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A B S T R A C T

The reaction of the ligand 2,3-dicyano-5,6-di(2-pyridyl)-1,4-pyrazine, [(CN)2dpp], with Pd(OAc)2, in CH3CN
leads to the formation of three novel complexes which were characterized by thermogravimetric analysis, single
crystal and powder X-ray measurements, MALDI-TOF mass spectra, IR and UV–visible spectroscopy as well as
electrochemistry. As established by crystallographic work, the complex of formula [(CN)2dppPd(OAc)2]⋅H2O
(molar ratio ligand/Pd(II) 1:1; species 3) shows a single Pd(OAc)2 unit coordinated to each nitrogen of the two
pyridyl (py) groups of [(CN)2dpp]. i.e. the “py-py” mode of coordination previously established for the analogs
[(CN)2dppMCl2] (M = Pd(II) or Pt(II)). The second isolated species was a highly insoluble dinuclear Pd(II) com-
plex of formula [(CN)2dpp{Pd(OAc)2}2]⋅5H2O (molar ratio ligand/Pd(II) 1:2; species 1), where the two Pd(OAc)2
units were each coordinated to one pyrazine nitrogen and one N atom of the pyridyl group on [(CN)2dpp] (“py-
pyz” binding). Based on crystallographic work, the third isolated species is assigned the formula [(CN)(CONH)
dppPd(OAc)] (molar ratio ligand/Pd(II) 1:1; species 2), which was formed by hydrolysis of a CN substituent on
[(CN)2dpp] giving a –CONH- group and a product with an unprecedented “py-pyz” type of coordination. Electro-
chemical and spectroelectrochemical data of complexes 1, 2, and 3 in DMF and DMSO were used to assign the
sites of electron transfer.

1. Introduction

Over the last five decades several series of mononuclear metal com-
plexes have been isolated with the 2,3-di-(2-pyridyl)-pyrazine (dpp) lig-
and (Scheme 1A) where the metal ion has a “py-py” mode of coordina-
tion as shown in Scheme 1B or aScheme 1B or a “py-pyz” mode of coor-
dination as illustrated in Scheme 1C, examples of which are given for a
series of Pd(II) and Pt(II) complexes in Table 1 of reference [1].

[(CN)2dpp] (Scheme 1D), known to be the starting material for
synthesis of the related and extensively studied tetrapyrazinopor-
phyrazine macrocycles [2–5], is a multiple N-donor ligand which is
able to easily form mononuclear complexes with metal ions coordi-
nated either in a “py-py” or in a “py-pyz” fashion. From our earlier
studies involving the products formed in reaction between [(CN)2dpp]
and PdCl2 or PtCl2, it was unequivocally established by single crystal
X-ray analysis that metal-to-ligand coordination was of the “py-py”

fashion (Fig. 1) for both of the isolated isostructural complexes
[{(CN)2dpp}MCl2] (M = Pd(II) [6], Pt(II) [7]).

In a previous study directed towards isolation of these types of com-
pounds with “py-pyz” coordination, we considered that the
[(CN)2CH3dpp]+1 cation (Scheme 1E), obtained from N-alkylation of
[(CN)2dpp] to its iodide salt and having one quaternized pyridine N
atom, might be a suitable ligand able to promote formation of Pd(II)
and Pt(II) mononuclear complexes with a ‘‘py-pyz” mode of coordina-
tion [8]. Unexpectedly, however, a reaction of the iodide salt-like
species [(CN)2CH3dpp](I) with [(C6H5CN)2MCl2] (M = Pd(II), Pt(II)) or
PdCl2 led in all cases to formation of isostructural zwitterionic com-
plexes having the formula [{(CN)2CH3dpp}MCl3]∙CH3CN as confirmed
by crystallographic data [9] (see Fig. 2 for structure of the Pd(II) com-
plex), in which the residual pyridine N atom in the cation coordinated
the metal center forming the anion NpyMCl3-, thus neutralizing the posi-
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Scheme 1. Schematic representation of (A) the dpp ligand, (B) the dpp ligand with “py-py” and (C) “py-pyz” modes of metal ion coordination, (D) the [(CN)2dpp] lig-
and and (E) the cationic [(CN)2Py(2-Mepy)Pyz]+1 ligand.

Table 1
UV–visible spectral data for [(CN)2dpp{Pd(OAc)2}2]⋅5H2O (1), [(CN)(CONH)
dppPd(OAc)] (2) and [(CN)2dppPd(OAc)2]⋅H2O (3) in different solvents.
Complex Solvent λ, nm (logε)

[(CN)2dpp{Pd(OAc)2}2]⋅5H2O
(1)

DMSO 427sh
(3.64)

541
(3.43)

DMF 334sh
(3.78)

433sh
(3.57)

552
(3.41)

[(CN)(CONH)dppPd(OAc)]
(2)

CH3CN 272
(3.66)

330sh
(3.40)

435
(2.74)

550
(2.23)

DMSO 335sh
(3.74)

455sh
(2.86)

548sh
(2.26)

DMF 333sh
(3.67)

438sh
(2.89)

537sh
(2.28)

[(CN)2dppPd(OAc)2]⋅H2O (3) CH3CN 250sh
(3.07)

293
(3.11)

tive charge present on the pyridinium ring, with no evidence for any
form of “py-pyz” chelation.

The reaction between the basic dpp ligand with Pd(OAc)2 was re-
cently shown to lead to formation of [(dpp)Pd(OAc)2]·5H2O in which
the occurrence of “py-pyz” coordination was definitely established
[10]. This suggested the possibility of two-types of metal ion coordina-
tion of Pd(OAc)2, i.e. “py-py” and “py-pyz”, with other dpp ligands,
namely [(CN)2dpp]. This is examined in the current study which gave

extraordinary, largely unexpected results and “new” compounds which
are characterized as to their physicochemical and electrochemical prop-
erties.

