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Ab initio calculations using the 6-311G**, cc-pVDZ, aug-cc-pVDZ, and (valence) double-¢
pseudopotential (DZP) basis sets, with (MP2, QCISD, CCSD(T)) and without (UHF) the
inclusion of electron correlation, predict that degenerate homolytic substitution by silyl radical
at the silicon atom in disilane can proceed by mechanisms which involve both backside and
frontside attack at silicon. At the highest level of theory (CCSD(T)/aug-cc-pVDZ//MP2/aug-
cc-pVDZ), energy barriers (AE¥) of 52.7 and 58.2 kJ mol~! are calculated for the backside
and frontside reactions, respectively. Similar results are obtained at the CCSD(T)/DZP//
MP2/DZP level of theory for reactions involving germanium and tin with values of AE* of
65.2 kJ mol~! (backside) and 76.7 kJ mol~! (frontside) for reactions of germyl radical with
digermane and 58.5 kJ mol~* (backside) and 59.1 kJ mol~* (frontside) for reactions of stannyl
radical with distannane. CCSD(T)/DZP//IMP2/DZP calculations involving the analogous
nondegenerate reactions of disilane, digermane, and distannane, as well as reactions
involving silylgermane, silylstannane, and germylstannane, predict that while homolytic
substitution at silicon and germanium is expected to favor the backside mechanism, reactions
involving free-radical attack at tin are predicted to be less discriminate; indeed, in many
cases, the frontside mechanism is calculated to be preferred for reactions involving tin. CCSD-
(T)/DZP/IMP2/DZP calculated energy barriers range from 39.4 kJ mol~* for the reaction of
silyl radical with distannane by the frontside mechanism to 104.5 kJ mol~? for the analogous
frontside reaction involving stannyl radical and disilane. Except for reactions involving attack
at the tin atom in methylstannane, we were unable to locate transition states for frontside
attack at correlated levels of theory for reactions involving methyl radical. The mechanistic
implications of these computational data are discussed.

Introduction

Intramolecular (1,n) group transfer chemistry involv-
ing silyl, germyl, and stannyl radicals can be useful in
free radical synthesis.! Radical Brook-type rearrange-
ments? and the 1,5- and 1,6-translocations reported by
Kim and co-workers?® are representative of this chem-
istry (Scheme 1); other examples can be found in recent
reviews.1# Interestingly, while several reports exist of
intramolecular homolytic translocations involving group
IV elements, we are aware of only one example of a
chalcogen-containing group becoming involved in this
sort of chemistry® and none involving halogen.! Why
should group IV heteroatoms readily undergo intra-
molecular homolytic group transfer reactions, while
there are so few reports for other systems? The answer
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to this question almost certainly rests with the intimate
details of the homolytic substitution step itself.

Work in our laboratories has been directed toward the
design, application, and understanding of free-radical
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homolytic substitution chemistry with the aim of de-
veloping novel synthetic methodology. To that end, we
published recently several ab initio studies with the aim
of increasing our understanding of the factors which
affect and control the mechanism of homolytic substitu-
tion at several main-group higher heteroatoms. It is
generally agreed that homolytic substitution by a radical
(R*) at a group (Y) proceeds either via a transition state
(1) 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 (2) which may or may not undergo pseudo-
rotation prior to dissociation.! Indeed, high-level ab
initio calculations support this view for reactions involv-
ing free radical attack at the pnicogens, chalcogens,
and halogens; reactions involving phosphorus® and
tellurium? are predicted to involve intermediates, while
sulfur,8? selenium 19 and the halogens!!12 appear to
proceed by direct displacement of the leaving radical.

In addition to the translocation chemistry described
above, the question of mechanism in homolytic substitu-
tion chemistry involving tetravalent silicon, germanium,
and tin is of topical interest in polymer chemistry; it
would appear that intramolecular homolytic substitu-
tion at tetravalent silicon plays an important role in
radical-based degradation of poly(phenylsilane).’® If
one considers carefully the pathways available for
homolytic free-radical attack at higher heteroatoms, it
seems reasonable to suggest a pathway involving front-
side attack via transition state 3 in addition to those
already discussed. Indeed, Dobbs and Doren explored
the mechanism of the reaction of hydrogen atom with
disilane and noted that frontside homolytic substitution
is more favorable than the analogous backside mecha-
nism by 11.7 kJ mol~! at the MP2/6-311G** level of
theory.* This value correlates well with available
experimental data.!®

We recently explored this mechanism by computa-
tional techniques for 1,n-translocations of halogens and
chalcogens in w-haloalkyl and w-chalcogenylalkyl radi-
cals (4) and concluded frontside displacement to be an
unlikely pathway for these elements.®12 On the other
hand, similar computational investigations into the
mechanism of the radical Brook rearrangement con-
cluded that 1,2-migrations involving group IV elements
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proceeded via the frontside homolytic substitution
mechanism.6

