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Abstract

The B–C bond in (HO)2B–CH3 is stronger than the C–C bond in ethane, because a hyperconjugation interaction is formed
between boryl pp orbital and C–H bonding orbital of CH3. The M–B(OH)2 bond (M=Pd or Pt) is also stronger than the
M–CH3 bond, because of the presence of back-donating interaction between M dp and boryl pp orbitals and the considerably
large orbital overlaps between B(OH)2 sp2 and M valence orbitals. Also, the M–XH3 bond (X=C, Si, Ge, or Sn) becomes weaker
in the order M–SiH3\M–GeH3\M–SnH3\M–CH3. This result is easily interpreted in terms of the energy level and the
expansion of the XH3 sp3 orbital. In the activation reaction of the (HO)2B–XH3 s-bond, the empty pp orbital of the boryl group
forms the charge-transfer interaction with the M dp orbital in the transition state (TS), to stabilize the TS and as a result to
facilitate s-bond activation. The allyl–methyl reductive elimination of Pd(CH3)(h3-C3H5)(PH3) requires a very large activation
energy, in spite of the very large exothermicity. On the other hand, allyl–silyl, allyl–germyl, and allyl–stannyl reductive
eliminations occur with a moderate activation barrier, while they are moderately exothermic (X=Si or Ge) or moderately
endothermic (X=Sn). This difference between methyl and the others is clearly interpreted in terms of the presence of
hypervalency of silyl, germyl, and stannyl elements. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: Ab initio calculation; B–C bond; B–Si bond; B–Ge bond; B–Sn bond; Transition metal–boryl bond; Transition metal–silyl bond;
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tion

1. Introduction

The introduction of boryl, silyl, germyl, and stannyl
groups into organic substrates is an interesting and
important reaction, since the products of such introduc-
tion reactions are key intermediates in various organic
syntheses. In the introduction reactions, inter-element
linkages which consist of boryl, silyl, germyl, and stan-
nyl groups undergo s-bond activation by transition
metal complexes in general. Typical examples are tran-
sition metal-catalyzed hydrosilylation [1] and hydrobo-
ration [2] which take place through Si–H and B–H

s-bond activation reactions by transition metal com-
plexes, respectively. Also, s-bond activation reactions
of Si–Si [3], B–B, and similar bonds [4] have received
considerable interest because these reactions are useful
to introduce two functional groups such as silyl [5–8],
boryl [4], and similar groups [9,10] into organic com-
pounds. To perform efficiently this type of s-bond
activation reaction, detailed knowledge of the bonding
nature and reaction behavior of inter-element linkages
is necessary. However, little is known about the bond-
ing nature, bond strength, and reaction behavior of the
inter-element linkages with transition metal complexes.

Theoretical methods such as ab initio MP2-MP4,
CCSD(T), and DFT methods are useful and helpful for
investigating the bonding nature, the bond strength,
and the reaction behavior of inter-element linkages. In

* Corresponding author. Tel.: +81-96-342-3651; fax: +81-96-342-
3679.

E-mail address: sakaki@gpo.kumamoto-u.ac.jp (S. Sakaki).

0022-328X/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
PII: S 0022 -328X(00 )00456 -3



S. Sakaki et al. / Journal of Organometallic Chemistry 611 (2000) 288–298 289

particular, theoretical methods can provide valuable
and important information about transition states of
organometallic reactions and catalytic reactions by
transition metal complexes, while it is difficult to
present such information experimentally. We believe
that theoretical knowledge of transition state and elec-
tronic processes of the reaction is indispensable to
understand well the characteristic features of inter-ele-
ment linkages. In fact, many theoretical works provided
detailed knowledge of the C–H and C–C s-bond
activation reactions [11–14].

Recently, we have carried out several theoretical
studies of s-bond activation reactions of C–H, Si–C,
and B–X (X=C, Si, Ge, or Sn) bonds by Pt(0) and
Pd(0) complexes [15–17], in which we estimated the
bond energy of transition metal–alkyl, silyl, germyl,
stannyl, and boryl bonds, optimized transition state
structures, and evaluated the activation energy and
reaction energy of those reactions. Through these theo-
retical works, we elucidated the characteristic features
of the s-bond activation reactions of inter-element
linkages by transition metal complexes, and clarified
what factors are important for the reaction. In this
account, we wish to summarize these results, in an
attempt to present theoretical details concerning the
bond strength, the bonding nature, and the reaction
behavior of inter-element linkages. First, we discuss
characteristic features of boryl–methyl, boryl–silyl, bo-
ryl–germyl, and boryl–stannyl bonds, and then present
comparisons among the M–alkyl, silyl, germy, and
stannyl bonds (M=Pd or Pt). Finally, we show clearly
the reaction behavior of inter-element linkages and
discuss this from the point of view of contributions of
hypervalency of Si, Ge, and Sn elements and the vacant
pp orbital of the boryl group. Also, we theoretically
investigated the reaction mechanism of Pt-catalyzed
hydrosilylation of ethylene [18] and the insertion reac-
tions of ethylene and acetylene into the Pt–silyl and
Pt–H bonds [19]. However, we omit these results here,
since our review article published recently covers most
of those results [18c].

