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ABSTRACT: By incorporating an N-heterocyclic phosphe-
nium/phosphide (NHP) ligand into a chelating pincer ligand
framework (PPP+/PPP−), we have elucidated several different
and unprecedented binding modes of NHP ligands in
homobimetallic, heterobimetallic, and trimetallic metal com-
plexes. One-electron reduction of the previously reported
(PPP)−/MII complexes (PPP)M-Cl (M = Pd (1), Pt (2)) results in clean formation of the symmetric homobimetallic MI/MI

complexes [(μ-PPP)Pd]2 (5) and [(μ-PPP)Pt]2 (6). The tridentate NHP ligand has also been utilized as a bridging linker in the
M/Co heterobimetallic compounds (OC)3Co(u-PPP)M(CO) (M = Pd (7), Pt (8)), synthesized via salt elimination from
mixtures of 1 and 2 and Na[Co(CO)4]. Furthermore, an NHP-bridged trimetallic complex (PPP)2Pd3Cl2 (9) can be synthesized
in a manner similar to precursor 1 (Pd(PPh3)4 + (PPP)Cl) via careful adjustment of reaction stoichiometry. Examination of the
interatomic distances and angles in complexes 5−9, in tandem with density functional theory calculations have been used to
evaluate and characterize the bonding interactions in these complexes.

■ INTRODUCTION
While Arduengo-type N-heterocylic carbenes (NHCs)1,2 have
received an extraordinary level of attention in the field of
transition metal chemistry3−5 and organo-catalysis,6,7 far less
focus has been placed on their isovalent group 15 analogues N-
heterocyclic phosphenium cations (NHP+s).8,9 In contrast to
NHCs, which are considered to be strong σ-donors and weak
π-acceptors in coordination chemistry, theoretical investigation
suggests that N-heterocyclic phosphenium cations’ bonding is
dominated by π-acceptor character, with only weak σ-donation
to metal centers.10−12 The electronically inverse properties of
these two ligand families suggests reciprocal reactivity in
transition metal chemistry. One of the most interesting aspects
of NHPs is their ability to potentially adopt different transition
metal binding modes in a manner analogous to nitrosyls: NHPs
typically adopt a planar binding mode in which the central
phosphorus acts as a σ-donor and π-acceptor as a part of
phosphenium NHP+/Mn interaction, but NHPs can also adopt
a pyramidal coordination mode in which the two coordinate
central phosphorus acts as an anionic X-type ligand as part of a
phosphido NHP−/Mn+2 interaction.13 Rosenberg recently
reviewed the features and reactivity of both phosphide and
phosphenium ligands in the context of the analogy to Schrock
vs Fischer carbenes.14

Recently, our group developed the first example of a pincer
ligand in which an NHP unit is incorporated into the central
position of a chelating diphosphine framework.15 Interestingly,
we found that the coordination of this pincer NHP-
diphosphine ligand to electron rich metal fragments such as
NaCo−I(CO)4 or M0(PPh3)4 (M = Pd, Pt) resulted in
complexes with an unusual pyramidal geometry about the

central NHP unit.13,16,17 Structural and computational inves-
tigations revealed that this geometry was indicative of a
stereochemically active lone pair at the phosphorus atom, and
thus an NHP− phosphido description in which the metal
centers have been formally oxidized by two electrons. For
example, treatment of the phosphorus chloride precursor to the
chelating NHP-diphosphine ligand with M(PPh3)4 results in
oxidative addition of the P−Cl bond to form the NHP−-
phosphido square planar MII-Cl complexes (PPP)M-Cl (M =
Pd (1), Pt (2), Scheme 1).13 It was predicted computationally

that two-electron oxidation of these MII complexes occurs at
the phosphorus center, leading to a planar NHP+-phosphenium
ligand. Incorporation of an NHP donor into a chelating pincer
framework has proven advantageous in stabilizing transition
metal species with different NHP binding modes, allowing the
interconversion between NHP− phosphido and NHP+
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phosphenium configurations,13 similar to the archetypical non-
innocent nitrosyl (NO+/NO−) ligand.18

In addition to the two terminal binding modes that describe
most NHP complexes, our pincer-type NHP ligand can also
bridge two metals (Scheme 1).13 Halide abstraction from MII

complexes 1 and 2 results in isolation of asymmetric dimers
[(PPP)M]2[PF6]2 (M = Pd (3), Pt (4)). The NHP unit in
these complexes is best described as an NHP+ phosphenium
ligand accepting electron density from one metal center and
donating a lone pair to the second metal center, similar to a
semibridging carbonyl ligand. In line with this, the Pd and Pt
centers in 3 and 4 adopt tetrahedral geometries, indicative of
reduced Pd0 and Pt0 oxidation states, respectively. Compound 3
and 4 joined just one other reported example of a complex
featuring asymmetrically bridging NHP+ cations: Co2(CO)5(μ-
NHPMe)2.

