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Various theoretical studies af-bond activation of organic molecules by transition metal complexes are
reviewed. In the homolytio-bond activation, the d orbital energy level of the central metal is an important
factor, as well known. At the same time, the electron-withdrawing substituent which stabilizesottttaip
accelerates the homolytic bond activation. In the heterolytic C-d#bond activation of RH by MX}, the X-

H bond formation is an important driving force, where MRhd HX are formed as products. The heterolytic
o-bond activation is also understood in terms of the electrophilic attack of the metal center to the substrate.
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Introduction reported by Hoffmanh,Morokuma? Goddard Siegbahrf,
Hall,®> and SakaKigroups. The transition state of the HoH
C-H o-bond activation of alkane and aromatic compoundsbond activation was first optimized by Morokuma gréup.

is of considerable interest in the recent transition metaAfter their works, various gquantitative works have been
catalytic chemistry, because one can introduce severaarried out. The important results from those works are
functional groups into alkane and aromatic compoundsummarized, as follows: The first important result to be
through theo-bond activation. In my understanding, the noted is that ther-bond activation of kleasily occurs but
C-H o-bond activation is classified into two categories; onethe C-Ho-bond activation of ClHoccurs with a difficulty, as

is homolytic o-bond activation (eq. 1) and the other is showninegs 3 and 4.

heterolytico-bond activation (eq. 2).

Pt(PH), + Hy — cis-Pt(H)(PH)2 3)
MLy + R-H— M(H)(R)Ln 1) - =
MXLn + R-H — M(R)Ln + HX @) Ea Ciillflz?ilc/)nr:?ol andE = -15.9 kcal/mol from the GVB
In the product of the homolytig-bond activation, both the Pt(PH), + CH; — cis-Pt(H)(CHs)(PH) 4
2 2

H atom and the R group are bound with the metal center,
where R represents either alkyl or aromatic group. Since the Ea = 24.5 kcal/mol andE = 7.2 kcal/mol from the GVB
H atom and the R group coordinated with the metal center calculation®

are considered to be anion in a formal Sense, the OX|da.t'O'Phis difference is discussed in terms that the H atom has a
state of the central metal increases by two in this reaction,

Thus, the homolytias-bond activation is understood in Spherical 1s valence orbital but the methyl group hasn sp

o o orbital as its valence orbital; in other words, the methyl
terms of the oxidative addition. In the products of the o
. - . . group must change its direction towards the metal center
heterolytico-bond activation, the R group is bound with the AT Lo
. A . because the 3prbital is directional. This direction change
metal center but the H atom is bound with one of the ligands

s induces the energy destabilization of tbebond in the

of the metal complex. As a result, the metal oxidation stat . o :

! omolytic o-bond activation, which leads to the large
does not change in a formal sense. L : L 13a

; L activation barrier of the C-ld-bond activation of Chi™

Because of the importance of the GzHbond activation, a . X
. The next important result is that the Pt(0) complex can

lot of theoretical works have been performed so far. However,

- . . X . . . activate the H-H and C-ld-bonds with a lower activation
there remain many issues to be investigated theoretically; fo{g

instance, only few attempts have been made to clarify tngaier and larger exothermicity than those of the Pd(0) complex.

ligand effects and the substituent effects in the homatytic Pd(PH). + H, — cis-Pd(H)(PHs)2 (5)

bond activation. Morgover, t_he heFeroIWebond activation Ea = 52 keal/mol andE = 3.6 kcal/mol from the GVB
has not been sufficiently investigated except for several

theoretical works. In this mini review, | wish to discuss the caleulatiorr
theoretical studies of homolytic C-6+bond activation and Pd(PH), + CHs — cis-Pd(H)(CH;)(PH) (6)
the heterolytic C-Ho-bond activation by transition metal Ea = 42.2 keal/mol andiE = 43.6 keal/mol from the GVB
complexes. .
calculation®
Homolytic C-H o-Bond Activation This is because Pt d-orbital is at a higher energy than Pd d-

