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ABSTRACT: Reaction of [Pd,(XyINC)¢]X, (X = PF, BF,) with a
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phenylphosphino]methane (dpmppm), afforded binuclear Pd' com- bbb PPP_P BB AP
plexes, [Pd,(u-dpmppm),]X, ([2]X,), through an asymmetric dipalla-  i-ruc Vi 7~ g b= OoN
dium complex, [Pd,(u-dpmppm)(XyINC),]*>* ([1]**). Complex [2]** L T R R Fr—
readily reacted with [Pd’(dba),] (2 equiv) and an excess of isocyanide, T T T T S P> Ll oo,
RNC (R = 2,6-xylyl (Xyl), tert-butyl (‘Bu)), to generate an equilibrium AV£VA$A (ﬁp\/ dermep
mixture of [Pd,(u-dpmppm),(RNC),]** ([3']**) + RNC 2 [Pd,(u- Ak N \;J?:( »
dpmppm),(RNC);]*" ([3]*"), from which [Pd,(u- . p e |
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dpmppm),(XyINC),]** ([3a]**) and [Pd,(u-dpmppm),(‘BuNC),]** Vs 4 VN O W
([3b']**) were isolated. Variable-temperature UV—vis and *'P{'"H} and I 2= T %

JATP—" """ M=Rh,Ir

"H NMR spectroscopic studies on the equilibrium mixtures demon- o\ J

strated that the tetrapalladium complexes are quite fluxional in the

solution state: the symmetric Pd, complex [3b’]** predominantly existed at higher temperatures (>0 °C), and the equilibrium
shifted to the asymmetric Pd, complex [3b]** at a low temperature (~—30 °C). The binding constants were determined by UV—
vis titration at 20 °C and revealed that XyINC is of higher affinity to the Pd, core than ‘BuNC. In addition, both isocyanides
exhibited higher affinity to the electron deficient [Pd,(u-dpmppmF,),(RNC),]** ([3F']*") than to [Pd,(u-dpmppm),(RNC),]**
([3'1*") (dpmppmF, = meso-bis[{di(3,5-difluorophenyl)phosphinomethyl }phenylphosphino Jmethane). When [2]X, was treated
with [Pd’(dba),] (2 equiv) in the absence of RNC in acetonitrile, linearly ordered octapalladium chains, [Pdg(u-
dpmppm),(CH,CN),]X, ([4]X,: X = PF,, BF,), were generated through a coupling of two {Pd,(u-dpmppm),}** fragments.
Complex [2]** was also proven to be a good precursor for Pd,M, mixed-metal complexes, yielding [Pd,Cl(Cp*MCI)
(Cp*MCL,) (u-dpmppm),]** (M = Rh ([5]*), Ir ([6]*"), and [Au,Pd,Cl,(dpmppm—H),]>" ([7]**) by treatment with
[Cp*MCL,], and [AuCI(PPh,)], respectively. Complex [7]*" contains an unprecedented PC(sp®)P pincer ligand with a
PCPCPCP backbone, dpmppm—H of deprotonated dpmppm. The present results demonstrated that the binuclear Pd' complex
[2]** was a quite useful starting material to extend the palladium chains and to construct Pd-involved heteromultinuclear systems.

B INTRODUCTION

Low-valent extended metal atom chains have been regarded as
a promising molecular motif for down-sizing electronic devices
made of metallic materials.' However, examples of the
molecular metal chains including zerovalent metal atoms were
limited to linear Pt, and Pd, complexes supported by bis-
isocyanide” and linear palladium complexes (Pd,, Pds)
sandwiched by z-conjugated polyenes and perylenes.””
Recently, further elongated chains of Ni;,* and Pd,," have
been developed by utilizing linearly designed template ligands,
tetranaphthyridyltriamide and f-carotene, respectively, which
are recognized as the longest molecular metal atom chains.

In contrast to the template synthesis, we have developed a
methodology by which linear multinuclear metal building
blocks are connected to extend low-valent Pt and Pd strings. A
linear triphosphine, bis(diphenylphosphinomethyl)-
phenylphosphine (dpmp),”® has been proven very effective
for stabilizing linear Pt,M centers of [Pt,M(u-
dpmp),(RNC),](PFy), (M = Pt, Pd),” which readily undergo
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reductive coupling to generate a series of hydride-bridged linear
Pt,M(u-H)MPt, hexanuclear clusters, [Pt,M,(u-H)(u-
dpmp),(RNC),]** (M = Pt, Pd; R = 2,6xylyl (Xyl), 2,4,6-
mesityl (Mes), tert-butyl (‘Bu)), [Pts(u-H) (u-dpmp),(CO),]*,
and [Pts(u-H)X,(u-dpmp),]* (X = H, I).* The hexanuclear
strings are redox-active, and their two-electron oxidation
afforded [Pt,M,(u-dpmp),(XyINC),](PFy), (M = Pt, Pd),
during which the Pt,M,Pt, hexanuclear strings were retained
agairést the apparent hydride dissociation from the central
part.”

Recently, we synthesized a methylene-bridged linear
tetraphosphine, meso-bis[(diphenylphosphinomethyl)-
phenylphosphino]methane (dpmppm),”'® and have been
successful in establishing low-valent octapalladium chains
supported by dpmppm (Scheme Ia)."" Reaction of the
tetraphosphine with 2 equiv of [Pd(dba),] in the presence of
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Scheme 1. (a) Preparations of Octapalladium Complexes Supported by Dpmppm Ligands and (b) Tetranuclear Palladium
Complexes with dpmppmF, Ligands Showing Interconversion between the Symmetrical and Asymmetrical Structures
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Cu' species yielded a coordinatively unsaturated Pdg rod,
[Pdg(u-dpmppm),](BF,),, to the vacant terminal sites of which
neutral two-electron donor ligands such as isocyanides and
coordinative solvent molecules were readily incorporated to
form the terminal-capped [Pd,(y-dpmppm),(L),](BE,), (L =
XyINC, CH;CN ([4](BF,),), N,N-dimethylformamide (dmf)).
These Pdg chains exhibited interesting temperature-dependent
thermochromics behaviors with near IR absorptions (~900
nm) arising from a spin-allowed HOMO—LUMO transition.
While variable temperature (VT) *P{'H} NMR spectra
indicated that the octapalladium chains were stable even in
acetonitrile solutions below 60 °C, the Pdg chain dissociated
into two Pd, fragments at higher temperatures above 100 °C in
dmf, and when the temperature decreased below 60 °C, they
were self-aligned to restore the Pdy string. These observations
may imply a possibility of further aggregation of the Pd, units
that could lead to unit-incremental expansion of palladium
chains. These studies demonstrated potential importance of the
Pd, units supported by dpmppm ligands, but it has not been
successful to isolate the postulated complexes with a {Pd,(u-
dpmppm),}** core owing to their high instability. A linear
tetraphosphine containing electron-withdrawing substituent
groups, meso-bis{[di(3,5-difluorophenyl)phosphinomethyl]-
phenylphosphino}methane (dpmppmF,),'* was prepared to
tune electronic structures of the low-valent Pd, chain, and
actually, dpmppmF, was very effective to stabilize the {Pd,}*"
chain, leading to successful isolation of [Pd,(u-
dpmppmF,),(RNC);](PF), ([3F](PFs),; R = Xyl, Mes, 2,6-
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diisopropylphenyl (Dip), and ‘Bu; Scheme 1b). The isolated
Pd, complexes showed interesting dynamic behaviors in the
solutions states, which were related to dissociation into the
symmetric [Pd,(u-dpmppmF,),(RNC),](PFy), ([3F'](PFq),)
and RNC through a structure—valence coupled interconversion
between Pd’—Pd'-Pd°—Pd' (60 cluster valence electrons
(CVEs)) and Pd'-Pd°—Pd°—Pd" arrays (58 CVEs).'"” The
tetraphosphine dpmppm has also proven very suitable for
assembly of linear tetranuclear metal chains of group 11 metal
ions (Au', Ag), Cu')”*™? and heterometallic octanuclear rings of
{[Au,MCuCl,(u-dpmppm),],}** (M = Au, Ag, Cu).”*
Furthermore, it can organize stepwise assembling of the
heterotrinuclear metal ions of [PdCL(Cp*M’'Cl,)(Cp*MCl,)-
(p-dpmppm-x?,c',x')] and [PdCl(u-Cl)(Cp*M'Cl)-
(Cp*MCL) (u-dpmppm-x,k' k" )]* (M, M' = Rh, Ir; Cp* =
pentamethylcyclopentadienyl).” These studies demonstrated
potential versatility of multimetallic structures constructed by
the dpmppm ligands.

