trisilapropyl,
trigermapropyl, and tristannapropyl radicals (6, Y = Z)
(Scheme 2). The important geometrical features of structures 5

are summarised in Fig. 1, while calculated energy barriers
(∆E‡, Scheme 2) and corresponding imaginary frequencies are
listed in Table 1. Full computational details are available as
Supplementary Material.

Fig. 1 reveals that transition states 5 (Y = Z) resemble those
located for analogous intermolecular homolytic substitution
reactions involving the frontside mechanism 18 and the struc-
tures predicted to be involved in the (1,2)-migration of silicon,
germanium and tin between carbon centres, between carbon
and nitrogen, and between carbon and oxygen.17 Depending on
the element involved and the level of theory employed, trans-
ition states 5 (Y = Z) are predicted to involve attack angles that
lie between 45 and 58�. These values are more severe than those
found for the analogous intermolecular reactions,18 the implic-
ations of this are discussed later. In addition, and as expected,
the (Y–Y)TS distance increases in moving from silicon to
germanium and tin. MP2/DZP calculations predict separations
of 2.56 (Si), 2.75 (Ge), and 3.10 (Sn).

Inspection of Table 1 reveals that the transition state 5
(Y = Z = Si) associated with the (1,2)-transfer of silicon is calcu-
lated to lie some 187.5 kJ mol�1 above the reactant (6) using
UHF/6-311G**. Inclusion of electron correlation in these cal-
culations (MP2/6-311G**) serves to reduce this energy barrier
to 155.0 kJ mol�1, while inclusion of zero-point vibrational
energy correction (ZPE) would appear to also lower the calcu-
lated energy barrier by approximately 5 kJ mol�1. Further
improvements in both basis set quality and correlation result
in further reduction in ∆E‡ which appears to converge to a
value of about 135 kJ mol�1. At the highest level of theory
used (CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ), a barrier
of 135.9 kJ mol�1 is predicted for the rearrangement of the
trisilapropyl radical. It is interesting to compare this value with
that calculated using the B3LYP density functional method;
131.7 kJ mol�1 is predicted at the B3LYP/6-311G** level, while
B3LYP/DZP predicts a value of 133.3 kJ mol�1.

Similar trends in energy are predicted for the (1,2)-transfer
of germanium and tin, with CCSD(T)/DZP//MP2/DZP calcu-
lated barriers of 146.1 kJ mol�1 and 129.1 kJ mol�1 for the
degenerate rearrangements of trigermapropyl (6, Y = Ge) and
tristannapropyl (6, Y = Sn) radicals respectively.

As was observed in previous calculations,17,18 at correlated
levels of theory the (1,2)-migration of the germyl group in
trigermapropyl radical is predicted to proceed with a higher
energy barrier (∆E‡) than either reaction involving silicon or
tin. This trend is most pronounced at the QCISD/DZP//MP2/
DZP level, where values of ∆E‡ range from 149.3 kJ mol�1 (Si),
to 152.0 (Ge) and 134.3 kJ mol�1 (Sn).

Degenerate rearrangements of H3ZYH2YH2
� (Y, Z � Si, Ge,

Sn)

Extensive searching of the H7Y2Z (Y, Z = Si, Ge, Sn) poten-
tial energy surfaces at the SCF/DZP and MP2/DZP levels
of theory located structures (5, Y ≠ Z) as transition states
for the (1,2)-translocation of SiH3, GeH3, and SnH3 in the
3-germa-1,2-disila-1-propyl, 3-stanna-1,2-disila-1-propyl, 1,2-
digerma-3-sila-1-propyl, 1,2-digerma-3-stanna-1-propyl, 3-
sila-1,2-distanna-1-propyl and 3-germa-1,2-distanna-1-propyl
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Fig. 1 Optimized structures of transition states 5 (Y = Z) for the degenerate rearrangements of the trisilapropyl, trigermapropyl and tristanna-
propyl radicals 6 (Y = Z). UHF/DZP, MP2/DZP (MP2/6-311G**) [MP2/cc-pVDZ] {MP2/aug-cc-pVDZ}, B3LYP/DZP.

