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A synthetic and computational study concerning the reactivity of palladacyclopentadienes
containing bidentate nitrogen ligands toward dihalogens is described. The complexes 2,3,4,5-
tetrakis(carbomethoxy)palladacyclopentadiene(NN) (1a-c; NN ) 9,10-bis(phenylimino)-9,-
10-dihydrophenanthrene (phenyl-bip, a), bis(p-tolylimino)acenaphthene ((p-tolyl)-bian, b),
2,2′-bipyridine (bpy, c)) reacted with molecular dihalogens to give (E,E)-1,4-dihalo-1,2,3,4-
tetrakis(carbomethoxy)-1,3-butadiene and PdX2(NN) (X ) Cl, Br, I). The palladacycles 1a,b
react at 203-208 K with bromine to give the palladium(IV) species trans,cis,cis-(E,E)-2,3,4,5-
tetrakis(carbomethoxy)palladacyclopentadiene dibromide(NN) (3av and 3bv, respectively),
which were observed by low-temperature 1H NMR. Above 243 K reductive elimination took
place and the divalent compounds (E,E)-{1,2,3,4-tetrakis(carbomethoxy)-4-halo-1,3-butadienyl}-
palladium(II) bromide(NN) (4av and 4bv) were cleanly obtained. Similar (σ-1,3-dienyl)-
palladium halide complexes 4au-4cw were prepared by reacting the palladacycles 1a-c
with a stoichiometric amount of chlorine, bromine, or iodine. The energy profile obtained
from DFT-B3LYP calculations, which have been carried out using [(HNCHCHNH)Pd(C4-
(CN)4)] + Br2 as a model system, show that this sequence of oxidative addition of molecular
halogen to the palladacyclic compound, generating a Pd(IV) species, followed by reductive
elimination with formation of a carbon-halogen bond is energetically feasible. The
calculations also point to the possible involvement of a Pd(Br2) complex in the early stages
of the reaction. Palladacycles 6 derived from hexafluorobutyne (E ) CF3) reacted analogously,
to give (E,Z)-{1,2,3,4-tetrakis(trifluoromethyl-4-halo-1,3-butadienyl}palladium(II) halide(NN)
compounds 7u-w after E,Z isomerization of the ∆(3,4) alkene bond. When the (σ-1,3-dienyl)-
palladium halides 4au-4cw were reacted with an additional 1 equiv of another dihalogen,
Y2, it was found that an unsymmetric diene, (E,E)-{1-X,4-Y}-1,2,3,4-tetrakis(carbomethoxy)-
1,3-butadiene, was selectively formed, indicating that the intermediate Pd(IV) complex
stereospecifically eliminates the (entering) apical halogen Y and the dienyl fragment. Finally,
several ionic compounds 10bz, 11bz, and 11bz′ were obtained by addition of silver triflate
to solutions of 4bz in the presence of a noncoordinating solvent or isonitriles, respectively.
The X-ray crystal structures of [1,2,3,4-tetrakis(carbomethoxy)-4-iodo-1,3-butadienylpalla-
dium(II) iodide(σ2N,N′-2,2′-bipyridyl)] (4cw) and of [1,2,3,4-tetrakis(carbomethoxy)-1,3-
pentadienylpalladium(II)(tert-butyl isocyanide)(σ2N,N′-p-tolyl-bian)] trifluoromethane-
sulfonate (11bz) have been determined by X-ray diffraction.

Introduction

In previous studies we have shown that low-valent
palladium compounds with rigid bidentate nitrogen
ligands efficiently catalyze a number of carbon-element

coupling reactions, such as hydrogenation of alkenes
and catalytic stereoselective semi-hydrogenation of
alkynes to give (Z)-alkenes and cascade three-compo-
nent and other C-C coupling reactions.1 We have
reported the synthesis of 2,3,4,5-tetrakis(carbomethoxy)-
palladacyclopentadienes which contain bis(nitrogen)† Deceased.
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ligands of the types bis(arylimino)acenaphthene (aryl-
BIAN) and bis(arylimino)-9,10-dihydrophenanthrene
(aryl-BIP), and their reactivity toward organic halides,
resulting in the formation of (σ-1,3-dienyl)palladium
complexes, has been described. These functionalized (σ-
1,3-dienyl)palladium compounds were presumably formed
by a sequence of oxidative addition of an organic halide
to divalent palladium in the palladacycle, giving a
transient Pd(IV) intermediate, followed by reductive
elimination with the formation of a carbon-carbon bond
(Scheme 1).

We also showed that subsequent transmetalation
with organotin reagents led to functionalized 1,3-dienes
(Scheme 2). This culminated in an efficient catalytic
three-component synthesis of dienes, employing low-
valent Pd(NN) complexes as the precatalysts for a one-
pot protocol involving an electron-poor acetylene, an
organic halide, and an organotin reagent.2

Addition-elimination sequences were also success-
fully attempted on the palladacyclopentadiene com-
pounds by employing molecular halogens. Reactions of
organopalladium compounds with dihalogens have fre-
quently been used to liberate the organic fragment from
these complexes;3 for instance, oligomeric 2,3,4,5-tet-

rakis(carbomethoxy)palladacyclopentadiene was reacted
with bromine in order to prove the structure of the
palladacycle4 (as expected, the 1,4-dibromobuta-1,3-
diene was produced in this reaction; see Scheme 3).

So far, hardly any details have been obtained about
the mechanism of reactions of divalent palladium
compounds with dihalogens. There are, for instance,
only a few examples of diorganopalladium(IV) dihalides
known: i.e., one stabilized by two perfluorophenyl
groups5 and one stabilized by an aryl-BIAN ligand.6
Although the selectivity of the reductive elimination has
been investigated for cationic7 and neutral6,8 tris-
(organo)palladium(IV) complexes, this is not the case
for tris(halogen)palladium(IV) compounds. Some pre-
liminary work has been published.2a

It has been shown that aryl-BIAN is able to stabilize
palladium complexes in the zero-, di- and tetravalent
oxidation states.6,9 Hence, aryl-BIAN and aryl-BIP can
most probably be employed for the identification and
isolation of intermediates (e.g. neutral Pd(IV) com-
plexes) in the formation of dienes in the reaction of
palladacyclopentadienes with dihalogens.

In this paper the reactions of palladacyclopentadienes
with dihalogens are described and a computational
study concerning possible modes of addition of bromine
is presented. The mechanism of these reactions will be
discussed. Furthermore, the synthesis of cationic di-
enylpalladium(II) compounds and some of their reac-
tions are described.

Experimental Section

All reactions were performed in an atmosphere of dry
nitrogen using standard Schlenk techniques. All solvents were
distilled prior to use. 1H and 13C{1H} NMR spectra were
recorded on a Bruker AMX 300 spectrometer (300.13 and 75.48
MHz, respectively). Chemical shift values are in ppm relative
to TMS with high-frequency shifts assigned positive. 19F NMR
data were collected on a Bruker AC 100 spectrometer (94.20
MHz) relative to CFCl3. Mass spectra were obtained on a
Varian MAT 711 double-focusing mass spectrometer and were
performed by the Institute for Mass Spectroscopy, University
of Amsterdam. GC-MS data were obtained using an HP 510
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Chem. Soc., Chem. Commun. 1993, 1203. (d) van Asselt, R.; Gielens,
E. E. C. G.; Rülke, R. E.; Vrieze, K.; Elsevier, C. J. J. Am. Chem. Soc.
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1999, 38, 3715.
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421.
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W.; Boersma, J.; van Koten, G. Organometallics 1990, 9, 1479. (d)
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instrument with an 80 mesh column of 25 m. Elemental
analysis were carried out by Dornis und Kolbe, Mikroana-
lytisches Laboratorium, Mülheim a.d. Ruhr, Germany. The
starting materials phenyl-BIP,10 (p-tolyl)-BIAN,9b Pd(DBA)2,11

iodobenzene dichloride,12 and the palladacyclopentadienes 1
and 62 were prepared according to literature procedures.

