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DFT/B3LYP calculations have been carried out to study intramolecutepdlladium shifts 1§ = 3—5)
between spand sp carbon atoms in alkylarylpalladium systems. Such shifts, which also involve a
concomitant exchange with a hydrogen atom of the alkylaryl ligand, are quite often a pivotal step of

several organic transformations mediated by palladium complexes. We show that the intimate mechanism
for the 1,3 shift corresponds to a Pd(IV) pathway, whereas a Pd(ll) pathway is favored in the case of 1,5
migrations. In the case of 1,4 migrations, both mechanisms are competitive. The Pd(IV) pathway can

involve either a true Pd(lV) intermediate (oxidative addition/reductive elimination mechanism) or a Pd-
(IV) transition state (oxidative hydrogen migration mechanism). The energy barrier is very high for the
1,3 palladium shift, making this process very unlikely, in contrast to the other ones which have enthalpy
barriers ranging between 22.8 kcal mb(for the 1,5 shift) and 31.9 kcal mdl (for the least favorable

1,4 shift studied here). All of these results are in line with our previous results for palladium shifts
between two shcarbon atoms. In addition, the%jp si# shifts have been found to be rather exothermic
owing to the possibility for the alkylaryl ligand in the product to achiew® @oordination mode. This

1° coordination mode results either from the shift itself (1,3 case) or from a subsequent rearrangement
that comprises a chain-running mechanism within the alkyl chain bound to the metal ¥f@).

Introduction

interconversion between these oxidation states underlies most

Multistep organic synthetic reactions mediated or catalyzed of the mechani;tic patterns that are usgally put forth to account
by palladium complexes are extraordinarily numerous and for these reactions. Yet, whereas the interconversion between

diversified!2 This versatile nature of palladium can be traced
to the fact that palladium complexes can formally exit in three
oxidation states, Pd(0), Pd(ll), and Pd(IV). The reversible
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and Catalysis: New Perspegéis for the 21st CenturyJohn Wiley &
Sons: New York, 2004. (bjlandbook of Organopalladium Chemistry for
Organic SynthesjNegishi, E., Ed.; John Wiley & Sons: New York, 2002.
(c) See also Chapters 5, 6;-80, 13, and 15 in:Metal-Catalyzed Cross-
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VCH: Weinheim, Germany, 2004; Chapter 5, pp 222817.

10.1021/jo701701s CCC: $37.00 © 2007 American Chemical Society
Published on Web 11/15/2007

the 0 and+2 oxidation states is now well established, both
experimentally and theoretically, the interconversion between
the +2 and+4 oxidation state is more controversial. This can
be traced to the scarcity of well-characterized Pd(IV) complexes,

(2) See also: (a) Negishi, E.; Capg, C.; Ma, S.; Liou, S.-Y.; Liu, F.
Chem. Re. 1996 1365. (b) Herrmann, W. A.; fele, K.; Preysing, D. v.;
Schneider, S. KJ. Organomet. Chen2003 687, 1229. (c) Palladium
Chemistry in 2003: Recent Developments, special is§u®©rganomet.
Chem; Bertrand, G., Ed2003 687. (d) Zeni, G.; Larock, R. CChem.
Rev. 2004 104, 2285. (e) Tietze, L. F.; lla, H.; Bell, H?. Chem. Re
2004 104, 3453; Dupont, J.; Consort, C. S.; SpenceChem. Re. 2005
105 2557. (f) Zeni, G.; Larock, R. CChem. Re. 2006 106, 4644. (g)
Yin, L.; Liebscher J. Chem. Re. 2007, 107, 1133. (h) Alberico, D.; Scott,
M. E.; LautensM. Chem. Re. 2007, 107, 1174.
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SCHEME 1. General Pathways for the Aryl-to-Alkyl Pd
Shift
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especially with palladiumcarbon bond8:8 In that context, the

Mota and Dedieu

goes a C-H reductive elimination toward a neighboring carbon
atom or (ii) a one-step process in which the oxidation ste2e

of the palladium atom is retained. In this case, it could be
considered either as a metathesis reaction of thél@ bond
with the Pd-C bond or as a concomitantrishift of both the
hydrogen and the palladium atoms.

Such migration processes have been reported several times
for 1,4 migrations, either between two23df§~14.16.18,26-22.24 o
between an spand an spcarbon atom&15171°These experi-
mental studies have also shown the importance of this migration
process from a synthetic point of view, since it allows the
attachment of groups in positions that are otherwise difficult to
substitute by usual chemical reacticfddowever, they could
not assess unambiguously which of the two pathways sketched
in Scheme 1 is operative. We have recently addressed this issue,
via DFT-B3LYP calculations, for h,aryl-to-aryl ( = 3—6)26
and 1,5 vinyl-to-aryd” to palladium shifts. From these calcula-
tions, three different intimate mechanisms, rather than two, were

recent discovery of reactions that involve a step made of a found to be possibly at work: (i) the Pd(Il) mechanism, which

through-space shift of palladium between two carbon atoms,

associated to a simultaneous-8 bond activatiorf, 2% is quite
intriguing from the mechanistic point of view: As shown in
Scheme 1 two differenintramolecular pathways may be

could be classified as@bond metathesis mechanism but which
was shown to correspond more to a through-space proton
transfer between the two carbon atothd’ (ii) an oxidative
addition/reductive elimination two-step mechanism in which a

envisioned a priori: (i) either a two-step process that goes via true Pd(lV) intermediate is involved; and (iii) an oxidative

a C—H oxidative addition on the palladium atom to yield a
hydridopalladium (IV) intermediate which subsequently under-

(3) Canty, A. JAcc. Chem. Red992 25, 83.

(4) Canty, A. J.; van Koten, GAcc. Chem. Re<d.995 28, 406.

