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ABSTRACT: Tri-palladium clusters, of the type [Pd3(PPh3)4]2+, wherein three linearly-connected Pd atoms are stabilized by phosphine 
and arsine ligands, have been detected and isolated as intermediates during the reduction of well-defined mononuclear 
[Pd(OTf)2(XPh3)2] (X = P or As respectively) to Pd nanoparticles (PdNPs). The isolated [Pd3(PPh3)4]2+ cluster isomerizes on broadband 
UV irradiation to form an unexpected photoisomer, produced by a remarkable change in conformation at one of the bridging PPh3 
ligands.  A catalytic role for these [Pd3(XPh3)4]2+ species is exemplified in Suzuki-Miyaura cross-coupling (SMCC) reactions, with high 
activity seen in the arylation of a brominated heterocyclic 2-pyrone. Use of the [Pd3(PPh3)4]2+ cluster enables a switch in site-selectivity 
for SMCC reactions involving 2,4-dibromopyridine from the typical C2-bromide site (seen previously for mononuclear Pd catalysts) to 
the atypical C4-bromide site thereby mirroring recently reported cyclic Pd3 clusters and PdNPs.  We have further determined that 
thermal and photoisomers of [Pd3(PPh3)4]2+ are similarly catalytically active in the Pd-catalyzed hydrogenation of phenylacetylene to give 
styrene.  Our findings link the evolution of mononuclear Pd(II) salts to PdNPs via the intermediacy of linear [Pd3(XPh3)4]2+ clusters.

Introduction 

Palladium (Pd) catalyzes an eclectic array of reactions, including 
hydrogenation, hydroformylation, cyanation and cross-coupling 
reactions, from traditional modification of C-X bonds with or-
ganometallic compounds to the functionalization of pluripotent 
C–H bonds.1  With many research teams recently focusing on 
earth abundant metals, there is a strong impetus to better utilize 
precious Pd in catalytic applications (projected for continued use 
in industrial processes for at least another 20 to 30 years). In this 
context, understanding pre-catalyst activation, catalyst speciation 
changes and catalyst deactivation is critically important. For 
many catalytic cross-coupling reactions the true active catalysts 
have been debated intensely.2 Early mechanistic hypotheses as-
sumed a homogeneous behavior and a simple catalytic cycle, in-
volving mononuclear Pd species, as the exclusive pathway. How-
ever, it is now widely accepted that the real situation is far more 
complicated than this early ‘textbook’ mechanistic hypothesis. 
For example, several experimental studies support a quasi-heter-
ogeneous catalyst regime,3 with some providing experimental ev-
idence for heterogeneous behavior, i.e. agglomerated Pd species 
that allow surface catalysis are not simply a moribund form of 
Pd. Catalyst speciation changes are not just limited to general 
cross-coupling reactions.  Indeed, experimental evidence has 
demonstrated that Pd nanoparticles (NPs)4 are able to mediate 
C-H bond functionalization reactions, despite early mechanistic 
investigations focusing solely on catalytic cycles that operate with 
mononuclear Pd intermediates. Furthermore, Corma et al. have 
reported experimental evidence that small Pd clusters are active 

in a variety of cross-coupling reactions, whose formation from 
stabilized PdNPs is promoted by water.5 

Most mechanistic arguments focus on these two extremes for 
cross-coupling processes, i.e. mononuclear Pd1 species versus 
higher order PdNPs. Only a few studies have examined the po-
tential role small Pdn clusters (n<5) that bridge Pd1 to catalytically-
competent PdNPs (Figure 1). Very few of these studies examine 
Pdn clusters stabilized by a strong 2-electron donor ligand such as 
XPh3 (X = P or As).6 Thus, we hypothesize that Pdn cluster species 
that bridge Pd1 species to PdNPs could be competent Pd catalysts, 
particularly those that form on reduction of a standard PdII 
precatalyst system, which are typically employed in chemical syn-
thesis laboratories. This ‘Pdn cluster’ hypothesis is built on a 
strong foundation, as well-defined triangular [Pd3(µ2

-X)(µ2-
PPh2)2(PPh3)3][SbF6] clusters can mediate Suzuki-Miyaura cross-
coupling (SMCC) reactions,7a apparently inverting the order of 
steps within the catalytic cycle, which links to other interesting 
observations made in cross-coupling reactions.7b,7c Noteworthy 
studies by Mastri, Malacria and co-workers have examined related 
cyclic Pd3 clusters in the semi-hydrogenation of alkynes to alkenes 
and cycloisomerization reactions.8 Furthermore, Fairlamb et al. 
reported in 2019 that [Pd3(µ2

-Y)(PPh3)3(µ2-PPh2)2]Y clusters (Y = 
halide or acetate) are formed from a Pd(OAc)2/2PPh3 pre-catalyst 
system in the presence of organohalides, which were also found 
to be catalytically competent SMCC catalysts.9 
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Figure 1: Top: Schematic of the equilibrium between Pd monomers 
and PdNPs. Middle: Known Pd3 type clusters.  Bottom: simplified 
representation connecting Pd3-type clusters with PdNPs, derived 
from suitable PdII precursor complexes. 

