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UB3LYP/6-31G(d) and ROMP2/6-311++G(d,2p) methods were used to calculate the Si—X bond
dissociation energies (BDEs) of a number of para-substituted aromatic silanes (4-Y—CsH;—SiH,X,
where X = H, F, Cl, or Li). It was found that the substituent effect on the Si—H BDE of 4-Y—
CsH;—SiH3; was small, as the slope (p*) of the BDE—a;r regression was only 0.09 kJ/mol. In
comparison, the substituent effect on the Si—F BDE of 4-Y—CsH,—SiH,F was much stronger, whose
" value was —2.34 kJ/mol. The substituent effect on the Si—Cl BDE of 4-Y—CgH;—SiH,Cl was
also found to be strong with a p* value of —1.70 kJ/mol. However, the substituent effect on the
Si—Li BDE of 4-Y—CgH,—SiH,Li was found to have a large and positive slope (+9.12 kJ/mol) against
0,. The origin of the above remarkably different substituent effects on the Si—X BDEs was found
to be associated with the ability of the substituent to stabilize or destabilize the starting material
(4-Y—CgH,—SiH,X) as well as the product (4-Y—CgH;—SiHye radical) of the homolysis. Therefore,
the direction and magnitude of the effects of Y-substituents on the Z—X BDEs in compounds such
as 4-YCgH4Z—X should have some important dependence on the polarity of the Z—X bond undergoing
homolysis. This conclusion was in agreement with that from earlier studies (for example, 3. Am.
Chem. Soc. 1991, 113, 9363). However, it indicated that the proposal from a recent work (J. Am.

Chem. Soc. 2001, 123, 5518) was unfortunately not justified.

1. Introduction

Organotin radicals are widely utilized in organic
synthesis, thanks to the successful development of suit-
able organotin free-radical reducing agents such as tri-
n-butyltin. However, due to the bad environmental
effects of organotin derivatives and the difficulty expe-
rienced in the removal of the organotin impurity from
the final product, development of alternative reagents is
recommended in synthetic organic chemistry. As a con-
sequence, use of organosilyl radicals to replace organotin
ones in organic synthesis has been studied recently by a
number of groups.?3

Unfortunately, it has been found that unlike organotin
radicals, generation of organosilyl radical intermediates
is not practically convenient. This fact is clearly related
to the Si—X bond dissociation energy (BDE) being greater
than the corresponding Sn—X one. For example, the
H—-Si BDE of H—SiHj; is measured to be 384.1 kJ/mol,
compared to 308.4 kJ/mol found for the H—Sn BDE of
H_Sn(n-C4Hg)3.4
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Thus, knowledge of the Si—X homolysis is valuable to
the study of organosilyl radicals, which has attracted a
few researchers to experimentally measure® or theoreti-
cally calculate® the Si—X BDEs. From systematic studies,
it was found that there are some apparent differences
between the a-substituent effects on the Si—H and C—H
BDESs.”° For example, the benzyllic C—H BDE of toluene
is 371.1 kd/mol, which is about 61.1 kJ/mol smaller than
the C—H BDE of methane (432.2 kJ/mol). In comparison,
the Si—H BDE of Ph—SiHj3 is 369.0 kJ/mol, which is only
15.1 kJ/mol less than that of SiH, (384.1 kJ/mol).
Therefore, the substituent effect on the Si—H bond
strength is considerably less significant than that on the
C—H BDE.

In the present paper, we report a theoretical study of
the remote substituent effects on the Si—X BDEs of para
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substituent phenylsilanes (Y —CgH;—SiH,—X, where X =
H, F, Cl, or Li). Similar studies on phenylsilanes have
not been done before, but we expect to obtain a number
of interesting results from the study. First, it is known
that the benzyllic C—H BDEs are lowered by both the
para electron-withdrawing and electron-donating sub-
stituents. By contrast, the O—H and N—H BDEs of
phenols and anilines are reduced by the para electron-
donating groups but increased by para electron-with-
drawing groups.t®!! Thus, it is then interesting to know
the para substituent effect on Si—H BDEs and compare
it to the above cases. It should be noted that unlike most
other heteroatoms, silicon is less electronegative than
carbon.