(5) Canty, A. J. IrHandbook of Organopalladium Chemistry for Organic
SynthesisNegishi, E. I., Ed.; Wiley: New York, 2002; Vol. 1, Chapter
1.4, p 189.

(6) Catellani, M.Synlett2003 298.

(7) van Belzen, R.; Elsevier, C. J.; Dedieu, A.; Veldman, N.; Spek, A.
L. Organometallic2003 22, 722.

hydrogen migration one-step mechani&fin which the Pd-
(IV) species is a transition state rather than an intermediate. In
the Pd(IV) transition states the imaginary frequency (which is
associated to the hydrogen motion) was found to be rather low
(between 150cm™t and 600 cm™1), much lower than in the
Pd(Il) transition step (where it ranges between 1100™! and
1400 cm™1).26 The intimate mechanism for the 1,3 shift was
shown to correspond to an oxidative hydrogen migration Pd-
(IV) pathway, whereas a Pd(Il) pathway seemed to be favored

(8) For recent references of related theoretical studies that do not supportin the case of 1,5 and 1,6 migrations. In the case of 1,4

the existence of Pd(IV) intermediates, see: (a) Davies, D. L.; Donald, S.
M. A.; Macgregor, S. AJ. Am. Chem. So2005 127, 13754. (b) Cardenas,
D. J.; Martin-Matute, B.; Echavarren, A. M. Am. Chem. So2006 128

5033. (c) Garcia-Cuadrado, D.; Braga, A. A. C.; Maseras, F.; Echavarren,

A. M. J. Am. Chem. So@006 128 11066. (d) Garcia-Cuadrado, D.; de
Mendoza, P.; Braga, A. A. C.; Maseras, F.; Echavarren AJM\m. Chem.
Sac. 2007, 129 6880. (e) Lafrance, M.; Rowley, C. N.; Woo, T. K.; Fagnou,
K. J. Am. Chem. So2006 128 8754. (f) Lafrance, M.; Fagnou, K. Am.
Chem. Soc2006 128, 16496.

(9) Wang, L.; Pan, Y.; Jiang, X.; Hu, Hletrahedron Lett200Q 41,
725.

(10) Tian, Q.; Larock, R. COrg. Lett.200Q 2, 3329.

(11) Larock, R. C.; Tian, QJ. Org. Chem2001, 66, 7372.

(12) Karig, G.; Moon, M.-T.; Thasana, N.; GallagherQrg. Lett.2002
4, 3115.

(13) Campo, M. A,; Larock, R. C1. Am. Chem. So@002 124, 14326.

(14) Campo, M. A.; Huang, Q.; Yao, T.; Tian, Q.; Larock, R.JCAm.
Chem. Soc2003 125, 11506.

(15) Huang, Q.; Fazio, A.; Dai, G.; Campo, M. A.; Larock, R.JCAm.
Chem. Soc2004 126, 7460.

(16) Huang, Q.; Campo, M. A.; Yao, T.; Tian, Q.; Larock, R.JCOrg.
Chem.2004 69, 8251.

(17) Barder, T. E.; Walker, S. D.; Martinelli, J. R.; Buchwald, S.JL.
Am. Chem. So005 127, 4685.

(18) Zhao, J.; Larock, R. @rg. Lett.2005 7, 701.

(19) Zhao, J.; Campo, M.; Larock, R. 8ng. Chem., Int. EQ2005 44,
1873.

(20) Bour, C.; Suffert, JOrg. Lett.2005 7, 653.

(21) Masselot, D.; Charmant, J. P. H.; Gallagher]J TAm. Chem. Soc.
2006 128 694.

(22) Zhao, J.; Larock, R. Cl. Org. Chem2006 71, 5340.

(23) Singh, A.; Sharp, P. Rl. Am. Chem. So@006 128 5998.

(24) Campo, M.; Zhang, H.; Yao, T.; Ibdah, A.; McCulla, R. D.; Huang,
Q.; Zhao, J.; Jenks, W. S.; Larock, R. £.Am. Chem. So2007, 129,
6298.

(25) Ma, S.; Gu, ZAngew. Chem., Int. EQ005 44, 7512.
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migrations,the Pd(ll) and Pd(IV) mechanisms were found to
be competitie, a key delineating factor being the geometrical
constraints The energy barrier computed for the 1,3 palladium
shift was very high, making this process very unlikely (at least
in gas phase), in contrast to the other ones for which enthalpy
barriers ranging between 18 and 28 kcal nialere obtained.
These results not only account for the feasibility of the 1,4 and
1,5 migrations, but they also raise the possibility of 1,6
migrations. Moreover, the fact that for the 1,4 migration the
Pd(ll) and Pd(IV) pathways were found to be competitive does
not contradict the deuterium-labeling experiments, which have
afforded some evidence for the involvement of Pd(IV) inter-
mediates in some 1,4 vinyl-to-aryl palladium migratf@nn
their most recent paper, Larock et al. have also stressed the
importance of steric hindrance as a significant faétor.

These two theoretical investigations were restricted to the
consideration of sjto sg palladium migrations. One also needs
to analyze palladium migrations between ag sarbon atom
and an sp carbon atom, for which there has been some
experimental evidenc&!>17.1%n order to check whether our

(26) Mota, A. J.; Dedieu, AOrganometallics2006 25, 3130.

(27) Mota, A. J.; Dedieu, A.; Bour, C.; Suffert, J. Am. Chem. Soc.
2005 127, 7171.

(28) Oxgaard, J.; Muller, R. P.; Goddard, W. A., Ill; Periana, RJA.
Am. Chem. So2004 126, 352.