19 A very recent report by Gudat and co-workers has
also shown that monodentate NHP+ ligands asymmetrically
bridge in the Pd and Pt complexes [(NHP)MCl]2 (M = Pd,
Pt).20 Furthermore, an unsymmetrical bridging mode was
described for [(NHP)NiCl]2 by Baker and co-workers, and the
NHP+ phosphenium description was supported by electro-
chemical studies.21

NHP− phosphido ligands are also expected to adopt bridging
modes in bimetallic complexes owing to their accessible
stereochemically active lone pair allowing a symmetric bridging
mode, similar to more traditional R2P

− phosphidos. However,
there is only one example of a symmetrically bridging N-
heterocyclic phosphide ligand in the literature, an Os−Rh
cluster in which the NHP unit symmetrically bridges two Os
centers.22 There are, on the other hand, several examples of
metal complexes containing acyclic μ-P(NR2)2

− ligands that
bridge in an asymmetric, μ-phosphido fashion.23−28 Since our
NHP-containing diphosphine pincer ligand has already proven
to asymmetrically bridge Pd and Pt centers in homobimetallic
compounds 3 and 4, we now turn our attention to other
possible binding modes as a phosphido bridging ligand in both
homo- and heterobimetallic as well as trimetallic complexes.

■ RESULTS AND DISCUSSION
NHP-Bridged M/M Homobimetallic Complexes (M =

Pd, Pt). We first examined the ability to interconvert NHP+/
NHP− binding modes via redox chemistry. One-electron
reduction of (PPP)Pd−Cl (1) with 1.1 equiv of 1% Na/Hg
amalgam in tetrahydrofuran (THF) at room temperature for 12
h generates the PdI/PdI dimer complex 5 [(μ-PPP)Pd]2, as
shown in Scheme 2. The 31P NMR spectrum of complex 5

features a downfield signal at 297.2 ppm and an upfield shift at
23.3 ppm in a 1:2 integral ratio, which is in agreement with a
Pd-bound NHP unit and two symmetrically coordinated aryl
phosphine arms.
As shown in Figure 1, the solid state structure of 5 confirms

the formulation as a homobimetallic Pd complex with two

symmetrically bridging NHP-diphosphine ligands. The dis-
tances between the central NHP phosphorus atoms and each
Pd center are quite similar (Pd1−P2, 2.3026(9) Å; Pd1−P5,
2.2933(8) Å; Pd2−P2, 2.2816(8) Å; Pd2−P5, 2.3023(8) Å),
and are substantially longer than the P(NHP)-Pd multiple bond
distance in the NHP+ phosphenium bridged dimer complex 3
[(PPP)Pd]2[PF6]2 (2.1242(16) Å).13 The P(NHP)-Pd distances
in 5 are, however, comparable with the P−Pd distances in
reported bis(phosphide)-bridged Pd(I) dimers (2.23−2.33
Å),29−34 suggesting that the bridging NHP ligand in complex
5 is best described as an NHP− phosphido bridging ligand. The
tetrahedral geometry of the central NHP phosphorus atoms
and Pd centers, as well as the bent angle between the N−P−N
plane and each P−Pd bond vector (average 145.6°) are
consistent with the assignment as a μ-NHP− phosphido Pd(I)
dimer complex. Diamagnetic complex 5 is best assigned as a
Pd(I)Pd(I) dimer with a direct metal−metal σ interaction,
resulting in a Pd−Pd distance of 2.6972(3) Å. While this
distance is shorter than the sum of the covalent radii of two Pd
centers (2.75 Å),35 other bis(phosphide)-bridged Pd(I) dimers
in the literature have significantly shorter Pd−Pd contacts
(2.57−2.62).29−34 The key differences between 5 and the
known literature compounds are the increased coordination
number at Pd (two ancillary phosphine ligands bound to each
Pd in 5, compared to just one monodentate phosphine in other
phosphide-bridged Pd(I)Pd(I) dimers), as well as the chelating
nature of the phosphide ligand and the resulting constraints
imposed by the ligand.
In a similar reaction, reduction of the platinum derivative

(PPP)Pt−Cl (2) with Na/Hg amalgam results in the formation
of a neutral Pt(I) dimer complex [(μ-PPP)Pt]2 (6, Scheme 2).
Complex 6 features a downfield shift at 241.9 ppm and an
upfield signal at 10.3 ppm with 1JPt−P coupling constants 2250
and 4790 Hz, respectively, suggesting the coordination of both
NHP and aryl phosphine arms to the Pt centers. These
chemical shifts and coupling constants are similar to those
observed for the dicationic dimer complex [(μ-PPP)Pt]2 (4)
(δNHP 257.5 ppm, 1JPt−P = 2160 Hz),13 implying similar
strength of the Pt−P interaction.
As shown in Figure 1, the structure obtained via X-ray

diffraction of single crystals of 6 is very symmetric with four
identical P(NHP)-Pt bond distances (2.2827(4) Å). Again, the
Pt−P distances associated with the bridging NHP unit are
longer than the P(NHP)-Pt multiple bond distance (2.126(2) Å)
in the NHP+ phosphenium bridged dimer complex 4
[(PPP)Pt]2[PF6]2.