Table 1 Calculated energy barriersa (∆E‡) for the degenerate (1,2)-translocation of SiH3, GeH3, and SnH3, in trisilapropyl, trigermapropyl and
tristannapropyl radicals (6) (Scheme 2) and imaginary frequencies (ν)b associated with transition states (5)

Y Method ∆E‡ ∆E‡ + ZPE ν

Si HF/6-311G** 187.5 182.0 603i
HF/DZP 185.8 180.6 589i
MP2/6-311G** 155.0 149.4 552i
MP2/DZP 150.8 145.9 550i
MP2/cc-pVDZ 146.3 141.7 544i
MP2/aug-cc-pVDZ 141.9
QCISD/6-11G**//MP2/6-311G** 154.3 — —
QCISD/DZP//MP2/DZP 149.3 — —
QCISD/cc-pVDZ//MP2/cc-pVDZ 146.5 — —
QCISD/aug-ccpVDZ//MP2/aug-cc-pVDZ 142.5 — —
CCSD(T)/6-311G**//MP2/6-311G** 148.8 — —
CCSD(T)/DZP//MP2/DZP 143.8 — —
CCSD(T)/cc-pVDZ//MP2/cc-pVDZ 140.6 — —
CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ 135.9 — —
B3LYP/6-311G** 131.7 126.1 446i
B3LYP/DZP 133.3 127.8 451i

Ge HF/DZP 183.2 177.5 437i
MP2/DZP 156.1 150.8 500i
QCISD/DZP//MP2/DZP 152.0 — —
CCSD(T)/DZP//MP2/DZP 146.5 — —
B3LYP/DZP 136.6 130.4 373i

Sn HF/DZP 159.9 154.2 302i
MP2/DZP 140.3 135.1 384i
QCISD/DZP//MP2/DZP 134.3 — —
CCSD(T)/DZP//MP2/DZP 129.1 — —
B3LYP/DZP 110.5 104.9 139i

a Energies in kJ mol�1. b Frequencies in cm�1.

radicals (6, Y ≠ Z) (Scheme 2). Structures (5, Y ≠ Z) proved,
once again, to be of C1 symmetry and are displayed in Fig. 2,
while energy barriers (∆E‡) are listed in Table 2; full details
are available as Supplementary Material.

Inspection of Table 2 and Fig. 2 reveals some interesting
trends in energy and geometrical features which may help in our
understanding of the high barriers associated with the intra-
molecular (1,2)-migration of the group () elements in this
study.

The MP2/DZP (Y–Z) distances in the transition states (5,
Y ≠ Z) are calculated to lie between 2.65 (Si–Ge) and 3.02 Å
(Ge–Sn). It is interesting to compare these distances with those
calculated at the same level of theory for the transition states
involved in the analogous intermolecular homolytic substi-
tution reaction by the frontside attack mechanism at the same
level of theory.18 For example, distances of 2.56 (Si–Ge), 2.75
(Si–Sn) and 2.86 Å (Ge–Sn) are obtained in the analogous
transition states (4),13 indicating that the strain engendered in
transition states 5 leads, not unexpectedly, to some lengthen-
ing of the transition state separations when compared to
structures 4.

As was observed for the other degenerate reactions in this
study, the relatively large Y–Z separations in transition states
(5, Y ≠ Z) lead to substantial deviations in attack angle from
those predicted for the analogous intermolecular transition
states. As Fig. 2 displays, the Y–Z–Y angle becomes increas-
ingly more severe as the X–Y distance increases. MP2/DZP
calculations predict angles which range from 47 (X = Si, Y =
Sn) to 56� (X = Sn, Y = Si). The similar angle for the analogous
intermolecular reaction is calculated to lie at around 80�.