On the other hand, linear [Pd3(PPh3)4][BF4]2 clusters have been 
reported in the literature as unusual entities derived from non-
traditional PdII precursor complexes such as [Pd(μ-
OH)(PPh3)2]2[BF4]2.

10 The competency of linear [Pd3(PPh3)4][BF4]2 
in cross-coupling catalysis is largely unknown. Furthermore it is 
unclear whether linear [Pd3(PPh3)4][X]2 clusters can form from 
more traditional mononuclear PdII phosphine precursor com-
plexes, as is the case for cyclic [Pd3(µ2

-Y)(µ2-PPh2)2(PPh3)3]Y clus-
ters.11  Thus, we were interested in identifying suitable mononu-
clear PdII precursor complexes having the potential to generate 
intermediate Pdn clusters, that provide a bridge to PdNPs. We 
hypothesized that linear [Pd3(XPh3)4][OTf]2 clusters could derive 
from suitable Pd(OTf)2(XPh3)2 complexes upon hydrogenation, 
based on previous literature precedent (where X = P).12,13 The lin-
ear arrangement of such [Pd3(XPh3)4][OTf]2 clusters could serve 
as an ideal stationary point en route to PdNPs, formed by ligand 
loss, Pd reduction and Pd aggregation. In this context it is perti-
nent to mention the studies reported by Omondi et al. who 
formed [Pd2{(PPh3)(OTf)}2].CH2Cl2, [Pd3{(PPh3)][OTf)2] and 
[Pd3(PPh3)4][OTf]2 from the reaction of Pd(OAc)2 with 2PPh3 in 
the presence of triflic acid (the latter cluster requiring MeOH).14 
† Only one of these, [Pd3(PPh3)4][OTf]2, was characterized by 
NMR spectroscopic analysis. Unfortunately, an unknown impu-
rity at ca. δP 37 ppm accompanied [Pd3(PPh3)4][OTf]2.‡  

Establishing a clear pathway that connects Pd1, via small Pdn clus-
ters stabilized by 2-electron donor ligands, to PdNPs would rep-
resent a breakthrough in understanding the process wherein 
highly-ordered PdNPs form from ‘simple’ mononuclear PdII pre-
cursor complexes, while also enabling the catalytic performance 

of the intermediates, and well-defined Pdn clusters, to be exam-
ined in relevant and applied catalytic chemistry. We herein de-
scribe our findings.  

Results and Discussion 

We expected the mononuclear PdII complexes, Pd(OTf)2(XPh3)2 
(X = P or As), to be highly amenable to mild reduction to Pd0, 
having two highly electron-withdrawing ligands configured in a 
cis-geometry. Curiously, within the literature very little is known 
about the propensity of such species to generate Pd0 species, 
whether they be mononuclear or higher order species. Generally, 
the soft AsPh3 ligand is used as a stabilizing ligand in Pd-catalysed 
cross-coupling reactions, particularly Stille couplings,15 which is 
the reason for its inclusion for comparison with the more ubiq-
uitous PPh3 ligand here. Thus, two PdII mononuclear complexes, 
cis-[Pd(OTf)2(PPh3)2] and cis-[Pd(OTf)2(AsPh3)2], were prepared by 
reported procedures.16  

As H2 is a mild reducing agent, the reduction of the cis-
[Pd(OTf)2(XPh3)2] complexes was examined by charging degassed 
CH2Cl2 solutions (7.6 mM) with H2 (3 bar) in a Young’s NMR 
tube at room temperature. The solutions gradually darkened 
from transparent yellow, due to the formation of new hydrido-
containing PdII species (vide infra), to translucent red/brown. 
These color changes qualitatively indicate a change from PII to 
Pd0, and the formation of colloidal PdNPs, which is typically 
brown to dark brown in color (note: a black coloration and ap-
pearance of black particles visible to the naked eye, >10 μm in 
size, are associated with formation of inactive Pd Black, Fig. 1). 
The red coloration indicates that soluble molecular Pd species 
are present (vide infra).  

Firstly, we characterized the PdNPs derived from cis-
[Pd(OTf)2(PPh3)2] and cis-[Pd(OTf)2(AsPh3)2] by transmission elec-
tron microscopy (TEM, Fig. 2), and have hitherto described char-
acterization of PdNPs formed under reductive reaction condi-
tions by TEM.17 As the TEM grid method requires evaporation 
of Pd solutions in vacuo, we employed a known PdNP stabilizer, 
polyvinylpyrrolidone (PVP) which prevents Pd aggregation in 

vacuo. Samples were thus examined in the presence and absence 
of PVP.18 The method showed no discernible change in the size 
of the PdNPs formed from cis-[Pd(OTf)2(XPh3)2] (X = P, As) ex 
situ, in the presence or absence of stabilizing PVP polymer. The 
TEM images reveal a uniform distribution of PdNPs derived 
from both cis-[Pd(OTf)2(XPh3)2] complexes, which are likely stabi-
lized by the XPh3 ligands (Fig. 2). PdNPs stabilized by PPh3 lig-
ands, of similar size and shape to those imaged here (i.e. spherical 
truncated icosahedra19), have been independently reported.20 

 

 

 



 

 

Figure 2: Histogram data comparing PdNP size distribution that 
form on addition of hydrogen to [Pd(OTf)2(PPh3)2] (A) and 
[Pd(OTf)2(AsPh3)2] (B).  Mean size (Std. Dev.): X = P 1.98 nm (0.46 
nm); X =As 1.70 (0.32).  The image in C shows the colour changes 
seen on converting [Pd(OTf)2(PPh3)2] to PdNPs (representative ex-
ample X = P or As). 