Synthesis of 1,4-Dihalobuta-1,3-dienes. (E,E)-1,4-Di-
bromo-1,2,3,4-tetrakis(carbomethoxy)buta-1,3-diene (2v).
An excess of bromine (0.5 mL) was added to a solution of 100
mg of 1a (0.13 mmol) in dichloromethane (20 mL). After the
mixture was stirred for 10 min at room temperature, the
solvent was removed by evaporation at reduced pressure and
the organic product was extracted with diethyl ether (2 × 20
mL). The recovered (NN)PdBr2 complex and the dibromodiene
2v were obtained in almost quantitative (>98%) yield. Data
for these compounds have been published.2a

(E,E)-1,4-Dichloro- (2u) and (E,E)-1,4-Diiodo-1,2,3,4-
tetrakis(carbomethoxy)buta-1,3-diene (2w). These 1,4-
dihalo-1,3-dienes were obtained in the same way and in almost
quantitative yield by bubbling through chlorine for 1 min and
immediate workup, or adding a 5-fold excess of iodine to the
solution, followed by stirring at room temperature for 2 h and
consecutive workup as described above. Yields were typically
95%. Data have been published.2a

Synthesis of (E,E)-{1,2,3,4-Tetrakis(carbomethoxy)-4-
halo-1,3-butadienyl}palladium(II) Halides with Biden-
tate N-Ligands (4au-4cw). To a solution of 150 mg of
2,3,4,5-tetrakis(carbomethoxy)palladacyclopentadiene(phenyl-
bip) (1a; 0.2 mmol) in dichloromethane (10 mL) was added a
solution of 1 equiv of bromine (10 µL) in dichloromethane (10
mL) dropwise at 0 °C. After addition, the solution was warmed
to room temperature, after which the solvent was removed by
evaporation and the product was washed with diethyl ether
(2 × 20 mL) and then air-dried. The yield of 4av was 175 mg
(0.19 mmol, 94%). The formation of compounds 4bv and 4cv
was carried out similarly using 1b,c, respectively. Chlorides
4au, 4bu, and 4cu were synthesized by adding a stoichiomet-
ric amount of iodobenzene dichloride to a solution of 1a-c in
dichloromethane at room temperature. Similarly, 4aw, 4bw,
and 4cw were prepared from the same palladacyclopentadiene
precursors and iodine. The yields of 4au, 4bu, 4cu, 4bv, 4cv,
4aw, 4bw, and 4cw were all higher than 92%. Crystals of 4cw
were obtained by slow evaporation of a dichloromethane
solution. Exact masses13 found (calcd): 4au, [M - Cl]•+ 783.059
(783.072); 4bu, [M - Cl]•+ 85.075 (785.088); 4cu, [M + Na]•+

638.948 (638.953), 4bv, [M + Na]•+ 932.948 (932.946); 4cw,
[M + H]•+ 800.843 (800.842). Anal. Found (calcd) for 4cv: C,
37.46 (37.39); H, 2.78 (2.85); N, 3.88 (3.96). NMR data are
reported in Tables 1 and 2.

Synthesis of {1,2,3,4-Tetrakis(trifluoromethyl)-4-halo-
1,3-butadienyl}palladium(II) Halides with Bidentate N-
Ligands (7u-7w). The procedure given above could also be
used to prepare the trifluoromethyl analogues of compounds
4au-4cw. When an excess of dihalogen was added to a
solution of 100 mg of 2,3,4,5-tetrakis(trifluoromethyl)palla-
dacyclopentadiene(phenyl-BIP) (6; 0.13 mmol) in dichlo-
romethane (20 mL), compounds 7u-7w were formed within
10 min. The solvent was removed and the solid was washed
with diethyl ether, forming the products in almost quantitative
yield. NMR data are reported in Tables 1 and 2.

Synthesis of {1,2,3,4-Tetrakis(carbomethoxy)-1,3-pen-
tadienyl}palladium(II) Bromide with Bidentate N-
Ligands (4bz and 4cz). These compounds were prepared
from 1b or 1c according to an earlier report.2b

Synthesis of {1,2,3,4-Tetrakis(carbomethoxy)-1,3-pen-
tadienyl}palladium(II) Trifluoromethanesulfonate with
Bidentate N-Ligands (10bz and 10cz). To 100 mg (0.11
mmol) of (1,2,3,4-tetrakis(carbomethoxy)-1,3-pentadienyl)pal-
ladium(II)((p-tolyl)-BIAN) bromide (4bz) in dichloromethane
was added 32 mg (0.12 mmol) of silver triflate. The solution
was stirred for 30 min, after which the silver bromide was
filtered off and the solution was evaporated to dryness, leaving
an orange-brown solid, which was washed with two small
portions of cold diethyl ether. The yield of 10bz was 96%.
Similarly, the compound 10cz was obtained in 97% yield.
Exact masses found (calcd): 10bz, [M - OTf]•+ 765.127
(765.143); 10cz, [M - OTf]•+ 561.049 (561.049). Anal. Found
(calcd) for 10bz: H, 3.77 (3.26); C, 39.68 (40.55); N, 3.93 (3.94);
S, 3.91 (4.51). NMR data are reported in Tables 1 and 2.

Synthesis of {1,2,3,4-Tetrakis(carbomethoxy)-1,3-pen-
tadienyl}palladium(II)(isocyanide) Trifluoromethane-
sulfonate with Bidentate N-Ligands (11bz, 11cz, and
11bz′). To a solution of 100 mg (0.11 mmol) of 10bz in
dichloromethane was added an equivalent amount, 10 µL (0.11
mmol), of tert-butyl isocyanide. An immediate change of color
took place, and the solvent was removed in vacuo after 5 min,
yielding 99 mg (0.10 mmol, 94%) of the product 11bz.
Compounds 11cz and 11bz′ were prepared in a similar way
in yields higher than 90%. Exact masses found (calcd): 11bz,
[M - OTf]•+ 848.193 (848.216); 11bz, [M - OTf]•+ 644.132
(644.122); 11bz′ [M - OTf]•+ 896.1908 (896.2163). NMR data
are reported in Tables 1 and 2.

Computational Studies. Most of the calculations were
carried out at the DFT-B3LYP level14 with the Gaussian 98
program,15 using as a model the (HNdCH-CHdNH)Pd[C4-
(CN)4] system. The geometries were fully optimized by the
gradient technique, with the following basis set: for Pd the
LANL2DZ basis set is modified following the prescription of
Couty and Hall.16 In this modified basis the innermost core
electrons (up to 3d) are described by the relativistic orbital-
adjusted effective core potential of Hay and Wadt17 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 Hall.16 For the Br atoms
the quasi-relativistic energy-adjusted spin-averaged effective
core potential was taken from the work of the Stuttgart group,
together with their [31/31] basis set,18 to which s and p diffuse
functions (with exponents of 0.0493 and 0.0363, respectively),
and a d polarization function (of exponent 0.381) were added,
following Radom et al.19 With this basis set the Br-Br bond
distance in Br2 is computed to be 2.323 Å at the DFT-B3LYP
level and 2.306 Å at the MP2 level. The slight overestimation
with respect to the experimental value (2.278 Å) is a well-
documented feature for the singly polarized split-valence type

(10) (a) MacPherson, E. J.; Smith, J. G. Tetrahedron Lett. 1971, 27,
2645. (b) van Belzen, R.; Klein, R. A.; Smeets, W. J. J.; Spek, A. L.;
Benedix, R.; Elsevier, C. J. Recl. Trav. Chim. Pays-Bas 1996, 115, 275.

(11) Rettig, M. F.; Maitlis, M. A. Inorg. Synth. 1977, 17, 134.
(12) Vogel, A. I. A Textbook of Practical Organic Chemistry, 3rd ed.;

Longmans: London, 1956.
(13) With corresponding correct isotope patterns.

(14) (a) Becke, A. D. Phys. Rev. A 1988, 38, 3098. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785. (c) Becke, A. D. J. Chem.
Phys. 1993, 98, 5648.

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; 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.; Clifford, 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, I.; 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. A. Gaussian 98, revision A.5; Gaussian, Inc.: Pittsburgh, PA,
1998.

(16) Couty, M.; Hall, M. B. J. Comput. Chem. 1996, 17, 1359.
(17) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299.
(18) Bergner, A.; Dolg, M.; Küchle, W.; Stoll, H.; Preuss, H. Mol.

Phys. 1993, 80, 1431.
(19) Glukhovtsev, M.; Pross, A.; McGrath, M. P.; Radom, L. J. Chem.

Phys. 1995, 103, 1878.
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basis set. All other atoms were described by the standard
LANL2DZ basis set (i.e. the Dunning-Hay [741/41] basis set
for C, N, and O20 and the Huzinaga [31] basis set21 for H). We
refer to this basis set as BS I. The nature of the optimized
structures, either transition states or intermediates, was
assessed through a frequency calculation, and the changes of
Gibbs free reaction energies (∆G values) were obtained by
taking into account zero-point energies, thermal motion, and
entropy contribution at standard conditions (temperature of
298.15 K, pressure of 1 atm). The effect of a larger basis set
(hereafter referred to as BS II) was tested by single-point
energy calculations at the BS I optimized geometries. In BS
II, the innermost core electrons of the palladium atom are
described by the quasi-relativistic energy-adjusted spin-orbit
averaged effective core potential from the Stuttgart group and
the remaining outer core and valence electrons by the associ-
ated triple-ú basis set,22 to which an f polarization function of
exponent 1.472 23 is added. The standard 6-311G(d,p) basis
set is used for C, N, O, and H,24 while keeping the above-
described basis set and pseudopotential for Br. Since the ∆E

value results obtained with BSI and BSII for the oxidative
addition of Br2 and for the reductive elimination of the σ-dienyl
complex turned out to be very similar (vide infra), we will
concentrate our discussion on the BSI results and the corre-
sponding free energy values.

As the DFT method is known to be somewhat deficient to
describe van der Waals complexes,25,26 additional MP2 calcula-
tions were carried out using BSI for the Br2 adduct of the
reacting Pd complex. The corresponding stabilization energy
was corrected from the basis set superposition error27 through
the counterpoise method28 in both cases. Although this coun-
terpoise correction is quite large at the MP2 level (8.2 kcal/
mol), it is low at the DFT-B3LYP level (1.1 kcal/mol). This
justifies our use, throughout this paper, of noncorrected values
at that level.

