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ABSTRACT: High-valent Pd complexes are potent agents for the oxidative functionalization of inert C–H
bonds,  and  it  was  previously  shown  that  rapid  electrocatalytic  methane  monofunctionalization  could  be
achieved by electro-oxidation of PdII to a critical dinuclear PdIII intermediate in concentrated or fuming sulfuric
acid. However, the structure of this highly reactive, unisolable intermediate, as well as the structural basis for
its mechanism of electrochemical formation, remained elusive. Herein, we use X-ray absorption and Raman
spectroscopies to assemble a structural model of the potent methane-activating intermediate as a Pd III dimer
with a Pd–Pd bond and a fivefold O-atom coordination by sulfate/bisulfate at each Pd center. We further use
EPR spectroscopy to identify a mixed-valent M–M bonded Pd2

II,III species as a key intermediate during the Pd II-
to-PdIII

2 oxidation. Combining EPR and electrochemical data, we quantify the free energy of Pd dimerization as
<−4.5 kcal/mol for Pd2

II,III and <−9.1 kcal/mol for PdIII
2. The structural and thermochemical data suggest that the

aggregate effect of  metal–metal  and axial  metal–ligand bond formation drives the critical  Pd dimerization
reaction in between electrochemical oxidation steps. This work establishes a structural basis for the facile
electrochemical oxidation of PdII to a M–M bonded PdIII dimer and provides a foundation for understanding its
rapid methane functionalization reactivity. 

INTRODUCTION

Metal–metal  bonded  species  are  increasingly
recognized as key catalytic intermediates.1–3 Metal–
metal bonding plays a particularly important role in
high-valent Pd catalysis. While catalysis by Pd was
initially  understood  as  mononuclear  Pd0/II cycles,
along with PdIV intermediates, metal–metal bonded
PdIII dimers have been isolated and proposed to play
a  key  role  in  C–X  and  C–C  bond  formations.4–8

Bimetallic cooperativity was suggested to lower the
barriers  for  oxidation  of  organometallic  PdII

precursors and accelerate the subsequent reductive
elimination  from  PdIII dimers.9,10 Furthermore,  PdIII

intermediates of various structures have also been
invoked in other types of reactions such as aerobic
hydroxylation,  radical  C–C  coupling,  and  halogen
addition  to  alkenes.7,11 However,  the  structures  of
high-valent  Pd  intermediates  in  catalytic
transformations  often  remain  elusive  because  of
their high reactivity and propensity to undergo rapid
reductive elimination. Furthermore, the structure of
high-valent  Pd intermediates and their  mechanism
of  formation  are  strongly  dependent  on  many
factors,  including  the  supporting  ligands,  type  of
oxidant,  and  solvent.12–18 Thus,  expanding  the
palette of  structurally characterized high-valent Pd
catalytic  intermediates  and  elucidating  the
structural factors that contribute to their formation
would enable more systematic access to their rich
oxidation reactivity.

 Electrochemistry offers high and tunable driving
forces  for  accessing  reactive  intermediates  at  low
temperatures  while  avoiding the use of  expensive
stoichiometric reagents.19,20 Leveraging this quality,
we showed that PdIISO4 in  concentrated or  fuming
sulfuric acid could be electrochemically oxidized to a
novel  high-valent  Pd  intermediate.21  This  species
then  mono-functionalized  the  inert  C–H  bonds  of
methane  with  rates  ~20-fold  faster  than  state-of-
the-art  PtII-based  homogeneous  catalysts22 and
~5000-fold  faster  than  PdII under  similar
conditions.21 This rare example of C–H activation at a
high-valent  Pd  species,  combined  with  the
exceptional  reaction  rates,  motivated  detailed
inquiry into the identity of the operative high-valent
species and its mechanism of formation. Based on
cyclic  voltammetry  and  methane  reaction
stoichiometry,  we  proposed  the  formation  of  a
dinuclear  PdIII

2 complex  upon  electrochemical
oxidation of  PdII.  Specifically,  we proposed an  ECE
mechanism,  in  which  a  chemical  step  (C)  occurs
between two distinct electron transfer steps (E), with
the  second  electron  transfer  being
thermodynamically  favored  relative  to  the  first.
Through  this  unique  ECE mechanism,  this  Pd
electrocatalyst was able to aggregate 1-e–-at-a-time
electrochemical  oxidation  events  to  generate  a
potential  2-e– PdIII

2 oxidant  for  rapid  methane
functionalization.

