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Abstract: Trans-metalation process in the palladium-catalyzed borylation of iodobenzene with diboron was
theoretically investigated with the DFT method. Palladium(ll) hydroxo phenyl complex, Pd(OH)(Ph)(PHs),
and the fluoro analogue easily undergo the trans-metalation with diboron, B,(eg). (eg = —OCH,CH,0-),
to afford Pd(Ph)(Beg)(PHs)(HO—Beg) and Pd(Ph)(Beg)(PHs)(F—Beg), respectively, where B,(eg), is adopted
as a model of bis(pinacolato)diboron used experimentally. The electron re-distribution in the trans-metalation
clearly indicates that the B—B bond scission occurs in a heterolytic manner. In the chloro analogue, PdCI-
(Ph)(PH3)2, however, the trans-metalation occurs in a homolytic manner with much difficulty, which is
consistent with the experimental result. The significant differences between the chloro complex and the
other hydroxo and fluoro complexes are easily interpreted in terms that hydroxo and fluoro ligands can
form strongly bonding interaction with Bx(eg). but the chloro ligand cannot.

Introduction Scheme 1

. . o Pd(0
Transition-metal catalyzed cross-coupling reaction is very ©

important in organic syntheses and organometallic chendistry, R Rz
because a variety of organic compounds can be synthesized (orR? B
through this reaction. For instance, newC bond formation

is successfully achieved through SuzuMiyaura coupling

reactior?8 Mizorogi-Heck coupling reactiofr,> and Stille-type

coupling reactiorf. All these reactions consist of oxidative

addition of aryl halide to a transition-metal complex, trans-

metalation between a metal-aryl complex and an organometallic R'—Pd(I)—R! R Pd(I)—X
compound, and reductive elimination, as shown by the mech- (or R*~PdAD—B )

anism in Scheme 1. Recently, a similar palladium-catalyzed
cross-coupling reaction of aryl halide with diboron was reported
by Ishiyama, Miyaura, and their collaboratdfsThis reaction
receives considerable attention because this is very useful to MX RIM
synthesize a variety of organic boron compounds which are
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‘ Department of Applied Chemistry and Biochemistry, Faculty of proposed mechanism of this reaction consists of the oxidative
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(1) Trost, B. M. InComprehensie Organometallic Chemistryvilkinson, G., addition of aryl halide to a palladium(0) complex, the trans-

Stone, F. G. A, Abel, E. W., Eds.; Pergamon Press. 1982; Vol. 8, 2457. metalation between a palladium(ll) aryl complex and diboron
(2) (a) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457. (b) Suzuki, AJ. P ( ) y P '

Organomet. Chem1999 576, 147. (c) Ishiyama, T.; Miyaura, NJ. and the reductive elimination. This reaction mechanism is
Organomet. Chen200Q 611, 392. i i i
(3) Criop. ©. T.Chem. Soc. Re 1998 27, 427. essentially the same as that of Scheme 1. A_ctually, an mt_erestlng
(4) Stanforth, S. PTetrahedron1998 54, 263. common feature was observed in Suztliyaura coupling
(5) Beletskaya, I. P.; Cheprakov, A. €hem. Re. 200Q 100, 3009. i i - _
(&) Amatore. C.. Jutand, Acc. Chem. Re2000 33, 314. reac'u_on and t_he recently rgportgd p_alladlur_n catalyzed cross
(7) Whitcombe, N. J.; Hii, K. K.; Gibson, S. Hetrahedror2001, 57, 7449. coupling reaction of aryl halide with diboron; in both reactions,

(8) For reviews; (a) Suzuki, AAcc. Chem. Red.982 15, 178. (b) Suzuki, A
Pure Appl. Chem1985 57, 1749. (c) Suzuki, APure Appl. Chem1991,
63, 419. (d) Suzuki, APure Appl. Chem1994 66, 213.

acceleration by basic condition was reporte# This accelera-

(9) For reviews; (a) Beletskaya, |. B. Organomet. Cheni983 250, 551. (10) (a) Ishiyama, T.; Murata, M.; Miyaura, N. Org. Chem1995 60, 7508.
b) Kosugi, M.; Migita, T.Yuki Gosei Kyokaist{Japanese)98Q 38, 1142, (b) Ishiyama, T.; Ahiko, T.; Miyaura, NTetrahedron Lett1996 6889.
Chem. Abst1981, 95, 81 044d. (c) Stille, J. KAngew. Chem., Int. Ed. (c) Ishiyama, T.; Itoh, Y.; Kitano, T.; Miyaura, Nletrahedron Lett1997,
Engl. 1986 25, 508. 3447. (d) Ahiko, T.; Ishiyama, T.; Miyaura, NChem. Lett1997 811.
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tion was experimentally interpreted in terms that substitution to elucidate what is an important factor to accelerate the trans-
of halide anion for Lewis base such as OAand OR occurred metalation, and to present useful prediction for further develop-
before the trans-metalation under the basic conditions to afford ment of this cross-coupling reaction.

palladium(O)-acetate ane-alkoxo complexes, respectively, and .

the trans-metalation easily proceeds in these compféxes. Computations and Models

However, no direct evidence has been presented yet. Geometries were optimized with the DFT method, where the B3LYP
Of the elementary processes involved in the catalytic cycle functional was used for exchange-correlation tét Transition states

of cross-coupling reaction, the oxidative addition and the were ascertained by performing frequency calculations and examining

reductive elimination have been well investigated theoreti- geometry changes that are going to occur in each specific imaginary

cally12=24 put the trans-metalation process has not been frequency (see Figures S54).

theoretically investigated yet, to our knowledge. In this regard,  Two kinds of basis set systems were used. The smaller system (BS

theoretical study should be performed to clarify the electronic !) was employed in geometry optimization. In this BE core electrons

process of the trans-metalation and to understand well the cross{UP 0 4f) of the Pd atom were replaced with effective core potentials

coupling reaction. (ECPs) and its valence electrons were represented with a (341/321/31)

. . . . . set® For P, Cl, and | atoms, (21/21/1) sets were used to represent

In this work, we theoretically investigated the trans-metalation :

. . . . their valence electrori$;*®> where their core electrons were replaced
process !nvolyed in the pglladmm-catalyzed borylation of aryl with ECPs. For B, O, and C atoms, 6-31G(d) sets were empl#yed,
halide with diboron, considering several reasons, as follows: ypereas the d polarization function was excluded from the basis set
(1) There remain many issues to be elucidated in the trans-for the C atoms of diboron and the boryl group. The better basis set
metalation, as mentioned above. And, (2) the reaction of system (BS-1l) was employed in evaluation of energy and population
transition-metal complexes with boryl compounds exhibits changes. In BSlII, a larger (541/541/211) s&t”was used for the Pd
interesting and characteristic features, which are different from atom with the same ECPs as those ofBSFor the B, O, and C atoms,
those of the reactions with hydride, alkyl, silyl groups, etc., 6-311G(d) sets were employ&iwhereas the d polarization function
because the boryl group has an emptyopbital perpendicular was exclu_ded from the C atoms of diboron and the boryl group. The
to the molecular plane unlike hydride, alkyl, and silyl groups, Same basis sets and ECPs as those of Bgere used for the Cl, P,
as has been experimentally and theoretically repépte Such and | atoms.

characteristic features of the boryl group are expected to play As will be ;hown below, the elementary process which invqlves
. . . adduct formation between the palladium complex and diboron will be
a key role in the trans-metalation, which would be one of the

. fth ful its of thi i compared with the process which involves dissociation of phosphine
|mp0|_’tant reasons 0_ t (_9 successiu _resu ts 0 _t IS Cross-couplinge o the palladium complex. In such comparison, entropy effects should
reaction and Suzuki-Miyaura coupling reaction. Our purposes pe taken into consideration. We evaluated entropy in two ways. In one
here are to clarify the electronic process of the trans-metalation,way, translation, rotation, and vibration movements were considered
(11) (a) Miyaura, N.J. Organomet. Chen2002 653 54. (b) Miyaura, N.; to estimate entropy, where all substrates were treated as ideal gas. The
Takagi, T.; Suzuki, ASynth. Commurl981, 11, 513. (c) Watanabe, T.; DFT/BS-I method was adopted to calculate vibration frequencies
Miyaura, N.; Suzuki, A. $nlett. 1992 207. (d) Satoh, N.; Ishiyama, T.; i i i i
Mivaura. N, Suzuki, ABUIl. Chem. Soc. Jprios7, 60, 3471. (¢) Miyaura, W|thqut scaling fa_lctor. In the other way, v_|brat|on mov_ements were
considered to estimate entropy but translation and rotation movements

N.;_Yamabe, K.; Suzuki, ATetrahedron Lett1979 20, 3437.
(12) Saillard, J.-Y.; Hoffmann, Rl. Am. Chem. Sod.984 106, 2006. were not considered, since this reaction was carried out in solution in

(13) (a) Obara, S.; Kitaura, K.; Morokuma, K. Am. Chem. Sod.984 106,
7482, (b) Koga, N.; Morokuma, KI. Am. Chem. Sod.99Q 94, 7482. (c)
Koga, N.; Morokuma, KJ. Am. Chem. So&993 115 6883. (d) Matsubara,
T.; Koga, N.; Musaev, D. G.; Morokuma, Kl. Am. Chem. Sod998
120, 12 692.

(25) For recent reviews: (a) Hartwig, J. F.; Waltz, K. M.; Muhoro, C. N.; He,
X.; Eisenstein, O.; Bosque, R.; Maseras, F., Advances of Boron
Chemistry Siebert, W., Ed.; Spec. Publ. No. 201, Royal Society of

(14) (a) Low, J. J.; Goddard, W. Al. Am. Chem. Sod.986 108 6115. (b)
Low, J. J.; Goddard, W. AOrganometallics1986 5, 609. (c) Xu, X,;
Kua, J.; Periana, R. A.; Goddard, W. @rganometallic2003 22, 2057.

