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Abstract: The mechanism for the activation of the ¢ bonds, the O—H of H,O, C—H of CH,4, and the H—H
of H,, and the & bonds, the C=C of C;H,, C=C of C;H,4, and the C=0 of HCHO, at the Pd=X (X = Sn,
Si, C) bonds of the model complexes (H.PC,H4PH,;)Pd=XH; 5 has been theoretically investigated using a
density functional method (B3LYP). The reaction is significantly affected by the electronic nature of the
Pd=X bond, and the mechanism is changed depending on the atom X. The activation of the O—H bond
with the lone pair electron is heterolytic at the Pd=X (X = Sn, Si) bonds, while it is homolytic at the Pd=C
bond. The C—H and H—H bonds without the lone pair electron are also heterolytically activated at the
Pd=X bonds independent of the atom X, where the hydrogen is extracted as a proton by the Pd atom in
the case of X = Sn, Si and by the C atom in the case of X=C because the nucleophile is switched between
the Pd and X atoms depending on the atom X. In contrast, the & bond activation of C=C and C=C at the
Pd=Sn bond proceeds homolytically, and is accompanied by the rotation of the (H.PC,H4sPH;)Pd group
around the Pd—Sn axis to successfully complete the reaction by both the electron donation from the =
orbital to Sn p orbital and the back-donation from the Pd dzr orbital to the sz* orbital. On the other hand, the
activation of the C=0 x bond with the lone pair electron at the Pd=Sn bond has two reaction pathways:
one is homolytic with the rotation of the (H.PC,H4PH2)Pd group and the other is heterolytic without the
rotation. The role of the ligands controlling the activation mechanism, which is heterolytic or homolytic, is
discussed.

1. Introduction of water and methanol is easily broken at theh bond of

the (RPGH4sPR)PE=SNR, 5 (R = i-Pr, t-Bu; R = CH-
(SiMe3),) complexed even at—40 °C to form the (RPGH.-
PR)Pd(H)Sn(OR)R', 7 (R" = H, Me) products within a few
minutes as given by path i in Figure 1. The water® bond

can also be independently activated at the Sn of the free
stannylene SnRalong another path (ii), which is followed by
the Sn-H cleavage at the Pd of the 'RGH4PR>)Pd fragment

to form complex7'.# As this reaction proceeds at more than

The activation of ther bonds of inert molecules such ag,H
CH4, and GHs, i.e., H-H, C—H, and C-C, which is an
important elementary reaction for organic synthesis, has been
a challenging subject for organic chemists. Since the transition
metal complexes, which promote these activation reactions under
mild experimental conditions, were found about-25 years
ago, this field has been successfully explored based on tre-
pmoeggijsogfs\llri]gvi?stlganons from both experimehéaid theoretical —10 °C, it suggests that path i is more facile than path ii.

Recently, Peschke and co-workers experimentally reported ~ Meanwhile, the transition metatin complex has attracted
the unique O-H bond activation at the ReSn bond of the much attention from many chemists because of their unique

phosphine-coordinated palladium complexes. TheHobond properties and activities for the synthesis of organic com-
pounds>® For example, it is known that the B®n complexes

(1) For example, see: (a) Muetterties, E. L.; Rhodin, T. N.: Band, E.; Brucker, function as a catalyst for the synthesis of the electrochemically

C. F.; Pretzer, W. RChem. Re. 1979 79, 91. (b) Shilov, A. E.The i i i i
Activation of Saturated Hydrocarbons by Transition Metal Complekes important material stannole. The. .Stann()le. is_catalytically
Reidel: Dordrecht, 1984. (c) Crabtree, R. Ghem. Re. 1985 85, 245. produced by a [2+ 2 + 1] cycloaddition reaction of two eth-
(d) Cotton, F. A.; Wilkinson, G. IPAdvanced Inorganic Chemistrybth ynes and one stannylene SE\ER' — CH(SiMe;)z and Ry, =

ed.; John Wiley & Sons: New York, 1988. (e) Crabtree, R. HThe i d i ¢
Organometallic Chemistry of the Transition Meta®nd ed.; John Wiley {C(SiM&3),CHy}>,), with the phosphine-coordinated Pd com-
& Sons: New York, 1994,

(2) For example, see: (a) Koga, N.; Morokuma,Ghem. Re. 1991, 91, 823.
(b) Hay, P. J. InTransition Metal HydridesDedieu, A., Ed.; VCH: New (3) Schager, F.; Seevogel, K.;iBohke, K.-R.; Kessler, M.; Kiger, C.J. Am.
York, 1992. (c) Siegbahn, P. E. M.; Blomberg, M. R. A. Tineoretical Chem. Soc1996 118 13075.
Aspects of Homogeneous Catalysen Leeuwen, P. W. N. M., Morokuma, (4) Schager, F.; Goddard, R.; Seevogel, Kirdebke, K.-R.Organometallics
K., van Lenthe, J. H., Eds.; Kluwer Academic Publishers: Dordrecht, 1995. 1998 17, 1546.
(d) Musaev, D. G.; Morokuma, K. IAdvances in Chemical Physics (5) Abel, E. W Comprehense Inorganic ChemistryPergamon Press: Oxford,
Prigogine, I., Rice, S. A., Eds.; John Wiley & Sons: New York, 1996; 1973; Vol. 2, p 43.
Vol. XCV. (6) Holt, M. S.; Wilson, W. L.; Nelson, J. HChem. Re. 1989 89, 11.
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FPi'z 0 H>0 oxygen to the C atom, the reaction being rather heterolytic
\ H.0 at the Pa&=Si bond. A similar heterolytic cleavage was also
[ Pd=SnRy § R, found for the activation of the NH bond of NH; with the lone
R, 5 ROH oH pair electror?
(i) CoH, [ /Pd\s{mn Now, as a mgtte_r of course, the following subje_cts ondhe
H,0 o] E.z - 2 andxz bond activation at the PgSn bond would arise based
RzSn——»st( R, on our previously mentioned calculation results: (i) Is the
H R activation of the G-H and H-H bonds without the lone pair
[ /Pd_H electron other than the €H and N-H bonds with the lone
R'» pair electron also heterolytic? (ii) Does the Pd fragment with

Figure 1. Activation of the water G-H bond at the P&Sn bond of the the phosphine ligands rotate during the activation of the other

(R'2PGH4PR2)P=SnR: complex (path i) and at the Sn of the free spR @ bonds of G=C and G=0 with the lone pair electron? Are
which is followed by the SrH activation at the Pd of the (BPGHa- these reactions homolytic or heterolytic? (iii) What is the essen-

PR3)Pd fragment to form the (BPGH4PR)Pd(H)Sn(OH)R complex tial role of the Sn and P ligands in the heterolytic and homolytic
(path ). activation? In concrete terms, how do these ligands control the
Scheme 1 reaction with or without rotation of the (RRPd group? The
== == /fj problems for the activation mechanism which is closely cor-
Pd N,

P\ ! ' ~

P p g gt Paesny —

/Pd€Sn-€,, = ¢ Ppa=sng = L Lshy = /
P { P P

8Gsn' 10Gsn' TS4Gsn' 9Gsn'

' related with the function of the ligand still remain unclear.