In the present study, we have synthesized binuclear Pd'
complexes supported by two dpmppm ligands, [Pd,(u-
dpmppm),]X, ([2]X,: X = PF, BF,), and examined their
reactions with various metal species to disclose that the
binuclear Pd' complex [2]** was a quite useful starting material
to extend the palladium chains to Pd, and Pdg as [Pd,(u-
dpmppm),(RNC),]** (n = 2, 3) and [Pdg(u-
dpmppm),(CH;CN),]*" and to construct Pd-involved hetero-
multinuclear systems of Pd,M, (M = Rh, Ir) and Au,Pd,
complexes, [Pd,CI(Cp*MCI)(Cp*MCL,)(u-dpmppm),]** (M
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= Rh, Ir) and [Au,Pd,Cl,(dpmppm—H),]*", in stepwise
procedures.

B RESULTS AND DISCUSSION

Preparation of Binuclear Palladium(l) Complexes
Supported by Tetraphosphine Ligands, [Pd,(u-
dpmppm),]X, (X = PFs BF,). When 2 equiv of dpmppm
was reacted with dipalladium(I) isocyanide complex
[Pd,(XyINC)¢]X, (X = PF, BF,) in dichloromethane, orange
Pd', complexes formulated as [Pd,(u-dpmppm),]X, ([2]X,: X
= PF,, BF,) were isolated in good yields (Scheme 2). The ESI

Scheme 2. Reactions of dpmppm with [Pd,(XyINC)]X, (X
= PF,, BE,) Yielding [Pd,(u-dpmppm)(XyINC),](PFs),
([1](PF¢),) and [Pd,(u-dpmppm),]X, ([2]X,, X = PF4, BE,)
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mass spectra of [2]X, in CH,Cl, at room temperature exhibited
divalent intense peaks assignable to [Pd,(dpmppm),]** (m/z =
735.082; see the Supporting Information (SI), Figures Sla,b).
The UV-—vis absorption spectra in CH,Cl, showed a
characteristic band at 458 nm which is assignable to o—c*
transition of the Pd'—Pd' covalent bond."* The 3P{'H} NMR
spectra were consistent with the solid state structures (vide
infra), indicating the presence of uncoordinated P atoms at
around § —48 ppm (Figures S2a,b). When [Pd,(XyINC)4]-
(PFg), was treated with 1 equiv of dpmppm, yellow
dipalladium(I) complex, [Pd,(y-dpmppm)(XyINC),;](PFs),
[1](PF¢),, was obtained in 56% yield and was transformed
by treatment with another equivalent of dpmppm into
[2](PFg),, quantitatively (Scheme 2). The IR spectrum showed
three C=N stretching vibrations at 2188, 2168, and 2158
cm™’, and in the '"H NMR spectrum two methyl signals were
observed at 0 1.93 and 2.11 in a ratio of 2:1, indicating the
presence of three terminal XyINC ligands. In the *'P{'H}
NMR spectrum (Figure S2c), four distinct resonances were
detected at 6§ —2.51 (Pg), —11.20 (P,), —19.16 (Pp), and
—39.23 ppm (P;) (see Experimental Section for notation),
suggesting that the dpmppm ligand adopts y-k":x* mode as is
determined in the X-ray crystal structure (vide infra). The ESI—
MS also exhibited a cation peak corresponding to [Pd,(u-
dpmppm) (XyINC),]** at m/z = 617.66 (z = 2) (Figure Slc).

The detailed structures of [1](PF4), and [2](PFy), were
determined by X-ray crystallography. Perspective drawings for
the complex cations are illustrated in Figure 1 and Figure S3.
The asymmetric unit of [2](PF4), contains an independent
dipalladium complex cation and two hexafluorophosphate
anions together with dichloromethane solvent molecules. The
structure consists of two Pd atoms supported by two dpmppm
ligands, possessing a pseudo C, axis bisecting the Pd—Pd bond
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Figure 1. Perspective drawing for the complex cation of [2](PF),.
Selected bond distances (A) and angles (deg): Pd1—Pd2 = 2.7379(5),
Pd1-P1 = 2.3387(11), Pd1-P6 = 2.3057(11), Pd1—-P8 = 2.3625(14),
Pd2—P2 = 2.2975(12), Pd2—P4 = 2.3470(15), Pd2—PS = 2.3306(12),
Pd2—Pd1-P1 = 82.26(3), Pd2—Pd1-P6 = 86.70(3), Pd2—Pd1—P8 =
168.09(3), P1-Pd1-P6 = 161.96(4), P1-Pd1—-P8 = 97.38(4), P6—
Pd1-P8 = 95.53(4), Pd1-Pd2—P2 = 86.26(3), Pd1-Pd2—P4 =
164.72(3), Pd1-Pd2—P5 = 84.06(3), P2—Pd2—P4 = 97.48(5), P2—
Pd2—P5 = 160.58(5), P4—Pd2—PS = 96.26(5). The Pd and P atoms
are illustrated with thermal ellipsoids at 40% probability level. The
hydrogen atoms are omitted and the C atoms are drawn with arbitrary
spherical model for clarity. Pd (violet), P (orange), and C (gray).

(Figure 1). The dipalladium(I) complexes with all the
coordination sites occupied by phosphine units are relatively
rare, examples being limited only to [Pd,(u-etp),]** (etp =
Ph,P(CH,),PPh(CH,),PPh(CH,),PPh,),"" [Pd,(PMe;)s]*","
and [Pd,(u-Ph,P(NH)PPh,),(PPh,),]>*.'® The Pd—Pd dis-
tance of 2.7379(5) A is within the range observed for usual
Pd'-Pd' covalent bonds'” but is significantly longer than that of
the structurally resembled [Pd,(u-etp),]** (2.617(2) A)."* The
tetraphosphine bridges two Pd ions in asymmetrical p-x':x*
fashion forming conjugated [Pd,PCP] five- and [PdPCPCP]
six-membered rings. The dihedral angle of two square planes
around the Pd atoms is 45.78(4)°, which is slightly larger than
those for the palladium dimers with two PCP bridges of dppm
ligands and is definitively smaller than that of [Pd,(u-etp),]*"
(67°) with PCCP bridges."* The structure of [1](PF;), also
consists of two meta—metal bonded Pd(I) ions bridged by a p-
«':1*—dpmppm ligand similar to [2](PFy), together with three
terminal isocyanide ligands (Figure S3). The overall structure
of [1]*" is quite similar to that observed in [Pd,(dpmppmF,)
(XIyNC);]** (Pd—Pd = 2.6122(5) A)'* and, however, the Pd—
Pd bond length of [1]** (2.5702(2) A) is appreciably shorter,
implying that the electron-withdrawing 3,5-difluorophenyl
groups have critical influence on the Pd—Pd bond.

The crystal structure of [2](PFy), and its solution spectra
demonstrated that the dipalladium(I) core is stabilized well by
two u-k'k*-dpmppm ligands, even though the Pd—Pd bond is
elongated to some extent (Pd—Pd = 2.7379(5) A), which is
interestingly contrasted to the Pd', structure of [Pd,(u-
dpmppmF,),(XyINC),]*" ([2F]*") possessing noncoordinated
terminal phosphine pendants (Pd—Pd = 2.6892(4) A)."> The
cyclic voltammogram (CV) of [2](PF), in acetonitrile notably
showed a reversible reduction wave at E;;, = —1.07 V (vs Ag/
AgPF) with AE = 69 mV (Figure S4). A coulometric analysis
at —1.2 V consumed ca. 2 F per mole of [2]** and revealed that
the reversible wave corresponds to a two-electron reduction
process, [Pd,(u-dpmppm),]** + 2¢” 2 [Pd,(u-dpmppm),]°.
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Scheme 3. Reactions of [2](PF), with [Pd(dba),] (2 equiv) and Isocyanide (3 equiv)
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Figure 2. Variable temperature SIp{'H} NMR spectra in CD;CN of
(a) [Pd,(u-dpmppm),(XyINC),](PF), ([3a](PFe),) and (b) [Pd,(u-
dpmppm),(‘BuNC),](PFs), ([3b'](PFs),) + BuNC (1 equiv).
Asterisk indicates impurity.

in CH;CN showed a reversible temperature-dependent spectral
change, where a band at 673 nm (20 °C) shifted to an
absorption around 639 nm (—30 °C; Figure 3a). These spectral
features are quite similar to those of [Pd,(u-
dpmppmF,),(RNC);](PFs), ([3F](PFs)y R = Xyl, ‘Bu, and
2,6-diisopropylphenyl (Dip)), which have been elucidated to be
attributed to an equilibrium as shown in Scheme 1b."> A similar
treatment of [2](PFg), in the presence of ‘BuNC (3 equiv)
afforded a deep green solution, but the isolated powder was
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Figure 3. Variable-temperature UV—vis spectral changes (20 °C to
—30 °C) in CH4CN for solutions of [Pd,(u-dpmppm),(XyINC),]-
(PFq), ([3a](PFy),) with [L]/[Pd,] ratios of (a) 3, (b) 8, and (c) 100
(L = XyINC) and those of [Pd,(u-dpmppm),('BuNC),](PF),
([3b'](PFy),) with [L]/[Pd,] ratios of (d) 3, (e) 100, and (f) 1000
(L = 'BuNC).