These  studies,  however,  provided  negligible
insight into the structure of the critical Pd III

2 species
or the intermediates along its formation mechanism.



In  particular,  the  nature  of  the  metal
–metal  interaction  in  PdIII

2 remains  unknown.
Whereas many PdIII

2 complexes23,24 contain direct Pd–
Pd bonds, the Pd centers can also be linked through
one or more bridging ligands.25,26 Furthermore, most
metal–metal  bonded  PdIII

2  complexes  are  obtained
via oxidation of co-facially oriented, ligand-bridged,
dinuclear PdII

2 complexes in which the Pd centers are
predisposed  towards  facile  M–M  bond  formation
using  two-electron  chemical  oxidants.  In  contrast,
our  PdIII

2 complex is generated via sequential  one-
electron  electrochemical  oxidation  from  a  simple
mono-nuclear PdII(sulfate) complex, leaving open the
critical  questions of whether a M–M bond exists in
the  PdIII

2 species and what role it plays in fostering
the  unique  ECE electrochemical  oxidation
mechanism. Given the key role of M–M bonding in
high-valent Pd oxidation catalysis,2 addressing these
structural and mechanistic knowledge gaps is critical
for the rational design of oxidative electrocatalysis
with high-valent Pd intermediates.27

Herein,  we  establish  the  core  structure  of  the
electrochemically  generated  PdIII

2 and  provide  a
structural  basis  for  its  unique  mechanism  of
formation.  Since  the  PdIII

2 complex  cannot  be
isolated from the sulfuric acid medium, we combine
X-ray  absorption  and  Raman  spectroscopies  to
establish that it contains a Pd–Pd bond with each Pd
atom  coordinated  by  five  O  atoms.  Against  this
backdrop,  we  use  EPR  spectroscopy  to  identify  a
mixed-valent  intermediate  in  the  ECE reaction
sequence  and  combine  this  data  with
electrochemical  measurements  to  map  the
thermodynamic  landscape  that  drives  the
dimerization of the two Pd centers. Analysis of our
results and previous electrochemical studies in the
literature reveal the importance of the Pd–Pd bond
and  axial  ligand  coordination  for  enabling  the
electrochemical oxidation and dimerization of PdII to
PdIII

2.  These  insights  provide  a  foundation  for
understanding the unusual reactivity of PdIII

2 and for
electrochemically  generating  new  high-valent  Pd
complexes  that  may  enable  challenging  oxidation
reactions. 

RESULTS AND DISCUSSIONS

Structure of PdIII
2

Sample  preparation. The  PdIII
2 sample  for

spectroscopic  investigation was generated by bulk
electrolysis  of  PdIISO4,  in  fuming  H2SO4 containing
18–24% SO3 by weight. We designate the pre- and
post-electrolysis samples as 1 and 2, respectively. 2
displays  a  strong  absorbance  at  300  nm,21 which
allowed  us  to  monitor  the  progress  of  the
electrolysis by UV–Vis spectroscopy. The anhydrous
medium is critical to the stability of the high-valent
species, which undergoes spontaneous reduction in
non-fuming H2SO4 presumably via solvent oxidation
(H2SO4 → ½ O2 + SO3 + 2 e– + 2 H+). The solubility of
PdIISO4 was limited to ca.  10 mM; in  our effort  to
increase  the  signal-to-noise  ratio  of  our
measurements, we found that addition of 1.4 M of
(NH4)2SO4 increased  PdII solubility  to  ca.  50  mM.28

Voltammetric, spectroscopic and methane reactivity
studies all indicated that electrolysis in the presence
of  (NH4)2SO4 generates  the  same PdIII

2 complex
(Figure S2, S4, S6–S9  and Table S1). Thus, low
and  high  concentration  samples  of  1 and  2,
designated as  1/2-lc and  1/2-hc, were prepared in
the  absence  and  presence  of  (NH4)2SO4,
respectively, for further analysis.