The calculated size distributions of the PdNPs (Fig. 2) range from 
1 to 4 nm, with no discernible difference between the mean sizes 
of those that form from addition of H2 to cis-[Pd(OTf)2(PPh3)2] 
and cis-Pd(OTf)2(AsPh3)2. The similarity of these small PdNPs to 
those previously reported indicate the potential for catalyst activ-
ity in cross-coupling reactions (vide infra).21 Critically, observation 
that PdNPs form confirms the hypothesis that cis-
[Pd(OTf)2(XR3)2] are viable PdII precursor salts for further cata-
lytic study. 

Detection of hydrido-PdII complexes en route to higher order Pd 
species: NMR spectroscopic analysis enabled investigation of the 
potential pathways taken by cis-[Pd(OTf)2(XPh3)2], on exposure to 
H2, en route to forming PdNPs. Upon addition of H2 gas (3 bar), 
the formation of PdNPs leads to the liberation of free XPh3 lig-
ands (observed in solution by 1H NMR, with PPh3 seen by 31P 
NMR). Critically, several new ‘PdII-H’ species also form (Scheme 
1). Their full characterization data is given in the Supporting In-
formation, with the key data summarized in Scheme 1. Hydride 
signals corresponding to trans-[Pd(H)(OTf)(XPh3)2], trans-
[Pd(H)(XPh3)3][OTf], trans-[Pd(H)(Cl2CD2)(XPh3)2], and trans-
[Pd(Cl)(H)(XPh3)2] were seen. Over time, these species reduce in 
concentration, and their signals eventually disappear from the 
associated 1H NMR spectra. The hydride signals corresponding 
to trans-[Pd(Cl)(H)(XPh3)2] remain visible by 1H NMR for a longer 
time period than the other hydride signals. This confirms that 
under these conditions, trans-[Pd(Cl)(H)(XPh3)2] is the most ther-
mally stable monohydride PdII species in solution. Concomitant 
with the formation of trans-[Pd(Cl)(H)(XPh3)2] is the formation 
of TfOH and [HXPh3]+, and an unusual new species as noted by 
monitoring the evolution of 1H NMR signals in the aromatic re-
gion (vide infra). Thus, the effects of the stabilizing triflate anion 
and XPh3 ligands reduce over time. 
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Scheme 1: Monohydride species detected by NMR and LIFDI-MS, 
on addition of hydrogen to d2-dichloromethane solutions of 
[Pd(OTf)2(XPh3)2]. 

 

Detection of linear [Pd3(PPh3)4][OTf]2 complexes in solution:  
A key observation made in this study is that as the hydride NMR 
signals corresponding to the PdII monohydride species (Scheme 
1) derived from cis-[Pd(OTf)2(XPh3)2] reduce in intensity, several 
unusual 1H NMR signals appear. For cis-[Pd(OTf)2(PPh3)2], sev-
eral new 31P NMR signals are also detected. The most identifiable 
of the new NMR signals observed are shown in Fig. 3(a) for XR3 
= PPh3. Although the 1H NMR signals appear as triplets, with a 
1:1 integral ratio, their chemical shifts are unusual; they corre-
spond to the protons in PPh3 that are shifted considerably up-
field to δ 5.98 and 4.74. Up-field shifts of this type are the result 
of significant proton shielding by a neighboring electron-rich Pd 
center(s).  A 1H {31P} NMR spectrum showed that the signal at δ 
5.98 is unaffected by de-coupling to phosphorus, whereas the sig-
nal at δ 4.74 collapses to a doublet. The pseudo-triplet splitting is 
therefore the result of both JHH and JHP couplings, characteristic 
of the ortho protons of the PPh3 ligand. 31P-optimised HMQC 
spectra revealed a cross-peak between the 1H NMR signal at δ 
4.74 and 31P NMR signal at δ 43.53. This 31P {1H} NMR signal is 
shown in Fig. 3(b), and displays an unusual AA'XX' splitting pat-
tern,22 17 which is only observed if there are four magnetically 
inequivalent nuclear spins, consisting of two pairs of chemically 
equivalent nuclear spins. This Pd species must therefore contain 
four magnetically inequivalent phosphorus environments, but 
only two chemically inequivalent phosphorus environments. 
This is supported by a second AA'XX' 31P NMR signal at δ 9.06, 
with the 31P NMR signals having an integral ratio of 1:1. 

Single crystals of [Pd3(PPh3)4][OTf]2 were grown from this NMR 
sample by layering non-dried reagent grade hexane above the d2-
dichloromethane layer, allowing the solvents to slowly diffuse. 
The trace water aided crystallization by forming a H-bond net-
work with the triflate counterions (note: crystals did not form 
when dry hexane was used). The crystal structure was solved us-
ing single crystal X-ray diffraction methods {XRD, Fig. 3(c)}. The 
crystal structural data reveals three Pd atoms bonded linearly and 
stabilized by four PPh3 ligands, two of which lie perfectly in the 
Pd-Pd-Pd plane, and two that are positioned outside of the plane. 



