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A non-innocent radical-anionic nitrosoarene
ligand regularizes a formal palladium(I) complex to
palladium(II)

Doaa R. Ramadan, a,b Manar Ahmed Fouad, a,b Francesco Ferretti, a

Artur Brotons Rufes,c Piero Macchi, d Lorenzo Sorace, e Martí Gimferrer, f

Chiara Costabile *c and Fabio Ragaini *a

Attempts to synthesize a phenanthroline palladium(0) complex with an η2-coordinated nitrosoarene start-

ing from a palladium(II) precursor and the corresponding aryl hydroxylamine afforded instead apparent

palladium(I) metallacyclic complexes that, on a closer inspection, were proven to be Pd(II) complexes with

a new kind of radical-anionic nitrosoarene ligand.

Introduction

Monomeric palladium complexes with η2-ArNO ligands have
been proposed to be intermediates in many reactions in which
the corresponding nitroarene is reduced and in some cases
carbonylated to yield N-heterocycles, isocyanates, carbamates,
or ureas.1–3 However, only a few of them have been isolated
and fully characterized and they all show the same general
formula Pd(CNArDipp2)2(η2-ArNO) (Dipp = 2,6-(i-Pr)2C6H3)

4,5 in
which the very hindered isonitrile ligand is not suitable for the
reported catalytic reactions. In the past years we made several
attempts to generate Pd(Phen)(PhNO) (Phen = 1,10-phenan-
throline), but we always obtained a polymeric material of
apparent composition Pd2(Phen)2(PhNO)3.

6 Since this product
may derive from a reaction of the initially formed Pd(Phen)
(PhNO) with excess nitrosobenzene, we more recently
attempted to generate the desired complex by the reaction of a
palladium(II) precursor, Pd(Phen)(NO3)2, with phenyl hydroxyl-
amine. However, the nitrate ligand became involved in the oxi-
dation of the hydroxylamine and a metallacycle with a κ2O,
O-ONN(Ar)O ligand was formed, where the obtained nitrosoar-
ene was coupled to a NO3

− derived NO.7 In order to avoid this

problem, we investigated the reaction of aryl hydroxylamines
with Pd(Phen)(OAc)2.

Results and discussion

The employed hydroxylamines were synthesized following an
adapted procedure reported in the literature.8 The reaction was
carried out in a water–ethanol mixture at room temperature
using sodium borohydride as the reducing agent to convert
nitroarenes into various nitrogen-containing compounds.
Highly active palladium nanoclusters (Pd NCs), generated
in situ by the reduction of Pd(OAc)2 by NaBH4, were employed
as the catalyst. By carefully controlling the water-to-ethanol
ratio (H2O : ethanol = 3 : 2), hydroxylamines could be selectively
obtained with yields of up to 90%.

When Pd(Phen)(OAc)2, dissolved in MeCN, was treated with
an equimolar amount of p-cyanophenyl hydroxylamine at r.t.,
the solution gradually turned from yellow to dark green. After
one hour, stirring was interrupted and diethyl ether was layered
on the MeCN solution, resulting in the formation of single crys-
tals of a new compound (2a) and of unreacted Pd(Phen)(OAc)2.
Repeating the reaction in the presence of Et3N did not change
its outcome, but the reaction could be pushed to completion by
employing a threefold excess of hydroxylamine.

Single crystal X-ray diffraction showed that 2a is a mono-
nuclear neutral complex containing a phenyl-o-nitrosophenyla-
mide ligand. The latter results from the N–C coupling of two
arylhydroxylamine moieties, one of which is coordinated as an
amido group and the other as an η1-ArNO moiety (Scheme 1a
and Fig. 1). η1-Nitrosoarenes are generally considered to coor-
dinate as neutral ligands.9 Assuming that the amido group
acts as an anionic ligand, this would imply that 2a is a very
rare case of a monomeric palladium(I) complex.10 The coordi-
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nation geometry around the metal ion is distorted square
planar, which is typical of Pd(II) complexes, but is also compa-
tible with a tetracoordinate Pd(I) complex.11,12 Since the
complex is neutral, an odd electron count results and it has to
be paramagnetic, either because palladium is in a +1 oxidation
state or because of the formation of a radical-anionic nitroso
ligand in conjunction with a +2 oxidation state of the
palladium.

Interestingly, only three complexes, related to each other,
have been reported in the literature containing a ligand analo-
gous to that present in 2a.13,14 A structural characterization is
available for only one of them, featuring no substituent on the
aryl rings. It is a dimeric Pd complex, [(κ2N,N-2-PhN-C6H4NO)
Pd]2(μ2-OAc)2,14 with two bridging acetate ligands, for which
the standard +2 oxidation state could be inferred, in agree-
ment with its diamagnetic nature.

The N–O distance in the dimeric palladium complex men-
tioned above is 1.24(1) Å, comparable with the corresponding
distance in the independently synthesized free ligand, 1.259(2)
Å,15 confirming its double bond character. The N–O bond

length in 2a is somewhat longer, 1.292(4) Å, still quite shorter
than that in the only structurally characterized palladium η2-
ArNO complexes, 1.334–1.354 Å depending on the substituents
on the aryl ring, and for which a Pd(II) with a di-anionic nitro-
soarene ligand electronic configuration has been proposed.4,5

However, it is almost coincident with that reported for trans-Pd
(CNArDipp2)2(η1-PhNO)2, 1.291(2) Å,16 for which a Pd(II) con-
figuration has been proven, with two radical-anionic nitroso-
benzene ligands and in which a N–O bond order of 1.5 could
be assigned.4,16 The radical chemistry of nitrosoarenes, either
metal-mediated or not, has important synthetic implications,17

but only a handful of complexes with a radical-anionic ArNO
ligand have been structurally characterized.4,5,18–20

To ascertain the true nature of 2a, a Pd(I) complex or a Pd(II)
complex with a radical-anionic nitroso ligand, and to gain more
insight into the electronic distribution, spectroscopic character-
ization and theoretical calculations were carried out.

The Continuous Wave Electron Paramagnetic Resonance
(cw-EPR) spectra at the X-band (v ≈ 9.4 GHz) collected both on
solution and polycrystalline powder samples of 2a at cryogenic
and room temperature unequivocally indicate that the spin
density of 2a is located on the organic moiety. Indeed, the solid
state spectrum (Fig. S5) is nicely reproduced21 by assuming a
spin S = 1/2 with gxy = 2.000(1) and gz = 2.019(2), which is con-
sistent with values expected for a nitroso radical.22 Interestingly,
while the solid-state spectrum shows clear evidence of a half
field transition (inset of Fig. S5), this is absent in the frozen
solution spectrum (Fig. 2, upper panel), indicating that inter-
molecular interactions are active in the solid state but not in the
solvent. Inspection of the crystal packing suggests that these
may arise following π-stacking interactions between pairs of
neighbouring molecules lying on parallel planes.