X-ray  Absorption  Spectroscopy.  X-ray  absorption
near  edge  structure  (XANES)  spectra  support  the
formation  of  a  high-valent  species  upon  electro-
oxidation  of  1 (Figure  1a).  Consistent  with  an
increase in oxidation state, the XANES spectrum of 2
displays a rising edge inflection point that is 7.4 eV
higher than 1 (Table 1) for both lc and hc samples.
Repeated  measurements  on  the  same sample  did
not  show any shift  in  the edge energy,  indicating
that  the  complex  was  not  subject  to  X-ray
photodegradation  over  the  timescale  of  the
measurement. Importantly, the XANES spectrum of
2 displays  a  smooth  rising  edge.  This  implies
uniform Pd oxidation state, and argues against the
presence of  a mixed-valent dinuclear species such
as  PdII–PdIV,  which  has  been  demonstrated  in  the
presence of disparate apical ligand environments.2,18



Figure 1. Pd K-edge X-ray absorption spectra of 1-hc and 2-hc: (a) XANES; (b) EXAFS showing the real (solid
line)  and  imaginary  (dashed line)  components;  (c)  first  derivative  of  the XANES;  the  lc samples  showed
essentially identical results (Figure S6–S9). (d) Pt K-edge EXAFS of PtIII

2 in the solid state.

Table 1. Summary of XAS results.

Sample Edge E
(keV)

CNPd-

O

R
(Å)

σ2 (×103

Å2)
E0

(eV)

1, solid 24.3550 4.0 2.01 1.4 1.2

1-lc 24.3550 4.0 2.00 3.0 –0.3

1-hc 24.3550 4.0 2.01 1.2 –0.2

2-lc 24.3624 5.0 2.00 2.7 2.6

2-hc 24.3624 5.2 1.98 0.9 2.8
PtIII

2,
solid

11.5660 5.0 1.98 3.2 –2.2

Extended X-ray absorption fine structure (EXAFS)
spectra  indicate  that  the  PdIII centers  are  each
ligated  by  five  oxygen  atoms.  The  Fourier-
transformed  EXAFS  of  1 and  2 in  R-space  both
display  a  prominent  peak  at  1.5  Å  (phase
uncorrected distance) arising from the first nearest
neighbor scattering interactions (Figure 1b). Since
the only ligand present in  the system is HxSO4

(x−2),
this  peak  was  isolated  and  fitted  with  oxygen
scatterers (Table 1).  For  1,  the Pd–O coordination
number of 4 and average bond distance of 2.01 Å
were  in  line  with  the  known  structure  of  square-
planar PdIISO4.29 Similar fitting of the PdIII

2 species, 2,
revealed an increase in the number of coordinated O
atoms to five and a slight contraction of the average
Pd–O bond distance to 1.99 Å. We note that EXAFS
provides  information  about  the  average  local
structure, and small differences among Pd–O bond
lengths cannot be unambiguously extracted for this
system.30 Known  structurally  characterized  PdIII

complexes  usually  show  a  distorted  pseudo-
octahedral  coordination,7 and  the  change  in  edge
shape, particularly evident in the first derivative of
the spectra (Figure 1c), suggests a transition from
square-planar to octahedral  coordination of the Pd
center upon electro-oxidation (see the SI, section  5
for details).31–34 Moreover, the diamagnetism of  221

implies electronic coupling between the two  d7 PdIII

centers.  These observations  led  us to  reason that
there should be a Pd as the sixth coordinating atom.
Notably,  this  result  rules  out  the  formation  of
polynuclear 1-D chain of PdIII centers.35 

In  principle,  the  EXAFS  of  2 should  contain  a
contribution  from  Pd–Pd  scattering,  as  has  been
shown  for  other  M–M  bonded  compounds.30,36–39

However,  while  detection  of  metal–metal
interactions  by  EXAFS  is  possible,  the  assignment
depends on the nature of the solvent, the strength
of  the  scattering,  and  the  overlapping  scattering
from atoms at longer distance.40,41 Here, we cannot
conclusively fit the Pd–Pd scattering peak due to the
weak  signal  beyond  the  strong  first  peak  and
possible interference from multiple scattering paths
from sulfurs and oxygens. In an attempt to aid our
assignment,  we  prepared  the  well-known
paddlewheel  PtIII dimer  with  sulfate  ligands,
K2[PtIII