2. Experimental section

2.1. Materials

All solvents and chemicals were reagent grade unless otherwise
specified. CH3CN (Aldrich, H2O% ≤ 0.01%; from BDH, H2O ≤ 0.01%)
was dried with CaCl2 followed by distillation over K2CO3 in an inert at-
mosphere (N2). Pd(OAc)2 (98%) was purchased from Aldrich. Synthesis
of [(C6H5CN)2PdCl2] was carried out as previously described [11].
[(CN)2dpp] was obtained as described elsewhere [2]. DMF (anhydrous,
99.8%), DMSO (anhydrous, 99.9%) and tetrabutylammonium perchlo-
rate (for electrochemical analysis, 99.0%) were purchased from Sigma
Aldrich and used as received for electrochemical measurements.

2.2. Reaction of [(CN)2dpp] with Pd(OAc)2 in CH3CN

Method A) [(CN)2dpp] (101.5 mg; 0.357 mmol) was dissolved in
CH3CN (9 mL) under stirring. This solution was added to a 9 mL
CH3CN solution of Pd(OAc)2 (98.5 mg; 0.439 mmol) and the mixture
(molar ratio 1:1.23) was stirred at room temperature for 24 h, during

Fig. 1. ORTEP front (a) and side (b) views (40% probability ellipsoids) of [{(CN)2dpp}PdCl2] [6].
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Fig. 2. ORTEP view (40% probability ellipsoids) of
[{(CN)2CH3dpp}PdCl3]∙CH3CN [9].

which time the initial orange color of the reaction mixture changed to
red and a purple red solid was formed. The solid was isolated, washed
twice with CH3CN and brought to constant weight under vacuum
(10-2 mmHg; 37.5 mg). Characterization confirmed formation of a
binuclear species formulated as [(CN)2dpp{Pd(OAc)2}2]⋅5H2O (here-
after indicated as 1). Calcd for 1, C24H30N6O13Pd2: C, 35.01; H, 3.67;
N, 10.21; Pd, 25.85%. Found: C, 34.95; H, 3.13; N, 10.58; Pd, 26.94%.
MS, m/z (%): LDI-TOF 731.1 (60%) [M] + calcd. 730.9); MALDI-TOF
(DHB): 765.1 (85%) [M−2OAc + DHB]+ (calcd. 764.94). IR spec-
trum (KBr, cm−1): 3415, w-m, broad; 2925, vw; 2927 vw; 2200, w;
1599, s; 1539, m-s; 1460, s; 1381, s; 1323, m-s; 1253, w; 1163, w;
1097, w; 1045, w; 1018, w; 785, w-m; 756, w-m; 687, w-m; 617, w;
573, w; 532, vw. UV–visible spectra (nm, log ε): CH3CN: 273 (3.38),
359sh (2.98); DMSO: 427sh (3.64), 541 (3.43); DMF: 344sh (3.78),
433sh (3.57), 552sh (3.41).

From the separated CH3CN reaction mixture (mother liquor) a
brown-orange crystalline material was slowly formed (days), separated
by filtration and dried under vacuum (10-2 mmHg; 25 mgs). Upon char-
acterization by single-crystal X-ray analysis, the new species is assigned
as having the formula [(CN)(CONH)dppPd(OAc)] (hereafter indicated
as 2). Calcd for 2 C18H12N6O3Pd: C, 46.32; H, 2.59; N, 18.00; Pd,
22.80%. Found: C, 47.08; H, 2.90; N, 17.65; Pd, 23.15%. MS (MALDI-
TOF, DHB), m/z (%): 407.8 (100%) [M−OAc]+ (calcd. 408.00). IR
spectrum (KBr, cm−1): 3357, w-m; 3074, w; 1645, vs; 1633, vs; 1599, w-
m; 1583, w-m; 1562, w-m; 1533, w;1469, w; 1402, w-m; 991, w-m;
951, vw; 820, vw; 789, m; 773, vw; 758, m; 748, m; 731, w-m; 681, w-
m; 621, vw; 604, w; 573, m; 432, w; 407, w; 374, vw. UV–visible spec-
tra (nm, log ε): CH3CN: 272 (3.66), 330sh (3.40), 435sh (2.74), 550sh
(2.23); DMSO: 335sh (3.74), 455sh (2.86), 548sh (2.26); DMF: 333 sh
(3.67), 438sh (2.89), 537sh (2.28).

Method B) The purple red solid complex 1 was obtained as de-
scribed in Method A using solutions of CH3CN with the same amounts
of [(CN)2dpp] and Pd(OAc)2, and was separated by filtration from the
mother liquor. Different fractions of solid material were then separated
from the mother liquor with time (days) and dried (a few mgs each).
Among the last fractions, one of them (5th) consisted of a light brown
crystalline material whose crystals were found to be suitable for X-ray
characterization. The elucidated structure indicated formation of a
new complex as having the formula [(CN)2dppPd(OAc)2]⋅H2O (here-
after indicated as 3). Calcd for 3, C20H16N6O5Pd: C, 45.60; H, 3.06; N,
15.95; Pd, 20.20%. Found: C, 45.15; H, 2.52; N, 15.45; Pd, 19.85%.
MS (LDI-TOF), m/z (%): 449.7 (100%) [M−OAc]+ (calcd. 449.00). IR
spectrum (KBr, cm−1): 3390, m; 3302, w; 3114, vw; 3080, w; 3059, w;

3043, vw; 3001, vw; 2927, vw; 1672, m; 1603, vs; 1527, w; 1493, w;
1442, w; 1385, vs; 1338 s; 1327, vs; 1290, w-m; 1255, w-m; 1205, vw;
1171, w; 1115, w; 1099, w; 1063, w; 1038, w; 1016, w; 966, vw; 903,
vw; 816, w; 785, s; 777, m; 768, s; 685, s; 619, w; 575, m; 534, m; 440,
w; 378, w-m; 328, w-m. UV–visible spectra (nm, log ε): CH3CN: 250 sh
(3.07), 293 (3.11).