In the present study, to shed light on the issue with general
interest for the type of andxr bond cleavage, i.e., homolytic
or heterolytic, that would be controlled by the ligand in the
present case, the mechanism of the activation ofotleend

lexes (PR),Pd and (RPGH4PR)Pd (R= Me, i-Pr, t-Bu).” . .
B (PR) (RPGHIPRIP ( ) bonds at the P&X (X = Sn, Si, C) bonds was theoretically

In a previous paper, we theoretically clarified by using the | : . . . "
density functional method that in the first process of the investigated using the density functional method (B3LYP) with

formation of the 1,2-metallastannete intermediate, ;fFFRI- the model complexes @RGH4PH)Pd=XH; having a chelate
(CH=CH)SnR; (M-Sn), the activation of the ethyne=€C & phosphine ligand. The typical simple moleculegHCH,, and

bond at the P=Sn bond takes place after the formation of the Hz_we_re adopted_ for the ©H, C—H, _a”‘?' H-H o b0|_1d
stannylene complex (RRPA=SnR..% Here, the reaction has a activation, respectively. For thebond activation, the two kinds
peculiar activation process with a stepwise motion of the of double bonds, the €C of CH4 and the &=0 of HCHO,

phosphine ligands coordinated to the Pd atom as illustrated in\Were chosen in addition to the=eC of Csz..The act.ivation at
Scheme 1. the Pa=X bonds was also compared with the independent

The cleavage of the ethyne=C x bond starts by the activation at X of the free Xkand at Pd of the (WPCHa-

coordination of the &C x bond to the Sn atom and is PH,)Pd fragment. Following the explanation of the calculation
successfully attained by the rotation of the gRRd group method in section 23 bond activation is discussed in the next

around the PgSn axis which promotes the orbital interactions three supsegtmng: <H pond activation in secuon' 31{H
between the PdSn and ethyne. When the electronic configu- bont_j activation in sectlon_3.2_, and-HH bond activation in
ration of the Pe=X bond is changed by the replacement of the _sect_lon 3.3. Ther bqnd activation of ‘?C'_ Cc=C, an_d C=O

Sn atom by the C atom, the activation has a completely different is discussed in section 3.4. The conclusions are listed in sec-
mechanism starting with the coordination of the ethyne not to tion

the Sn atom but to the Pd atdin.

o L . 2. Computational Details
For the G-H bond activation, the reaction is not accompanied

by the rotation of the (P§.Pd group observed in the=eC = All calculations were performed using the Gaussian98 progfam.
bond activation as presented®oy The calculations of the energetics as well as the geometry optimizations

were carried out at the B3LYP level of theory, which consists of a

H-0y 5 -5 hybrid Becke+ Hartree-Fock exchange and Leerang—Parr cor-
R / R H--O=H H  O-=H relation functional with nonlocal correctiod5.The basis set used
O\ ‘ P\P/d_Sn/_, (hereinafter referred to as basis set I) is the 6-31G** level for the H,
Pd=Sn., =  Pd=Sn.., = oy : :

/ N / » C, O, and Si atoms of water, methane, dihydrogen, ethyne, ethene,
P\A P P formaldehyde, stannylene, silylene, and carbene molecules, the 6-31G

level for the C and H atoms, and the 6-31G* level for the P atom of

After the coordination of the D oxygen to the Sn atom, the

_ i i i (10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
O—H bond is heterOIytlca”y broken and the hydrern IS A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

transferred to the Pd atom as a proton. The activation mechanism  R.E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

i iti i e=hd K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
IS sensmvely affected by the propertles O,f th bond as R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
well; at the Pe=C bond, not the heterolytic cleavage but the Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,

homolytic cleavage takes place without the coordination of the

(7) (a) Krause, J.; Pluta, C.;'Bzhke, K.-R.; Goddard, R. Chem. Soc., Chem. C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Commun1993 1254. (b) Krause, J.; Haack, K.-J.;Bohke, K.-R.; Gabor, Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
B.; Goddard, R.; Pluta, C.; Seevogel, K. Am. Chem. Sod996 118 Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98 Gaussian, Inc.:
804. Pittsburgh, PA, 1998.

(8) Sahnoun, R.; Matsubara, T.; YamabeOrganometallic200Q 19, 5661. (11) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b) Becke,

(9) Matsubara, TOrganometallics2001, 20, 1462. D. J. Chem. Phys1993 98, 5648.
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P oH

Figure 2. B3LYP/l-optimized structures (in A and deg) of the reactdits
the intermediate§A, transition state3 S3A, and the product3A for the
activation of the water ©H bond at the Pg&X (X = Sn, Si, C) bonds of
the (HLPGH4PH;)Pd=XH, complexes5 and the free molecules. The
imaginary frequencies (cm) for the transition state§S3A are presented
together.

the spectator ligand #GHsPH,. For Pd, the triple; (5s,6p,4d,1f)/
[3s,3p,3d,1f] augmented by an additional single set of f orbitals with
an exponent of 1.472and the effective core potential (ECP) determined
by Hay—Wadt2 to replace the core electrons except for the 18 electrons

in the valence shell were used, and for Sn, the (3s,3p)/[2s,2p] basis

functions with a 5d polarization function with an exponent of 01483
and the Hay-Wadt ECP® to replace the core electrons except for the
4 valence electrons were used.

All equilibrium structures and transitions states were optimized
without any symmetry restrictions, and were identified by the number
of imaginary frequencies calculated from the analytical Hessian matrix.
The reaction coordinates were followed from the transition state to the
reactant and the product by the intrinsic reaction coordinate (IRC)
techniquée'® The important structures on the reaction coordinates are

arbitrarily selected to know the reaction processes and are displayed
together with the potential energy surfaces of the reactions. The energies

in the solvent were also calculated by the polarized-continuum-model
(PCM) approximatio#f for the B3LYP/I-optimized equilibrium and
transition state structures in the reaction systemsP@H.PH,)-
Pd=SnH, + H,O (Figure 3) and SnH+ H,O (Figure 4) at the
PCM-B3LYP/I level using tetrahydrofuran (THF) with dielectric
constant = 7.58 and water with dielectric constant= 78.39, which

AE (kcal/mol)

Reaction coordinate

Figure 3. B3LYP/I potential energy surfaces (in kcal/mol) of the activation
of the water G-H bond at the P&X (X = Sn, Si, C) bonds of the
(H2PGH4PH,)Pd=XH; complexes. The boldface, normal, and dotted lines
are for X= Sn, Si, C, respectively. The energies relativésoare presented
(the numbers in the parentheses are the energies relative to the réctant
in each reaction). For X Sn, the energies in the solvent, THF= 7.58)

and water § = 78.39), at the PCM-B3LYP/I level are also given in italic
type and boldface, respectively. The structures (in A and deg) at points a
on the reaction coordinates are displayed together.