The frozen solution spectrum could be nicely reproduced21

by assuming completely rhombic g and a hyperfine coupling
tensor to 14N (I = 1) (Fig. 2, upper panel). Finally, the simu-
lation of the second derivative of the fluid solution spectrum
(Fig. 2, lower panel) provided the isotropic hyperfine coupling
parameters to the nitroso 14N (I = 1), a single 1H (I = 1/2) which
we attribute to the ortho proton (vide infra) and to 105Pd (I = 5/
2, n. ab. = 22%). The obtained values (see Table 1) for isotropic
and anisotropic hyperfine coupling, which are consistent with
expectations for a nitrosoarene anion radical,5,23,24 allowed us
to calculate a spin density on 14N of about 33% (see the SI for
details of the calculations), whereas the very small value of the
coupling to 105Pd confirms the coordination of the radical in
solution and indicates a very small spin density on the metal
ion.

Using the X-ray structure of 2a as a starting guess, DFT cal-
culations were performed to optimize the geometry at the
uM06-D3/def2-TZVPP//uBP86/def2-SVP level of theory (see the
SI for computational details and method validation).

The DFT calculations of the EPR parameters were run with
ORCA, according to the computational details reported in the SI.
The computed g-tensor exhibits only moderate anisotropy, with
principal values gx = 1.988, gy = 1.996, and gz = 2.015 (giso = 2.000)
remaining close to the free-electron values. Although computed g

Scheme 1 Reactions of Pd(Phen)(OAc)2 with aryl hydroxylamines.

Fig. 1 The geometry of 2a determined from single crystal X-ray diffrac-
tion. The most relevant bond distances (in Å) are reported (with esti-
mated standard deviations in parentheses). Calculated distances are
reported in red.
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values are slightly underestimated with respect to the experi-
mental ones, the deviation remains within the typical accuracy of
DFT for g tensors and reproduces the overall anisotropy and
ordering of the tensor components. The DFT calculated para-
meters for the hyperfine coupling to Pd, N (of the nitroso group,
namely N6 of Fig. 4) and H ortho to the nitroso group (namely
H15 of Fig. 4) are in good agreement with experimental ones.

Molecular orbital (MO) analysis reveals that the unpaired
electron corresponding to the highest occupied MO (HOMO) is
mostly located on the nitroso-containing metallacycle ligand,

with a very small contribution from the metal centre (Fig. S8).
Moreover, the three lower energy molecular orbitals result
from the overlap between the d-type Pd orbitals and the σ- and
π-system of the phenyl-o-nitrosophenylamide ligand (Table S3).
The spin density distribution (see Fig. 3) indicates that most of
the excess spin is located on the nitroso ligand and especially
on the N–O group itself with only minor spin density around
the metal. This suggests a nitroso-centered radical, consistent
with a formal Pd(II) center, although a strict assignment of
these orbitals to either the metal or ligand is complicated by
their delocalized character.

A plausible solution is the use of computational tools
specifically devised to assign formal oxidation states or quan-
tify the local spin of each atom/fragment in the molecule, such
as the Effective Oxidation State (EOS) and Local Spin Analysis
(LSA), which proved their usefulness in the characterization of
challenging organometallic compounds.25–27 These methods,
implemented in the APOST-3D software,28 require defining the
atom in a molecule (AIM) and manually selecting which atoms
constitute a given fragment. In this work, we used the
Topological Fuzzy Voronoi Cells (TFVC) AIM definition29,30

and selected the three chemically intuitive fragments shown in
Fig. 4. The TFVC charges of each fragment are shown in
Table S4. The palladium centre presents an atomic charge very
close to +1 (1.107), being the negative counterpart mostly
located in fragment 3 (−1.208), whereas fragment 2 was found
to be almost perfectly neutral (0.097). This describes a co-
ordinated complex with a cationic metal centre and an anionic
ligand, as expected. Moreover, N6 has a charge of −0.473,
which fits with a σ-donation to an electron-deficient metal
centre that struggles to back-donate, as a Pd(II) (Table S5). The
vicinal N4 has a considerably greater negative charge of ∼−1.3,

Fig. 2 Experimental (red lines) X-band EPR spectra of 2a dissolved in
CH2Cl2 : toluene, 1 : 1 (ca. 1 mM), and best simulations obtained using
parameters reported in Table 1 (black line). Upper panel: spectrum
measured at 20 K. ν = 9.356 GHz, power = 2.696 μW, and modulation
amplitude: 0.15 mT. Lower panel: spectrum measured at room tempera-
ture and reported as a second derivative of the absorption ν = 9.376
GHz, power: 6.779 mW, and modulation amplitude: 0.01 mT.

Table 1 Best simulation spin Hamiltonian parameters for the EPR
spectra of 2a under different conditions, and DFT calculated parameters
(detailed DFT values in Table S12)

Powder
Frozen
solution

Fluid
solution DFT

gx 2.002 2.000 1.988
gy 2.002 2.007 1.996
gz 2.019 2.019 2.015
giso — — 2.0088 2.000
|Ax(

14N)|/MHz — 62.2 63.2
|Ay(

14N)|/MHz — 6.80 9.4
|Az(

14N)|/MHz — 11.5 7.3
|Aiso (

14N)|/MHz — — 26.7 26.6
|Aiso (

1H)|/MHz — 8.75 13.9
|Aiso (

105Pd)|/MHz — 1.3 3.7

Fig. 3 The 3D spin density distribution (ρσ(r) = ρα(r) − ρβ(r)). The isosur-
face value is ±0.01 e Bohr−3 (transparent blue is positive and transparent
red is negative). Note that most of the spin density is resident on frag-
ment 3 and especially on the N–O group. Only a very small contribution
is visible in the vicinity of the Pd atom.
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which is expected for an amide nitrogen. A similar situation
occurs in fragment 2, where the two nitrogen atoms have even
more negative charges of ∼−1.4. These large negative values
do not indicate an actual anionic character; rather, a conse-
quence of a real-space partition of an electronegative atom in a
highly delocalized system as a phenanthroline. Conversely, for
the nitroso nitrogen, the charge decreases due to the delocali-
zation within the N6 and O2 bond. So far, it has been possible
to describe the overall electron density distribution among
fragments, but no indication of unpaired electron density dis-
tribution can be found yet.