analyzed with a formula of [Pd,(u-dpmppm),(‘BuNC),](PF),
([3b’](PFq),), in which two isocyanide ligands are involved in
the Pd, unit (Scheme 3). The IR spectrum exhibited only one
C=N peak at 2171 cm™". The *P{"H} NMR spectrum at 20
°C in the presence of ‘BuNC (1 equiv; Figure 2b) showed two
somewhat sharp signals at 6 —10.9 and —0.7, still showing the
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dynamic behavior at a lower temperature around —30 °C. The
UV—vis spectra in the presence of ‘BuNC (1 equiv) did not
show the characteristic temperature-dependent blue shift at
—30 °C as observed for the XyINC complex of [3a](PFy),
(Figure 3d). The ESI mass spectra of [3a](PF¢), and
[3b'](PF), in the presence of free isocyanide showed dication
peaks at m/z 924.506 and 972.642, assignable to
[Pd,(dpmppm),(RCN),]** (m/z = 924.560 (R = 'Bu),
972.560 (R = Xyl)) (Figure S6). These results implied that
the tetrapalladium complexes existed in the solution states with
an equilibrium mixture as is observed for the solutions of
[Pd, (4-dpmppmE,),(RNC),](PE,), ([3F](PF,),) which was
dissociated into [Pd,(u-dpmppmF,),(RNC),](PF), ([3F']-
(PFs),) and RNC at a higher temperature (Scheme 1b).'” The
solid-state structures of [3F](PF;), (R = Xyl, ‘Bu) were
unambiguously determined by X-ray crystallography, and the
solution of [3F](PFy), at low temperatures still exhibited
fluxional behavior through exchanging terminal and bridging
isocyanides.'”

The variable temperature (VT) *'P{'H} NMR spectra of
[3a](PF), were measured at —30 to 60 °C in CD;CN (Figure
2a). At 60 °C, the *'P{'"H} NMR spectrum showed two sharp
quintet peaks of A B, spin system at 6 —12.0 and —1.1 in a 1:1
ratio, which suggested that [3a](PFs), adopted a symmetrical
tetrapalladium structure, [Pd,(y-dpmppm),(XyINC),]**
([32’]**), through dissociation of the bridging isocyanide
ligand as shown in Scheme 3. When the temperature decreased
below 20 °C to —30 °C, the *'P peaks broadened, and then
they split into three very broad signals around —18.1, —7.3, and
4.5 ppm, which resembled the *'P{'H} NMR spectra of
[3Fa](PF), at 0 °C and [3Fb](PFy), at —30 °C (Figure S7).
The 'H{*'P} NMR spectrum of [3a](PF), at 60 °C (Figures
SSa,b) exhibited one singlet o-methyl signal at § 1.82 and four
doublets for the methylene protons of dpmppm ligands at &
2.72, 3.77, 3.88, and 4.03 in a 1:2:1:2 ratio, which is in
agreement with the symmetrical linear Pd, structure [3a’]-
(PFg),. The VT 3'P{"H} NMR features of [3b’](PF;), in the
presence of ‘BuNC (1 equiv; Figure 2b) were essentially similar
to those of [3a](PF,), (Figure 2a) and [3Fb](PF,), (Figure
S7b), in which two broad singlet peaks at § —10.6 and —1.0 at 0
°C became well resolved at 60 °C into two quintets at =
—11.9 and —0.1. At —30 °C, the peaks split into four very broad
resonances around —15.3, —6.6 to —1.3, and 4.1 ppm. The
"H{*'P} NMR spectrum (Figure S5c,d) at 60 °C exhibited one
singlet methyl signal at § 1.10 for ‘BuNC and four doublets of
methylene protons at § 2.52, 3.68, 3.79, and 4.03 in a 1:2:1:2
ratio, which also supported the symmetrical linear Pd, structure
[3b'](PF),.

To further elucidate the solution behaviors, temperature-
dependent UV—vis spectra were measured for acetonitrile
solutions including [3a](PFs), and [3b’](PF), in the presence
of a variable amount of RNC (3, 8, 100, 1000 equiv for
[Pd,]*"). The UV—vis spectra with 3 equiv of XyINC exhibited
temperature-dependent spectral changes, identical to those of
[3a](PFy),, and showed a reversible temperature dependency
with a band at 673 nm (20 °C) shifting to an absorption
around 639 nm (—30 °C) through two isosbestic points
(Figure 3a). In the presence of excess XyINC (8 equiv), a
characteristic absorption band at 20 °C moved to around 661
nm, and with temperature decreasing, they shifted to a new
band around 619 nm at —30 °C via another pair of isosbestic
points (Figure 3b). With a large excess of XyINC (100 equiv),
the low temperature absorption band reached its maximum at

8302

619 nm (—30 °C; Figure 3c). These spectral differences reflect
the equilibrium shift for [3a’]*" + L 2 [3a]*" depending on the
concentration of L. The UV—vis spectra in the presence of 3
equiv of ‘BuNC (Figure 3d) did not show the marked spectral
changes as observed with XyINC, an absorption at 672 nm at
20 °C shifting slightly to 665 nm at —30 °C. However, in the
presence of a larger excess of ‘BuNC (100 equiv), the band at
669 nm (20 °C) was converted to a higher energy band at 628
nm (—30 °C) via two isosbestic points (Figures 3e), and with
1000 equiv of ‘BuNC, an absorption at 660 nm at 20 °C shifted
to 621 nm at —30 °C (Figure 3f), similar to a dynamic spectral
changes as observed with 8 equiv of XyINC (Figure 3b). These
spectral changes were essentially alike to those observed with
[Pd,(u-dpmppmF,),(RNC),](PE¢), (R = Xyl ([3Fa](PF),),
‘Bu ([3Fb](PFy),)", and suggested that the tetrapalladium
complexes [3a’](PF), and [3b’](PF), were equilibrated to
[3a](PFy), and [3b](PFy),, respectively, in the acetonitrile
solution states as shown in Scheme 3. In addition, it should be
noted that XyINC has much higher affinity to the linear Pd,
core {Pd,(u-dpmppm),(RNC),}** than ‘BuNC on the basis of
the UV—vis spectra.

In order to determine the binding constants K for [3']*" + L
2 [3]%, titrations of [3a](PFg), and [3b’](PF4), with
successive addition of isocyanides, XyINC and ‘BuNC, were
carried out at 20 °C by monitoring UV—vis spectra (Figure 4b

(a) (b) Agra  674nm
l (1eq)

670 nm
As70 (1 eq)

629 nm
(10 eq)
y~

Absorbance (a.u.)
Absorbance (a.u.)

L
700

600
Wavelength/nm

600 700 800

Wavelength/nm

0.5

As70

0.4

0.3 T T T
0 2.5 5 75

CL/105M

CL/104M

Figure 4. (a) UV-—vis spectral changes of [Pd,(u-
dpmppmF, ),(XyINC),](PFs), ([3Fa](PFs),) in CH;CN by succes-
sive titration of XyINC at 20 °C. (b) UV—vis spectral changes of
[Pd, (u-dpmppm), (XyINC),](PE), ([3a](PEy),) in CH,CN by
successive titration of XyINC at 20 °C. (c) Plots of Ay vs
concentration of XyINC (C;) and the fitted line for [3Fa’]** + L 2
[3Fa)**. (d) Plots of Agy, vs concentration of XyINC (C;) and the
fitted line for [3a’]** + L 2 [3a]*".

and Figure S8b). In addition, to assess the influence of the
tetraphosphine ligands, [3Fa](PF4), and [3Fb](PF), were
also titrated with XyINC and ‘BuNC, respectively, at 20 °C
(Figure 4a and Figure S8a). According to adding portions of
XyINC to the solution including tetrapalladium complexes, the
characteristic bands for [3Fa’]*" and [3a’]*" around 670 nm
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gradually decreased (Figures 4a,b), and plots of Agge74 VS
[XyINC] were subject to curve-fitting analysis with parameters
K, e([3'1*"), e([3]*"), and ¢, of [3']** or [3F']** (Figures 4c,d
and Table S3). A similar procedure was also applied to titration
of [3b']*" and [3Fb’]*" with ‘BuNC (Figures S8a,b). At first,
the binding constant of [3Fa’]*" with XyINC, 1.2 X 10° M, is
10-fold larger than that of [3a’]*" with XyINC, 1.0 X 10* M7},
which is ascribable to the electron deficient Pd, core of [3Fa’]**
due to the electron withdrawing 3,5-F,C¢H; groups of
dpmppmF, ligands. Whereas reliability of the curve-fitting
with ‘BuNC was relatively low due to its smaller binding
constants (Figures S8c,d), the obtained value of [3Fb']*" with
'BuNC, 7.3 X 10* M, is larger than that of [3b']** with
‘BuNC of 3.9 X 10> M, as is found for XyINC association, and
notably both values are significantly smaller in comparison with
those with XyINC, probably due to stronger o-donating ability
and larger steric bulkiness of ‘BuNC. The obtained K values in
an order of [3Fa’]** > [3a’]** > [3Fb']** > [3b']** are
consistent with the temperature-dependent UV—vis spectral
changes as described above.