(15) (a) Blomberg, M. R. A.; Siegbahn, P. E. M.; Nagashima, U.; Wennerberg,
J.J.J

.J. Am. Chem. S0d.991, 113 424. (b) Svensson, M.; Blomberg, M.
R. A,; Siegbahn, P. E. MI. Am. Chem. So&991, 113 7076. (c) Blomberg,
M. R. A.; Siegbahn, P. E. M.; Svensson, M.Am. Chem. S0d992 114,
6095. (d) Siegbahn, P. E. M.; Blomberg, M. R. A.; SvenssonJNVAmM.

Chem. Soc1993 115, 4191. (e) Blomberg, M. R. A.; Siegbahn, P. E. M.;

Svensson, MJ. Phys. Chem1994 98, 2062. (f) Siegbahn, P. E. M;
Blomberg, M. R. A.Organometallics1994 13, 354. (g) Siegbahn, P. E.

M. Organometallicsl994 13, 2833. (h) Siegbahn, P. E. M.; Svensson, M.

J. Am. Chem. S0d994 116, 10 124. (i) Siegbahn, P. E. M. Am. Chem.
Soc.1996 118 1487. (j) Siegbahn, P. E. M.; Crabtree, R.JHAm. Chem.
Soc.1996 118 4442.

(16) (a) Song, J.; Hall, M. BOrganometallics1993 12, 3118. (b) Jimenez-
Catao, R.; Hall, M. B.Organometallics1996 15, 1889. (c) Niu, S. -Q.;
Hall, M. B. J. Am. Chem. S0d.998 120, 6169.

(17) (a) Sakaki, S.; leki, MJ. Am. Chem. S0d993 115, 2373. (b) Sakaki, S.;
Biswas, B.; Sugimoto, MJ. Chem. Soc., Dalton Tran4997 803. (c)
Sakaki, S.; Biswas, B.; Sugimoto, Nbrganometallics199817, 1278. (d)
Sakaki, S.; Mizoe, N.; Musashi, Y.; Biswas, B.; Sugimoto, M.Phys.
Chem.199§ 41, 8027. (e) Sakaki, S.; Kai, S.; Sugimoto, KArganome-
tallics 199918, 4825.

(18) Hinderling, C.; Feichtinger, D.; Plattner, D. A.; Chen,JP.Am. Chem.
Soc.1997 119 10 793.

(19) Su, M.-D.; Chu, S.-YJ. Am. Chem. S0d.997 119, 5373.

(20) Espinosa-Garcia, J.; Corchando, J. C.; Truhlar, DJ.GAm. Chem. Soc.
1997, 119 9891.

(21) Hill, G. S.; Puddephatt, R. Drganometallics199817, 1478.

(22) Bartlett, K. L.; Goldberg, K. I.; Borden, W. TOrganometallics2001 20,
2669.

(23) Gilbert, T. M.; Hristov, I.; Ziegler, TOrganometallics2001, 20, 1183.

(24) Ustymyuk, Y. A.; Ustynyuk, L. Y.; Laikov, D. N.; Lunin, V. VJ.
Organomet. Chen200Q 597, 182.

10458 J. AM. CHEM. SOC. = VOL. 126, NO. 33, 2004

Chemistry: Cambridge, U. K., 1997; p373. (b) Wadepohl, Ahgew.
Chem., Int. Ed. Engl1997 36, 2441. (c) Irvine, G. J.; Lesley, M. J. G.;
Marder, T. B.; Norman, N. C.; Rice, C. R.; Robins, E. G.; Roper, W. R;
Whittell, G. R.; Wright, L. JChem. Re. 1998 98, 2685. (d) Braunschweig,
H. Angew. Chem., Int. Ed. Endl998 37, 567. () Smith, R. M. IllProg.
Inorg. Chem.1999 48, 505. (f) Braunschweig, H.; Colling, MCoord.
Chem. Re. 2001, 223 1. (g) Huang, X.; Lin, Z. Y. InComputational
Modeling of Homogeneous Catalydidaseras, F.; LLedos, A., Eds.; Kluwer
Academic: Amsterdam, 2003; p189.

(26) (a) Uddin, J.; Frenking, G. Am. Chem. So@001, 123 1683. (b) Chen,
Y.; Frenking, G.J. Chem. Soc., Dalton Trang001, 434.

(27) (a) Cui, Q.; Musaev, D. G.; Morokuma, Krganometallics 1998 17,
742. (b) Cui, Q.; Musaev, D. G.; Morokuma, Qrganometallics1997,
16, 1355.

(28) (a) Sakaki, S.; Kikuno, Tinorg. Chem1997, 36, 226. (b) Sakaki, S.; Kai,
S.; Sugimoto, M.Organometallics1999 18, 4825. (c) Tamura, H.;
Yamasaki, H.; Sato, H.; Sakaki, $. Am. Chem. So2003 125, 16 114.

(29) Widauer, C.; Giizmacher, H.; Ziegler, TOrganometallic200Q 19, 2097.

(30) (a) Han, W. H.; Lin, ZOrganometallic200Q 19, 2625. (b) Liu, D.; Lin,
Z. Organometallics2002 21, 4750. (c) Lam, W. H.; Lin, ZOrganome-
tallics 2003 22, 473. (d) Liu, D.; Lam, K. C.; Lin, Z.Organometallics
2003 22, 2827.

(31) Becke, A. D.Phys. Re. A, 1988 38, 3098. (b) Becke, A. DJ. Chem.
Phys.1983 98, 5648.

) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B, 1988 37, 785.

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

(34) Wadt, W. R.; Hay, P. 1. Chem. Phys1985 82, 284.

(35) Hdlwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas,
V.; Kéhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, Giem. Phys.
Lett, 1993 208 237.

(36) (a) Ditchfiled, R.; Hehre, W. J.; Pople, J. A.Chem. Physl971, 54, 724.
(b) Hariharan, P. C.; Pople, J. Mol. Phys.1974 27, 209.

(37) Couty, M.; Hall, M. B.J. Comput. Cheml996 17, 1359.

(38) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Physl98Q
72, 650.
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Scheme 2
Me Me
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model H \B _ B/ H
0/ \0 H

H H

Bis(ethyleneglycolato)diboron

which the translation and rotation movements are highly suppressed.
The free energy change estimated in this way is naix@¢ hereafter.
In the former method, entropy significantly decreases when two

two possible reaction courses, as shown in Scheme 3; one is associative
substitution of PH for By(eg) followed by the trans-metalation.
Coordination of B(eg)y with the Pd center is not surprising because
Ba(egy has a lone pair orbital on the O atéfhActually, the
coordination of diboron with the metal center has been theoretically
reportect”-26The other one is dissociative substitution of #bt B,-

(eg). followed by the trans-metalation, in which there are two isomers
of Pd(OH)(Ph)(PhH), as shown in Scheme 3. The alternative explanation
of the base effects was proposed in the experimental field; it was based
on the idea that not diboron but [dibore®H]~ adduct reacted with

the palladium(ll) phenyl comple3t The formation of diboron adduct

molecules form an adduct, as expected. The latter method, on the othefyith Lewis base provides experimental support to the formation of the
hand, provides much smaller entropy change than does the former[diboron—OH]~ adduct5? Although this explanation is also worthy

method, as will be discussed below. The former method apparently
overestimates the entropy effects and the thermal energy of solution
reaction, because translation and rotation movements are highly

of investigation, the trans-metalation process investigated here is
considered to be essentially the same as the reaction of [dibQbili-
with the palladium(ll) phenyl complex, as will be described below.

suppressed in solution. On the other hand, the latter one underestimates ) )
the entropy effects and the thermal energy because translation andR€sults and Discussion

rotation movements are not completely suppressed in soltftibhe

true value of free energy change would be intermediate between the
AG° value by the former method and th&s,° value by the latter one,
and more or less close to theG,° value estimated by the latter method

in the solution reaction. Because this ambiguity remains in estimation
of entropy and thermal energy, we will discuss each elementary step
with the usual potential energy changes and then discuss it with the
free energy changes evaluated in two ways.

Gaussian 98 program package was used for all calculaffons.
Population analysis was carried out with the method proposed by
Weinhold et al'! Solvent effects were incorporated in some of reactions
with the PCM method? Contour map of molecular orbital was drawn
with Molden program packag®.

Bis(pinacolato)diboron, Bpin), (pin = —OCMe,CMe,O—), that was
experimentally use#, was modeled here with bis(ethyleneglycolato)-
diboron, B(eg) (eg = —OCH,CH,O—), as shown in Scheme 2, like
our previous work® In Suzuki-Miyaura coupling reaction and the
palladium-catalyzed borylation of halobenzene with diboron, formation
of the palladium(ll) hydroxo complex was experimentally proposed
under basic conditions (vide supfay**> Actually, palladium(ll)
hydroxo and similar palladium(ll) alkoxo complexes have been reported,
so far#6-4% Moreover, a palladium(Il) methoxo vinyl complex undergoes
the cross-coupling reaction with organic boron e$t&@onsidering the
experimental proposal and the experimental results, we investigated
the trans-metalation of palladium(ll) hydroxo phenyl complex, Pd(Ph)-
(OH)(PH)2, with diboron, B(eg). In the trans-metalation, we examined

(39) (a) These two ways to estimate the entropy were adopted in our previous
works?8¢: 39 (h) Sakaki, S.; Takayama, T.; Sumimoto, M.; Sugimoto, M.
J. Am. Chem. Soc2004 126, 3332.