2. General consideration of bond strength

Let us consider first the interaction between two
orbitals. When the M ds orbital is at a much higher
energy than the XH3 sp3 orbital, as shown in Scheme 1,
orbital stabilization energies (Do1 and Do2) are repre-
sented by Eqs. (1) and (2), according to a simple
molecular orbital theory, where oA and oB represent
orbital energies of M ds and XH3 sp3 orbitals, respec-
tively, and b is the usual resonance integral. Thus, a
total bond stabilization energy Docov by covalent bond
formation is given by Eq. (3) [15b].

Do1=b2/(oA−oB) (1)

Do2= (oA−oB)+b2/(oA−oB) (2)

Docov=Do1+Do2= (oA−oB)+2b2/(oA−oB) (3)

If the �b � value is smaller than 2(oA−oB), the Docov

value becomes larger as the (oA−oB) value increases; in
other words, the bond energy increases as M ds and
XH3 sp3 orbitals become more separate in energy. The
meaning of Eq. (3) is essentially the same as the pro-
posal by Pauling that the covalent bond becomes
stronger as the ionic character increases. The other
factor is the resonance integral b ; when the �b � value is
small, the bond stabilization energy is small. Based on
these two factors, we will discuss the bond strength
hereafter.

Eq. (3) was successfully applied to explain why an
electron-withdrawing substituent strengthens the Pd–
alkyl bond. It is believed in general that introduction of
an electron-withdrawing substituent on an sp3 carbon
atom strengthens the metal–alkyl bond. However, this
tendency has not been clearly explained yet, to our
knowledge.

Here, we theoretically evaluated the Pd–alkyl bond
energy with the MP4(SDQ) method, by considering the
following equation:

cis-PdH(alkyl)(PH3)2�Pd(PH3)2+H-alkyl (4)

An energy difference DEr-l between the left-hand and
the right-hand sides of Eq. (4) is represented with bond
energies as follows:

DEr-l(Eq. (4))=Et(right-hand side)−Et(left-hand side)

=E(Pd�H)+E(Pd�alkyl)−E(H�alkyl)
(5)

where E(Pd–H), E(Pd–alkyl), and E(alkyl–H) repre-
sent the Pd–H, Pd–alkyl, and H–alkyl bond energies,
respectively. E(Pd–H) is evaluated with the assumed
Eq. (6);

cis-PdH2(PH3)2�Pd(PH3)2+2H (6)

DEr-l(Eq. (6))=2E(Pd�H)−E(H�H) (7)Scheme 1.
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Table 1
C–H and Pd(II)–alkyl bond energies a

System EnergyBond

CH4 E(C–H) 108.6
106.4E(C–H)CH3CN
104.4CH2(CN) E(C–H)
21.2E(Pd–CH3)cis-PdH(CH3)(PH3)

E(Pd–CH2(CN))cis-PdH(CH2(CN))(PH3) 30.9
40.1E(Pd–CH(CN)2)cis-PdH(CH(CN)2)(PH3)

a MP4(SDQ) in kcal mol−1.

alkene [2]. Also, s-bond activation reactions of boryl–
silyl and boryl–stannyl bonds are believed to be in-
volved in silylboration and stannylboration of alkene
and alkyne [9,10]. In this regard, bond strength infor-
mation of boryl–methyl, boryl–silyl, and similar bonds
is fundamental to a good understanding of the above-
mentioned reactions. Theoretically estimated bond en-
ergies are listed in Table 2. Interestingly, the
boryl–methyl and boryl–boryl bonds are much
stronger than the methyl–methyl bond by about 20
kcal mol−1. This is surprising because it was experi-
mentally [4] and theoretically [20] reported that the
platinum(0) complex could activate the B–B s-bond
rather easily whereas C–C s-bond activation by plat-
inum(0) complexes is much more difficult [12,15a].