2.3. Reaction of [(CN)2dpp] with Pd(OAc)2 in anhydrous CH3CN

For this reaction, the amounts of the utilized reactants, [(CN)2dpp]
and Pd(OAc)2, were very close to that in Methods A) and B) (described
above) and similar separate solutions of the two compounds (molar ra-
tio ca. 1:1.2) were obtained in anhydrous CH3CN under an inert atmos-
phere (N2). Upon mixing of the two solutions still under N2, the orange
colored mixture was kept under stirring for 24 h. After centrifugation,
the formed purple-red complex 1 was washed twice with CH3CN and
brought to constant weight under vacuum (10-2 mmHg; 32.0 mg). Com-
plex 3, slowly formed as thin needles from the mother liquor kept in the
refrigerator, was washed twice with CH3CN and dried under vacuum
(10-2 mmHg; 59.5 mg). Calcd for 3, [(CN)2dppPd(OAc)2]⋅H2O,
C20H16N6O5Pd: C, 45.60; H, 3.06; N, 15.95, Pd, 20.20%. Found: C,
44.94; H, 3.32; N, 14.92, Pd, 20.50%. In this reaction procedure forma-
tion of complex 2 was not observed.

2.4. X-ray diffraction study

Data on the mononuclear complexes 2 and 3 were collected on a
Bruker APEX-II CCD diffractometer using graphite-monochromatized
Mo − Kα radiation at 294(2) K. Unit cell parameters were determined
by using the APEX2 program [12]. Data reduction was carried out by
the SAINT program [12] and correction for absorption was performed
using the SADABS program [12]. The function minimized during least-
squares refinement was Σw(ΔF2). Anomalous scattering correction was
included in the structure factor calculation. The structure was solved by
direct methods using SHELXT [13]. Refinement was done anisotropi-
cally by full matrix least squares for all non-H atoms using SHELXL-
2018/3 [14].

In complex 2 the O3 oxygen atom is disordered over two orienta-
tions with refined occupancy factors of 0.67(3):0.33(3). During refine-
ment the C O bond distances involving the two components of dis-
order were allowed to refine as a free variable and the displacement pa-
rameters of the disordered oxygen atom were set to be equal (EADP in-
struction in SHELXL-2018/3). The N-bound H atom in the –CONH- an-
ion was located in a difference Fourier map and refined with Uiso
(H) = 1.2 Ueq(N). All other hydrogen atoms were placed in idealized
calculated positions with C H = 0.93–0.96 Å, and refined using a
riding model approximation, with Uiso(H) = 1.2 Ueq(C) or 1.5 Ueq(C)
for methyl H atoms. A rotating model was used for the methyl groups.
The water H atoms in 3 were also located in a difference Fourier map
and refined freely.

2.5. Electrochemical measurements

Cyclic voltammetric (CV) measurements were performed at 250 and
298 K in DMF and 298 K in DMSO both containing 0.1 M tetrabutylam-
monium perchlorate (TBAP) as supporting electrolyte using an EG&G
model 173 potentiostat coupled with an EG&G model 175 universal
programmer. High purity N2 from Trigas was used to deoxygenate the
solution before each electrochemical experiment. A three-electrode sys-
tem was used and consisted of a glassy carbon working electrode, a
platinum wire counter electrode and a saturated calomel reference elec-
trode (SCE). The reference electrode was separated from the bulk of the
solution by a fritted-glass bridge filled with the solvent and supporting
electrolyte. Low temperature CV measurements were made by immers-
ing the cell in an appropriate dry ice/acetone mixture.
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UV–visible spectroelectrochemical measurements were made using
a commercially available thin-layer cell from Pine Instruments Inc.
which had a platinum honeycomb working electrode consisting of 19Pt-
coated channels with each channel being 0.50 mm in diameter and a
center-to-center distance of 0.75 mm. Potentials were applied and mon-
itored with an EG&G PAR Model 173 potentiostat/galvanostat. High-
purity argon from Matheson Trigas was used to deoxygenate the solu-
tion and a stream of inert gas was kept over the solution during each
spectroelectrochemical experiment.

2.6. Other physical measurements

IR spectra were recorded on a Varian FT-IR 660 in the range
4000–250 cm−1 (KBr pellets or nujol mulls between CsI disks).
UV–visible solution spectra were recorded with a Varian Cary 5E spec-
trometer using 1 cm quartz cuvettes. TGA was performed on a MET-
ZSCH STA 409 PC LUXX analyzer under a N2 atmosphere (0.5 L min−1).
Elemental analyses for C, H and N were provided by the “Servizio di Mi-
croanalisi” on an EA 1110 CHNS-O instrument at the Dipartimento di
Chimica, Università Sapienza (Rome). The ICP-PLASMA Pd analyses
were performed on a Varian Vista MPX CCD simultaneous ICP-OES. X-
ray powder diffraction spectra were run in the interval 500–5000 (2 ϑ/°
C) on a Philips PW1029 instrument interfaced with a computer (Soft-
ware APD Philips, using a CuKα radiation. Mass spectra were recorded
on a Shimadzu Biotech Axima Confidence spectrometer operating in
MALDI-TOF modality (Collective Usage Center of Ivanovo State Univer-
sity of Chemical Technology).