Another interesting question related to the Si—X BDEs
is the effects of the Si—X polarity on the bond strength.
For some time, it has been assumed that the direction
and magnitude of the effects of Y-substituents on the Z—X
BDEs in compounds 4-YC¢H4Z—X could be correlated
with the polarity of the Z—X bond undergoing homoly-
sis.’? However, very recently, it was proposed that when
Y has significant effects on Z—X BDEs it must be due to
their stabilization or destabilization of the radical instead
of the neutral compound, regardless of the nature of X,
Y, and Z.13%2 This argument was thought to be evidenced
by the fact that the effects of Y on CH,—X in 4-YCgH;-
CH,—X (X = H, F, ClI, Br) are roughly equal for each X,
despite large changes in the C—X bond polarity. The
same argument was also thought to be supported by the
fact that changes in O—X BDEs induced by changing Y
in YC¢H,O—X (X = H, CHj3; CH,Ph) are large and
essentially identical.'® Clearly, it is then interesting to
know if the same behaviors could be observed for Si—X
BDEs of YCsH;SiH,—X.

2. Methods

All calculations were done with Gaussian 98.1* Sub-
stituted silanes and their corresponding radicals were
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optimized with density function theory (DFT) at the
UB3LYP/6-31G(d) method. Frequency calculations at the
UB3LYP/6-31G(d) level were also conducted on all the
optimized structures, which confirmed that they were
real minima without any imaginary frequencies.

Single-point energy calculations were done at UB3LYP/
6-31G(d) and ROMP2/6-311++G(d,2p) levels. It should
be mentioned that such levels of methods represent a
good compromise between the accuracy and CPU cost of
the calculation, especially when open-shell species are
involved. Higher levels of methods such as CCSD(T), G3,
or CBS-Q are not feasible now for a systematic study of
a number of disubstituted benzenes, which individually
have about 10 heavy atoms. On the other hand, other
similar levels of methods such as UMP2 and PMP2 have
been shown to be much less reliable than the above
methods for the radical species, because the spin con-
tamination suffered by UMP2 and PMP2 may lead to
severely erratic calculation results.*®

Bond dissociation energies were calculated as the
enthalpy changes of the following reactions at 298 K. The
results were corrected with zero point energies, temper-
ature corrections, and a pressure—volume work term
calculated at the UB3LYP/6-31G(d) level scaled by
0.9806.1¢

Y—CgH,~SiH,~X — Y—CgH,~SiH,e + Xe (1)

3. Results and Discussion

3.1. Geometry. In Figure 1 are shown the optimized
structures of phenylsilane, phenylfluorosilane, phenyl-
chlorosilane, phenylsilyllithium, and the phenylsilyl radi-
cal. According to the structures shown, in all the five
species there is almost no C—C bond length alternation
in the phenyl ring, as all the C—C bonds are 1.393~1.411
A long. The C—H bond lengths are 1.087—1.089 A, and
the Si—H bond lengths are 1.483—1.507 A.

The C—Si bond length in phenylsilane is 1.879 A,
which is larger than the C—Si bond length in the
phenylsilyl radical (1.864 A) because of the slightly
stronger conjugation effect for the silyl radical than that
for the —SiH; group. However, the C—Si bond lengths in
phenylfluorosilane (1.861 A) and phenylchlorosilane (1.864
A) are slightly shorter than that in phenylsilyl radical.
The C—Si bond length in phenylsilyllithium, on the other
hand, is 1.913 A.

3.2. Bond Dissociation Energies. We calculate the
Si—X BDEs using UB3LYP/6-31G(d) and ROMP2/6-
311++G(d,2p) methods. (Supporting Information) From
the results, we find that the Si—F bond is the strongest
(~ 605 kJ/mol), followed by the Si—ClI (~435 kJ/mol) and
then Si—H bond (~360 kJ/mol). The weakest bond is Si—
Li (180 kJ/mol).

