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Pyrophosphate-Mediated Magnetic Interactions in Cu(ll) Coordination Complexes
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The reaction in water of Cu(NOs), - 2.5H,0 with 2,2’-bipyridine (bipy), 1,10-phenanthroline (phen), or 1,10-phenanthroline-
5-amine (phenam), and sodium pyrophosphate (Na4P>0-), at various pHs, afforded three new copper(ll)-pyrophosphate
complexes, namely, {[Cu(bipy)(cis-HaP207)]2} - 3H-0 (1a), {[Cu(phen)(H20)]4(HP207)2}(ClO4), - 4H,0 (2), and
{[Cux(phenam),(P20-)]2- 25H,0} , (3). A solvent free crystalline phase of 1a was also isolated with formula {[Cu(bipy)-
(trans-HoP207)]o} (1b), which can be regarded as a pseudo-polymorph of 1a. Single crystal X-ray analyses revealed
these compounds to have uncommon molecular architectures, with 3 being an unprecedented pyrophosphate-containing
two-dimensional (2D) polymer. Compounds 1a/1b and 2 are discrete di- and tetra-nuclear complexes, respectively. The
cationic {[Cu(phen)(H»0)]4(HP,0;),}%* unit in 2 presents a unique quasi-flat structure, held together by solely in-plane
pyrophosphate bridging modes (short Ogq—P—04q and long Ogq—P—0—P—0,, pathways), a coordination arrange-
ment also not previously reported. A different tetranuclear copper(ll)-pyrophosphate arrangement is found in 3, with two
classically bridged dimers (Ogq—P —O4q pathway) joined together by auxiliary equatorial-axial «-O pyrophosphate
bridges. Here, the bidimensionality is reached through bridging phenam ligands, which provide further inter-‘tetramer”
metal—metal connections [(N,N')eq-(N"")ax pathway], leading to the formation of an expanded covalent network based
on the [Cux(phenam),(P,0,)], moiety. Variable-temperature magnetic susceptibility measurements on polycrystalline
samples of 2 and 3 revealed net antiferromagnetic coupling between metal centers with Jy, = —7.9(2) cm ™",
oo =—46.9(3) cm ™", oo =00m ™" in 2 (H=—uba[ Scuct) * Scu) + Scuctay * Scucea] —dbolScucty* Scuza) + Scucta) Scua] —
JeScu@ * Scuczay) aNd Jza = —87.9(2) cm ™, Jap = —5(1) cm ™" and Jae = +5(3) cm™ " in 3 (H = —Jaa[ Scucy* Scuce) +
Scuctay* Scueay] — J3[Scuct)* Scuea) + Scutay* Scu@)] — JaeScu) * Scucea)- For 1a, a net ferromagnetic coupling is
observed with Ji, = +0.86(1) cm™ ' (H=—J Sa-Sg + Sa-D- Sg + SH (gaSa + gsSs). This is the first example of
ferromagnetic coupling in pyrophosphate-complexes reported to date. A structure—function correlation study focusing on
magnetic exchange across the observed diverse pyrophosphate-bridges is described with density functional theory (DFT)

y

calculations included to support the stated observations.