3. Results and discussion

In line with the established “py-py” form of coordination for the
binding of PdCl2 to the N donor ligand [(CN)2dpp] [6,7] (Fig. 1), the re-
action of Pd(OAc)2 with the [(CN)2dpp] ligand was examined. Unex-
pectedly, three new compounds were obtained from the same two
reagents by slightly modulating the reaction conditions. The isolated

products (1, 2 and 3) are schematically shown in Scheme 2, the first
and last of which exhibit “py-pyz” and “py-py” modes of metal-to-
ligand binding, respectively.

3.1. Structure and properties of dinuclear [(CN)2dpp{Pd(OAc)2}2]·5H2O
(1)

In the reaction between [(CN)2dpp] and Pd(OAc)2 in CH3CN (see Ex-
perimental Section. Methods A,B), a purple red solid was reproducibly
isolated as an amorphous material (Fig. S1) and easily separated from
the mother liquor due to its severe lack of solubility. Elemental analyses
indicated a molecular framework possessing two Pd(OAc)2 units per
one molecule of [(CN)2dpp], thus suggesting the formula
[(CN)2dpp{Pd(OAc)2}2]·5H2O (1) (Scheme 2; proposed formulation im-
plying “py-pyz” coordination, a mode of binding supported by the data
presented below).

The binuclear structure of complex 1 is supported by the presence of
cluster peaks having isotopic distribution patterns typical for the pres-
ence of two Pd atoms as seen in the mass-spectra shown in Fig. 3. Thus,
in the LDI-TOF mass-spectrum, the peak [M]+ is observed at 731 m/z
and in the MALDI-TOF spectrum recorded using a 2,5-
dihydroxybenzoic acid (DHB) matrix, the peak at 765 m/z correspond-
ing to [M−2OAc + DHB]+ is present. Additional peaks were also ob-
served at 788 and 804 m/z in both spectra with an isotopic distribution
typical for two Pd atoms. These are assigned as secondary ions contain-
ing two (CN)2dppPd units associated with Li+ or Na+ ions, respec-
tively.

Thermogravinetric analysis of the species (Fig. S2) indicates a
weight loss over the full range of the explored temperatures
(25–450 °C), the first step occurring in the lower temperature range
(25–100 °C), attributable to weakly retained H2O, which is totally lost
in the range of 100–250 °C with a probable initial concomitant decom-
position of the complex, followed by full decomposition of the material
at higher temperatures. These results indicate that the large amount of
H2O lost in the second step is strongly incorporated inside the complex

Scheme 2.
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Fig. 3. LDI (top) and MALDI (DHB matrix, bottom) mass-spectra of [(CN)2dpp{Pd(OAc)2}2]·5H2O (1). The inset shows theoretical and calculated isotopic distribution
of the molecular ion [M] + at 731 m/z.

and is probably involved in different forms of intra- and intermolecular
contacts, making the aggregated material highly compact.

The UV–visible spectrum of complex 1 was measured in DMSO and
DMF and the collected data are summarized in Table 1 (data not re-
ported in CH3CN due to insufficient solubility of compound). The in-
tense absorptions below 400 nm, largely obscured by the solvent-
cutoff, are assigned as π – π* ligand-centered transitions, while the ab-
sorptions for complexes 1 and 2 in the 400–600 nm region are proposed
as due to MLCT transitions. Adequate NMR spectra could not be ob-
tained for complexes 1, 2, and 3 presumably due to their low solubility
in the examined solvents (CH3CN, DMSO and DMF).

Complex 1 has a well-defined IR spectrum in the range of
3800–400 cm−1 (Fig. 4). As seen in the figure, the bands above
3100 cm−1 are assigned to ν(O H) of H2O molecules and the presence
of three well defined vibrations in this area again suggest different
forms of intra- and intermolecular contacts between the lattice water
molecules and the Pd complex, consistent with TGA results (vide supra).

Fig. 4. IR spectrum of the complex [(CN)2dpp{Pd(OAc)2}2]·5H2O (1) in the re-
gion 3800–400 cm−1.

These vibrations are accompanied by a band at 3080 cm−1 assigned as ν
(C H) of the acetate groups. In addition to the bands of comparable
intensity in the range below ca. 1200 cm−1 (attributed to [(CN)2dpp]
[2]) two intense bands are present at ca. 1601 and 1383 cm−1, closely
resembling characteristic vibrations for pure Pd(OAc)2 (Fig. S3). A ν
(CN) stretch of the two CN groups is also observed at ca. 2200 cm−1.

The experimental data collected on complex 1 are all consistent
with the proposed intramolecular arrangement shown for this com-
pound in Scheme 2, where both Pd(II) centers are involved in the same
type of “py-pyz” coordination, although some distortion from the pre-
cise coplanar arrangement is possible, as suggested by the known ten-
dency of Pd(II) to coordinate in a square planar fashion. It is notewor-
thy that distortion might be stabilized by the presence of strongly inter-
acting H2O molecules present in the complex. Several examples of a
similar dimetallic arrangement involving the same dipyridino-pyrazine
fragment, i.e. the unfunctionalized 2,3-di(2-pyridyl)pyrazine (dpp) lig-
and (Scheme 1A) and substituted analogs have been shown by X-ray
analysis to give molecules with distorted arrangements as described for
homodimetallic Co(II), Ni(II), Cu(II), and Ru(II) systems and even for
the mixed dimetallic Pd(II)/Ru(II) species [1], although, to our knowl-
edge a dimetallic Pd(II)/Pd(II) analog has not previously been reported.
Unlike the products generated in the reaction between Pd(OAc)2 and
the [(CN)2dpp] ligand, the widely studied reaction of the dpp ligand
(Scheme 1A) with Pd(OAc)2 led only to the mononuclear complex,
[(dpp)Pd(OAc)2], which is easily isolated under mild reaction condi-
tions [10] and its coordination mode definitively proven by NMR spec-
tral data which confirmed a “py-pyz” type coordination, with no evi-
dence for formation of a dinuclear species.