AE (kcal/mol)

2Xsn

TS1Xsn

Reaction coordinate

Figure 4. B3LYP/I potential energy surfaces (in kcal/mol) of the activation

were experimentally used. The electronic structure of the stannylene of the water G-H bond (dotted line), methane-& bond (bold line), and

5sn, silylene5si, and carben&c complexes (Table 1) and the molecular
orbital interaction were examined by NBO and molecular orbital

analyses. For the atomic charge and the charge of the molecule in the;

text, the Mulliken charge is presented unless otherwise indicated.
For the activation at the PeX bonds, the calculated energies relative
to the free molecules and the fMGH4PH,)Pd=SnH, complex5sn

the H, H—H bond (normal line) on the free stannylene, together with the
optimized structures (in A and deg) of the intermedidtésn, the transition
statesTS1Xsn, and the product2Xsnand the imaginary frequencies (cH

for TS1Xsnat the B3LYP/I level. The energies relative to the free molecules
are presented (the numbers in the parentheses are the energies relative to
the reactaniXsnin each reaction). For X A, the energies in the solvent,

THF (e = 7.58) and waterg= 78.39), at the PCM-B3LYP/I level are also

are shown. In the other cases, the energies presented are relative to th@iven in italic type and boldface, respectively. The structures at points a

free molecules and the (AGH4PH,)Pd fragment. The labels for the

(12) Ehlers, A. W.; Bbme, M.; Dapprich, S.; Gobbi, A.; Hievarth, A.; Jonas,
V.; Kéhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking,Ghem. Phys.
Lett. 1993 208 111.

(13) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

(14) Huzinaga, SPhysical Sciences Data 16, Gaussian Basis Sets for Molecular
Calculations Elsevier: Amsterdam, 1984.

(15) Wadt, W. R.; Hay, P. J. Chem. Phys1985 82, 284.

(16) Fukui, K.; Kato, S.; Fujimoto, HJ. Am. Chem. Sod.975 97, 1.

(17) (a) Cossi, M.; Barone, V.; Cammi, R.; TomasiChem. Phys. Letl.996
255 327. (b) Fortunelli, A.; Tomasi, ZThem. Phys. Lettl994 231, 34.
(c) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027. (d) Floris, F.;
Tomasi, JJ. Comput. Chenil989 10, 616. (e) Pascual-Ahuir, J. L.; Silla,
E.; Tomasi, J.; Bonaccorsi, R. J. Comput. Chem1987, 8, 778. (f)
Mieritus, S.; Tomasi, JJ. Chem. Phys1982 65, 239. (g) Mieritus, S.;
Scrocco, E.; Tomasi, J. Chem. Phys1981, 55, 117.

and b on the reaction coordinates are displayed together. The top views are
presented for some structures.

structuresA—G for the substrates 0, CH,, H;, C(OH)Hs, C;Hq,
HCHO, and GH,, andsn, si, andc for the ligands, X= Sn, Si, C, are
used, respectively.

3. Results and Discussion

3.1. O—H Bond Activation. Although reported in a previous
paper, the water ©H bond activation at the PeX (X = Sn,
Si, C) bonds of the model complexes, @#Pd=XH,, the
reactantsb, intermediatest, transition statesIS3, and the
products7 were recalculated using the {PIGH,PH;)Pd=XH,

J. AM. CHEM. SOC. = VOL. 124, NO. 4, 2002 681
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Table 1. NBO Analysis of the (H2PCzHsPH2)Pd=XH: (X = Sn, Si, from the Pd ¢ orbital to the unoccupied Sn p orbital to localize
C) Complexes 5 at the B3LYP/I Level the electron on the Pdrdorbital. Thereby, the PdSn bond in
Pd-X bond AO occupation 6Asn is stretched by 0.053 A compared with thatSsn The
occup % Pd %s  %p %d Pddr)  X(pm) Pd—P2 distance is also affected by the coordinate® khrough
5sn o 191 182 977 03 20 1.77 0.34 the dr—ps orbital and is longer by 0.045 A than the PE1

. T i.gz ?g.g gg.g (CJ).g 102.2 73 041 distance. The positive charge of the®ihydrogen is increased

si' g 196 177 932 02 66 158 0.63 up to' 7L0.349 e {+0.306 e in the free th) in 6Asn. In the

- 198 775 00 02 998 transition statéf S3Asn, the O-Sn bond is nearly formed and

the nucleophile Pd extracts the positively charge® Hydrogen

) o as a proton. The process of heterolytic cleavage of théHO
complexes having the chelate phosphine ligand and are presenteglong is well reflected by the molecular motion along the reaction
in Figure 2. The electronic character of thesXibonds, which  ¢cqordinate from the intermediaté#sn to the transition state
significantly affects the activation mechanism, is determined TS3Asnthrough point a (Figure 3), which is not synchronous;
by two kinds of orbital interaqtions by thg charge transfer ihe coordination of the hydroxyl group of water as OBind
between the Pd and X atoms, i.e., tnelonation of the lone  {he enhancement of the nucleophilicity of the Pd is the first
pair electron of the X atom to the hybridized & sp orbital of process, and in the second process, the proton migrates from
the_Pd atom and the back-donation f_rom thg occupiedrd the HO oxygen to the Pd atom, where Pd(0) is oxidized to
orbital of the Pd atom to the unoccupied prbital of the X Pd(l). The O-Sn distance is already reduced to 2.258 A at
atom: point a although the ©H bond distance of the water is only
stretched 6.4% compared with thatdAsn. On the other hand,

C@Q*@ i’ the Pd-Sn distance is elongated to 2.623 A to become a single
I,
dr pn

bond. As shown by the large-HPd—Sn angle of 148.% the
do+sp lone pair H,PGH4PH, ligand rotates counterclockwise around the Pd
donation back-donation atom on the PPd—P plane keeping the bite angle of°8in
) ) ) ) order to locate one of the electron donative phosphines trans to
The unoccupied »p orbital of the X atom interacts with the o proton. The ©Sn—Pd angle is reduced to 76,9nd the
occupied ¢ orbital of the Pg atom enhanced by the small \5ter hydrogen approaches the Pd. The positive charge of the
P—M—P bite angle of 8387° *®so that the HSn—H plane is water hydrogen is increased-t@.384 e, and the amount 0.245
perpendicular to the PM—P plane as shown in the reactants o \\as calculated to be transferred from the SAH,

5. As shown in Table 1, the natural orbital population for the counterpart to thexdorbital of the Pd along the HO—Sn—Pd
dr orbital of the Pd atom decreased in the orderS8i > C, linkage.

e e o e of e X 1 SHECRLE i th procuc?As,th o igandends o bridg over
. the Pa-Sn bond, and, thereby, the PB2 distance is shorter