(40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Cliford, S.; Ochterski, J.;
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, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J..AGaussian 98Gaussian Inc., Pittsburgh,
PA, 1998

(41) Reed, A. E.; Curtis, L. A.; Weinhold, Ehem. Re. 1988 88, 849, and
references therein.

(42) (a) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117. (b)
Miertus, S.; Tomasi, Them. Phys1982 65, 239. (c) Cossi, M.; Barone,
V.; Cammi, R.; Tomasi, JChem. Phys. Lettl996 255, 327.

(43) Schaftenaar, G.; Noordik, J. H. Comput. -Aided Mol. De200Q 14,
123

(44) (a) Miyaura, N.; Yamada, K.; Suginome, M.; Suzuki, A.Am. Chem.
Soc.1985 107, 972. (b) Satoh, N.; Ishiyama, T.; Miyaura, N.; Suzuki, A.
Bull. Chem. Soc. Jprl987, 60, 3471.

(45) Mandai, T.; Suzuki, S. lkawa, A.; Murakami, T.; Kawada, M. Tsuji, J.
Tetrahedron Lett1991, 32, 7687.

(46) Yoshida, T.; Okano, T.; Otsuka, 3. Chem. Soc., Dalton Tran4976
993.

Model of Active Species.The first step of the palladium-
catalyzed borylation of aryl halide with diboron is believed to
be oxidative addition of aryl halide to a palladium(0) complex
(see Scheme 1). When the oxidative addition to PdjPH
proceeds via a concerted transition state, the prodwis-Bd-
(N(Ph)(PH)2 2 in which | and Ph ligands take positions cis to
each other. When the oxidative addition proceeds with dis-
sociation of halide anion2 and/or the trans-isomeB8 are
produced as a product. The trans-form is more stable than the
cis-form by about 5 kcal/mol (see Supporting Information Figure
S-5). The cis-trans isomerization is accelerated by the presence
of Lewis base, in general. Because Otould play a role of
Lewis base, this isomerization easily occurs under basic
conditions. Also, it was reported experimentally that the
substitution of T for OH~ easily took place in the basic
solvent?a53Actually, trans-Pd(OH)(Ph)(PH)2 4 is much more
stable thar8 (Supporting Information Figure S-5). Thus, it is
likely to consider thatl is an active species.

Geometry Changes in Associative Substitution of Pkl
Followed by Trans-metalation. We will first investigate the
associative substitution of BHbr B,(eg) followed by the trans-
metalation (See Scheme 3),(Bg), approachetrans-Pd(OH)-
(Ph)(PH). 4, to afford a reactant compleitans-Pd(OH)(Ph)-
(PHs)2[B2(eg)] 5, as shown in Figure 1. 1, Bx(eg) does not

(47) (a) Tsuji, J.; Watanabe, H.; Minami, |.; ShimizuJl.Am. Chem. So@985
107, 2196. (b) Minami, |.; Yuhara, Y.; Watanabe, H.; TsujiJJOrganomet.
Chem.1987, 234, 225. (c) Tsuji, J.; Sugiura, T.; Minami, Tetrahedron
Lett. 1986 27, 731. (d) Tsuji, J.; Sugiura, T.; Yuhara, M.; Minami,J.
Chem. Soc., Dalton Tran$986 922. (e) Mandai, T.; Ogawa, M.; Yamaoki,
H.; Nakata, T.; Murayama, H.; Kawada, M.; Tsuji, Tetrahedron Lett.
1991, 32, 3397.

(48) Siegmann, K.; Pregosin, P. S.; Venanzi, L. @tganometallics1989 8,
2659

(49) Grushin, V. V.; Alper, HOrganometallics1993 12, 1890.

(50) Four methyl groups of Bpin), are substituted for four H atoms in,B
(eg). This suggests thatBeg) more strongly interacts with the Pd center
and the OH ligand than does(Bin), because of the smaller steric repulsion.
Thus, the Pe-Beg and X-Beg interactions would be overestimated in the
present study, to some extent.

(51) Such base as pyridine forms an adduct with bis(catecholato)diboson, B
(catp, but does not form an adduct with,®in)..>? In the palladium-
catalyzed borylation of halobenzene with diboron, however, we cannot
completely neglect the possibility thatin), forms an adduct with OH
and OR because these bases are much stronger and much less bulky than

pyridine.

(a) Nguyen, P.; Dai, C.; Taylor, N. J.; Power, W. P.; Marder, T. B.; Pickett,

N. L.; Norman, N. C.Inorg. Chem.1995 34, 4290. (b) Clegg, W.; Dai,

C.; Lawlor, F. J.; Marder, T. B.; Nguyen, P.; Norman, N. C.; Pickett., N.
L. Power, W. P.; Scott, AJ. Chem. Soc., Dalton Tran§997, 839. (c)
Clegg, W.; Scott, A. J.; Souza, F. E. S.; Marder, T.A&&ta Crystallogr.
1999 C55, 1885.

(53) Maitlis, P. M.The Organic Chemistry of PalladiurAcademic: New York,
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Scheme 3
(A) Associative substitution of PR; for diboron followed by trans-metalation
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interact with the Pd center but interacts with the OH ligand, in represents the O atom of the Bagoup, hereafter. Complex
which the B-O distance is 1.533 A8 This interaction arises  udnergoes the dissociation of PHrom the Pd center, to afford
from the charge-transfer from the lone pair orbital of the OH a four-coordinate complexians-Pd(OH)(Ph)(PH)[B2(eg)] 6,
ligand to the empty p orbital of the Bggroup, as will be through the transition staf€Ss¢. This transition statd Ss-—
discussed in terms of population changes below (see Figure 1takes a typical trigonal bipyramidal structure, in which tHe®

for Beg? and Bed). On the other hand, the Begroup is distant atom of the Be@group is approaching the Pd center to push
from the Pd center; see the distance of 3.365 A between the Pdone PH2 away from the Pd center. The distance between the
center and the ®Y atom of B(eg), where the &Y atom Pd center and the @' atom becomes considerably shorter,

@ 5.6
b z.nﬂﬂ 356
!_a

4 (0.0)"
[0.0®

6(-3.2)
[-2.7]

Figure 1. Geometry and energy changes by associative substitution fdPldiboron, B(eg), followed by trans-metalation in Pd(OH)(Ph)(g)k Bond
lengths are in A and bond angles in degrees. (a) Relative energies (kcal/mol) to the sums of reactants, in which the DFT/BS-Il method was used, are in
parentheses. (b) Relative energies in diethyl ether, in which the DFT/BS-II method was used with the PCM method, are in brackets (kcal/mol).
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12 (-2.9) TSyy13 (6.2) 13(-22.2)
[2.3] [6.8] [17.7]

Figure 2. Geometry and energy changes by dissociative substitution gfd?Hdiboron, B(eg), followed by trans-metalation in Pd(OH)(Ph)(BKH Bond
lengths are in A and bond angles are in degrees. (a) Relative energies (kcal/mol) to the sum of reactants, in which the DFT/BS-Il method was used, are in
parentheses. (b) Relative energies in diethyl ether, in which the DFT/BS-Il method was used with the PCM method, are in brackets (kcal/mol).

which indicates that the coordinate bond of the 'Bgmpup with geometry changes show that the-B bond scission, the HO
the Pd center has been almost formed in the transition state.Begt bond strengthening, the P@OH bond weakening, and the
Consistent with the rather short P@°V! distance, the P Pd—0""! bond scission are in progress Tis—7. Complex7
PHg2 distance considerably lengthens to 3.112 A. This long takes a typical four-coordinate planar structure, in which the
distance indicates that the BHigand little interacts with the Pd—Bed bond is formed. Also, the HEBed group still
Pd center inTSs—s. Complex6 takes a typical four-coordinate  coordinates well with the Pd center
planar structure, in which the P®H distance (2.163A) is It is noted here thah is understood in terms of the palladium
similar to the usual coordinate bond distance of the OH ligand. complex with the [diboron-OH] adduct. Thus, the trans-
This Pd-OH distance indicates that the OH group still metalation occurs in a similar manner if the [diboron-OH]
coordinates well with the Pd center after formation of the adduct is formed under the basic condition.
bonding interaction between OH and Begroups. Such Geometry Changes in Dissociative Substitution of Pk
coordination of HG-Beg is not surprising because the OH group Followed by Trans-metalation. A three-coordinate complex,
has two lone pair orbitals on the O atom; one is used for the trans-Pd(OH)(Ph)(PH) 9, is formed fromtrans-Pd(OH)(Ph)-
interaction with the Pd center and the other is used for the (PH), 4, through dissociation of PHrom the Pd center. 18,
interaction with the Betgroup. Frons, the B-B bond scission  the OH ligand is at a position trans to the Ph ligand, as shown
proceeds through the transition st@fs-7, leading to Pd(Beg- in Figure 2. Comple® is much less stable thahby 21.4 kcal/
(Ph)(PH)(HO—Begd) 7. In TSs_7, the Beg group, which will mol. However 9 easily isomerizes tois-Pd(OH)(Ph)(PH) 10
be bound with the Pd center iis changing its direction toward  with a very small barrier of 1.2 kcal/mét2Complex10is less
the Pd center and the P@""! distance becomes longer than  stable thant by 14.7 kcal/mol. Sincd0 has one vacant site at
that of 6. The B-B and Pd-OH distances become somewhat g position trans to the Ph ligandz@g) easily approaches this
longer and the HO Beg? distance becomes shorter. All of these  vacant site, to affordis-Pd(OH)(Ph)(PH)[B2(eg)] 11. In 11,
: — — . Ba(eg) coordinates with the Pd center through the O atom like
O Savaraie than e assodaiive. substtutior ollowed by the trans. 6% However,11is not the most stable, bagis slightly more
metalation, as described in the text, the reaction course involving the stable tharil by 0.5 kcal/mok4eIn 12, the Beggroup interacts
dissociative substitution is not investigated in detail here. Thus, we roughly . . . . .
estimated the activation barrier by calculating the energy change as a with the OH ligand. In this structure, the unoccupied p orbital

function of the Xx-Pd—P angle (X=HO, F, or Cl). (b) Because of the  of the Begd group interacts with the lone pair orbital of the OH
above reason, we did not optimize the transition state of this process.