To explore further trends within the main-group
higher heteroatoms, we now report the results of
computational investigations into the frontside and
backside mechanisms for free radical homolytic substi-
tution by silyl (SiH3), germyl (GeHs), and stannyl (SnHz)
radicals at the heteroatom in disilane (H3SiSiH3),
digermane (H3GeGeHz3), distannane (H3SnSnHs3), silyl-
germane (H3SiGeHs), silylstannane (H3SiSnH3), and
germylstannane (HsGeSnHs). In addition, a computa-
tional investigation into the free radical attack of methyl
radical at the heteroatom in methylsilane, germane, and
stannane by the frontside mechanism is also presented
and represents an extension of our previous work in
which we explored the requirements of backside attack
in these same reactions.t’

Methods

Ab initio molecular orbital calculations were performed on
DEC AlphaStation 400 4/233, Alphaserver 8400, Personal
Workstation 433au or 600au, Compaq DS10, or Cray J916
computers using the Gaussian 94'8 system of programs.
Geometry optimizations were performed using standard gradi-
ent techniques at the SCF, MP2, and B3LYP levels of theory
using restricted (RHF, RMP2, RB3LYP) and unrestricted
(UHF, UMP2, UB3LYP) methods for closed- and open-shell
systems, respectively. Standard basis sets were used, and the
(valence) double-¢ pseudopotential basis sets of Hay and
Wadt!® supplemented with a single set of d-type polarization
functions were used for the heteroatoms in this study (expo-
nents d({)si = 0.284,2° d({)ge = 0.230,%° and d({)sn = 0.200),
while the double-¢ all-electron basis sets of Dunning?* with
an additional set of polarization functions (exponents d({)c =
0.75 and p(&)n = 1.00) were used for C and H. We refer to this
basis set as DZP throughout this work.89111216.1722 |n previous
work, results generated using DZP proved to be very similar
to those obtained using 6-311G** for reactions involving
chlorine and silicon.t216.17

All ground and transition states were verified by vibrational
frequency analysis. Further single-point QCISD and CCSD-
(T) calculations were performed on all MP2 optimized struc-
tures. Values of [$20never exceeded 0.86 before annihilation
of quartet contamination and were mostly below 0.79 at
correlated levels of theory. Zero-point vibrational energy
corrections have been applied wherever possible.
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MP2/DZP 2.470A 2503A 81.0°

MP2/cc-pVDZ 2.499A 2545A 80.5°
2533A 2.548A 79.8°

B3LYP/DZP 2.480A 2.526A 835°

Figure 1. Optimized structures of transition states 5 and 6 for the degenerate backside and frontside reactions of silyl

radical (*SiH3) with disilane (H3SiSiH3).
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Results and Discussion

Reaction of Silyl Radical with Disilane, Germyl
Radical with Digermane, and Stannyl Radical
with Distannane. Extensive searching of the SizHg
potential energy surface at the UHF/6-311G**, MP2/6-
311G**, MP2/DZP, MP2/cc-pVDZ, MP2/aug-cc-pVDZ,
and B3LYP/6-311G** levels of theory located structures
5 and 6 (Y, Z = Si) as transition states for the
degenerate homolytic substitution by the silyl radical
at disilane. The important geometric features of struc-
tures 5 and 6 (Y, Z = Si) are summarized in Figure 1,
while calculated energy barriers (AE*; Scheme 2) are
listed in Table 1 together with the calculated imaginary
frequency corresponding to structures 5 and 6. Full
computational details are available as Supporting
Information.

Inspection of Figure 1 reveals that while the transi-
tion state 5 for backside attack is predicted to adopt an
exactly collinear arrangement of attacking and leaving
radicals at all levels of theory employed, structure 6
involved in the analogous frontside chemistry is pre-
dicted to involve an attack angle of around 80° at all
levels of theory and resembles strongly the structures
predicted to be involved in the 1,2-homolytic trans-

locations of silyl groups.l® Transition state (Si—Si)
separations in both 5 and 6 (Y, Z = Si) are predicted to
lie between 2.465 and 2.548 A at all levels of theory.