(29) Oxgaard, J.; Periana, R. A.; Goddard, W. A.,JIIAm. Chem. Soc.
2004 126, 11658.
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SCHEME 2. Systems Studied for theAryl to Alkyl 1,n Pd Migration

growing the chain

cis/trans-1

previous mechanistic conclusions are still valid or not. We shall
report herein our results for the 1,3 to 1,5 aryl-to-alkyl palladium
migration.

Computational Details

The calculations were carried out at the DFT-B3LYP
leveP®-32 with the Gaussian 03 prografhThe triphenylphos-
phine ligand PPhwas modeled by PH The geometries were
fully optimized by the gradient technique with the following
basis: For Pd the LANL2DZ basis set is modified following
the prescription of Couty and Hatt.In this modified basis, the
innermost core electrons (up to 3d) are described by the
relativistic orbital-adjusted effective core potential of Hay and
Wad#g® and the remaining outer core and valence electrons by
a [341/541/31] basis set where the two outermost 5p functions
of the standard LANL2DZ basis set have been replaced by a
[41] split of the 5p function optimized by Couty and H&l.
For the Br atom, the quasi relativistic energy-adjusted spin-
averaged effective core potential was taken from the work of
the Stuttgart group, together with their [31/31] basis38et
which s and p diffuse functions (with exponents of 0.0493 and
0.0363, respectively), am d polarization function (of exponent
0.381) were added, following Radom et3a&lThe carbon,

hydrogen, and phosphorus atoms were described by the standar

polarized 6-31G* basis sét. The nature of the optimized

structures, either transition states or intermediates, was assességc{

through a frequency calculation. Since we are dealing here with

intramolecular processes, we will concentrate on enthalpy values

which were obtained by taking into account zero-point energies
and the thermal motion at standard conditions (temperature o
298.15 K, pressure of 1 atm). We checked in our first stady

that the geometrical parameters obtained with this basis set ar
in agreement with related experimental structures of bromopal-

cis/trans-2

cis/trans-3

14 PH;

PdvwvBr

cis/trans-4

with this basis set were quite comparable to those obtained with
larger basis sef¥41

Results

We will primarily focus on the 1,3 to 1,5 palladium transfers
depicted in the Scheme 2 for the monopalladated alkyl arene
complexesl—4. They differ by changing either the length of
the alkyl chain or the size of the aromatic system. As will be
shown in the following sections, these transfers turned out to
be in most cases energetically favorable along the direction
shown by the arrow in the Scheme 2, viz. the aryl-to-alkyl
direction. Note also that the cis/trans label here refers to the
relative position of the bromine and the carbon atom covalently
bound to palladium and that the transfer will connect a cis
structure to a trans structure and vice versa. Both¢igans
and trans— cis transfers have been analyzed. The main
conclusions turned out to be rather similar for both types of
transfer. Thus, we shall report in the following our results for
the trans isomer only, owing to the fact that this isomer was
found to be more stable than the cis one. The reader interested
in more subtle details will find the results obtained for the cis
isomer in the Supporting Information. In the case of sysfem

e have also considered another intramolecular process that may

e competitive with the 1,4 process, namely a 1,3 Pd migration
ocess. The same applies for struct8rdor which transfers
her than the 1,5 transfer could occur.

The monophosphine Pd(Il) bromo complexes of the Scheme
2 (1—4) may result from a previous oxidative addition reaction

fof the carbor-bromine bond to palladium in the corresponding

monobromated precursors. Such monophosphine species appear

drom our previous studies to be energetically favorablm

particular, we have shown that the transition states calculated

ladium complexes and that the thermodynamic values obtained©" the vinyl-to-aryl Pd shift are higher in energy in the

(30) Becke, A. D.Phys. Re. A 1988 38, 3098.

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

(32) Becke, A. D.J. Chem. Phys1993 98, 5648.

(33) Frisch, M. J., et al. Gaussian 03, Revision B.04 ed.; Gaussian, Inc.:
Pittsburgh, PA, 2003. See the Supporting Information for the complete
reference.

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

(35) Hay, P. JJ. Chem. Phys1985 82, 299.

(36) Bergner, A.; Dolg, M.; Kahle, W.; Stoll, H.; Preuss, HJol. Phys.
1993 80, 1431.

(37) Glukhovtsev, M.; Pross, A.; McGrath, M. P.; RadomJLChem.
Phys.1995 103 1878.

(38) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56,
2257.

biphosphine complexes compared to the monophosphine com-
plexes?” Note that these monophosphine complexes, although
being formally three-coordinated, will in most cases fill the
fourth valence of palladium through an agostic interaction, either
with a C—H bond of the neighboring alkyl chain (except in the
methyl case, vide infra) or with the-€H or the C=C bonds of

one of the aromatic rings. The involvement of three-coordinated

(39) Alcazar-Roman, L. M.; Hartwig, J. F.; Rheingold, A. L.; Liable-
Sands, L. M.; Guzei, I. AJ. Am. Chem. So@00Q 122 4618.

(40) Yin, J.; Buchwald, S. LJ. Am. Chem. So@002 124, 6043.