To clarify or ensure the formal electronic picture of the
system, we used a tool especially designed for that purpose:
the effective oxidation state (EOS). This method treats the elec-
trons in the same orbital with opposite spin (α and β) indepen-
dently, making it possible to assign them separately to each
atom of a molecule. The EOS analysis is based on effective
fragment orbitals (EFOs) and their occupation numbers, calcu-
lated for all fragments defined in the system. This is another
methodology designed to account for oxidation states by treat-
ing the electrons individually. These are assigned to those
spin-resolved EFOs, which have been previously ordered by
their occupations. This procedure yields an effective electronic
configuration for each atom or ligand in the molecule, which
directly determines its oxidation state. A reliability index (R%)
is used to assess how close the real electronic structure of the
complex is to the formal one (based on the ionic assignment of
electrons), calculating the difference between the occupation
number of the last occupied (LO) and the first unoccupied
(FU) EFOs. When this gap is very small, the localization of the
electron in a single orbital is dubious. The most problematic
scenario arises when two or more frontier EFOs located on
different fragments share the same occupation number. In
such cases, EOS analysis produces two equally plausible oxi-
dation state distributions, with R = 50%.

The first relevant possible observation concerns the
number of α and β occupied EFOs reported in the output,

where fragment 3 shows an odd number of orbitals, which
contrasts with the even number of elements for fragments 1
and 2 (see Tables S6 and S7). This already suggests that the
unpaired electron does not belong to fragment 1 (i.e. Pd).
When looking at its valence d-orbitals, we see four α and β
pairs with high occupations (Fig. S10). Then, with a much
lower value, one finds the empty 4d|x2−y2|, which is typical of a
Pd(II) electronic configuration and a square planar coordi-
nation. The 5s orbital displays an even lower occupation
(0.128–0.129).

In all three fragments, there are several orbitals with very
low occupations, low enough not to compete in the electronic
assignation (formally virtual orbitals, with occupations pre-
sented in Tables S6–S8). Overall, the R(%) value is 68.95, which
is somewhat low but larger than the threshold for the electron
being considered clear-cut (>60%).31

It is important to note that the occupation ordering of the
EFOs is not in a 1 : 1 correspondence with the canonical orbi-
tals, which are variationally ordered with respect to the energy.
So, the last occupied EFO (LO), presented in Fig. 5 left, does
not correspond to the unpaired electron, having also a comp-
lementary β EFO with a matching isosurface (occupation in
parentheses). To find the unpaired electron, we have to search
for an orbital without a complement within the occupied
EFOs. This is a consequence of the EFOs being ordered by
decreasing occupation. The α EFO of significant occupation
that lacks an occupied complement is displayed in Fig. 5 right.
Note how the shape of the orbital is similar to the last occu-
pied canonical MO shown in Fig. S9, but much more localized
in the nitroso group and binding nitrogen.

Overall, the EOS analysis assigns a formal oxidation state of
−2 to the nitrosamido ligand (fragment 3), and +2 to the palla-
dium centre (fragment 1), with the unpaired electron (radical)
being located on the nitroso ligand. This is in agreement with
the experimental EPR findings.

Further characterization of the unpaired electron in 2a can
be realized by means of the local spin analysis and the
number of the effectively unpaired electrons.32 The results are
presented in Table S9, pinpointing that the unpaired electron
is mostly on fragment 3 (91.4%), with only a 4% located at the
Pd centre. These values harshly contradict a Pd(I) situation
and are consistent with EPR results. Evaluating the contri-

Fig. 4 Fragment definition for chemical bonding calculations.

Fig. 5 Relevant effective fragment orbitals (EFOs) of the nitrosamido
ligand (fragment 3): last occupied EFO (left) and unpaired EFO (right).
The latter corresponds to the unpaired electron of the system.
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bution per atom, one can see that more than half of the
unpaired density comes from the nitroso functional group
with 29.4% on N and 27.9% on O, respectively (Table S10).
Note that the calculated 29.4% unpaired density on nitrogen is
in excellent agreement with the ca. 33% value obtained by the
simulation of the fluid solution EPR spectrum (vide supra).
Furthermore, the impact of the cyanide substituents was evalu-
ated on the unsubstituted analogue. Although some of the
unpaired density moves towards the phenanthroline side,
most of it remains unchanged.

Finally, the 〈S2〉 value of the wavefunction at the current
level of theory is 0.781 (0.75 ideal value for a doublet). Its
decomposition by means of local spin analysis, with 〈S2〉A
being the A-th fragment contribution to the total 〈S2〉, allows
unveiling the location of the unpaired electron. In particular,
an ideal fragment with one unpaired electron (doublet) leads
to 〈S2〉A = 0.75, while a fragment with all electrons paired
(singlet) shows 〈S2〉A = 0.00. We present the results in
Table S11, observing (again) that the spin is located on the
nitroso ligand (〈S2〉3 = 0.733) which contradicts again a Pd(I)
situation. The off-diagonal terms (spin couplings) are quite
small, indicating that the electron is mostly confined within
the fragment.

Altogether, experimental evidence and quantum chemical
simulations indicate that the system is best described as a Pd
(II) complex featuring a ligand-centered radical delocalized
over the nitroso metallacycle, rather than a true Pd(I) species.

Complex 2a is not a unique compound. The same reaction
(threefold excess of hydroxylamine) was also performed with
differently substituted substrates. In the cases of
2-PhC6H4NHOH (1e) and 2-MeC6H4NHOH (1f ), the product
precipitated out of the reaction mixture, as observed also for
2a, and an analogous structure can be proposed based on the
detection of the molecular mass peaks of 2e and 2f in their
ESI spectrum. When no substituent or fluoro or chloro substi-
tuents were present at the para position, only apparently
incomplete reactions occurred, without any precipitate for-
mation. However, when 2,6-Me2C6H3NHOH (1b) was
employed, where both ortho positions were blocked and the
coupling observed in 2a could not occur, no reaction was
observed (Scheme 1b). Full characterization is in progress for a
series of metallacycles of type 2 together with an investigation
of the mechanism by which they are formed.