3.2. Structure and properties of the mononuclear complex [(CN)(CONH)
dppPd(OAc)] (2)

As reported in the Experimental Section (Method A), after isolation
of complex 1 a new solid material slowly separates as nice crystals from
the mother liquor. Based on single-crystal X-ray analysis, the new com-
plex is assigned as having the formula [(CN)(CONH)dppPd(OAc)] (2)
(Scheme 2; detailed structure shown in Fig. 5) In keeping with this re-
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Fig. 5. ORTEP (50% probability ellipsoids) side (A) and top (B) views of the complex [(CN)(CONH)dppPd(OAc)] (2).

sult is also the mass spectrum reported in Supporting Information (Fig.
S4 and related discussion). Table 2 summarizes experimental and struc-
ture refinement parameters of the complex and also of complex 3 for
which structural features and its general properties are detailed below.
Selected bond distances and bond angles for complexes 2 and 3 are
listed in Table 3.

Fig. 5 indicates that Pd(II) is bound to the O2, N1, N3 and N6 atoms,
where the N6 atom, originally present in [(CN)2dpp] as a CN group, has
changed to a CONH– anion in the new compound, the latter group
bound to Pd(II) (Pd1) via one of its nitrogen atoms (N6). The O2 oxygen
atom belongs to a residual OAc- anion of the two originally present in
Pd(OAc)2, the second OAc- anion evidently being expelled during the

Table 2
Experimental data from X-ray diffraction study on the crystalline compounds
[(CN)(CONH)dppPd(OAc)] (2) and [{(CN)2dpp}Pd(OAc)2].H2O (3).

[(CN)(CONH)dppPd
(OAc)] (2)

[(CN)2dppPd(OAc)2]⋅H2O
(3)

Formula C18H12N6O3Pd C20H14N6O4Pd·H2O
Formula weight 466.74 526.79
Radiation Mo Kα (λ = 0.71073 Å) Mo Kα (λ = 0.71073 Å)
Temperature (K) 294(2) 294(2)
Crystal dimensions (mm3) 0.05 × 0.12 × 0.16 0.10 × 0.16 × 0.21
Crystal color orange orange
Crystal system monoclinic monoclinic
Space group P21/c P21/c
a (Å) 10.288(4) 10.4996(14)
b (Å) 23.749(8) 11.8737(16)
c (Å) 7.370(2) 17.532(2)
β(°) 103.161(6) 98.126(2)
Volume (Å3) 1753.4(10) 2163.8(5)
Z 4 4
Dcalc (Mg m−3) 1.768 1.617

F(0 0 0) 928 1056
Absorption coefficient (μ)

(mm−1)
1.093 0.902

Data collection range −12 ≤ h ≤ 12
−28 ≤ k ≤ 28
−8 ≤ l ≤ 8

−12 ≤ h ≤ 12
−14 ≤ k ≤ 14
−21 ≤ l ≤ 21

Total/unique total data 17,992 / 3270 21,945 / 4027
θ range (°) 1.72–25.50 1.96–25.50
Reflections/restraints/

parameters
3270 / 2 / 262 4027 / 0 / 299

Indexes R [I > 2σ (I)] R1 = 0.0364,
wR2 = 0.07640

R1 = 0.0229,
wR2 = 0.0585

Indexes R (all reflections) R1 = 0.0630,
wR2 = 0.0844

R1 = 0.0267,
wR2 = 0.0605

Goodness-of-fit 1.036 1.044

Table 3
Selected bond distances (Å) and angles (°) for [(CN)(CONH)dppPd(OAc)] (2)
and [{(CN)2dpp}Pd(OAc)2].H2O (3).
[(CN)(CONH)dppPd(OAc)] (2) [{(CN)2dpp}Pd(OAc)2].H2O (3)

Pd1 − O2 1.995(3) Pd1 − O1 2.0038(17)
Pd1 − N1 1.923(3) Pd1 − O3 2.0105(15)
Pd1 − N3 2.026(3) Pd1 − N3 2.0024(18)
Pd1 − N6 1.993(3) Pd1 − N4 2.0110(18)
O1 − C16 1.216(5) O1 − C17 1.280(3)
O2 − C17 1.270(5) O2 − C17 1.225(3)
O3A − C17 1.253(8) O3 − C19 1.285(3)
O3B − C17 1.237(12) O4 − C19 1.232(3)
O2 − Pd1 − N1 174.20(12) O1 − Pd1 − O3 91.31(7)
O2 − Pd1 − N3 93.78(12 O1 − Pd1 − N3 172.59(7)
O2 − Pd1 − N6 104.83(13) O1 − Pd1 − N4 89.52(7)
N1 − Pd1 − N3 80.42(12) O3 − Pd1 − N3 90.81(7)
N1 − Pd1 − N6 80.96(13) O3 − Pd1 − N4 175.87(7)
N3 − Pd1 − N6 161.38(13) N3 − Pd1 − N4 87.88(7)
C17 − O2 − Pd1 126.5(3) C17 − O1 − Pd1 120.74(16)

