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In spite of its potential relevance to new palladium-
catalyzed reactions, dipalladium(i)-mediated CÿC bond-form-
ing reactions have rarely been achieved in a well-defined
manner.[1] This seems curious since the PdIÿPdI complexes are
readily accessible and the PdII and Pd0 oxidation states also
exist.[2] One reason could be that relatively nonlabile auxiliary
ligands are used to support the PdÿPd bond (for example,
Ph2PCH2PPh2, RNC)[2] so that only a single molecule of
unsaturated compounds such as alkynes can be bound
(Scheme 1).[3] We sought PdÿPd complexes that can provide
multiple coordination sites for substrate molecules. We report
here a facile, regioselective coupling of a terminal alkyne onto
the PdÿPd bond of [Pd2(PPh3)2(CH3CN)4](PF6)2 (1),[4] a
dipalladium complex with more labile ligands, to generate
an electrophilic m-1kC1,4:2kC1,4-butenediylidene framework.
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Scheme 1. The known reaction patterns of PdÿPd complexes with alkynes.

The dipalladium(i) complex 1 reacted with two equivalents
of p-tolylacetylene (p-TolC�CH) immediately at 0 8C in
CH2Cl2 to give a single product 2 as red crystals in 60 % yield
after recrystallization from CH2Cl2/n-hexane [Eq. (1)]. The
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reaction was quantitative according to 1H and 31P NMR
spectroscopic analysis. The solid-state structure of 2 was
determined by X-ray structure analysis (Figure 1) and showed

Figure 1. ORTEP plot of 2 (counteranions omitted for clarity). Selected
bond lengths [�] and angles [8]: Pd1ÿPd2 2.798(1), Pd1ÿC1 2.01(1),
Pd1ÿC4 2.06(1), Pd2ÿC1 2.02(1), Pd2ÿC4 2.18(1), C1ÿC2 1.40(2), C2ÿC3
1.43(2), C3ÿC4 1.38(2); Pd1-C1-Pd2 87.9(5), C1-C2-C3 109(1), C2-C3-C4
115(1), Pd1-C4-Pd2 82.4(4).

that p-tolylacetylene was dimerized in a head-to-tail manner
to form a slightly tilted[5] CHC(Tol)CHC(Tol) bridge across
the PdÿPd bond. The solution 31P NMR spectrum of 2 showed
only one sharp singlet at d� 24.96, even at ÿ90 8C, which is
consistent with the essentially symmetric bridge structure.
Although a number of m-1kC1,4:2kC1,2,3,4 and m-
1kC1,2,3,4:2kC1,2,3,4 bridging structures of similar C4 units
have been constructed on MÿM bonds, the structural
characteristics of 2 are rare[6] and may reflect the carbene-
like nature of two terminal carbon atoms coordinated to a 4 e
acceptor [L2PdÿPdL2]2�, as in [Pd2Cl4(m-CO)2]2ÿ,[7] rather than

a butadienediyl structure coordinated to a 6 e acceptor
without a PdÿPd bond [L2Pd PdL2]2�.[8] The reaction shown
in Equation (1) is in contrast to the oxidative coupling of
alkynes to mononuclear Pd0 to give palladacyclopentadienes,
which is limited to disubstituted activated alkynes such as
dimethylacetylene dicarboxylate (DMAD).[9] Moreover, ter-
minal acetylenes usually undergo oxidative addition of an
acetylenic CÿH bond to Pd0 to give a transient alkynyl
palladium hydride complex.[10]

When 2 was dissolved in CD3CN the new product 3 was
immediately generated quantitatively [Eq. (2)]. A single
crystal of 3 suitable for X-ray diffraction analysis was obtained

Pd Pd
L

PPh3L
LH

p-Tol

p-Tol
H

Ph3P

Pd Pd
L

LPh3P PPh3

Hp-Tol

p-TolH
2+

2

2+

(2)

CH2Cl2

3

CH3CN

2 PF6
– 2 PF6

–

from CH3CN/Et2O. One PPh3 ligand of 2 migrated to the
H-bearing bridging C atom to generate a phosphane ylide
complex containing a palladacyclopentenyl moiety.[11] The 31P
NMR spectrum of 3 in CD3CN at ÿ45 8C showed two sets of
pairs of doublets with a ratio of 2:1.[12] Both isomers of 3 were
readily converted into 2 in CD2Cl2 by loss of a CH3CN ligand,
which means that formation of the ylide is reversible. To our
knowledge, such nucleophilic addition at C4 of dinuclear m-
C4R4 complexes has not been reported so far in a well-defined
manner.