Since none of the experimental systems 1a-c were compu-
tationally tractable, in particular with respect to their reactiv-
ity with Br2, we looked for a more suitable model of the
tetrakis(carbomethoxy)metallacyclopentadiene moiety and of
the various bidentate N-ligands. This was done by carrying

(20) Dunning, T. H.; Hay, P. J. In Modern Theoretical Chemistry;
Plenum: New York, 1976; pp 1-28.

(21) Huzinaga, S. J. Chem. Phys. 1965, 42, 1293.
(22) Andrae, D.; Haüssermann, U.; Dolg, M., Stoll, H.; Preuss, H.

Theor. Chim. Acta 1990, 77, 123.
(23) Ehlers, A. W.; Böhme, M.; Dapprich, S.; Gobbi, A.. Höllwarth,

J. V.; Köhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G. Chem.
Phys. Lett. 1993, 208, 237.

(24) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem.
Phys. 1980, 72, 650.

(25) Chalasinski, G.; Szczesniak, M. Chem. Rev. 2000, 100, 4227.
(26) Ruiz, E.; Salahub, D. R.; Vela, A. J. Am. Chem. Soc. 1995, 117,

1141.
(27) van Duijneveldt, F. B.; van Duijneveldt-van de Rijdt, J. G. C.

M.; van Lenthe, J. H. Chem. Rev. 1994, 94, 1873.
(28) Boys, S. F.; Bernardi, F.; Mol. Phys. 1970, 19, 553.

Table 1. 1H NMR Data of Compounds 4au-4cw, 7u-7w, and 10bz-11cza

compd proton(s)

no. NN X E 1 2 3 4 5 6 7 8 9 R

4au bip Cl 4.03, 3.74,
3.73, 3.58

6.82 (d,
7.5)

b b 7.85, 7.80 b b b

4av bip Br 4.02, 3.75,
3.74, 3.60

6.81 (d,
8.0)

b b 7.85, 7.79 b b b

4bu bian Cl 3.94, 3.80,
3.75, 3.56

6.64,
6.95

7.45 m 8.03 (d,
8.3)

7.21 (d,
8.0)

7.33c (d,
8.2)

2.45, 2.44
(CH3)

4bv bian Br 3.86, 3.71,
3.69, 3.56

6.7 m 7.43 t,
7.7

8.01 (d,
8.1)

7.13 br 7.33 (d,
7.3)

2.46 (CH3-)

4bw bian I 3.78, 3.73,
3.65, 3.54

6.84 (d,
7.2)

7.4 m 8.11 m 7.1 m 7.3 m 2.50, 2.44
(CH3)

4cu bpy Cl 3.89, 3.76,
3.74, 3.68

8.0 m 8.0 m 7.5 m 9.21, 9.00

4cv bpy Br 3.90, 3.76,
3.74, 3.62

8.0 m 8.0 m 7.5 m 9.42 9.07

4cw bpy I 3.87, 3.78,
3.73, 3.44

8.0 m 8.0 m 7.60, 7.45 9.66, 9.07

7u bip Cl d d 7.55 m 7.87, 7.85 d d d
7v bip Br d d 7.56 m 7.87, 7.84 d d d
7w bip I d d 7.55 m 7.87, 7.84 d d d
10bz bian CH3 3.86, 3.64,

3.54, 3.28
8.12 7.51 vbr 2.51, 2.13

(CH3)
10cz bpy CH3 4.01, 3.84,

3.77, 3.76
8.91e (d, 5.1) 8.22 m 7.76, 7.52 8.46 m 1.98 (CH3)

11bzf bian CH3 3.84, 3.80,
3.79, 3.63

8.16 (d,
8.3)

7.54 br vbr n.o. n.o. n.o. 2.49, 1.29
(CH3)

11cz bpy CH3 3.83, 3.75,
3.66, 3.25

8.55 m 8.27, 8.22 7.87, 7.60 8.67 (d, 5.4) 1.93 (CH3)

11bz′g bian CH3 3.86, 3.73,
3.70, 3.36

8.17 (d,
8.3)

7.55 t,
7.7

vbr n.o. n.o. n.o. 2.51 (CH3)

a Recorded at 300.13 MHz in CDCl3 at 20 °C, unless otherwise stated. For the numbering scheme, see the structural formulas. Signals
are given in ppm, and coupling constants (Hz) are given after the chemical shifts in parentheses. Abbreviations used: s ) singlet, d )
doublet, m ) multiplet, br ) broad, vbr ) very broad. b Signals (multiplets at 6.9-7.5 ppm) could not be assigned. c This signal stems
from two protons; the other doublet coincides with H(7). d 7.44-7.39, 7.1-6.9 (2 × m, 14H, H(7,8,9) and H(1, 2)) ppm; 7v and 7w exhibit
the same chemical shift ranges for these protons, although the multiplet structure is not exactly the same. e Overlap with multiplet at
8.46 ppm. f H(7)-H(11) too broad to observe, NC-C(CH3)3 1.29 ppm. g H(7)-H(11) too broad to observe, NC-C6H3(CH3)2 2.09 ppm.
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out pilot calculations, first on the (bis-imino)palladacyclopen-
tadiene (HNdCH-CHdNH)Pd(C4E4) system with various E
substituents, E ) H, F, CN, OH, COOH, COOMe, yielding
1_H, 1_F, 1_CN, 1_OH, 1_COOH, and 1_COOMe, respec-
tively. We then replaced, in the case of E ) H and COOH, the
diimine (HNdCH-CHdNH) ligand by the bipyridine ligand
(which is one of the experimentally used ligands). We refer to
these systems as 1c_H and 1c_COOH, respectively. Table 3
reports some geometric and electronic characteristics of 1_H,
1_CN, 1_COOH, 1_COOMe, 1c_H, and 1c_COOH. For these
systems the geometry optimization was performed at the
B3LYP/LANL2DZ level, retaining the C2v symmetry for 1_H,
1c_H, and 1_CN, and the C2 symmetry for 1_COOMe and
1c_COOH. For the sake of comparison we also give in Table
3 the Pd-N and Pd-CR bond lengths obtained from the X-ray
crystal structure of the 1c_COOMe system.2b As seen from
this table, the computed values for the Pd-N and Pd-CR bond
lengths in 1_CN, 1_COOH, and 1_COOMe are in good
agreement with the experimental ones. That the values
optimized for 1c_COOH are relatively long can be traced to
two factors: (i) the use of the COOH substituent instead of
COOMe, see for instance the lengthening when one goes from
1_COOMe to 1_COOH, and (ii) the symmetry constraints.
Indeed, a geometry optimization of 1_COOH carried out
without symmetry constraints led to somewhat shorter bond
lengths (2.100 and 2.035 Å instead of 2.124 and 2.043 Å,
respectively). It is also clear from Table 3 that the charges of
the Pd, N, CR, and Câ atoms of 1_CN are similar to those of
1_COOMe, which in turn can be considered as the closest
model of the experimental 1c_COOMe system. Thus, 1_CN
appears to be a relatively good model of the experimental
systems and was subsequently used throughout.

X-ray Crystal Structure Determination of [1,2,3,4-
Tetrakis(carbomethoxy)-4-iodo-1,3-butadienylpalladium-
(II) Iodide(σ2N,N′-2,2′-bipyridyl)] (4cw). X-ray data were
collected on an Enraf-Nonius CAD4-T diffractometer on a
rotating anode, for a yellowish block-shaped crystal glued with
inert oil to a glass fiber and transferred into the cold nitrogen
stream (150 K). Accurate unit-cell parameters were derived
from a least-squares fit of the setting angles of 25 reflections
(SET4)29 in the range 10 < θ < 14°. Crystal data and other
details of the structure determination have been collected in
Table 4. An empirical correction for absorption was done with
DIFABS30 (correction range 0.79:1.40) as implemented in
PLATON.31 The structure was solved by automated Patterson/
Fourier techniques (DIRDIF-92)32 and refined by full-matrix

least-squares on F2 with SHELXL-93.33 Hydrogen atoms were
taken into account at calculated positions, riding on their
carrier atoms with Uiso coupled to the Ueq value of the atom
they are attached to. Neutral atom scattering factors were
taken from ref 34. Geometrical calculations and illustrations
were done with PLATON.35

X-ray Crystal Structure Determination of [1,2,3,4-
Tetrakis(carbomethoxy)-1,3-pentadienylpalladium(II)-
(tert-butyl isocyanide)(σ2N,N′-p-tolyl-bian)] Trifluoro-
methanesulfonate (11bz). X-ray data were collected for a
yellowish cut-to-shape platelet crystal glued with inert oil to
a glass fiber and transferred into the cold nitrogen stream (150
K) of an Enraf-Nonius CAD4-T rotating-anode diffractometer.
Unit-cell parameters were derived from a least-squares fit of
the setting angles of 25 reflections (SET4)29 in the range 10 <
θ < 14°. Crystal data and other details of the structure
determination have been collected in Table 4. The structure
was solved by automated Patterson/Fourier techniques (DIR-
DIF-92)32 and refined by full-matrix least squares on F2 with
SHELXL-93.33 A disorder model was used to describe the
orientational disorder on C(41). Hydrogen atoms were taken
into account at calculated positions, riding on their carrier
atoms with Uiso coupled to the Ueq value of the atom they are
attached to. Neutral atom scattering factors were taken from
ref 34. The structure contains a small void at (0.258, 0.294,
0.397). No residual density was found in this volume. Geo-
metrical calculations and illustrations were done with PLA-
TON.35(29) de Boer, J. L.; Duisenberg, A. J. M. Acta Crystallogr. 1984, A40,

C410.
(30) Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158.
(31) Spek, A. L. Acta Crystallogr. 1990, A46, C34.
(32) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.;

Garcı́a-Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla, C. The
DIRDIF Program System, Technical Report of the Crystallography
Laboratory; University of Nijmegen, Nijmegen, The Netherlands, 1992.