This computational study also suggests that the
energy requirements for both homolytic pathways are
similar. Inspection of Table 1 reveals that, as expected,
electron correlation is important in achieving reliable
values for AE*. HF/6-311G** calculations predict energy
barriers of 119.2 and 125.5 kJ mol~! for reactions
involving 5 and 6, respectively. Inclusion of electron
correlation (MP2/6-311G**) serves to lower these bar-
riers to 72.0 and 79.5 kJ mol~%, respectively, while
inclusion of zero-point vibrational energy correction
(ZPE) would appear to have only a minor effect on the
calculated energy barriers in question. Further improve-
ments in both basis set quality and correlation provide
values of AE* for the reaction involving 5 of 55.6 (MP2/
aug-cc-pVDZ), 74.1 (QCISD/6-311G**//MP2/6-311G**),
and 60.7 kJ mol~! (QCISD/aug-cc-pVDZ//MP2/aug-cc-
pVDZ). In comparison, reactions involving 6 are calcu-
lated to have AE* values of 63.2 (MP2/aug-cc-pVDZ),
80.3 (QCISD/6-311G**//MP2/6-311G**), and 66.1 kJ
mol~1 (QCISD/aug-cc-pVDZ//IMP2/aug-cc-pVDZ). At the
highest level of theory used (CCSD(T)/aug-cc-pVvVDZ//
MP2/aug-cc-pVDZ), energy barriers (AE¥) of 52.7 and
58.2 kJ mol~1 are predicted for the pathways involving
5 and 6, respectively, while values of 44.4 and 60.7 kJ
mol~! are obtained at the B3LYP/6-311G** level. Clearly,
both backside and frontside mechanisms are predicted
to be feasible for homolytic substitution by a silyl radical
at a tetravalent silicon atom. This is a significant result
because it represents a rare example of a frontside
transition state located for an intermolecular homolytic
substitution reaction. The similarities in activation
energy for both pathways suggest that, depending on
the geometric requirements, homolytic substitution at
a tetravalent silicon atom in general may well involve
either or both of the mechanisms discussed. It is
interesting to note the disparity between the B3LYP
and other data listed in Table 1, the density functional
method providing a 2—3-fold increase in the calculated
difference in values for AE* for the frontside and
backside attack mechanisms than the other methods
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Table 1. Calculated Energy Barriers2 (AE*) for the Degenerate Reactions of Silyl (SiHs3), Germyl (GeHs),
and Stannyl (SnH3) Radicals with Disilane (H3SiSiH3), Digermane (H3GeGeHs), and Distannane (HzSnSnH3)
(Scheme 2; Y = Z = Si, Ge, Sn) and Transition State (Imaginary) Frequencies (v)? of Structures 5 and 6

5 6
Y z method AE* AE* + ZPE v AEF AE* + ZPE v
Si Si HF/6-311G** 119.2 120.0 1050i 1255 130.5 453i
HF/DZP 1245 125.3 1030i 131.6 135.5 470i
MP2/6-311G** 72.0 72.4 442i 79.5 82.8 347i
MP2/DZP 70.6 72.3 384i 82.4 86.2 371i
MP2/cc-pvVDZ 65.3 66.1 287i 74.9 78.2 358i
MP2/aug-cc-pVDZ 55.6 56.9 106i 63.2 66.5 352i
QCISD/6-311G**//[MP2/6—311G** 74.1 80.3
QCISD/DZP/IMP2/DZP 71.3 81.7
QCISD/cc-pVDZ//IMP2/cc-pVDZ 62.3 70.3
QCISD/aug-cc-pVDZ/IMP2/aug-cc-pVDZ 60.7 66.1
CCSD(T)/6-311G**//MP2/6—311G** 67.5 73.7
CCSD(T)/DZP/IMP2/DZP 65.2 75.8
CCSD(T)/cc-pVDZ/IMP2/cc-pVDZ 62.3 70.3
CCSD(T)/aug-cc-pVDZ/IMP2/aug-cc-pVDZ 52.7 58.2
B3LYP/6-311G** 44.4 45.6 380i 60.7 63.6 286i
B3LYP/DZP 51.2 52.4 414i 65.5 68.4 299i
Ge Ge HF/DZP 118.4 118.3 893i 126.3 128.2 365i
MP2/DZP 70.7 715 398i 83.7 85.8 328i
QCISD/DZP/IMP2/DZP 70.9 82.7
CCSD(T)/DZP/IMP2/DZP 65.2 76.7
B3LYP/DZP 50.0 52.4 351i 66.9 68.5 250i
Sn Sn HF/DZP 106.0 104.9 915i 99.8 101.1 285i
MP2/DZP 65.1 65.7 426i 66.0 68.2 266i
QCISD/DZP/IMP2/DZP 63.0 63.2
CCSD(T)/DZP/IMP2/DZP 58.5 59.1
B3LYP/DZP 42.1 41.7 332i 49.5 50.3 189i

a Energies in kJ mol~2. ® Frequencies in cm™1,

utilized. We have previously noted irregularities be-
tween density-functional methods and other ab initio
techniques when applied to some free radical reac-
tions.?3

There are some considerable computational issues
that need to be addressed in performing all-electron ab
initio calculations on molecules containing higher hetero-
atoms such as tin, especially when electron correlation
is required.'61722 To alleviate resource problems, we
have chosen to perform calculations utilizing a polariza-
tion double-& pseudopotential basis set (DZP). In previ-
ous work, this basis set has provided data similar to
those produced using 6-311G** and, as such, we felt
that, at the very least, a good qualitative picture for
many reactions involving higher heteroatoms could be
established through the use of DZP.8:911.12.16,17.22 | this
current work, the data presented in Table 1 indicate
clearly that CCSD(T)/DZP//IMP2/DZP calculations pro-
vide values for AE* which are about 12 kJ mol~! larger
than those predicted at the highest level of theory for
the reactions of silyl radical with disilane. With this in
mind, together with the knowledge that all correlated
levels of theory provide a difference in the values of AE*
for reactions involving 5 and 6 (AE*(6) — AE*(5)) of
between 5.5 and 7.9 kJ mol~1, we were confident that
similar DZP calculations involving the remaining sys-
tems in this study would provide useful information
about the mechanism of homolytic substitution chem-
istry involving silicon, germanium, and tin.