(55) (a) Because the bulky phosphine such-asthylphosphine more easily  ligand like that of5. The B—O distance between the Bagroup
dissociates from the Pd center than small phosphine, the dissociative and the OH ligand is 1.590 A which is moderately longer than
substitution would occurs easier in the real reaction system than in the
model system of Pi However, the coordination of diboron would become  that of hydroxyborane, HEBeg, by about 0.2 A. Because of
difficult in such Pd complex of bulky phosphine. This means that thig bonding interaction. the PdOH bond becomes Ionger by
compensation would occur upon going from PEomplexes to real . !
phosphine complexes. (b) The solvent molecule stabilizes the coordinatively ca. 0.1 A, which then strengthens the-fRH; bond; actually,
unsaturated intermediate through the coordination. However, the dissociation {pi
of phosphine must occur first in the dissociative substitution. Thus, it is this Pd-PHs bond become_s S_horter by ca. 0.04 A. Compléx
likely to consider that the rate-determining step is dissociation of phosphine. undergoes the BB bond scission, to afford Pd(Ph)(B®PHs)-
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Figure 3. Energy changes in associative substitution of; Bét B,(eg), followed by trans-metalation and dissociative substitution followed by trans-
metalation of Pd(OH)(Ph)(P$. The DFT/BS-II method; kcal/mol unit. (a) Potential energy changes. (b) Gibbs free energy cha@gdsat 298 K, where
only vibration movements are taken into consideration in the estimation of free energy. (c) Gibbs free energy &@H)ga08 K in gas-phase reaction,
where translation, rotation, and vibration movements are taken into consideration in the estimation of free energy.

(HO—Bed) 13through transition stat€S;>-13. In TS12-13, the

the dissociation of Pgl gives rise to significantly large

Bed group is changing its direction toward the Pd center and destabilization energy. In the trans-metalation via the associative

the Begd group is changing its direction toward the OH ligand.

substitution, on the other hand(Bg) approaches the OH

However, the B-B distance does not become very longer, and ligand to afford the intermediat® with considerably large
the geometry of the other moiety also little changes. In the stabilization energy of 17.1 kcal/mol. Becausgdg)), exists

product13, HO—Beg strongly coordinates with the Pd center
like that of 7, where the P&tOH distance is 2.260 A.

Energy Changes in the Substitution of PH for B,(eg)
followed by the Trans-metalation. Potential energy changes

in excess under the catalytic reaction conditions, it should be
concluded thad completely converts t6. Although the solvent
molecule coordinates with the Pd center of coordinatively
unsaturated intermediate$ and 10 to stabilize them, the

along the associative substitution followed by the trans- phosphine dissociation must occur in the dissociative substitution
metalation are shown in Figure 3 (see the values in parentheses)to afford9. This means thad corresponds to the transition state

Apparently, the interaction of eg) with the OH ligand yields

a considerably large stabilization energy of 17.1 kcal/mol in
5.50 Complex5 undergoes the substitution of Rkr the Bed
group with a moderate activation barrier of 15.5 kcal/mol, to
afford 6. The intermediat® is slightly more stable thafSs_¢

by only 1.4 kcal/mol and the transition stat8s_7 is less stable
than6 by 10.1 kcal/mol. Thus, the energy difference of 24.0
kcal/mol betweeT Sg_7 and5 should be taken as the activation
barrier €, of the reaction fromb to 7, because the reverse
reaction fromé to 5 easily takes place with a much smalkey
value of 1.4 kcal/mol than that (10.1 kcal/mol) of the forward
reaction from6 to 7. The other important result is that the exo-
thermicity of this trans-metalation is significantly large; 32.9
kcal/mol relative to4 and 15.8 kcal/mol relative t&. From

in the dissociative substitution. Transition stdi8s—7 is at a
much lower energy tha® whereTSg_7 and9 are at the highest
energy in the reaction course via the associative substitution
and that via the dissociative one, respectively. These results
indicate that the trans-metalation more easily takes place via
the associative substitution than that via the dissociative one.
Here, we wish to compare these two reaction courses with
free energy changed\G°) at 298 K. As shown in Figure 3,
the AG® value of the process frodhto 9 is much smaller than
the potential energy change (see values in braces of Figure 3),
where the translation, rotation, and vibration movements are
considered in the estimation of tes° value. This is because
the dissociation of PEloccurs in the process frodhto 9. The
next step is the isomerization frotto 10, in which theAG®

these results, it is concluded that the associative substitutionvalue is similar to the potential energy change. Upon going to
followed by the trans-metalation takes place with a moderate 11 from 10, the AG® value moderately decreases-6.5 kcal/

E, value of 24.0 kcal/mol.

mol. This decrease iAG® is much smaller than that of the

The energy changes along the trans-metalation via the potential energy change because the adduct formation-of B
dissociative substitution are also shown in Figure 3. Apparently, (eg)y with the Pd center occurs in this step. Then, theB

the dissociation of Pk gives rise to considerably large
destabilization energy (21.4 kcal/mol). This destabilization
energy is partially recovered by the isomerization9ab 10.
Coordination of B(eg)y with 10 yields considerably large
stabilization energy of 17.1 kcal/m#l The E, value of the B-B

bond scission takes place in the process fidhio 13, which
induces the activation free energy changesf*) of 7.9 kcal/
mol. This value is similar to theE; value (9.1 kcal/mol)
evaluated from the potential energy change. In the reaction
course via the associative substitution, on the other hand, the

bond scission is 9.1 kcal/mol and its exo-thermicity is consider- reaction fromd to 5 induces significantly largehG® value than
ably large (32.9 kcal/mol). Thus, the rate-determining step of the potential energy change, because this process involves the
this dissociative substitution followed by the trans-metalation adduct formation of Beg) with the Pd center. The activation

is the dissociation of Pifrom the Pd centet® Although the
Ea value of the B-B bond scission is much smaller than that

of the associative substitution followed by the trans-metalation,
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from the Pd center ifSs—¢. The significant difference between

Table 1.

Population Changes? in the Trans-metalation Process

potential energy change and free energy change is observed in

(A) trans-metalation of Pd(OH)(Ph)(PHs),
via associative substitution of PH; for B,(eg),

6. In the potential energy chang®is only slightly more stable

than TSs_6, Whereas it is much more stable th@8s—¢ in the 4 5 TSs-6 6 867 !
free energy change becausis formed through PEkidissociation Pd 00 -0017 -0.228 -0.187 -0.166 —0.148
from the Pd center. ThAG®* value for the B-B bond scission glib 8-8 _8-321 _85;3 -0.187  -0.166 -0.148

. . . 0* . —VU. —VU.
kcal/mol) for the forward reactior6(— 7) is somewhat smaller Be® 0.0 0.071 0.018 —0.025 0.055 0.017
than that (12.2 kcal/mol) of the reverse reactién—+ 5), the - P ————
AG% value of the process frorito 7 corresponds to the free W it b p?.ﬁa e Bzggg)z
enel-rgy dn‘fgrenceI bletwee&hand 'rl'):&r,a_oe. Itls vall:% (1i.7 II/<caI|/ 4 9 10 1 12 TS 1 13
mol) is moderately larger than theG” value o 1 caimo Pd 00 —0.159 —0.086 —0.145 —0.182 —0.144  0.019
for PH3 dlSS(?Cla.Uon 4 - 9) AISO, it is noted thaﬂ-S5—6 IS at OH 0.0 —-0.023 —-0.095 —0.045 —0.195 —0.216 —0.260
somewhat higher energy th@ whereTSs_¢ and9 are at the Beg® 0.0 0.0 0.0 -0.004 0230 0.159 —0.432
highest energy in the reaction course via the associative Be¢ 0.0 0.0 00 —-0.060 0.009 0102  0.196
§qbstitution and that via the Qissopiative one, r_es!oectively._ Thus, " (C) rans-metalation of PACI(Ph)(PHy);
it is concluded that the reaction via the dissociative substitution via associative substitution of PH; for By(eg),
more easily proceeds than that via the associative one in gas 4cl 5Cl TSsci-sci 6Cl TSsci-7c 7cl
phase. Pd 0.0 -0.011 -0.226 -0.192 -0.118 —0.063