This unique dimerization of an acetylene system may be
attributable to the ability of 1 to generate at least two vacant
sites on PdÿPd in solution. This proposal is supported by the
facile dissociation of acetonitrile from 1 to give the orange-
yellow dipalladium complex 4, which was isolated in 87 %
yield on precipitation from a solution of 1 in CH2Cl2 [Eq. (3)].
The reverse reaction proceeded in CH3CN solution.
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The X-ray crystal structure of 4 (Figure 2) showed that the
two vacant sites generated by loss of two CH3CN ligands were
occupied by h1-bound[13] ipso-carbon atoms of the PPh3 phenyl
rings (PdÿCipso 2.336(4) �).[14] The distances between Pd1 and
the ortho-C atoms adjacent to C1 (2.703(4), 2.974(4) �) are
outside the range for PdÿC interaction. No significant
structural perturbation of the geometry at the h1-phenyl or
at the phosphorus atom was induced by the m-1kP:2kC1
coordination,[15] except that the PÿC bond of the coordinated
phenyl group (P1ÿC1 1.832(4) �) was somewhat longer than
those of the uncoordinated phenyl groups (1.801(4),
1.806(4) �). While triphenylphosphane is one of the most
versatile ligands for Pd catalysts, there is no precedent in
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Figure 2. ORTEP plot of 4 (counteranions omitted for clarity). Selected
bond lengths [�] and angles [8]: Pd1ÿPd1* 2.5833(7), Pd1*ÿP1 2.213(1),
Pd1ÿP1 2.753(1), Pd1ÿC1 2.336(4), P1ÿC1 1.832(4); Pd1-Pd1*-P1 69.56(3),
Pd1*-Pd1-P1 48.87(2), Pd1-P1-C1 57.1(1), P1-C1-Pd1 81.7(1).

which it bridges two Pd centers.[16] The lability of the PPh3

bridge of 4 in solution was confirmed by variable-temperature
NMR studies. A single set of phenyl carbon signals of the PPh3

ligands at 23 8C split into two sets with relative intensities of
1:2 at ÿ90 8C, consistent with the coordination and decoordi-
nation of the phenyl groups. The fluxional behavior at room
temperature could arise from dissociation of ipso-C atoms
from Pd followed by rotation about the PÿPd bond. Note that
4 reacted with two equivalents of tolylacetylene in CH2Cl2 to
give 2 in 74 % yield after recrystallization; this represents a
simple alkyne coupling on the metal ± metal bond without any
loss of the auxiliary ligands.

Finally, we also examined the reaction of phenylacetylene
with another PdÿPd complex containing labile bridging
ligands, namely, [(m-1,3-butadiene)2Pd2(PPh3)2](PF6)2 (5).[4]

However, instead of an alkyne coupling taking place the
quantitative formation of complex 6, presumably having a m-
1kC1:2kC1,2-alkynyl ligand, occurred in CD2Cl2 after 30 min
at room temperature with dissociation of one of the 1,3-
butadiene ligands [Eq. (4)]. Presumably, the remaining m-1,3-
diene ligand, which would become rather tightly bound[17]
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after the initial exchange between acetylene and the other
butadiene ligand of 5, prohibits either insertion of alkyne into
the PdÿPd bond,[3] which may represent the initial step of the
alkyne coupling in Equation (1), or the coordination of a
second molecule of the alkyne.

In summary, alkyne coupling on a PdÿPd bond yielded an
electrophilic butenediylidene species with complete regiose-

lectivity (head-to-tail).[18] However, the presence of bridging
ligands such as 1,3-butadiene prevented dimerization and
allowed the formation of a m-alkynyl ligand.