One of the characteristic features of the boryl group
is the presence of an empty pp orbital, while the methyl
group does not have such an empty pp orbital. This
empty pp orbital can form a hyperconjugation interac-
tion with an occupied C–H bonding orbital of the
methyl group, as schematically shown in Scheme 2A.
Actually, the HOMO of methylborane involves a bond-
ing interaction between boryl pp and C–H bonding
orbitals, as shown in Fig. 1B [17]. Consistent with this
bonding interaction, the electron population of the
boryl pp orbital is larger in methylborane than in the
free boryl radical, as shown in Table 3, where the
natural bond orbital population analysis [21] is
adopted. This hyperconjugation is responsible for the
fact that the B–C bond of (HO)2B–CH3 is stronger
than the C–C bond of ethane. The energy difference
between CH3 sp3 and B(OH)2 sp2 orbitals should be
taken into consideration also. The C–C bond is a
non-polar covalent bond. In methylborane, on the
other hand, the B–C bond is a polar bond that consists
of the overlap between boryl sp2 and CH3 sp3 orbitals,
where the former is at a lower energy than the latter. In
a comparison between the C–C and B–C bonds, Eq.
(3) is not useful, since the oA−oB value is small in the
B–C bond and equal to zero in the C–C bond. How-
ever, a slightly more complicated equation is obtained
when the oA−oB value is small, which also indicates
that the bond stabilization energy increases with an
increase of the oA−oB value [22]. This means that the
energy difference between boryl sp2 and CH3 sp3 or-
bitals is the other reason that the B–C bond in methyl-
borane is stronger than the C–C bond in ethane.
Detailed discussion is omitted here.

On the other hand, this hyperconjugation interaction
is not observed in silylborane, germylborane, and stan-
nylborane, as shown in Fig. 1C–E. However, the boryl
pp orbital is observed in the occupied space of these
molecules, too. Consistent with this, the electron popu-
lation of the boryl pp orbital is larger in these molecules
than in the free boryl group (see Table 3), and the
electron populations of silyl, germyl, and stannyl

Table 2
The B–X bond energy in (HO)2B–XH3 (X=C, Si, Ge, or Sn) a

103.6B–B b

B–C 91.6C–C109.7
B–Si 86.086.8 C–Si

83.5 C–Ge 79.3B–Ge
B–Sn 73.672.8 C–Sn

a MP4(SDQ) in kcal mol−1.
b In (HO)2B–B(OH)2 [24].

Scheme 2.

We call the above-estimated E(Pd–alkyl) value an
averaged bond energy, and represent it as Eav. As
shown in Table 1, the Pd–alkyl bond energy increases
in the order Pd–CH3BPd–CH2CNBPd–CH(CN)2

[15b]. This increasing order is consistent with the under-
standing that an electron withdrawing substituent on
the sp3 carbon atom strengthens the metal–alkyl bond.
The d orbital energy of �PdH(PH3)2 was calculated to
be −6.6 eV, and the alkyl sp3 orbital energy was
−11.5 eV for �CH3, −12.5 eV for �CH2(CN), and
−13.3 eV for �CH(CN)2. According to Eq. (3), the
bond stabilization energy increases in the order Pd–
CH3BPd–CH2CNBPd–CH(CN)2, since the (oA−oB)
value increases in the order �CH3B �CH2CNB
�CH(CN)2. These results clearly show that Eq. (3) is
useful to discuss bond strengths of transition metal–al-
kyl and similar bonds.

3. Bond strengths and characteristic features of
boryl–methyl, boryl–silyl, boryl–germyl and
boryl–stannyl bonds

Reductive elimination of the boryl–alkyl bond is
involved in transiton metal-catalyzed hydroboration of
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Fig. 1. Contour maps of p-type HOMO of �B(OH)2 and (HO)2B–XH3 (X=C, Si, Ge, or Sn). Contour values increase from −0.125 by 0.0125
and decrease from 0.125 by 0.0125 in �B(OH)2, (HO)2B–CH3, (HO)2B–SiH3, and (HO)2B–GeH3. Contour values increase from −0.05 by 0.005
and decrease from −0.05 by 0.005 in (HO)2B–SnH3.

groups are smaller than those in disilane, digermane,
and distannane. These features suggest that intra-
molecular charge-transfer (CT) occurs from silyl, ger-
myl, and stannyl groups to the boryl pp orbital. In spite
of this intra-molecular CT interaction, the B–Si, B–Ge,
and B–Sn bonds are as strong as the C–Si, C–Ge, and
C–Sn bonds (Table 2), respectively, probably because
of the absence of hyperconjugation. It is not surprising
that the hyperconjugation becomes weaker in the heavy
element, since the p-type overlap becomes unfavorable
upon going down in the periodic table.