However, the aboveAG® values are considerably different (F?H; 8-8 8-8(2)3 g-ggé 0.029 —0.054 —0.323
from the_trueAG value in so!utlon, because tr_\e tran§lat|on_ Be 0.0 0001 —0.006 —0006 —0.055 —0162
and rotation movements are highly suppressed in solution. Itis geg 0.0 0.003 —0.041 -0.076 —0.048 —0.081
likely to suppose that thAG,° value without contribution of .
translation and rotation movements is more or less close to the a o) rans-metalation of P 3?,':&5’?%3?'31)(;9)2
true value of_the free energy change in solution (see the section 20l ol 1001 el oo 130
of Computations and Models). Th&G,° value of the process bd 00 —0190 —0066 —0129 —0110 —0.016
4 — 9is 21.5 kecal/mol and that of the proce$s= 5is —18.0 OH 00 0010 —0081 -0027 -0422 —0483
kcal/mol (see the values in brackets of Figure 3). The difference Beg 0.0 0.0 0.0  —0.009 0.106 —0.234
in free energy change betweBrandTSs_g should be takenas ~ Beg 0.0 0.0 00  -0.053 0.133 0.239

an activation free energy changa@,%) to reach7 from 5,
because thaG,* value of the forward reaction froito 7 is
much larger than that of the reverse reaction f®mo 5. This
AG,* value (24.4 kcal/mol) of the process frofmto 7 is
moderately larger than th&G,° value (21.5 kcal/mol) for the
PHs dissociation 4 — 9) in the dissociative substitution.
However, theAG,° value of TSg_7 is much smaller than that
of 9 by 15.1 kcal/mol, wher@ Sg—7 and9 are the most unstable
species in the reaction course via the associative substitution
and that via dissociative one, respectively. Also, it is noted that
4 completely converts not t8 but to 5, since theAG,° values
indicate thats is much more stable thahbut 9 is much less
stable tham. From these results, it should be concluded that
the associative substitution followed by the trans-metalation

takes place more favorably than the dissociative one in solution. . . .
P y the electronegative OH group in the trans-metalation,2Beg

At the end of this section, we wish tol mention the solvent becomes positively charged, which induces polarization.ef B
effects on these energy changes, where_dlethyl ether was adoptefieg)2 to increase the electron population of Beglso, Beg@
as a model of dioxane used experimentdfiyThe PCM  g014 hecome negatively charged because it coordinates with
calculations clearly show that the solvent effects do not alter o pq center after the-BB bond scission. Thus. it is concluded
energy changes very much, as shown in brackets of Figures 1ot the B-B bond scission occurs in a heterolytic manner.
and 2. Solyent effects were not considered hergafter. However, Be§ does not keep the whole electron population
Electronic Processes in the BB Bond Scission.In Pd- that is transferred from Bédut donates some of the electron
(OH)(Ph)(PH)2[B2(eg)] 5, the electron population of OH  population to the Pd center, to form the FBed® coordinate
considerably decreases and that of Bensiderably increases,  bond. The PeBed coordinate bond then suppresses the
as shown in Table 1 (see Figure 1 for Begc.). These are  electron donation from P# and Ph ligands to the Pd center,
because the charge-transfer occurs from OH to the empty pwhich leads to increases in electron population of these ligands.
orbital of Bed. In TSs—¢, the electron population of PH The above-mentioned polarization of the-B bond is similar
considerably increases and the Pd atomic population considero that of the G-H bond of benzene in the heterolytic-Ei
ably decreases, becauseHitle interacts with the Pd center  4-bond activation by Pd@-O,CH),.56
and the charge-transfer from BHo the Pd center becomes
very weak in this transition state. On the other hand, the electron (56) Biswas, B.; Sugimoto, M.; Sakaki, &rganometallics200Q 19, 3895.

a Positive values represent that the population increases (vice versa).
b Because PP completely dissociates from the Pd cente6ji Se—7, and
7, we omitted its population change in these species.

population of Befsomewhat decreases, because’Beayts to
form the charge-transfer interaction with the Pd cent&rSgs.

The B—B bond scission takes place in the process ffom
7. In this process, the electron population of Bsgbstantially
decreases and that of Bezpmewhat increases, where Bagd
Begd form bonding interactions with OH and the Pd center,
respectively (see Figure 1). Also, the electron populations of
Pd and PH substantially increase. These population changes
provide well understanding of the electronic process of th&B
bond scission, as follows: Because Bégcomes bound with
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ive substitution of PHy for Ba(eg)s followed by trans-metalation.

13 (0.0 14 (15.5) TS14g (16.8) R’ (-38.9)

(B) The reductive elimination of Ph-Beg from 13 that is formed through dissociative substitution of PH3 for Ba(eg); followed by trans-metalation.

Figure 4. Geometry and energy changes by reductive eliminaiton of phenylborane. Bond lengths are in A and bond angles are in degree. Relative energies
to the sums of reactants (the DFT/BS-II method; kcal/mol unit) are in parentheses.

The similar population changes are observed in the trans- Trans-metalation of the Palladium(ll) Chloro Phenyl
metalation process that takes place after the dissociativeComplex, PACI(Ph)(PH). 4Cl, with Diboron, B(eg). It was
substitution of PH for By(eg) (see Table 1B). The discussion experimentally reported that the basic condition accelerated the

is omitted here not to repeat the similar discussion. palladium-catalyzed borylation of aryl halide with diborth.
Reductive Elimination of Phenylborane, Ph-Beg.The final In similar cross-coupling reaction, it was also reported that PdCI-
step is the reductive elimination of phenylborane;-Beg. Pd- (vinyl)(PRs). did not undergo the cross-coupling reaction with
(Beg)(Ph)(PH)(HO—Beg) 7 is a product of the associative the organic boron ester but the methoxo analogue easily
substitution followed by the trans-metalation. From the underwent it4a To clarify the ligand effects in the trans-

reductive elimination proceeds through the transition state metalation, we investigate here the trans-metalation of PdCI-
TS7-r, to afford Ph-Beg and Pd(PE(HO—Beg), as shown in (Ph)(PH)2 4CI with By(egy. From4Cl, the associative substi-
Figure 4(A). InTS;_g, the B—C distance between Beg and Ph tution followed by the trans-metalation proceeds through
ligands becomes somewhat shorter by 0.079 A, whereas thegeometry changes shown in Figure 5. Although the transition
Beg and Ph ligands little change their directions toward each stateTSsc—sci Of the PH dissociation is essentially the same
others. The PO distance slightly lengthens by 0.027 A. These asTSs_g of the OH analogue, the precursor comp&l, the
geometrical features indicate that this transition state is reactant-transition stat@ Sgci—7c;, and the productCl considerably differ
like. Consistent with the reactant-like transition state, Hae from the corresponding species of the OH system, as follows:
value is nearly zero<1.8 kcal/mol); note that the negatieg In 5CI, Ba(eg) does not interact with the CI ligand, while it
value results from artificial error due to insufficient threshold forms a considerably strong bonding interaction with the OH
of geometry optimization but it clearly shows that this reaction ligand in 5. Consistent with the absence of the bonding
proceeds with a very smalll; value. interaction between the ClI ligand ang(8g), 5Cl is moderately
Complex 13 is a product of the dissociative substitution more stable thadCl, while 5 is much more stable thaf in
followed by the trans-metalation. 113, HO—Beg must the OH system, which will be discussed below. The transition
dissociate from the Pd center prior to the reductive elimination stateTSgc—7ci Of the Cl system is considerably different from
of Ph—Bed?, because HOBed takes a position between Ph  TSg_7 of the OH system, as follows: (1) RSsci-7c1, any Beg
and Beg ligands to inhibit the mutual approach of these two group does not interact with the Cl ligand, while the Bggup
ligands, as shown in Figure 4(B). This dissociation occurs with keeps a strongly bonding interaction with the OH ligand in
considerably large destabilization energy of 15.5 kcal/mol. After TSg_7. (2) In TSeci—7cI, two boryl groups seem to interact with
that, the reductive elimination occurs with nearly no barrier (1.3 the Pd center. This structure suggests that the Pd center takes
kcal/mol). +4 oxidation state; in other words, theB bond scission
From these results, it should be reasonably concluded thatproceeds in a homolytic manner. In the proddct, the Bed
the reductive elimination is not a rate-determining process. This group interacts with both the CI ligand and th&°®@ atom of
is because the palladium(0) complex has d orbitals at low energyBed, while the Bed group strongly interacts with only the OH
and is favorable for the reductive elimination, as well- ligand in7. This is reasonably interpreted in terms that the®Beg
known1417b.c group still needs a charge-transfer interaction with the lone pair
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£ BPd-P = 152.4°
£ BY-Pd-P = 154.3°
£ Ph-Pd-P = 169.5°

6CI1(6.8) TSsci-rci (24.6) 7C1(12.5)
Figure 5. Geometry and energy changes by associative substitution gfd?Hliboron, B(eg), followed by trans-metalation in PdCI(Ph)(B): Bond
lengths are in A and bond angles are in degree. Relative energies to the sums of reactants (the-DFiéB®d; kcal/mol unit) are in parentheses.