2(SO4)4(H2O)2]  (abbreviated  as  PtIII
2),  which

features a Pt–Pt bond.42 The EXAFS of PtIII
2 (Figure

1d) was similar to that of 2 and consistent with five
coordinated oxygens (Table 1). The relatively weak
features  in  the  higher  shell,  however,  again
prevented reliable fitting of the Pt–Pt vector. Since
Pd is lighter than Pt, Pd–Pd scattering is weaker than
Pt–Pt  scattering  and  more  difficult  to  detect  by
EXAFS.43 While  this  second  inconclusive
measurement  of  M–M  scattering  is  not  proof  of
existence  of  our  proposed  Pd–Pd  interaction,  it
suggests  that  EXAFS  alone  cannot  be  used  to
establish the nature of the metal–metal connectivity
in this system. Indeed, simulated EXAFS using the
computed  model  structures  of  PdIII

2 (Figure  4
below)  and  the  known  crystal  structure  of  PtIII

2

showed that fitting of the M–M scattering by EXAFS
is  not  feasible  due  to  multiple  overlapping
scatterings from S and O atoms two or three bonds
away (see the SI, section 9.2 for details).



Raman  Spectroscopy.  Raman  spectra  of  M–M
single  bonds  are  documented  for  a  variety  of
dinuclear  metal  complexes44,45 including  PtIII

2.46

Fortunately, the high mass and relatively weak force
constant of M–M single bonds make their vibrations
appear  in  the  100–300  cm–1 region,  where  the
spectrum of the fuming H2SO4 solvent is relatively
featureless  (Figure  2a).  To  confirm our  ability  to
observe the M–M vibration, we acquired the Raman
spectra of PtIII

2 (Figure 2b). In fuming H2SO4, with or
without (NH4)2SO4, we observed a peak at 227 cm−1

(Figure 2b,  orange & red). A similar peak appears
at 237 cm−1 in 1 M aqueous H2SO4 (Figure 2b, blue).
Importantly,  upon  addition  of  Cl−,  this  peak
diminishes and is replaced by a new peak at  209
cm−1 (Figure 2b,  green;  Figure S10 shows time-
dependent evolution of the spectrum). Since Cl− is
known to substitute for axial ligands and bind trans
to  the  Pt–Pt  bond,46,47 this  observation  strongly
supports the assignment of these peaks to a Pt–Pt
vibration.

Figure  2. Raman spectra of (a) fuming H2SO4; (b)
PtIII

2 in fuming H2SO4, with or without (NH4)2SO4, and
aqueous solutions; (c) 1 and 2 in fuming H2SO4 with
or without (NH4)2SO4.

Encouraged by this result, we collected the Raman
spectra  of  1 and  2 (Figure  2c).  Expectedly,  1  is
featureless in the 100–300 cm–1 region (Figure 2c,
purple).  Contrastingly,  both 2-hc  and 2-lc show a
new low energy peak centered at 268 cm–1 (Figure
2c, orange & red), the magnitude of which is much
larger in  the higher Pd concentration sample.  The
position  of  this  putative  M–M  vibrational  mode  is
consistent with the position of the Pt–Pt vibration at
227 cm–1 and the lower atomic mass of Pd. 

Moreover,  polarized  Raman  measurements  gave
identical depolarization ratios for the 227 cm–1 peak
of PtIII

2 and the 268 cm–1 peak of  2-hc (Figure 3)
that further support the assignment of the 227 cm–1

and 268 cm–1 peaks to M–M stretches  in  PtIII
2 and

PdIII
2, respectively. The depolarization ratio is defined

as  the  ratio  of  the  intensity  of  scattered  light

polarized  perpendicularly  and  parallelly  to  the
incident light, and values below 0.75 indicate totally
symmetric  vibrations. The  observed  depolarization
ratio of  ca. 0.4 for both the 227 cm–1 peak of PtIII

2

and  the  268  cm–1 peak  of  2-hc implies  a  totally
symmetric  vibration  that  is  expected  for  a  M–M
vibration  (see  the  SI,  section  6.2 for  more
details).48,49

Notably, the 268 cm–1 peak of  2 is much broader
than the 227 cm−1 peak of PtIII

2 in the same medium.
This  may  be  due  to  a  more  labile  and  dynamic
coordination environment of PdIII

2 compared to PtIII
2.