Conclusions

In conclusion, we have prepared and characterized a complex
that looked at first sight as a very rare example of a monomeric
palladium(I) complex, but which turned out to be an equally
rare case of a crystallographically characterized complex of a
radical anionic nitrosoarene ligand. An extensive theoretical
study has allowed us to describe in detail its electronic struc-
ture. The obtained complex is not a unique compound, and
other complexes of the same class have also been obtained
and preliminarily identified.

Experimental
Materials and methods

The solvents employed in this work were dried and degassed
using standard procedures. Both acetonitrile and triethylamine
were distilled from calcium hydride and stored under a dinitro-
gen atmosphere prior to use. Diethyl ether was distilled from
sodium/benzophenone and stored under dinitrogen. 1,10-
Phenanthroline (Phen), purchased as the hydrate, was dried by
dissolution in CH2Cl2 followed by treatment with Na2SO4, fil-
tration under nitrogen, and evaporation of the solvent under
reduced pressure. The dried Phen was then stored under dinitro-
gen. Phenanthroline can be weighed in the air but must be
stored under an inert atmosphere to avoid water uptake. Pd
(Phen)(OAc)2 was prepared as previously reported.33 All glassware
and magnetic stirring bars were dried in an oven at 120 °C for at
least 2 h and allowed to cool under vacuum prior to use. All reac-
tions were carried out under a dinitrogen atmosphere.

General method for preparation of N-aryl hydroxylamines

The employed hydroxylamines were synthesized following an
adapted procedure reported in the literature.8 In a 50 mL flask,
nitroarene (2.0 mmol) and NaBH4 (151 mg, 4.0 mmol) were
dissolved in a mixture of H2O/EtOH (8 mL/12 mL) and then
0.2 mL of 10 mM Pd(OAc)2 solution (prepared by dissolving
9 mg of Pd(OAc)2 in 4 mL CH2Cl2) was added. The mixture was
stirred at room temperature until full consumption of the
nitroarene as monitored by TLC (20–60 minutes). The reaction
mixture was then directly extracted with CH2Cl2 or EtOAc. The
combined organic layers were dried using anhydrous Na2SO4,
filtered and concentrated, and then recrystallized with CH2Cl2/
n-hexane to afford the corresponding hydroxylamine. Spectral
data are in agreement with those reported in the literature.8,34

4-(Hydroxylamino)benzonitrile (1a)

1a was prepared according to general synthesis from 4-nitro-
benzonitrile (296 mg, 2.0 mmol). The product was obtained as
a white solid (212 mg, 79% yield). 1H NMR (400 MHz, CDCl3) δ
7.54 (d, J = 8.8 Hz, 2H, 2Ar–H), 7.01 (d, J = 8.8 Hz, 3H, 2Ar–H +
NH), 5.44 (s, 1H, OH). 13C NMR (101 MHz, CDCl3) δ 153.74,
133.50, 119.14, 113.77, 104.31. Spectral data are in agreement
with those reported in the literature.8

N-(2,6-Dimethylphenyl)hydroxylamine (1b)

1b was prepared according to general synthesis from 1,3-
dimethyl-2-nitrobenzene (302 mg, 2.0 mmol). The product was
obtained as a white solid (206 mg, 75% yield). 1H NMR
(400 MHz, DMSO) δ 7.08–6.95 (m, 3H, 3Ar–H), 6.86 (brs, 1H,
NH), 5.12 (s, 1H, OH), 2.40 (s, 6H, 2CH3).

13C NMR (101 MHz,
CDCl3) δ 144.33, 132.11, 128.95, 126.02, 18.00. Spectral data
are in agreement with those reported in the literature.34

General procedure for the synthesis of Pd/N-arylhydroxylamine
complexes

In an oven-dried Schlenk tube, Pd(Phen)(OAc)2 (0.10 mmol)
was dissolved in distilled acetonitrile (2.5 mL) and stirred until

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2026 Dalton Trans., 2026, 55, 9597–9604 | 9601



complete dissolution (gentle warming was sometimes required
to ensure full solubility). In a separate oven-dried Schlenk
tube, the N-arylhydroxylamine derivative (0.30 mmol) was dis-
solved in acetonitrile (2.5 mL) and then added dropwise to the
Pd(II) solution. An immediate colour change from yellow to
green was observed upon addition of the N-arylhydroxylamine
solution.

In the experiment where triethylamine was used to neutral-
ize the acetic acid formed during the reaction,
p-NCC6H4NHOH (0.10 mmol) was employed. Et3N
(0.10 mmol) was added to the reaction mixture immediately
after the addition of the N-arylhydroxylamine derivative. In a
separate trial, the order of addition was reversed, and the Pd(II)
solution was added dropwise to the N-arylhydroxylamine solu-
tion; however, no difference in the outcome of the reaction
was observed.

Although precipitation of the complex began approximately
2 h after the start of the reaction, the reaction mixture was
allowed to stir for 48 h to ensure complete complex formation
and to avoid the presence of residual unreacted Pd(II) in the
final product. The resulting complex was collected by filtration
and dried under reduced pressure.

2a: The isolated solid contains one cocrystallised molecule
of water. 153.3 mg, 57.0% yield. Anal. calcd for C26H17N6O2Pd
(2a·H2O): C, 56.59; H, 3.11; N, 15.23. Found: C, 56.49; H, 3.00;
N, 14.95. Additional material was obtained by adding diethyl
ether to the reaction solution after filtration, but it was not
pure.

Crystallization of 2a

The complex was prepared according to the general procedure
described above. Owing to its poor solubility in most common
solvents, we investigated its recrystallization from acetonitrile,
in which it shows slightly better solubility. In a narrow
Schlenk tube, 15 mg of the complex was dissolved in aceto-
nitrile (4 mL); gentle warming was required to ensure complete
dissolution. After cooling to room temperature, the solution
was further cooled to −30 °C. Once −30 °C was reached,
diethyl ether (16 mL) was carefully layered along the wall of
the Schlenk tube to avoid immediate mixing with the Pd–
complex solution. The layered system was then allowed to
slowly warm to room temperature and left undisturbed until
complete diffusion of the diethyl ether had occurred. The sol-
vents were subsequently removed carefully to afford green crys-
tals of the complex, which were suitable for single-crystal X-ray
diffraction analysis.

An initial attempt to isolate the crystals involved careful
layering of diethyl ether directly onto the crude reaction
mixture. Under these conditions, both green crystals of the
desired complex and yellow crystals of Pd(Phen)(OAc)2 were
obtained.