Searching of the GesHy and Sn3zHg potential energy
surfaces at the UHF/DZP, MP2/DZP, and B3LYP/DZP
levels of theory located transition states 5 and 6 (Y =
Z = Ge, Sn). These structures bear a striking resem-
blance to the analogous silicon transition states 5 and

(23) Morihovitis, T.; Schiesser, C. H.; Skidmore, M. A. J. Chem. Soc.,
Perkin Trans. 2 1999, 2041.

Table 2. UHF/DZP, MP2/DZP, and B3LYP/DZP
Calculated Important Geometric Features? of the
Transition Structures 5 and 6 Involved in the
Degenerate Reactions of Silyl (SiH3) Germyl
(GeHj3), and Stannyl (SnH3) Radicals with
Digermane (H;GeGeHj3), Distannane (H3SnSnH3),
Silylgermane (H3SiGeHj3), Silylstannane
(H3SiSnHj3), and Germylstannane (H;GeSnHj)

(Scheme 2)
5 6
Y z method r ry r 0
Ge Ge UHF/DZP 2.758 2.732 2.774 79.2
MP2/DZP 2.689 2.657 2.682 79.0
B3LYP/DZP 2.720 2.673 2.713 81.3
Sn Sn UHF/DZP 3.105 3.100 3.133 77.4
MP2/DZP 3.039 3.029 3.044 76.5
B3LYP/DZP 3.066 3.042 3.072 79.1
Si Ge UHF/DZP 2.673 2.633 2.678 79.4
MP2/DZP 2.605 2.561 2.592 79.4
B3LYP/DZP 2.636 2.573 2.617 81.9
Si Sn UHF/DZP 2.827 2.819 2.869 75.9
MP2/DZP 2.763 2.753 2.780 74.7
B3LYP/DZP 2.789 2.756 2.801 78.3
Ge Si UHF/DZP 2.663 2.634 2.676 80.7
MP2/DZP 2.599 2.568 2.594 80.7
B3LYP/DZP 2.629 2.581 2.622 82.9
Ge Sn UHF/DZP 2.906 2.902 2.952 76.1
MP2/DZP 2.842 2.837 2.861 74.7
B3LYP/DZP 2.868 2.844 2.885 78.0
Sn Si UHF/DZP 2.889 2.858 2.882 81.5
MP2/DZP 2.814 2.777 2.790 81.8
B3LYP/DZP 2.847 2.800 2.826 83.4
Sn Ge UHF/DZP 2.975 2.948 2.972 80.1
MP2/DZP 2.896 2.859 2.873 80.3
B3LYP/DZP 2.929 2.885 2.910 82.0

a Distances in A and angles in deg.

6 (Y = Z = Si), and their important geometric features
are listed in Table 2, while the calculated energy
barriers (AE¥; Scheme 2) are listed in Table 1 together
with the calculated imaginary frequency corresponding
to structures 5 and 6. Full structural details are
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Table 3. Calculated Energy Barriers2 (AE*) for the Degenerate Reactions of Silyl (SiHs3), Germyl (GeHs),
and Stannyl (SnH3) Radicals with Silylgermane (H;SiGeHs), Silylstannane (H3;SiSnH;3), and
Germylstannane (HzGeSnHs) (Scheme 2; Y = Z) and Transition State (Imaginary) Frequencies (v)° of
Structures 5 and 6

5 6

Y 4 method AE* AE* + ZPE v AE* AE* + ZPE 4
Si Ge HF/DZP 124.4 124.8 929i 129.2 132.5 424i

MP2/DZP 72.9 74.6 388i 83.4 86.7 352i

QCISD/DZP/IMP2/DZP 72.2 81.5

CCSD(T)/DZP/IMP2/DZP 66.1 75.6

B3LYP/DZP 53.2 54.3 365i 66.3 68.8 276i
Si Sn HF/DzZP 111.9 112.3 1037i 101.4 105.0 359i

MP2/DZP 64.4 66.3 322i 63.1 67.2 301i

QCISD/DZP/IMP2/DZP 61.5 59.7

CCSD(T)/DzZP/IMP2/DZP 55.4 54.3

B3LYP/DZP 39.0 40.3 215i 44.6 47.3 215i
Ge Si HF/DZP 120.1 120.1 1005i 130.6 133.3 437i

MP2/DZP 69.8 70.4 428i 84.8 87.4 369i

QCISD/DZP/IMP2/DZP 71.2 84.6

CCSD(T)/DZP/IMP2/DZP 65.4 78.9

B3LYP/DzZP 49.4 49.8 417i 68.0 69.9 290i
Ge Sn HF/DZP 108.4 108.1 995i 99.5 102.0 295i