Additionally,  the  spectrum  of  2-hc displays  a
distorted  and attenuated  solvent  peak  at  ca.  325
cm–1.  We  speculate  that  this  change  in  solvent
modes may arise from changes in hydrogen bonding
caused by the relatively high concentration of Pd III

2

species in  the presence of  high salt  concentration
(1.4  M).  Together,  these  analyses  compel  us  to
assign  the  Raman  scattering  at  268  cm–1 to  the
vibration of a Pd–Pd bond in PdIII

2.

Figure 3. Perpendicular-  (red)  and parallel-  (blue)
polarized  Raman  spectra  of  PtIII

2 (top)  and  2-hc
(bottom).

Structural  Model  of  PdIII
2.  In  combination,  the

above  studies  allow  us  to  assemble  a  structural
model  for  the  PdIII

2 species.  X-ray  absorption
spectroscopy  indicates  fivefold  coordination  by
oxygen atoms and an octahedral geometry at each
Pd, and Raman spectroscopy strongly supports the
presence  of  a  metal–metal  vibrational  mode.  This
allows us to conclude that the structure of our PdIII

2

complex consists of a (PdIIIO5)2 core that is analogous
to the known PtIII sulfate dimer. These experimental
observations, though, do not yield information about
the exact ligand geometry of PdIII

2. PtIII
2 in the solid

state  is  ligated  by  sulfates  in  a  fourfold  bridging
paddlewheel structure with axial aquo ligands, and
the relatively narrow Raman band for Pt–Pt vibration
is  retained  across  various  solvents  (Figure  2b),
suggesting that this paddlewheel structure persists
in  solution.  In  contrast  with  the  relatively  narrow
Raman peak of PtIII

2, 2 displays an extremely broad
Raman signal, suggesting that a simple paddlewheel
ligation  structure  for  PdIII

2 is  unlikely.  Initial
computational modeling of  PdIII

2 revealed a number
of  viable  conformers  and  protonation  isomers
(Figure 4 and Figure S17), and we are continuing
our  computational  efforts  in  the  context  of
unraveling  the  reaction  mechanism  of  methane
activation. We  note  that  related  ligand  binding



modes have  also  been  observed  for  Pd dimers  in
other oxidation states.50–53

Figure 4. DFT-optimized structures of PdIII
2 with six

HSO4
− ligands  with  four,  two  and  zero  bridging

bisulfates.  See the SI,  section  9 for computational
details  and  other  isomers  that  were  calculated.
White: H, red: O, yellow: S, grey: Pd.

Identification and Structural Assignment of a
Pd2

II,III Intermediate

Detection and assignment of an EPR signal. Our
previous  electrochemical  data  pointed  to  an  ECE
mechanism for the formation of PdIII

2 that is detailed
below (equations 1–3; E1 and E2 represent standard
redox  potentials  and  ΔGdim,het stands  for  the  free
energy  of  heterodimerization).  This  sequence
invokes two odd-electron Pd species, PdIII and Pd2

II,III,
as putative intermediates. We stress that Pd2

II,III is a
formal  notation  that  does  not  imply  electron
localization.  Although  our  bulk-electrolyzed  Pd
solution,  2,  is  diamagnetic  by  Evans’  method
analysis,21 this solution nonetheless revealed a weak
EPR signal at low temperatures that is absent in  1
(Figure 5a). The high anisotropy of this EPR signal
indicates  that  the  unpaired  electron  is  metal-
based,54 providing  positive  evidence  for  an  EPR-
active Pd minor component in 2.

E: Pd II ⇄ Pd III
+e−¿¿ E1 (1

00)
C: Pd II

+Pd III ⇄Pd2
II , III ∆ Gdim ,het(2

)
E: Pd2

II , III ⇄ Pd III
2+e−¿¿ E2 (3

)
In order to determine which radical intermediate,

PdIII or Pd2
II,III, gives rise to the observed EPR signal,

we  prepared  a  series  of  solutions  containing  the
same total  Pd  ion  concentration  but  with  varying
ratios  of  PdII and  PdIII

2 and  measured  the  spin
concentrations (see section 7 in the SI for details of
sample  preparation  and  data  collection).  The
measured spin concentrations are plotted vs ox.%

≡
2[ Pd III

2]