Synthesis of Octapalladium Complexes, [Pdg(u-
dpmppm),(CH;CN),1X, from [2]X, (X = PFg, BF,). When
[2]X, was reacted with 2 equiv of [Pd(dba),] in acetonitrile at
60 °C for 3 h, the color of the solution changed to greenish
brown, and crystallization of the acetonitrile solution by
addition of diethyl ether precipitated greenish brown powders
of [Pdg(u-dpmppm),(CH;CN),]X, ([4]X,) in yields of 54%
(X = BF,)"" and 58% (X = PF) determined by *'P{'H} NMR
spectra (Scheme 4). Recrystallization of the powders from

Scheme 4. Preparation of Octapalladium Complexes [4]X,
from [2]X, (X = PF,, BF,)

o~ 1%

VS NI N
PP P

2[Pd(dbay),] Fl’ Fl’ Fl’ | | |

o™

21X, L'—Pd—Pd—Pd—Pd—Pd—Pd—Pd—Pd—L"'
in CH3CN e e |
PO P IO P
[41X4
AN

X =BFy4, PFg L'= CH3CN; F’/\P P° P =dpmppm

CH;CN/Et,0O solutions afforded pale greenish brown single
crystals in low isolated yields (8—13%), which were analyzed by
IR, UV—vis—NIR absorption, ESI mass and 'H{*'P} and
3'P{'"H} NMR spectroscopy (Figures S9—S11), and elemental
analysis for [4](PFq),-.

The *'P{"H} NMR spectrum of [4](PF4), in CD;CN at
room temperature (Figure Slla) displayed a set of four
multiplets at § 2.5, —6.1, =9.0, and —15.6 ppm in a ratio of
1:1:1:1, which are diagnostic for the octapalladium structure,
alongside a septet of PF4 anion at —144.3 ppm. The 'H{*'P}
NMR spectra of [4](PF), (Figure S11b) exhibited the
characteristic lower field-shifted doublets at 1.02 and 0.85
ppm, which correspond to the methylene protons of dpmppm
ligands due to ring current effects of the C—H/7 interactions as
observed in the crystal structure of [4](BF,),."" The VT UV—
vis—NIR spectral changes for an acetonitrile solution of
[4](PFy), are depicted in Figure S9, featuring thermochromics
behavior with an intense absorption of 896 nm at —30 °C. The
spectroscopic features of [4](PF4), are almost identical to
those of [4](BF,),, indicating that the counteranions have no
influence on the Pdg structure. The present results revealed that
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[2]X, was a viable precursor of Pd chains, which were extended
to octanuclear in acetonitrile and, in contrast, terminated at
tetranuclear in the presence of isocyanides.

Synthesis of Pd,M, Complexes, [Pd,Cl(Cp*MCI)
(Cp*MCL,)(u-dpmppm),1(PFs), from [2](PFs), (M = Rh,
Ir). Reaction of [2](PFy), with 1 equiv of [Cp*MCL,], (M =
Rh, Ir) in dichloromethane at room temperature gave mixed-
metal tetranuclear complexes, [Pd,Cl(Cp*MCl) (Cp*MCl,)-
(u-dpmppm), ](PFy),, in yields of 47% (M = Rh ([5](PFe),)
and 52% (M = Ir ([6](PFq),; Scheme 5). The structures were

Scheme 5. Preparation of Pd,M, Complexes,
[Pd,C1(Cp*MCI) (Cp*MCL,)(u-dpmppm),]-(PFy), from
[2](PF¢), (M = Rh ([S](PFy),), Ir ([6](PFy),))

Mg, IPFer
P/\P/\P> Cl
[Cp*M'Cla]; CI—Pd—Pld—P
2(PFg) — 3 |
M\P\/P\/P

o\

./

M = Rh: [5](PF ),
AN M =Ir: [6)(PFe),

N\
P"P" P° P =dpmppm

determined by X-ray crystallography; perspective views are
illustrated in Figure 5 and Figure S12. The structures of
[5](PFs), and [6](PFy), are isomorphous to each other and
contain a metal—metal bonded asymmetric dipalladium(I) core
of {Pd,Cl(u-dpmppm),}* (Pd1-Pd2 = 2.6932(6) A ([5]*),
2.710(2) A ([6]*"); PA2—Cl4 = 2.441(2) A ([5]*"), 2.468(7) A
([6]*")). One dpmppm ligand supports the Pd, unit in p-k';xc*
fashion as in [2]**, and the noncoordinate P atom involved in
the [PAPCPCP] ring of [2]** ligates to {Cp*MCL} unit,
resulting in a -kl K bridging structure for Pd2Pd1M1
centers. Owing to the coordination of the {Cp*MCL,} unit, the
stable chair conformation of the [PAPCPCP] ring in [2]** was
deformed to a highly distorted twist boat form to avoid steric
repulsions (P1—-Pd1-P3 91.48(6)° ([5]*), 92.4(2)°
([6]*")). Similar conformational change was observed in the
mononuclear Pd complex, [PdCI(dpmppm—«>)]* formin
[PACI(Cp*MCL,) (u-dpmppm-k',c*)]** (M = Rh, Ir) adducts.”
The other dpmppm also bridges the Pd, core with p-x';k'
mode of outer and inner neighboring P atoms, and the other
pair of P atoms makes a four-membered chelate ring to the
{Cp*MCl} fragment (P7-M2-P8 = 72.40(7)° ([5]*"),
70.89(19)° ([6]*")), leading to a u-x';x';x* structure for
Pd1Pd2M2 centers. The M1---Pdl distances are 6.3240(7) A
([5]**) and 6.454(2) A ([6]**), and the M2---Pd2 distances are
7.0042(7) A ([5]*") and 6.938(2) A ([6]*"), all being out of
range for the metal—metal interaction.

The solution structures of [5]** and [6]*" were analyzed by
ESI-MS and 'H and *P{'H} NMR spectra to reveal that the
asymmetric Pd,M, crystal structures were retained in dichloro-
methane solutions. The ESI mass spectra in CH,Cl, showed
monovalent cation peaks at m/z = 2231.665 ([5](PFs),) and
2411.942 ([6](PFy),), corresponding to {Pd,Cl(Cp*MCI)-
(Cp*MCl,) (u-dpmppm),](PFq)}* (2232.040 (M = Rh) and
2411.161 (M = Ir) (Figure S13). The characteristic UV—vis
absorption band typical for a Pd'—Pd' bond was observed at
464—465 nm, slightly red-shifted in comparison with 458 nm of
[2]X,.
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Figure S. Perspective drawing for the complex cation of [5](PF),.
Selected bond distances (A) and angles (deg): Pd1—Pd2 = 2.6932(3),
Pd1-P1 = 2.379(2), Pd1-P5 = 2.327(2), Pd2—Cl4 = 2.441(2), Pd2—
P4 = 2.333(2), Pd2—P6 = 2.341(2), Rh1—Cl1 = 2.427(2), Rh1—Cl2 =
2431(2), Rh1-P2 = 2.324(2), Rh2—CI3 = 2.425(2), Rh2—P7 =

2.340(2), Rh2—P8 = 2.336(2), Pd2—Pd1-P1 = 165.68(5), Pd1—
Pd2—Cl4 = 176.12(S5), P1-Pd1-P3 = 91.48(6), P7—Rh2—P8
72.40(7). The Pd, Rh, Cl, and P atoms are illustrated with thermal
ellipsoids at the 40% probability level. The hydrogen atoms are
omitted, and the C atoms are drawn with an arbitrary spherical model

for clarity. Pd (violet), Rh (blue), Cl (green), P (orange), and C
(gray).

In the '"H NMR spectra of [5]** and [6]** in CD,Cl,, methyl
signals of the two Cp* groups were observed as a doublet (&
1.42 with *Jpy = 4.0 Hz for [5]*, 6 1.30 with *Jpy; = 2.5 Hz for
[6]*") and a triplet (5 1.49 with *Jpy = 3.9 Hz for [5]*, § 1.50
with *py = 2.6 Hz for [6]**) in a 1:1 ratio. The *'P{'H} NMR
spectra were assigned by using *'P—>'P COSY techniques as a
P, PaoPg PyyPciPeyPp Py system (see Experimental Section,
Figure S14). In the spectrum of [5]**, the peaks for P¢,
attached to the {Cp*RhCl,} unit were observed at § 20.1 ppm
with 'Jgp = 149 Hz, and those for P, and Pp, chelating to the
{Cp*RhCl} center appeared at § —10.7 and 1.9 ppm with Jx.p
=109 and 114 Hz. On the other hand, for [6]*, the signal of
P, was observed at § —11.2 ppm, and those of P, and Pp,
significantly shifted toward lower field at —29.4 and —48.6 ppm
due to four-membered chelation to the Ir center. The
resonances of P,;, Py, Pg;, and Py, showed large trans-P,P’
coupling across the square planar Pd centers.