orbital. This difference between Pt and Pd atoms relates to
Many theoretical studies of this reaction have beerthe electron configuration of these atoms; Pt and Pd atoms
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take ds' and d° electron configurations, respectively, in weaker Si-H bond than the C-H bond. Tdteorbital of the
their ground states, because the d electrons of Pd are atSaH bond also contributes to the large reactivity of silane, as
lower energy than those of Pt. In general, the 5d orbital ofollows: Since theo* orbital of the Si-H bond is at a much
the third transition series element is at a higher energy thalower energy than that of the C-H bond, the charge-transfer
the 4d orbital of the second transition series elemenguse from the occupied d orbital to th# orbital is formed more
the inner s orbital shrinks due to relativistic effects to shieldavorably in the Si-Hr-bond activation than that in the C-H
well the nuclear charge and to raise the outer d orbital iro-bond activation.
energy’ The o-bond activation of the Si-B bond easily occurs, as
Though the Pd(0) complex is not useful for the homolyticshown in eq. 12, while the C-B bond activation does not
o-bond activation as discussed above, the Pd(0) complesccur because of the significantly large endothermicity.
becomes active for this reaction by coordination of the Y .
chelate diphosphin@.This is because the chelate diphosphine Pd(PH); + (HOXB-SiHs CIS—Pd(SIH;)[B(OH)z](PHi)Zz
destabilizes the d orbital in energy; actually, the activation (12)
barrier and the endothermicity decrease in the order, Bd(PH Ea =1.2 kcal/mol and\E = -13.7 kcal/mol from the
>Pd(dipe)>Pd(dipm), where dipe and dipm represent models MP4(SDQ) calculation.

of diphosphinoethane and diphosphinomethane, respectively. o . e
The substituent effects on the Cddbond activation is The reason is discussed in terms of the Pd-arid energy

. . . . . and the charge-transfer interaction between the occupied d
also interesting. Introduction of electron-withdrawing group

. o~ orbital of the metal center and the empty p orbital of the
to the spC atom facilitates the homolytic C-id-bond boryl group. Since the Pd-Sithond is much stronger than

Z::;;/\;egg)nndg)y stabilizing the transition state and the metal;[he Pd-CH bond, the product, cis-Pd(SB(OH):](PHs)
’ is more stable than the Gldnalogue, which increases the
Pd(PH); + CH:CN — cis-Pd(H)(CHCN)(PHs).  (7) exothermicity of the reaction. Also, the boryl group possesses
Ea = 31.9 kcal/mol and\E = 23.2 kcal/mol from the the empty p.orbital _pgrpend_icular o the boryl plan_e and t_his
MP4(SDQ) calculatior® empty p orbital participates in the charge-transfer interaction
between the central metal and the substrate.
Pd(PH). + CH(CN), — cis-Pd(H)[CH(CN}](PHs)> (8) In general, the transition state is considered to be planar so
_ _ as to form the strong charge-transfer interaction between the
Ea _,\ig'j(skéglgrgg:cﬁg ?oEﬁb_ 10.8 keal/mol from the occupied d orbital of the central metal and ¢heorbital.*°
’ The planar transition state is certainly observed in the C-H
When the chelate diphosphine coordinates with the Pdnd Si-Ho-bond activations. However, the transition state is
center and the two CN groups are introduced to theCsp not planar in the C-C and C-Si-bond activations by
atom, the C-H activation by the Pd center easily takes placePt(PH)..* There are two reasons; one is the steric repulsion
e between the subsituents on the C (or Si) atom and phosphine
Pd(dppe) + CHCN), = cisPd(H)[CH(CN}](dppe) (9) ligands, and the other is that tebond is not broken in the
Ea =19.3 kcal/mol and\E = -6.0 kcal/mol from the transition state.
MP4(SDQ) calculation, Though we expect that the non-dynamical correlation is
important in theg-bond activation, the activation barrier and
the reaction energy converge upon going to the MP4(SDQ)