[ Pd II ]+2 [Pd III
2]

  in Figure 5b. Since PdIII arises

from fragmentation of PdIII
2 (eq. 4) its concentration

is expected to increase monotonically with ox.% (eq.
5).  In  contrast,  the  [Pd2

II,III]  should  display  a
maximum  at  intermediate  levels  of  oxidation
because it arises from the comproportionation of Pd II

and  PdIII
2 (eq. 6 & 7). Thus, the observed parabolic

trend  (Figure  5b,  black  squares)  supports
assignment of this signal to the mixed-valent dimer,
Pd2

II,III, rather than the monomeric PdIII intermediate.
The maximum [Pd2

II,III] at equilibrium was <5% of the
total Pd concentration across all ox.%.

2 Pd III ⇄ Pd III
2

∆ Gdim ,hom (4)

[ Pd III ]=√
[Pd III

2 ]

K dim ,hom
=√

[ Pd ]total (ox .%)

2K dim , hom

(5
00)

2 Pd II
+Pd III

2 ⇄2 Pd2
II ,III ∆ Gcomp

(6
00)

[ Pd2
II , III

]=√ K comp [Pd II
]

2
[Pd III

2 ]=√
K comp [ Pd ]total

3

2 (1−ox . %)
2
(ox . %¿)¿

(7
00)

Figure  5. (a)  Background-corrected  X-band  EPR
spectrum  of  2 at  60  K.  (b)  (Black  squares)  EPR-
measured spin concentrations versus ox.%. Total Pd
concentration was 9.3 mM. CuIISO4 dissolved in the
same  medium  was  used  as  a  spin  quantification
standard (see the SI, section 7 for details). (Red line)
Calculated  [Pd2

II,III]  from  a  least-squares  fitting  of
equation  7  to  the  EPR-measured  spin
concentrations.

The equilibrium concentration data in  Figure 5b
yields  the  thermodynamic  stability  of  this  mixed-
valent intermediate relative to PdII and  PdIII

2. Fitting
equation  7  to  the data  (Figure 5b,  red  line),  we
obtained Kcomp = 0.78 ± 0.11 M−1 and ΔGcomp = 0.15
±  0.08 kcal  mol–1. While  the  standard
comproportionation  free  energy  is  only  slightly
positive, due to the low total Pd concentration of our
solutions  (<10  mM),  the  Pd2

II,III in  our  samples  is
driven towards disproportionation to 2  PdII +  PdIII

2.
Together,  this  analysis  establishes  that  the  EPR
signal in 2 arises from a Pd2

II,III species formed from
minor-equilibrium  comproportionation  of  PdIII

2 and
residual PdII.

Structure  of  Pd2
II,III.  To  be  consistent  with  the

structural model for PdIII
2 put forward in the previous

section, the  Pd2
II,III complex is expected to have an

incipient Pd–Pd bond with a bond order of 0.5. The



unpaired electron would reside in the M–M σ* orbital
formed from the overlap of the dz2 orbitals along the
Pd–Pd bond axis.9,55 Indeed, the axial EPR signal with
gx,y >  gz is consistent with the  dz2 character of the
SOMO54 and with the spectra of other mixed-valent
Pd2

II,III complexes in the literature.12,52,55 Furthermore,
the g-tensor anisotropy of our dimer is exceptionally
high,  gx,y =  2.30  and  gz =  2.01;  the  spread  in  g
components is the greatest among those of reported
Pd2

II,III complexes.12,52,55 This anisotropy indicates low
metal–ligand covalency,  as  would  be expected for
the hard HxSO4

(x−2) ligands.56

Electrochemical  data  are  also  consistent  with  a
formally mixed-valent dimer with a half-order Pd–Pd
bond.  Prior  voltammetric  data  recorded  on  FTO
electrodes  (Figure  S2)  was  insufficient  for
quantitative  determination  of  E1 and  E2 due  the
convolution of slow ET kinetics and an unknown rate
constant  for  the  chemical  step  in  the  ECE
mechanism. Using a combination of a Pt electrode
with faster ET kinetics and low PdII concentrations to
slow  the  dimerization  C step,  we  were  able  to
observe a chemically reversible PdII/III oxidation wave
at a midpoint potential of 1.69 V vs SSE (saturated
Ag2SO4/Ag) (Figure S13). Because the voltammetric
features  indicated  adsorption  of  PdIII on  the  Pt
electrode surface, this is a lower limit for the value
of E1 (see the SI, section 8 for details). As for E2, it is
equal to the standard redox potential for the overall
PdII/PdIII