Although attempts to identify intermediate species by
monitoring *'P{'H} NMR spectra at low temperatures were
not successful yet, a plausible intermediate of the symmetric
Pd,M, complex, [Pd,(Cp*MCL,),(u-dpmppm),](PEs), (1),
could be postulated on the basis of reactions of the
mononuclear Pd" complex, [PdCI(dpmppm-x*)]*, with
|:Cp>"MC12]2,9f and the intermediate (I) was estimated to be
very unstable and readily converted into the asymmetric
structure of [$]*" and [6]*" to release strains accumulated in
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the two {Cp*MCl,} fragment-attached six-membered
[PdPCPCP] rings (Scheme 6). In particular, the axial phenyl
groups on the P atom are estimated to cause significant
repulsive interactions between the phenyl groups around the
Pd—Pd bond in L

Scheme 6
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Synthesis of Au,Pd, Complexes,
[Au,Pd,Cl,(dpmppm—H),]l(PFg), ([71(PF¢),) from [2](PFg),.
When [2](PF), was treated with 2 equiv of [AuCI(PPh;)] in
dichloromethane at room temperature, yellow crystals of a
Au,Pd, mixed-metal complex, [Au,Pd,Cl,(dpmppm—H),]-
(PFq), ([7](PFq),) were isolated in a low yield of 7% (Scheme
7). The ESI-MS in CH,Cl, exhibited two sets of intense peaks

Scheme 7. Preparation of Au,Pd, Complexes,
[Au,Pd,Cl,(dpmppm—H),](PFs), ([7](PFy),) from
[2](PFe),

P—\ P
[AUCI(PPh3)] | pa—r |
[2)(PFo), —P|d{ ; P|d—CI
P—Au—P
p—/ p
[71(PFg)2

P/\P/\P/\P = dpmppm-H

at m/z = 966.038 (z = 2) and 2077.061 (z = 1), corresponding
to [Au,Pd,Cl,(dpmppm—H),]** (966.009) and
{[Au,Pd,Cl,(dpmppm—H),](PF¢)}* (2076.982) (Figure
S15). The 'H{*'P} NMR spectrum in CD,Cl, indicated very
simple methylene signals with two doublets at 6 3.40 and 3.97
(¥un = 15 Hz) and one singlet at 5 4.85 in a 2:2:1 ratio (Figure
Sl6a), demonstrating a symmetrical coordination pattern of
dpmppm ligand with a loss of one central methylene proton. In
the *'P{'"H} NMR spectrum, two multiplets were observed at 5
11.1 and 44.6 in a 1:1 ratio (Figure S16b). In the light of
chemical shifts for Au—dpmppm complexes,” the higher field
peak at 44.6 ppm could be assigned to the Au-bound P atoms.

The detailed structure of [7](PF), was determined by X-ray
crystallography to comprise two [PdCl(dpmppm—H)] moi-
eties connected by two Au' ions through linear P—Au—P
geometry, resulting in a crystallographically imposed C;
symmetry (Aul—P2 = 2.330(2) A, Aul-P3* = 2.329(2) A,
P2—Au—P3* = 178.13(7)°) (Figures 6 and S17). The Aul--
Aul* and Aul--Pd1 distances of 3.0902(9) A and 3.796(1) A
indicate no metal—metal bonding interaction, while the former
falls within the range of a weak aurophilic interaction.'” The
Pdl atom is coordinated by a chloride ion and a PCP pincer
ligand (dpmppm—H) derived from deprotonation of dpmppm

to complete a pseudo C, symmetrical square planar structure.
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Figure 6. Perspective drawing for the complex cation of [7](PF),.
Selected bond distances (A) and angles (deg): Aul—P2 = 2.330(2),
Aul—P3* = 2.329(2), Pd1-Cl1 = 2.360(8), Pd1-P1 = 2.327(3),
Pd1-P4 = 2.313(3), Pd1-C2 2.096(11), P2—Aul—P3* =
178.13(7), Cl1-Pd1-P1 = 98.19(19), Cl1-Pd1-P4 = 83.92(18),
Cl1-Pd1-C2 = 169.5(2), P1-Pd1-P4 = 167.71(10), P1-Pd1-C2 =
87.5(2), P4—Pd1—C2 = 88.7(2). The Au, Pd, Cl, P, and C atoms are
illustrated with thermal ellipsoids at 40% probability level. The
hydrogen atoms are omitted, and the C atoms of phenyl groups are
drawn with an arbitrary spherical model for clarity. The disordered
phenyl groups and Cl atoms are omitted for clarity. Pd (violet), Au
(yellow), Cl (green), P (orange), and C (gray).

Although serious disorder of three phenyl groups of the PCP
ligand and the Cl atom prevented further precise discussion on
the crystal structure, the metalated C2 atom notably takes an
sp® configuration with Pd1—C2—P2 = 107.3(4)°, Pd1-C2—P3
= 106.9(6)°, and P2—C2—P3 = 113.5(4)°. The Pd complexes
with PC(sp*)P pincer ligands are relatively limited compared
with those with PC(sp®)P ones,'® and in addition, the PC(sp®)
P with a PCPCPCP backbone is unprecedented, though the
carbodiphosphorane PCP pincer ligand of C(dppm), (dppm =
bis(diphenylphsophino)methane) has been reported by Schuh
et al,, which stabilized square planar complexes of Pt, Pd, and
Ni through the neutral carbon (av. Pd—C = 2.057 A, Pt—C =
2.060(4) A)."” The C(dppm), is protonated to form
[CH(dppm),]Cl, which also pinches Pt" and Pd" ions through
the cationic central SJf carbon atom (Pd—C = 2.102(3) A, Pt—
C = 2.106(4) A)." In contrast, the central sp*> carbon of
[7](PF), is anionic, and the Pd—C bond length is 2.096(11)
A, which is comparable to that of [PAdCI(CH(CH,CH,PPh,),)]
(2.111 A).*°

H CONCLUSION

In the present study, the metal—metal bonded binuclear Pd!
complexes, [Pd,(dpmppm),]X, (X = PF,, BF,), were prepared
by using a linear tetraphosphine, meso-bis[(diphenyl-
phosphinomethyl)phenylphosphino Jmethane (dpmppm) and
were proven useful precursors to extend palladium chains to
[Pd4(ﬂ‘dePPm)2(RNC)2]2+ and [Pdg(u-
dpmppm),(CH;CN),]*". By treating the Pd, complex with 2
equiv of [Pd(dba),] in CH,CN, the Pd chain is terminated in
the presence of isocyanide ligands at the Pd, array of [Pd,(u-
dpmppm),(RNC),]** (R = Xyl, ‘Bu), which are equilibrated to
[Pd,(u-dpmppm),(RNC),]** in the presence of free isocyanide
at low temperatures. In the absence of the isocyanides, two Pd,
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units are further connected to form an octanuclear palladium
chain terminated by acetonitrile, [Pdg(u-
dpmppm),(CH;CN),]*, which were assigned by VT
3P{'H} NMR spectra and temperature-dependent thermo-
chromics behaviors. Furthermore, reactions of the Pd, complex
with [Cp*MCL], (M = Rh, Ir) and [AuCI(PPh,)] afforded
Pd,M, heterometallic tetranuclear complexes, [Pd,Cl-
(Cp*MCI)(Cp*MCL)(u-dpmppm),] (PFs), (M = Rh, Ir)
and [Au,Pd,ClL,(dpmppm—H),](PF,),, respectively. In the
latter Au,Pd, complex, a deprotonated dpmppm (dpmppm—
H) acted as a novel PC(sp*)P pincer ligand with a PCPCPCP
backbone. These results demonstrate that the binuclear
palladium(I) complexes with two dpmppm ligands are a viable
precursor to developing low-valent palladium chains and Pd-
involved mixed-metal multinuclear systems in stepwise
procedures.

B EXPERIMENTAL SECTION

General Procedures. All preparative procedures were carried out
under a nitrogen atmosphere in a glovebox or using standard Schlenk
techniques. Reagent grade solvents were dried by the standard
procedures and were freshly distilled prior to their use. Compounds
dpmppm,”® [Pd(dba),] (dba dibenzylideneacetone),”’
[Pd;(XyINC),],”> [Cp*MCL], (M = Rh, Ir; Cp* = pentamethylcy-
clopentadienyl),”® [AuCI(PPh;)],** [Pd,(XyINC)¢]X, (X = PEg
BE,),”* and [Pd,(u-dpmppmF, ),(RNC);](PFs), ([3F](PFs)y R =
Xyl, 'Bu)'* were prepared by the methods described in the literature.