(33) Sheldrick, G. M. SHELXL-93: Program for Crystal Structure
Refinement; University of Göttingen, Göttingen, Germany, 1993.

(34) International Tables for Crystallography; Wilson, A. J. C., Ed.;
Kluwer Academic: Dordrecht, The Netherlands, 1992; Vol. C.

(35) Spek, A. L. Acta Crystallogr. 1990, A46, C34.

Table 3. Some Optimized Bond Distances (in Å)
and DFT-B3LYP/LANL2DZ Computed Atom

Charges for Various
(Bis-imino)palladacyclopentadienes

Pd-N
(Å)

Pd-CR
(Å) Q(Pd) Q(N) Q(CR) Q(Câ)

1_Ha 2.140 2.039 +0.235 -0.368 -0.330 +0.014
1_CNa 2.127 2.026 +0.282 -0.362 +0.011 +0.206
1_COOHb 2.124 2.043 +0.302 -0.356 -0.038 +0.265
1_COOMeb 2.104 2.029 +0.235 -0.364 -0.095 +0.208
1c_Ha 2.157 2.036 +0.210 -0.224 -0.275 -0.041
1c_COOHb 2.191 2.074 +0.285 -0.231 -0.006 +0.251
1c_COOMec 2.120 2.013

a C2v symmetry has been assumed. b C2 symmetry has been
assumed. c Experimental values.2b

Table 4. Crystal Data and Details of the Structure
Determination for 4cw and 11bz

4cw 11bz

Crystal Data
empirical formula C22H20I2N2O8Pd‚

CH2Cl2

C44H44N3O8Pd‚
CF3O3S

fw 885.57 998.34
cryst syst triclinic monoclinic
space group P1h (No. 2) P21/c (No. 14)
a (Å) 9.8078(8) 13.146(3)
b (Å) 9.8873(4) 19.410(4)
c (Å) 16.573(2) 17.854(3)
R (deg) 100.129(6)
â (deg) 91.264(8) 93.09(2)
γ (deg) 112.304(5)
V (Å-3) 1456.7(2) 4549.1(16)
Z 2 4
D(calcd) (g cm-3) 2.019 1.458
F(000) (e) 848 2048
µ(Mo KR) (mm-1) 2.99 0.53
cryst size (mm) 0.15 × 0.15 × 0.15 0.05 × 0.25 × 0.50

Data Collection
temp (K) 150 150
radiation (λ, Å) Mo KR (0.710 73) Mo KR (0.710 73)
θ(min), θ(max) (deg) 1.2, 27.5 1.5, 23.0
data set -11 to +12;

-12 to +5;
-21 to +21

-14 to +14;
-21 to 0;
0-19

no. of total, unique
data; R(int)

7122, 6670; 0.0495 6552, 6314; 0.0853

no. of obsd data
(I > 2σ(I))

5121 3543

Refinement
Nref, Npar 6669, 347 6314, 590
R, Rw, S 0.0411, 0.0881, 1.02 0.0760, 0.1650, 1.02
max and av shift/error 0.002, 0.000 0.000, 0.000
min, max resd dens

(e Å-3)
-0.81, 1.16 -0.73, 0.85
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Results

Reactions of Tetrakis(methoxycarbonyl)palla-
doles 1 with Dihalogens. The reactions of 2,3,4,5-
tetrakis(carbomethoxy)palladacyclopentadienes with Ar-
BIP (1a), Ar-BIAN (1b), or bpy (1c) (Chart 1) as the
bidentate N-ligand, with an excess of dihalogen Cl2, Br2,
or I2 (>5 equiv) at room temperature in dichloromethane
gave complete conversion into the respective PdX2(NN)
(X ) Cl, Br, I) compounds and pure 1,4-dihalo-1,2,3,4-
tetrakis(carbomethoxy)-1,3-butadienes 2u-2w (see
Scheme 4). The dienes were identified by 1H and 13C
NMR and GC(MS).

The rate of addition decreases in the order Cl (the
reaction takes only several seconds to go to completion)
> Br (seconds to minutes) . I (hours). When the mixed
dihalogen chloro-iodide was added, a mixture of 1,4-
dihalobuta-1,3-dienes was obtained: 1,4-dichloro-1,3-
butadiene in 80% yield, 1-chloro-4-iodo-1,3-butadiene in
15% yield, and 1,4-diiodo-1,3-butadiene in 2-5% yield.

When the reaction of 1a, 1b or 1c was carried out
with 1 equiv of bromine under the conditions mentioned
in the previous section, the respective (σ-1,3-butadienyl)-
palladium complexes [Pd(1,2,3,4-tetrakis(carbomethoxy)-
4-bromo-1,3-butadienyl)bromide(NN)] (4av, 4bv, or 4cv)
were formed selectively and almost quantitatively
(Scheme 5). The same types of complexes were formed
when the reactions were carried out with iodine or
chlorine. The latter was added stoichiometrically by
using the yellow solid iodobenzene dichloride. In this
manner compounds of type 4, containing phenyl-BIP (a),
(p-tolyl)-BIAN (b), or bipyridine (c) and halogens Cl (u),
Br (v), or I (w) were synthesized in high yields. It was

not possible to isolate 4aw, because when the reaction
with iodine was carried out starting from 1a, a mixture
of compounds was obtained. No suitable crystals of any
of the (σ-1,3-butadienyl)palladium halide compounds
containing a rigid bis(nitrogen) ligand could be obtained,
but we succeeded in obtaining crystals of the iodo
derivative containing bipyridine (4cw).

Spectroscopic Characterization of σ-dienylpal-
ladium(II) Halide Compounds 4. The (σ-dienyl)-
palladium(II) halide compounds 4au-4cw were ana-
lyzed by 1H and 13C{1H} NMR (and mass spectroscopy
(FAB) or elemental analysis). Characterization of all
compounds by NMR was straightforward, and all com-
plexes exhibited the number and positions of signals
according to their symmetry: i.e. four peaks for the
carbomethoxy groups and doubling of the signals due
to the bidentate ligand for 4au-4cw (these exhibit no
symmetry elements; i.e., the position of the dienyl
moiety is perpendicular to the coordination plane). The
resonance signals of the N-phenyl groups in the com-
plexes containing BIP appeared to be broad, as a result
of the exchange between aryl protons due to interme-
diately rapid rotation around the N-C(aryl) axes in the
ligand. The puckering and the associated dynamic
behavior of the BIP ligand on the NMR time scale has
already been described in earlier work.2,10b The reso-
nances in the 1H NMR spectra of the N-tolyl groups in
the compounds containing (p-tolyl)-BIAN are all in-
equivalent because the dienyl moiety is positioned
perpendicularly to the plane of coordination, as was
observed for 4bv and 4cw in solution and for the latter
also in the solid stat (see below). Compounds 4av and
4bw proved to be unstable when kept in solution for
extended periods of time, also at lower temperatures.
Therefore, 13C{1H} NMR could unfortunately not be
obtained for these complexes.

X-ray Structure of [1,2,3,4-Tetrakis(carbometh-
oxy)-4-iodo-1,3-butadienylpalladium(II) Iodide (σ2-

N,N′-2,2′-bipyridyl)] (4cw). The unit cell contains two
molecules of 4cw and two dichloromethane molecules
of crystallization. The latter show C-H- - -O interac-
tions to O(1), O(3), and O(6), typical for hydrogen bonds.

The molecular structure and the adopted numbering
scheme are depicted in Figure 1; selected bond dis-
tances, bond angles, and torsion angles have been
compiled in Table 5.

Several crystal structure determinations of (σ-buta-
dienyl)palladium(II) compounds are known. Most of
these compounds, however, are the product of two
successive alkyne insertions into a palladium-carbon
or palladium-chloride bond, and generally the two
alkene moieties have a “trans + cis” type of configura-

Chart 1

Scheme 4

Scheme 5
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tion.36 In contrast, the configuration in complex 4cw is
E,E; i.e., both sets of ester groups are cis-disposed. The
butadienyl fragment is positioned perpendicularly to the
coordination plane, as is also found in the comparable
compound [Pd(C(tBu)dCMeCMedC(tBu)Cl)Cl(bipyri-
dine)].37 The features of the bipyridine and the dienyl
fragment are very similar, also concerning the relative
orientation of the two alkene moieties in the σ-dienyl
fragment, which are in both cases almost perpendicular
to each other (see Table 5). This is different from the
(σ-dienyl)palladium bis(triphenylphosphine) complex,
which has an agostic interaction involving the vinylic
proton and the palladium center, and both alkenes

therefore are almost coplanar.38 The Pd(1)-O(5) dis-
tance amounts to 4.188(5) Å. The bite angle of the
bipyridine amounts to 79.38(16)°, and the torsion angle
within the diimine unit of 7.7(7)° is slightly larger than
in the case of the palladacyclopentadiene containing
bipyridine, which amounts to 1.4°.2b Other features are
as could be expected.