13 All of the structural features (i.e., the
geometries about the NHP phosphorus and Pt centers) suggest
that the conclusions drawn about 5 also apply to complex 6,
and that this compound is also best described as an NHP−

phosphide-bridged Pt(I) dimer with a direct Pt−Pt σ bond
interaction. The Pt−Pt distance in 6 is 2.7640(16) Å, which is
essentially equal to the sum of the covalent radii of two Pt
atoms (2.77 Å).35 This intermetallic distance is longer than that
observed for other structurally characterized bis(phosphido)-
bridged Pt(I)Pt(I) complexes in the literature (2.59−2.64
Å).34,36−40 As postulated for complex 5 (vide supra), this long
intermetallic distance may be the result of steric constraints
imparted by the ligand.

NHP-Bridged M/Co Heterobimetallic Complexes (M =
Pd, Pt). In addition to acting as bridging ligands in
homobimetallic complexes, we were curious to ascertain if the
versatility of our NHPs would allow them to bridge two
different metal centers in heterobimetallic complexes. As shown

Scheme 2
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in Scheme 3, treatment of 1 or 2 with NaCo(CO)4 at room
temperature affords M/Co heterobimetallic complexes

(OC)3Co(u-PPP)M(CO) (M = Pd (7), Pt (8)), in which
the NHP ligand bridges the two metals. The 31P NMR
spectrum of each complex features a downfield signal (289.7
ppm, 7; 269.0 ppm, 8) and an upfield shift (1.5 ppm, 7; −9.3
ppm, 8) in a 1:2 integral ratio, corresponding to the
coordinated NHP unit and phosphine arms, respectively. The
equivalent 31P NMR shifts of the pendant triaryl phosphines
and the large side arm PAr-Pt coupling constant (1JPt−P = 3705
Hz) in 8 suggest that both phosphine arms remain coordinated
to the Pt center. The PNHP-Pt coupling constant remains quite
large (1JPt−P = 1890 Hz) and similar to the value observed for
the symmetric homobimetallic dimer 6.
The formulation of these complexes was further confirmed

by an X-ray diffraction study on single crystals of 8 (Figure 1,
complex 7 is assumed to be structurally similar to 8). In
contrast to the homobimetallic complexes 3−6 in which the
two phosphine side arms from the same pincer framework span
two different metal centers, the two phosphine arms in 8
remain coordinated only to the Pt center, while the NHP unit
bridges the Pt and Co atoms. Similar to the NHP units in
complexes 5 and 6, the central NHP phosphorus atom in 8
adopts a tetrahedral geometry with asymmetric bent angles
between the N−P−N plane and each P(NHP)-M (M = Pt, Co)
bond vector (131.2° between N−P−N plane and Pt−P bond
vector; 148.2° between N−P−N plane and Co−P bond
vector). The Pt−P(NHP) distance in 8 (2.2252(5) Å) is shorter
than that in phosphide-bridged complex 6 (2.2827(4) Å) and
longer than the shorter of the two distances in the asymmetric
Pt dimer 4 (2.126(2) Å),13 but compares well with the Pt−P
distances in [(PPP)Pt(PPh3)]PF6 (2.2600(7) Å), [(PPP)Pt-
(PMe3)]PF6 (2.2606(9) Å), and (PPP)PtBr (2.2446(11) Å).13

This would imply NHP− Pt(II) phosphido character, but other

structural data is inconsistent with this assignment. For
instance, the geometry about the Pt center is distorted
tetrahedral, inconsistent with a PtII assignment. Moreover, the
P(NHP)-Co distance (2.1026(5) Å) is quite short compared to
the P(NHP)-Co single bond distance (2.2386(6) Å) in the
pyramidal NHP− phosphido-cobalt complex (PPP)Co(CO)2.

16

Indeed, the particularly short P(NHP)-Co distance in 8 is more
similar to the P(NHP)-Co multiple bond distance in an
asymmetric NHP-bridged Co2(CO)5(μ-NHP

Me)2 dimer re-
ported by Paine and co-workers (2.051(1) Å and 2.043(1)
Å),19 suggesting strong Co−P(NHP) bonding in 8. There are no
structurally characterized phosphorus donor-bridged Co/Pt or
Co/Pd bimetallic compounds in the literature for comparison.
It is also pertinent to comment on the relatively long Co−Pt
interatomic distance of 2.8008(3) Å in 8 (sum of covalent radii
of Co and Pt = 2.64 Å).35 The Co−Pt distances in structurally
characterized Co/Pt complexes range from (2.40 to 2.75).41−56