'H and 'H{*'P} NMR spectra were recorded on a JEOL JNM-
AL400 spectrometer (400 MHz) and Bruker AV-300N or Varian
Gemini2000 instrument (300 MHz), and the frequencies were
referenced to the residual resonances of the deuterated solvent.
SIp{'H} NMR spectra were recorded on the same instrument at 162
and 121 MHz with chemical shifts being calibrated to 85% H;PO, as
an external reference. Electronic absorption spectra were recorded on
Shimadzu UV-3100, Hewlett-Packard Agilent 8453, and Jasco UV600
spectrophotometers at various temperatures. IR spectra of solid
compounds as KBr disks were recorded on a Jasco FT/IR-410
spectrophotometer at ambient temperature. ESI-TOF mass spectra
were recorded on a JEOL JMS-T100LC in a positive detection mode
in the range of m/z 100—3000, equipped with an ion spray interface.
Electrochemical measurements were performed with a Hokuto-Denko
HZ-3000 system. ["Bu,N][PF] was used as a supporting electrolyte,
which was recrystallized from ethanol before use. Cyclic voltammetry
experiments were carried out with 2 mM acetonitrile solutions of the
samples containing 0.1 M ["Bu,N][PF¢], by using a standard three-
electrode cell consisting of a Ag/AgPF, reference electrode, platinum
wire as a counter-electrode, and a glassy carbon electrode as a working
electrode.

Preparation of [Pd,(u-dpmppm)(XyINC);1(PF), ([11(PFg),). To
a solution of [Pd,(XyINC)4](PFy), (101 mg, 78 pmol) in CH,Cl, (10
mL) was added dpmppm (55 mg, 88 umol), and the solution was
stirred for 3 h at room temperature. The color of the solution turned
from yellow to red and to yellow. The solvent was removed under
reduced pressure to dryness, and the residue was washed with Et,O
and extracted with CH,Cl, (5 mL). The extract was filtered and
concentrated to ca. 3 mL. After careful addition of Et,O (1 mL), the
solution was allowed to stand at room temperature to afford yellow
block crystals of [1](PFq),-0.5CH,Cl,, which were filtered off, washed
with Et,0, and dried in vacuo. Yield: 68 mg, 56% (vs Pd). '"H NMR
(300 MHz, CD,CL, rt.): § 1.93 (s, 12H, CH,), 2.11 (s, 6H, CHy),
2.54—2.91 (m, br, 4H, CH,), 4.74 (m, br, 1H, CH,), 5.16 (m, br, 1H,
CH,), 6.96—8.20 (m, 45H, ArH). 3'P{'"H} NMR (121 MHz, CD,Cl,,
r.t.): § —144.9 (sep, YJpr = 712 Hz, 2P, PF), —39.23 (dd, Jyp' = 97, 80
Hz, 1P, P¢), —19.16 (dd, Jpp' = 92, 37 Hz, 1P, Pp), —11.20 (d, Jpp' =
56 Hz, 1P, P,y), —2.51 (ddd, Jpp' = 80, 56, 39 Hz, 1P, Py). ESI-MS (in
CH,CL,): m/z 617.657 (z = 2, [Pd,(dpmppm)(XyINC),]**
(617.603)), 1380.273 (z = 1, {[Pd,(dpmppm)(XyINC),]PF¢}*
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(1380.171)). IR (KBr): v 2188, 2168, 2158 (s, N=C), 1436 (s, P—C),
1102 (s), 837 (vs, PFy), 709 (w), 521 (s), 506 (s) cm™'. UV—vis
(CH,Cl, rt): An, (log €) 393 (4.45) nm. Anal. Caled for
CessHauN;CIF,P(Pd, ([2](PF),-0.5CH,CL): C, 50.96; H, 4.12; N,
2.68%. Found: C, 50.79; H, 4.02; N, 2.70%.

P /\PC 2+
Pa Pg
| |
L—Pd—Pd—~Pp

L L

Preparations of [Pd,(z-dpmppm),IX, ([2]1X,, X = PFg, BF,). To
a solution of [Pd,(XyINC)¢](PFs), (201 mg, 156 pmol) in CH,CL,
(10 mL) was added dpmppm (220 mg, 351 pmol), and the solution
was stirred for 2 h at room temperature. The color of the solution
turned from yellow to orange. The solvent was removed under
reduced pressure to dryness, and the residue was washed with Et,O (2
mL X S) and extracted with CH,Cl, (4 mL). The extract was filtered
and, after careful addition of Et,O (3 mL), the solution was allowed to
stand at room temperature to afford orange prismatic crystals of
[2](PFg),-CH,Cl,, which were filtered off, washed with Et,O, and
dried in vacuo. Yield: 153 mg, 53% (vs Pd). '"H NMR (300 MHz,
CD,Cly, r.t.): § 1.37 (d, 2H, CH,, ] = 14 Hz), 1.56 (t, 2H, CH,, ] = 15
Hz), 2.17 (br, 2H, CH,), 2.43 (br, 2H, CH,), 4.25 (br, 2H, CH,), 4.95
(br, 2H, CH,), 6.65—8.24 (m, 60H, ArH). *'P{'H} NMR (121 MHz,
CD,Cl,, rt.): 6 —144.7 (sep, YJpp = 702 Hz, 2P, PF), —48.0 (m, 2P),
—11.8 to —6.3 (m, 4P), —4.3 (m, 2P). ESI-MS (in CH,CL,): m/z
735.118 (z = 2, [Pd,(dpmppm),]** (735.082)), 1615244 (z = 1,
{[Pd,(dpmppm),]PF¢}* (1615.128)). IR (KBr): v 1436 (s, P—C),
1139 (w), 1095 (m), 839 (vs, PFy), 742 (s), 694 (s), 557 (s), 511 (m),
483 (m) em™". UV—vis (CH,Cl, r.t.): A, (log ) 458 (4.36), 328
(4.01) nm. Anal. Caled for CroH,,CLF,P,0Pd, ([2](PE),-CH,CL):
C, 51.43; H, 4.04%. Found: C, 51.03; H, 4.00%.

By a procedure similar to that of [2](PF),, using [Pd,(XyINC)]-
(BE,), (242 mg, 206 pmol), [2](BF,),-0.SCH,Cl, was isolated in 71%
yield (241 mg). 'H NMR (300 MHz, CD,ClL, r.t.): § 1.40 (d, 2H,
CH,, ] = 14 Hz), 1.66 (d, 2H, CH,, ] = 14 Hz), 2.15 (br, 2H, CH,, ] =
14 Hz), 2.54 (d, 2H, CH,, J = 14 Hz), 4.40 (d, 2H, CH,, ] = 15 Hz),
5.03 (d, 2H, CH,, ] = 15 Hz), 6.65—823 (m, 60H, ArH). 3'P{'H}
NMR (121 MHz, CD,Cl,, r.t.): § —47.6 (m, 2P, P¢),—11.8 to —6.3
(m, 4P), —4.4 (m, 2P). ESI-MS (in CH,Cl,): m/z 735.143 (z = 2,
[Pd,(dpmppm),]** (735.082)), 1557.311 (z = 1, {[Pd,(dpmppm),]-
BE,}* (1557.168)). IR (KBr): v 1436 (s, P—C), 1139 (w), 1378 (m),
1309 (m), 1281 (w), 1191 (w), 1057 (s), 812 (s), 742 (s), 697 (s),
512 (m), 488 (m) cm™'. UV-vis (CH,ClL, rt.): A, (log &) 458
(4.30), 329 (3.93) nm. Anal. Calcd for C,4 H,;B,CIF P¢Pd,
([1](BF,),-0.5CH,CL,): C, 55.92; H, 4.36%. Found: C, 55.76; H,
4.33%.