R(B-B)=2.136
Ph-Pd-B-B = 198.6%

11C1 (4.9) TSy1cr13cr (343) 13C1(262)

Figure 6. Geometry and energy changes by dissociative substitution gffétHliboron, B(eg), followed by trans-metalation in PdCI(Ph)(B)x Bond
lengths are in A and bond angles are in degree. Relative energies to the sums of reactants (the DFT/BS-II method; kcal/mol unit) are in parentheses.

orbital of the O atom of the Bé&ggroup since the bonding 8 undergoes dissociation of BHrom the Pd center to afford

interaction between the Bggroup and the CI ligand is not  PdCI(Ph)(PH) 9Cl in which Cl is at a position trans to Ph.

sufficiently strong, as discussed above. All of these features Complex10Cl, in which Cl is at a position cis to Ph, is more

arise from the fact that the Cl ligand is less donating than the stable tharBCl by 4.7 kcal/mol. This isomerization frofCl

OH ligand. to 10Cl easily occurs with a very small activation barrier of
The dissociative substitution followed by the trans-metalation about 0.4 kcal/mot#2B,(eg), approaches the Pd centerldfCl,

of PACI(Ph)(PH), 8 takes place, as shown in Figure 6. Complex to afford an adduct PdCI(Ph)(B}iB2(eg)] 11Cl. In 11Cl, Bx-
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(eg). coordinates with the Pd center through the lone pair orbital 40.0

of the @Y atom?° Although the intermediat&2 was optimized TS

in the OH system, the similar intermediate could not be 9Cl1 . 2%;0
optimized in the Cl system. This is because the Cl ligand does 2000 (25'4)b 133.2]% |
not have enough ability to form a bonding interaction with the '26'4'c 10Cl 3761 1aa1
Beg group, of which reason will be discussed below. Thus, the & {ﬂ} 333 TSeci-1c™26.2)
B—B bond scission takes place upon going fradCl to Pd- £ “{7.9} (246) 2.6
(Bed®)(Ph)(PH)(Cl—Beg?) 13Cl through the transition state £ 20.0 _ lgggl 27.0}
TSi1ci-13ck In TS11c-13c), the Pd‘BEd) distance is 2.199 A, E { ot

which suggests that the P@8ed bond has been almost formed. %‘) ; § (66%') L7C1

The other Begigroup, that is approaching the Cl ligand, changes 'i 100k Is L1261 azs |
its direction from the Befygroup toward the Pd center. The & ; 6 708 [10.2]
Cl-Beg distance is still long (1.934 A), which represents that & LS — {14.6}

the covalent bond between the Begoup and the CI ligand 4Cl;" 5C1 {[22677]} }}g;

has not been formed in this transition state. The rather short 0.0 (0—0) -7.8)} [2.9] 7
Pd-Beg distance (2.395 A) indicates that some bonding -11.2f {7.3}

interaction is formed between the Pd center and theé Bewip. @

On the other hand, the long-8 distance (2.136 A) indicates ~10.0

that the B-B bond is almost broken in this transition state. These rigure 7. Energy changes in associative substitution of; Rt Bx(eg)
geometrical features suggest that four anion ligands coordinatefollowed by trans-metalation and dissociative substitution followed by trans-
with the Pd center iTS;1ci-13ci; in other words, the Pd center metala_tlon of PdCI(Ph)(P4b. The_ DFT/BS-II method; kcal/mol unit. (a)
takes+4 oxidation state in this transition state like that in Potential energy changes. (b) Gibbs free energy chary@gf at 298 K,

) . e Il where only vibration movements are taken into consideration in the
TSeci-7ci Of the trans-metalation via the associative substitution. estimation of free energy. (c) Gibbs free energy chang&s) at 298 K in
Consistent with this suggestiolS;ici-13ci takes a distorted gas-phase reaction, where translation, rotation, and vibration movements
square pyramidal structure in which the Cl andsfiglands are are taken into consideration in the estimation of free energy.
at axial positions and the Ph and two Beg groups are on the
equatorial plane; actually, the dihedral angle ()99etween
the Ph-Pd—B plane and the PeB—B plane is close to 180
In 13Cl, Cl-Beg* weakly coordinates with the Pd center, where
the Pd-Cl distance (2.605A) is much longer than that4@3!.
This structure is somewhat different frofl, as follows: The
B—QPov! distance (2.761A) between €Beg® and the Be

group is very long inl3CI, whereas7Cl possesses a strongly . bonding interaction induces the polarization oi{e@)

bon.dm.g' |ntera(?t|on between €Beg an'd Beg. . which facilitates the heterolytic BB bond scission. 1®Cl and
Significant difference in the population change is observed TSeci—7c1, on the other hand, the Begroup cannot form a
between the Cl and OH systems. As shown in Table 1, parts Conging interaction with the Cl ligand. Thus, the energy

and D, the electron populations of Beand Bed are similar to

bonding interaction is formed i®andTSe-7 of the OH system.
This means that the BB bond of6 is weakened by the HO
Bed@ bonding interaction. Moreover, the H@eg bonding
interaction becomes stronger upon going fr@nto 7, to
compensate the destabilization induced by theBBbond
breaking. Actually, the HS© Begt distance becomes shorter upon
going to7 from 6, as discussed above (see also Figure 1). Also,

- destabilization by the BB bond breaking cannot be compen-
each other inTSeci—7ci and TSiaci-1aci Of the Cl system,  gaied by the strengthening of the-Beg bonding interaction.
whereas the electron population of Belpcreases but that of  Ajso, the heterolytic B-B bond scission becomes difficult
Beg increases iMSs-7 andTS12-13 of the OH system. These  pacause of the absence of the interaction betwegegB and
similar electron populations of Begnd Beg in the Cl system  tne ¢ ligand. As a result, the-BB bond scission must proceed
are consistent with the above-discussed feature that t B i 5 homolytic manner. In the transition state of this homolytic
bond scission occurs in a homolytic manner in the Cl system. g_g pond scission, the Pd center must také oxidation state.
The discussion of the other population changes is omitted hereThis is very difficult because the Pd atom has d-orbitals at low
for brevity (see Supporting Information Figures S%-8). energy!417.cThus, the trans-metalation in the CI system requires

Energy changes by the associative substitution followed by much larger activation barrier than that of the OH system. This
the trans-metalation are shown in Figure 7. The activation barrier conclusion does not change, even if we discuss the results with
of the PH substitution is calculated to be 15.2 kcal/mol. This the free energy change, as follows: The activation free energy
activation barrier is similar to that of the BRubstitution in change AG,%) upon going toT Sec—7¢) from 5Cl is 34.0 kcal/
Pd(OH)(Ph)(PH).. In the next step, the BB bond scission mol. This is much larger than that (24.4 kcal/mol) of the OH
occurs throughl Sgci-7c) with a considerably large activation  system. If we adopt thG° value in gas-phase reaction, the
barrier of 17.8 kcal/mol, which is 2 times as large as that of the activation free energy changAG®) of the trans-metalation
OH system. BecausgCl is only slightly more stable in energy  corresponds to the free energy difference betvile®ga,—7c and
thanTSsci—sci, the real activation barrier to rea@cl from 5CI 6Cl. This value is 20.3 kcal/mol in the CI system, which is
corresponds to the energy difference betw&8gc—7c and5. much larger than thé\G* value (11.3 kcal/mol) in the OH
This value (32.4 kcal/mol) is substantially large. Thus, the system. In both free energy estimations, the Cl system requires
associative substitution followed by the trans-metalation is much much largerAG* value than does the OH system.

more difficult in PACI(Ph)(PH)2 than that of the OH analogue. Energy changes by the dissociative substitution followed by
The reasons are easily understood by comparing the geometrythe trans-metalation of PACI(Ph)(B)lare shown in Figure 7,
of TSeci-7ci with that of TSg_7, as follows: The HG-Begh too. The PH dissociation gives rise to considerably large
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TSsp_gr (1.9)

2003 3247

6F (1.9) TSep_rr (13.5) 7F (-56.4)

Figure 8. Geometry and energy changes by associative substitution gffd?Hliboron, B(eg), followed by trans-metalation in PdF(Ph)(pk Bond
lengths are in A and bond angles are in degree. Relative energies to the sums of reactants (the DFT/BS-Il method; kcal/mol unit) are in parentheses.

destabilization energy of 25.4 kcal/mol, which is similar to the short inTSsr—gr like that of the OH system. The transition state
destabilization energy of the OH system. The isomerization from TSsg_¢r takes a trigonal bipyramidal structure, which is a typical
9Cl to 10Cl takes place with nearly no barrier (0.02 kcal/nfdf), transition state of the associative substitution in tRemétal

like that of the OH system. Beg), interacts withL0ClI, to afford system. In the intermediate PdF(Ph)@iB2(egy] 6F, the
11Cl. One significant difference betwedrl and 11Cl is that F—Beg distance is short (1.651 A) and the Begroup
the energy stabilization by coordination og(Bg), is smaller coordinates to the Pd center with the lone pair orbital on the
in 11Clthan that inl1 The next step is the BB bond scission ~ 0OP°Y! atom of Bed like that 0f6.°° The B—B bond scission of
which needs a considerably largg value of 29.4 kcal/mol. 6F takes place through the transition stai8sr—7r, to afford
The AG® value of this step is also very larg&yG% in gas Pd(Ph-Bed)(PHs)(F—Begd) 7F. Complex7F is a final product
phase is 30.3 kcal/mol aniG,% is 30.3 kcal/mol. These values  after the reductive elimination of PiBeg. This means that the
are much larger than those of the OH complex (7.9 and 8.0 reductive elimination very easily occurs in the fluoro system,
kcal/mol, respectively). The reason is again attributed to the probably because the Ph and Beg groups take positions cis to

weak CHBeg bonding interaction, as discussed above. each other and +Beg* does not coordinate well with the Pd
From these results, it should be clearly concluded that the center not to stabilizeis-Pd(Ph)(Be8)(PHs)(F—Bed).
trans-metalation of PdCI(Ph)(RH occurs with much difficulty Geometry changes in the dissociative substitution followed

in both reaction course via the associative substitution and thatby the trans-metalation are shown in Figure 9. Compléx
via the dissociative one. This conclusion agrees well with the undergoes the PHdissociation from the Pd center, to afford
experimental result that the basic condition accelerates thePd(F)(Ph)(PH) 9F of which geometry is similar to those &f
palladium-catalyzed cross-coupling reaction of aryl halide with and9CIl. Complex10F, in which the F ligand is at a position
diborort® but PdCI(vinyl)(PPB), is inert to the cross-coupling  cis to the Ph ligand, is somewhat more stable tA&nB,(eg)

reaction with organic boron compoufti coordinates with the Pd center @fLF through the lone pair