The comparatively long Co−Pt distance in 8 indicates the
absence of a covalent metal−metal interaction, although a weak
donor/acceptor interaction is possible.
Another interesting feature of 7 and 8 is that one of the CO

ligands from the Co(CO)4
− fragment has migrated to the

Group 10 metal center. Three ν(CO) stretches are observed in
the IR spectrum of each complex (7: 2046, 1988, 1924 cm−1; 8:
2020, 1985, 1920 cm−1). While these stretches are inherently
vibrationally coupled, making comparisons difficult, the latter
two stretches are very similar to those in a pincer (NHP-
diphenylphosphino)-CoI monomer compound reported by our
group (1981 and 1926 cm−1).16 For comparison, a series of
PtII/Co−I carbonyl complexes (PPh3)(R)(CO)Pt−Co-
(CO)3(PPh3) were reported to have ν(CO) stretches over a
much wider range (2049−1887 cm−1), perhaps indicating
different metal oxidation states than 7 and 8.41

Given the short Co−P(NHP) distance and the tetrahedral
geometry at the Pt center, there are two bonding descriptions
available to accurately describe complexes 7 and 8: (1) The
NHP acts as an X-type NHP− phosphido ligand to CoI and an
L-type ligand via lone pair donation to Pt0. (2) The NHP acts
as an NHP+ phosphenium ligand toward Co−I and interacts
with Pt0 via accepting electron density into the vacant p orbital
on phosphorus. The latter bonding situation might give rise to
a weak Co→Pt donor−acceptor interaction, while the former
might be more likely to lead to a Pt→Co donor−acceptor
interaction.

Figure 1. Displacement ellipsoid (50%) representations of 5, 6, and 8. For clarity, all hydrogen atoms and solvate molecules are omitted. Relevant
interatomic distances (Å) and angles (deg): 5: Pd1−Pd2, 2.6972(3); Pd1−P2, 2.3026(9); Pd1−P5, 2.2933(8); Pd2−P2, 2.2816(8); Pd2−P5,
2.3023(8). 6: Pt1−Pt1, 2.7640(16); Pt1−P2, 2.2827(4). 8: Pt1−P2, 2.2252(5); Co1−P2, 2.1026(5); Pt1−Co1, 2.8008(3); Pt1−P2−Co1,
80.603(15).

Scheme 3
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To further investigate these possibilities, complex 8 was
studied computationally using density functional theory (DFT)
and natural bond orbital (NBO) methods. Geometry
optimization of 8 led to a core geometry quite similar to that
derived from X-ray crystallography (see Supporting Informa-
tion). Subsequent NBO analysis revealed a Pt−P(NHP) NBO
with 73.3% contribution from the phosphorus atom and 26.7%
contribution from Pt, indicative of a dative P→Pt bond. In
contrast, the Co−P(NHP) NBO was found to be essentially
covalent, with nearly equal contributions from both Co and P
(44.1% and 55.9%, respectively). These NBOs are depicted in
Figure 2. In addition to these bonds, NBO analysis reveals a

strong (Edel = 156.9 kcal/mol) donor−acceptor interaction
between the P(NHP)-Pt bonding orbital and an empty orbital on
Co (Figure 3, left). This interaction accounts for the strong

multiple bonding between the central NHP phosphorus atom
and the Co center suggested by the short Co−P distance in 8.
In addition, NBO methods revealed a weaker (Edel = 18.0 kcal/
mol) Pt→Co donor−acceptor interaction (Figure 3, right).
Thus, computational results support the first of the
aforementioned possible bonding descriptions of 8, namely,
as a Pt0/CoI heterobimetallic complex with a bridging NHP−-
phosphido ligand with a weak Pt→Co interaction.
NHP-Bridged Trimetallic Pd Complex. NHP-containing

pincer ligands have also been shown to bridge three metal
centers in a Pd trimetallic complex. In a procedure similar to
the synthesis of complex 1,13 treatment of the chlorophosphine
ligand precursor (PPP)Cl with 1.5 equiv of Pd(PPh3)4 affords
the asymmetric trimetallic complex (PPP)2Pd3Cl2 (9, Scheme
4). The structure of complex 9 was elucidated using single
crystal X-ray diffraction (Figure 4). Despite the apparent
inequivalence of all three phosphorus atoms of each ligand in
the solid state, the 31P NMR spectrum of complex 9 reveals
only two resonances at 299.3 and 10.9 ppm in a 1:2 integral

ratio. The phosphine side arms should be in chemically
different environments, suggesting that the single broad
resonance observed at 10.9 ppm is either the result of
accidental overlap of two independent resonances or a fluxional
process occurring in solution at room temperature. Notably,
variable temperature (rt to −60 °C) 31P and 1H NMR
spectroscopy does reveal splitting and sharpening of resonances
as the temperature is lowered, characteristic of decoalescence
behavior. However, at this point, the nature of the fluxional
process occurring in solution is unknown.
The solid state structure of complex 9, which reveals that the