Table 2 clearly reveals that the (1,2)-translocations of silyl,
germyl and stannyl groups between silicon, germanium and tin
centres are predicted to have significant energy barriers, similar
to those predicted for the analogous degenerate rearrangement
of the trisilapropyl, trigermapropyl and tristannapropyl
radicals (Scheme 2) and some 70 kJ mol�1 higher than those
calculated for the analogous intermolecular reactions.13 Not
unexpectedly, values of ∆E‡ are dependent on the nature of the
attacking radical and the heteroatom undergoing homolytic
substitution. For example, at the highest level of theory used,
namely CCSD(T)/DZP//MP2/DZP, a value of 160.1 kJ mol�1 is
obtained for the translocation of SnH3 between silicon centres,
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Fig. 2 MP2/DZP Optimized structures of transition states 5 (Y ≠ Z) for the degenerate rearrangements of radicals 6 (Y ≠ Z). B3LYP/DZP Data in
italics. UHF/DZP Data underlined.

Table 2 Calculated energy barriers (∆E‡)a for the degenerate (1,2)-
translocation of SiH3, GeH3, and SnH3, in 6 (Y ≠ Z) (Scheme 2) and
imaginary frequencies (ν)b associated with transition states (5, Y ≠ Z)

Y Z Method ∆E‡ ∆E‡ + ZPE ν

Si Ge HF/DZP 178.3 173.6 533i
MP2/DZP 146.9 142.7 526i
QCISD/DZP//MP2/DZP 144.3 — —
CCSD(T)/DZP//MP2/DZP 138.9 — —
B3LYP/DZP 129.0 124.5 417i

Si Sn HF/DZP 140.6 142.1 425i
MP2/DZP 119.9 116.0 433i
QCISD/DZP//MP2/DZP 116.8 — —
CCSD(T)/DZP//MP2/DZP 112.1 — —
B3LYP/DZP 104.9 106.2 333i

Ge Si HF/DZP 193.1 201.2 526i
MP2/DZP 161.7 155.8 542i
QCISD/DZP//MP2/DZP 159.0 — —
CCSD(T)/DZP//MP2/DZP 153.5 — —
B3LYP/DZP 142.3 135.5 419i

Ge Sn HF/DZP 153.2 147.5 348i
MP2/DZP 129.4 124.4 380i
QCISD/DZP//MP2/DZP 125.3 — —
CCSD(T)/DZP//MP2/DZP 120.6 — —
B3LYP/DZP 111.8 106.2 283i

Sn Si HF/DZP 195.1 188.6 446i
MP2/DZP 171.9 166.0 557i
QCISD/DZP//MP2/DZP 166.3 — —
CCSD(T)/DZP//MP2/DZP 160.1 — —
B3LYP/DZP 132.7 127.2 215i

Sn Ge HF/DZP 185.0 179.3 477i
MP2/DZP 164.9 159.4 518i
QCISD/DZP//MP2/DZP 158.3 — —
CCSD(T)/DZP//MP2/DZP 152.3 — —
B3LYP/DZP 126.4 121.2 165i

a Energies in kJ mol�1. b Frequencies in cm�1.

while 120.6 kJ mol�1 is calculated for the translocation of SiH3

between tin centres. These values are reduced to 132.7 and 111.8
kJ mol�1 at the B3LYP/DZP level of theory. The trends
observed in Table 2 are consistent with those calculated pre-
viously for intermolecular homolytic substitution.13 They also
reflect the known ability of silicon, germanium and tin centred
radicals to become involved in substitution chemistry (viz.
Si > Ge > Sn) and the ability of the various group () elements
to undergo radical substitution (viz. Sn = Ge > Si).7

Non-degenerate rearrangements of H3ZYH2YH2
� (Y, Z � Si,

Ge, Sn)

Transition states 7 for the non-degenerate (1,2)-translocations
of the remaining radicals (8) in this study were located at the
same levels of theory described previously. Important struc-
tural features are listed in Fig. 3, while the calculated energy
barriers for the forward (∆E1

‡) and reverse (∆E2
‡) reactions

(Scheme 3) are listed in Table 3 together with the (imaginary)
transition state frequency calculated for transition states 7.