Introduction

The diphosphate tetra-anion P,O;*~ (see Scheme 1), com-
monly known as pyrophosphate (“inorganic pyrophosphate”;
PPi), represents a crucial intermediate in a variety of biosyn-
thetic reactions and is a common reactant in major metabolic
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pathways in the cell including fat metabolism, protein synthe-
sis, nucleoside diphosphate sugar synthesis, and DNA synthe-
sis.'~* The investigation of metallo-pyrophosphate complexes
has been driven in the past primarily by biology, looking at the
role of metal ions in the hydrolytic cleavage of phosphates by
enzymes such as ATPases, kinases, and pyrophosphatases.”*
However, the multidentate nature of PPi (six oxygen atoms are
available for coordination in the tetra-anionic state, with only
the central one excluded) makes it an attractive ligand, and
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Scheme 1. PPiTetra-Anion and Most Common Protonated Analogues
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research involving the use of this anion has more recently been
expanded into basic solid-state/coordination chemistry and
applied materials science.” This latter point is exemplified by
the discovery of vanadyl pyrophosphate as the active catalyst
for the conversion of butane into maleic anhydride’'* and by
the growing interest in PPi-based magnetic materials,'*™ >
with the magnetic properties reported to date for PPi-complexes
ranging from classical antiferromagnetic coupling'* '’ to
spin canting phenomena.”® One of the first and critical
reports in this field involved the copper(Il) dimeric species
{[Cu(bipy)(H,0)]>(¢-P,07)} - TH,0, which was found to be-
have as a magnetic “sponge”, with dependence of the magnetic
constant J upon the degree of hydration.'” This was speculated
as being due to the presence/absence of different magnetic
pathways, that is, either disrupted hydrogen-bonding inter-
actions or ex-novo created metal-pyrophosphate connections
in the absence of water molecules. In a subsequent report, it
was shown that the magnitude of the magnetic interaction
across the bis-bidentate PPi group in copper(II) dimeric
compounds could be rationally modulated following the in-
corporation of additional bridges, with influence on both the
geometry of the complex (increasing the distortion of the
metal-PPi-metal skeleton) and the subsequent overall spin
density distribution.'’

To date, no significant magneto-structural correlations are
available for metal-PPi systems larger than dimers, given ob-
vious difficulties in isolating different components (i.c., the
diverse operative magnetic pathways) that collectively con-
tribute to the observed coupling. Attempts in this direction
have been made in the past by Ainscough et al.'* and Xu
et al.'? for the tetrameric compounds [(CuL)4(P,05)]-nH,O
(HL being 2-formylpyridine thiosemicarbazone) and {[(hdpa)-
Cu(H,0)(u-P>07)Cu(hdpa)],} - 9H,O (dhpa being 2,2'-dipyri-
dylamine), respectively. Interestingly, while the former complex
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exhibits both y-S and PPi bridges, the metal—metal connectivity
in the latter solely depends on PPi. Clearly, both situations are
complicated from a magneto-structural point of view, since
different bridging ligands or the same ligand adopting differ-
ent (bridging) coordination modes translate into multiple
magnetic pathways that must be accounted for in any final fit.

Although a number of experimental issues (rapid hydro-
lysis of PPi and difficulties in obtaining suitable crystals for
X-ray structural investigations)'*~ %2922 have affected the
production of PPi coordination complexes with potential
magnetic properties, great strides have been made in the past
decade, with many different coordination modes observed
as the anion interacts with different metal ions, in the pres-
ence of different coligands and under different pH conditions
(see Figure 1). A variety of new structures, from tetra-
mers to hexamers to three-dimensional (3D) polymers, have
been obtained,* opening the door to extensive magneto-
structural investigations.

With this in mind, we set out to explore structure—function
relationships in newly synthesized PPi-bridged copper(II)
complexes, with the help of density functional theory (DFT)
calculations and past reports on observed magnetic couplings.
The aim was to ultimately better understand and potentially
predict the PPi-mediated exchange interactions, even in com-
plex coordination settings. To do that, we also took advan-
tage of our expertise in the field to possibly direct our synthesis
toward the formation of complexes with opportune isolated,
single magnetic pathways. The successful outcomes of this
work, including the complete characterization of four new
copper(II)-PPi compounds ranging from dimeric to tetra-
meric and bidimensional species, and the report of the first
ferromagnetic PPi complex to date are described herein.