Trans-metalation of the Palladium(ll) Fluoro Phenyl orbital on the &°¥ atom of Bed. In 12F, Bx(eg), interacts with
Complex, PdF(Ph)(PH). 4F, with Diboron, Bx(eg). Also, both the Pd center and the F ligand, like thatl@f whereas
we investigate the trans-metalation of PdF(PhY{)RHF with 12F is less stable thah1F.>*? In 12F, the B—B bond scission

B,(eg), to elucidate the ligand effects in the trans-metalation. occurs through the transition staSi,r13r to afford an

In the associative substitution of BHor By(eg), Ba(egh intermediate Pd(ll) complex, Pd(Ph)(B¥dPHs)(F—Bed®) 13F.
approachedF to afford an adduct, PdF(Ph)(BB2(eg)] 5F, The geometry off Sior—13r well resembles that Of Sgr—7¢. In

as shown in Figure 8. This addusf is essentially the same as  this reaction course, the intermedidteF is formed unlike the

5Cl, since the BeYygroup is considerably distant from the F reaction course via the associative substitution. This is because

ligand. However, the transition staf€Ssr—gr, through which F—Beg takes a position between Ph and Bdmands to
PHs is substituted for Bleg), is much different fromT Ssci-sc) suppress the reductive elimination ofPBed. In other words,
of the Cl system but essentially the sameT&s—_s of the OH the reductive elimination cannot proceed without the dissociation

system. For instance, the-Beg* distance (1.639 A) is rather  of F—Beg* from the Pd center ill3F. The dissociation of
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9F (25.2) 11F (1.5)

12F (4.7) TS 2513 (17.5) 13F (-6.4)

Figure 9. Geometry and energy changes by dissociative substitution eff@tHtiboron, B(eg), followed by trans-metalation in PdF(Ph)(BKH Bond
lengths are in A and bond angles are in degree. Relative energies to the sums of reactants (the DFT/BS-Il method; kcal/mol unit) are in parentheses.
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Figure 10. Energy changes in associative substitution of; Rét Bx(eg) followed by trans-metalation and dissociative substitution followed by trans-
metalation of PdF(Ph)(P$b. The DFT/BS-II method; kcal/mol unit. (a) Potential energy changes. (b) Gibbs free energy chaGg®sat 298 K, where
only vibration movements are taken into consideration in the estimation of free energy. (c) Gibbs free energy &@aH)ga208 K in gas-phase reaction,
where translation, rotation, and vibration movements are taken into consideration in the estimation of free energy.

F—Beg* occurs with moderate destabilization energy of 8.2 kcal/  In the dissociative substitution followed by the trans-
mol. After the dissociation, the reductive elimination easily takes metalation, the first step is the dissociation of#tm the Pd
place like that of the OH system, as discussed above. center, which gives rise to a very large destabilization energy
Energy changes by these two reaction courses are shown inof 25.2 kcal/mol like that of the other systems. The isomerization
Figure 10. In the associative substitution followed by the trans- from 9F to 10F easily occurs with nearly no barrier (1.7 kcal/
metalation, B(eg), interacts with4F to yield the stabilization mol with the DFT/BS-1 method and—0.4 kcal/mol with the
energy of 10.7 kcal/mol. ThE, value for the PH substitution DFT/BS—I1I method)>#2The coordination of Beg) with 10F
is 12.6 kcal/mol. Although the trans-metalatio®F(— 7F) leads tol1F with a considerably large stabilization energy of
occurs with the moderatg, value of 11.6 kcal/mol, the total ~ 18.9 kcal/mol. The trans-metalation requiresEa@alue of 12.8
E, value of the process fronPao 7F corresponds to the energy  kcal/mol. ThisEa value is moderately larger than that (9.1 kcal/
difference betweeBF andTSgr—7¢, becaus@&F is only slightly mol) of the OH system but much smaller than that (29.4 kcal/
more stable thaf Ssk—er like that of the OH system. Thig, mol) of the Cl system, too. Thus, it should be clearly concluded
value is 24.2 kcal/mol, which is similar to that (24.0 kcal/mol) that the trans-metalation of the F system can take place with a
of the OH system but much smaller than that (32.4 kcal/mol) similar E; value to that of the OH system. The discussion based
of the CI system. on the AG,° value provides the same conclusion, which is
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omitted here. Because the trans-metalation of the F systemTable 2. Bond Energies of the X—Beg, Pd—X, and Pd—(X—Beg)
induces similar population changes to those of the OH system, 2°"4S

. . . . . A) X —Beg bond ener
the discussion of population changes is omitted here, too (see a g ¥

Supporting Information Figure S-8). "o F ¢ I
Summary of Energy ChangesThe first step is the oxidative ,E)A';Tz ig:g igg:g ﬁ%i gg’_é
addition of aryl halide to the palladium(0) complex. The MP3 146.3 161.3 120.5 87.5
products arecis- and/ortrans-Pd()(Ph)(PH).. As discussed MP4(DQ) 145.9 161.5 119.0 86.3
o . ; MP4(SDQ) 151.7 162.3 119.2 91.7
above, it is likely to consider experimentally that both the ccsb 145.4 1614 1186
isomerization from the cis form to the trans form and the CCSD(T) 147.0 162.9 120.3

substitution of halide for OH easily take placé53Actually,

B) Pd-X and Pd-(X—Beg) bond i@
transPd(OH)(Ph)(PH)2 is much more stable tharans-Pd(l)- ®) an (X~Beg) bond energi®s

(Ph)(PH,), by 35.1 kcal/mol in diethyl ether. The next step is PaX Po-(X"Beg)

either the associative substitution of PFr By(egy or the HO 66.0 155
N o Cl 81.0 10.1

dissociative substitution of PHor B,(eg). B,(eg) can form a = 93.6 8.2

stable adduct with Pd(OH)(Ph)(BRH and PdF(Ph)(PE)2,
because Begh exists n excess under the catalyic reaction 0L e T BB orToc! Mo
conditions. On the other hand, the dissociation o Rbim the was used. ’ ‘

Pd center gives rise to significantly large destabilization energy.

Thus, the associative substitution takes place more easily thanLewis base with the Pd(0) center was experimentally rep&fted.
does the dissociative substitution. The discussion based on theThus, the second cycle depends on the coordination abilities of
AG\? value leads to the same conclusion, as discussed abovephosphine, Blegy, and OH, the reactivity of iodobenzene,
whereas theAG° value leads to the different conclusion that and the reaction conditions. The investigation of the second
the reaction via the dissociative substitution more easily occurs cycle needs a long CPU time, and it will be investigated in a
than that via the associative one in gas phase. After the near future. However, Pd(OH)(Ph)(BB:(eg)] is formed in
dissociative substitution, the trans-metalation of Pd(OH)(Ph)- all these cases and the trans-metalation process occurs in the
(PHe)[Ba(eg)] takes place to afford Pd(Beg)(Ph)(REHO— similar way to that of the first cycle.

Beg). The final step is the reductive elimination of Ph-Beg which ~ Reasons of Differences between the Cl Ligand and Such
easily proceeds with nearly no barrier in the reaction course Lignads as OH and F.It is of considerable importance to

via the associative substitution. In the reaction course via the clarify the reason that the palladium chloro complex does not
dissociative substitution, the X-Beg moiety must dissociate from undergo the trans-metalation with diboron but the fluoro and
the Pd center with considerable destabilization energy of abouthydroxo complexes easily undergo it. In the trans-metalation,

8 kcal/mol, and then the reductive elimination proceeds with the Pd-X and B-B bonds are broken, while the-Beg and
nearly no barrier. Pd—Beg bonds are formed. Also,»8eg still coordinates with

The free energy changes by the reaction via the associativethe Pd center in the product. Thus, we must consider the Pd
9y 9 y X, X—Beg, and P& (X—Beg) bond energies in the discussion.

substitution are summarized here, while the free energy changesl_he X—Beg bond energy was evaluated with eq 1, where

by the rea(_:tlon via the dlssqmatlve substitution are oml_tted egeometries ofBeg and-X were optimized with the DFT/BSI
because this reaction course is less favorable than that via th

associative substitution in solution. ThHeG,° value provides method.

almost the same energy changes as those of potential energy X—Beg— - X + -Beg 1)
changes. Th\G,* value of the trans-metalation increases in

the order OH (24.4x F (25.3)< Cl (34.0) and the\G,° value As shown in Table 2, theFBeg and HO-Beg bond energies
also increases in the order £60.0) < OH (—54.5)< CI (10.2), are significantly large, while the €Beg bond energy is small.
where parentheses aneG,** and AG,° values (in kcal/mol), ~ The I=Beg bond energy is further smaller than the-Bkg

respectively. These results agree with the experimental resultsbond energy. The PeX bond energy was defined as energy
that the basic condition accelerates this cross-coupling re#ttion difference between Pd(X)(Ph)(B} and the sum ofPd(Ph)-
and that Pd(OMe)(vinyl)(PR}p undergoes the cross-coupling (PHs)2 and-X (see eq 2), where

reaction with organic boron compound but the Cl analogue does

not** These results lead to theoretical prediction that not only transPAX(Ph)(PH), = trans-Pd(Ph)(PH), + -X (2)
the basic condition but also addition of fluoride anion accelerates
this catalytic reaction.