The Si—H BDE of phenylsilane is calculated to be 367.8
kJ/mol by the UB3LYP/6-31G(d) method and 357.1 kJ/
mol by the ROMP2/6-311++G(d,2p) method. Both of the
values are smaller than the experimental value, 369.0
kJ/mol at 298 K.* Similar underestimation of BDEs was

(15) (a) Parkinson, C. J.; Mayer, P. M.; Radom. L. J. Chem. Soc.,
Perkin Trans. 2 1999, 2305. (b) Henry, D. J.; Parkinson, C. J.; Mayer,
P. M.; Radom, L. J. Phys. Chem. A 2001, 105, 6750.
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FIGURE 1. UB3LYP/6-31G(d) optimized geometry of (a) phenylsilane, (b) phenylfluorosilane, (c) phenylchlorosilane, (d)

phenylsilyllithium, and (e) the phenylsilyl radical.

also found in a number of former studies not only for silyl
radicals but also for carbon-, nitrogen-, and oxygen-
centered radicals.®11:15

Nevertheless, we are most concerned with the sub-
stituent effects on the Si—X BDEs. Therefore, the calcu-
lated absolute BDEs are less important. From many
studies, it has been shown that the error in the calculated
BDEs by a certain theoretical method is usually system-
atic in nature.®!%5 As a consequence, if one calculates
the relative bond dissociation energies (ABDE) according
to the following equation

ABDE (Si—X), =
BDE (Y—CgH,—SiH,X) — BDE (CgHs—SiH,X) (2)

the corresponding results are expected to be fairly
accurate.'>!7 If that were true, one could make corrections
for a series of Si—X BDEs using only one experimental
BDE value and theoretical ABDEs.

Because methods such as CBS-Q, UCCSD(T), UQ-
CISD(T), and G3 are too expensive for disubstituted
benzenes with over eight heavy atoms, we have only two
choices left, namely, UB3LYP and ROMP2, to be used

(17) Froese, R. D. J.; Morokuma, K. J. Phys. Chem. A 1999, 103,
4580.
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to calculate the ABDEs for phenylsilanes. Other similar
levels of methods such as UMP2 and PMP2 are known
to be highly unreliable for BDE calculations. To test if
the UB3LYP and ROMP2 methods are reliable for ABDE
calculations, we used UB3LYP/6-311++G(d,2p), ROMP2/
6-311++G(d,2p), CBS-Q, and G3 methods to calculate the
Si—H BDEs of a number of relatively small silanes. The
results are summarized in Table 1.

From Table 1, it can be seen that both the UB3LYP
and ROMP2 methods underestimate the Si—H BDEs if
one uses CBS-Q and G3 as benchmark methods. How-
ever, if one performs a linear regression between the
UB3LYP (or ROMP2) BDEs and the CBS-Q (or G3)
methods, it will be found that the correlations are fairly
good with the correlation coefficients larger than 0.95.
Therefore, ABDEs calculated using UB3LYP and ROMP2
methods are indeed reasonably good.

3.3. Relative Bond Dissociation Energies. Accord-
ing to the above results, we used ROMP2/6-311++G-
(d,2p) to calculate the ABDEs of all the substituted
phenylsilanes, phenylfluorosilanes, phenylchlorosilanes,
and phenylsilyllithium using eq 2. (Table 2) Since we
have UB3LYP/6-31G(d) BDEs in hand, we also list the
UB3LYP/6-31G(d) ABDEs in Table 2, which can be used
to double-check the reliability of the ROMP2 ABDEs.
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TABLE 1. Si—H BDEs of Relatively Small Compounds X—SiH,—H Calculated at Different Levels of Methods (kJ/mol)2

X UB3LYP/6-311++g(d,2p) ROMP2/6-311++g(d,2p) CBS-Qb G3*
H 375.7 362.5 386.5 383.6
CHs 378.2 365.9 390.2 387.8
cl 373.0 367.2 386.4 384.4
F 381.9 373.1 396.6 394.5
NH; 365.3 360.1 381.3 379.3
OH 375.5 368.0 389.9 3885
SH 364.2 360.4 377.8 376.1

a All geometry optimizations were done at the UB3LYP/6-31G(d) level. Final BDEs were corrected with zero point energies calculated
at the UB3LYP/6-31G(d) level scaled by 0.9806. ® Equivalent to the MP2(FC)/6-31g* optimization. ¢ Equivalent to the MP2(full)/6-31g(d)

optimization.