C> Si> Sn. .
o MDD : by 0.062 A than the PdP1 distance because the electron
This is reflected by the parameteiP—M =P in 5 with the donation from the P2 to the Pd is promoted due to the

order Sn> Si > C even with the chelate ligand. The NBO L o
results presented in Table 1 also indicate that theXd bond gil?zgli';r?“on of the electron on the hydrido into the-fit-

is more polarized for X= Sn than for X= C. However, in i ] ]
fact, for X = Si, the Pd ¢ electron was a lone pair electron. ~ EVen if the Sn atom is replaced by the Si atom, the same
The negative charge of the %Hounterpart was much larger ~Mechanism of the heterolytic cleavage of the wates-Cbond
for CH, (—0.147 €) than for Sni{—0.054 €) and Sibl(—0.041 is not. (?hanged. The §tructura| features of .the |nt_errne6|aat
e), in accordance with the fact that the electronegativity increasestransition statdf S3Asi, and the productAsi are similar to the
with the order C (2.55F Sn (1.96)> Si (1.90)1 case of X= Sn, althoughrS3Asiis more reactant-like. I6Asi,
During activation of the water ©H bond at the P&X bond however, the p orbital of Si slightly inclines with the somewhat
of the (FbPGH4PHy)Pd=XH, complex to produce the product larger O-Sn— Pq angle qf 1014 avoiding ther back-donation
7, there is no significant change in the geometric feature and in from the occupied  orbital of the Pd to interact more strongly
the shape of the potential energy surface compared with theWith the orbital of the lone pair electron of the®l oxygen.
case of the (Pkj,Pd=XH, complexes. The strong electron In the case of X= C, the water G-H bond activation
donor oxygen of water first coordinates to the Sn with theSD becomes homolytic. The more localizadelectron on the p
distance of 2.408 A by the electron donation of the lone pair orbital of the C (see above) does not allow thgdrbxygen to
electron of the oxygen to the unoccupied p orbital of the Sn to coordinate to the C atom by the donation of the lone pair
produce the intermedia®Asn, as presented in Figure 2. The electron to the p orbital of the C atom &Ac. Therefore, the
Pd—X—0O angle is somewhat smaller because steric stressH>O hydrogen, which has a positive charge, bridges the electron-
between the (BPGH4PH)Pd and X(HO)H, moieties is rich P=C by a weak electrostatic interaction. Here, it is worth
reduced due to the small bite angle of thgPE,H,PH, chelate noting that the PeP2 distance is shortened because the electron
ligand compared with the case of the @#Pd=XH, complexes. donation of the P2 to the Pd is enhanced to provide the electron
The donation of the lone pair electron of the@Hoxygen to for this electrostatic interaction through the FR2d—H(H20)
the unoccupied p orbital of Sn depresses the electron donationlinkage. Without the coordination of the,8 oxygen to the C
: atom, the G-H bond bridges the PdC bond in the transition
() galera, 90 Hoftmarn R0 A, Chem s0ag6a 08 2005, stateTS3Ac. As shown by the structure at point a, the electron
Emsley, J., Ed.; Oxford University Press: New York, 1991. back-donation from the p orbital of the C to the-8 o* orbital
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and then the donation from the-® o orbital to the dr orbital
of the Pd takes place to break the-8& bond as illustrated by

19 ok
?CDO<H @CiO<H
() Q2 Y
2 o Cry O
dn prn dn pr
donation back-donation

The hydrido H does not interact with the C atom in the product
7Ac, which is different from the case of % Sn, Si. The reaction
path found for CH (section 3.2) and K(section 3.3), where
the H,O oxygen coordinates to the Pd first, did not exist.

As presented in Figure 3, the water—@& bond activation
was exothermic for any PeX (X = Sn, Si, C) bonds of
(H.PGH4PH)Pd=XH,. All the intermediates, transition states,
and products are slightly more stable when compared with
(PHs),Pd=XH,,° although the features of the potential energy
surfaces are almost the same. The first process of thel O
bond breaking at the PeSn bond, the ©Sn bond formation,
requires the energy of 6.3 kcal/mol, which corresponds to about
half the energy barrier of 16.0 kcal/mol. In the case of)§Si,
the transition statd S3Asiis lower in energy than the reactant
5siin contrast to the cases of X Sn, C, and the energy barrier
is reduced to 8.8 kcal/mol due to the large exothermicity of the
reaction (43.4 kcal/mol). The energy barrier of 17.7 kcal/mol
for X = C is the largest among X Sn, Si, C, because the
transition statd S3Acis less stable than reactduby 8.7 kcal/
mol, which would originate from the homolytic mechanism. The
large amount of energy, i.e., 73% of the energy barrier, has to
be spent for the approach of the water B bond to the P&C

el |

m :‘

k5

Figure 5. B3LYP/l-optimized structures (in A and deg) of the intermediates

3, the transition state$S2, and the productd for the activation of the

water O-H bond, the methane €H bond, the H-H bond of the H
molecule, and the €H bond of C(OH)H at the Pd of the (bPGH4PH,)-

Pd fragment. Their energies relative to the free molecules and the imaginary
frequencies (cmb) for the transition state$S2 at the B3LYP/I level are

also presented together. The values in parentheses are the energies relative
to 3 in each reaction.

(2.141 A) and the long ©H (1.490 A) distances. Since the

bond, which is ascribed to the strong repulsion between the lonepositive charge of the ¥ hydrogen is already increased to

pair electron of the water oxygen and the localized electron on
the p orbital of the C atom.

the maximum 4-0.348 e) at point a, the energy of 10 kcal/mol
from point a to point b would be required for the structural

It has been experimentally reported that the free stannylenerearrangement mentioned above. The structure of the transition

itself indicates the activation activity for the water-® bond
as mentioned in the Introduction. By combination with the
Sn—H bond activation of the Sn(OH)Hat the Pd of the
(H.PGH4PH,)Pd, another path ii to produc#Asn presented
in Figure 1 can be constructed. To compare the energetic
preference with path i, path ii was also examined.

The HO similarly coordinates to the SpHby the donation
of the lone pair electron to the unoccupied p orbital of the SnH
The series of snapshots of the structures figksnto TS1Asn
on the reaction coordinate indicates the stepwise structural
change climbs the energy mountain as presented in Figure 4
The coordinated kD pivots to direct one of the hydrogens

stateTS1Asn largely deformed from the Sghybridized tetra-
hedron is considered to be the main reason for the large energy
barrier of 41.8 kcal/mol.

The second step of path ii in Figure 1, the-Sth oxidative
addition of the Sn(OH)glto the (HPGH4PH,)Pd fragment to
form 7Asn, was downhill without the energy barrier, which
indicates that the first step of the-® activation by the free
SnH; is rate-determining. Judging from the energy barrier, it is
obvious that path i is much more facile than path ii, which is
consistent with the experimental restithis calculation result

did not change even if the solvent effect is taken into account.

As shown in Figures 3 and 4, both the THF solvent and water

toward the lone pair electron on the Sn breaking the electrostaticexperimentally used did not significantly affect the potential

interaction between the positively chargegCHhydrogen and
the negatively charged SaHhydrogen (point a). The ©Sn
distance is shortened to 2.301 A, and the lone pair electron of
the HO oxygen is directed toward the negatively charged SnH

energy surfaces.