(41) Stambuli, J. P.; Incarvito, C. D.;"BYy M.; Hartwig, J. F.J. Am.
Chem. Soc2004 126, 1184.
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trans-1 TSV-trans-1 cis-1°
AH=0.0 AH,, = +42.0 AH=-11.3

FIGURE 1. Optimized structures of thieans-1 — cis-1' 1,3 Pd migration process. The prime label refers to complexes having the Pd atom bound
the alkyl chain. The enthalpy values are in kcal nol

TABLE 1. Calculated Energies AE) and Enthalpies (AH) for the
Species Involved in theTrans — Cis' and Trans — Trans
Transformations in Structures 1 and Bz-BP

imaginary
system AE AH frequency
1. 1,3 Pd¥ oxidative hydrogen migration pathway
trans-1 0.0 0.0 rrans-1 n'ets-l?
TSV-trans1 +46.0 +42.0 557 AH =00 AH=+76
cis—1' —10.9 -11.3
bz-1: 1,3 Pd¥ oxidative hydrogen migration pathway
trans-bz-1 0.0 0.0
n-cis-bz-1' +2.5 +2.4
1: 1,3 Pd¥ oxidative addition/reductive elimination multistep pathway
trans-1 0.0 0.0
TS1V-trans1 +47.4 +43.5 129
interltrans-1 +46.2 +43.1 .
TSV-intertrans-1 +46.6 +42.8 17 ’:’:i"’oz'ol Tllff"’;;"
inter24rans-1 +46.4 +43.2 - AR =
V_ d
;I;iss_tlr’ansl _13 5 _13 4 d FIGURE 2. Optimized structures for theans-1 — 7-cis-1' andtrans-

bz-1 — 5'-cis-bz-1' 1,3 Pd migration process. The enthalpy values are
aThe values are in kcal mo; the zero of energy for the Pd migration  in kcal mol™.
in 1 and bz4 refers totrans-1 andtrans-bz-1, respectively® The B3LYP

total energies (in au) are ftlans1: E= —754.276875H = —754.116129; - : . .
and fortransbz-1: E — —986.535886H = —986.266946¢ In cm-L: refers involved in the transfer, whereas the Pd(ll) transition state is

to the unique imaginary frequency of the calculated transition statet helped by a Clamping_ arrangement of these two or_ganic
found. moieties?® The geometric constraints df do not allow this
clamping arrangement, hence the preference for a Pd(IV)

. . . . transition state.
monophosphine complexes as intermediates is also well docu-
pnosp 1 It should be noted that for the aryl-to-alkyl Pd shift analyzed

mented experimentalllf.3%-48 :
(A) 1,3 Pd Migration: Toluene System (1) As for the 1,3 here, the transferred hydrogen atom is always closer to the
aryl-to-aryl palladium shift in polycyclic aromatic hydrocarbons methy! group (the gethy'_H”a”Sfe”e_dd'Stance amounts 2.0
(PAHSs)25the 1,3 phenyl-to-methyl shift in the Pd-tolyl complex A 29ainst the Gomatic~Huanstereadistance which is~2.5 A).
goes preferentially through the oxidative hydrogen migration 'NiS was not t:zee case when the transfer took place between
mechanism that involves a single Pd(IV) transition state; see two §F?_car_bon . That the transition state Is more reactant-
Figure 1. The computed enthalpy barrier, which amounts to 42,0 € iS in_line with the larger exothermicity found for this
kcal mol%, is somewhat lower than for the 1,3 aryl-to-aryl shift tran.sfer. This rella'tlvelly high exothermicity is most' likely due
that we analyzed previous. The transition state is again to (i) the destabilization of thérans-1 reactant, which lacks
characterized by a short PtH bond (1.545 A) and a low & agostic interaction between the organic moiety and the Pd

imaginary frequency (55&m-1). These two features are typical ~&0M (such an agostic interaction would fill the fourth coordi-
of a Pd(IV) complex. Thus, the transfer is best referred to as an "ating valence), and to (i) the stabilization of #tie-1' product,
oxidative hydrogen migration (OHM), according to the denomi- Wlh'Ch is in fact any>-benzyl Pd complex (and not the expected
nation coined by Oxgaard et #2° We have previously 7 _one), _the three PdC(benzyl) bond distances (see Figure 1)
underlined that Pd(IV) transition state and intermediates are 2€ing guite comparable to knowi-benzyl Pd bond lengtt.°*

favored by a planar arrangement of the two organic moieties 1€ activation barrier is nevertheless quite high, see Table 1,
as a consequence of the ring tension that the cyclometalated

(42) Paul, F.; Patt, J.; Hartwig, J. . Am. Chem. S04994 116, 5969. moiety experiences in the transition state (the-Bd—Cs angle
(43) Hartwig, J. F.; Paul, Fl. Am. Chem. Sod.995 117, 5373. and the G—C; distance in T8-trans-1 amount to 66.7 and
(44) Louie, J.; Hartwig, J. FJ. Am. Chem. Sod995 117, 11598. 2.302 A, respectively, the 1 and 3 subscripts making reference

(45) Galardon, E.; Ramdeehul, S.; Brown, J. M.; Cowley, A.; Hii, K.
K.; Jutand, A.Angew. Chem., Int. EQ002 41, 1760.

(46) Stambuli, J. P.; Bul, M.; Hartwig, J. F.J. Am. Chem. SoQ002 (49) Ariafard, A.; Lin, Z.J. Am. Chem. So006 128 13010.

124, 9346. (50) Johns, A. M.; Utsunomiya, M.; Incarvito, C. D.; Hartwig, J.JF.
(47) Strieter, E. R.; Blackmond, D. G.; Buchwald, S.J..Am. Chem. Am. Chem. So2006 128 1828.