TABLE 2. Relative Bond Dissociation Energies (kJ/mol) Associated with the Si—X Bond Homolysis Calculated at
UB3LYP/6-31G(d)//UB3LYP/6-31G(d) and ROMP2/6-311++G(d,2p)//UB3LYP/6-31G(d) Levels

Y—CeHs—SiH—H

Y—CesHs—SiH>—F

Y—CesHs—SiH>—ClI Y—CesHs—SiH>—Li

substituent UB3LYP ROMP2 UB3LYP ROMP2 UB3LYP ROMP2 UB3LYP ROMP?2
N(CHa)z —2.8 —0.6 0.8 2.1 1.6 2.4 -10.8 5.5
NH, —2.1 -0.5 1.1 2.1 1.8 2.1 6.1 -1.7
OH -0.8 -0.2 1.0 1.4 1.0 1.6 —4.0 —2.1
OCHs 0.8 -0.8 0.9 1.3 1.1 1.7 —4.7 -3.5
SCH3 -1.2 -0.8 -0.3 0.3 -0.3 1.0 -1.8 —-0.6
CHs —-0.4 -0.5 0.3 0.4 0.4 1.1 —2.2 -1.9
F 0.1 0.1 0.3 2 0.1 0.5 1.4 2.3
H 0.0 0.0 0.0 0 0.0 0.0 0.0 0.0
cl 0.0 —-0.4 -0.8 6 1.4 0.1 48 3.7
COOH -1.0 -0.5 —2.9 3 3.4 -0.7 4 6.3
CONH> -0.6 -0.5 -1.7 2 —2.1 0.0 438 4.0
COCHj -11 -08 -2.9 3 -33 -05 6.7 5.6
CFs 0.0 -0.1 —2.0 -3.0 —2.7 -1.0 8.3 8.7
CN -0.9 -0.4 -3.7 -3.2 4.6 -1.8 11.9 10.6
CHO —1.4 -0.8 —-3.7 -2.5 —4.4 -1.3 9.1 7.7
NO, 1.2 -0.2 —4.6 -3.2 5.7 -1.6 14.4 11.3

From Table 2, it can be seen that for phenylsilanes,
the substituent effect on the Si—H BDE is quite small.
This fact can be easily seen from the largest absolute
ABDE value, which is 0.6 kJ/mol found for the NMe,
substituent. In comparison, the absolute ABDE for the
benzyllic C—H BDE in 4-N,N-dimethylamino toluene is
as large as 9.2 kJ/mol.**

Nevertheless, it is interesting to note that for phenyl-
silanes, except for the F substituent, all the other groups
are predicted by ROMP2/6-311++G(d,2p) to have nega-
tive ABDEs, regardless of whether they are electron
donating or electron withdrawing. Similar effects have
been seen only for C—H BDEs before. By contrast, for
O—H, N—H, and S—H BDEs, electron-donating substit-
uents normally reduce the BDEs, whereas the electron-
withdrawing groups increase them.

The above substituent effect can also be shown by the
plots of the Si—H ABDEs against the substituent ¢
and o3; constants. (Figures 2) According to these plots,
the Si—H BDEs do not have a significant correlation with
the substituent a; constants. This is reflected not only
by the small correlation coefficient (r = 0.24) but also by
the small slope (p*) of the regression (0.09 kJ/mol). It
should be mentioned that the UB3LYP/6-31G(d) slope for
the Si—H ABDEs is 0.57 kJ/mol (r = 0.54).

On the other hand, the Si—H BDEs have a significant
correlation with the substituent o¢j; constants.’® The
correlation coefficient is fair (r = —0.70) for the ROMP2/
6-311++G(d,2p) results and very good for the UB3LYP/
6-31G(d) results (r = —0.95). As the ¢;; constant was

(18) Jiang, X. K. Acc. Chem. Res. 1997, 30, 283.

considered to reflect the ability of a substituent to
stabilize a carbon radical (or to delocalize the spin carried
by the carbon radical), the above correlation indicates
that the remote substituent effect on the stability of silyl
radials is fairly similar to that on carbon radicals.

3.4. Substituent Effects on Si—F, Si—ClI, and Si—
Li BDEs. If the para substituent effects on Z—X BDEs
of 4-Y—CgH,—Z—X depend only on the ability of the
substituent to stabilize or destabilize the 4-Y—CgH;—Ze
radical, regardless of the nature of X, Y, and Z, we would
expect that the Si—F, Si—Cl, and Si—Li BDEs should
show substituent effects similar to that on Si—H BDEs.
However, this does not turn out to be true.