The energy barrier for the well-known activation in the
homolytic manner at the Pd of the {PIGH,PH,)Pd fragment
was calculated to be 32.2 kcal/mol for the wateri®bond as

hydrogens at point b. Thereby, the two hydrogens attached topresented in Figure 5, which is 2 times larger than that for the

the Sn move away from the @ by the repulsive interaction
between them. The orbital of the lone pair electron of the SnH
moves up to attract the positively chargedCHhydrogen so
that the Sr-H(H,0) distance is shortened to 2.066 A. In the
transition statefS1Asn, the OH" coordination and the proton
migration to the lone pair electron of the Splis almost
completed as shown by the short-91 (1.779 A) and SO

heterolytic activation at the PeSn bond. Although in the
starting complex3A the HO oxygen coordinates to the Pd by
the donation of its lone pair electron to the Pd, the oxygen
coordination is first broken and the-@H activation homolyti-
cally occurs in the PPd—P plane by electron donation from
the O—H o orbital to the Pd d + sp orbital and ther back-
donation from the Pdad orbital to the G-H o* orbital in the
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1A, the transition state¥S1A, and the product2A for the activation of
the water G-H bond on the free silylene and carbene, together with their
energies relative to the free molecules and the imaginary frequencied) (cm
for the transition state3S1A at the B3LYP/I level. The values in the
parentheses are the energies relativéAoin each reaction.

transition statd S2A, where the lone pair electron on the oxygen
is out of the P-Pd—P plane. It should be noted that the charge
of the HO is negative £0.321 e) inTS2A due to the strong
electron back-donation from the Pd. Even though the energy is
compared with that of the free ® and the (HPGH4PH,)Pd
fragment, the transition stal€S2A is higher by 21.5 kcal/mol.
Thus, the heterolytic ©H bond activation at the P&Sn bond
requires the least energy of only 16.0 kcal/mol because of the
bifunction of the Pd and Sn atoms mentioned above.

The energy barrier for the water-@4 bond activation at the
X of the free XH was reduced to 23.0 kcal/mol for % Si
and to 0.5 kcal/mol in the case ofX C, since the exothermicity
largely increases (Figure 6). On the other hand, the oxidative
addition of the C-H bond of the C(OH)H 2Ac to the (H-
PGH4PH,)Pd fragment requires the large energy barrier of 29.1
kcal/mol (Figure 5), although that of the-SH bond of the Si-
(OH)H3 2Asi as well as that of the SrH bond of the Sn(OH)-

Hs 2Asn is downhill?2° That is, this indicates that the rate-
determining step of path ii is switched from the first step to the
second step in the case of=X C. However, in all the cases of
X = Sn, Si, C, path i is more facile than path ii.

3.2. C-H Bond Activation. The activation of the othew
bond without the lone pair electron, the-€l of CH, and the
H—H of Hy, is discussed in this and the next sections. The CH
molecule without the lone pair electron does not coordinate to
the Sn in6Bsnas shown by the long StH distance of 3.603
A (Figure 7). Starting fron6Bsn, the C-H bond of the CH
molecule first approaches the Sn in tffefashion at point a on
the potential energy surface (Figure 8).

Although the structural feature is similar to the case e®H

TS3Bsn
1239.3§

TS3Bct
1026.6/

Figure 7. B3LYP/l-optimized structures (in A and deg) of the intermediates
6B, the transition state$S3B, and the product3B for the activation of
the methane €H bond at the P&X (X = Sn, Si, C) bonds of the
(HoPGH4PHy)Pd=XH, complexes5. The imaginary frequencies (ci)

for the transition state$S3B are presented together.

T

AE (kcal/mol)

5x

7Bx

6Bx

Reaction coordinate

Figure 8. B3LYP/I potential energy surfaces (in kcal/mol) of the activation
of the methane €H bond at the P&X (X = Sn, Si, C) bonds of the
(H2PGH4PH,;)Pd=XH, complexes. The boldface, normal, and dotted lines
are for X= Sn, Si, C, respectively. The energies relativésoare presented
(the numbers in parentheses are the energies relative to the reactant
each reaction). The structures (in A and deg) at points a on the reaction
coordinates are displayed together.

(see the structure at point a on the potential energy surfaceH—C part. On the way from point a to the transition state

displayed in Figure 3), the distance of-Sn (2.793 A) is very
long. The CH interferes with the electrom back-donation from
the Pd dr to the Sn p orbital breaking into the interaction

TS3Bsn the C-H, whose axis is directed toward the nucleo-
phile Pd, is elongated and the electron for the-8ir-C bridge
is left for the C-Sn bonding. The €H hydrogen, thus, bridges

between these orbitals, which localizes the electron on the Pdthe C-Sn bond as a proton and is finally extracted by the

dr orbital to enhance the nucleophilicity of the Pd. Therefore,
the P-Pd—Sn angle is already enlarged to 142.and the
Pd—Sn distance is lengthened to 2.623 A, indicating the single
bond. As shown by the short+5n distance of 2.108 A, the
electron of the &H bond is incipiently delocalized in the Sn

(20) It has been theoretically indicated so far that thebbond activation is
much easier than the-€H bond activation; for example, see: Koga, N.;
Morokuma, K.J. Am. Chem. S0d.993 115 6883.
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occupied d orbital of the Pd. In the produ@Bsn, the hydrido
ligand tends to bridge the P&n bond, which is similar to the
case of HO.

The reactant, which corresponds@Bsn for X = Sn, was
not found as an equilibrium structure in the case of)Si. In
the transition statd S3Bsi the CH, hydrogen as a proton is
more strongly attracted by the electronegative Si atom so that
the Si-C axis inclines away from the Pd.
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In the case of X= C, the CH hydrogen has an electrostatic
interaction with the localized electron on the p orbital of the
C atom in6Bcl Starting from6Bc1, the CH, hydrogen migrates

40.7 kcal/mol, most of the energy being used for the deformation
of the (LPGH4PH,)Pd=CH, structure (see the structure and
the energy at point a).

as a proton not to the Pd atom but to the C atom passing through The methane €H bond activation on the free SakHilso

point a, where the PPd—C angle becomes large to enhance

has the heterolytic mechanism (Figure 4). The methane weakly

the localization of ther electron on the p orbital of the C atom.
The positive charge of the GHhydrogen increases t©0.195

interacts with the stannylene by both electron donation from
the C-H o orbital to the unoccupied p orbital of the Sn and

e (+0.115 e in the free Ch at point a and up te-0.224 e in the electrostatic interaction of the positively charged methane
the transition statd@S3Bcl It should be noted here that the hydrogen with one of the negatively charged stannylene
CH, hydrogen belongs to the carbene carbon rather than to thehydrogens in the reactaritBsn At point a on the reaction
methane carbon iTS3Bcl and the other reaction, they® coordinate, the methane hydrogen is located just above the p
nucleophilic substitution, is already started; the nucleophilg CH orbital of Sn, and the electron of 0.107 e flows from the methane
carbon, which is mostly negatively charged by the bond C—H bond to the p orbital of the Sn to make the-Sn
alternation illustrated below, attacks the carbene carbon. TheH(methane) interaction stronger, which results in the bridge of

&

1
HTN

\Pd—C-q.,,,,
/SN

positive charge of the (#PGH4PH;)Pd fragment £0.134 €)
at point a becomes negative ¢.045 e) inTS3Bc], indicating
the electron flow from the Cldcarbon to the Pd via carbene
carbon during the initial stage of thg&substitution reaction.
The Pd-C bond distance of 2.099 A ifS3Bclis already
slightly longer than that irYAc, which is a single bond. After
passing through the transition stai&3Bcl the tetrahedron
configuration of the carbene carbon is inverted with the approach
of the methane carbon and the-Rd bond is broken to form
the producZBcl Here, the oxidation number of the Pd changes
from Il to 0 because the lone pair electron of the carbene is left
on the Pd. Thus, the CHhydrogen is extracted not by the Pd
atom but by the C atom which is the nucleophile.

