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ABSTRACT:We report the oxidative dinuclear addition of
a PdI�PdI bond to arenes. The oxidative dinuclear addition
products, which have a bi-π-allyl-type arene dipalladium(II)
structure, were obtained from [2.2]paracyclophane, anthra-
cene, tetracene, and pentacene. A systematic study of the
reaction of [Pd2(CH3CN)6][BF4]2 with benzene and poly-
acenes showed that the larger polyacenes, tetracene and
pentacene, afforded the oxidative dinuclear addition pro-
ducts, while benzene, naphthalene, and anthracene gave the
π-sandwich PdI�PdI complexes.

In organopalladium chemistry, arenes which lack a chelating
functionality are uncommon as auxiliary ligands, mainly due to

the substitutionally labile nature of arenes on amononuclear Pd0,
PdII, or PdIV center,1,2 while η1- or η2-coordination of an arene
moiety in a chelating ligand has been thought to be involved in
the reactions of highly active mononuclear Pd catalysts.3�5

Recently, increasing attention has been paid to arene coordina-
tion to a Pd�Pd moiety. The arene�Pdn (n g 2) interaction is
expected to be more robust than the mononuclear arene�Pd
interaction in view of the involvement of a higher number of
arene carbons in the bridging coordination. In fact, several
reports have shown that arenes which lack a chelating func-
tionality are able to act as the effective binder of multiple Pd
atoms.2,6�10 As the binder of a dinuclear Pd moiety, arenes
which lack a chelating functionality are known to serve as neutral
π-donors to a PdI�PdI bond (Scheme 1A) to afford sandwich-
type complexes, such as Pd2(μ-benzene)2(ECl4)2 (E = Al,
Ga)6 and [Pd2(μ-[2.2]paracyclophane)2(CH3CN)2][B(Ar

F)4]2

(10, ArF = 3,5-(CF3)2C6H3).
7 Herein, we report another binding

mode of arene�Pd2, namely μ-η3:η3-(arene)-PdII2, via unpre-
cedented oxidative dinuclear addition of the Pd�Pd moiety to
arenes (Scheme 1B).

Our group has shown that a substitutionally labile PdI�PdI

complex [Pd2(CH3CN)6][BF4]2 (2)
11 reacts with several arenes

in CH2Cl2 or ClCH2CH2Cl to afford di- and multinuclear sand-
wich complexes either with or without assistance of a Pd0

source.2,7,8 10 can be isolated by treatment of 2 with [2.2]-
paracyclophane in CH2Cl2 in the presence of NaB(ArF)4.

7,12

Interestingly, addition of 1,10-phenanthroline (2 equiv) to 10
resulted in the liberation of one of the cyclophane ligands, to
afford the oxidative dinuclear addition product [Pd2(μ-[2.2]para-
cyclophane)(phen)2][B(Ar

F)4]2 (30) in 58% yield after recrystal-
lization (eq 1).

The structure of BF4 salt 3 was determined by X-ray crystal-
lographic analysis (Figure 1). The cyclophane ligand coordinates
to two Pd moieties in a μ-η3:η3-mode. The C�C single
bond character of C3�C4 and C1�C6 bonds (1.506(9) and
1.526(9) Å) is consistent with the bi-η3-allyl structure of the
coordinated phenylene moiety. Although the Pd 3 3 3Pd distance
in 3 (2.7789(6) Å) is within the range of normal Pd�Pd bond
lengths,13 it is attributed to the PdII2 complexes.14 The oxidative
dinuclear addition product 30 or 3 is stable in CD3CN, while the
π-sandwich complex 10 released cyclophane ligands in CD3CN.