Soc.2003 125 13978. (51) Gatti, G.; Lopez, J. A.; Mealli, C.; Musco, A. Organomet. Chem.
(48) Hills, I. D.; Fu, G. C.J. Am. Chem. So004 126, 13178. 1994 483 77.
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I

I/ frans-1 trans-1"
AH=0.0 AH=-124
?
TSZ“’ trans-1

TS1™V-trans-1
AHyy = +43 5 E ;

inter1-trans-1 TS-inter-trans-1 inter2-frans-1

AH = +43.1 AHgq=+42.8 AH =+43.2

FIGURE 3. Possible oxidative addition/reductive elimination™Prbute connecting trans isomers hf The enthalpy values are in kcal mél

% 2055A

TS -trans-2 2380 A

AHe = +30.5

2557;&

cis-2'
AH = —2 0

. v TS"-trans-2
AH,, =+29.2
TS2V-trans-2
TS1"V-trans-2 AHyq = 4319
AHy = +30.2

inter2™ -trans-2

inter1"-rrans-2
AH =+29.9 TS -inter-trans-2 AH = +30.9

AH,, =+3L.8

FIGURE 4. Optimized structures of the Pd(ll) and Pd(IV) pathways for tifaas2 — cis-2' 1,4 Pd migration process. The enthalpy values are
in kcal mol,

to the carbons involved in the 1,3 Pd shift). This high barrier chosen because it could be also considered as participating as
makes the 1,3 migration process rather unlikely, at least in the a solvent molecule for the reaction). This led as expected to a
gas phase. significant decrease of the reaction enthalpy which amounts to
Attempts to obtain the expectegl-benzyl Pd structure  +2.4 kcal mot?, instead of—11.3 kcal mot?, see Table 1.
systematically led to the® species. In fact, thg' structure From these results, the enthalpy gain in forming #féenzyl
could be obtained only as a transition state for the torsion aboutcomplex may be estimated to be about 14 kcal ha value
the Garomatic Cmethyl bond, well above the?3 structure (by 18.9 in agreement with values that have been previously found either
kcal mol ). As a result, the reaction enthalpies for a 1,3 Pd experimentally? or computationally for various Pebenzyl
migration that would stop at thg* structure ist+-7.6 kcal mof?! complexe$?
(see Figure 2 and Table 1). In order to get another estimate of
the enthalpies for such reactions, we considered systems with 1?2?&" F. C.; Brookhart, M.; White, P. S. Am. Chem. S0d.996
an extra benzene molecule which blocks the fourth coordination ™~ (53) Magistrato, A.; Togni, A.; Rothlisberger, @rganometallic2006
site; see thdransbz-1 structures of Figure 2 (benzene was 25, 1151.

J. Org. ChemVol. 72, No. 25, 2007 9673
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trans-2 TSV pi-trans-2 cis-2’b
AH = 0.0 AH = +39.1 AH=-12.5

FIGURE 5. Optimized structures of the Pd(IV) pathway for tihens2 — cis2'b 1,3 Pd migration process. The enthalpy values are in kcat‘mol

TABLE 2. Calculated Energies AE) and Enthalpies (AH) for the SCHEME 3. Various Routes To Obtaincis- and trans-2'b
Species Involved in theTrans — Cis Transformation in Structure from Different Starting Points
2a,b
imaginary \ 14 - og PHj
system AE AH frequency ' PHa N ‘1,.B
r
2: 1,4 Pd proton-transfer pathway Pd% 1,2
trans-2 0.0 0.0 Br
TS-trans2 +34.3 +30.5 1393
cis-2' -15 -2.0
2: 1,4 PdV oxidative hydrogen migration pathway cis/trans-2
trans-2 0.0 0.0
TSV-trans-2 +32.9 +29.2 533
cis-2' —-1.5 —-2.0
2: 1,4 PdY three-step oxidative addition/reductive elimination pathway
trans-2 0.0 0.0
TS1V-trans2 +33.9 +30.2 166 -
interlV-trans-2 +32.7 +29.9
TSV-intertrans2 +35.2 +31.8 112
inter2V-trans-2 +33.7 +30.9
TS2V-trans2 +35.7 +31.9 198 cis/trans-2 cis/trans-2'b
cis—2' —-1.5 —-2.0
2: 1,3 Pd" direct oxidative hydrogen migration pathway Pathways involving Pd(IV) intermediates have also been found

trans2 0.0 0.0 in our previous studies, but for the 1,5 and 1,6 shifts GhRY.
TSVpistrans-2 +43.3 +39.1 490 For the 1,3 and 1,4 shifts, the Pd(IV) pathways were oxidative
cis-2'b —12.0 —12.5 hydrogen migration one-step pathways with a Pd(IV) transition

aThe values are in kcal mo¥; the zero of energy for the Pd migration ~ State, and we traced th_e preference for the one-step Pd(IV)
in 2 refers totrans-2. ® The B3LYP total energy (in au) is fdrans2: E pathway over the multistep Pd(IV) pathway to structural
= —793.589894,H = —793.399079¢In cm™?, refers to the unique requirementd® That the 1,3 shift analyzed here may involve a

imaginary frequency of the calculated transition state.

square pyramidal intermediate is therefore most likely due to
the possibility of the system to distort in order to achieve
such a geometry. Note finally that the angular displacement of
the Br atom that leads from intetians-1 to inter2{rans-1 via
TSV-intertrans-1 (which has a distorted TBP structure), see
Figure 3, is a well-known feature of halogen®mkntacoordi-
nated transition-metal complex&s>8 All of the above findings
illustrate once again the versatility of palladium to accommodate
the +1V oxidation state in various geometries.

(B) 1,4 Pd Migration: Ethylbenzene System (2)Thetrans
ethylbenzene Pd complex displays several stable structures,
which differ by the type of the agostic interaction that is present
between palladium and the ethyl substituent. The most stable
one, labeled asans-2, is shown in Figure 4. It is characterized
by a weake agostic interaction between the Pd atom and the
terminal C-H bond of the ethyl chain (the PeH distance is
2.799 A). As shown in Figure 4, three different pathways, viz
one Pd(ll) single step, one Pd(IV) oxidative hydrogen migration,
and an oxidative addition/reductive elimination three-step

At this stage, one should mention that the results for the cis
isomer do parallel the ones for the trans isomer; see the
Supporting Information. A point of interest is that, although
this cis-1 isomer lies+5.5 kcal mof? (enthalpy value) above
thetrans-1 isomer, the activation barrier is much lower for the
cis-1 — trans-1' conversion §34.8 kcal mot?) than for the
trans-1 — cis-1' conversion 4-42.0 kcal mot?). Thecis-1 —
trans1' transition state (T'8-cis-1) remains therefore below
thetrans1 — cis-1' transition state; see Scheme S1 and Table
S1 of the Supporting Information. Thus, should there be a
feasible mechanism that would first convaens1 into cis-1,
then one would have a pathway to go frorans-1 to trans-1'.