Single crystal X-ray diffraction

A suitable 0.26 × 0.05 × 0.02 mm3 crystal of 2a was selected
under a microscope, immersed in protective perfluoro–ether
oil, and mounted on a goniometer head on a Rigaku XtaLAB

Synergy, Dualflex diffractometer, equipped with an Oxford
Cryosystem 800+ cryostat and a Hpyx-6000 hybrid pixel detec-
tor. X-ray diffraction was performed using microsource Cu-Kα
radiation at T = 173 K. The structure was solved with the
ShelXT35 program using the intrinsic phasing solution method
and by using Olex236 as the graphical interface. The model was
refined with the version of olex2.refine 1.5 37 using Gauss–
Newton minimisation. All non-hydrogen atoms were refined
anisotropically. Hydrogen atom positions were calculated geo-
metrically and refined using the riding model.

The structure contains large voids, likely occupied by the
crystallization solvent, which is however not ordered and there-
fore invisible from the diffraction experiment. The asymmetric
unit void has a volume of 107 Å3 associated with ca. 23 elec-
trons from the calculated Fourier difference map. This would
correspond approximately to one molecule of CH3CN in each
asymmetric unit that contains a molecule of 2a, giving there-
fore the final formula of C26H15N6OPd·C2H3N. For the final
model refinement, the solvent mask option in Olex2 was
applied, thus removing the contribution of the solvent from
the structure factors. The presence of anions in the voids (that
would imply a cationic complex) can be safely excluded
because, if present, they would be more strongly bound to the
complex. Moreover, the observed magnetism of 2a clearly
implies a neutral complex.

EPR spectroscopy

Powder EPR spectra of different samples of 2a were measured
on a Bruker E500 spectrometer using a SHQ cavity. The solu-
tion was bubbled with N2 prior to measurement to reduce the
broadening induced by dissolved O2 and increase resolution.
Low temperature was achieved by using a 4He continuous flow
ESR900 cryostat (Oxford Instrument). The EPR spectra of
microcrystalline powder samples and frozen solution were
simulated by using the pepper function of EasySpin,21 while
for fluid solution simulation garlic was used. The simulation
of the immobilized samples assumed an anisotropic S = 1/2
spin Hamiltonian either including (frozen solution) or not
(microcrystalline powder) the hyperfine coupling to nitrogen:
Ĥaniso ¼ βŜ � g �~Bþ Ŝ � A � Î, where β is the Bohr magneton.
Solution spectra were simulated assuming an isotropic spin
Hamiltonian including hyperfine coupling to one 14N, one 1H,
and 105Pd (the latter for a fraction of 22%, according to its
natural abundance):

Ĥiso ¼ βgisoŜ �~BþN AisoŜ �N Î þH AisoŜ �H Î þPd AisoŜ �Pd Î
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Figure S1. 1H NMR of 1a (400 MHz, CDCl3). 

 

 
Figure S2. 13C NMR of 1a (101 MHz, CDCl3). 

Supplementary Information (SI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2026



S2 
 
 

 

 
Figure S3. 1H NMR of 1b(400 MHz, CDCl3). 

 

 
Figure S4. 13C NMR of 1b (101 MHz, CDCl3).  
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Table S1 Crystallographic details for 2a and results of the single crystal X-ray diffraction data collection and 

structural modelling. 

Chemical Formula  C26H15N6OPd  
Dcalc./ g cm-3  1.472  

/mm-1  6.443  

Formula Weight  533.864  
Colour  metallic dark green  
Shape  prism  
Size/mm3  0.26×0.05×0.02  
T/K  173.15  
Crystal System  trigonal  
Space Group  R-3  
a/Å  39.7582(8)  
b/Å  39.7582(8)  
c/Å  7.91706(17)  

/°  90.0  

/°  90.0  

/°  120.0  

V/Å3  10838.0(4)  
Z  18  
Z'  1  
Wavelength/Å  1.54184  
Radiation type  Cu K  

min/°  3.85  

max/°  76.74  

Measured Refl.  22785  
Independent Refl.  4720  

Reflections with I≥(I)  3890  

Rint  0.0536  
Parameters  307  
Restraints  0  

Largest Peak (𝑒Å−3) 0.4533  

Deepest Hole (𝑒Å−3) -0.8071  

GooF  0.8174  
wR2 (all data)  0.1090  
wR2  0.1011  
R1 (all data)  0.0437  
R1  0.0343  
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EPR spectroscopy 

 

 

Figure S5 X-band EPR spectrum of a polycrystalline powder sample of 2a measured at 20 K (red line) and 

corresponding best simulation (black line). = 9.3845 GHz. The inset shows the detail of the half field 

transition (ΔMs=±2), indicating the presence of intermolecular exchange interactions.  

 

The parameters obtained by simulation of EPR frozen and fluid solution spectra (Table 1, main text) allowed 

us to decompose the hyperfine coupling tensor to the nitrogen in the  traceless dipolar part and in the contact 

isotropic part, which are related to the spin density in s-type and p-type orbitals, respectively.1 In this 

framework, the spin density on the s orbitals of the nitrogen is given by the ratio of the isotropic hyperfine 

coupling with the one calculated assuming the spin density residing completely in the 2s orbital of the atomic 

nitrogen:2 

𝜌𝑠 =
𝐴𝑖𝑠𝑜(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)

𝐴2𝑠(𝑎𝑡𝑜𝑚)
=

26.7 𝑀𝐻𝑧

1811 𝑀𝐻𝑧
= 0.014 

In much the same way we can estimate the spin density residing in the Nitrogen 2p orbitals, calculating the 

dipolar part of the hyperfine coupling as: 𝑨
𝒅𝒊𝒑

=  [𝐴𝑥 −
𝑇

3
; 𝐴𝑦 −

𝑇

3
; 𝐴𝑧 −

𝑇

3
 ] = [35.4; −20.0; −15.3 ] 𝑀𝐻𝑧  

Where T/3=26.8 MHz is the trace of the hyperfine tensor providing the best simulation to frozen solution 

spectrum of 2a, in very good agreement with the Aiso value obtained by simulation of the fluid solution 

spectrum. By using the tabulated parameters for atomic nitrogen,2 the spin density in the p orbital is then 

calculated as: 

𝜌𝑝 =
𝐴𝑖𝑠𝑜(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)

𝐴2𝑝(𝑎𝑡𝑜𝑚)
=

35.4 𝑀𝐻𝑧

111 𝑀𝐻𝑧
= 0.319 

 

The analysis of the EPR spectrum then points to a spin density on the nitrogen of ca. 33.3%, in good 

agreement with results from calculations.  
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UV-VIS spectra 

 

 

Figure S6 UV-VIS spectrum of 2a (0.020 M) in DMF. 