two Pd−Cl bond vectors are aligned antiparallel to each other,
provides some insight into the electronic description of this
complex (Figure 4). The NHP-phosphorus atoms each have
shorter Pd−P distances associated with the chloride-bound Pd
centers (2.1806(6) Å and 2.1675(6) Å), while the bonds to the
third Pd center are substantially longer (2.2887(6) Å and
2.2556(5) Å). The angles between the N−P−N planes and the
Pd−P bond vectors are also not equal (e.g., angles between
N1−P2−N2 plane and Pd2 and Pd1 = 148° and 136°,
respectively). Moreover, it is interesting to note that the
distances between the pendent phosphines and the Pd centers
differ significantly, with the chloride-bound Pd ions binding
more tightly to the phosphines (2.2530(6) Å and 2.2599(6) Å)
than the third Pd center (2.3095(6) Å and 2.3786(6) Å). All of
this structural information allows two conclusions to be drawn:
(1) of the three Pd centers, Pd2 appears to be electronically
different from Pd1 and Pd3, and (2) the NHP units bind in a
different fashion to Pd2 than they do to Pd1 and Pd3. It is also
important to note that while two of the Pd−Pd contacts appear
too long for significant metal−metal interactions, the distance

Figure 2. Visual representation of the calculated P(NHP)-Pt (left) and
P(NHP)-Co (right) NBO surfaces (B3LYP/LANL2DZ).

Figure 3. Pictorial representations of the calculated donor−acceptor
interactions (NBO analysis) between the P(NHP)-Pt bonding orbital
and an empty orbital on Co (left) and from a filled orbital on Pt to an
empty orbital on Co (right).

Scheme 4

Figure 4. Displacement ellipsoid (50%) representation of 9. For
clarity, all hydrogen atoms, solvate molecules, and phenyl groups on
the phosphine side arms are omitted. Relevant interatomic distances
(Å): Pd1−Pd2, 2.8918(3); Pd1−Pd3, 2.7007(3); Pd2−Pd3,
2.9464(3); Pd1−P1, 2.2599(6); Pd1−P2, 2.1675(6); Pd2−P2,
2.2887(6); Pd2−P3, 2.3095(6); Pd2−P4, 2.3786(6); Pd2−P5,
2.2556(5); Pd3−P5, 2.1806(6); Pd3−P6, 2.2530(6).
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between the Cl-bound Pd centers, Pd1 and Pd3, is 2.7007(3) Å
and in the same range as that seen in complex 5. Several
phosphido-bridged trimetallic Pd complexes have been
structurally characterized, including [Pd3

4+]31,57−59 and
[Pd3

6+]60,61 examples. Of these, the triangular mixed-valence
[Pd3(μ2-PR2)2(μ2-Cl)(PR′3)3]+ complexes are the most similar
to 9, and also feature somewhat asymmetrically bridging
phosphido ligands; however, the Pd−P distances associated
with the bridging PR2

− ligands in these complexes are
significantly longer (2.2−2.28 Å).58 It is tempting to simply
consider complex 9 as the result of insertion of a Pd0 center
into two molecules of PdII monomer 1, particularly since
addition of 1 equiv of (PPP)Cl to 9 leads to quantitative
conversion to 1 (presumably via oxidative addition of the P−Cl
bond to the purported Pd0 center). Nonetheless, further
investigation into this hypothesis was deemed necessary.
To better understand the bonding in complex 9, we again

turned to computational, specifically NBO, methods. The
geometry of 9 was optimized starting from crystallographically
determined coordinates, leading to a structure with bond
metrics similar to those determined in the solid state (see
Supporting Information). Subsequent NBO analysis revealed
significant differences between the bonding of the μ-NHP and
the two different types of Pd centers in complex 9. The
bonding between the NHP unit and the chloride-bound Pd
centers was shown to be covalent, with a ∼50% contribution
from each atom to the Pd−P NBO (Figure 5, left). In contrast,

the NHP engages in dative P→Pd bonding with the third
inequivalent Pd center, with much more phosphorus character
to this Pd−P NBO (82.6% P, 17.3% Pd; Figure 5, right). These
results lead to the conclusion that the bridging NHP in
complex 9 is best described as a bridging NHP− phosphido
ligand covalently bound to two PdII−Cl centers and datively
donating to one Pd0 center. In line with this assignment, the
two halide-bound Pd centers adopt a distorted square planar
geometry (Pd1 and Pd3) while the third Pd center is distorted
tetrahedral (Pd2). Further, the natural charges computed by
NBO suggest that the halide-bound Pd centers are more
positively charged (−0.1) than the third Pd center (−0.67),
consistent with a PdII/PdII/Pd0 description.