It is also worth mentioning that the T™Strans-1 transition
state lies close in energy to, but below, intermediates and
transition states of an oxidative addition/reductive elimination
multistep Pd(IV) pathway; see Figure 3 and Table 1. In this
pathway, the arrangement of the ligands around the palladium
atom in the intermediates is still square pyramidal, but with a
negatively charged carbon atom in the apical position, namely (54) Lichtenberger, D. L; Brown, T. LJ. Am. Chem. S0d978 10
the one originating from the methyl group (Figure 3). We could 3g6.
not, however, and despite repeated efforts, find a transition state  (55) Davy, R. D.; Hall, M. B.Inorg. Chem.1989 28, 3524. _
for the last step of this pathway. Should it nevertheless exist, 195526)1?‘;2'@)3- F.; Jean, Y., Eisenstein, O.; PelissierQvjanometallics
then one would have a mechanism to connect two trans isomers, ™ 57y McGregor, S. A.; MacQueen, Dnorg. Chem.1999 38, 4868.
hence corresponding to &ans — trans transformation (58) Kovacs, A.; Frenking, GOrganometallics2001, 20, 2510.
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?543 A
N 2176 A
trans-3
AH=0.0
TS1"b-rrans-3
AHy = +33.0
TS trans-3 TS -a-trans-3
AH = +25.4 AH,, =+30.9
\ inter-b-trans-3
AH =+32.6
I'd
2.506 A ?

2481 A TS2" b-trans-3
-« not found

cis-3’
AH=—0.8

l 1,2-Pd
migrations

cis-3"h
AH=-11.6

FIGURE 6. Optimized structures of the Pd(ll) and Pd(lV) pathways for tifams3 — cis-3'b [1,5 + 1,2] tandem Pd migration process. The
enthalpy values are in kcal mal

pathway involving two Pd(IV) intermediates, have been ob- referred to (in metal alkyl complexes) as a “chain runni?g?®-61
tained. As for the aryl to aryl 1,4 Pd migratiéhye expected leads once again to a quite stalyfebenzyl Pd complex. The
that these mechanisms would be competitive, with comparable overall reaction is therefore a [1;4 1,2] tandem Pd migration.
energy barriers. This is indeed the case; see Table 2 and Figure Although being conceptually very simple, the 1,2 Pd/H
4. The Pd(IV) oxidative hydrogen migration mechanism, which interchange is mechanistically rather complex. It comprises
is the most favorable oneAHat = +29.2 kcal mot?), was several rotationS-elimination and insertion stepll them

ascertained by an IRC calculation. It showed that/ftans-2 characterized by low enthalpy barriers (of the order of 12 kcal
does indeed connettans-2 to cis-2', even if the transferred  mol~* or less§2 —which are described in detail in the Supporting
hydrogen atom is far away (2.435 A) from the.& position Information section (see Figures S4 and S5 and Scheme S4). It
(compare this value to the value of 1.914 A for the-Gkny should therefore take place quite easily.

distance). Note also that the oxidative addition/reductive  Quite interesting too is the fact that the final prodit
elimination three-step pathway involves a conformational change obtained fron2' through this [1,4+ 1,2] tandem Pd migration

of the ethyl group through theafen—Ceiny bond axis (compare  process can be also obtained fr@mia a direct 1,3 Pd migration
inter?V-trans-2 and inter? -trans-2 in Figure 4) that is needed

to get geometries appropriate for the transfer. - (59) Schmidt, G. F.; Brookhart, M. Am. Chem. Sod.985 107, 1443
At this stage, one should stress that the resultigg?’ (60) Brookhart, M.; Volpe, A. F.; Lincoln, D. M.; Hovarth, 1. T.; Millar,
structures is not the most stable one on the whole potential J- 'E/é-l;-s'“\m- ?he?-)ls_mgiq Rllzc 5?_34-Y Bain A C.- Russell CIE
. H H ee also (a) Larock, R. C.; Lu, Y.; baln, A. C.] Russell, .
surface_. it can rearrange via a five-step rearrangement thatOrg_ Chem.1991, 56, 4589. (b) Als@iz, A. C.: Espinet, P.. Lin, Y.-S.
results in a palladium displacement from a terminal position to organometallics 1997, 16, 4138.
an inner position to yiela¢is-2'b; see Scheme 3 and Figure S4 (62) A somewhat similar situation has been analyzed recently in alkenyl

; ; ; ' palladium complexes, see: (a) Hansen, A. L.; Ebran, J.-P.; Ahlquist, M.;
of the Supporting Information (the same is true foans2 Norrby. P.-O.. Skrydstrup. TAngew. Chem.. Int. Eng2006 45, 3349, (b)

which r?SU“S ermCis'Z see Figure _85 in the Suppor_ting Ebran, J. P.; Hansen, A. L.; Gogsig, T. M.; SkrydstrupJTAm. Chem.
Information). This rearrangement, which has been previously Soc.2007, 129, 6931.
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SCHEME 4. Various Routes To Obtaincis-3' and trans-3'b
from 3 via Initial 1,5, 1,4, and 1,3 Pd Migrations

1,2
Pd

Br PH,

cis/trans-3'