Inspection of Fig. 3 reveals features which aid in our under-
standing of the reactions in question. Firstly, it is clear that
reactions involving attack of a silicon-centred radical at

Scheme 3
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Fig. 3 MP2/DZP Optimized structures of transition states 7 for the non-degenerate rearrangements of radicals 8. B3LYP/DZP Data in italics.
UHF/DZP Data underlined.

germanium and tin are “earlier” than those involving attack
of germanium or tin at the same heteroatom. For example, the
Si–Si separation in 7 (X = Z = Si, Y = Ge) is calculated to be
2.664 Å at the MP2/DZP level of theory, longer than the Si–Ge
distance in the same transition state (2.569 Å), and is consistent
with the relative reactivity of the attacking and leaving radicals in
question. By comparison, the Si–Si distance in 5 (X = Y = Si) is
about 2.56 Å. When the leaving radical is tin-centred as in 7 (X =
Z = Si, Y = Ge), the transition state becomes even “earlier”,
with an MP2/DZP calculated Si–Si separation of 2.615 Å. This
trend is reflected in all of the transition structures 7 and in the
energy barriers (∆E1

‡, ∆E2
‡) for the forward and reverse

reactions. For example, at the CCSD(T)/DZP//MP2/DZP level,
∆E1

‡ for the reaction involving 6 (X = Y = Si) is calculated to be
143.8 kJ mol�1. When the leaving radical is germanium-centred
as in 8 (X = Y = Si, Z = Ge) or tin-centred as in 8 (X = Y = Si,
Z = Sn), this value is reduced to 138.2 and 134.4 kJ mol�1

respectively. In the reverse reactions where the attacking radical
is varied from silicon to germanium and tin, the barriers (∆E2

‡)
are calculated to be 143.8, 160.2 and 181.0 kJ mol�1 respect-
ively. These observations are in accord with previously estab-

lished trends for homolytic substitution involving group ()
elements.7,13 Similar observations can be made among other
species in the series from the data presented in Table 3.

Conclusions
Ab initio calculations suggest homolytic (1,2)-translocations of
silyl, germyl and stannyl groups between group () elements
are unlikely processes under standard conditions. CCSD(T)/
DZP//MP2/DZP calculated energy barriers range from 108 kJ
mol�1 for the translocation of SnH3 from tin to silicon, to 181
kJ mol�1 for the migration of SiH3 from silicon to tin. At all
levels of theory, the transition states (5, 7) are predicted to
adopt geometries consistent with a frontside mechanism for
migration. The high energy barriers (in excess of 120 kJ mol�1)
calculated for silyl migration suggest that reactions of this type
are unlikely to be associated with free-radical degradation of
polysilanes.

It is also instructive to comment on the B3LYP data gener-
ated in this study. Previous work has questioned the ability of
density functional methods to adequately reproduce the energy
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Table 3 Calculated energy barriersa (∆E‡) for the non-degenerate (1,2)-translocation of SiH3, GeH3, and SnH3, in 8 (Scheme 3) and imaginary
frequencies (ν)b associated with transition states 7

X Y Z Method ∆E1
‡ ∆E1

‡ + ZPE ∆E2
‡ ∆E2

‡ + ZPE ν

Si Ge Si HF/DZP 181.0 176.0 199.9 193.8 557i
MP2/DZP 145.6 140.7 167.5 161.7 510i
QCISD/DZP//MP2/DZP 143.9 — 165.6 — —
CCSD(T)/DZP//MP2/DZP 138.2 — 160.2 — —
B3LYP/DZP 128.2 122.5 148.4 141.8 405i

Si Ge Ge HF/DZP 173.4 168.8 190.0 184.3 489i
MP2/DZP 142.1 137.9 161.6 156.3 491i
QCISD/DZP//MP2/DZP 139.4 — 158.3 — —
CCSD(T)/DZP//MP2/DZP 133.7 — 152.9 — —
B3LYP/DZP 124.6 119.6 142.5 136.5 379i