Experimental Section

2: To an orange solution of 4 (400.0 mg, 0.361 mmol) in CH2Cl2 (30 mL)
was added dropwise a solution of p-tolylacetylene (100.4 mL, 0.721 mmol)
in CH2Cl2 (5 mL) at 0 8C. After stirring the mixture for 20 min, the resultant
red solution was poured into n-hexane. Red crystals of 2 (358.1 mg, 74%
yield) were obtained after recrystallization from CH2Cl2/n-hexane.
1H NMR (270 MHz, CD2Cl2, 25 8C): d� 8.75 (d, J� 3.5 Hz, 1H), 8.09 (d,
J� 8.4 Hz, 2H), 7.41 (d, J� 8.4 Hz, 2 H), 7.6 ± 7.2 (m, PPh3, 30H), 7.04 (d,
J� 8.4 Hz, 2 H), 6.85 (d, J� 8.4 Hz, 2 H), 5.61 (dt, J� 7.80 Hz, J� 3.5 Hz,
1H), 2.42 (s, Me, 3 H), 2.38 (s, Me, 3H), 1.74 (br s, CH3CN, 6H); 13C NMR
(100 MHz, CD2Cl2, ÿ60 8C, CH COSY): d� 196.99 (t, J� 60 Hz, C(Tol)-
CHC(Tol)CH), 172.84 (s, C(Tol)CHC(Tol)CH), 147.40 (s, C(Tol)-
CHC(Tol)CH), 146.06 (s, p-Tol), 144.12 (s, p-Tol), 139.38 (s, ipso-Tol),
133.39 (d, J� 13.5 Hz, PPh3), 131.60 (s, PPh3), 130.39 (s, C(Tol)-
CHC(Tol)CH), 130.10 (s, m-Tol), 129.86 (s, o-Tol), 129.04 (d, J� 10.1 Hz,
PPh3, m-Tol), 128.40 (s, o-Tol), 127.69 (d, J� 47.2 Hz, PPh3), 126.88 (s, ipso-
Tol), 123.17 (s, C�N), 21.67 (s, Me), 21.62 (s, Me), 2.44 (CH3CN); 31P NMR
(109 MHz, CD2Cl2, 25 8C): d� 24.76 (s); elemental analysis calcd for
C58H52N2P4F12Pd2: C 51.92, H 3.91, N 2.09; found: C 51.71, H 3.84, N 2.12.
Crystal data for 2 ´ 2 CH2Cl2 ´ 2H2O:[19] C60H60N2P4O2Cl4F12Pd2, Mr�
1547.68, space group P1Å (no. 2), a� 14.458(4), b� 20.078(4), c�
13.703(5) �, a� 106.49(2), b� 108.28(3), g� 70.73(2)8, V� 3492.58 �3,
Z� 2, F(000)� 1548, 1calcd� 1.468 g cmÿ3, m(MoKa)� 8.31 cmÿ1. The data
were collected at 223 K on a Rigaku RAXIS CS imaging plate area detector
up to 2 qmax� 60.08. The structure was solved by direct methods; 775 var-
iables were refined with 9167 reflections (I> 3 s(I)) by full-matrix least-
squares methods to R1� 0.095 and GOF� 2.32.

3 : Orange crystals of 3 were obtained in 87% yield by crystallization from a
solution of 2 in CH3CN/Et2O. At ambient temperature all NMR signals
were broadened, probably as a result of the interconversion between the
isomers on the NMR timescale. Major isomer: 1H NMR (270 MHz,
CD3CN, ÿ45 8C): d� 7.9 ± 7.2 (m, PPh3, 30H), 7.04 (d, J� 4.86 Hz, 2H),
6.75 (d, J� 7.83 Hz, 2 H), 6.51 (d, J� 7.83 Hz, 2H), 6.28 (br dd, 1H), 4.54 (d,
J� 3.51 Hz, 1H); 31P NMR (109 MHz, CD3CN, ÿ45 8C): d� 31.39 (d, J�
25 Hz), 26.37 (d, J� 25 Hz). Minor isomer: 1H NMR (CD3CN, ÿ45 8C):
d� 3.45 (s, 1 H), other signals could not be assigned; 31P NMR (CD3CN,
ÿ45 8C): d� 24.19 (d, J� 22 Hz), 20.41 (d, J� 22 Hz); elemental analysis
calcd for C60H55N3P4F12Pd2: C 52.11, H 4.01, N 3.04; found: C 51.89, H 4.00,
N 2.71. Crystal data for 3 ´ 2Et2O:[19] C68H75N3O2P4F12Pd2, Mr� 1531.08,
space group P1Å (no. 2), a� 18.72(3), b� 18.723(7), c� 10.580(4) �, a�
96.43(3), b� 105.51(6), g� 90.39(8)8, V� 3548(4) �3, Z� 2, F(000)�
1560, 1calcd� 1.433 gcmÿ3, m(MoKa)� 6.73 cmÿ1. The data were collected
at 223 K on a Rigaku RAXIS CS imaging plate area detector up to 2qmax�
60.48. The structure was solved by direct methods; 865 variables were
refined with 12 340 reflections (I> 3s(I)) by full-matrix least-squares
methods to R1� 0.104 and GOF� 5.19. The Pd-Pd distance was
2.811(4) �.