MP2/DZP 63.8 64.6 336i 63.1 65.9 264i

QCISD/DZP/IMP2/DZP 62.0 60.6

CCSD(T)/DzZP/IMP2/DZP 56.2 55.5

B3LYP/DZP 38.3 38.8 307i 455 47.6 186i
Sn Si HF/DZP 116.4 115.2 952i 130.2 131.3 442i

MP2/DZP 72.9 73.2 528i 89.6 91.5 401i

QCISD/DZP/IMP2/DZP 73.4 88.5

CCSD(T)/DZP/IMP2/DZP 69.0 84.0

B3LYP/DZP 57.9 51.9 460i 72.8 73.2 309i
Sn Ge HF/DZP 114.1 113.2 842i 125.4 126.1 365i

MP2/DZP 72.2 72.8 461i 87.1 88.6 349i

QCISD/DZP/IMP2/DZP 71.8 85.1

CCSD(T)/DZP/IMP2/DZP 67.4 80.6

B3LYP/DZP 52.6 52.0 389i 70.6 70.7 259i

a Energies in kJ mol~. ® Frequencies in cm™1,

available as Supporting Information. Backside attack
structures (5) are calculated to adopt a collinear ar-
rangement of attacking and leaving radicals, while the
frontside structures (6) are predicted to involve attack
angles of about 79° (Ge) to 77° (Sn). Once again,
regardless of mechanism, the transition state distances
are calculated to lie in narrow ranges of 2.65—2.77 A
(Ge) and 3.02—3.13 A (Sn). The calculated energy
barriers (AE¥) for the reactions involving germanium
range from 65.2 (CCSD(T)/DZP//IMP2/DZP) to 118.4 kJ
mol~! (HF/DZP) for the reaction involving 5, while
similar barriers for the reaction involving 6 are calcu-
lated to range from 76.7 (CCSD(T)/DZP//IMP2/DZP) to
126.3 kJ mol~! (HF/DZP). Similar trends are predicted
for reactions involving tin, with barriers of 58.5 and 59.1
kJ mol~! predicted at the highest level for backside and
frontside attack mechanisms, respectively.

These data are to be compared with previous values
calculated for the reactions involving silicon. It would
seem that not only are reactions involving tin calculated
to be the most facile, they are also calculated to be the
least discriminate, with a difference of only 0.6 kJ mol—?
calculated for pathways involving 5 and 6.

Degenerate Reactions of Silyl, Germyl, and
Stannyl Radicals with Silylgermane, Silylstan-
nane, and Germylstannane. We next turned our
attention to similar degenerate reactions involving
H3SiGeHs, H3SiSnH3, and HzGeSnHj;. Once again,
transition states 5 and 6 were located for the backside
and frontside attack mechanisms (Scheme 2) and se-
lected geometric data are listed in Table 2, while the
calculated energy barriers (AE¥) are listed in Table 3;

full details are available as Supporting Information.
Once again, transition states 5 are calculated to adopt
a collinear arrangement of attacking and leaving radi-
cals, while the analogous frontside structures 6 adopt
attack angles of between about 74 and 83°, depending
on the element undergoing homolytic substitution and
the level of theory employed. Attack distances are,
once again, very similar for both the frontside and
backside structures (5 and 6) for a given arrangement
of elements, with Si—Ge, Si—Sn, and Ge—Sn separa-
tions of about 2.56—2.69, 2.75—2.89, and 2.84—2.97 A,
respectively.

Some interesting trends in energy are clearly evident
upon inspection of Table 3. Calculated energy barriers
(AE¥) are once again affected strongly by the inclusion
of electron correlation. At any given level of theory, it
is clear that values of AE* are dependent on the nature
of the atom undergoing homolytic substitution and the
attacking/leaving radical. As observed in previous
work,16:17 for given attacking and leaving species, the
order of reactivity is calculated to be Sn > Si > Ge. For
example, at the highest level of theory (CCSD(T)/DZP//
MP2/DZP) values of 66.1 and 55.4 kJ mol~! are calcu-
lated for the backside attack of silyl radical at the
germanium and tin atoms in silylgermane and silyl-
stannane, respectively. These numbers are to be com-
pared with the value of 65.2 kJ mol~! (Table 1) for the
analogous attack at disilane at the same level of theory.
The similar data for the analogous reactions involving
6 are 75.8 (Si), 75.6 (Ge), and 54.3 (Sn) kJ mol~L. In
addition, for a given element undergoing homolytic
attack, the attack of silyl radical is predicted to be more
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facile than the reaction of germyl radical, which, in turn,
is predicted to be more reactive than stannyl radical,
observations also consistent with previous observa-
tions.811 For example, energy barriers (AE*) of 55.4,
56.2, and 58.5 kJ mol~! are calculated for the backside
attack of silyl, germyl, and stannyl radicals, respec-
tively, at the tin atom with expulsion of another
molecule of the attacking species.