Si Ge Sn HF/DZP 144.4 140.0 156.8 151.5 392i
MP2/DZP 117.3 113.3 132.8 127.9 386i
QCISD/DZP//MP2/DZP 114.0 — 129.2 — —
CCSD(T)/DZP//MP2/DZP 109.2 — 124.6 — —
B3LYP/DZP 90.6 96.6 104.5 109.7 295i

Si Sn Si HF/DZP 177.4 172.3 216.6 209.0 532i
MP2/DZP 142.1 137.5 190.5 183.4 485i
QCISD/DZP//MP2/DZP 140.5 — 186.4 — —
CCSD(T)/DZP//MP2/DZP 134.3 — 181.0 — —
B3LYP/DZP 124.9 118.1 167.2 158.9 392i

Si Sn Ge HF/DZP 170.6 165.9 203.1 196.0 448i
MP2/DZP 139.8 135.8 181.6 175.2 478i
QCISD/DZP//MP2/DZP 136.8 — 175.9 — —
CCSD(T)/DZP//MP2/DZP 130.7 — 170.7 — —
B3LYP/DZP 121.5 116.3 158.1 150.8 367i

Si Sn Sn HF/DZP 145.3 140.9 168.7 162.3 368i
MP2/DZP 116.8 112.7 150.8 144.7 371i
QCISD/DZP//MP2/DZP 113.4 — 144.9 — —
CCSD(T)/DZP//MP2/DZP 108.1 — 166.6 — —
B3LYP/DZP 100.2 95.0 129.0 122.0 277i

Ge Sn Si HF/DZP 185.2 179.6 205.6 198.5 485i
MP2/DZP 155.2 149.9 181.7 174.9 569i
QCISD/DZP//MP2/DZP 151.6 — 175.9 — —
CCSD(T)/DZP//MP2/DZP 145.5 170.4 — —
B3LYP/DZP 122.5 118.4 145.5 140.0 242i

Ge Sn Ge HF/DZP 176.4 171.0 192.4 185.6 383i
MP2/DZP 150.6 145.7 173.0 166.7 520i
QCISD/DZP//MP2/DZP 145.5 — 165.7 — —
CCSD(T)/DZP//MP2/DZP 139.6 — 160.3 — —
B3LYP/DZP 118.1 110.3 136.9 128.0 292i

Ge Sn Sn HF/DZP 151.4 146.5 162.5 156.6 325i
MP2/DZP 126.4 121.6 145.0 139.2 391i
QCISD/DZP//MP2/DZP 121.8 — 138.2 — —
CCSD(T)/DZP//MP2/DZP 116.5 — 133.5 — —
B3LYP/DZP 108.1 102.4 123.0 116.3 276i

a Energies in kJ mol�1. b Frequencies in cm�1.

surfaces associated with several classes of free-radical reac-
tion.25,26 Indeed, B3LYP provided energy data significantly dif-
ferent from those provided by high-level correlation methods
for free-radical decarbonylation chemistry,25 while a com-
prehensive study performed in our laboratories revealed little
correlation between density functional method employed and
the ability to accurately predict the nature of the stationary
point (i.e. transition state vs. hypervalent intermediate) in
homolytic substitution reactions involving chalcogen.26 In this
study, B3LYP/6-311G** appears to, once again, provide energy
barriers consistently lower than those provided by correlated
levels of theory. At the CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-
pVDZ level, this difference is only about 4 kJ mol�1, while the
difference between B3LYP/DZP and CCSD(T)/DZP//MP2/
DZP is about 10 kJ mol�1. Importantly, B3LYP/DZP appears
to provide geometries for structures in this study consistent
with those obtained at other levels and is able to reproduce the

nature of the stationary point, although the imaginary frequen-
cies obtained with B3LYP are smaller than those available from
other methods.
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