2 redox process minus ΔGcomp/2F  (see the SI,
section  8 for derivation);  therefore,  we used open
circuit measurements of mixed solutions of Pd II and
PdIII

2 (Figure  S15)  to  extract  E2 =  1.49  V. This
analysis establishes that Pd2

II,III is easier to oxidize by
>200 mV than PdII, and is consistent with a M−M σ*
SOMO in Pd2

II,III that is significantly higher in energy
than  the  native  dz2 orbital  in  square-planar  PdII.
Together, the EPR and electrochemical data support
the  intermediacy  of  an  S=½  Pd2

II,  III complex,
containing a half-order Pd–Pd bond, formed en route
to PdIII

2.

Structural  and  Thermochemical  Basis  for
Electrochemical PdIII

2 Formation

The  foregoing  structural  and  spectroscopic
insights  provide  a  basis  for  understanding  the
unusual  ECE mechanism  that  forms  PdIII

2 by
electrochemical oxidation of PdII.

Driving force for dimerization. The viability of the
ECE mechanism and the formation of  PdIII

2 require
thermodynamically favorable dimerization reactions
(equations 2 and 4). The aforementioned ΔGcomp, E1,
and  E2 values allow us to compute free energies of
dimerization for both  Pd2

II,III and PdIII
2. In  Scheme 1,

we summarize the set of equilibria describing the Pd
system:  E1,  ΔGdim,het,  and  E2 are  as  defined  in
equations  1–3,  and  ΔGdim,hom and  ΔGcomp are  in
equations 4 and 6. Hess’s law provides

∆ Gdim ,het=∆ Gcomp+F (E2−E1)
(8

00)

∆ Gdim ,hom=∆G comp+2F (E2−E1)
(9

00)
(see the SI, section 8 for derivations). From ΔGcomp =
0.15 kcal mol–1 and  E2 –  E1 < –0.2 V, we compute
that  Pd2

II,III and PdIII
2 are stabilized relative to their

constituent  monomers  by  more  than  4.5  and  9.1

kcal/mol,  respectively.  Despite  homodimerization
being  more  thermodynamically  favored  relative  to
heterodimerization,  electrochemical  kinetic  data
establishes  that  heterodimerization  is  kinetically
dominant under voltammetric conditions leading to
an  ECE sequence,  in  which  the  C step  is  the
spontaneous  heterodimerization  reaction.  This
analysis  highlights  the  high  preference  for
dimerizing of Pd centers in this system that serves
to promote ECE oxidation and PdIII

2 formation.  

 
Scheme 1. Summary of the reactions between PdII,
PdIII

2, PdIII and Pd2
II,III. 

M–M and M–L bonding drive ECE formation of Pd III
2.

The  ECE sequence for the oxidation of PdII to PdIII
2

involves not only M–M bond formation, but also the
binding of two axial HxSO4

(x−2) ligands, both of which
contribute to the dimerization free energies for Pd II

+ PdIII and PdIII + PdIII. According to equations 8 and
9,  for  any given ΔGcomp,  both  ΔGdim,het and  ΔGdim,hom

become  more  favorable  with  a  larger  degree  of
potential  inversion,  |E2 − E1|.  Thus,  the  200  mV
potential inversion that we observed corresponds to
an  increased  favorability  of  dimerization  and
contains contribution from M–M and two axial  M–L
bonds. Since the sulfuric acid medium contains an
abundance  of  ligating  ions,  we  cannot  directly
measure the contribution of M–L bonding relative to
that of M–M bonding. However, it is noteworthy that
electrochemical  oxidation  of  ligand-bridged  PdII

2

precursors  in  non-coordinating  electrolyte  media
typically  proceeds via sequential  oxidation without
potential inversion,4,12,57,58 while the addition of two-
equivalents  of  Cl− transforms  two  sequential  1-e–

waves  in the CV to a single  2-e– wave,  indicating
potential  inversion and facile oxidation to PdIII

2.59,60

Likewise, PdII to PdIII
2 oxidation is facile with chemical

oxidants  (e.g.  PhICl2,  PhI(OAc)2)  which
simultaneously transfer holes and ligands to the Pd
centers.  These  observations  suggest  that,  in
addition  to  M–M  bonding,  axial  ligation  is  also  a
critical  factor  for  driving  potential  inversion,  Pd
dimerization, and facile oxidation.