C19 − O3 − Pd1 119.11(15)

process of formation of complex 2. Tetracoordination of Pd1 is fully ac-
complished in a substantially coplanar arrangement (r.m.s. devia-
tion = 0.0053 Å) involving the closely lying pyrazine and pyridine
rings, the plane of the uncoordinated pyridine ring being rotated by
43.57(15)° with respect to the plane of the pyrazine ring. From the
structural data it is established that the mononuclear complex involves
a “py-pyz” type of coordination (schematically shown in Scheme 1C).
Noteworthy, the data in Table 3 indicate that the bond lengths Pd1-N1
and Pd1-N3 are sensibly different, i.e. 1.923(3) and 2.026(3) Å, involv-
ing the pyrazine and the pyridine N atoms. A view of the crystal pack-
ing for 2 is shown in Fig. S5.

Formation of 2 from [(CN)2dpp] and Pd(OAc)2 evidently requires
chemical changes for both reactants, plausibly occurring by a mecha-
nism of hydrolysis catalyzed by the same Pd(OAc)2 once coordinated to
[(CN)2dpp], with Pd(II) residing close to the vicinal CN group. It is rea-
sonably suggested that the hydrolytic process involves this CN group
(named C(16)N in the following scheme) and two H2O molecules in two
sequenced steps:

Step 1: -C(16)N + H2O → -C(16)O NH2 →
Step 2: -C(16)O NH2 + H2O → -C(16)ONH– + H3O+

and the charge balance in the new complex 2 results from a neutral-
ization by the H3O+ cation of the OAc- anion released by Pd(OAc)2.
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Detailed literature reports ([15] and refs. therein) indicate that hy-
drolysis of benzonitrile and a number of its R-CN derivatives to their
corresponding amides was achieved by Pd(OAc)2 and this ambient tem-
perature conversion was shown to be highly favored by the concomi-
tant use of non-redox active bivalent or tervalent metal ions (among
them Sc(III) as Sc(OTf)3) (OTf = trifluoromethanesulfonate). Thus, fu-
ture studies of the presently reported hydrolytic process might be exam-
ined utilizing the Pd(OAc)2/Sc(OTf)3 catalytic system.

The UV–visible spectrum of complex 2 in CH3CN (Fig. 6, black line)
shows two intense absorptions just above and below 300 nm assigned
as π – π* ligand-centered transitions, whereas those present in the visi-
ble region between 400 and 600 nm, similarly as made for complex 1,
are also tentatively proposed as due to MLCT transitions. Noteworthy,
these latter absorptions are also observed in DMSO and DMF (Table 1).

The IR spectrum of complex 2 is shown in Fig. 7 over the range of
3800–400 cm−1. In the region above 2000 cm−1 an absorption present
as a clean narrow band at 3357 cm−1 is assigned as a ν(N H) of the
structurally identified –CONH- anion. Absorptions are also present at
3074 cm−1, assigned as ν(C H) of the acetate group, and at 2220 cm−1

due to ν(CN), highly more intense absorptions being found in the range
1650–1340 cm−1 assigned as ν(C O) and ν(C O) present for the OAc

Fig. 6. UV–visible spectrum of [(CN)(CONH)dppPd(OAc)] (2; black line) and
[(CN)2dppPd(OAc)2]∙H2O(3, red line) in CH3CN. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. IR spectrum in KBr of [(CN)(CONH)dppPd(OAc)] (2).

group and ν(C O) present in the fragment –CONH-, and all lower in-
tensity absorptions below 1340 cm−1 are assigned to the [(CN)2dpp]
ligand whose IR spectrum was reported previously [2].

3.3. Structure and properties of the mononuclear complex
[(CN)2dppPd(OAc)2]∙H2O (3)

For the reaction of [(CN)2dpp] with Pd(OAc)2 in Method B, great
care was taken in separating several fractions of the solid formed over
several time intervals (few mgs each). The brown-orange complex 2
was isolated several days after formation of the purple-red complex 1,
obtained as the first solid over about a day, and this was followed by the
formation of a new brown-orange colored crystalline material which
was confirmed to be the new complex 3 (Scheme 2). This mononuclear
compound (3) was also formed when the reaction was carried out in an-
hydrous CH3CN (see Experimental Section) and is definitively assigned
the formula [(CN)2dppPd(OAc)2]∙H2O on the basis of single-crystal X-
ray analysis (Fig. 8A,B). The mass spectrum of this complex is presented
in Supporting Information (Fig. S6 and related comments) together
with its IR spectrum (Fig. S7) and related discussion.

The structure of complex 3 (Fig. 8A,B) indicates that Pd(II) is coor-
dinated in a “py-py” fashion, identical to the coordination mode shared
by the [(CN)2dppPdCl2] analog (Fig. 1) [6]. A single H2O molecule is
hydrogen bonded to two oxygen atoms of the Pd(OAc)2 unit, one exam-
ple for the affinity of Pd(OAc)2 for water. In this regard, it is of interest
to mention that the pentanuclear porphyrazine macrocycles
[{Pd(OAc)2}4LM] (L = tetrakis-2,3-[5,6-di(2-pyridyl)pyrazino]
porphyrazinato dianion; M = divalent metal center) exhibit apprecia-
ble water solubility (saturated solutions: c = 10-3-10-4 M) [16] due to
the presence of four peripherally coordinated Pd(OAc)2 units whereas
their parent mononuclear [LM] [2] species are completely insoluble. As
can be seen in Fig. 8B, the nearly planar coordination site of N3N4P-
dO1O3 (r.m.s. deviation = 0.0834 Å) is positioned practically perpen-
dicular (88.77(5)°) to the pyrazine ring, a feature also occurring for the
analog [(CN)2dppPdCl2] [6] (Fig. 1) and also noted previously for the
metalated dipydirinopyrazine fragments present in the pentanuclear
macrocycles [16]. In contrast to the different Pd1-N1 and Pd1-N3 bond
distances found for compound 2 (implying involvement of pyridine and
pyrazine rings), the corresponding Pd1-N3 and Pd1-N4 bond distances
for complex 3 are practically identical to each other, as might be ex-
pected due to coordination of Pd(II) to two identical pyridine rings. The
crystal packing (Fig. S8) indicates the presence of intermolecular con-
tacts due to van der Waals interactions plus hydrogen bonds for the H2O
molecule in its binding through the H atoms to the O atoms of Pd(OAc)2
unit.