 

 

Figure S7 UV-VIS spectrum of 2a (0.20 M) in DMF.  
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Computational details 

Gaussian16 software3 was used to perform geometry optimizations of the XRD species, using the uBP86 

functional of Becke and Perdew4-6 and the def2-SVP basis set,7, 8 without dispersion. The stationary point was 

validated through analytical frequency calculations, which also provided zero-point energy (ZPE) and 

thermochemical corrections. Single-point energy refinement followed, using the uM06-D3 functional,9, 10 with 

the def2-TZVPP basis set. Solvent effects of toluene were modeled using the polarization continuum model 

(PCM).11  

Assignation of the metal and ligands effective oxidation states (EOS), together with the local spin analysis 

(LSA), was performed with the APOST-3D software using the Gaussian16 obtained wavefunctions. To 

evaluate the chemical bonding indicators, it is necessary to define the atom in the molecule (AIM). In this 

work, we used the well-established real-space Topological Fuzzy Voronoid Cells, selecting in all cases the 

fragments shown in Figure 4 of the main manuscript. This scheme allows a weighted partition of the space 

corresponding to each atom, offering results very similar to QTAIM with a reduced computational cost. All 

numerical integrations were performed using the default set-up defined within APOST-3D. 
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Computational VS XRD 

To validate the DFT method the root mean square deviation (RMSD) was calculated giving RMSD= 0.261 

(see Table S2). An RMSD of ~0.2–0.3 Å is generally considered very small—i.e., the optimized geometry 

matches the experimental XRD structure extremely well, within typical experimental and computational 

uncertainties. 

 

Table S2. Root mean square deviations for XRD structure and computational optimized of specie 2a. 

Atom RMSD, Å Atom RMSD, Å 
Pd1 0.109 C28 0.089 
O2 0.227 H29 0.197 
N3 0.194 C30 0.262 
N4 0.052 C31 0.218 
N5 0.064 H32 0.333 
N6 0.156 C33 0.142 
N7 0.212 C34 0.101 
C8 0.042 H35 0.233 
C9 0.059 C36 0.254 

C10 0.117 H37 0.435 
C11 0.087 C38 0.302 
C12 0.065 H39 0.389 
H13 0.228 C40 0.160 
C14 0.159 H41 0.331 
H15 0.279 C42 0.151 
C16 0.114 H43 0.262 
H17 0.297 C44 0.273 
C18 0.059 H45 0.393 
C19 0.173 C46 0.272 
C20 0.120 H47 0.445 
C21 0.096 C48 0.552 
H22 0.133 N49 0.851 

C23 0.247 All H atoms 0.306 

H24 0.231 All C atoms 0.200 

C25 0.062 All N atoms 0.374 

H26 0.197 All O atoms 0.227 

C27 0.199 All Pd atoms 0.109 
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Molecular orbital diagram from optimized structure. 

The optimized electronic structure shows an unpaired electron in the highest energy molecular orbital (120a 

of Figure S8), mostly extending over the nitroso metallacycle part, albeit, with some density included in the 

metal center. As expected, also the three previous molecular orbitals display some kind of d-orbital 

composition and expand in the opposite direction to the phenanthroline (Table S3). However, as it is normal 

for orbitals derived from energetic DFT optimization, by means of the plot it is difficult to clearly identify 

which atomic orbital of the metal are contributing, at to which extent.  

 

 

Figure S8. Orbital diagram of the optimized structure of the palladacycle and the corresponding molecular 

orbital of the unpaired electron (120a). Molecular orbitals from 120a to 116a/b are depicted in Table S3. 
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Table S3. Molecular orbitals from 120a to 116a/b of the orbital diagram reported in Figure S9. 

 
119a 

 
  

119b 

 

 
 

118a 
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Atomic Charges  

 Oxidation states are often written as if they were literal charges, which encourages the mistaken idea 

that partial atomic charges are simply their non-integer equivalents. In reality, partial charges are averaged 

quantities that depend strongly on the computational method and partitioning scheme, so they cannot be 

interpreted as “fractional oxidation states.” Spin populations suffer from similar limitations: they report 

average spin density, and in closed-shell singlet systems they provide no meaningful guidance at all.  

Having stated that, atomic charges coming from a robust real-space partition of the electronic density can 

provide valuable insight into bonding, reactivity, and the underlying electronic structure of a molecule. These, 

although they do not reflect the oxidation state of the metal center, are valuable descriptors, nevertheless.  

 

Table S4  Atomic charges on the fragments of the metallacycle. 

Fragments 3D-space (TFVC) 

1 1.107 

2 0.097 

3 -1.208 

Total -0.004 

 

 

Table S5. Atomic charges in the Topology Fuzzy Voronoi Cells (TFCV) framework on the metallacycle. 

Atom TFVC chgs. Atom TFVC chgs. 

1 Pd 1.107 26 H 0.105 

2 O -0.647 27 C 0.042 

3 N -1.386 28 C 0.074 

4 N -1.333 29 H -0.05 

5 N -1.421 30 C 0.15 

6 N -0.473 31 C 0.062 

7 N -1.235 32 H -0.031 

8 C 0.516 33 C 0.042 

9 C 0.466 34 C 0.055 

10 C 0.522 35 H -0.034 

11 C 0.534 36 C 0.096 

12 C 0.084 37 H -0.009 

13 H -0.06 38 C 0.01 

14 C 0.068 39 H -0.01 
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15 H -0.023 40 C 0.073 

16 C 0.065 41 H -0.029 

17 H -0.049 42 C 0.076 

18 C 0.132 43 H -0.03 

19 C 0.525 44 C 0.058 

20 C 0.868 45 H -0.005 

21 C 0.056 46 C 0.058 

22 H -0.044 47 H -0.011 

23 C 0.653 48 C 0.878 

24 H 0.001 49 N -1.22 

25 C 0.636    

 

Effective oxidation state EOS 

Table S6. EFO net occupations for fragment 2, both  and  orbitals.  

Net occupation for fragment   1 ():  

0.995 0.995 0.985 0.981 0.931 0.901 0.860 0.857 

0.414 0.129 0.049 0.046 0.014 0.004 0.003 0.002 

0.002 0.002 0.001 0.001 
    

Net occupation for fragment   1 ():  

0.995 0.995 0.985 0.981 0.931 0.904 0.868 0.857 

0.387 0.128 0.049 0.046 0.029 0.004 0.003 0.002 

0.002 0.002 0.001 0.001 
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Table S7. EFO net occupations for fragment 2, both  and  orbitals.  