Although 2 is poorly soluble in dichloromethane or 1,2-
dichloroethane, it is fairly soluble in nitromethane, allowing
us to examine the bindingmode of several arenes, including fused
arenes, in this solvent without addition of phenanthroline.
Benzene (10 equiv) showed no sign of the formation of benzene
complexes in CD3NO2. However, repeated precipitation from
the CH3NO2 solution of 2 by addition of excess benzene gave the
bis-benzene dipalladium sandwich complex [Pd2(μ-benzene)2-
(CH3CN)2][BF4]2 (4). 4 showed a high-field-shifted 13C NMR
signal at 112.9 ppm for the benzene carbons in CD3NO2. The

Scheme 1. (A) Ligand Substitution To Form μ-Arene
PdI�PdI Complexesa and (B) Oxidative Dinuclear Addition
To Form μ-Arene-PdII2 Complexes

aTwo representative coordination modes are shown: left, (C1,2,3,4)-
coordination; right, (C1,2,4,5)-coordination.
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sharp singlet 1HNMR signal of the benzene ligands (7.35 ppm) at
25 �C was almost unchanged at �20 �C in CD3NO2, indicating
fast fluxional behavior of the benzene ligands on the Pd�Pd
moiety. Three possible structures for 4 are shown in Scheme 2
(4A, superposed η2(C1,2):η2(C3,4); 4B, non-superposed η2-
(C1,2):η2(C3,4); 4C, η2(C1,2):η2(C4,5)).6

The reaction of 2 with 1 equiv of naphthalene or anthracene
did not afford the oxidative dinuclear addition product. Instead, it
gave an equilibrated mixture of 2 and the π-sandwich complex
[Pd2(μ-naphthalene)2(CH3CN)2][BF4]2 (5) or [Pd2(μ-anthra-
cene)2(CH3CN)2][BF4]2 (6), while for anthracene, a small
amount of a double sandwich complex [Pd2Pd2(μ4-anthra-
cene)2(CH3CN)4][BF4]4 (7) was also formed (2/5 = 68/32
at 25 �C; 2/6/7 = 43/55/2 at 25 �C). Yellow-orange 5 or dark

purple 6 was isolated by reaction of 2 with excess naphthalene or
anthracene at room temperature (Scheme 2).15 X-ray structure
analysis showed that 5 in the crystalline state has the structure
5A, in which two μ-η2:η2-naphthalene ligands flanking a Pd�Pd
moiety (Pd�Pd = 2.5892(7) Å) are in a superposed arrangement
(Figure 2A). In solution, 5 or 6 exists as a single isomer, showing
the high-field-shifted 13C{1H} NMR chemical shifts of the
1,2,3,4-carbons of naphthalene or anthracene. Dark brown 7
was isolated by treatment of 6 with 2 in CH3NO2, followed by
evaporation under vacuum.16 13C{1H}NMR analysis of 7 showed
that 1,2,3,4,5,6,7,8-carbons of anthracene ligands are high-field-
shifted due to the involvement of these carbons in the double
sandwich coordination (Scheme 3).17,18

In contrast, treatment of 2with tetracene at room temperature
or pentacene at 51 �C afforded the yellow oxidative dinuclear
addition product [Pd2(μ-tetracene)(CH3CN)4][BF4]2 (8) or
[Pd2(μ-pentacene)(CH3CN)4][BF4]2 (9).19,20 The structures
of 8 and 9 were determined by X-ray crystallographic analyses
(Figure 2B,C). In 8 or 9, the two synfacial PdII(CH3CN)2
moieties are bound to the arene plane in a μ-η3:η3-coordination
mode, where the Pd 3 3 3Pd distance is out of the range of
the normal Pd�Pd bond lengths (Pd 3 3 3 Pd = 3.25 Å for 8,
3.22 Å for 9). While 9 showed seven 1H NMR resonances
for pentacene protons at �20 �C, warming to 90 �C caused the
three pairs among those resonances to coalesce (Figure S5),
indicating slippage of the [Pd(CH3CN)2] units to the neighbor-
ing sites in CD3NO2 solution; i.e., a slippage from the
η3(C4,5,6):η3(C17,18,19) position in Figure 2C to the η3-
(C6,7,8):η3(C15,16,17) position. 8 and 9 are stable even in

Figure 1. (A) ORTEP drawing of [Pd2(μ-C16H16)(phen)2][BF4]2
(3) (30% probability ellipsoids; BF4 anions omitted for clarity). One
of two independent molecules in a unit cell is shown. (B) Selected bond
lengths (Å).