The examined UV–visible spectrum of complex 3 in CH3CN (Fig. 6
and in Table 1) shows only absorptions below 400 nm with intense
peaks clearly assignable as π – π* ligand-centered transitions. Similar
behavior was observed for the related mononuclear species
[(CN)2dppPdCl2] (Fig. 9 in ref. [7]).

3.4. Electrochemistry and spectroelectrochemistry of the investigated
complexes 1, 2 and 3

The electroreduction of complexes 1–3 (Chart 1) was investigated in
DMF and DMSO along with Pd(OAc)2 and the uncomplexed [(CN)2dpp]
ligand, and examples of cyclic voltammograms for these five species are
shown in Fig. 9 at low temperature (-50 °C) in DMF/0.1 M TBAP at a
scan rate of 0.1 V/s.

As seen in the figure, the first reduction of Pd(OAc)2 in DMF at
−50 °C is quasi-reversible and located at E1/2 = -0.33 V while the first
reduction of [(CN)2dpp] is reversible and located at

E1/2 = -0.91 V. There is also a second irreversible reduction of
[(CN)2dpp] at Epc = -1.75 V which is followed by a rapid chemical re-
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Fig. 8. ORTEP front (A) and side (B) views (50% probability ellipsoids) of the complex [(CN)2dppPd(OAc)2]∙H2O (3).

Fig. 9. Cyclic voltammograms of the investigated Pd(OAc)2, [(CN)2dpp], and
complexes 3, 1 and 2 in DMF containing 0.1 M TBAP at low temperature (-
50 °C). Scan rate = 0.1 V/s. Values in red correspond to the first reduction of
the free [(CN)2dpp] ligand. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

action at the electrode surface, leading to a product which is reoxidized
at Epa = -1.20 V on the reverse potential sweep.

Under the same solution conditions complex 1 is characterized by
four reductions, the first two of which are reversible and located at
E1/2 = -0.67 and −0.90 V while the latter two are irreversible and lo-
cated at Epc = -1.22 V and Epc −1.46 V for a scan rate of 0.1 V/s. Four
reductions are also seen for complex 3 at low temperature, the first two
of which are reversible and located at E1/2 = -0.68 and −0.92 V and the
latter two at peak potentials of −1.26 and −1.57 V. The main difference
between the voltammograms of compounds 1 and 3 is that the cathodic
peak current for the second reduction of 3 at −0.92 V is much smaller
than that of other electron additions, thus suggesting that this process is

due to a decomposition product, either before or after reduction of the
initial compound added to solution. The most likely decomposition
product would be the free ligand [(CN)2dpp], as evidenced by the
nearly identical reduction potential under the given experimental con-
ditions.

On the basis of previous publications [7,17,18], the first reduction
of Pd(OAc)2 (E1/2 = -0.33 V in Fig. 9) is assigned as a metal-centered
electron transfer, while the two reductions of [(CN)2dpp] are assigned
as π-centered electron transfers giving a stable anion radical and a
highly reactive dianion. After complexation of one Pd(OAc)2 unit to
[(CN)2dpp] in the “py-py” coordination mode (i.e. complex 3) or two
Pd(OAc)2 units in the “py-pz” coordination mode (i.e. complex 1), the
Pd(II) ion is stabilized and the first electron additions at −0.67 or
−0.68 V is reversible when measured at −50 °C in DMF/0.1 M TBAP. In
contrast to the low temperature measurements, the first reductions of 1
and 3 in DMF are both irreversible at room temperature (Figs. S9 and
S10), indicative of a fast chemical reaction following electron transfer
(i.e. an electrochemical EC mechanism). An irreversible first reduction
also occurs in DMSO (Fig. S11). This result in both solvents is consistent
with our previous electrochemical characterization of “py-py” coordi-
nated [(CN)2dppPdCl2] whose initial site of electron transfer was as-
signed as ligand-centered followed by a fast intramolecular electron
transfer to the Pd(II) center, ultimately resulting in a Pd(I) fragment
which then dissociated from the neutral [(CN)2dpp] ligand that was re-
duced at a more negative potential when uncomplexed by the metal ion
[7].

A similar assignment is proposed for the first electron addition of
the currently investigated complexes 1 and 3 where the chemical reac-
tion (i.e. loss of the reduced Pd(OAc)2 group) is slowed down at low
temperature giving a reversible process in the first step as seen in Fig. 9.
The second reversible process of complex 3, located at −0.92 V in DMF
at low temperature, then corresponds to reduction of a small amount of
the liberated neutral [(CN)2dpp] ligand, while in compound 1 the re-
versible low temperature reduction at −0.90 V is tentatively assigned to
follow another EC mechanism as for the first reduction. Products of the
irreversible reductions at more negative potentials were not character-
ized in the current study due in large part to the generation of Pd(0)
which coated the electrode surface leading to a loss of all redox
processes.