In fact, the Si—F BDEs calculated by the ROMP2/6-
311++G(d,2p) method display a very strong correlation
with the substituent o; constants (r = —0.95) as shown
in Figure 2b. More interestingly, the p* value here is
—2.34 kJ/mol, whose negative sign not only differs from
that for Si—H BDEs but also contrasts those previously
found for the C—H, N—H, O—H, and S—H BDEs in the
4-Y—CgHs—Z—X systems.? It should be mentioned that
the UB3LYP/6-31G(d) method predicts that the Si—F
BDEs should correlate with the substituent a: con-
stants with a p™ value of —2.20 kJ/mol and a correlation
coefficient of —0.86. Therefore, we believe that the
observed substituent effects on Si—F BDEs are real.

The Si—CI BDEs calculated by the ROMP2/6-311++G-
(d,2p) method display a similar correlation with the
substituent a;f constants. The p* value is —1.70 kJ/mol,
and the correlation coefficient is —0.97. The correspond-
ing UB3LYP/6-31G(d) values are p™ = —2.85 kJ/mol and
r=-0.91.
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FIGURE 2. Correlation between the Si—X (X = H, F, ClI, or Li) ABDEs calculated by the ROMP2/6-311++G(d,2p) method and

the substituent o, constants.

By contrast, the Si—Li BDEs calculated by the ROMP2/
6-311++G(d,2p) method exhibit a completely different
fashion of substituent effects. In fact, their correlation
with the substituent o, constants has a large positive
slope (+9.12 kJ/mol) and a correlation coefficient of 0.93.
The corresponding UB3LYP/6-31G(d) values are +12.12
kJ/mol and r = 0.92.

Compared to the p* value (0.09 kJ/mol) and correlation
coefficient (0.24) of Si—H BDEs, the above results clearly
demonstrate that the effects of Y-substituents on the Z—X
BDEs in compounds such as 4-YC¢H,Z—X should have
some dependence on the polarity of the Z—X bond
undergoing homolysis. Such dependence is able to change
not only the significance of the substituent effects but
also the sign of the correlation.

3.5. Origin of the Substituent Effects. Clearly, the
substituent effects on the Si—X BDEs must be related to
their effects on the stabilities of both the starting
materials and products of the Si—X homolysis. Therefore,
to reveal the origin of the substituent effects on Si—X
BDEs, we calculated the energy changes of the following
isodesmic reactions (Table 3).

Reaction:
Y—CgH,—SiH,X + C4Hg — CgH;—SiH, X + Y—
(:GP{S
(Reaction 1, X = H; reaction 2, X =

F; reaction 3, X = ClI; reaction 4, X =
Li; reaction 5, X =) (3)
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The Hammett regressions results for the energy changes
of each reaction are shown by the following equations.

Reaction 1: AE =0.20 — 1.59 ¢, (r = 0.98) (4)
Reaction 2: AE = —0.29 — 4.03 o; (r=0.98) (5
Reaction 3: AE = 0.60 — 3.39 ¢, (r = 0.98) (6)
Reaction 4: AE=1.19+7.300, (r =0.95) (7)
Reaction5: AE =0.60 —1.690, (r=0.94)  (8)

Reaction 1 reflects the substituent effects on the energy
to separate the —SiH; group from the para substituent.
According to eq 4, the energy changes of this reaction
have a good correlation with the substituent a:: con-
stants. The slope is —1.59 kJ/mol. Therefore, the electron-
withdrawing substituents favor the right side of the
reaction equation, whereas the electron-donating ones
favor the left side. Presumably, the above effects are
caused by the fact that the electronegativity of Si (1.8) is
smaller than that of hydrogen (2.1). As a result, Si carries
some positive charge and separating the —SiH; group
from an electron-withdrawing substituent is energy
downhill.