Intermediates: NMR. When the reaction of 1a with
bromine was carried out at -70 °C and cold pentane
was added to the resultant red solution, a red precipitate
was formed almost instantly. A red powder could be
obtained, which was washed with cold pentane and
subsequently analyzed by 1H NMR at low temperature
(223 K). The spectra revealed a large high-frequency
shift for the R-methoxy groups (from 2.93 ppm for 1a
at 223 K to 3.72 ppm for the new compound) upon
addition of bromine. Two signals are observed for the
four methoxy groups, one for the R- and one for the
â-methoxy groups. The compound 3av was stable in
solution at 223 K for several minutes. When the
temperature was raised to 243 K, conversion of 3av to
the (σ-butadienyl)palladium compound 4av was ob-
served.

Similar complexes could also be observed for reaction
of 1b with bromine and the analogous complex contain-
ing o,o-diisopropyl-bian as outlined above. In the case
of the bipyridine (1c) or triphenylphosphine analogues,
no Pd(IV) intermediates could be observed by means of
low-temperature 1H NMR, not even at 213 K. In the
case of the o,o′-diisopropyl-bian analogue of 1b, where
each of the N-aryl groups bears two isopropyl groups
at the 2- and 6-positions of the aromatic ring, the
number of signals observed for the iPr methyl groups
is 2 (at δ 1.32 and 0.54 ppm at 200 K), due to hindered
rotation of the aryl groups. Importantly, for the com-
pound 3bv after addition of bromine, a similar spectrum
was obtained; featuring twosnow somewhat broadeneds
signals at δ 1.26 and 0.52 ppm for these methyl groups.
A single set of signals due to symmetry-related halves
of the bip or bian backbone was observed throughout.
These data demonstrate the equivalence of both halves
of the molecule within the coordination plane and above
and below this plane. There is no diastereotopicity of
the isopropyl methyl groups in the case of the diisopro-
pyl-bian analogue. Altogether, the spectroscopic obser-
vations point to the formation of compounds with C2v
symmetry. The only molecular structure fitting these
data is the oxidative addition product of the halogen
with compounds of type 1 to give the dihalopalladium-
(IV) compounds of general structure 3 (Scheme 6).

In the spectra, generally some reaction products, e.g.,
the (σ-dienyl)palladium complex 4 and 1,4-dibromobuta-
1,3-diene 2, were visible due to a slow (at 223 K) reaction
toward 4av. This reaction proceeds even at 223 K at a
rate precluding the obtention of 13C NMR and analysis
or mass spectral data.

Intermediates: Computational Studies. The sche-
matic energy profile (∆H values, ∆G values in paren-
theses) as obtained from the calculations with the BS I
basis set is shown in Scheme 7. The optimized struc-
tures of the reactants, intermediates, transition state,

(36) Pfeffer, M. Recl. Trav. Chim. Pays-Bas 1990, 109, 567 and
references cited therein.

(37) Kelly, E. A.; Bailey, P. M.; Maitlis, P. M. J. Chem. Soc., Chem.
Commun. 1977, 289.

(38) Roe, D. M.; Bailey, P. M.; Moseley, K.; Maitlis, P. M. J. Chem.
Soc., Chem. Commun. 1972, 1273.

Figure 1. ORTEP presentation (50% probability displace-
ment ellipsoids) of 4cw. Hydrogen atoms and CH2Cl2
solvent are omitted.

Table 5. Selected Bond Lengths (Å), Bond Angles
(deg), and Torsion Angles (deg) of 4cw (Esd’s in

Parentheses)
Pd(1)-I(1) 2.5637(6) C(5)-C(6) 1.463(8)
Pd(1)-N(1) 2.062(4) C(12)-C(13) 1.495(7)
Pd(1)-N(2) 2.100(4) C(13)-C(14) 1.332(7)
Pd(1)-C(13) 1.981(5) C(14)-C(15) 1.489(8)
C(20-I(1) 2.088(5) C(14)-C(17) 1.481(7)
N(1)-C(1) 1.337(7) C(17)-C(18) 1.499(8)
N(1)-C(5) 1.369(7) C(17)-C(20) 1.333(7)
N(2)-C(6) 1.350(7) C(20)-C(21) 1.496(8)
N(2)-C(10) 1.325(7)

I(1)-Pd(1)-N(1) 168.41(13) C(13)-C(14)-C(15) 120.8(5)
I(1)-Pd(1)-N(2) 96.96(11) C(13)-C(14)-C(17) 120.5(5)
I(1)-Pd(1)-C(13) 89.50(14) C(14)-C(17)-C(18) 114.8(5)
N(1)-Pd-N(2) 79.38(16) C(14)-C(17)-C(20) 123.6(5)
N(1)-Pd-C(13) 95.33(18) I(2)-C(20)-C(17) 121.4(4)
N(2)-Pd-C(13) 171.41(19) N(1)-C(5)-C(6) 115.5(4)
Pd(1)-C(13)-C(12) 109.0(3) N(2)-C(6)-C(5) 116.3(5)
Pd(1)-C(13)-C(14) 129.8(4)

N(1)-C(5)-C(6)-N(2) 7.7(7)
C(4)-C(5)-C(6)-C(7) 10.7(9)
I(1)-Pd(1)-C(13)-C(14) -79.6(5)
I(1)-Pd(1)-C(13)-C(14) 89.8(5)
C(13)-C(14)-C(17)-C(20) 107.0(6)
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and products are shown in Figure 2,and the correspond-
ing energies have been collected in Table 6.

One first finds a van der Waals type adduct between
Br2 and the square-planar palladium starting com-
pound. In the MP2-optimized structure Br2 stands at
2.73 Å above the Pd atom, almost perpendicularly to
the complex plane, the optimized Pd-Br-Br angle
being 170.7°. Note that the corresponding DFT-B3LYP
values are 2.93 Å and 169.9°. The Br2 molecule is
slightly elongated, by 0.07 Å from its free equilibrium
value, as a result of some charge transfer to the empty
orbitals of Pd: the Br2 unit is positively charged by 0.07
e (HF value). The MP2//MP2 stabilizing energy (BSSE
corrected) amounts to 5.0 kcal/mol, a value quite close

to the uncorrected B3LYP//B3LYP value of 4.2 kcal/mol
(we have already mentioned in the Computational
Studies part of the Experimental Section that the
counterpoise correction is quite low at the DFT level,
1.1 kcal/mol). The trans-dibromopalladium(IV) complex
is much lower in energy than the palladium(II)-Br2

adduct. The reaction energy of the oxidative addition
step is computed to be 16.7 kcal/mol. The corresponding
free energy is of course much smaller, -4.3 kcal mol-1,
due to the negative entropy term. The transition state
for the reductive elimination from the dibromo Pd(IV)
system toward the σ-dienyl palladium complex has been
optimized. Its structure is shown in Figure 2. The
energy barrier (∆Eq value) amounts to 25.4 kcal/mol,
and the corresponding free energy of activation (∆Gq

value) is slightly lower, amounting to 23.4 kcal/mol.
The (σ-dienyl)palladium(II) complex E1 reached im-

mediately after the transition state has a structure that
is quite different from the one shown in Figure 1 for
the experimental iodo analogue. It is more similar to
the (σ-dienyl)palladium bis(triphenylphosphine) com-
plex mentioned above.38 The butadienyl fragment is not
positioned perpendicularly to the coordination plane but
makes a dihedral angle of 132.7°. In addition, the two
alkene moieties are not perpendicular to each other (the
corresponding dihedral angle amounts to 64.5°). This
is most likely due to a remaining weak interaction
between the palladium center and the bromine atom
that has been transferred, the optimized Pd‚‚‚Br dis-
tance being 3.70 Å. The intermediate E1, whose energy
is 2.2 kcal/mol above the dibromo Pd(IV) system (∆G

Scheme 6

Scheme 7
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value; the corresponding ∆E value is 4.4 kcal/mol), can
rearrange to another intermediate, viz. E2, which is 4.6
kcal/mol lower in energy (∆G value; see Table 6) and
has a structure quite similar to that observed for the
iodo derivative; the dihedral angle of the butadienyl
fragment with the coordination plane is 99.6°, much
closer to the experimental value of 89.8° for 4cw, and
the two alkene moieties make an angle of 134.0° (the
experimental value for 4cw is 107.0°). We identify this

second intermediate E2 as the final product of the
reductive elimination process.