More interesting are the predicted trends vis-a-vis the
question of frontside versus backside attack mechanism.
The data presented in Tables 1 and 3 suggest that while
at all levels of theory both mechanisms are feasible, the
backside mechanism, involving transition state 5, is
favored by 12—15 kJ mol~1 for attack at silicon and by
9—13 kJ mol~! for attack at germanium, while attack
at tin is calculated be essentially indiscriminate. Indeed,
attack of silyl radical at the tin atom in silylstannane
is predicted to slightly favor the frontside mechanism
at all levels of theory; CCSD(T)/DZP//IMP2/DZP calcula-
tions predict that 6 (Y = Si, Z = Sn) is favored over 5
(Y = Si, Z=Sn) by 1.1 kJ mol~*. Similarly, 6 (Y = Ge,
Z = Sn) is favored over 5 (Y = Ge, Z = Sn) by 0.7 kJ
mol~1 at the same level of theory.

Nondegenerate Reactions of Silyl, Germyl and
Stannyl Radicals with Silylgermane, Silylstan-
nane, and Germylstannane. Transition states 7 and
8 for the remaining, nondegenerate reactions of silyl,
germyl, and stannyl radicals with silylgermane, silyl-
stannane, and germylstannane were located at the same
levels of theory used for the previous reactions in this
study. Important structural features are listed in Table

—l ;
H
\ H, N H 1
I ra e, J
HaX------- ) SRy ZH3 ry..-Ye.r2

/ =, HzX™ 8 "ZHj3

H H

7 8

4. The calculated energy barriers for the forward (AE*;)
and reverse (AE%) reactions (Scheme 3) are listed in
Table 5 together with the (imaginary) transition state
frequency where calculated. Not surprisingly, the data
presented in Table 5 show trends similar to those found
in Tables 1 and 3. Specifically, lower energy barriers
(AE*;, AE%,) are predicted when the attacking species
is silyl radical, when the leaving moiety is stannyl
radical, and when the center undergoing homolytic
attack is tin. At the CCSD(T)/DZP//IMP2/DZP level of
theory, the highest energy barrier (104.5 kJ mol™?) is
calculated to be that for the frontside attack of stannyl
radical at silylstannane with expulsion of silyl radical,
while the lowest barrier is calculated to be 39.4 kJ mol~1
and corresponds to the frontside attack of silyl radical
at distannane with expulsion of stannyl radical.
These trends are also evident in the geometries of
transition states 7 and 8, in which lower barriers, as
expected, are found to correspond to “earlier” structures.
For example, the data presented in Table 5 reveal that
the MP2/DZP calculated transition state silicon—
germanium separation in 7 steadily increases as the
leaving group moves from silyl radical (2.605 A) to
germyl (2.648 A) and stannyl (2.700 A). These reactions,
in turn, are accompanied by steady decreases in activa-
tion energy (66.1, 56.4, 47.8 kd mol~1). The similar data
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Table 4. UHF/DZP, MP2/DZP, and B3LYP/DZP
Calculated Important Geometric Features? of the
Transition Structures 7 and 8 Involved in the
Nondegenerate Reactions of Silyl (SiH3) Germyl
(GeHz3), and Stannyl (SnH3) Radicals with
Digermane (H;GeGeHj3), Distannane (H3;SnSnH3),
Silylgermane (H3SiGeHy), Silylstannane
(H3SiSnH3), and Germylstannane (H;GeSnHs)
(Scheme 3)

7 8
X Y z method r ra r r2 0

Si  Si  Ge UHF/DZP 2560 2.642 5549 2659 811
MP2/DZP 2.568 2.556 2483 2579 814
B3LYP/DzZP 2597 2586 2.492 2.608 83.5
Si Si  Sn UHF/DZP 2.644 2830 2571 2.829 824
MP2/DzZP 2.629 2728 2496 2.751 83.1
B3LYP/DZP 2.679 2.752 2527 2.764 84.7
Si Ge Ge UHF/DZP 2.693 2.738 2.756 2.648 79.7
MP2/DzP 2.648 2.652 2.666 2.574 79.8
B3LYP/DZP 2.678 2.684 2.699 2585 819
Si Ge Sn UHF/DZP 2.731 2924 2.667 2.925 80.8
MP2/DZP 2.698 2.821 2587 2.833 81.6
B3LYP/DZP 2.739 2.850 2.616 2.854 83.1
Si  Sn Ge UHF/DZP 2.841 2.891 2.823 2943 76.4
MP2/DZP 2799 2811 2.760 2.850 75.4
B3LYP/DZP 2.822 2.838 2.760 2.880 78.6
Si  Sn Sn UHF/DZP 2.863 3.071 2.843 3.101 775
MP2/DZP 2.831 2980 2.780 3.005 77.4
B3LYP/DzZP 2.869 3.000 2.794 3.022 80.1
Ge Si  Sn UHF/DZP 2.704 2.849 2.642 2.867 82.0
MP2/DZP 2.668 2.754 2570 2.782 822
B3LYP/DzP 2.702 2.785 2.586 2.817 83.9
Ge Ge Sn UHF/DZP 2.792 2941 2.738 2.961 80.5
MP2/DZP 2.744 2846 2.659 2.864 80.6
B3LYP/DzP 2.775 2.880 2.678 2.902 825
Ge Sn Sn UHF/DZP 2.926 3.085 2.899 3.136 77.5
MP2/DZP 2.886 2999 2837 3.039 76.6
B3LYP/DZP 2910 3.026 2.840 3.074 79.5

a Distances in A and angles in deg.