Clearly, if the above theory is correct, replacement of
one hydrogen atom in Y—C¢H,—SiH; by a fluorine atom
should make the above substituent effects stronger.
Indeed, this is true as the slope for reaction 2 is found to
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TABLE 3. Energy Changes of Isodesmic Reactions
(kJ/mol) Calculated by the ROMP2/6-311++G(d,2p)
Method

reaction
substituent 1 2 3 4 5
N(CHs3)2 2.9 5.7 5.9 -2.0 3.5
NH> 2.1 4.7 4.6 0.8 2.6
OH 1.4 3.0 3.1 -0.6 1.6
OCHgs; 15 3.6 4.1 -1.2 2.3
SCH3 1.7 2.9 3.5 2.0 2.6
CH3 0.8 1.7 2.5 -0.6 1.3
F 0.0 0.0 0.3 2.2 -0.1
H 0.0 0.0 0.0 0.0 0.0
Cl 0.4 0.2 0.9 45 0.8
COOH -05 -2.3 -0.7 6.3 0.0
CONH_ -0.3 -1.1 0.1 4.1 0.2
COCH3; -0.4 -1.9 -0.1 6.1 0.5
CF3 -1.0 -39 -1.9 7.8 -0.9
CN -1.0 -3.7 -2.3 10.0 -0.5
CHO -0.9 —-2.6 —-1.4 7.7 -0.1
NO; -0.9 -3.9 —-2.2 10.7 -0.7

be even more negative, i.e., —4.03 kJ/mol. Similarly,
chlorination also leads to a larger slope found for reaction
3, i.e., —3.39 kJ/mol.

However, it is conceivable that replacement of one
hydrogen atom in Y—CsH,—SiH; by a lithium atom may
change the substituent effects, because unlike H, F, or
Cl, Li (1.0) has a much smaller electronegativity than
Si. As a result, Si in Y—CgH,—SiH,Li carries some
negative charge and separating the —SiH; group from
an electron-withdrawing substituent is energetically
unfavorable. The net substituent effects should be as-
sociated with a positive slope against the substituent o,
constants. Indeed this is true as the slope is +7.30 kJ/
mol.

At this point, it should be noted that the ABDE value
for Y—CgH,—SiH,X (X = H, F, ClI, or Li) actually equals
the difference between the energy changes of reactions
1—4 and reaction 5. Therefore, as the slopes for reaction
1 and 5 are —1.59 and —1.69 kJ/mol, respectively, the
net substituent effects on the Si—H BDEs should have a
positive slope of about 0.10 kJ/mol. Indeed, this slope was
predicted above to be 0.09 kJ/mol. Thus, the two analyses
of substituent effects agree with each other. In addition,
as the slopes for reactions 1 and 5 are very close, it is
understandable why the ABDE-o¢' correlation for
Si—H BDEs is not good (r = 0.24).

The slope for reaction 2 is —4.03 kJ/mol, which is
significantly more negative than that for reaction 5.
Therefore, the net substituent effects on Si—F BDEs
should have a negative slope of about —2.34 kJ/mol.
Indeed, this value was found above to be —2.34 kJ/mol.
Thus, the negative correlation of Si—F BDEs with the
substituent a; constants is caused by the stronger
substituent effect on the starting material (Y—CgHs—
SiH,—F) than that on the product (Y—CgHs—SiHye).
Similarly, the slope for the Si—CI BDEs should be around
—1.70 kJ/mol according to reactions 3 and 5 and is found
to be —1.70 kJ/mol.

Finally, the slope for reaction 4 is +7.30 kJ/mol, which
means that the slope for Si—Li BDEs should be about
+9.12 kJ/mol (the slope for reaction 5 is —1.82 if cor-
related with the substituent o, constants); this value is
compared to the value of +9.12 kJ/mol predicted above.
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Clearly, the major reason for the positive slope of Si—L.i
BDEs is the stabilization/destabilization effects of the
substituents on Y—CgH,—SiH,Li instead of the homolysis
product, Y—CgHs4—SiHze.

Therefore, all the above analyses demonstrate the
importance of the substituent effects on the starting
material of the bond homolysis to BDEs. It should be
mentioned that some authors prefer to refer to the energy
effects for reactions 1—4 as ground effects and those for
reaction 5 as radical effects.!* According to these defini-
tions, we have shown the importance of the ground effects
on BDEs. Clearly, although the radical effects play an
important role in determining the net substituent effects
on BDEs, it is the variation of the ground effects that
dictates the change of the pattern of the substituent
effects on Z—X BDEs in 4-YCsH;Z—X when X is changed.

3.6. Alternative Explanation of the Substituent
Effects. Since 1996, Nau has established another theory
to explain the remote substituent effects on BDEs using
Pauling’s theory of electronegativity.!® According to this
theory, the conversion of two homonuclear molecules AA
and BB to the corresponding heteronuclear species AB
is exothermic on account of the additional “ionic reso-
nance energy” E; of the A—B bond, which is equal to the
square of the difference in electronegativity of the atoms
forming the bond. The relevant BDE of A—B is thus
obtained from the BDEs of the homosymmetric molecules
plus E; (eq 9).