The combined roles of  M–M and M–L bonding in
causing dimerization and potential inversion can be
rationalized using the qualitative Walsh diagram in 
that illustrates the change in the energies of Pd dz2

orbitals  with  decreased  M−M  and  M−L  (L:  axial
ligand)  distances.  Absent  significant  change  in
structure,  electrostatic  considerations  dictate  that
each successive redox event of a given compound is
more  difficult  than  the  previous,  i.e.,  redox
potentials  become  more  positive  for  sequential
oxidations. Thus, a potential inversion requires that
bonding-induced  changes  in  orbital  energetics
substantially  overcome  this  electrostatic  effect.
Ligand-bridged  PdII

2 complexes  in  the  literature,
whose  electrochemistry  does  not  exhibit  potential



inversion, display some M–M bonding character prior
to  oxidation.61 Thus  when  these  complexes  are
oxidized in non-coordinating media,  both electrons
are sourced from the M–M σ* orbital  (Scheme 2,
green) and E1 < E2. Only the slight contraction of the
M–M distance upon the first oxidation, which raises
the M–M σ*, contributes to attenuating the potential
separation  between  E1 and  E2.  In  contrast,  in  our
system, the first electron is  removed from the  dz2

orbital of monomeric square-planar PdII (Scheme 2,
red)  and  the  second  electron  is  sourced  from  a
putative  Pd2

II,III intermediate  that  is  coordinatively
saturated  (Scheme 2,  blue).  As  illustrated  in  the
scheme, the axial  ligands, L,  drive up the M–M σ*
orbital  and contribute to the inversion between  E1

and  E2.  Indeed, MOs of one of  the calculated PdIII
2

structures in Figure 4 show that the M–M σ* orbital
raised  in  energy  so  dramatically  that  it  is  found
above the M–M δ orbital (Figure S19). Since the M–
M δ orbital would be much higher than the dz2 orbital
of monomeric Pd, this final orbital arrangement is in
line  with  the  inversion  of  E1 and  E2.  In  sum,  the
combined  effect  of  axial  ligand  binding  and  M–M
bond formation that occurs as part of the C step in
the ECE mechanism drives up the energy of the dz2

orbital, leads to potential inversion, and enables the
PdIII dimer  formation.  This  analysis  highlights  the
important  role  of  the  sulfuric  acid  media  in
facilitating  rapid  ligand  binding  towards
electrochemical generation of a potent Pd III dimer for
methane C–H functionalization.

Scheme  2.  A  qualitative Walsh  diagram depicting
changes in orbital energies upon Pd–Pd and Pd–L (L:
axial ligand) bond formation.

Conclusions

Using a combination of spectroscopic techniques,
we  have  assembled  structural  models  of  the  key
high-valent  Pd2 intermediates  involved  in  rapid
electrochemical  methane  functionalization  and
quantified  the  thermodynamics  of  spontaneous
dimerization.  X-ray  absorption  and  Raman
spectroscopies  indicate  that  the  product  of
electrochemical PdII oxidation is a PdIII dimer with a
Pd–Pd bond and a fivefold O-atom coordination by
HxSO4

(x–2) at  each  Pd  center.  EPR  spectroscopy
establishes  the  presence  of  a  minor-equilibrium
mixed-valent  Pd2

II,III intermediate  in  the  ECE
mechanism  for  PdII oxidation.  The  measured

comproportionation  free  energies  and  redox
potentials for key species in the oxidation sequence
enabled quantification of negative free energies for
Pd  dimerization.  The  favorable  dimerization  free
energy and large potential inversion arise from the
combined  effect  of  M–M  and  axial  M–L  bonding
interactions that form during the C step of the ECE
oxidation  sequence.  Together,  these  studies
establish  the  core  structure  of  PdIII

2 as  well  as  a
structural  basis  for  its  unusual  ECE formation
mechanism,  thereby,  enabling  the  design  of  new
electrocatalytic  oxidation  sequences  mediated  by
high-valent Pd complexes.
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