 

For the latter, bridging PPh3 ligands are coordinating to the Pd 
by sigma donation from phosphorus and η2-coordination from 
one of the three phenyl rings, so that there are four η2-C=C 
bonds stabilizing the Pd centers for the complete cluster. The 
complex has an overall charge of +2. The Pd-Pd bond length in 
the crystal structure is 2.6313(19) Å, which is marginally longer 
than typical PdI-PdI bond lengths,23 thus suggesting a PdI-Pd0-PdI 
type structure. The arene bonding interactions are shorter at Pd1 
{C1-Pd1 = 2.1925(16) and C2-Pd1 = 2.2650(17) Å} than at Pd2 
{C3-Pd2 = 2.3865(17) and C4-Pd2 = 2.2985(17) Å}, consistent 
with the central Pd atom being in an oxidation state of zero, with 
greater synergic back-bonding with the π*-antibonding orbitals of 
the arene. The uncoordinated C5-C6 bonds have shortened, re-
sembling more closely an isolated C=C bond 1.374(2) Å. 

 

 

 

Figure 3: a. Unusual 1H (above) and 1H {31P} (below) NMR signals 
that correspond to the protons of triphenylphosphine interacting 
with Pd in [Pd3(PPh3)4][OTf]2. b. 31P {1H} NMR signals that corre-
spond to the phosphorus nuclei in [Pd3(PPh3)4][OTf]2, having an 
AA’XX’ splitting pattern. c. X-ray crystal structure of 
[Pd3(PPh3)4][OTf]2; the OTf counterions, H2O and H-atoms omitted 
for clarity. Thermal ellipsoids set to 50% probability.  

 

LIFDI-MS analysis of a d2-dichloromethane solution containing 
[Pd3(PPh3)4][OTf]2 showed an ion signal at m/z 684.54, corre-
sponding to the dicationic tri-Pd cluster ([M-[OTf]]2+), having  a 
formal molecular mass of 1368.40 gmol-1, which confirms that 

[Pd3(PPh3)4][OTf]2 is present both in solution and the solid-state. 
Overall, there is a net reduction of PdII in forming this new spe-
cies. 

As mentioned in the introduction, despite its unusual appear-
ance, the linear [Pd3(PPh3)4]2+ cluster is a known dication, stabi-
lized by tetrafluoroborate rather than triflate.10 It was previously 
formed by adding ethanol (a necessary requirement) to a di-
chloromethane solution of [Pd(μ-OH)(PPh3)2]2[BF4]2.9 The η2,η2-
coordination of PPh3 to Pd is unique to [Pd3(PPh3)4]2+, although η1-coordination from the ipso-carbon atoms are known in a dinu-
clear Pd complex.24 Furthermore, the handful of dinuclear PdI 
complexes that are stabilized via η-coordination of bridging 
arenes do not form as reaction intermediates, but have been syn-
thesized either as (pre)catalysts for cross-coupling reactions, or as 
complexes that are interesting in their own right.25 Longer, linear 
Pd clusters stabilized by η2-C=C coordination from polyenes are 
known.26 Interestingly, PdI species containing bridging arenes 
from the more complicated and apparently robust phosphine lig-
ands such as X-Phos and S-Phos have been reported in the recent 
literature, but again the implications for catalysis have not been 
fully delineated.27  

The diagnostic 1H and 31P{1H} NMR signals of [Pd3(PPh3)4][OTf]2 
are given in the ESI. Coupling between the phosphorus nuclei 
that are positioned trans to one another (JXX’) is very strong (~ 98 
Hz), despite this being a 4-bond coupling. As expected, coupling 
between the phosphorus nuclei that are positioned cis to one an-
other (JAX ~ 35 Hz) is stronger than the coupling between the 
more remote AX’ phosphines (JAX’ ~ 9 Hz). The coupling con-
stants between the 31P nuclei of the Pd3 complex support a similar 
structure in solution as in the solid-state. The η2-C=C coordina-
tion to Pd from the phenyl rings (x4) restrict the geometry upon 
complexation. 

In keeping with the characterization of [Pd3(PPh3)4][OTf]2, 1H 
NMR signals for [Pd3(AsPh3)4][OTf]2 deriving from cis-

Pd(OTf)2(AsPh3)2 are similar in appearance and chemical shift. 
The XRD crystal structure of [Pd3(AsPh3)4][OTf]2 was also ob-
tained (Fig. 4), which co-crystallizes with two equivalents of triflic 
acid. The equivalence of the phenyl groups in these AsPh3 lig-
ands leads to the η2,η2-coordinated phenyl rings having two 
equivalent ortho and two equivalent meta protons. As with 
[Pd3(PPh3)4][OTf]2, η2,η2-coordination of the phenyl rings results 
in a weakening of the π-bonds, resulting in longer C-C bond 
lengths. Experimental m/z values, with matching simulated iso-
tope distribution patterns, confirm that [Pd3(AsPh3)4][OTf]2 is 
present in solution, as in the solid-state. 

a. 

b. 

c. 
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Figure 4: X-ray crystal structure of [Pd3(AsPh3)4][OTf]2. Two triflate 
counterions, two triflic acid molecules and the H-atoms have been 
omitted for clarity.  Thermal ellipsoids set to 50% probability. 