BDE (A—B) = 0.5BDE (A—A) + 0.5BDE (B—B) +
E; (A-B) (9)

This simple definition can be directly transferred to
the situation in polyatomic molecules, e.g., for benzylic
and related bonds XR—Z (eq 10), where the ionic reso-
nance energy contribution to the BDE is now actually a
composite (E;) of E; for the R—Z bond and the differences
in E; for the remaining bonds in XRZ relative to ZZ and
XRRX (eq 11).

XR—RX + Z—Z — 2XR—Z (10)
BDE (XR—Z) = 0.5BDE (XR—RX) +
0.5BDE (Z—2) + SAE; (XR-2) (11)

The effects of aryl substituents X on BDEs of benzylic
and related bonds are measured relative to the unsub-
stituted system HR—Z (eq 12), i.e., BDE = BDE (XR—2)
— BDE (HR—2). Here, the covalent and ionic contribu-
tions correspond to the radical stabilization energy (RSE)
and the polar ground-state stabilization energy (PSE) of
the substituent X (egs 13 and 14).

ABDE = 0.5BDE (XR—RX) — 0.5BDE (HR—RH) +
SAE, (XR—Z) — SAE, (HR-2) (12)

RSE = 0.5BDE (XR—RX) — 0.5BDE (HR—RH) (13)
PSE = —[SAE, (XR—2Z) — SAE, (HR-2)] (14)

Herein, we used this theory and calculated the RSE
and PSE using the UB3LYP/6-31G(d) method. For our

(19) (a) Nau, W. M. J. Org. Chem. 1996, 61, 8312. (b) Nau, W. M. J.
Phys. Org. Chem. 1997, 10, 445.
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TABLE 4. RSE and PSE (kJ/mol) According to Nau’s Theory Calculated at the UB3LYP/6-31G(d) Level

PSE
substituent RSE Y—CGH4—SiH2—H Y—C5H4—SiH2—F Y—CGH4—SiH2—C| Y—CGH4—SiH2—Li
N(CHs)2 —4.6 —-1.6 —5.3 —6.3 6.4
NH; —3.4 -1.2 —4.5 —5.2 5.1
OH -1.6 -0.7 —-25 —2.6 25
OCH3; —-1.4 -0.6 —2.4 —2.6 3.3
SCH3 —-1.5 -0.3 -1.2 -1.2 0.2
CH3s -0.7 -0.3 -1.0 -1.2 1.4
F -0.1 -0.2 —-0.4 0.0 -1.7
H 0.0 0.0 0.0 0.0 0.0
(¢]] -0.1 0.0 0.8 14 —-5.0
COOH —0.6 0.3 2.3 2.7 —8.4
CONH_ —0.6 -0.1 11 1.4 —5.8
COCH3s -1.0 0.0 1.9 2.3 —-8.1
CFs 0.1 0.0 2.0 2.7 —-8.4
CN -0.9 -0.1 2.7 3.7 —13.1
CHO —-1.0 0.3 2.7 3.3 —10.4
NO; -1.3 -0.3 3.2 4.3 —-16.1

systems, we used the following two equations.
RSE = 0.5BDE (Y—-C¢H,—SiH,—SiH,—C;H,—Y) —
0.5BDE (C4H;—SiH,—SiH,—C;H;) (15)
PSE = RSE — ABDE (16)

The results are listed in Table 4.
We performed the Hammett regressions on the calcu-
lation results (eqs 17—21).

RSE =-1.0+130, (r=0.7) (17)
PSE (H) =—0.2+ 0.6 g, (r = 0.8) (18)
PSE (F)=0.3+3.4 0, (r=0.9) (19)
PSE (Cl) = 0.6 + 4.1 5, (r = 0.99) (20)
PSE (Li) = 0.3—-12.0 0, (r = 0.95) (21)

Clearly, the results indicate that the RSE effects
(covalent contributions) are small for Si radicals. There-
fore, the total effects are mainly determined by the PSE
effects (ionic contributions). Since the PSE effects are
quite different for the H, F, CI, and Li cases, the
substituent effects on Si—H, Si—F, Si—Cl, and Si—Li
BDEs cannot be the same.