Scheme 2. Reactions of [Pd2(CH3CN)6][BF4]2 with Ben-
zene, Naphthalene, Anthracene, Tetracene, and Pentacene

Figure 2. ORTEP drawings of (A) [Pd2(μ-C10H8)2(CH3CN)2][BF4]2
(5), (B) [Pd2(μ-C18H12)(CH3CN)4][BF4]2 (8; one of two indepen-
dent molecules in a unit cell is shown), and (C) [Pd2(μ-C22H14)-
(CH3CN)4][BF4]2 (9) (30% probability ellipsoids; BF4 anions omitted
for clarity).

Scheme 3. Double Sandwich Complex and Dinuclear Oxi-
dative Addition Product of Anthracene
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aerobic conditions. It was also confirmed that the tetracene
ligand in 8 can be facilely replaced with pentacene to afford 9 by
treatment of 8 with pentacene (5 equiv) in CD3NO2 at 80 �C.

Addition of phenanthroline (2 equiv) to the benzene or naph-
thalene π-sandwich complex 4 or 5 did not afford the oxidative
dinuclear addition product, while the [2.2]paracyclophane ana-
logue gave 30 facilely asmentioned above. The distorted arene ring
and the interannular interaction between two phenylene rings in
the [2.2]paracyclophane ligand may contribute to the thermo-
dynamic stability of the oxidative dinuclear addition product.21 On
the other hand, the anthracene complex 6 can be converted to
oxidative dinuclear addition product [Pd2(μ-anthracene)-
(phen)2][BF4]2 (10) in CD3NO2 in 27% NMR yield. The μ-
η3:η3-coordinated structure of 10 (Scheme 3) is consistent with
the high-field-shifted 13CNMR signals of the carbons involved in
the η3:η3-coordination.22

Thus, the present results show that the bi-η3-allyl-type arene
dipalladium(II) species is accessible via oxidative dinuclear syn-
addition of a PdI�PdI moiety. The oxidative dinuclear addition
of an M�M species to mono- and polycyclic arenes has rarely
been reported.23�25 For group 10metals, it was recently reported
that a NiI�NiI moiety adds to an arene moiety of a chelating
ligand 1,4-(C6H4PPr

i
2)2(C6H4) or 1,3,5-(C6H4PPr

i
2)3(C6H3)

during the transmetalation or chloride addition process.23 Sev-
eral antifacial μ-η3:η3-arene NiII2 or PtII2 complexes were
isolated by different routes, i.e., reduction of NiII complexes in
the presence of arenes26 or the bimolecular coupling of a cationic
ArPtII species.27 The facile oxidative dinuclear addition of a
Pd�Pd bond to arenes is thus quite interesting.28

The present results also show that increasing the number of
fused rings in polyacenes affects the reaction course, yielding
either sandwich complexes or oxidative dinuclear addition
products. In fact, as mentioned, equimolar reactions of 2 with
naphthalene and anthracene afforded not the oxidative di-
nuclear addition product but an equilibrium mixture of 2 and
sandwich complex 5 or 6, while those with tetracene or
pentacene gave the oxidative dinuclear addition product 8 or
9. We note that the observed trend might be related to the
increasing Diels�Alder reactivity of larger polyacenes.29 The
isolobal analogy between the [4π+2π] Diels�Alder reaction
and the formal [4π+2σ] oxidative dinuclear addition of a
Pd�Pd moiety to 1,3-diene or 1,3,5-triene has been proposed
by our group on the basis of the stereoretentive nature of
the oxidative dinuclear addition and reductive dinuclear
elimination.11b,30 The formation of syn-adducts in the present
oxidative dinuclear additions to arenes is consistent with the
concerted [4π+2σ] addition mechanism. The origin of the
increasing Diels�Alder reactivity of larger polyacenes has been
a subject of theoretical work, and it was claimed that the
HOMO�LUMO gaps, ionization potentials, electron affinities,
and aromaticity of the products affect the reactivity.31 It is noted
that polyacenes maintain their planarity in the oxidative di-
nuclear addition products in the present cases, while the
Diels�Alder reactions result in bent geometry at the sp3-
carbons generated after the addition reaction. However, this
does not immediately mean that the aromatic stabilization
energy possessed by free polyacenes is conserved after di-
nuclear addition reactions. Indeed, decreased π-conjugation
of the polyacene ligand compared to the free polyacene is
indicated by the increase of C3�C4 (or C6�C7) bond length
in the DFT-optimized dinuclear oxidative addition products
[Pd2(μ-η