Net occupation for fragment   2 ():  

1.001 1.001 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 0.999 0.999 0.998 0.998 0.997 

0.996 0.992 0.986 0.981 0.976 0.854 0.797 0.089 

0.039 0.025 0.022 0.015 0.015 0.008 0.007 0.006 

0.004 0.003 0.003 0.001     

Net occupation for fragment   2 (): 

1.001 1.001 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 0.999 0.999 0.998 0.998 0.997 

0.996 0.992 0.985 0.981 0.976 0.855 0.804 0.047 

0.038 0.025 0.023 0.015 0.015 0.007 0.006 0.004 

0.003 0.003 0.002 0.001     
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Table S8. EFO net occupations for fragment 3, both  and  orbitals.  

Net occupation for fragment   3 ():  

1.001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 0.999 0.999 0.998 0.997 0.997 0.996 0.994 

0.993 0.992 0.990 0.987 0.975 0.959 0.921 0.827 

0.641 (LO)  0.042 0.025 0.020 0.017 0.011 0.011 0.005 

0.004 0.003 0.001 0.001     

Net occupation for fragment   3 (): 

1.001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.000 0.999 0.999 0.998 0.997 0.997 0.996 0.994 

0.993 0.990 0.989 0.976 0.973 0.955 0.825 0.604 (LO) 

0.051 0.041 0.022 0.017 0.011 0.011 0.005 0.004 

0.003 0.001 0.001      
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Figure S9. EFO valence d orbitals of the metal center. Orbital occupation of  (bold) and  (in parenthesis) 

electrons is reported. 
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Local Spin Analysis (LSA) 

 

Table S9. Effective number of unpaired electrons, and its percentage. 

Fragment no. eff. unpaired elec.  Percent. (%) 

1 0.043 4.05% 

2 0.048 4.52% 

3 0.971 91.43% 

Total 1.062 100% 

 

Table S10. Major percentages of the effectively unpaired electron on the original system and on the cyanide-

free analog.  

  para-CN % para-H % 

N 6 0.312 29.4% 0.314 29.7% 

O 2 0.296 27.9% 0.274 25.9% 

C 18 0.075 7.0% 0.071 6.8% 

C 14 0.073 6.9% 0.071 6.7% 

C 8 0.057 5.3% 0.056 5.3% 

Pd 1 0.043 4.1% 0.044 4.2% 

...  ... … ... ... 

Sum Pop 1.062 100% 1.058 100% 

 

 

Table S11. Decomposition of < S2 > over the three fragments and final total value.   

Fragments/Fragments 1 2 3 

1 0.032 -0.001 -0.009 

2 -0.001 0.035 0.000 

3 -0.009 0.000 0.733 

Total:        0.781 

 

Computational EPR Simulation 

The simulation of the EPR spectra was ran with ORCA, maintaining the same model as for the single-

point calculation. However, to properly account for the property calculations, relativistic effects were 

accounted by replacing all the basis-sets for ZORA-def2-TZVP, and the effective-core potential of 
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the metal centre by the SARC-ZORA-TZVP to also account for all electrons.  These changes follow 

ORCA’s EPR recommendations that, specifically for EPR hyperfine, geometry/energy basis sets are 

often not satisfactory, especially for heavier atoms, because core-region flexibility matters. Below 

the input used is copied, followed by the main EPR related output values (SARC-ZORA-TZVP for 

the metal centre, and ZORA-def2-TZVP for the other atoms): 

! UKS M06 EPR-III D4 ZORA DEFGRID3 TightSCF 
! CPCM(toluene) 
%pal 
   nprocs 1 
end 
%maxcore 5000 
%basis 
   NewGTO P  "ZORA-def2-TZVP" end 
   NewGTO C  "ZORA-def2-TZVP" end 
   NewGTO H  "ZORA-def2-TZVP" end 
   NewGTO N  "ZORA-def2-TZVP" end 
   NewGTO O  "ZORA-def2-TZVP" end 
   NewGTO Pd "SARC-ZORA-TZVP" end           
end  
 
%scf MaxIter 500 
        LShift 0.5 
        end 
 
%output 
        Print[P_Basis] 2 
        Print[P_MOs] 1 
end 
 
%plots 
dim1 120 
dim2 120 
dim3 120 
Format Gaussian_Cube 
SpinDens ("epr_pd1_sd.cube"); 
ElDens ("epr_pd1_ed.cube"); 
end 
 
* xyz 0 2 
Pd      -0.509042965     -0.798910138     -0.038224334 
O       -0.162051497     -3.700331674      0.020311569 
N       -1.580961043      1.003008691     -0.374034207 
N        1.440369898     -0.162739176      0.008468186 
N       -2.466087331     -1.468221873      0.146249367 
N        0.418666019     -2.582543517     -0.003520753 
N        7.180042864     -1.946996613     -0.134263035 
C        2.351522298     -1.185085496     -0.071964564 
C        1.844751203      1.174691148      0.142368895 
C        1.801758446     -2.515123456     -0.097931263 
C       -3.412993809     -0.470822679      0.067994629 
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C        3.765466196     -1.063707158     -0.059289729 
H        4.236737606     -0.074368550      0.013108371 
C        2.627665339     -3.667384595     -0.170665123 
H        2.144875566     -4.653874161     -0.195195998 
C        1.442006776      1.920546064      1.281648966 
H        0.848287238      1.411581016      2.056288908 
C        4.582438222     -2.214252016     -0.130489694 
C       -2.944732265      0.843190843     -0.232120668 
C        6.009426535     -2.064919181     -0.130942987 
C        2.619632291      1.828721429     -0.853304040 
H        2.924150683      1.267479198     -1.749815788 
C       -1.128400225      2.209961098     -0.765859711 
H       -0.043138203      2.303199393     -0.912882206 
C       -2.865988018     -2.724806359      0.407254828 
H       -2.047259954     -3.470334477      0.431436299 
C       -3.874916726      1.916590972     -0.402638192 
C        4.009464513     -3.522579427     -0.198489371 
H        4.667643528     -4.401116400     -0.259355519 
C        2.558495406      3.915152316      0.420236371 
C        2.974139031      3.175614870     -0.717165186 
H        3.566695130      3.673298522     -1.499775384 
C       -4.808366422     -0.724278683      0.246809455 
C        1.788824343      3.267282049      1.421105634 
H        1.473609786      3.831844576      2.311627017 
C       -4.222326850     -3.052579689      0.610147914 
H       -4.489417800     -4.098092547      0.823295493 
C       -1.977559785      3.314839542     -0.975209735 
H       -1.535506495      4.272065293     -1.287742691 
C       -5.724225610      0.381443898      0.112917005 
H       -6.799544737      0.191402213      0.257239484 
C       -5.277358670      1.645146825     -0.204109052 
H       -5.991874625      2.475481614     -0.319210129 
C       -3.356021417      3.181866020     -0.774557745 
H       -4.036378494      4.036227499     -0.915508100 
C       -5.201690218     -2.056703778      0.531515493 
H       -6.267007900     -2.293875459      0.679559136 
C        2.902428512      5.302557228      0.552373628 
N        3.173667106      6.441696930      0.657806633 
* 
 