For the H case, the positive slope for PSE indicates
that the X—CgsH,—SiH, group has a smaller electrone-
gativity value than H. Therefore, an electron-donating
group would increase the electronegativity difference,
making the Si—H bond more ionic and, thereby, harder
to break. On the other hand, an electron-withdrawing
group would decrease the electronegativity difference,
making the Si—H bond less ionic and, thereby, easier to
break. Since F and Cl are more electronegative than H,
it is expected that the above effects would be stronger in
the F and CI cases. Indeed, in egs 19 and 20, the slopes
are much larger than that in eq 18.

In comparison, the X—CsH,4—SiH, group should have
a larger electronegativity value than Li. Therefore, an
electron-withdrawing group would increase the elec-
tronegativity difference, making the Si—Li bond more
ionic and, thereby, harder to break. This is exactly what
is observed.
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Therefore, the direction of the substituent effects is
mainly determined by the sign of the electronegativity
difference between the two groups going to break from
each other. The magnitude of the substituent effects, on
the other hand, is mainly determined by the magnitude
of the electronegativity difference between the two groups.
The net conclusion drawn from this theory is basically
the same as that drawn from Section 3.5.

3.7. Vibration Frequencies. Si—X and C—Si vibra-
tion frequencies are experimentally accessible quantities.
Thus, we calculated them using the UB3LYP/6-31G(d)
method (Supporting Information).

From the results, we find that the C—Si vibration
frequency increases in the order Y—CgH,—SiH,Li <
Y_C6H4_SiH2‘ <Y_C6H4_SiH3 < Y_C6H4_S|H2F <
Y—CsH4—SiH,Cl. Such an order can be explained if one
considers the ionic bond order of the C—Si bond. Clearly,
when more positive charge is carried by the Si atom, the
ionic bond order of the C—Si bond will be enhanced and,
thereby, its vibration frequency will increase.

The Si—H vibration frequencies are about 2230 cm™2,
which are larger than the vibration frequencies of Si—F
(~870 cm™Y), Si—Cl (~540 cm™1), and Si—Li (~440 cm™1).
Clearly, these Si—X vibration frequencies are dependent
on the Si—X bond strength, the Si—X bond length, as well
as the Si—X effective mass. Although it has been pro-
posed before that the X—Y vibration frequency may
correlate with its BDE for certain groups of compounds,?
we find that such an empirical relationship cannot be
well applied for Si—X homolysis. In fact, the best cor-
relation between Si—X BDEs and Si—X vibration fre-
guencies is that found for the Si—F case, where a
relatively low correlation coefficient of —0.84 is obtained.

4. Conclusion

In this study, we performed UB3LYP/6-31G(d) and
ROMP2/6-311++G(d,2p) calculations on the Si—X bond
dissociation energies of a number of para-substituted
aromatic silanes (4-Y—Cg¢H4—SiH,X). Our major finding
is that the substituent effect on the Si—H BDE of 4-Y—
CsH,—SiH3, whose slope against the substituent o;
constants is only 0.09 kJ/mol, is not significant. By

(20) (a) Zavitsas, A. A.; Chatgilialoglu, C. C. 3. Am. Chem. Soc. 1995,
117, 10645. (b) Finkelshtein, E. I. J. Phys. Org. Chem. 2001, 14, 543.
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contrast, the substituent effect on the Si—F BDE of 4-Y—
CeH4—SiH,F, whose slope against the substituent o,
constants is —2.34 kJ/mol, is much stronger. Similarly,
the substituent effect on the Si—Cl BDE of 4-Y—C¢Hy—
SiH,CI has an appreciably negative slope (—1.70 kJ/mol)
against the substituent o: constants. The substituent
effect on the Si—Li BDE of 4-Y—CgH,;—SiH,Li, on the
other hand, is also strong but has a positive slope (+9.12
kJ/mol) against the substituent ¢, constants.
Therefore, the direction and magnitude of the effects
of Y-substituents on the Z—X BDEs in compounds such
as 4-YCgH;Z—X should have some dependence on the
polarity of the Z—X bond undergoing homolysis. Such a
conclusion is in agreement with that from earlier stud-
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ies,1219 indicating that the proposal from a recent work?*?
is unfortunately not justified.
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