3:η3-polyacene)(HCN)4]
2+ (polyacene = tetracene,

pentacene) (Figure 3A) [1.452 Å for [Pd2(μ-C18H12)(HCN)4]
2+

vs 1.390 Å for free tetracene (Figure 3B-1,2); 1.452 and 1.450 Å
for [Pd2(μ-C22H14)(HCN)4]

2+ vs 1.386 and 1.400 Å for free
pentacene]. The trend of the calculated C�C lengths for [Pd2-
(μ-η3:η3-polyacene)(HCN)4]

2+ (polyacene = tetracene, pen-
tacene) is consistent with the experimental C�C lengths for 8
(Figure 3B-1) or 9. In addition, the electronic influence
of the fused rings in the polyacene�Pd interactions should
also be taken into consideration. Natural Population Analyses
of the model compounds [Pd2(μ-η

3:η3-polyacene)(HCN)4]
2+

(polyacene = naphthalene, anthracene, tetracene, pentacene)
(Figure 3A) showed that there is a significant charge transfer
from the polyacene ligand to the Pd moieties in each oxidative
dinuclear addition product through the donating interactions,32

where the charge transfer is more efficient for larger polyacenes
(i.e., the calculated natural charge of the polyacene ligand
(qligand): qnaphthalene = +0.333; qanthracene = +0.397; qtetracene =
+0.445, qpentacene = +0.489).33 As was established in the
(η3-allyl)-PdII bonds, which become stronger with more-
electron-donating allyl moieties,32 the larger polyacenes with
higher donating ability form stronger η3:η3-polyacene�
PdII2 bonds.

Finally, we note that the reaction mode of 2 with tetracene at
ambient temperature affording 8 is in sharp contrast to the
previously reported formation of a pentapalladium sheet com-
plex [Pd5(μ5-tetracene)2][B(Ar

F)4]2 (11), which was obtained
by reaction of 2 with tetracene in 1,2-dichloroethane under
refluxing condition in the presence of NaB(ArF)4.

2 It was
confirmed that 8 can be converted to sandwich complex 11 by
treatment with NaB(ArF)4 at ambient temperature (eq 2).

In this reaction, NaB(ArF)4 may serve as a reducing reagent to
generate Pd0 and tetracene from a portion of 8, as indicated by the
formation of a biaryl, ArF�ArF (0.69 equiv from 8 (1 equiv) after 6
days).Thus, the oxidative dinuclear additionproductwould behave as
the intermediate in the formation of intriguingmultinuclear sandwich
complexes of arenes. The possible formation of Pd sheet sandwich
complexes from pentacene complex 9 is now under investigation.

Figure 3. (A) Optimized structures of model compounds [Pd2(μ-η
3:

η3-polyacene)(HCN)4]
2+ (polyacene = naphthalene, anthracene, tetra-

cene, and pentacene) at the DFT B3LYP level. (B) Calculated C�C
bond lengths (Å) of the coordinated (1, black) and free tetracene (2)
and experimental C�C bond lengths (Å) for 8 (1, blue).
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In summary, it has been proven that a PdI�PdI moiety
undergoes oxidative dinuclear addition to arenes lacking a
chelating functionality. Systematic analysis of the dipalladium
complexes obtained from polyacenes showed that the reaction
mode is dependent on the size of the polyacene: naphthalene and
anthracene gave π-sandwich complexes, but tetracene and
pentacene gave dinuclear syn-adducts. This trend is similar
to the trend in the Diels�Alder reactions of polyacenes. The
present results give not only a method for using arenes as
auxiliary ligands for dinuclear Pd moieties but also an implication
for use of a Pd�Pd moiety in activation of arenes.
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