In stark contrast to the redox behavior of complexes 1 and 3, the
current voltage curve of complex 2 displays two reversible one electron
reductions in DMF, 0.1 M TBAP at −50 °C (Fig. 9) as well as at room
temperature (Fig. S12). Both redox processes, at
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Chart 1. Schematic representations of complexes 1, 2 and 3.

E1/2 = -0.43 and −1.17 V, are assigned to the ligand. This analysis
is consistent with a 740 mV separation in E1/2 between the anion radi-
cal and dianion formation of compound 2 and can be compared to an
approximate 800 mV difference in potential for the free ligand
[(CN)2dpp] as seen in Fig. 9.

We had hoped to use spectroelectrochemistry to characterize the
singly and/or doubly reduced forms of complexes 1–3 but, unfortu-
nately, this could not be done for compounds 1 and 3, both of which
were irreversibly reduced to unidentified products of a chemical reac-
tion in the first step at room temperature as shown by the cyclic voltam-
mograms in DMF or DMSO Figs. S9-11. This was not the case, however,
for complex 2 which was characterized by two reversible room temper-
ature one electron reductions in both the DMF and DMSO solvents as
shown in Figs. S11-12.

The best-defined room temperature cyclic voltammograms were ob-
tained for 2 in DMF, 0.1 M TBAP and the spectral changes which oc-
curred after controlled potential reduction at −0.70 V under these solu-
tion conditions are illustrated in Fig. 10a. As seen in the figure, the
singly reduced species is characterized by bands at 410 and 630 nm and
the spectrum strongly resembles that of the singly reduced [(CN)2dpp]
ligand in the absence of the metal ion (Fig. 10b) having absorption
bands located at 390 and 612 nm under the same solution conditions.

The ligand-centered first reduction of 2, confirmed by spectroelec-
trochemistry, and the metal-centered first reduction of compounds 1
and 3 clearly indicate that the tridentate, anionic chelating ligand in
complex 2 leads to a significant stabilization of the Pd(II) central metal

Fig. 10. UV–visible spectral changes upon the application of an applied reduc-
ing potential to (a) complex 2 and (b) [(CN)2dpp] in DMF, 0.1 M TBAP.

ion as compared to the other bidentate modes of coordination observed
in 1 and 3. The stabilization of the divalent palladium metal against re-
duction offered by the ligand scaffold in 2 is consistent with electro-
chemistry which has been reported for other derivatives comprised of
Pd(II) ions complexed to NNN-tridentate monoanionic ligands [19,20]
as well as anionic tetradentate chelating ligands (such as porphyrins
[21], phthalocyanines [22–24] and porphyrazines [16]) bearing palla-
dium central metal ions, all of which undergo reversible ligand-
centered reductions with no evidence of metal-centered electron addi-
tions within the negative potential window of the utilized electrochemi-
cal solvents.

4. Conclusion

The reaction of the N-donor ligand 2,3-dicyano-5,6-di(2-pyridyl)-
1,4-pyrazine, [(CN)2dpp], with Pd(OAc)2 in CH3CN was studied, with
the aim being to establish whether or not coordination of Pd(II) to the
N-donor ligand would occur at both the pyridine N atoms (“py-py” co-
ordination), as was previously verified in the two mononuclear com-
plexes [{(CN)2dpp}MCl2] (M = PdII, PtII) [6,7], or in the alternative
“py-pyz” coordination involving one pyridine and one pyrazine N
atoms. The evolvement of the reaction moved in a quite distinct path-
way leading to the formation and isolation of three novel Pd(II) com-
plexes comprised of different coordination modes. The first systemati-
cally obtained complex was the dinuclear complex 1 of formula
[(CN)2dpp{Pd(OAc)2}2]⋅5H2O, whose structure was confirmed on the
basis of elemental analysis and detailed spectroscopic measurements as
having two metal centers in a “py-pyz” coordination mode. Accurate
examination of the reaction procedure permitted isolation of two addi-
tional mononuclear complexes, obtained as nicely crystalline solids.
The structures of these latter two complexes were confirmed by X-ray
analysis and formulated as the air stable complexes [(CN)(CONH)
dppPd(OAc)] (2) and [(CN)2dppPd(OAc)2]⋅H2O (3). Complex 3 shows a
“py-py” type of coordination, resembling that found for the above men-
tioned [{(CN)2dpp}MCl2] complexes. Totally unexpected was the struc-
ture of complex 2 formed from the slow partial hydrolysis of one CN
group on the [(CN)2dpp] ligand to an OCNH (amide) group.

Cyclic voltammetric measurements in DMF/0.1 M TBAP at low tem-
perature (-50 °C) indicated a similar behaviour for the mononuclear
complex 3 and the dinuclear complex 1 as evidenced by their nearly
identical first reduction potentials located at E1/2 = -0.67/0.68 V. Con-
versely, quite different electrochemical behaviour was seen for complex
2 under the same experimental conditions where two reversible one-
electron reductions were observed with the first (E1/2 = -0.43 V) being
more 240 mV less negative than those observed for complexes 3 and 1
and 480 mV less negative than the metal-free [(CN)2dpp] ligand indi-
cating a significant stabilization of the Pd(II) ion in the case of 2.
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of [(CN)2dppPd(OAc)2]∙H2O (3). Insert shows the experimental and calculated isotopic distribution of the molecular ion. Fig. S7. IR spectrum of
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ature. Scan rate = 0.1 V/s. X-ray crystallographic information files: CCDC 2091792 (2), 2091793 (3). Supplementary data to this article can be
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