 

Photoisomerization properties of [Pd3(XPh3)4]
2+. The 

[Pd3(XPh3)4]2+ species form brightly colored solutions, ranging 
from yellow to red in color. This is due to absorption bands in 
the visible region of the EM spectrum. The UV-vis absorption 
spectra of [Pd3(PPh3)4][OTf]2 and [Pd3(AsPh3)4][OTf]2 are given in 
Fig. 5. Their respective molar absorption coefficients at λmax 
were calculated to be 3.7x104 and 4.7x104 mol-1dm3cm-1, which 
are too large to correspond to Laporte forbidden d-d transitions, 
suggesting the presence of charge transfer (CT) bands and poten-
tial photoactivity.  

We focused photoactivation studies on [Pd3(PPh3)4][BF4]2, as 
practically it was easier than [Pd3(PPh3)4][OTf]2 to access larger 
quantities in pure form. It is important to note that 
[Pd3(PPh3)4][BF4]2 does degrades in solution, at temperatures as 
low as -85 oC.  However, it is stable in the solid-state. The syn-
thesis of [Pd3(PPh3)4][BF4]2 was accomplished using the method 
of Sharp et al, for which the ratio of ethanol to CH2Cl2 and pres-
ence of air appears to be critically important.10  UV irradiation 
of d2-dichloromethane solutions of [Pd3(PPh3)4][BF4]2 (2.16 mM) 
at 250 K under N2 for 3 h led to a color change from orange/red 
to pink/purple. Spectral changes were noted by UV-vis absorp-
tion and NMR spectroscopic analysis for solutions before and 
after photoirradiation (Figs. 6 and 7). The molar absorption co-
efficient at λmax of the solution after irradiation was calculated to 
be 3.05x104 mol-1dm3cm-1, corresponding again to a CT band, 
confirming a chemical change upon UV irradiation. 

 

Figure 5: Normalized UV-vis absorption spectra of dichloromethane 
solutions of [Pd3(PPh3)4][OTf]2 (P) and [Pd3(AsPh3)4][OTf]2 (As). 

 

1H NMR spectroscopic analysis confirmed quantitative conver-
sion of the thermal isomer to a new photoactivated species that 
possesses a similar chemical structure (Fig. 6). Two up-field sig-
nals, corresponding to the ortho and meta protons of the η2-C=C 
coordinated phenyl rings remain, although the ortho signal now 
lies at δ 5.18 and the meta lies at δ 5.88. The broad ortho signal 
simplifies to a sharp doublet upon {31P}-decoupling.  

The 31P {1H} NMR spectrum of a d2-dichloromethane solution of 
[Pd3(PPh3)4][BF4]2, following broadband UV irradiation, is shown 
in Fig. 6. There are three phosphorus environments, rather than 
the two AA'XX' environments observed prior to irradiation, thus 
the symmetry of two of the original PPh3 ligands has been lost in 
the photoproduct. An integral ratio at δP 35.69 was determined 
to be two, whereas the two signals at δP 12.41 and δP 10.59 were 
one each. Thus, the new species possesses four PPh3 ligand envi-
ronments, two of which are chemically equivalent. Furthermore, 
the two signals at δ 12.41 and 10.59 exhibit a second order pat-
tern. The chemical shift difference is equal to ~300 Hz, and the 
J coupling between these signals is ~100 Hz. 

 

 

 

Figure 6: 1H NMR spectra of d2-dichloromethane solutions of 
[Pd3(PPh3)4][BF4]2 after broad-band UV irradiation (a.) and before 
UV irradiation (b.) (the residual CDHCl2 solvent peak is shown off-

a. 

b. 



 

scale in both spectra). The chemical change involved is described in 
the scheme.  

 

 

Figure 7: (a.) Schematic showing the JPP coupling network that gives 
rise to the 31P splitting patterns shown in (b.). (b.) 31P {1H} NMR 
spectrum of a d2-dichloromethane solution of [Pd3(PPh3)4][BF4]2 after 
UV irradiation.

 
31P-optimised HMQC NMR spectra exhibit cross-peaks between 
the 1H NMR signal corresponding to the ortho protons of the η2-
coordinated phenyls at δ 5.18 and the 31P NMR signal at δ 35.69. 
This corresponds to the phosphorus nuclei of the phosphines 
that are η2-coordinated to the Pd. This signal is a doublet of dou-
blets, with cis JPP couplings of 41.2 and 18.2 Hz. The coupling 
values suggest that these phosphorus nuclei are positioned closer 
to one of the two other phosphines, as shown in Fig. 7. The 31P 
NMR signals at δ 12.41 and 10.59 are both a doublet of triplets, 
which share a large trans-coupling value of 100.7 Hz. The former 
signal also exhibits a cis-coupling of 41.2 Hz, whilst the latter sig-
nal exhibits a cis coupling of 18.2 Hz. As no cross peaks were 
observed between these up-field phosphorus NMR signals and 
the up-field proton NMR signals of the η2-coordinated phenyl 
moieties, they likely correspond to terminal phosphines on a lin-
ear Pd complex, which matches with their mutual trans-coupling 
(Fig. 7). 