Scheme 3
7.8

AE4
AEj

HaX + HsYZHg

(X, Y, Z=Si, Ge, Sn) HeXYHs + Z.Hg

for 8 are silyl (2.561 A) < germyl (2.666 A) < stannyl
(2.833 A), with corresponding energy barriers of 75.6,
66.3, and 56.6 kJ mol~1, respectively.

Once again, the data in Table 3 reveal a slight
preference for homolytic substitution at a tin center to
follow a frontside attack mechanism as opposed to a
backside mechanism, the largest preference being only
2.0 kJ mol~1. In general, however, substitution at tin
would be expected to proceed by both mechanisms, while
the analogous reactions at silicon and germanium are
predicted to have a preference for the backside mech-
anism, with the degree of preference dependent on the
system in question. In no system in this study is the
difference in activation energy for the two mechanisms
sufficiently large to rule out one mechanism completely.
One might expect, therefore, that depending on substi-
tution and geometric constraints in systems of experi-
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Table 5. Calculated Energy Barriers2 (AE*) for the Nondegenerate Reactions of Silyl (SiH3), Germyl
(GeHs3), and Stannyl (SnH3) Radicals with Silylgermane (H3SiGeHs;), Silylstannane (H3SiSnHj3), and
Germylstannane (H:GeSnHs) (Scheme 3) and Transition State (Imaginary) Frequencies (v)P of Structures

7 and 8

7 8
X Y z method AE* AEf+ZPE AEy AE + ZPE v AE:* AEf+ZPE AEy AEFf+ZPE v
Si Si  Ge HF/DzZP 113.4 114.4 131.8 131.6 1013i 1215 125.2 139.9 1425 429i
MP2/DZP 60.7 62.2 82.0 82.3 554i 72.6 76.3 93.9 96.4 342i

QCISD/DZP® 60.6 82.6 72.0 93.9

CCSD(T)/DZPd 548 76.9 66.1 88.2
B3LYP/DZP 41.0 42.4 61.1 61.4 407i 56.2 59.0 76.3 78.0 265i
Si Si  Sn HF/DzP 100.9 102.1 143.9 142.3 962i  108.6 112.1 151.6 152.2 392i
MP2/DZP 52.2 53.9 101.1 100.7 610i 60.6 63.8 109.5 110.5 258i

QCISD/DZP® 51.2 100.1 60.3 109.1

CCSD(T)/DzPY 458 95.7 54.6 104.5
B3LYP/DZP 32.6 343 79.4 78.3 391i 44.8 475 91.6 91.5 197i
Si Ge Ge HF/DzZP 113.3 114.1 129.7 129.3 908i  119.2 122.4 135.6 137.6 372i
MP2/DZP 63.1 64.8 82.0 82.4 482i 73.8 77.1 92.7 94.7 313i

QCISD/DZP® 62.2 81.5 72.1 91.4

CCSD(T)/DzPY  56.4 75.8 66.3 85.6
B3LYP/DZP 429 44.4 61.0 61.3 357i 57.1 59.7 75.2 76.5 232i
Si Ge Sn HF/DzP 102.2 103.5 138.5 136.9 868i  108.6 1115 144.8 145.0 342i
MP2/DZP 55.0 56.8 97.0 96.7 552i 63.5 66.4 105.6 106.3 250i

QCISD/DZP® 53.3 95.1 62.2 104.0

CCSD(T)/DZPd  47.8 90.6 56.6 99.4
B3LYP/DZP 35.2 36.9 75.6 74.6 352i 47.6 49.7 88.0 87.4 183i
Si Sn Ge HF/DzZP 104.5 105.0 116.0 115.6 1014i 94.2 97.6 105.9 108.1 305i
MP2/DZP 57.5 59.1 72.0 72.3 524i 55.6 59.4 70.0 72.7 260i

QCISD/DZP® 54.4 69.3 52.4 67.4

CCSD(T)/DZPd 485 63.5 47.1 62.2
B3LYP/DZP 32.1 335 458 46.2 318i 37.6 40.6 51.3 53.3 172i
Si  Sn Sn HF/DzZP 96.5 97.4 122.4 120.9 967i 86.8 90.2 112.7 113.7 295i
MP2/DZP 50.8 52.4 83.8 83.7 630i 47.4 50.9 80.4 82.2 227i

QCISD/DZP® 47.0 79.9 44.6 775

CCSD(T)/DzPY  41.4 75.3 39.4 73.7
B3LYP/DZP 26.5 28.1 58.0 57.3 311i 30.3 33.2 61.8 62.4 140i
Ge Si  Sn HF/DzZP 106.7 106.9 131.2 129.8 969i 117.4 119.7 141.0 142.6 396i
MP2/DZP 59.2 59.9 86.8 86.6 574i 72.5 74.9 100.1 101.6 336i