Br
dm‘

HaPey,
P

PH,

cis/trans-3' \ cis/trans-3'a

cis/trans-3

cis/trans-3'b

cis/trans-3

(Scheme 3 and Figure 5): as for the 1,3 migratiori,jrthe
barrier for this 1,3 migration is high, much higher than the
barrier associated with the tandem #41,2 Pd migration; see
Table 2. Thus, anyapparent1,3 Pd shift in ethylbenzene
derivatives might be in fact the result of such a4,4,2 tandem
reaction. More generally, one may also anticipate thahd,
migration in alkylbenzene derivatives could be followed by a
series of 1,2 shifts, provided that such shifts would be allowed

Mota and Dedieu

TABLE 3. Calculated Energies AE) and Enthalpies (AH) for the
Species Involved in theTrans — Cis Transformation in Structure
3a,b

imaginary
system AE AH frequency
3: 1,5 Pd migration pathway
trans3 0.0 0.0
TS'-trans3 +28.8 +25.4 1292
cis-3' -0.6 -0.8
cis-3b -115 -11.6
3: 1,5 Pd' oxidative hydrogen migration pathway “a”
trans3 0.0 0.0
TSV-atrans3 +34.4 +30.9 283
cis-3' -0.6 -0.8
cis-3'b —-115 —-11.6
3: 1,5 Pd¥ oxidative addition/reductive elimination multistep
pathway “b”
trans-3 0.0 0.0
TS1IV-b-trans-3 +36.4 +33.0 455
interV-b-trans-3 +35.4 +32.6
TS2V-b-trans3 d d d
cis—3' -0.6 -0.8 —
cis—3b —-115 -11.6 -

aThe values are in kcal mol, the zero of energy for the Pd migration
in 3 refers totrans-3. » The B3LYP total energy (in au) is fdrans3: E
—832.903966H = —832.683592¢ In cm%; refers to the unique negative
frequency of the calculated transition stat&lot found.

We can anticipate that the geometries and the activation energies
associated to this 1,2 Pd migration sequence should be very
similar to those obtained for the systéin

As shown from Figure 6, the Pd(ll) pathway for the 1,5 Pd
migration is favored over both the oxidative hydrogen migration
and the oxidative addition/reductive elimination Pd(IV) path-
ways. This is in line with our previous conclusions or? &p

by either the geometrical constraints of the system or the naturesp? 1,n Pd migrations, which were found to be in the Pd(ll)

of the alkyl moiety. For instance, in the tandem-B func-
tionalization/Suzuki-Miyaura coupling reaction of 2,4,6-ttért-
butylbromobenzene with phenylboronic acid investigated by
Buchwald et al’ and which involves a 1,4 aryl- to alkylpal-
ladium migration, a subsequent 1,2 stuéinnotoccur due to
the lack of3-hydrogens. The same is true for the products of
the 1,4 alkyl to aryl shifts observed by Larock efain fused
polycycles. Note that in this case the shift is from the alkyl to
the aryl. In our model syster2, the shift is energetically
favorable in the opposite direction, i.e., from the aryl to the
alkyl, but the energy difference is small, 2 kcal mbbnly.
Thus, the direction of the 1,4 shift should depend to a large
extent upon the complexity of the system. In fact, in the
consecutive vinylic to aryl to allylic palladium migration
reported recently by the same grolighe second transfer is
from the sp to the sg carbon atom, most likely driven by the
isomerization of the allyl ligand from the;* to the 3

domain whem > 426 Interestingly the most stable conformation
of the propyl group irtrans-3 leads quite naturally tois-3' via

the oxidative hydrogen migration pathway “a” shown in Figure
6. This route is preferred over the oxidative addition/reductive
elimination pathway “b” which involves a conformational
change of the propyl group and is characterized by higher energy
intermediates and transition states. Moreover, the search for
TSV-b-trans-3 structure proved unsuccessful. Thus, the pathway
“b” may not be operative for the trans isomer, perhaps because
of an inappropriate conformation of the propyl group. These
results illustrate the critical role that the conformational behavior
of the alkyl chain might play in the assessment of the intimate
mechanism of these Pd migratioffs.

We have already mentioned that the palladium bound to the
terminal carbon of the alkyl chain i® can undergo a 1,2 Pd
migration sequence that will stop at the correspondiiy
species. In fact, one should be aware that there is, a priori, a

coordination mode. Note also that in the intermediate undergoingwhole variety of Pd migrations from the aryl group to the propy!

the sp to sp@ 1,4 shift, the expected coplanarity of the two
organic moieties that are involved in the transfer should favor
one of the Pd(IV) routes, either the oxidative hydrogen migration
pathway or-as put forth by the experimentaliststhe oxidative
addition/reductive elimination pathway.

(C) 1,5 Pd Migration: Propylbenzene system (3)As for
the ethylphenyl comple®, the most stable structure obtained
after the 1,5 migration ir8 has any® coordination mode, see

chain, ranging from a 1,5 to a 1,3 type, and that each of these
can be followed by one or more Pd migrations within the
propyl: thus, as shown schematically in Schem@&'@,could

be obtained fron3 either via a 1,5 migration coupled to a single
1,3 Pd migration, or via a 1,4 Pd migration to the outermost
methylene group in the propyl chain followed by a single 1,2
Pd displacement, or finally via an 1,3 direct Pd migration by
transferring the hydrogen atom to the innermost methylene group

3'bin Figure 6. This structure is most easily accessible through (Figures S9-S11 in the Supporting Information). We have also

a 1,5 Pd(ll) migration coupled to a chain running mechanism
that would involve two 1,2 Pd migrations along the alkyl chain.
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trans-4 TS trans-4 cis-4*
AH=0.0 AHy = 4277 AH=-139

FIGURE 7. Optimized structures of the oxidative hydrogen migration Pd(lV) pathway fotrdres4 — cis4' 1,4 Pd migration process. The
enthalpy values are in kcal mal

TABLE 4. Calculated Energies AE) and Enthalpies (AH) for the

Species Involved in theTrans — Cis' Transformation in Structure
430

system AE AH imaginary frequency
4: 1,4 P&V oxidative hydrogen migration pathway -
trans-4 0.0 0.0
TSV-trans4 +31.2 +27.7 480
cis—4' -13.9 —-13.9 cis-5
AH=-12.8

aThe values are in kcal mo}; the zero of energy for the Pd migration
in 4 refers totrans-4. ® The B3LYP total energy (in au) is fdrans4: E
= —907.916498,H = —907.706659¢In cm™1; refers to the unique
imaginary frequency of the calculated transition state.