The considerable strength of the B–B bond of
(HO)2B–B(OH)2 is also interpreted in terms of a partial
p bonding nature. As previously proposed [23], dibo-
rane corresponds to the dication of ethylene, since the p
orbital of diborane is empty unlike ethylene. However,
the OH group has a doubly occupied pp orbital which
participates in an intra-molecular CT interaction from
the OH pp orbital to B pp orbital [24]. As a result, the
B–B bond is not a single bond but partially possesses
p-bonding nature. Thus, the B–B bond of (HO)2B–
B(OH)2 is stronger than the C–C bond in ethane.

The other interesting result to be noted is that the
B–X bond energy of (HO)2B–XH3 decreases in the
order B–C\B–Si\B–Ge\B–Sn. This decreasing
order is consistent with the general tendency that the
covalent bond of non-transition metal elements be-
comes weaker upon going down in the periodic table;
actually, the C–X bond energy also decreases in the
order C–C\C–Si\C–Ge\C–Sn (Table 2). This

tendency is not interpreted in terms of orbital energy
difference, as follows: the �B(OH)2 radical has its sp2

orbital at −9.6 eV, while the �CH3 radical has its sp3

orbital at −10.4 eV, as shown in Table 4. �SiH3,
�GeH3, and �SnH3 radicals have their sp3 orbitals at
−9.0, −8.9 and −8.6 eV, respectively. The energy
difference is the greatest in stannylborane, while the

Table 3
Natural bond orbital population a of the boryl pp orbital

�B(OH)2 0.287
(HO)2B–GeH30.316(HO)2B–CH3 0.332

(HO)2B–SiH3 0.330 (HO)2B–SnH3 0.333

a Ref. [21].

Table 4
The sp3 orbital energies (osp3), ionization potential (Ip), and electron
affinity (EA) of �XH3 and �B(OH)2

EA bIp
aosp3

a

−9.59 6.36 0.34�B(OH)2
�CH3 −1.05 (−0.48) c [0.08] d9.52−10.5

7.78 0.67 (0.78) c [1.41] d−9.01�SiH3

−8.97 7.71�GeH3 1.06 (1.21) c

−8.57�SnH3 7.37 1.15
−7.0cis-PdH(PH3)
−6.8cis-PtH(PH3)2

a MP4(SDQ)/6-311G**/MP2/6-31G*.
b MP4(SDQ)/6-311G++**/MP2/6-31++G**.
c Calculated with the more accurate G2 method [27].
d Experimental values (cited in ref. [28]).
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Table 5
The first bond dissociation energy (Efirst) and the averaged bond
energy (Eav) of M–B(OH)2 and M–XH3 bonds in cis-
M(XH3)[B(OH)2](PH3)2 (M=Pd or Pt; X=C, Si, Ge, or Sn) a

Eav Efirst EavEfirst

64.4 Pd–B(OH)2Pt–B(OH)2 77.089.1 52.8
Pt–CH3 65.5 42.4 Pd–CH3 54.3 29.4
Pt–SiH3 54.278.6 Pd–SiH3 74.6 44.1

50.7 Pd–GeH3 69.8 42.3Pt–GeH3 75.0
71.2 46.3 Pd–SnH3 69.7Pt–SnH3 40.3

a MP4(SDQ) in kcal mol−1.

of the �CH3 sp3 orbital should lead to a large M–CH3

bond energy, according to Eq. (3). However, the M–
CH3 bond is the weakest. Here, we should consider the
reason why the orbital energy is not responsible for the
weak M–CH3 bond. We must remember that the CH3

group is much more negatively charged in the M–CH3

bond. Moreover, though the �XH3 sp3 orbital becomes
higher in energy as the ionization potential decreases,
the electron affinity (EA) of �CH3 is the smallest in spite
of the lowest energy level of the �CH3 sp3 orbital. This
means that orbital relaxation occurs considerably upon
electron attachment and the orbital energy is not a
good measure of energy level of the CH3 sp3 electron
when the CH3 group is much more negatively charged
as it is in Pt(II) and Pd(II)–methyl complexes. If we
adopt the EA value as a measure of the energy level of
the electron, the CH3 sp3 electron exists at the highest
energy, which leads to the smallest M–CH3 bond
energy.