Preparation of [Pd,(uz-dpmppm),(XyINC);1(PF¢), ([3al(PFg).).
Portions of [2](PF,),-CH,Cl, (149 mg, 85 ymol) and [Pd;(XyINC)]
(62 mg, 56 umol) (or [Pd(dba),] (168 pumol) and XyINC (336
umol)) were dissolved in 2 mL of acetonitrile, which was heated at 60
°C for S h to afford a dark bluish green solution. The reaction mixture
was filtered, and careful addition of Et,O to the solution yielded a
green powder of [3a](PF),, which were collected by filtration, washed
with Et,0, and dried under a vacuum. Yield: 69 mg, 33% (vs Pd). 'H
NMR (300 MHz, CD;CN, 60 °C): § 1.82 (s, 18H, CHj), 2.81 (dt,
2H, CH,, Juu = 14, 4 Hz), 3.77 (d, 4H, CH,, Jyy = 14 Hz), 3.92 (m,
2H, CH,, Jyy = 14, 4 Hz), 4.01 (d, 4H, CH,, Juy = 14 Hz), 6.43—7.29
(m, 69H, ArH). "H NMR (300 MHz, CD;CN, 20 °C): § 1.70 (s, 18H,
Cus), 2229 (s, 2H, CH,), 3.72 (s, 4H, CH,), 3.88—3.96 (m, 6H, CH,),
6.58—7.77 (m, 69H, ArH). "H NMR (300 MHz, CD,CN, —30 °C): &
3.83—3.69 (br, 12H, CH,), 7.81—6.54 (br, 69H, ArH). *'P{'H} NMR
(121 MHz, CD4CN, 60 °C): § —144.8 (sep, 2P, 'Jpr = 713 Hz), —12.0
(g, 4P), —1.1 (q, 4P); (121 MHz, CD4CN, 20 °C): § —144.7 (sep, 2P,
Ypr = 713 Hz), —11.4 (s, 4P), —1.4 (s, 4P). *'P{"H} NMR (121 MHz,
CD,CN, —30 °C): § —144.82 (sep, 2P, 'Jpr = 713 Hz), —18.1 (br,
2P), —=7.3 (br, 3P), 0.2 (br, 1P), 4.5 (br, 2P). ESI-MS (in CH,CN):
m/z 972.642 (z = 2, {[Pd,(dpmppm),(XyINC),]** (972.560)). IR
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(KBr): 2130, 2098, 2040 (C=N), 1436 (s, P—C), 1096 (m), 838 (s,
PFy), 779 (m), 741 (m), 693 (m) cm™. UV—vis (CH,Cl,, 60 °C):
A (log €) 672 (4.69) nm. UV—vis (CH,CL, 20 °C): 669 (4.79).
UV—vis (CH,Cl,, —30 °C): 659 (4.64) nm. Anal. Calcd for
CiosHosN3F,PoPd, ([3a](PFq),): C, $3.29; H, 4.22; N, 1.78%.
Found: C, 53.06; H, 3.98; N, 1.85%.

Preparations of [Pd,(u-dpmppm),(‘BUNC),1(PF¢), ([3b’l-
(PFg),). An acetonitrile solution (2 mL) containing [2](PF),-
CH,Cl, (154 mg, 88 umol), [Pd(dba),] (101 mg, 175 umol), and
‘BuNC (22 uL, 195 umol) was heated at 60 °C for 5 h to afford a dark
bluish green solution. The solution was filtered, and careful addition of
Et,0 to the solution gave a green powder of [3b’](PF),, which were
collected by filtration, washed with Et,O, and dried under a vacuum.
Yield: 35 mg, 19% (vs Pd). Anal. Caled for CgHy3N,F,,P Pd,
([3b’](PFy),): C, 49.41; H, 4.24; N, 1.31%. Found: C, 49.19; H,
4.01; N, 1.50%. IR (KBr): 2171 (C=N), 1435 (s, P—C), 1098 (m),
839 (s, PFg), 741 (m), 692 (m), 557 (m) cm™". The UV—vis, 'H and
SP{'H} NMR, and ESI-MS spectral data of [3b’](PF;), were
measured on acetonitrile solutions in the presence of 1 equiv of
‘BuNC. UV—vis (in CH;CN, 60 °C): 4., (log €) 675 (4.69) nm.
UV—vis (in CH,CN, 20 °C): 673 (4.79). UV—vis (in CH,CN, —30
°C): 665 (4.64) nm. "H NMR (300 MHz, CD;CN, 60 °C): 5 1.10 (s,
18H CH,), 2.52 (dt, 2H CH,, ] = 15, 3 Hz), 3.68 (d, 4H CH,, J = 15
Hz), 3.79 (d, 2H CH,, ] = 15, 3 Hz), 4.03 (d, 4H, CH,, ] = 15, 3 Hz),
6.61—8.13 (m, 60H, ArH). "H NMR (CD,CN, 20 °C): 5 1.08 (s, 18H
CHj,), 2.29 (br d, 2H CH,), 3.60 (br d, 4H, CH,), 3.88—3.96 (m, 6H,
CH,), 6.63—7.76 (m, 60H, ArH). '"H NMR (CD,CN, —30 °C): § 1.20
(br, 18H, CH,), 2.63 (br, 2H, CH,), 3.35—3.86 (br, 10H, CH,), 6.42—
7.77 (br, 60H, ArH). *'P{’"H} NMR (121 MHz, CD,CN, 60 °C): §
—144.1 (sep, 2P, 'Jo_p = 713 Hz), —11.9 (q, 4P), —0.1 (q, 4P).
SP{'"H} NMR (121 MHz, CD;CN, 20 °C): § —144.1 (sep, 2P, 'Jo_p =
713 Hz), =109 (s, 4P), —0.7 (s, 4P). ¥P{'H} NMR (121 MHz,
CD,CN, —30 °C): § —144.4 (sep, 2P, 'Jo_r = 713 Hz), —15.3 (br,
2P), —6.6 — —1.3 (br, 4P), 4.1 (br, 2P). ESI-MS (in CH;CN): m/z
924.506 (z = 2, [Pd,(dpmppm),("BuNC),]*" (924.560)).

Preparations of [Pdg(z-dpmppm),(CH;CN),1X, ([41X, X =
BF,, PF¢). To a solution of [2](BF,),-0.5CH,Cl, (131 mg, 80 umol)
in acetonitrile (7.5 mL) was added [Pd(dba),] (91 mg, 159 umol),
and the reaction mixture was heated at 60 °C for 3 h. The solution was
passed through a membrane filter and concentrated to ca. 5 mL. The
addition of Et,0O (20 mL) yielded a green powder of [4] (BF,),"!
which was collected by filtration, washed with Et,O, and dried under a
vacuum. Yield: 54% (vs Pd determined by *'P NMR). The powder was
recrystallized from an acetonitrile (S mL) and diethyl ether (3 mL)
mixed solvent to afford block-shaped crystals of [4](BF,), in 13%
yield. The isolated compound was analyzed by IR, UV—vis—NIR, 'H
and *'P{'H} NMR, and ESI-MS spectroscopy."'

To a solution of [2](PF4),CH,Cl, (101 mg, 57 umol) in
acetonitrile (7.5 mL) was added [Pd(dba),] (66 mg, 115 umol),
and the reaction mixture was heated at 60 °C for 3 h. The solution was
passed through a membrane filter and concentrated to ca. 5 mL. The
addition of Et,0 (20 mL) gave a green powder of [4](PFy),, which
was collected by filtration, washed with Et,O, and dried under a
vacuum. Yield: 58% (vs Pd determined by *'P NMR). The powder was
recrystallized from an acetonitrile (S mL) and diethyl ether (2 mL)
mixed solvent to afford pale brown block-shaped crystals of [4](PFq),:
Et,0 in 8% isolated yield. Anal. Caled for C,¢H;cON,F,,P,,Pdg
([4](PF(),-Et,0): C, 48.21; H, 3.87; N, 0.47%. Found: C, 48.02; H,
3.93; N, 0.68%. IR (KBr): 1483 (m), 1436 (s, P—C), 1099 (m), 840
(s, PFq), 795 (m), 740 (s), 691 (m), 557 (m), 514 (m), 476 (m) cm™.
UV—vis (in CH;CN, 60 °C): 4,,,, (log €) 639 (5.07) nm; (in CH;CN,
25 °C): 900 (4.98), 633 (4.94). UV—vis (in CH,CN, —30 °C): 896
(543) nm. '"H NMR (300 MHz, CD;CN, 20 °C): § 0.85 (d, 4H CH,,
YJqu = 13 Hz), 1.02 (d, 4H CH,, *J,yy = 14 Hz), 1.95 (s, 6H CH;CN),
3.01 (d, 4H CH,, *J;yp; = 14 Hz), 3.20 (d, 4H CH,, J;yy; = 14 Hz), 3.32
(d, 4H CH,, ¥y = 13 Hz), 3.41 (d, 4H CH,, *Jyy = 14 Hz), 5.98—
7.82 (m, 120H, ArH). *'P{'H} NMR (121 MHz, CD;CN, 20 °C): §
—144.3 (sep, 2P, 'Jo_z = 713 Hz), —15.6 (q, 4P), =9.0 (m, 4P), —6.1
(m, 4P), 2.5 (m, 4P). ESI-MS (in CH,CN): m/z 1827.5117 (z = 1,
{[Pd,(dpmppm),]PF,}* (1826.937)), 841.068 (z = 2, [Pd,
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(dpmppm),]** (840.986)). Note that [4](PF;), was able to be
prepared by the previously reported procedure," heating a 1:2 mixture
of dpmppm and [Pd(dba),] in acetonitrile at 60 °C for 3 h in the
presence of 1 equiv of [Cu(CH;CN),]PF,.