Using LIFDI-MS to probe the species in solution, the only signal 
observed appeared at m/z 683.6, which is identical to the m/z of 
the dicationic tri-Pd cluster [Pd3(PPh3)4]2+. This confirms that the 
new Pd species that forms on irradiation of the d2-dichloro-
methane solution of [Pd3(PPh3)4][BF4]2 is a photoisomer. A single 
crystal was grown from the d2-dichloromethane solution of the 
photoisomer [Pd3(PPh3)4][BF4]2 by layering with dry hexane −20 
°C. The XRD crystal structure is shown in Fig. 8. 

The three Pd atoms are again bonded linearly with the terminal 
phosphines lying in the plane. Unlike the thermal isomeric form 
of [Pd3(PPh3)4]2+, the Pd atoms are not perfectly linear; there is a 
slight bend out of plane so that the Pd-Pd-Pd angle is 171.26°. As 
with the thermal isomer, the two η2-coordinated phenyl rings en-
ablie stabilization of the linearly arranged Pd atoms. There is an 
unsymmetrical coordination of both phenyl groups, and the 
bonding interactions are stronger for the photoisomeric form of 
[Pd3(PPh3)4]2+. 

 

 

Figure 8: Top: X-ray crystal structure of the [Pd3(PPh3)4][BF4]2 pho-
toisomer, formed on UV irradiation of d2-dichloromethane solu-
tions of [Pd3(PPh3)4][BF4]2; Bottom: a truncated view with key bond 
distances shown. The BF4 counterions, solvent molecules and H-at-
oms have been omitted for clarity.  Thermal ellipsoids set to 50% 
probability. 

 

The photoisomerization of [Pd3(PPh3)4][BF4]2 (1.08 mM) in d2-di-
chloromethane solution with a 200 W broadband UV source, 
proceeds at an effective rate of 5.47 x10-5 s-1 ± 5 x10-8 s-1 at 240 K. 
This data was determined through 1H NMR spectroscopy with in 

situ irradiation.28 No evidence for the reformation of the thermal 
isomer is observed at 240 K, however at room temperature (298 
K), equilibration based on reversible isomerization occurs over 
several days. 

Computational studies using density functional theory (DFT) 
methods were used to probe the electronic structure of the ther-
mal and photoisomeric forms of [Pd3(PPh3)4]2+ (Fig. 9). The ge-
ometries were optimized initially using a B3LYP functional and 
def2svp basis set, applied with Grimme’s empirical dispersion 
correction (GD3), using a CH2Cl2 implicit solvent model (cpcm 
model, using Gaussian 16 Rev. A.03 Win64).  Time-dependent 
DFT calculations were then conducted, using a cam-b3lyp29 func-
tional and def2svp basis set (50 states).  The calculations were in 
good agreement with the experimental UV-vis spectral data col-
lected for the thermal and photoisomeric forms of 
[Pd3(PPh3)4][OTf]2 (in CH2Cl2). For both thermal and photoiso-
meric forms we see that the lowest energy transition is dominated 
primarily by the HOMO(302)/LUMO(303) interaction (with oscilla-
tor strengths of 1.1352 and 0.9262 in the thermal and photo-
chemical isomeric forms  of [Pd3(PPh3)4]2+ respectively). The HO-

a. 

b. 

18.2 



 

MOs are localized on the terminal Pd atoms into the donor co-
ordinated arenes. The LUMO are localized across the three 
bridging Pd atoms, involving P and the coordinated bridging 
arene moieties. We also observe a small contribution to the ma-
jor transition in the photoisomeric form of [Pd3(PPh3)4]2+ from 
HOMO-5(297) to LUMO(303). The thermal isomer of [Pd3(PPh3)4]2+ 
has a lower sum of thermal and electronic free energy than the 
photochemical isomer by 5.4 kcal/mol.   

 

Figure 9: Computed structures of the thermal and photoisomeric 
forms of [Pd3(PPh3)4]2+, compared with the experimental UV-vis spec-
tral data (blue dashed line) for the thermal and photoisomeric forms 
of [Pd3(PPh3)4][OTf]2 in CH2Cl2. 

Catalytic Competency of [Pd3(PPh3)4]
2+

 species 

As we have established that the [Pd3(XPh3)4][OTf]2 complexes 
form as intermediates during the transition of mononuclear Pd 
complexes to PdNPs, we expected to see a role for them in catal-
ysis, particularly as it has been demonstrated that cyclic triangular 
Pd3 clusters are active cross-coupling catalysts.7a We therefore ex-
amined the catalytic competency of the linear [Pd3(XPh3)4]2+ spe-
cies, and due to the ease of synthesis and isolation, we focused 
on the use of the thermal isomer of [Pd3(PPh3)4][BF4]2. 