■ CONCLUSION
In summary, we have presented several new bridging modes of
N-heterocyclic phosphido ligands in homo- and heterobime-
tallic complexes as well as trimetallic clusters. Depending on the
nature of the metal centers bridged by the NHP, these ligands

can adopt either a symmetrically or asymmetrically bridging
geometry. First, the reduction of the Group 10 NHP−

phosphido complexes (PPP)MII-Cl allows the generation of
pincer NHP-diphosphine MI (M = Pd, Pt) dimer complexes
symmetrically bridged by two NHP− units. These MI/MI

complexes appear to have direct metal−metal interactions. In
addition to these homobimetallic complexes, extrusion of NaCl
via the reaction between (PPP)M-Cl (M = Pd, Pt) and
NaCo(CO)4 results in the formation of heterobimetallic
complexes featuring unsymmetrically bridging NHP units.
Both the experimental observations and the theoretical
calculations suggest NHP− phosphido character for the NHP
moiety in the new heterobimetallic Pt/Co and Pd/Co
compounds. However, in this case, a formal two-electron
redox reaction appears to have occurred between the metal
centers, generating products that are best described by the M0/
CoI combination of oxidation states. Lastly, the NHP-
diphosphine ligand has also been used to construct a trimetallic
NHP-bridged complex (PPP)2Pd3Cl2 (9). Structural and
theoretical investigations also suggest an NHP− phosphido
description for the bridging NHP units in this complex, which
can best be thought of as forming via insertion of a bridging Pd0

center into two molecules of the Cl−PdII NHP− phosphido
complex 1.
Further investigations will focus on the reactivity of these

unusual molecules, as well as expansion of the coordination
chemistry of the NHP-diphosphine ligand to other transition
metals in mono- and multimetallic complexes.

■ EXPERIMENTAL SECTION
General Considerations. All syntheses reported were carried out

using standard glovebox and Schlenk techniques in the absence of
water and dioxygen, unless otherwise noted. Benzene, n-pentane,
tetrahydrofuran, toluene, diethyl ether, and dichloromethane were
degassed and dried by sparging with ultra high purity argon gas
followed by passage through a series of drying columns using a Seca
Solvent System by Glass Contour. All solvents were stored over 3-Å
molecular sieves. Deuterated benzene and dichloromethane were
purchased from Cambridge Isotope Laboratories, Inc., degassed via
repeated freeze−pump−thaw cycles, and dried over 3-Å molecular
sieves. Solvents were frequently tested using a standard solution of
sodium benzophenone ketyl in tetrahydrofuran to confirm the absence
of oxygen and moisture. Complexes (PPP)Cl,15 (PPP)Pd−Cl (1),13
(PPP)Pt−Cl (2),13 [(PPP)Pd]2[PF6]2 (3),

13 [(PPP)Pt]2[PF6]2 (4),
13

and NaCo(CO)4
62 were synthesized following literature procedures.

All other chemicals were purchased from Aldrich, Strem, or Alfa Aesar
and used without further purification. NMR spectra were recorded at
ambient temperature unless otherwise stated on a Varian Inova 400
MHz instrument. 1H and 13C NMR chemical shifts were referenced to
residual solvent and are reported in ppm. 31P NMR chemical shifts (in
ppm) were referenced to 85% H3PO4 (0 ppm). Elemental micro-
analyses were performed by Complete Analysis Laboratories, Inc.,
Parsippany, NJ.

[(μ-PPP)Pd]2 (5). To a suspension of 1% Na/Hg amalgam (3.06
mg Na, 0.133 mmol) in THF (5 mL) was added a yellow solution of 1
(91.0 mg, 0.121 mmol) in THF (2 mL). The mixture was allowed to
stir for 12 h to ensure complete reaction, then the dark green solution
was collected via filtration through Celite. Removal of the volatiles in
vacuo afforded dark green solid residue as the crude product. The
crude product was redissolved in minimal THF and slow diffusion of
n-pentane into this solution afforded dark green crystals suitable for
single crystal X-ray diffraction. Yield: 49.0 mg, 56.5%. 1H NMR (400
MHz, CD2Cl2): δ 7.20 (m, 4H, Ar-H), 7.15−7.11 (m, 10H, Ar-H),
6.87 (br, 4H, Ar-H), 6.78 (t, 6H, Ar-H), 6.43 (br, 2H, Ar-H), 6.93 (m,
2H, Ar-H), 3.40 (m, 4H, CH2).

31P NMR (161.8 MHz, CD2Cl2): δ
297.2 (br, 1P), 23.3 (br, 2P). Because of the poor solubility of 5, 13C

Figure 5. Visual representation of the calculated P(NHP)-Pd-Cl (left)
and P(NHP)-Pdcentral (right) NBO surfaces (B3LYP/LANL2DZ) with
labeled with % contributions from each atom.
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NMR was not collected. Anal. Calcd for C76H64N4P6Pd2: C, 63.74; H,
4.50; N, 3.91. Found: C, 63.25; H, 4.49; N, 3.81.
[(μ-PPP)Pt]2 (6). A similar procedure to that described for 5 was

followed, using 2 (52.6 mg, 0.0626 mmol) and 1% Na/Hg amalgam
(1.6 mg Na, 0.0689). Single crystals suitable for X-ray diffraction were
obtained via the diffusion of diethyl ether into a concentrated THF
solution of crude red/orange 6. Yield: 32.1 mg, 63.8%. 1H NMR (400
MHz, C6D6): δ 7.39 (m, 4H, Ar-H), 7.18 (br, 4H, Ar-H), 7.04 (t, 4H,
Ar-H), 6.99 (m, 4H, Ar-H), 6.91 (t, 2H, Ar-H), 6.83 (m, 2H, Ar-H),
6.71 (t, 4H, Ar-H), 6.51 (t, 2H, Ar-H), 6.41 (m, 2H, Ar-H), 3.19 (m,
2H, CH2), 2.80 (m, 2H, CH2).