Experimental Section

Materials and Methods. Solvents and chemicals were of
laboratory grade and were used as received. Water was distilled
and deionized to 18.6 MQ using a Barnstead ultrapurification
machine. Centrifugation was carried out in a Sorvall RT at
4000 g for 10 min at ambient temperature. Infrared spectra were
recorded on a Nicolet Magna-IR 850 Series II spectrophot-
ometer as KBr pellets. The relative intensity of reported FT-IR
signals are defined as s = strong, br = broad, sh = sharp, m =
medium, and w = weak. Electronic absorption spectra were ob-
tained on a Varian Cary 50 Bio spectrophotometer in 1 mL
quartz cuvettes at ambient temperature. Thermal analysis was
performed on a TA Instruments TGA Q500 using 5—10 mg
samples placed on platinum pans and run under a nitrogen
atmosphere (40 mL/min). The temperature was ramped from
~25 to 500 °C at a rate of 5—10 °C min~'. Analysis was per-
formed using the TA Instruments Universal Analysis 2000
software program. Elemental analysis (C, H, N) was performed
by QTI Intertek (Whitehouse NJ, U.S.A.). Calculations were
performed through the Gaussian09 package using the B3LYP
functional and the quadratic convergence approach.? Triple-¢
and double- all electron basis sets proposed by Ahlrichs et al.
are employed for the metal and for the rest, respectively.?**> The
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PPi coordination modes observed in coordination complexes
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Figure 1. Coordination modes adopted by the PPi ligand that have been observed to date in coordination complexes and solid-state structures. a and d
represent the classical bidentate and bis-bidentate (“4¢”) modes, respectively. The a mode is more common for the H,P,O,*~ and HP,O,>~ protonation
states, but it has been also shown by the tetra-anionic P,O,*; conversely, the d mode is typically adopted only by P,O,*, with just one exception (in a
HP,O,>~ complex). h is the coordination mode (octakis-monodentate) observed in the structure of vanadyl pyrophosphate (VPP).

broken symmetry approach has been employed to describe the
unrestricted solutions of the antiferromagnetic spin states,?
which have been obtained from the guess functions generated
with the Jaguar 6.5 code.?” Full geometries have been used for
1—3in the theoretical study. The pyrophosphate bridging ligand
is partially protonated in 2, showing two different exchange
pathways between the copper(Il) ions. To compare both path-
ways in similar electronic conditions, two new molecule models
have been built from a single protonation (2H) or deprotonation
(2-H) of pyrophosphate groups in 2. In general, good results are
obtained but not in the case of 3. This deviation occurs because
of the large presence of electron density in a confined space from
the negatively charged ligand. This problem was also observed
in 2-H, which has a larger electron density than 2 and 2H. In
previous reports, we have solved this issue by including adjacent
molecules that built hydrogen bonds with the highly negatively
charged ligand.?® These extra molecules are charged to stabilize
the excess of the electron density through electron withdrawing
effects. Another strategy consists of putting the molecule into a
cavity with a dielectric constant simulating the effects of a polar
solvent. This latter method has been used herein. The dielectric
constant of acetonitrile was used.

Synthesis of {[Cu(bipy)(cis-H,P,07)],} -3H,O (1a) and {[Cu-
(bipy)(trans-H,P,05)],} (1b). Copper(Il) nitrate hemipentahy-
drate (0.233 g, 1 mmol) was dissolved in 40 mL of water, and
2,2'-bipyridine (bipy) (0.156 g, 1 mmol) was added with stirring.
After the complete dissolution of the bipy, a 10 mL aqueous
solution of sodium pyrophosphate (0.266 g, 1 mmol) was added,

(26) (a) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, P. J. Am. Chem. Soc.
1998, 120, 11122. (b) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, P. J. Am. Chem.
Soc. 1998, 120, 11122. (¢) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, P. J. Comput.
Chem. 1999, 20, 1391. (d) Ruiz, E.; Rodriguez-Fortea, A.; Cano, J.; Alvarez, S.;
Alemany, P. J. Comput. Chem. 2003, 24, 982. (¢) Ruiz, E.; Cano, J.; Alvarez, S.;
Polo, V. J. Phys. Chem. B 2006, 110, 115.

(27) Jaguar 6.0; Schrodinger, Inc.: Portland, OR, 2005.

(28) Visinescu, D.; Toma, L. M.; Cano, J.; Fabelo, O.; Ruiz-Pérez, C.;
Labrador, A.; Lloret, F.; Julve, M. Dalton Trans. 2010, 5028.

the final pH being noted as 8.7. Perchloric acid was then added
dropwise until a pH of ~1.5 was reached. A pale blue precipitate
was observed, and this was separated out by centrifugation. The
slow evaporation of the supernatant at room temperature origi-
nally afforded X-ray quality crystals of both compound 1a (primary
product) and 1b. Light blue blocks of compound 1a could be
obtained as the unique product by fast evaporation of the super-
natant, through gently heating (~40 °C) over several hours [yield
0.153 g, 18% based on Cu(Il)]. Analytical data for C,yHsCus.
N4O7P4 (1a, MW = 845.42). Calcd: C, 28.41; H, 3.10; N, 6.63.
Found: C,28.44; H, 2.85; N, 6.57. FTIR (KBr): 3434(br), 1603(sh),
1448(sh), 1194(s), 1108(sh), 1058(sh), 902(br), 731(sh) cm .