%eprnmr 
        gtensor true printlevel 3 
        ori CenterOfElCharge 
        Nuclei = all N {aiso, adip} 
        Nuclei = all O {aiso, adip} 
        Nuclei = all Pd {aiso, adip} 
        Nuceli = all H {aiso, adip} 
 
end 
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The computed g-tensor exhibits only moderate anisotropy, with principal values g_x=1.9880, g_y=1.9963, and 

g_z=2.0148(g_"iso" =1.9997), remaining close to the free-electron value. This indicates limited spin–orbit 

coupling and, with agreement with the other analysis tools used, it argues against a predominantly metal-

centered unpaired electron (i.e. Pd(I)). In the same line, calculated hyperfine coupling constants reveal that the 

largest interactions are associated with the nitroso part of the ligand. In particular, the oxygen nucleus displays 

a highly anisotropic tensor with one large principal component (A_x=-137.4 MHz) and significantly smaller 

perpendicular components, characteristic of substantial spin density localized in a directional p-type orbital. 

The nitrogen atom also exhibits a pronounced hyperfine interaction (A_x=63.2 MHz). In contrast, the 

palladium centre displays relatively small hyperfine values (of the order of 5–11 MHz), indicating only limited 

spin delocalization onto the metal.  

Further analysis involved spin population analysis, which confirms the ligand-centered nature of the unpaired 

electron. The spin density is predominantly localized on the nitroso fragment, with significant contributions 

on both the oxygen (≈0.31) and the coordinated nitrogen atom (≈0.30), largely residing in p-type orbitals. In 

particular, the dominant contribution arises from pz orbitals on both atoms, indicating that the unpaired electron 

occupies a π* orbital delocalized over the N–O unit. In contrast, the palladium centre carries only a negligible 

spin population (≈0.02), arising mainly from minor spin polarization effects rather than true spin localization. 

Together with the near-isotropic g-values close to the free-electron value, these results unequivocally support 

a description of the complex as a Pd(II) center bound to a non-innocent nitroso ligand bearing the majority of 

the unpaired spin density. 

Table S12. Euler rotation of hyperfine tensor to g-tensor.   

 

 Ax Ay Az 

N3 -4.19 -4.53 -3.87 

N4 1.26 -2.22 -1.77 

N5 -1.13 -1.04 -1.47 

N6 63.17 9.37 7.33 

N7 8.96 1.05 0.53 

N49 0.00 0.09 0.02 

O2 -137.42 8.25 21.07 

Pd1 -5.79 5.90 11.03 

H13 -1.40 -0.10 1.86 

H15 -16.62 -15.60 -9.49 

H17 -1.13 0.90 -0.57 

H22 -0.59 -0.50 1.32 

H24 -1.84 -0.65 -1.34 

H26 -4.41 -4.89 7.63 

H29 4.85 4.36 9.72 

H32 -0.19 -0.09 0.50 

H35 -0.22 0.42 -0.20 

H37 -0.66 -0.60 1.04 

H39 -0.22 0.41 -0.13 

H41 -0.10 0.37 -0.05 

H43 -0.16 0.22 -0.08 

H45 -1.35 -0.37 -1.85 

H47 -1.24 -1.61 -0.13 
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Cartesian coordinates of complex 2a DFT optimized structure 

49 

 

Pd        -0.50904       -0.79891       -0.03822 

O         -0.16205       -3.70033        0.02031 

N         -1.58096        1.00301       -0.37403 

N          1.44037       -0.16274        0.00847 

N         -2.46609       -1.46822        0.14625 

N          0.41867       -2.58254       -0.00352 

N          7.18004       -1.94700       -0.13426 

C          2.35152       -1.18509       -0.07196 

C          1.84475        1.17469        0.14237 

C          1.80176       -2.51512       -0.09793 

C         -3.41299       -0.47082        0.06799 

C          3.76547       -1.06371       -0.05929 

H          4.23674       -0.07437        0.01311 

C          2.62767       -3.66738       -0.17067 

H          2.14488       -4.65387       -0.19520 

C          1.44201        1.92055        1.28165 

H          0.84829        1.41158        2.05629 

C          4.58244       -2.21425       -0.13049 

C         -2.94473        0.84319       -0.23212 

C          6.00943       -2.06492       -0.13094 

C          2.61963        1.82872       -0.85330 

H          2.92415        1.26748       -1.74982 

C         -1.12840        2.20996       -0.76586 

H         -0.04314        2.30320       -0.91288 

C         -2.86599       -2.72481        0.40725 

H         -2.04726       -3.47033        0.43144 

C         -3.87492        1.91659       -0.40264 

C          4.00946       -3.52258       -0.19849 

H          4.66764       -4.40112       -0.25936 

C          2.55850        3.91515        0.42024 

C          2.97414        3.17561       -0.71717 

H          3.56670        3.67330       -1.49978 

C         -4.80837       -0.72428        0.24681 

C          1.78882        3.26728        1.42111 

H          1.47361        3.83184        2.31163 

C         -4.22233       -3.05258        0.61015 

H         -4.48942       -4.09809        0.82330 

C         -1.97756        3.31484       -0.97521 

H         -1.53551        4.27207       -1.28774 

C         -5.72423        0.38144        0.11292 

H         -6.79954        0.19140        0.25724 

C         -5.27736        1.64515       -0.20411 

H         -5.99187        2.47548       -0.31921 

C         -3.35602        3.18187       -0.77456 

H         -4.03638        4.03623       -0.91551 

C         -5.20169       -2.05670        0.53152 

H         -6.26701       -2.29388        0.67956 

C          2.90243        5.30256        0.55237 

N          3.17367        6.44170        0.65781 
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