The catalytic competency of [Pd3(PPh3)4][BF4]2 (thermal isomer) 
was next assessed in a C-C bond-forming reaction, namely the 
SMCC reaction of 4-bromo-6-methyl-2-pyrone 1 with 4-
methylphenylboronic acid 2a to form 6-methyl-4-(p-tolyl)-2-py-
rone 3 – this reaction is a good test as the 2-pyrone heterocycle 
can readily undergo side-reactions (Fig. 10). The conditions 
{THF/H2O (biphasic), 2M Na2CO3, 50 ⁰C for 4 h} used for the 
SMCC catalyst screening are typical.30 The activity of 
[Pd3(PPh3)4][BF4]2 was compared to that of freshly-prepared 
[Pd(PPh3)4], as the most commonly-used Pd catalyst for SMCC 
reactions.31 The PdII precursor complex, [Pd(OTf)2(PPh3)2], 
which forms [Pd3(PPh3)4][OTf]2 on reduction with H2 vide supra, 
was also compared as a secondary benchmark (precatalyst). Prod-
uct conversions were measured by 1H NMR reaction monitoring 
of crude product mixtures. The percentage conversions and 

yields of isolated product 3, synthesized using different Pd cata-
lysts, are collated in Table 1. Surprisingly, the lowest conversion 
was obtained using freshly prepared [Pd(PPh3)4] (44%, isolated 
yield 42%). The highest conversion of 85% and yield of 80% was 
obtained employing the thermal isomeric form of 
[Pd3(PPh3)4][BF4]2 (0.33 mol% catalyst loading). We noted that 
the THF layer (biphasic mixture with water) changed color from 
a bright red transparent solution to a dark brown translucent so-
lution; Pd black was deposited on the reaction glass vessel on 
complete loss of 1.  

OH3C O

B(OH) 2H3C

Br

OH3C O

CH3

Pd Cat., 2M Na2CO3,

50 oC, 4 h

1, 1 eq.

2a, 1.5 eq.

3

 

 

Figure 10: SMCC reaction of 4-bromo-6-methyl-2-pyrone 1 with 4-
methylphenylboronic acid 2a to form 6-methyl-4-(p-tolyl)-2-pyrone. 
The image shows the reaction catalyzed by [Pd3(PPh3)4][BF4]2 where 
the PdNPs that form appear to remain in the upper THF solvent 
layer upon reaction completion.  

Table 1: Percentage conversion (NMR) and percentage yields 

of isolated 6-methyl-4-(4-methylphenyl)-2-pyrone 3, on cross-

coupling 4-bromo-6-methyl-2-pyrone 1 with 4-methylphenyl-

boronic acid 2, using Pd catalysts stated. 

Catalyst Mol% 

Cat. 

Conv. by 

NMR (%) 

Isolated yield 

of 3 (%) 

[Pd(PPh3)4 1 44 42 

[Pd(OTf)2(PPh3)2] 1 77 76 

[Pd3(PPh3)4][BF4]2 1 80 76 

[Pd3(PPh3)4][BF4]2 0.33 85 80 

 

The 1H NMR spectra that were subsequently acquired did not 
contain any of the proton signals corresponding to 
[Pd3(PPh3)4][BF4]2. The high conversions achieved using 
[Pd3(PPh3)4][BF4]2 confirm that, even under the mild conditions 
used here, the tri-Pd complex reacts further to form the active 
catalytic species, i.e. agglomerated PdNPs.32,33 A high percentage 
conversion of 77% was obtained using [Pd(OTf)2(PPh3)2], with 
an isolated yield of 76% recorded for product 3. As with 
[Pd3(PPh3)4][BF4]2, the THF layer was observed to change color 
during the SMCC reaction, from an orange/yellow transparent 
solution to a dark brown translucent solution, after which time 
Pd black was deposited on the reaction glass vessel on complete 
loss of 1. 

These initial studies point toward PdNPs being the destination 
for the Pd species formed under the catalytic SMCC conditions 
detailed above.  In 2021, we uncovered that related cyclic Pd3 
clusters and stabilized PdNPs (generated in situ) exhibit different 
catalyst behavior in SMCC reactions of 2,4-dibromopyridine 4 
with organometallic reagents to give arylated pyridine products 



 

(Figure 11, A).34 Typically, mononuclear Pd catalysts such as 
[Pd(PPh3)4] exhibit high selectivity for the C2-arylation product 
(5C2Ar) over the C4-arylation product (5C4Ar).35  As a specific exam-
ple we found that reaction of 4 with aryl boronic acid 2b pro-
moted a switch in site-selectivity from C2 to C4 (5C4Ar being the 
dominate product) when using either a precatalyst system made 
of Pd(OAc)2/<2PPh3 or the cyclic trinuclear Pd cluster [Pd3(µ2

-

Cl)(µ2-PPh2)2(PPh3)3]Cl (Figure 11, B). The diarylation product 6 
is a common (competing) side-product. Our mechanistic work 
showed that the site-selectivity switch was associated with being 
able to access Pd clusters and PdNPs under the reaction condi-
tions. Thus, the SMCC reaction represents an excellent testing 
ground for assessing the catalyst behavior and speciation deriving 
from [Pd3(PPh3)4][BF4]2.   