Besides the orbital energy, the b value would be
responsible for the bond energy difference. The b value
is related to an overlap integral between XH3 sp3 and
M valence orbitals. Comparisons of the overlap inte-
grals among CH3, SiH3, GeH3, and SnH3 are made, as
shown in Table 6. The overlap integrals of CH3 sp3

orbital with M ndz 2, (n+1)s, and (n+1)pz orbitals are
much smaller than those of the others, where n is 4 for
Pd and 5 for Pt. These smaller overlap integrals be-
tween CH3 sp3 and M valence orbitals are also respon-
sible for the smaller M–CH3 bond energy.

The overlap integrals decrease slightly in the order
SiH3\GeH3\SnH3, and at the same time, the sp3

orbital energy lowers slightly in energy in the order
SnH3\GeH3\SiH3. Thus, the decreasing order of the
bond energy M–SiH3\M–GeH3\M–SnH3 arises
from both the orbital energy and the b value. In these
bonds, SiH3, GeH3, and SnH3 groups are not very
negatively charged (remember that Si, Ge, and Sn
atoms are much less electronegative than the C atom).
Thus, the XH3 sp3 orbital energy is considered a rea-
sonable measure of the energy level of the sp3 valence
electron.

The other result to be noted is that the Pd–XH3

bond is weaker than the Pt–XH3 bond. Though this is

B–Sn bond is the weakest. Thus, it is not the orbital
energy difference but another factor which is responsi-
ble for this tendency. At this moment, we cannot
present a clear reason for this tendency and need to
carry out more detailed examination.

4. Platinum– and palladium–boryl, methyl, silyl,
germyl, and stannyl bonds

In addition to the averaged bond dissociation energy,
we define here the first bond dissociation energy Efirst by
the following Eq. (8);

M (XH3)Ln� �MLn+ �XH3 (8)

This assumed equation corresponds to the homolytic
bond fission of an M–XH3 bond.

Both first bond dissociation and averaged bond dis-
sociation energies are listed in Table 5. Apparently, the
Pt–CH3 bond is the weakest, and the bond energy
increases in the order Pt–CH3BPt–SnH3BPt–
GeH3BPt–SiH3 in both first bond dissociation and
averaged bond dissociation energies.

The sp3 orbital of �XH3 is at a lower energy than the
M d orbital in cis-MH(PH3)2, as shown in Table 4. This
means that the Pt–XH3 bond energy becomes larger as
the sp3 orbital of �XH3 descends in energy. Thus, the
sp3 orbital energy of �XH3 should be examined here as
a determining factor of the bond energy. The sp3 orbital
of �XH3 descends in energy in the order �SnH3\
�GeH3\ �SiH3\ �CH3 (Table 4). The low energy level

Table 6
Overlap integrals between M and XH3 and between M and B(OH)2

M=PtM=Pd

Bsp3�5pz\ Bsp3�4dz 2\ Bsp3�6s\ Bsp3�6pz\ Bsp3�5dz 2\Bsp3�5s\

0.54 0.42 0.54B(OH)2 0.540.53 0.49
0.360.340.360.32CH3 0.330.34

0.52SiH3 0.350.50 0.53 0.53 0.41
0.51 0.34GeH3 0.480.470.340.53

0.340.480.470.300.480.48SnH3
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Fig. 2. Optimized geometries of cis-Pt(XH3)[B(OH)2](PH3)2 (X=C, Si, Ge, or Sn); bond lengths in A, and bond angle in degrees.

well known, a clear explanation has not been presented
yet. However, Eq. (3) provides us a clear explanation of
this result, as follows: cis-PdH(PH3)2 has its d orbital at
a somewhat lower energy than cis-PtH(PH3)2 (vide
supra). This means that the oA−oB value is smaller in
cis-PdH(XH3)(PH3)2 than in the Pt analog. Thus, the
Pd–XH3 bond is weaker than the Pt–XH3 bond.

The M–B(OH)2 bond is much stronger than the
M–CH3 bond in both M=Pd and Pt (see Table 5). It
was also experimentally reported that the Ir–Bcat bond
in trans,cis-IrCl(H)(Bcat)(PPh3)2 is as strong as the
Ir–H bond in trans,cis-IrCL(H)2(CO)(PPh3)2 but much
stronger than the Ir–CH3 bond in trans,cis-
Ir(Cl)(I)(CH3)(CO)(PPh3)2 by 35 kcal mol−1 [25], where
Bcat represents a catecholboryl group. The difference
between M–CH3 and M–B(OH)2 bonds arises from the
boryl pp orbital. This orbital participates in the p-back
donating interaction between M dp and boryl pp or-
bitals, as schematically shown in Scheme 2B. Actually,
the electron population of the boryl pp orbital is larger
in the Pt(II) complex than that of the free boryl radical
(0.287e), as follows: 0.326e in cis-PdH[B(OH)2](PH3)2