Since the Pd d orbital is electron deficient in the case of X
= C, as one would expect, another path for the activation of
the methane €H bond, where methane first approaches not

the methane hydrogen over the-Sb. However, in the transition
stateTS1Bsn the methane is only slightly negatively charged
(—0.084 e), because the methane hydrogen migrates as a proton
toward the lone pair electron of the stannylene, leaving the
electron for the &Sn bonding. The Sn of the produgBsn
has a tetrahedral structure by the® spbital rearrangement,
which is similar to the case of the water-®l bond activation.
The energy barrier of 46.8 kcal/mol is as large as 42.7 kcal/
mol calculated for the activation at the #8n bond, which
indicates that the combination of theP8n does not effectively
function for the methane€H activation. This sharply contrasts
with the case of KO. On the other hand, the classical homolytic
cleavage of the methane-® bond at the Pd of the (#PG,H4-
PH,)Pd fragment requires only half the energy barrier (24.1 kcal/
mol) as presented in Figure 5. Upon comparison between the
water O-H and the methane €H bond activation, it is quite
interesting that the energy barrier is larger for the watetHO
bond than for the methane-& bond in the homolytic cleavage
on the independent @RGH4PH,)Pd fragment, while it is much
smaller for the water ©H bond than for the methane-¢H
bond in the hetetrolytic cleavage at thes?sh bond. Thus, the
water O-H and the methane-€H bonds prefer the heterolytic
ctivation at the P&Sn bond and the homolytic activation on

the carbene carbon but the Pd atom, was found. As presente he (HPGHPH,)Pd fragment, respectively

in Figure 7, the incoming ClHweakly coordinates to the Pd in
the reactanb6Bc2, and slides into the PPd—P plane at the
transition stat&f' S3Bc2to transfer the hydrogen as a proton to
the carbene carbon with the lone pair electron on the p orbital
received from the Pdsdorbital. The positive charge of the GH
hydrogen is enhanced t60.247 e during the first stage of the
CH, migration into the P-Pd—P plane without the €H bond
breaking (point a in Figure 8). The-€H o electron is localized

on the negatively charged GHarbon and is donated to the
unoccupied Pda orbital. Both the C-Pd bond formation and

the proton transfer to the carbene carbon synchronously take

place during the second stage. It would be interesting that a
similar reaction path was not found for the waterB bond
activation.

The potential energy surfaces of the methaneHCbond
activation at the PekX bonds are presented together in Figure
8. The reaction is energetically almost neutral for=XSn and
requires the large energy barrier of 42.5 kcal/mol. Although
the reaction becomes 17.5 kcal/mol exothermic when the atom
X is Si, the energy barrier is still large (31.5 kcal/mol). The
energy barrier for the reaction with X C where ethane is
finally produced was reduced to 22.5 kcal/mol. However,
another reaction with X= C needs the large energy barrier of

3.3. H—H Bond Activation. The activation of the HH ¢
bond of the H molecule has a mechanism similar to the case
of the C-H o bond of CH,. For X = Sn, the H molecule
weakly coordinates to the Sn atom by the side-on mode via the
electron donation from the 4t orbital to the unoccupied Sn p
orbital in the reactan6Csn as presented in Figure 9.

The coordinated b molecule approaches the Sn atom by
keepingn? coordination, which localizes the electron contribut-
ing the = back-donation from the Pdadorbital to the Sn p
orbital on the Pd d orbital. It was found that the amount of
0.095 e is transferred from thexdoordinated Snkito the Pd
dr orbital through the orbital interaction between the Pd d
and the Sn p orbitals. Thezthclines toward the Pdsdorbital
without rotation of the (HPGH4PH,)Pd group (see section 3.4
for the rotation), breaking into the orbital interaction between
the Pd dr and the Sn p, the PdSn bond is stretched to 2.676
A, and the P-Pd—Sn angle is increased to 1458 point a on
the reaction coordinate (see Figure 10). Passing through the

(21) It is worth noting that the energy barrier for the activation of the water
O—H bond at the PgSn bond (16.0 kcal/mol) is smaller than that for the
activation of the methane-€H bond at the Pd of the free fAGHPH,)-

Pd fragment (24.1 kcal/mol), although the bond energy of the wated O
(118 kcal/mol) is larger than that of the methane k(103 kcal/mol).

J. AM. CHEM. SOC. = VOL. 124, NO. 4, 2002 685



ARTICLES Matsubara and Hirao

H2 molecule to the Si via the electron donation from thehH
o orbital to the Si p orbital, the character of the Si atom, which
strongly binds the H atom, is obviously reflected by the short
Si—H distances of 1.628 and 1.709 A, despite the early transition
state with the short HH (1.018 A) and the long PeH (2.183
A) distances.

In the case of X= C, there exist two paths for the heterolytic

activation of the H-H bond, which is similar to the case of

T83Csi CHg; one produces the methane-coordinated comp@xl via
v ) . the transition statd S3Cc1 starting from6Ccl and another

5% Ts3csn
1099.6/

produces the methylhydrido complex7Cc2via the transition
stateTS3Cc2starting from6Cc2 (Figure 9). The Hmolecule

first approaches by the end-on mode to the C atom in the former
and to the Pd atom in the latter. In both paths, the enlargement
of the P-Pd—C angle, which promotes the localization of the
7 electron on te C p orbital, induces the reaction (see the
structures at points a on the reaction coordinates in Figure 10).
In the transition statdS3Ccl, the H-H bond is only 16%
stretched although the-HC distance of 1.364 A is short. The

H, which is extracted as a proton by the C atom, has the positive

Figure 9. B3LYP/l-optimized structures (in A and deg) of the intermediates

6C, the transition state$S3C, and the product3C for the H-H bond charge of+0.141 e. Another H, which is negatively F:hgrged,
activation of the K molecule at the PaX (X = Sn, Si, C) bonds of the attacks the carbene carbon as antbistart the §2 substitution
(H2PCGH4PH)Pd=XH complexes5. The imaginary frequencies (ct) at the carbene carbon as shown by the already sheiti C
for the transition state3S3C are presented together. distance of 1.789 A. The heterolytic cleavage of theHibond

and the {2 substitution, in fact, simultaneously proceed to form
methane. On the other hand, in the transition s&E88Cc2
the H, molecule slides into the-PPd—C plane. The H extracted
as a proton by the C atom has the positive charge@fL56 e,
and the electron in the HH o orbital is localized on another
H atom which coordinates to the Pd as an by the electron
donation to the unoccupied Pd d orbital.

Compared with the case of GHas presented in Figure 10,
the energy barrier for the heterolytic cleavage of theHHbond
at the Pe=X bonds are much smaller for each case of)Sn,
Si, C due to the large exothermicity of the reaction, the trend
in energy barrier, & Sn > Si, being the same.