Under our optimized conditions, note fully homogeneous, we 
found that 1 mol% of [Pd3(PPh3)4][BF4]2 (thermal isomer) was 
highly effective at promoting the SMCC reaction, with the reac-
tion depleted of the limiting reagent (4) within 30 minutes.  Cru-
cially, high C4-selectivity was seen for 5C4Ar showing that 
[Pd3(PPh3)4][BF4]2 behaves similarly to [Pd3(µ2

-Cl)(µ2-
PPh2)2(PPh3)3]Cl and higher order PdNPs in this reaction. After 
30 minutes we noticed some loss of 5C4Ar which serves as a reac-
tive substrate for reaction with excess 2b to give diarylated prod-
uct 6. 
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Figure 11: A Behavior of Pd catalyst species in the cross-coupling 
reactions of 2,4-dibromopyridine 4 with organometallic reagents. B 
SMCC reaction of 4 with 4-methoxyphenylboronic acid 2b to form 
monoarylated products 5C2Ar and 5C4Ar and diarylated product 6. C 
kinetic behavior of the SMCC reaction of 4 with 2b catalyzed by 1 
mol% [Pd3(PPh3)4][BF4]2. 

Lastly, we have determined that both thermal and photoisomers 
of [Pd3(XPh3)4]2+ are similarly catalytically active in the Pd-cata-
lyzed hydrogenation of phenylacetylene to give styrene (see Sup-
porting Information for further details). 

Conclusions 

Addition of hydrogen to d2-dichloromethane solutions of 
[Pd(OTf)2(XPh3)2] complexes (X = As and P) led to the formation 
of PdII monohydride species (Fig. 12). Over time, NMR signals 
corresponding to linear [Pd3(XPh3)4][OTf]2 were found to grow 
in intensity, and these proved thermodynamically stable and iso-
lable. These species have been characterized by NMR, LIFDI-MS, 

C 

 



 

and single-crystal XRD. They are unusual in so far as the Pd at-
oms are stabilized by η2-coordination from the phenyl rings of 
the phosphine or arsine ligands, which results in a loss of ring 
aromaticity. Such η2-coordination of phenyl rings directly bound 
to both phosphorus- and arsenic-containing ligands is rare and 
undoubtedly makes them a suitable catalyst precursor that are 
activated at just 40 ⁰C. The overall charge of these 
[Pd3(XPh3)4][OTf]2 species is +2. Thus, the PdII mononuclear 
complex has been reduced so that each Pd atom now has an av-
erage oxidation state of +2/3. Formally though, the cluster is a 
reservoir of both PdII and Pd0 species. This facile reduction of 
Pd(II) suggests that the [Pd3(XPh3)4][OTf]2 complexes reflect sta-
ble resting states that form en route to PdNPs, the latter of which 
have been characterized by TEM analysis. 

 

Figure 12: Schematic to show pathway to higher order Pd species, 
involving the intermediate formation of [Pd3(PPh3)4][BF4]2. 

 

Interestingly, reducing [Pd(OTf)2(XPh3)2] complexes with H2 pro-
vides a novel means for accessing the [Pd3(XPh3)4][OTf]2 species. 
As we have demonstrated that these species form with commonly 
used PPh3 and AsPh3 ligands, it is possible that they form in a 
range of Pd-catalyzed reactions. They could therefore reflect ac-
tive catalysts, or conduits to active catalysts such as PdNPs and/or 
other Pdn clusters. 

The [Pd3(XPh3)4]2+ species form brightly colored solutions due to 
CT electronic transitions which give rise to large molar absorp-
tion coefficients in the visible spectral region. Irradiation of 
[Pd3(PPh3)4][BF4]2 with broadband UV light resulted in pho-
toisomerization to a novel and unusual higher energy photoiso-
meric form, which was characterized by NMR, LIFDI-MS, and 
single-crystal XRD. The dynamic behavior of the PPh3 ligand in 
a linear Pd3 cluster arrangement has been evidenced, showing 
that this simple and ubiquitous ligand continues to exhibit new 
information about its rich coordination chemistry. 

Both the thermal and photoisomeric forms of [Pd3(PPh3)4][BF4]2 
are catalytically competent in two separate SMCC reactions. 
From the experimental evidence we conclude that 
[Pd3(PPh3)4][BF4]2 forms an active Pd catalyst species, most likely 
PdNPs (as characterized by TEM vide supra), which bring about a 

switch in site-selectivity from C2 to C4 in SMCC reactions of 
2,4-dibromopyridine, highlighting that these aggregated Pd spe-
cies can also alter expected catalytic reaction outcomes. We are 
currently examining potential links between the formation of lin-
ear [Pd3(PPh3)4]2+ and cyclic [Pd3(µ2

-X)(PPh3)3(µ2-PPh2)2]+ clus-
ters.6,7,9 

 

Notes 

† We found that the reaction of Pd(OAc)2 with 2PPh3 in THF 
forms trans-Pd(OAc)2(PPh3)2 initially. This converts to an alterna-
tive dinuclear PdI complex, which subsequently reacts with 
CH2Cl2 to form triangular Pd3 cyclic clusters.9  

‡ We have also detected the formation of a similar unknown im-
purity in the synthesis of [Pd3(PPh3)4][BF4]2 reported by Sharp et 
al.10

 which is formed in varying amounts and has to be removed 
by careful crystallization. 
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