and 0.366e in cis-PtH[B(OH)2](PH3)2. This is clear evi-
dence of p-back donation. The other factor is the
orbital overlap. As shown in Table 6, the B(OH)2 sp2

orbital provides much larger overlap integrals than
does the CH3 sp3 orbital. This is probably because the
Pt–B bond distance is shorter than the Pt–C distance,
as shown in Fig. 2. Why is the Pt–B distance shorter
than the Pt–C distance? Again, the p-back donating
interaction would be a main reason for the short Pt–B
distance. Thus, the p-back donating interaction con-
tributes to the M–B(OH)2 bond not only in a direct
way but also in an indirect way in which the p-back
donating interaction shortens the M–B distance to
increase orbital overlaps.

In cis-Pt[B(OH)2](XH3)(PH3)2, the Pt–PH3 bond at a
position trans to B(OH)2 is much longer than that at a
position trans to XH3, as shown in Fig. 2. From this
structure, it is reasonably concluded that the boryl
ligand exhibits a stronger trans influence than the XH3

ligand. The strong trans influence should also be noted
as a characteristic feature of the boryl group.

5. Participation of the boryl pp orbital in s-bond
activation

In our previous theoretical work on C–H s-bond
activation of dicyanomethane by Pd(0) complexes [15b],
we showed that the empty p* orbital of the CN group
stabilized the transition state through CT interaction
with the occupied d orbital of Pd. The empty pp orbital
of the boryl group is expected to play the same role as
the CN p* orbital. It is of considerable interest to
investigate whether or not the empty pp orbital of the
boryl group participates in stabilization of the transi-
tion state of s-bond activation.

We theoretically investigated s-bond activation of
methylborane CH3–B(OH)2 by Pt(PH3)2 [17]. The tran-
sition state structure is nearly planar, as shown in Fig.
3A, in which the dihedral angle between the B–C bond
and the P–Pt–P plane is 20°. This structure is com-
pletely different from that of C–C s-bond activation in
which the C–C bond is almost perpendicular to the
P–Pt–P plane (see Fig. 3D). The planar structure
agrees with the expectation from the orbital interaction
diagram shown in Scheme 3; the s* orbital tends to
take a position that provides a good overlap with the
HOMO of Pt(PH3)2, because the charge-transfer from
the metal dp orbital to the s* orbital must occur in this
kind of s-bond activation reaction to break the s-
bond. In the planar transition state, the s* orbital can
overlap well with the Pt dxz orbital which is the HOMO
of Pt(PH3)2 (Scheme 3). This means that the planar
transition state structure is more favorable than the
non-planar one. Also, the other reason is that the
transition state is rather late; our previous study of
C–Si s-bond activation showed that the transition
state was completely non-planar and the geometry
change to the planar structure occurred at a late stage
of the reaction [15a]. For these two reasons, the transi-
tion state structure of the B–C s-bond activation is
planar. This planar transition state, however, changes
to the non-planar structure upon replacing PH3 with a
more bulky phosphine such as PH2Et (see Fig. 3A).
This is because the non-planar transition state structure
is more favorable than the planar structure due to
smaller steric repulsion. These results clearly suggest
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Fig. 3. Transition state structures of s-bond activations of (HO)2B–CH3, (HO)2B–GeH3, and CH3–CH3 by Pt(PH3)2. Bond lengths in A, and
bond angles in degrees. The d value represents the dihedral angle between the s-bond and the P–Pt–P plane.

that the transition state structure is sensitive to steric
and electronic factors. Here, we stop and return to our
main discussion, since this issue is not directly related
to the chemistry of inter-element linkage.

In the s-bond activation of (HO)2B–GeH3, the tran-
sition state is completely non-planar, as shown in Fig.
3B,C. One reason is that the steric repulsion becomes
large because the GeH3 group is larger than the CH3

group, and the other reason is that the transition state
is more reactant-like in B–Ge s-bond activation than
in B–C s-bond activation.