4 : Compound 1 (1.300 g, 1.09 mmol) was dissolved in CH2Cl2, and the
solution poured into n-hexane to give orange crystals of 4 (1.052 g, 87%
yield). 13C NMR (150 MHz, CD2Cl2, 23 8C): d� 134.98 (s, p-Ph), 133.08 (d,
J� 12.6 Hz, o-Ph), 131.44 (d, J� 11.6 Hz, m-Ph), 119.90 (s, C�N), 116.29
(br s, ipso-Ph), 2.96 (s, Me); 31P NMR (162 MHz, CD2Cl2, 25 8C): d� 23.13
(s); elemental analysis calcd for C40H36N2P4F12Pd2: C 43.30, H 3.27, N 2.52;
found: C 43.15, H 3.28, N 2.43; ESI-MS for C40H36N2P3F6Pd2: calcd: 964.49,
found: 964.5; 13C NMR (162 MHz, CD2Cl2, ÿ90 8C, Ph* indicates
coordinated Ph): d� 136.83 (s, p-Ph*), 133.90 (d, J� 12.6 Hz, o-Ph),
133.50 (s, m-Ph*), 132.83 (s, p-Ph), 129.04 (d, J� 11.5 Hz, m-Ph), 127.31 (s,
o-Ph*), 126.02 (d, J� 55.3 Hz, ipso-Ph), 118.31 (s, C�N), 92.11 (d, J�
49.5 Hz, ipso-Ph*), 2.94 (s, Me). Crystal data for 4 :[19] C40H36N2P4F12Pd2,
Mr� 1109.41, space group P1Å (no. 2), a� 11.045(2), b� 12.434(2), c�
8.354(2) �, a� 90.92(2), b� 92.94(2), g� 110.95(1)8, V� 1069.3(4) �3,
Z� 1, F(000)� 550, 1calcd� 1.723 gcmÿ3, m(MoKa)� 10.60 cmÿ1. The data
were collected at 296 K on a Rigaku AFC5R diffractometer up to 2qmax�
55.18. The structure was solved by Patterson methods; 271 variables were



COMMUNICATIONS

540 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0570-0833/00/3903-0540 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 3

refined with 4171 reflections (I> 3 s(I)) by full-matrix least-squares
methods to R1� 0.049, Rw� 0.036 and GOF� 3.03.

6 : Phenylacetylene (14.5 mL, 0.132 mmol) was added to a yellow suspension
of 5 (100.0 mg, 0.0881 mmol) in benzene and the solution stirred for 5 min
at room temperature. Then pyridine (7.1 mL, 0.0881 mmol) was added, and
the mixture was stirred for 10 min. The resultant orange solution was
filtered, and the filtlate was poured into n-hexane to afford 6 as a yellow
powder (63.7 mg, 70% yield). The NMR spectra of the reaction mixture in
CD2Cl2 confirmed quantitative formation of 6 without addition of pyridine.
1H NMR (400 MHz, CD2Cl2, 25 8C): d� 7.6 ± 7.4 (m, PPh3, 30 H), 7.00 (t, J�
7.6 Hz, 1H), 6.80 (t, J� 7.6 Hz, 2 H), 6.59 (d, J� 7.6 Hz, 2H), 3.67 (br s, 2H),
3.02 (br s, 2H), 2.79 (br d, 2 H); 31P NMR (162 MHz, CD2Cl2, 25 8C): d�
33.8 (s); elemental analysis calcd for C48H41P3F6Pd2: C 55.56, H 3.98; found:
C 55.35, H 4.03; Raman (solid): nÄC�C� 2008, 1975 cmÿ1; the fluxional nature
of 6 at 25 8C was confirmed by variable-temperature NMR analyses;
1H NMR (400 MHz, CD2Cl2, ÿ80 8C): d� 7.6 ± 7.4 (m, 30 H), 6.94 (t, 1H),
6.75 (t, 2 H), 6.48 (d, 2H), 4.14 (br d, 1H), 3.71 (br m, 1 H), 3.19 (br d, 1H),
3.05 (br s, 1 H), 2.22 (br m, 2 H); 31P NMR (162 MHz, CD2Cl2, ÿ80 8C): d�
35.2 (d, J� 51.8 Hz), 32.7 (d, J� 51.8 Hz).
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