In the well-known homolytic cleavage of the-HH bond at
the Pd of the (HPGH4PH,)Pd fragment, a further smaller
energy of only 6.9 kcal/mol is needed (see Figure 5). In contrast,
the heterolytic activation of the HH bond at the Sn of the
Reaction coordinate free Snk to form SnH, where the H coordinates to the

) . ) unoccupied Sn p orbital and thetHnigrates to the lone pair
Figure 10. B3LYP/I potential energy surfaces (in kcal/mol) of the-H . .
bond activation of the bimolecule at the PeX (X = Sn, Si, C) bonds of electron of the SnH requires the large energy barrier of 31.0
the (HPGH4PHy)Pd=XH complexes. The boldface, normal, and dotted ~ kcal/mol (see Figure 4).

lines are for X= Sn, Si, C, respectively. The energies relativéssm are 3.4. C=C. C=C. and C=0 Bond Activation. We have
presented (the numbers in parentheses are the energies relative to the reactant "~ ’ ’ '

5xin each reaction). The structures (in A and deg) at points a on the reaction 'ePOrted in a previous paper.that. the first process of the catalytic
coordinates are displayed together. cycle of the stannole formation is the activation of th#l&r

bond at the P&Sn bond of (PH),Pd=SnH, to produce the
transition statd S3Csn where the H on the Pd side is positively  1,2-palladastannete compl&Xhe reason this reaction smoothly
charged 40.043 e) and another H is negatively charge@.086 proceeds was ascribed to the peculiar behavior of the phosphine
e), the heterolytic cleavage of theHH bond takes place to  ligand as mentioned in the Introduction. In this section, the
form the produc#Csn the H' is extracted by the nucleophile  activation of thexr bond of ethyne, ethene, and formaldehyde
Pd and the H is left on the Sn electrophile. at the Pe=Sn bond is discussed.

Even though the X atom is Si, the activation of the-H As shown by the activation of the ethyne=C x bond at
bond proceeds by the same heterolytic mechanism. However,the Pe=Sn bond of the (PkJ,Pd=SnH, complex (see Scheme
the reactant with the Hcoordinated to the Si atom was not 1), after the coordination of the ethyne=C r bond to the Sn
found as an equilibrium structure, due to the extremely weak atom in then? fashion 8Gsn), the (PH).Pd group rotates
interaction of the K molecule with the Si atom. Since the around the PdSn axis by 90 (10Gsn). Here, the;? interaction
electron on the p orbital of the Si is transferred back to the Pd of the G=C & bond with the Sn by the electron donation from
dr orbital in the transition stat€S3Csiby the approach of the  the G=C x orbital to the p orbital of the Sn is strengthened,

144 o TEIY
2208 (282

AE (kcal/mol)

5x 6Cx TS3Cx 7Cx
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AE (kcal/mol)

5sh 8Xsn TS4Xsn 9Xsn

Reaction coordinate

Figure 11. B3LYP/I potential energy surfaces (in kcal/mol) of the activation
of the ethyne &C (dotted lineJ and the ethene-€C (bold line)zr bonds
at the Pe&=Sn bond of the (RBPGH4PH,)Pd=SnH, complex 5sn The

structures (in A and deg) at points a and b on the reaction coordinates are

displayed together.

because the back-donation from thesdorbital of the Pd atom

to the p orbital of the Sn atom is remarkably reduced by this
rotation. In addition, the electron donation from the Rcbabital

to the ethyne &C x* orbital is enhanced in the transition state
(TS4Gsri) as presented below. After passing through the
transition state, the (PHpPd rotates back to form the 1,2-
palladastannete compleGsri). Thus, the merit of the rotation
of the (PH).Pd group is that both the electron donation in
10GsHr and back-donation iTS4Gsri to break the &C
bond are strengthened.

Hn

'
D 0
a. b
dn pr dn pm
donation back-donation

When the chelate ligand,,RGH4PH,, is used instead of the
(PHa)2, the structurelOGsni as an equilibrium structure disap-

[ree ethene

Y.

free formaidehyde

TS4Fsn2
105.3/

Figure 12. B3LYP/l-optimized structures (in A and deg) of the intermedi-
ates8, the transition stateES4, and the product8 for the activation of the
ethene GC and the formaldehyde=€0 x bonds at the P&Sn bond of
the (LPGH4PH)Pd=SnH, complex 5sn and the free molecules. The
imaginary frequencies (cm) for the transition state$S4 are presented
together. The top view is also displayed @#sn TS4Fsnl andTS4Fsn2

the Pd-Sn axis becomes easier. The rotation of theRE&Hs-
PH,)Pd group by 90strengthens the coordination of the ethene
to the Sn as shown by the S&(ethene) distances at point a
on the reaction coordinate (Figure 11), which is shorter than
those in8Esn On the other hand, the P&n bond is further
weakened, indicating a single bond (2.674 A). The structure at
point a does not exist as an equilibrium structure, which is
similar to the case of ethyne. The orientation of the coordinated
ethene somewhat deviates from thef&h axis, avoiding the
repulsion between the hydrogens of the ethene and the.SnH
The electron back-donation from ther @rbital perpendicular

to the P-Pd—P plane to the ethene* orbital occurs at point

a to break the ethene bond (see the orbital picture presented
above). In the transition stalES4Esn the further rotation of
the (HLPGH4PH,)Pd group around the PdBn axis to form

pears. However, it was found that the reaction undergoes agggp, already significantly proceeds due to the late transition

similar structure at point a on the reaction coordinate between

8Gsn and TS4Gsn as presented in Figure 11. The energy
required for the structural rearrangement fr@&®sn to the
structure at point a was only 5.7 kcal/mol. After passing through
the transition statd S4Gsn the Pd-C and Sa-C bonds are
first formed at point b and then the {PGHsPH,)Pd group
rotates back?

The activation of the ethene=€C & bond also follows the
same stepwise reaction with the rotation of theRBH4PH,)-
Pd group. The ethene=€C r bond coordinates to the Sn atom
by the 2 mode in 8Esn as presented in Figure 12 by the
donation of theswr electron to the p orbital of the Sn. This
coordination is much weaker than the coordination of th@H
oxygen, and the ethene inclines away from the Pd. Since the
back-donation from the Pdndorbital to the Sn p orbital is
weakened by this coordination, the P8in bond is stretched
by 0.04 A and the rotation of the §RGH4PH,)Pd group around

(22) The change in the distances of the-f&and Sr-C bonds from the
transition stateTS4Gsn (TS) to the product9Gsn (P) through point b
gn) are as follows: the PéC bond, 2.214 A (TS)y~ 2.064 A (b)— 2.075

(P); the Sr-C bond, 2.533 A (TS)~ 2.118 A (b)— 2.111 A (P).

state. One will notice here that the rotation of theRBH,-
PH,)Pd group and the formation of the P& and Sr-C bonds
synchronously occur, which is different from that of ethyne. In
9Esn, the square of the PeSn—C—C is not planar due to the
twist of the activated ethene (see top view) because the activated
ethene (ethane) takes the energetically favorable staggered
conformation by the sporbital hybridization.

The energy barrier of the reaction (12.9 kcal/mol) is larger
than that for the ethyne=eC & bond activation (8.8 kcal/mol)
as displayed in Figure 11, because the reaction fé@sn to
9Esnis energetically almost neutral due to the destabilization
of the product9Esn A somewhat larger energy of 9.2 kcal/
mol out of 12.9 kcal/mol is spent for the rotation of the,{H
PGH4PH,)Pd group.