31P NMR (161.8 MHz, C6D6): δ 241.9
(br, 1P, 1JPt−P = 2250.0 Hz, 2JP−P = 26.7), 10.3 (dt, 2P, 1JPt−P = 4753.9
Hz, 2JP−P = 26.7 Hz). Because of the poor solubility of 6, 13C NMR
was not collected. Anal. Calcd for C76H64N4P6Pt2: C, 56.72; H, 4.01;
N, 3.78. Found: C, 56.77; H, 4.07; N, 3.42.
(OC)3Co(μ-PPP)Pd(CO) (7). To a white suspension of NaCo-

(CO)4 (16.4 mg, 0.0832 mmol) in benzene (3 mL) was added a
yellow solution 1 (62.5 mg, 0.0832 mmol) in benzene (5 mL). The
mixture became red in 30 min. The reaction was allowed to stir
overnight at room temperature to ensure completion, and the clear red
solution was collected via filtration through Celite. Removal of the
volatiles from the filtrate in vacuo afforded a dark red solid as crude
product. Crude 7 was dissolved in minimal THF and slow vapor
diffusion of n-pentane into this solution afforded analytically pure 7 as
red crystals. Yield: 72.4 mg, 89.2%. IR (C6H6, KBr solution cell): 2046,
1988, 1924 cm−1. 1H NMR (400 MHz, C6D6): δ 7.29 (m, 4H, Ar-H),
7.16 (m, 2H, Ar-H), 7.03−6.99 (m, 6H, Ar-H), 6.90−6.87 (m, 8H, Ar-
H), 6.77 (t, 4H, Ar-H), 6.69 (m, 4H, Ar-H), 3.32 (m, 2H, CH2), 2.14
(m, 2H, CH2).

31P NMR (161.8 MHz, C6D6): δ 289.7 (t, 1P, 2JP−P =
33.5 Hz), 1.5 (d, 2P, 2JP−P = 33.5 Hz). 13C NMR (100.5 MHz, C6D6):
δ 212.1 (s, Co(CO)3), 195.4 (s, Pd(CO)), 147.6 (br s, N-bound ipso-
Ar), 137.6 (s, P-bound ipso-Ar), 137.4 (s, P-bound ipso-Ar), 134.9 (d,
Ar, JP−C = 15.2 Hz), 133.9 (d, Ar, JP−C = 13.8 Hz) 133.1 (br s, Ar),
131.7 (br s, Ar), 129.4 (br s, Ar), 128.7 (br s, Ar) 125.3 (br s, Ar), 50.1
(s, backbone CH2). Anal. Calcd for C42H32Co1N2O4P3Pt1: C, 56.87;
H, 3.64; N, 3.16. Found: C, 56.81; H, 3.55; N, 3.21.
(OC)3Co(μ-PPP)Pt(CO) (8). A procedure identical to that described

for complex 7 was followed, using 2 (65.0 mg, 0.0774 mmol) and
NaCo(CO)4 (15.0 mg, 0.0774 mmol). Single crystals suitable for X-ray
diffraction were obtained via diffusion of n-pentane into a concentrated
THF solution of red-orange 8. Yield 62.3 mg, 82.5%. IR (C6H6, KBr
solution cell): 2020, 1985, 1920 cm−1. 1H NMR (400 MHz, C6D6): δ
7.50 (m, 4H, Ar-H), 7.24 (m, 4H, Ar-H), 7.06 (t, 2H, Ar-H), 6.98−
6.92 (m, 8H, Ar-H), 6.87 (m, 4H, Ar-H), 6.80 (t, 4H, Ar-H), 6.59 (t,
2H, Ar-H), 3.35 (m, 2H, CH2), 2.505 (m, 2H, CH2).