The reliability of the energies computed by the DFT
method was tested by carrying out additional calcula-
tions on a similar oxidative addition/reductive elimina-
tion reaction for which experimental data are known.
The reductive elimination of MeI from [Pt(I)Me3(dppe)]
is characterized by a reaction enthalpy of +15.8 kcal
mol-1 in acetone, from which a value of 22.5 kcal mol-1

in the solid state has been estimated.39 The reaction
energy ∆E and the reaction enthalpy ∆H computed at
the DFT-B3LYP level for the model reaction [Pt(I)Me3-
(PH3)2] f [PtMe2(PH3)2] + MeI, with a basis set similar
to that used in the palladium systems, amount to +17.6
and +15.7 kcal mol-1, respectively. We have also
considered the [Pt(I)Me3(dppe)] experimental system
but have limited ourselves in this case to the calculation
of the reaction energy only. The corresponding ∆E value
is 18.9 kcal/mol. All these DFT values are in good
agreement with the experimental ones, as expected from
related theoretical studies.40 Interestingly, the same
calculation carried out at the MP2 level (on the B3LYP
optimized gemetries) led to values which are much too
high: viz., 44.4 kcal mol-1. The fact that the MP2 level
may fail to account for the thermodynamics of reductive
elimination/oxidative addition reactions is a feature that
we have encountered in other instances for Pt(IV)/Pt-
(II) or Pd(IV)/Pd(II) reactions.41 It can also be founds
sometimes less dramaticallysin the literature for other
systems.42

As mentioned in the Computational Studies part of
the Experimental Section, we also carried out a few
calculations with the larger basis set BS II. Results
quite similar to the BS I ones were obtained. Thus, for
the oxidative addition of Br2, the BS II computed
reaction energy amounts to -20.7 kcal mol-1, instead
of -16.7 kcal mol-1 with BS I. The energy barrier for
the subsequent reductive elimination reaction of the
σ-dienyl complex is 26.9 kcal mol-1 instead of 25.1 kcal
mol-1 with BSI, and the corresponding reaction energy
is +0.4 kcal mol-1 (instead of 0.0 kcal mol-1). Finally
the energy difference between the two σ-dienyl isomers
E1 and E2 is computed to be 4.3 kcal mol-1 (instead of
4.4 kcal mol-1; see Table 6).

Reactions of (σ-Dienyl)palladium(II) Halide Com-
pounds 4au-4cw with Dihalogens. When the (σ-
dienyl)palladium compound 4av was reacted with an
additional 1 equiv of bromine, 1,4-dibromo-1,2,3,4-
tetrakis(carbomethoxy)-1,3-butadiene (2v) was formed
together with (phenyl-BIP)PdBr2 (see Scheme 7). When
the chloride adducts 4au and 4bu were reacted with
bromine, a selective formation of 1-bromo-4-chlorodiene
was observed (Scheme 8), and when iodine was used,
1-bromo-4-iodobuta-1,3-diene was predominantly formed.

If the dihalogens were used in reversed order, i.e. the
bromine adduct 4av or 4bv was reacted with chlorine,
the 1-bromo-4-chlorobuta-1,3-diene was also obtained.

(39) Goldberg, K. I.; Yan, J.-Y.; Breitung, E. M. J. Am. Chem. Soc.
1995, 117, 6889.

(40) (a) Bartlett, K. L.; Goldberg, K. I.; Borden, W. T. J. Am. Chem.
Soc. 2000, 122, 1456. (b) Bartlett, K. L.; Goldberg, K. I.; Borden, W. T.
Organometallics 2001, 20, 2669 and references therein.

(41) (a) Milet, A. Ph.D. Dissertation, Strasbourg, Germany, 1997.
(b) Milet, A.; Dedieu. A. Unpublished results.

(42) See Table 21 in: Niu, S.; Hall, M. B. Chem. Rev. 2000, 100,
415.

Figure 2. Optimized structures (at the DFT-B3LYP/BS I
level) of the systems A-E.

Table 6. Relative Energies (∆E), Enthalpies (∆H),
and Free Energies (∆G) for the Reactants,

Intermediates, Transition State, and Productsa,b

system ∆E ∆H ∆G

[(NN)Pd(C4(CN)4)] + Br2 (A) 0 0 0
[(NN)Pd(C4(CN)4)]‚Br2 (B) -4.2 -3.2c +4.8c

[(NN)Pd(C4(CN)4)(Br)2] (C) -16.7 -15.4 -4.3
TS (σ-dienyl) (D) +8.4 +8.2 +19.1

(+25.1)d (+23.6)d (+23.4)d

[(NN)Pd(Br)(C4(CN)4Br] (E1) -12.3 -11.3 -2.1
(+4.4)e (+4.1)e (+2.2)e

[(NN)Pd(Br)(C4(CN)4Br] (E2) -16.7 -15.7 -6.7
(0)e (-0.3)e (-2.4)e

a The values are in kcal mol-1 and refer to DFT-B3LYP
calculations with the BS I basis set. (NN) stands for the
HNdCHCHdNH diimine model ligand. b The total energies of
[(NN)Pd(C4(CN)4)] + Br2 (in au) are E ) -865.236 00, H )
-865.088 93, and G ) -865.179 65. c Without taking into account
the anharmonic correction. d Energy barrier with respect to the
dibromo Pd(IV) complex in parentheses. e Reaction energy for the
reductive elimination process from the Pd(IV) dibromo complex
in parentheses.
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When these palladium complexes were reacted with
chloro-iodide, a mixture of 1-bromo-4-chloro-1,3-buta-
diene (90%) and 1-chloro-4-iodo-1,3-butadiene (10%) was
obtained, but, importantly, no 1,4-dibromobuta-1,3-
diene was formed in this reaction.

When the (σ-butadienyl)palladium complexes 4av,
prepared in a stoichiometric reaction of 1a or 1b with
bromine, were reacted with bromine, the formation of
a (σ-butadienyl)palladium(IV) tribromide intermediate
(5av in Scheme 9, X ) Y ) Br) was observed when
following the reaction by low-temperature 1H NMR. At
218 K compound 4av exhibits four different resonance
signals at 4.10, 3.76, 3.75, and 3.58 ppm in its 1H NMR
spectrum, stemming from the four inequivalent methoxy
groups (these are not much different from the shifts
observed for 5av at 218 K, which were found at 4.05,
3.78, 3.73, and 3.58 ppm). This complex (5av) was not
as stable in solution as compound 3av, and already at
218 K, the products of reductive elimination were
observed. In the course of approximately 1 h, compound
5av was converted completely and cleanly into the 1,4-
dibromobuta-1,3-diene 2v and the (Ph-bip)palladium
dibromide complex. Similar observations were made for
conversion of 4bv with bromine into 5bv at 213 K; in
this case clean conversion into 2v took place within
1/2 h at low temperatures (213-218 K).

Reactions of Tetrakis(trifluoromethyl)palla-
dacyclopentadienes 6 with Dihalogens. The
reactions of 2,3,4,5-tetrakis(trifluoromethyl)pallada-
cyclopentadienes 6 containing a rigid bis(nitrogen)
ligand (6a or 6b) with an excess of dihalogen did not
lead to the formation of the analogous 1,4-dihalobuta-
1,3-dienes in the cases of reaction with chlorine, bro-
mine, or iodine when short reaction times (1-5 min)
were maintained. In all these cases the clean formation
of [{1,2,3,4-tetrakis(trifluoromethyl)-4-halobuta-1,3-
dienyl}palladium(NN) halide] compounds (7u-w;
Scheme 10) was observed. These compounds were
analyzed by 1H , 13C, and 19F NMR spectroscopy (see
Tables 1 and 2).

The 19F NMR spectra of compounds 8u-w revealed
four quartets, indicating the presence of two separate
sets of two cis-CF3 groups on a double bond,43 as a result
of a perpendicular orientation of the double bonds with
respect to each other. This is in agreement with the
geometric feature found in the X-ray structure of 4cw,
where the torsion angle C(13)-C(14)-C(17)-C(20)
amounts to 107.0(6)° (vide supra).

When compounds 7u,v were left standing in solution
at room temperature, a new compound was formed over
the course of more than 1 day. This conversion could
readily be followed by 19F NMR, and the appearance of
four broad signals at -51.6, -52.7, -55.9, and -62.0
ppm for 7v and -52.8, -53.8, -56.9, and -63.8 ppm
for 7u was observed. Most probably, a cis/trans isomer-
ization of the terminal double of the butadienyl moiety
takes place. This is consistent with the observation that
when bromine was added to the new product formed
from 7v (8v in Scheme 10), a new set of four quartets
was observed in the 19F NMR at -57.5, -59.1, and
-60.8 ppm (two overlapping quartets), which can be
ascribed to the unsymmetric organic butadiene product
(Z,E)-1,4-dibromo-1,2,3,4-tetrakis(trifluoromethyl)-1,3-
butadiene (9).

Reaction of (σ-Dienyl)palladium(II) Halide Com-
pounds 4 with Silver Triflate and Isonitriles.
Compounds 4bz and 4cz, having a methyl substituent
instead of halogen at the 4-position of the dienyl moiety,
which have been previously reported,2b react with silver
triflate in dichloromethane to provide 10bz and 10cz
(Scheme 11), respectively, as air-stable compounds after
isolation by filtration. Similarly, a bpy compound could
also be obtained, but surprisingly, this appeared not to
be possible for the putative bip compound.

The unusual low-frequency methoxy signal at 3.28
ppm (see Table 1) is attributed to the carbomethoxy
group at the 3-position of the dienyl moiety, the carbonyl
function of which is coordinating to palladium. Thereby,
the methoxy group of that carbomethoxy moiety is
exposed to the anisotropic shielding cone of the N-aryl
group of the bian ligand. The 13C NMR data of the
carbonyl and methoxy carbons of one carbomethoxy

(43) Kemmitt, R. D.; Kimura, B. Y.; Littlecott, G. W. J. Chem. Soc.,
Dalton Trans. 1973, 636.