The homolytic Si-Ho-bond activation of silane by the method from the MP2 method. Thus, it would be concluded
Pt(0) complex is involved in the Pt-catalyzed hydrosilylation . S
that the single reference wave function is useful to represent

of alkene. Since silane is the Si analogue of methane, tr} s !
comparison of reactivity between Si-H and C-H bonds is o e transition state, probably because dhond breaking

considerable interest. As shown below, the SizHbond does not occur significantly in the transition state.
activation easily takes place with a much smaller activation
barrier and larger exothermicity than those of the ©H
bond activatiory.

where dppe represents diphosphinoethane.

Heterolytic C-H g-Bond Activation

Compared to the homolytic C-d-bond activation, the
Pt(PH). + CHy — cis-Pt(H)(CHs)(PHs)2 (20) heterolytic C-Ho-bond activation has not been sufficiently
_ _ investigated except for several pioneering works. Here, |
Ea _,\ﬁgf(sggﬁg:cjgﬁ = 65 keal/mol from the wish to report the detailed study of the Cdrbond
' activation of benzene and methane by Pd(Il) and Pt(ll)
Pt(PH). + SiHy — cis-Pt(H)(SiHs)(PHs)2 (12) complexes. Though the C-B-bond activation of benzene
Ea= 0.7 kcal/mol and\E = -25.6 kcal/mol from the _by the Pd(II_) acetate_ complex was very previously reported
Mi? A(SDQ) calculatiof ' in the experimental fieltf: the theoretical study has not been
’ carried out until our theoretical work. One of the interesting
These significant differences are clearly interpreted in termsesults is that the Pd(0) complex is not useful for the &-H
of the stronger Pt-Sikbond than the Pt-GHoond and the  bond activation but the Pd(ll) acetate complex can activate
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the C-H bond of benzertéOur computational study clearly investigated theoretically. We have now detailed knowledge
shows that the Pd(ll) formate complex, a model of the Pd(I)of the transition state and the important factors to this reaction.
acetate complex, can activates the @Hbond of benzene However, there remain several issues to be investigated
with a moderate activation barrféThe difference between theoretically. One of them is the activation of variams
the Pd(0) and Pd(Il) complexes comes from the fact that thbonds such as the C-C, C-O, O-H, and N-H bonds. Though
strong O-H bond is formed in the product of the heterolyticseveral pioneering works have been reported, the real system
o-bond activation to stabilize the product. that can perform these-bond activations has not been

2 2 redicted. If one can theoretically propose a good system
PA(7™-O:CH); + H-Ph= Pd(Ph)("- OCH)(HCOOH) (13) '[Jhat activates the C-@-bond, the )(/:c?nvgrsion ofg alkaney to
Ea =14.1 kcal/mol and\E =-17.5 kcal/mol from the organic compounds would be achieved.

MP4(SDQ) calculatior® The heterolytic C-Ho-bond activation is of considerable
E(C-H) = 119.0 kcal/mol; E(Pd-O) = 23.2 kcal/mol; E(Pd- interest, because the formation of the H-X bond is one of

Ph) = 51.4 kcal/mol; E(O-H) = 107.0 kcal/mol from important driving forces of this reaction. Utilizing this driving

CCSD(T) calculation$? force, one can expect to perform theond activation with

. various metal complexes. It is necessary to clarify what

Pd(PH). + H-Ph— cis-Pd(H)(Ph)(PH). (14) combination of the r?wetal center and the Iig)e/md is thef)::mest for

Ea =24.1 kcal/mol and\E = 17.2 kcal/mol from the this heterolytico-bond activation. Theoretical method should

MP4(SDQ) calculatior® be powerful to provide reliable prediction of such system.
E(C-H) = 119.0 kcal/mol; E(Pd-H) = 49.5 kcal/mol; E(Pd-
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