31P NMR (161.8
MHz, C6D6): δ 269.0 (dt, 1P, 1JPt−P = 1885.2 Hz, 2JP−P = 26.1 Hz),
−9.30 (dd, 2P, 1JPt−P = 3704.9, 2JP−P = 26.1 Hz). 13C NMR (100.5
MHz, C6D6): δ 211.7 (s, Co(CO)3), 185.8 (d, Pt(CO), JP−C = 49.6
Hz, Pt satellites not observed), 147.5 (m, N-bound ipso-Ar), 137.8 (t,
P-bound ipso-Ar, JP−C = 23.7 Hz), 136.9 (t, P-bound ipso-Ar, JP−C =
17.5 Hz), 134.1 (t, Ar, JP−C = 7.6 Hz), 133.3 (s, Ar), 132.7 (t, Ar, JP−C
= 6.8 Hz), 131.8 (s, Ar), 129.9 (d, Ar, JP−C = 29.7 Hz), 128.8−128.4
(m, Ar), 123.9 (d, Ar, JP−C = 25.1 Hz), 48.7 (s, backbone CH2). Anal.
Calcd for C42H32Co1N2O4P3Pt1: C, 51.70; H, 3.31; N, 2.87. Found: C,
51.81; H, 3.25; N, 2.80.
Pd3(μ-PPP)Cl2 (9). Solid Pd(PPh3)4 (36.0 mg, 0.0312 mmol) was

added to a stirring, clear solution of (PPP)Cl (13.4 mg, 0.0208 mmol)
in ∼2 mL of benzene. After about 1 min the reaction mixture became
dark red. The reaction mixture was stirred at room temperature for 5
min before filtering. The volume of the mother liquor was reduced
under vacuum and left at room temperature for crystallization.
Analytically pure dark red crystals of 9 formed. Yield: 15.5 mg, 46.4%
yield. 1H NMR (400 MHz, C6D6): δ 8.38 (br s, 1H, Ar), 7.90 (br m,
1H, Ar), 7.59 (br s, 2H, Ar), 7.50 (d, 2H, Ar, JP−C = 8.0 Hz), 7.40 (m,
14H, Ar), 7.09 (m, 4H, Ar), 7.03 (m, 18H, Ar), 6.86 (t, 4H, Ar, JP−C =
14.4 Hz), 6.76 (t, 2H, Ar, JP−C = 14.4 Hz), 6.68 (br s, 2H, Ar), 6.62 (d,
2H, Ar, JP−C = 6.8 Hz), 6.46 (t, 2H, Ar, JP−C = 15.2 Hz), 6.33 (br s, 2H,
Ar), 2.83 (br s, 2H, CH2), 2.52 (br s, 2H, CH2), 2.21 (br s, 2H, CH2),
2.03 (br s, 2H, CH2).

31P NMR (161.8 MHz, C6D6): δ 299.3 (s, 2P),
10.9 (s, 4P). 13C NMR (100.5 MHz, CD2Cl2): δ 149.7 (s, N-bound

ipso, Ar), 147.5 (s, N-bound ipso, Ar), 140.3 (br s, P-bound ipso, Ar),
138.1 (br s, P-bound ipso, Ar), 136.1 (s, Ar), 135.4 (s, Ar), 134.0 (d,
Ar, JP−C = 19.8 Hz), 133.1 (br s, Ar), 132.2 (br s, Ar), 131.7 (s, Ar),
130.9 (s, Ar), 130.6 (d, Ar, JP−C = 32.1 Hz), 129.3 (s, Ar), 128.7 (br s,
Ar), 128.1 (s, Ar), 127.7 (s, Ar), 125.1 (s, Ar), 123,4 (d, Ar, JP−C = 33.6
Hz). Anal, Calcd for C76H64N4P6Cl2Pd3: C, 56.71; H, 4.01; N, 3.4%.
Found: C, 56.70; H, 3.89; N, 3.46.

X-ray Crystallography. All operations were performed on a
Bruker-Nonius Kappa Apex2 diffractometer, using graphite-mono-
chromated MoKα radiation. All diffractometer manipulations,
including data collection, integration, scaling, and absorption
corrections were carried out using the Bruker Apex2 software.63

Preliminary cell constants were obtained from three sets of 12 frames.
Crystallographic data and refinement parameters are summarized in
Supporting Information, Table S1.

Computational Details. All calculations were performed using
Gaussian0964 for the Linux operating system. DFT calculations were
carried out using the B3LYP hybrid functional, Becke’s three
parameter exchange functional (B3),65 and the correlation functional
of Lee, Yang, and Parr (LYP).66 A mixed-basis set was employed, using
the LANL2DZ(p,d) double-ζ basis set with effective core potentials
for phosphorus, cobalt, palladium, platinum, and chlorine67−69 and
Gaussian09’s internal LANL2DZ basis set (equivalent to D95 V70) for
carbon, nitrogen, oxygen, and hydrogen. Basis sets and functionals
were chosen based on methods that had previously proven successful
with other NHP complexes and were optimized for computational
time and accuracy.13,16,17 Using crystallographically determined
geometries as a starting point, the geometries were optimized to a
minimum, followed by analytical frequency calculations to confirm that
no imaginary frequencies were present. NBO71 calculations were then
performed on the optimized geometries of 8 and 9. Deletion energies
(Edel) represent the change in energy upon zeroing the matrix
elements corresponding to the lp(Pt)→p(P) donor−acceptor
interactions.72 XYZ coordinates of the optimized geometries of 8
and 9 are provided in the Supporting Information.
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