Scheme 8

Scheme 9

Scheme 10

732 Organometallics, Vol. 22, No. 4, 2003 van Belzen et al.



fragment show high-frequency shifts to 179.0 and 56.9
ppm, respectively, which amount to a coordination-
induced shift (CIS) of +5.8 and 2.9 ppm, respectively,
as compared to neutral congeners, corroborating such
a coordination, although the magnitude of the CIS is
rather small when compared to shifts of up to 30 ppm
reported for e.g. multiple insertion products of CO and
norbornadiene in PdCl(CH3)(p-anisyl-bian).1c,d These
features were not observed in the case of the bpy
compound, as expected for a compound that lacks such
a shielding N-aryl group. For this compound, dimers and
oligomers have most probably been formed, which easily
assemble and disassemble, as has been observed before
for similar compounds by NMR and X-ray crystal-
lographic evidence.2b We do not know whether the
triflate is associated with the palladium center or either
of the ligands or whether the compound exists as an
ion pair (no conductivity data are available). High-
resolution mass spectra of these compounds indicated
the molecular mass minus the triflate ion.

Upon addition of tert-butyl isocyanide or 2,6-dimeth-
ylphenyl isocyanide to 10bz and 10cz, these ligands
occupy the fourth coordination position, thereby readily
substituting the coordinating carbonyl of 10bz or dis-
assembling the dimers of 10cz, to give 11bz and 11cz.

Similar coordination compounds were formed when
acetonitrile was added to 10bz and 10cz.

X-ray Structure of [1,2,3,4-tetrakis(carbometh-
oxy)-1,3-pentadienylpalladium(II)(tert-butyl iso-
cyanide)(σ2N,N′-p-tolyl-bian)] Trifluoromethane-
sulfonate (11bz). The molecular structure of 11bz with
the adopted numbering scheme is shown in Figure 3.
Some selected bond lengths and bond angles of 11bz
are listed in Table 7. The structure shows that the
palladium center is coordinated by the imine nitrogen
atoms N(1) and N(2), the isonitrile carbon C(27) and the
carbon of the dienyl fragment C(28). The coordination
around the metal center is square-planar, as expected
for divalent palladium complexes. The Pd-N distances
of 2.081(8) and 2.127(8) Å are comparable or slightly
shorter than for other Pd-diimine complexes, e.g. 2.173-
(5) and 2.145(6) Å in Pd(o,o′-iPr2-BIAN)(maleic anhy-

dride),44 2.130(6) Å in (BIP)PdC(E)dC(E)C(E)dC(E),

and 2.127(6) and 2.113(7) Å in (bpy)PdC(E)dC(E)C(E)d

C(E).45

Comparing the known features of the free (p-tolyl)-
BIAN46 with 11bz shows that the imine bond lengths
undergo no significant change upon complexation to

(44) van Asselt, R.; Elsevier, C. J.; Smeets, W. J. J.; Spek, A. L.
Inorg. Chem. 1994, 33, 1521.

(45) van Belzen, R.; Klein, R. A.; Elsevier, C. J.; Smeets, W. J. J.;
Spek, A. L. Recl. Trav. Chim. Pays-Bas, in press.

(46) van Asselt, R.; Elsevier, C. J.; Smeets, W. J. J.; Spek, A. L.;
Benedix, R. Recl. Trav. Chim. Pays-Bas 1994. 113, 88.

Scheme 11

Figure 3. ORTEP presentation (50% probability displace-
ment ellipsoids) of 11bz. The triflate anion, hydrogen
atoms, and minor tert-butyl disorder have been omitted.

Table 7. Selected Bond Lengths (Å), Bond Angles
(deg), and Torsion Angles (deg) of 11bz (Esd’s in

Parentheses)
Pd-N(1) 2.081(8) C(28)-C(31) 1.324(14)
Pd-N(2) 2.127(8) C(34)-C(37) 1.353(16)
Pd-C(27) 1.928(11) O(1)-C(29) 1.198(13)
Pd-C(28) 2.013(9) O(3)-C(32) 1.203(13)
N(1)-C(11) 1.276(12) O(5)-C(35) 1.190(14)
N(2)-C(12) 1.274(13) O(7)-C(38) 1.231(17)
N(1)-C(19) 1.429(12) O(2)-C(30) 1.431(15)
N(2)-C(26) 1.426(12) O(4)-C(33) 1.446(14)
C(11)-C(12) 1.481(13) O(6)-C(36) 1.451(15)
C(27)-N(3) 1.144(14) O(8)-C(39) 1.457(15)
N(3)-C(41) 1.499(14) C(37)-C(40) 1.499(16)

N(1)-Pd-N(2) 80.2(3) Pd-N(2)-C(26) 126.6(6)
N(1)-Pd-C(28) 98.0(3) Pd-C(27)-N(3) 176.2(10)
N(1)-Pd-C(27) 176.7(4) C(27)-N(3)-C(41) 173.9(11)
N(2)-Pd-C(28) 176.5(3) Pd-C(28)-C(31) 129.1(7)
N(2)-Pd-C(27) 96.5(4) C(28)-C(31)-C(34) 123.2(9)
Pd-N(1)-C(11) 112.1(6) C(31)-C(34)-C(37) 122.0(10)
Pd-N(1)-C(19) 130.6(6) C(34)-C(37)-C(40) 125.3(10)
Pd-N(2)-C(12) 109.9(6)

N(1)-C(11)-C(12)-N(2) -2.3(13)
C(9)-C(11)-C(12)-C(10) -3.6(10)
C(13)-C(19)-N(1)-C(11) 82.1(11)
C(18)-C(19)-N(1)-C(11) -92.1(11)
C(20)-C(26)-N(2)-C(12) 63.1(14)
C(25)-C(26)-N(2)-C(12) -120.1(11)
C(28)-C(31)-C(34)-C(37) -130.3(12)
O(1)-C(29)-C(28)-C(31) 86.5(14)
O(3)-C(32)-C(31)-C(28) 23.1(16)
O(5)-C(35)-C(34)-C(37) 49.8(17)
O(7)-C(38)-C(37)-C(34) -131.7(13)
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palladium. However, upon coordination the deviation
of the diimine moiety of the (p-tolyl)-BIAN decreases
as appears from the comparison of the torsion angles of
11bz N(1)-C(11)-C(12)-N(2) of -2.3(13)° and C(9)-
C(11)-C(12)-C(10) of -3.6(10)° with similar angles of
-6.5(3) and -5.6(2)° in the uncoordinated (p-tolyl)-
BIAN. Furthermore, the position of the p-tolyl groups
with respect to the plane of the naphthalene is altered;
in the complex the ring oriented toward the dienyl
fragment (attached to N(1)) is almost perpendicular to
the naphthalene (C(18)-C(19)-N(1)-C(11) is -92.1-
(11)°) due to the steric interactions with the dienyl
group, whereas the ring on the less hindered position
(attached to N(2)) is closer to the value of the free ligand
of -125.9(3)° (C(25)-C(26)-N(2)-C(12) is -120.1(11)°).

The dienyl group is positioned perpendicular to the
plane of coordination. The configuration around the
double bonds is E,Z; i.e., the ester groups are in a cis,-
cis position, as could be expected on the basis of our
earlier reported work.2b However, it was not self-
evident, since it was reported that E,Z dienyl fragments,
initially formed by a double cis insertion of alkynes in
cyclopalladated compounds (several X-ray structures of
such complexes were published47) or a dimerization of
acetylenes,48 underwent a cis/trans isomerization to the
E,E isomers. It was recently also suggested that the
isomerization is intrinsic to the second alkyne inser-
tion,49 and if that would be the case, no E,E dienyl
fragment can be formed in 5b or any of its precursors.

The double bonds of the dienyl unit make an angle of
-130.3(12)° relative to each other, indicating that no
conjugation can occur, and this is indeed reflected in
the bond lengths C(28)-C(31) and C(34)-C(37) of
1.324(14) and 1.353(16) Å, which are comparable with
the values in other palladium dienyl complexes, e.g.
1.344(14) and 1.331 Å in (bpy)PdC(tBu)dC(CH3)C-
(CH3)dC(tBu)50 and the noncoordinating alkene of
1.326(3) or 1.335(21) Å in double alkyne insertion
products of a cyclopalladated complex51,52 and 1.332(7)

Å in (bpy)PdC(E)dC(E)C(E)dC(E).2b Also, the value for
the Pd-C(sp2) distance of 2.013(9) Å is similar to the
ones found for the complexes mentioned above, viz.
2.027(10), 2.007(2), and 1.981(5) Å, respectively. The
Pd-C(sp) distance of 1.928(11) Å falls within the range
of reported bond lengths for a variety of palladium
complexes containing isonitriles, e.g. 1.909(16) Å in [(µ-
anilino)Pd(C6F5)(tert-butylNC)]2,53 1.925(5) Å in PdCl2-
(tert-butylNC)(diphenyl(2-pyridyl)phosphine),54 1.885(7)

and 1.935(7) Å in [(µ-1,8-diisocyano-p-menthane)Pd(Br)-
Cl]2,55 and 2.027(6) Å in 1,1-(tert-butylNC)2-2-(NCH3)3-
2-carba-1-pallada-closo-decaborane.56 The other features
of the isonitrile show no anomalies; thus, a normal triple
bond is observed and the isonitrile is almost linear.