Activation barriers (Ea) and reaction energies (DE) of
these s-bond activation reactions are summarized in
Table 7. The B–Si, B–Ge, and B–Sn s-bond activa-
tions by platinum(0) and palladium(0) complexes occur
with either no barrier or nearly no barrier. On the other
hand, B–C s-bond activation by the platinum(0) com-
plex requires a considerably large activation barrier.
Moreover, this s-bond activation by the palladium(0)
complex cannot occur, and the reverse reaction, the
B–C reductive elimination of Pd(CH3)[B(OH)2](PH3)2,
occurs with no barrier. These results are interpreted in
terms of the Pt–CH3 and Pd–CH3 bond strengths.
Since the Pt–CH3 bond is much weaker than the Pt–
SiH3, Pt–GeH3, and Pt–SnH3 bonds, B–C s-bond
activation by the platinum(0) complex occurs much less
easily than the B–Si, B–Ge, and B–Sn s-bond activa-
tions. The B–C s-bond activation by the palladium(0)
complex is much more difficult, because the Pd–CH3

bond is much weaker than the Pt–CH3 bond (vide
supra).

Scheme 3.

Table 7
Activation energy (Ea) and reaction energy (DE) of the B–X s-bond
activation by M(PH3)2 (M=Pd or Pt) (MP4(SDQ) in kcal mol−1) a

CH3–CH3(HO)2B–XH3

CH3 SiH3 GeH3 SnH3

Pd(PH3)2

noEa 1.2 1.1
−22.4(26) b −14.1DE −13.7

Pt(PH3)2

21.5 noEa 2.2 no 57.4
−33.9−33.03.0DE 7.6−39.4

a CCSD(T) in kcal mol−1. The MP4(SDQ) method yields almost
the same value as the CCSD(T) method.

b Optimization was carried out with the P�Pd�P angle assumed to
be the same as that in the Pt analogue.
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Fig. 4. The population changes in the s-bond activation of (HO)2B–
CH3 by Pt(PH3)2. A positive value represents an increase in the
natural bond orbital population [21], and vice versa.

Pd(XH3)(h3-C3H5)(PH3)

�Pd(PH3)(CH2�CH�CH2�XH3) (9)

Typical geometry changes of these reactions are
shown in Fig. 5, in which geometry changes of C3H5–
GeH3 and C3H5–SnH3 reductive eliminations are omit-
ted because they are similar to the geometry changes of
C3H5–SiH3 reductive elimination. Interesting features
are observed in the transition state; in the reductive
elimination of C3H5–CH3, the Pd–CH3 bond consider-
ably lengthens, while the C3H5–CH3 distance is still
much longer than the usual C–C bond. On the other
hand, the Pd–SiH3, Pd–GeH3, and Pd–SnH3 distances
lengthen only slightly in the transition states, while the
C3H5–SiH3, C3H5–GeH3, and C3H5–SnH3 distances
are similar to those of the products: In other words, the
SiH3, GeH3, and SnH3 groups can form a new bond
with allyl carbon atom, keeping the bonding interaction
with Pd. This feature is considered to arise from hyper-
valency of Si, Ge, and Sn elements. Actually, we can
understand from the geometry changes of Fig. 5 that
the Si, Ge, and Sn elements take a five-coordinate
structure in the transition state, as shown in Scheme 5.

In spite of the large exothermicity, the C3H5–CH3

reductive elimination requires a very large Ea value
(Table 8). This is consistent with the transition state
structure in which the allyl–methyl distance is still long
and the Pd–methyl bond is much lengthened. However,
the other reductive eliminations take place with a mod-
erate Ea value, which is consistent with their transition
state structures where the allyl–XH3 distance is similar
to that of the product and the Pd–XH3 bond is moder-
ately lengthened. These reactions are much less exother-
mic for X=Si and Ge than the CH3–C3H5 reductive
elimination and slightly endothermic for X=Sn. The
above results suggest that the bond energy is not re-
sponsible for the large Ea value of C3H5–CH3 reductive
elimination. We examined the distortion energies which
arise from the geometry changes of the allyl moiety,
Pd–XH3 bond lengthening, and the direction change of
XH3, as shown in Fig. 6, where the distortion energy is
defined as an energy difference between the equilibrium
structure and the distorted geometry in the transition
state. The distortion energy Edist(1) of the allyl moiety is
not very different among CH3, SiH3, GeH3, and SnH3.
The distortion energy Edist(2) caused by Pd–CH3 bond
lengthening is moderately larger than those of the oth-
ers. On the other hand, the distortion energy Edist(3)
caused by the direction change of CH3 is much larger
than those of the others. These results clearly indicate
that the large Ea value of C3H5–CH3 reductive elimina-
tion arises from the large distortion energy by the
direction change of CH3. If the X atom could form an
extra bonding interaction in any direction, direction
change of XH3 would easily occur without considerable
energy destabilization. In other words, when the X

Scheme 4.