FIGURE 8. Optimized structures for therans5 — cis5' 1,4 Pd
migration processes. The enthalpy values are in kcainol

naphtalene ring. They proposed that this could be accounted

isomers, see Table S5 in the Supporting Information. For the fg, by a 1,4 rearrangement between a naphthylmethyl and a
trans isomer, the 1,5 Pd(ll) migration turns out to be the most methylnaphthyl Pd intermediate; see Scheme 5. They also
favorable initiation process. Since further 1,2 Pd displacementssuggested that these nitrogen containing olefins might be
are expected to be rather facile (vide supra), one may concludejnyolved in the stabilization of the intermediates as coordinating
that the easiest route ws-3'b frqm trans-3 .should involve a _ ligands. Their result would imply that the methylnaphthyl
[1,5+ 1,2+ 1,2] cascade reaction. Surprisingly, as shown in jntermediate is more stable (or at least close in energy to) than
the Supporting Information (see Figure S8 and Table S5) for the naphthylmethyl intermediate, a conclusion that seems at odds
the cis isomer the 1,5 Pd(ll) pathway has a comparable yith our present finding. We have also carried out calculations
activation energy fo that of the 1,4 Pd(IV) route (Table 3). In on the chioro Pd systenfisand found again that, as in the bromo
this case the tandem [1:# 1,2] process is therefore a likely  systemy, the palladium is preferably bound to the methyl group
alternative. (rather than to the phenyl); see Figure 8. Yet, on the basis of

(D) 1,4 Pd Migration: Methylnaphthalene System (4) As our results for the toluene derivatiie(vide supra), one may
for the 1,3 migration in the tolyl comple no Pd(ll) transition  expect that the presence of a coordinating system in the
state could be obtained. This is again due to the geometric coordination sphere would first lead tojacoordination mode
constraints that prevent the two organic moieties involved in and thus lead to reactants and products of similar energy.
the transfer, viz. the methyl and the naphthyl groups, from
adopting a clamping rearrangement around palladium. One findsConclusion
instead a Pd(IV) transition state that is characteristic of an
oxidative hydrogen migration mechanism; see Figure 7. Quite  We have extended in this study our investigation of the 1,
noteworthy are the relatively low activation energy and high carbon to carbon palladium shifts (which are simultaneously
exothermicity computed for this 1,4 migration process4in  accompanied by a hydrogen migration) from the shift between
(Table 4), when compared to the 1,3 or 1,4 migration processestwo s carbon atoms to the shift between arf spd an sp
in 1-3. This is most likely due to the combined effects of the carbon atom. The results show that our previous conclusions
formation of the quite stablg® product (as in1) and of the remain valid, whatever the type of carbon atom is involved. In
relief of steric hindrance between the methyl group and the particular, the preference for the Pd(ll) route over the routes
PdBr(PH) moiety in the reactant. that involve either a Pd(IV) transition state (the oxidative

Interestingly Wang et &lhave observed for the Heck reaction hydrogen migration route) or a Pd(lV) intermediate (the
of a-chloromethynaphtalene with various olefins, the formation, oxidative addition/reductive elimination route) is highly de-
in the case oN-vinyl olefins, of an unexpected coupling product pendent on the geometry of the system, namely its ability to
in which the olefin group is attached to tperi position of the undergo a distortion that will allow a clamping arrangement

SCHEME 5. Mechanism with the 1,4 Pd Shift Proposed by Wang et al.
Ry
I

cl CIPd
H H H—Pd PdCI R N

CO=COHCORCO= 0T
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with respect to the transferred hydrogen in the Pd(Il) transition occurrence of successive 1,2 shifts that may ultimately lead to
state. As for the 1,3 aryl-to-aryl Pd shift, the 1,3 phenyl to a product that seems to arise from an apparent 1,3 shift in the
methyl shift is characterized by a high barrier, thus making the alkylphenyl starting complex.

process unlikely despite a favorable exothermicity. This rela- Supporting Information Available: Text, Figures, Schemes
tively large exothermicity is the result of an additional stabiliza- 514 Tables giving details for the varioess . trans F’)I’OCESSGS
tion provided by the;® coordination mode of the benzyl ligand  and for other possible intramolecular rearrangement processes.

obtained. On the other hand, for the phenyl to alkyl shift 6 Cartesian coordinates, absolute energies and enthalpies of the
> 3) the energy barrier is much more accessible, especially in calculated structures reported in the text. This material is available
the case of the propylphenyl system= 5). Forn = 4, the free of charge via the Internet at http://pubs.acs.org. Cartesian
Pd(Il) and Pd(IV) routes are competitive, whereasrior 5, coordinates of calculated structures reported in the Supporting

the Pd(Il) mechanism becomes more favorable. Quite interest- Information Section are available, on request, from the correspond-
ingly, too, forn > 3 the stabilization by the?® coordination "9 author.
mode mentioned above appears to be a triggering factor for theJ0701701S
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