Discussion

For the addition of molecular halogens to metallacy-
clic compounds, several mechanisms may be envisaged.
One may invoke oxidative addition of the halogen, to
give a diorgano-dihalo-palladium(IV) species, and con-
secutive stereospecific reductive elimination of the
carbon-halogen bond to give 4 via 3 (Scheme 6). This
sequence of events is in agreement with the relative
rates for reaction with the various dihalogens and with
the observed symmetry of intermediates as indicated
by the NMR spectra (see above). Hence, we postulate
the molecular structures of the intermediates dibromo-
{2,3,4,5-tetrakis(carbomethoxy)butadiene-1,4-diyl}
(phenyl-bip)palladium(IV) compound 3av, and the analo-
gous (bian)palladium(IV) compound 3bv, which are the
palladium(IV) compounds arising from oxidative addi-
tion of molecular bromine to 1a to bromine. Most
probably, for the other halogens similar intermediates
are formed.

In view of the order of the rate of reaction, which
decreases in the order Cl > Br . I, radical reactions or
a cycloaddition reaction of the molecular halogen to the
palladacycle are less probable. Furthermore, occurrence
of cycloaddition would involve dissymmetric intermedi-
ates, whereas in the present case, clearly, the interme-
diate is of high symmetry as seen from NMR (see above).

The observed order in reactivity of the palladacyclo-
pentadienes with dihalogens (Cl > Br . I) is consistent
with a rate-determining heterolytic splitting of the
halogen-halogen bond, as is observed in oxidative
additions; it points to polar addition of the molecular
halogens in an SN2 type process. This type of bond
breaking is also observed in, for instance, the addition
reaction of dihalogens to alkenes and in other oxidative
addition reactions of palladium complexes with organic
halides.57 The interaction of the metal center with the
dihalogen polarizes the halogen-halogen bond, eventu-
ally producing an ion pair PdX+X-, which rapidly forms
the oxidative addition product 3, in analogy with the
reaction of primary alkyl halides or dihalogens with
platinum complexes.58 The resulting tetravalent pal-
ladium complex (3) is not stable in solution at room
temperature and reductively eliminates one of the apical
halogens with one of the equatorial carbon atoms of the
palladacyclopentadiene to give a (σ-butadienyl)palla-
dium(II) complex (4). Compound 3 is stable in solution
for some time at low temperatures. Similar complexes
containing phosphorus ligands instead of nitrogen ligands
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have never been observed.59 The relative stability of 3
may be due to the strong donor capacity of the bidentate
nitrogen ligands and their low trans influence. In fact,
3 constitutes one of the very few (diorgano)(dihalo)-
palladium(IV) species ever observed.5,6

The results of the calculations are consistent with the
above conclusions. Br2 interacts preferentially with the
palladium atom prior to the oxidative addition. Whether
or not this interaction leads to a genuine intermediate
or to a transient species under the reaction conditions
is difficult to assess. The entropy change accompanying
the adduct formation is negative and thus opposes the
energy change. Its precise magnitude and the magni-
tude of the terms contributing to the enthalpy cannot
be obtained easily from computations, since anharmonic
corrections have to be included for systems involving
noncovalent interactions.60 The enthalpy change should
favor the formation of an adduct, but the corresponding
free energy change is probably close to zero or even
positive, at least for Br2. Adducts of this type have been
observed experimentally between diiodine and a Pt(II)
complex.59c The computed Br-Br elongation in the
palladium system (0.07 Å) is somewhat smaller than
that one observed in the I2 adduct (0.10 Å). This
relatively small elongation is most likely the result of a
four-orbital interaction, two of which are doubly oc-
cupied (the 4dz2 of Pd and the σ of Br2) and two others
are empty (the 5s of Pd and the σ* of Br2). Note that a
somewhat similar pattern has been found in the charge-
transfer complex between Br2 and C2H2; there the π
orbital of C2H2 would play the role of the dz2 orbital in
the Pd system.61 There would be no equivalent of the
empty Pd 5s orbital, however. That the platinum(II)-
I2 adduct involves a greater amount of charge transfer
from the dihalogen to the metal is consistent with the
lower energy of the 6s orbital of Pt compared to 5s of
Pd and with the greater polarizability of diiodine
compared to dibromine.

We have not determined the transition state for the
subsequent oxidative addition of Br2, since it most likely
involves, by analogy to the addition of Br2 to alkenes, a
bromonium ion that is stabilized by a Br3

- counteranion
and by solvent effects, the treatment of which is outside
the scope of the present calculations. This oxidative
addition is exothermic, the Pd(IV) complex C being 4.3
kcal mol-1 more stable (∆G value) than the separated
[(HNCHdCHNH)Pd(C4(CN)4)] + Br2 reactants (the
corresponding ∆E and ∆H values are 16.7 and 15.4 kcal
mol-1, respectively; see Table 6). The finding that E2
is more stable than C by 2.4 kcal mol-1 (∆G value) is
also consistent with the obtention of 4 as the final
product. In fact the rearrangement of E1 to E2 provides
the driving force for the overall reaction.

The organometallic products 4 of the stoichiometric
reactions of 1 with dihalogens all have a butadienyl
fragment with an E,E configuration, as is shown in the
crystal structure of 4cw; i.e., both double bonds have a
cis configuration. The computed structures of E1 and

E2 also display an E,E configuration of the σ-butadienyl
fragment (vide supra). This was not self-evident, since
several reports have been made of isomerization in
dienylpalladium complexes. Although it was recently
assumed that in double acetylene insertions the isomer-
ization is intrinsic to the second insertion reaction,62 also
a stepwise isomerization of a dienyl fragment has been
observed.63 Such a stepwise isomerization was also
observed for the (σ-butadienyl)palladium complexes
containing trifluoromethyl substituents (7 to 8). It is not
exactly clear in what respect the substituents determine
the occurrence of any isomerization. It has been sug-
gested that the steric requirements of the X and the E
substituents might be responsible.

The facile isolation of complexes 4 allowed for the
study of selectivity in the reductive elimination reac-
tions in (σ-butadienyl)PdIV trihalide complexes contain-
ing different halides. Up until now, only studies have
been carried out on the selectivity of the reductive
elimination in tri(organo)PdIV compounds containing
different alkyl and aryl groups.6,8 The product of a
reductive elimination from the palladium trihalide
complexes presented in this work was always the (E,E)-
diene, which is unsymmetrically substituted at the 1-
and 4-positions with distinguishable halides X-Z
(Scheme 12).

Unsymmetric 1,4-dihalo-1,3-butadienes with two dif-
ferent halogens are formed by adding an excess of a
second, other dihalogen to a solution of the bromine
adduct (4av) in dichloromethane at room temperature
(see above). From the product distribution it was
inferred that the reductive elimination takes place
exclusively between the dienyl fragment and the incom-
ing halogen (Scheme 10). When chloro-iodide was used,
a 90% preference was observed for the elimination of
the chloride. This same high preference was observed
when the palladacycle 1 was reacted with an excess of
chloro-iodide, after which 1,4-dichloro-, 1-chloro-4-iodo-
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and 2,4-diiodobuta-1,3-diene were obtained in a ratio
of 72:26:2, respectively. More important than learning
the difference in the selectivity from the reaction of 4av
with chloro-iodide is the observation that no bromide
is incorporated in the diene, which indicates that the
reductive elimination uniquely takes place by incorpo-
rating the halide from the axial position in the octahe-
dral Pd(IV) compound (Y or Z in Scheme 10). Thus, no
isomerization takes place after the oxidative addition
of the halogen, as opposed to most eliminations from
tris(organo)PdIV complexes. In the latter case usually
an exchange or scrambling of organic groups occurs,
during which the halide remains in the axial position,
resulting in the formation of a mixture of coupling
products. The absence of isomerization has been ob-
served in the case of another complex that contains a
rigid bis(nitrogen) ligand, viz. the tetravalent palladium
dihalide complex (p-tolyl)BIANPdIVMe2I2.6

Conclusion

It has been shown that by using a rigid bidentate
nitrogen ligand one may stabilize (dihalo)(diorgano)PdIV

intermediates, which are intermediates in the synthesis
of (E,E)-dihalo-1,3-dienes from a palladacyclopentadiene
and molecular halogen. Most likely, a process of trans
oxidative addition of the molecular halogen to the
Pd(II) center to give a transient (dihalo)(diorgano)-
Pd(IV) species occurs, which is followed by reductive
elimination of a C(sp2)-halogen fragment. It was also
shown that the process of reductive elimination of the
C(sp2)-halogen moiety is fast as compared to the

dissociation of a halogen and subsequent isomerizations.
Thus, the reductive elimination proceeds stereospecifi-
cally, involving interactions between an apical halogen
and an equatorial carbon atom. This enables the selec-
tive preparation of 1,4-dihalo-1,3-butadienes with dif-
ferent halides on the 1- and 4-positions. The difference
in the reactivity of the respective C-X bonds in the
resulting unsymmetrical dienes is expected to be very
useful for their further chemical elaboration: e.g., they
may be applied as electrophiles in carbon-carbon bond
forming reactions such as the Heck reaction or cross-
coupling and carbostannylation reactions.
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