QCISD/DZP® 60.4 87.3 72.5 99.4

CCSD(T)/DzPY 543 82.1 67.0 94.8
B3LYP/DZP 39.1 39.7 65.7 64.7 421i 56.2 58.1 82.8 83.1 250i
Ge Ge Sn HF/DzP 106.8 107.0 126.6 125.3 862i 115.4 117.2 135.3 135.5 328i
MP2/DZP 61.0 61.8 84.2 84.2 495i 73.2 75.1 96.3 97.5 296i

QCISD/DZP® 60.7 83.2 72.1 94.6

CCSD(T)/DZPd  55.3 78.7 65.3 88.9
B3LYP/DZP 41.0 41.6 63.3 62.4 360i 56.9 58.2 79.3 79.0 210i
Ge Sn Sn HF/DzP 100.2 100.2 114.4 113.2 951i 92.0 94.0 106.3 107.0 254i
MP2/DZP 56.1 56.7 74.6 74.7 546i 54.8 57.2 73.3 75.2 229i

QCISD/DZP® 53.8 71.7 52.6 70.6

CCSD(T)/DZPd  48.3 67.4 47.6 66.5
B3LYP/DZP 31.8 325 52.6 52.0 312i 37.9 39.7 55.7 56.3 147i

a Energies in kJ mol~1. ® Frequencies in cm~t. ¢ QCISD/DZP//MP2/DZP. 4 CCSD(T)/DZP//MP2/DZP.

mental interest, that either or both mechanisms might
be in operation.

Reactions Involving Methyl Radical. Extensive
searching of the C,HqZ (Z = Si, Ge, Sn) potential energy
surfaces located transition states 6 for the degenerate
frontside attack of methyl radical at the heteroatom in
methylsilane, methylgermane, and methylstannane at
uncorrelated levels of theory (Scheme 2; Y = C). When
MP2/6-311G** or MP2/DZP was used, structures 6
(Y = C, Z = Si, Ge) collapsed to the transition states 9

9 (Z=Si Ge)

for expulsion of hydrogen atom by the backside mecha-
nism. Similar results were obtained for the silicon-
containing system at the MP2/cc-pVDZ and MP2/aug-
cc-pVDZ levels of theory. Only the tin-containing tran-

sition state 6 (Y = C, Z = Sn) could be located at a
correlated (MP2/DZP) level of theory.

Structures 6 (Y = C) are displayed in Figure 2, while
calculated energy barriers (AE*, Scheme 2) are listed
in Table 6. Included in Table 6 are previously calculated
datal” for the analogous backside attack mechanism
involving transition state 5. Given our failure to locate
structures 6 (Y = C, Z = Si, Ge) at correlated levels of
theory, it seems highly likely that reactions involving
silicon and germanium do not have a frontside mecha-
nism available for homolytic substitution by methyl
radical. The reaction at tin, however, is predicted to
proceed by both pathways, and as observed for the other
systems in this study, both mechanisms would appear
to have similar energy requirements, with QCISD/DZP//
MP2/DZP energy barriers of 86.9 and 89.2 kJ mol~1 for
reactions involving 5 and 6, respectively.

The failure to locate frontside transition structures 6
at the MP2 level of theory for attack at silicon and
germanium is not surprising. Previous MP2/DZP cal-
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2.464A
[2.497]

Figure 2. Available UHF/DZP optimized structures of transition states 6 involved in the degenerate frontside reaction
of methyl radical with methylsilane (MeSiHj3), methylgermane (MeGeH3), and methylstannane (MeSnH3). UHF/6-311G**

data are given in parentheses and MP2/DZP data in brackets.

Table 6. Calculated Energy Barriers2 (AE") for the
Degenerate Reactions of Methyl Radical with
Methylsilane, Methylgermane, and
Methylstannane (Scheme 2; Y = C, Z = Si, Ge, Sn)
and Transition State (Imaginary) Frequencies (v)P
of Structures 6

6 5¢
Y Zz method AE* AEf+ZPE v AEF
C Si HF/6—311G** 190.4 203.7 815i 184.2
HF/DZP 182.7
C Ge HF/DZP 178.1 189.1 678i 173.4
C sSn HF/DZP 136.7 146.9 598i 152.6
MP2/DZP 96.6 107.1 563i 92.0
QCISD/DZP/IMP2/DZP 89.2 86.9
CCSD(T)/DZP/IMP2/DZP  82.2
B3LYP/DZP 62.5 70.3 293i

a Energies in kJ mol~t. b Frequencies in cm™1. ¢ Taken from
ref 17.

culations revealed that the structures 5 (Y = C) involved
in the backside homolytic substitution mechanism at

silicon, germanium, and tin correspond to hypervalent
intermediates which are constrained by low barriers to
dissociation.l” If intermediates exist in these reactions,
then it seems likely that structures 6 (Y = Si, Ge), which
would require only a 10° deviation in geometry to
become T-shaped, may well not exist on the MP2
potential energy surfaces.
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