Preparations of [Pd,Cl(Cp*M’CL,)(Cp*M’Cl)(z-dpmppm),]-
(PFg), (M" = Rh ([5](PFg),), Ir ([6](PF¢),)). To a solution of
[2](PF¢),-CH,Cl, (46 mg, 26 umol) in CH,ClL, (10 mL) was added
[Cp*RhCL,], (17 mg, 27 pumol), and the reaction mixture was stirred
for 12 h at room temperature. The solvent was removed to dryness,
and the residue was extracted with CH,Cl, (5 mL), which was filtered
and concentrated to ca. 3 mL. After the addition of Et,O (2 mL), the
solution was allowed to stand in a refrigerator to yield red crystals of
[5](PFq),-CH,Cl,, which were collected by filtration, washed with
Et,0, and dried under a vacuum. Yield: 29 mg, 47% (vs Pd). '"H NMR
(300 MHz, CD,Cl,, r.t.): 5 1.42 (d, *Jpy; = 4 Hz, 15H, Cp*), 1.49 (t,
Yo = 4 Hz, 15H, Cp*), 2.1—4.9 (m, br, 12H, CH,), 6.4—7.8 (m, 60H,
ArH). *'P{'H} NMR (121 MHz, CD,Cl,, r.t.): § —144.2 (sep, Jpr =
711 Hz, 2P, PF), —19.0 (m, 1P, Pp,), —18.7 (m, Jpp’ = 425 Hz, 2P,
Py,), —10.7 (m, YJppp = 109 Hz, *Jpp’ = 103 Hz, 1P, P¢;), —8.19 to
—3.74 (m, YJpp’ = 381 Hz, 2P, Py, Py,), —2.68 (m, *Jpp’ = 408 Hz, 1P,
P,y), 1.89 (dd, *Jpp’ = 23, 16 Hz, 1P, Ppy,), 20.1 (ddd, Jxp = 114 Hz,
2, = 103 Hz, 1P, Pg,). ESI-MS (in CH,ClL,/CH,OH): m/z
2231.665 (z = 1, {[Pd,Cl(Cp*RhCl,)(Cp*RhCl)(dpmppm),]PF¢}"
(2232.040)). IR (KBr): 1436 (s, P—C), 1098 (m), 842 (s, PF), 739
(m), 692 (m), 557 (m) cm™. UV—vis (in CH,Cl, at r.t.): A,,/nm
(log €) 465 (4.27), 390 (4.41), 347 (4.39) nm. Anal. Calcd for
CooH04CI¢F1,PoPd,Rh, ([5](PFs),-CH,CL): C, 48.28; H, 4.26%.
Found: C, 48.20; H, 3.91%.

Complex [6](PF;), was prepared by a procedure similar to that of
[S](PFg), using [2](PFg),-CH,Cl, (33 mg, 19 umol) and
[Cp*IrCL], (15 mg, 19 umol). Orange crystals of [6](PFy),
CH,CI, were obtained in 52% yield (25 mg). "H NMR (300 MHz,
CD,Cl,, r.t.): 6 1.30 (d, *Jpy = 3 Hz, 15H, Cp*), 1.50 (t, *Jpi; = 3 Hz,
15H, Cp*), 2.1=54 (m, br, 12H, CH,), 64—8.4 (m, 60H, ArH).
SIp{'H} NMR (121 MHz, CD,Cl,, r.t.): § —144.2 (sep, 'Jpor = 711 Hg,
2P, PFy), —48.6 (ddd, YJpp’ = 61, 45, 7 Hz, 1P, P;), —29.4 (d, YJpp’ =
61 Hz, 1P, Pp,), —21.5 to —17.2 (m, 2P, Py, Ppy,), —11.2 (dd, *Jpp’ =
16, 10 Hz, 1P, P,), —9.68 to —3.48 (m, 2P, P,, Py,), —2.95 (m, Jpp’
= 408 Hz, 1P, P,,). ESI-MS (in CH,Cl,/CH,OH): m/z 2411.942 (z
= 1, {[Pd,CI(Cp*IrCl,) (Cp*IrCl) (dpmppm), |PF¢}* (2411.161)). IR
(KBr): 1436 (s, P—C), 1096 (m), 840 (s, PF¢), 742 (m), 694 (m), 557
(m) em™. UV—vis (in CH,Cl, at r.t.): d,,/nm (log £) 464 (3.02),
391 (4.05), 342 (4.19) nm. Anal. Calcd for CooH,o,ClF;,P1oPd,]r,
([6](PE,),-CH,CL,): C, 45.01; H, 3.97%. Found: C, 45.14; H, 3.79%.
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Preparation of [Au,Pd,Cl,(dpmppm—H),1(PF,), ([71(PF),).
To a solution of [2](PF),-CH,Cl, (100 mg, 57 umol) in CH,Cl, (20
mL) was added [AuCI(PPh;)] (56 mg, 113 pmol), and the reaction
mixture was stirred overnight at room temperature. The solvent was
removed to dryness, and the residue was washed with Et,O (20 mL)
and extracted with CH,Cl, (20 mL), which was filtered and
concentrated to ca. 8 mL. After the addition of Et,0 (5 mL), the
solution was allowed to stand in a refrigerator to yield yellow crystals
of [7](PFq),-2CH,Cl,, which were collected by filtration, washed with
Et,0, and dried under a vacuum. Yield: 8.6 mg, 7% (vs Pd). "H NMR
(300 MHz, CD,CL, r.t.): § 3.40 (d, ¥y = 15 Hz, 4H, CH,), 3.97 (d,
2 = 15 Hz, 4H, CH,), 4.85 (s, 2H, CH), 7.08—8.07 (m, 60H, ArH).
SIp{'H} NMR (121 MHz, CD,Cl,, r.t.): § —144.2 (sep, 'Jor = 711 Hg,
2P, PF;), 11.1 (m, 4P), 44.6 (m, 4P). ESI-MS (in CH,Cl,): m/z
966.038 (z = 2, [Au,Pd,Cl,(dpmppm—H),]** (966.009)), 2077.061

ZVPAz

M=Rh, Ir
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(z = 1, {[Au,Pd,CL,(dpmppm—H),]PF.}* (2076.982)). IR (KBr):
1484 (m), 1436 (s, P—C), 1372 (w), 1101 (s), 839 (s, PFy), 804 (m),
733 (m), 688 (s), 557 (m), 480 (m) ecm™. UV—vis (CH,CL, r.t.):
Ana/nm (log &) 474 (4.37), 390 (4.41), 347 (4.39) nm. Since
[7]1(PFs),-2CH,Cl, was obtained with a small amount of inorganic
impurity, the formula was determined by an X-ray crystallographic
analysis.

X-ray Crystallographic Analyses of [1](PFg),, [2](PF¢),-CH,Cl,,
[51(PF¢),°7CH,Cl,-Et,0, [6](PF¢),:3.5CH,Cl,, and [7]1(PFs),:
2CH,Cl,. The crystals of [1](PFy), [2](PF¢),-CH,Cl, [5](PFq),:
7CH,CLEt,0, [6](PFq),-3.5CH,CL, and [7](PE,),2CH,Cl, were
quickly coated with Paratone N oil and mounted on top of a loop fiber
at room temperature. Reflection data were collected at low
temperature with a Rigaku VariMax Mo/Saturn CCD diffractometer
equipped with graphite-monochromated confocal Mo Ka radiation
using a rotating-anode X-ray generator RA-Micro7 (50 kv, 24 mA).
Crystal and experimental data are summarized in Tables S1 and S2. All
data were collected at —120 °C ([1](PFy),, [2](PFg),, [5](PFg),, and
[6](PFy),) and —150 °C ([7](PFy),), and a total of 2160 oscillation
images, covering a whole sphere of 6° < 26 < 55°, were corrected by
the w-scan method (—62° < @ < 118°) with a Aw of 0.25°. The
crystal-to-detector (70 X 70 mm) distance was set at 60 mm. The data
were processed using the Crystal Clear 1.3.5 program (Rigaku/MSC)*®
and corrected for Lorentz polarization and absorption effects.”” The
structures of complexes were solved by direct methods with SHELXS-
97%% and SIR-92,-97*° and were refined on F? with full-matrix least-
squares techniques with SHELXL-97"" using the Crystal Structure 3.7
package.** All non-hydrogen atoms were refined with anisotropic
thermal parameters, and the C—H hydrogen atoms except those for
some disordered phenyl and solvent molecules ([5](PF4), and
[7](PF¢),) were calculated at ideal positions and refined with riding
models. In the structures of [5](PFq),, one dichloromethane molecule
of crystallization is disordered, and in [7](PF),, the Pd-coordinated
chloride atom (Cl1, CI2) and three phenyl groups on P2, P3, and P4
atoms are refined as disordered at two sites with half occupancy, and
the dichloromethane molecule is also disordered. The crystals of
[7](PFs), were notably very unstable at room temperature owing to
the disordered structure, which led to somewhat low-grade crystallo-
graphic results. All calculations were carried out on a Windows PC
with the Crystal Structure 3.7 package.*
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