It should be noted here that the B–C s-bond activa-
tion occurs with a smaller activation energy than the
C–C s-bond activation (see Table 7). Population
changes in the reaction are shown in Fig. 4 [17]. Inter-
estingly, the electron population of the boryl group
increases significantly in the precursor complex and the
transition state. This suggests that the boryl group
participates in the CT interaction with the occupied d
orbital of Pt. In the transition state, the boryl s*
orbital overlaps with the Pt d orbital, and at the same
time, the boryl pp orbital can overlap with the same Pt
d orbital to enhance the p-back donating interaction, as
shown in Scheme 4. Because of this additional interac-
tion, the CT interaction becomes stronger and the
transition state is more stabilized than that of C–C
s-bond activation. Thus, B–C s-bond activation oc-
curs much more easily than C–C s-bond activation.

6. Hypervalency of Si, Ge, and Sn in the reaction

Though hypervalency of these elements has often
been observed in stable molecules, its observation in
reaction has been rather limited. It is worthwhile to
clarify the participation of hypervalency in the reaction.
To investigate the contribution of hypervalency in the
reaction, we theoretically investigated the reductive
elimination of Pd(XH3)(h3-C3H5)(PH3), where XH3=
CH3, SiH3, GeH3, and SnH3 [16].
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Fig. 5. Geometry changes of the allyl–methyl and allyl–silyl reductive eliminations from Pd(h3-C3H5)(XH3)(PH3) (X=C or Si). Bond lengths in
A, and bond angles in degrees [16].

element has hypervalency, the XH3 group would
change easily its direction and would form a new
bonding interaction with an allyl carbon atom, keeping
the Pd–XH3 bond. Thus, the following conclusions are
reasonable: (i) the small Edist(3) values of Si, Ge, and Sn
systems arise from the hypervalency of Si, Ge, and Sn

elements, (ii) allyl–silyl, allyl–germyl, and allyl–stannyl
reductive eliminations occur easily because of the hy-
pervalency of Si, Ge, and Sn elements, and (iii) the
allyl–methyl reductive elimination requires a large acti-
vation energy because of the absence of hypervalency.

Our previous calculations clearly showed that the
allyl–hydrogen reductive elimination of Pd(H)(h3-
C3H5)(PH3) easily occurred with a very small activation
barrier [26]. Though the H atom does not have hyper-

Scheme 5.

Table 8
An activation energy (Ea) and a reaction energy (DE) of the allyl–
XH3 reductive elimination of Pd(XH3)(h3-C3H5)(PH3) (X=C, Si,
Ge, or Sn) a

C Si Ge Sn

23.3Ea 11.6 12.6 10.9
−8.2 −3.7−30.1 3.8DE

a CCSD(T) in kcal mol−1.
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Fig. 6. Distortion energies (energy difference between the equilibrium
structure and the distorted structure taken in the transition state
(CCSD(T) method, kcal mol−1)) induced by the geometry changes of
h3-allyl moiety Edist(1), the Pd–XH3 bond lengthening Edist(2), and
the direction change of the XH3 group Edist(3).

The Si, Ge, and Sn elements exhibit interesting fea-
tures in the bonding nature and the transition state of
s-bond activation reaction. The M–SiH3, M–GeH3,
and M–SnH3 bonds (M=Pd or Pt) are much stronger
than the M–CH3 bond. This result is reasonably inter-
preted in terms of the less expansion of the sp3 orbital
of CH3 and the higher energy level of the CH3 sp3

electron when CH3 is significantly negatively charged.
The M–XH3 bond becomes weaker in the order M–
SiH3\M–GeH3\M–SnH3. This is because the XH3

sp3 orbital becomes higher in energy in the order
SiH3BGeH3BSnH3 and the overlap integrals between
XH3 sp3 and M valence orbitals decrease slightly in the
order SiH3\GeH3\SnH3. In the reductive elimina-
tion of Pd(XH3)(h3-C3H5)(PH3) (and the reverse reac-
tion, i.e. s-bond activation reaction), the silyl, germyl,
and stannyl groups can form an allyl–XH3 bond with-
out Pd–XH3 bond breaking because of the hyperva-
lency of Si, Ge, and Sn elements. As a result, the
s-bond involving these elements easily undergoes the
s-bond activation and its reverse reductive elimination.
However, the reductive elimination of Pd(CH3)(h3-
C3H5)(PH3) requires a very large Ea value, in spite of
the large exothermicity, because of the absence of hy-
pervalency of the C atom.
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