The activation of the €0 double bond with the lone pair
electron at the P&Sn bond was also examined using a simple
molecule, formaldehyde, giving the attention especially to the
behavior of the phosphine ligand. In the react8fsn the
incoming formaldehyde coordinates to the Sn by the donation
of the lone pair electron on the oxygen to the p orbital of the
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Sn with the O-Sn distance of 2.446 A, where the+€—H
plane of the formaldehyde is parallel to the-F8h—O plane
while the pr orbital of the G=0 is perpendicular. No other
structure with they>-C=0 coordination of formaldehyde to the
Sn atom was found. The HC—H plane of the coordinated
formaldehyde becomes perpendicular to the-Bd—0O plane
in the product9Fsn by its rotation with the formation of the
Pd—-C bond. It is of great interest that there are two pathways
to produce9Fsn starting from8Fsn One is accompanied by
the rotation of the (hPGH4PH,;)Pd group around the P&Sn
axis and another is not.

The coordination of the formaldehyde oxygen to the Sn
atom by the electron donation enlarges the polarization of the
C(+0)=0(—0) & bond, and simultaneously enhances the nu-
cleophilicity of the dr orbital of the Pd with the large-PPd—

Sn angle of 1414 The positive charge of the carbon of the
formaldehyde is increased t60.179 e ¢0.160 e for the free
formaldehyde) and the Pd&P bond distance becomes longer
when trans to the formaldehyde oxygen than when cis due to
the localization of the electron on therdrbital of the Pd on

the formaldehyde side by the electron flow along the@-
Sn—Pd linkage. In contrast, in ethene and ettfytiee Pd-P

AE (kcal/mol)

8Fsn

5sn TS4Fsn 9Fsn

Reaction coordinate

Figure 13. B3LYP/I potential energy surfaces (in kcal/mol) of the activation
of the C=0 x bond of formaldehyde at the Px6n bond of the (lPGHa-
PHy)Pd=SnH, complex5sn The structures (in A and deg) at points a, b,
and c on the reaction coordinate are displayed together.

bonds with the further rotation of the §AGH4PH,)Pd group
as presented in Figure 13.
Compared with the case of ethene, the intermeds&ien,

bond distance is shorter when trans to ethene or ethyne rathetnq transition statefS4Fsn2 and the producBFsn for the

than when cis due to the different activation mechanism. As
the reaction proceeds, the formaldehyde rotates to maketthe p
orbital of the G=0 parallel to the P-Pd—P plane, because the
O—Sn distance is shortened and then both the nucleophilicity
of the Pd dr and the electrophilicity of ther orbital of the
C=0 carbon are furthermore enhanced. The rotation of the
formaldehyde is completed by passing through the transition
stateT S4Fsnlwith the formation of both the P€C and Sr-O
bonds to form the produc®Fsn This activation reaction is
obviously heterolytic, and is not accompanied by the rotation
of the (LLPGH4PH,)Pd fragment around the P¢&n axis due
to two reasons: (i) the €0 oxygen can strongly coordinate
to the Sn atom without the rotation and (ii) the nucleophilicity
of the Pd dr is reduced by the rotation.

On the other hand, to reach another transition Sis#~sn2
not only the coordinated formaldehyde but also theRE&H,-
PH,)Pd fragment rotates. It should be noted that the-€d
distance is kept long, while the SI© distance is somewhat
shortened by the electron donation from the@ s orbital to

the Sn p orbital as presented below at point a on the reaction

coordinate (see Figure 13). In the transition sE®dFsn2 the

Tk

(3
dn pr dr pn
donation back-donation

Pd—C distance is shortened to 2.745 A by the electron back-
donation from the Pdad orbital to the G=O z* orbital. One

will notice here that this is homolytic<€€0 x bond activation
with the rotation of the (HPGH4PH,)Pd group around the Pd

Sn axis, which is similar to that of ethyne and ethene. The Pd
Sn—0—C plane is evidently twisted by the contribution of the
lone pair electron of the<€0 oxygen to stabilize the transition

homolytic G=0 x bond activation are stabilized by-3.0 kcal/
mol due to the contribution of the lone pair electron of the
C=0 oxygen in the interaction between formaldehyde and
(H.PGH4PH,)Pd=Sn. The energy of 7.3 kcal/mol, which corre-
sponds to 86% of the energy barrier, is needed to reach point a
with the rotation of the (HPGH4PH,)Pd group around the
Pd—Sn axis just before the=€0 x bond breaking. Although
both transition states[S4Fsnl1for the heterolytic activation
andTS4Fsn2for the homolytic activation, are lower in energy
than5sn the former was 1.1 kcal/mol more stable than the latter,
indicating that the heterolytic activation is more facile than the
homolytic one.

4. Concluding Remarks

The activation mechanism of the and & bonds at the
Pd=X (X = Sn, Si, C) bonds of the model §AGH,PH,)-
Pd=XH, complexes were theoretically investigated using a
density functional method (B3LYP). The reaction mechanism
significantly depends on the atom X, and the co-effect of the
Pd—Sn combination successfully makes the reaction facile.

The O-H bond of KO is heterolytically activated at the
Pd=X (X = Sn, Si) bonds without the rotation of the M5H4-
PH,)Pd group around the P¢5n axis, the energy barrier being
smaller for X= Si than for X= Sn. In contrast, at the PeC
bond, the activation homolytically proceeds, depending on the
electronic nature of the PeX bond. In all cases of X= Sn, Si,

C, the activated ©H hydrogen forms a bond not with the X
atom but with the Pd atom as the hydrido ligand. The mechanism
of the activation of the €H bond of CH, and the H-H bond

of H, at the Pe=X (X = Sn, Si, C) bonds were similar to each
other. The G-H and H-H bonds are heterolytically activated

in all cases, and the hydrogen is extracted as a proton by the
Pd atom in the case of X Sn, Si and by the C atom in the
case of X= C, since the nucleophile is switched between the
Pd and the X atoms depending on the atom X. It is quite

state, which is more strongly reflected on the structures at pointsinteresting that, for the ©H bond with the lone pair electron,

b and c during the formation process of the®and the SrO
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the energy barrier is smaller for the heterolytic activation at the
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Pd=Sn bond than for the well-known homolytic activation at the heterolytic one without the rotation of the fCH4PH,)-

the Pd of the (HPGH4PH,)Pd fragment; this trend is completely  Pd group as found for the water-® bond activation. That is,

reversed for the €EH and H-H bonds without the lone pair  this suggests that, during the homolytic activation ofrtheond,

electron. the rotation of the (HFPGH4PH,)Pd group is necessary. Thus,
Thez bond activation of the €C triple bond of ethyne and  the mechanism of the and z bond activation significantly

the C=C double bond of ethene at the ®8n bond is  gepends on both the substrate and atom X, and the ligands XH

accompanied by the rotation of the AHsPH)Pd group  and phosphine play an important role in the mechanism of the
around the PeSn axis to successfully complete the reaction. resent reaction.

The reaction is initiated by the coordination of théond via
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