Here, we wish to mention the second catalytic cycle. Since
the product of the reductive elimination is Pd@) (L =
HO—Beg or Ph-Beg), there are several possibilities in the
second cycle. If phosphine coordinates with the Pd center, then

cis-Pd(Ph)(Beg)(PE(X-Beg) —
cis-Pd(Ph)(Beg)(PE) + X-Beg (3)

-Pd(Ph)(PH), and -X were calculated with the DFT/BSI/
DFT/BS—I method. This bond energy becomes stronger in the
order Pa-I < Pd—OH < Pd—CI < Pd-F. The Pd-(X-Beg)

the §gcond_ cycle is the same as the first cycle. If the oxidative bond energy was defined as the energy difference between the
addition of iodobenzene to Pd(BXL) occurs, the second cycle left-hand side and the right-hand side of eq 3, where the DFT/

becomes differ_ent from the first one. Also, coor(_jination of either BS—II//DET/BS—I method was used. This bond becomes
B,(eg) or Lewis base such as OAand OH" with the Pd(0)
center changes the catalytic cycle. Actually, coordination of (57) Amatore, C.; Jutand, A.; Thuilliez, AOrganometallics2001, 20, 3241.
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Table 3. Orbital Energies of HO, F, Cl, I, and Beg, and lonization Potential of X~ @

HO F Cl | Beg
orbital energy of neutral radical —-11.13 —15.0 —-11.13 —-9.11 —6.08
orbital energy in PdX(Ph)(P° —10.25 —-114 —9.93
NBO charge of X in PdX(Ph)(P#)? -0.713 —0.786 —0.699
ionization potential of X © -0.16 1.39 2.18 2.46

(0.26) (1.85) (2.75) (2.95)

aHartree-Fock orbital calculated with the BSI set. ? Energies (eV) of singly occupied orbital of F, Cl, and | atoms and OH radidie lone pair
orbital energy in PdX(Ph)(P$b. @ The DFT/BS-Il method® The ASCF calculation with the CCSD(T) method. In parentheses are the DFT-calculated values.

Scheme 4 for the bonding interaction because its valeneerbital is at a
6" — high energy and the bonding interaction with the Beg group
fooh is very weak.
B In the transition state, the X-Begrbond is not completely
+ ap formed but the charge-transfer interaction between the X ligand

and the Beg group is formed. Here, we investigate the bonding
interaction between the Xgroup and the emptyporbital of
; Beg. As shown in Table 3, the,orbital energy of X in PdX-
aAXA?—‘f_Y / (Ph)(PH), decreases in the order % Cl > OH > F. Thus,
these orbital energies suggest that the charge-transfer interaction
ﬂ_ ¢b becomes stronger in the order + OH < CI, which is not
consistent with the strength of the bonding interaction between
the X ligand and B(eg). However, the ionization potential of
X~ calculated with theASCF method decreases in the order |
> CI= > F~ > OH~, which differs from the increasing order
of orbital energy. This result suggests that the charge-transfer
induces considerably large relaxation energy and that the OH
ligand can form strong charge-transfer interaction with the Beg
group, while itsz orbital is at a lower energy than that of the
Cl ligand. The next is the F ligand, and the Cl and | ligands are
unfavorable for the charge-transfer interaction.
Also, the electrostatic interaction between the X ligand and
e B atom of Beg contributes to the interaction between the X
ligand and the Beg group. The negative charge of the X ligand
increases in the order Gl F < OH (see Table 3). Because the
B atom of Beg is positively charged, the electrostatic interaction
becomes stronger in the order €I F < OH. From all these
factors, the interaction between the X ligand and the Beg group
increases in the order GI F < OH.%°

weaker in the order HOBeg > Cl—Beg > F—Beg, as shown
in Table 2. When X is OH, the weak P@H bond is broken
but the very strong HO©Beg bond is formed. Also, P{HO—
Beg) bond is strongest in these species. Although theFRPd
bond is somewhat stronger than the-Rl bond by 12.6 kcal/
mol and the Pe(F—Beg) bond is slightly weaker than the Pd
(Cl—Beg) bond by 1.9 kcal/mol, the-FBeg bond is much
stronger than the GIBeg bond. Thus, the product of the trans-
metalation is the most stable when X is either OH or F.

The next issue is to explain these results of bond energy.

o . . th

Because the reactivity of trans-metalation mainly depends on
the X—Beg bond energy, we wish to concentrate on theBg¢g
bond here. On the basis of ‘ekel theory, the stabilization
energy QEco,) of

AEcov =eg—€gt ﬂzl(éB - EA) 4)

the covalent bond formation is given by eq 4, when two orbitals, «gnclusions

«a andys, are well separated in energ$:°8In eq 4,ea andeg

are orbital energies gfa andys, respectively (see Scheme 4), Trans-metalation process involved in the palladium-catalyzed
andp is a usual resonance integral. This simple eq indicates borylation of iodobenzene with diboron was theoretically
that the AE., value increases with an increase in energy investigated with the DFT method. We investigated two reaction
difference betweems andeg. The valence orbital of the Beg  courses of trans-metalation; one is the associative substitution
group is at a higher energy than those of the F, Cl, and | atoms of the PH ligand for By(eg) followed by the trans-metalation
and that of the OH group, as shown in Table 3. This means and the other is the dissociative substitution followed by the
that the X-Beg bond energy becomes larger as the valence trans-metalation. Because(Bg) can form a considerably stable
orbital of X becomes lower in energy. The orbital energy adduct with PdX(Ph)(Pk. when X is either OH or F, the
becomes higher in the order<€OH ~ CI < I, which indicates associative substitution followed by the trans-metalation more

that theo-covalent bond becomes stronger in the order Cl easily occurs than does the dissociative substitution followed
~ OH < F. Besides thes-covalent bond, ther bonding
interaction is formed between the occupiedopbital of X and (59) The B-O distance of the Beg moiety in-XBeg slightly depends on the

. . o8 . p,—p» bonding interaction between the X and Beg groups; theOB
the unoccupied porbital of Beg=® Actually, the occupied p distance is 1.378A in HOBeg, 1.368A in F-Beg, 1.364A in Ci-Beg,
orbital of OH and F can form stronger-bonding interaction and 1.360A in +Beg. These results clearly indicate that tirdonding

. . . . interaction between | and Beg groups is very weak.
with the unoccupied porbital of Beg than does the occupied (60) AcO-Beg bond energy is calculated to be 130.0 kcal/mol with the DFT/
p. orbital of Cl. as shown in Figure 150. The ;r bond is not BS—II/DFT/BS—I method. This value is smaller than the HBeg and

T ! ! F—Beg bond energies but much larger than the-Bég bond energy.
formed well between | and Beg. Thus, the F and OH groups Although the Pe-OAc and Pd-(AcO—Beg) bond energies should be

i i considered in the discussion, the large AeBeg bond energy suggests

are more favorable than the Cl ligand. The I atom is the worst that the palladium acetate complex is one of candidates of good catalysts.
Actually, the AcO salt was experimentally used in the first report of
(58) Biswas, B.; Sugimoto, M.; Sakaki, &rganometallics1999 18, 4015. Ishiyama et at®
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F-BO:C:H.

CI-BO:C:H: 1-BO:C:H4
Figure 11. Contour maps of HOMO of XBeg (X= OH, F, ClI, or I) Hartree-Fock calculation with BS-1l. Contour values are 040.0125,4+0.025, ....

by the trans-metalation. This trans-metalation easily takes placeLewis base but also the fluoro ligand accelerates the trans-
through a four-center transition state with a moderate activation metalation process. The successful result of this palladium-
barrier, when either the OH ligand or the F ligand coordinates catalyzed borylation of aryl halides is attributed to the charac-

with the Pd center. In the transition state, the-B bond teristic feature of the boryl group; it is the presence of the empty
breaking, the PeX (X = OH or F) bond weakening, and the p, orbital on the B atom with which the Beg group forms a
Pd-Beg bond formation are in progress, and the-Bég bonding interaction with the X ligand to accelerate the hetero-
bonding interaction is becoming stronger. From these features,lytic B—B bond scission. The similar features are expected to
it should be concluded that the strengthening of theBég be observed in SuzukiMiyaura coupling reaction, of which

bonding interaction compensates the weakening of theXPd  theoretical study is under progress now in our laboratory.
and B-B bonds, to accelerate the trans-metalation. Also, this

X—Beg interaction induces the polarization ob(&g) to Acknowledgment. The authors wish to thank professors
facilitate the heterolytic BB bond scission. These results Miyaura and Ishiyama for the helpful discussion.This work was
present the clear understanding of the experimental result thatin Part supported by Ministry of Education, Culture, Science,
the basic condition accelerates the palladium-catalyzed bor- T€chnology, and Sports through Grant-in-Aids on priority areas
ylation of aryl halide with diboron and lead to the prediction Of “Reaction Controle of Dynamic Complexes”, “Exploitation
that the fluoro ligand induces the similar acceleration. The ©f Multi-Element Cyclic Molecules” (No.412 and 420), Grant-
electron re-distribution in the trans-metalation also shows that in-Aid for Creative Scientific Research, and NAREGI Project.

other important feature of this trans-metalation. When the chloro for Molecular Science (Okazaki, Japan) and Pentium IV-cluster
ligand coordinates with the Pd center, on the other hand, the Systems of our laboratory.

trans-metalation takes place with difficulty. This is because the
chloro ligand cannot form the strongly bonding interaction with
the Beg group. Actually, the €Beg bond energy is much
smaller than the HOBeg and F-Beg bond energies. Because
of the absence of the €Beg interaction, the BB bond scission
occurs in a homolytic manner in the Cl system, which is very
difficult in the Pd(Il) complex. The final step is the reductive
elimination of phenylborane. Since the reductive elimination
occurs very easily, acceleration of this trans-metalation leads
to more efficient palladium-catalyzed borylation of aryl halides
with diboron.

In conclusion, the fundamental features of the trans-metalation
process are clearly shown here. Our intention here is to presen
the first theoretical report of the trans-metalation of transition-
metal complexes and the theoretical prediction that not only JA040020R
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