Synthesis of {[Cu(phen)(H,0)]4,(HP,05),}(Cl0y),-4H,0 (2).
Copper(Il) nitrate hemipentahydrate (0.233 g, 1 mmol) was
dissolved in 50 mL of water, and 1,10-phenanthroline (phen)
(0.180 g, 1 mmol) and pyrophosphate (0.266 g, 1 mmol of the
tetrasodium salt) were added as solids with continuous stirring
(final pH 9.5). Perchloric acid was added to this solution drop-
wise, and the pH was lowered to 1.5. A pale blue precipitate was
observed for pH values lower than 2.5, and it was collected
by centrifugation. Blue crystal plates of 2, suitable for X-ray
diffraction, were obtained by the slow evaporation of the super-
natant at room temperature [yield 0.465 g, 28% based on Cu(II)].
Redissolution in water of the precipitate afforded light-blue
parallelepipeds that were found to be the monomeric compound
[Cu(phen)(H>0)»(H,P,0-)], reported elsewhere.”> Analytical data
for 2: CygHs5oCLCuyNgO30P4s (MW = 1667.93). Calcd: C, 34.56;
H, 3.02; N, 6.72. Found: C, 34.46; H, 3.11; N, 6.73. FTIR (KBr):
3398(br), 1628(br), 1519(sh), 1429(sh), 1421(sh), 1103(br), 951(br),
852(sh), 784(w), 723(sh) cm ™ ..

Synthesis of {[Cu,(phenam),(P,07)],-25H,0}, (3). Com-
pound 3 was obtained as olive green needles by slow diffusion
in an H-shaped tube of an aqueous solution of Na,P,05 (0.067 g,
0.25 mmol) into an aqueous solution containing copper(II) nitrate
hemipentahydrate (0.116 g, 0.50 mmol) and 1,10-phenanthrolin-
S-amine (phenam) (0.098 g, 0.50 mmol). Suitable crystals for
X-ray diffraction were obtained within one month [yield
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Table 1. Summary of the Crystal Data for {[Cu(bipy)(cis-H,P,07)],} - 3H,0 (1a), {[Cu(bipy)(trans-H,P,07)]5} (1b), {[Cu(phen)(H,0)]4(HP,0,),}(ClOy),+4H,0 (2), and

{[Cuy(phenam),(P,07)]-25H,0}, (3)

1a 1b 2 3
formula CyoH26CuyN4O 7Py CyoH20CusN4O 4P, CusH50ClCusNgO30Py CagHgsCuyN,039P,
M, 845.41 791.36 1667.9 1833.33
crystal system triclinic triclinic triclinic monoclinic
space group Pl P1 P1 P2/c
alA 8.4735(8) 8.7298(9) 7.6464(7) 12.942(5)

b/A 9.7033(9) 9.0086(9) 11.3787(11) 21.485(8)

c/A 9.8403(9) 10.0823(10) 17.3996(16) 13.046(8)

o/deg 93.399(2) 110.133(2) 79.735(2) 90

fB/deg 110.835(2) 110.318(2) 83.813(2) 91.646(6)
/deg 104.247(2) 98.579(2) 84.358(2) 90

V/A” 723.22(12) 664.83(12) 1476.1(2) 3626(3)

A 1 1 1 2

D./gcm ™3 1.941 1.977 1.876 1.679

T/K 98(2) 98(2) 98(2) 98(2)

F(000) 428 398 844 1892

u(MoKo)/mm ™! 1.781 1.922 1.723 1.35

refl. collected 6795 6174 13300 31780

refl. indep. (Rjy,) 3295 (0.0168) 2893 (0.0147) 6236 (0.0200) 7432 (0.0727)

refl. obs. [/> 20(1)] 2994 2632 5659 4513

R LI > 20(1)] (all) 0.0317 (0.0358) 0.0368 (0.0401) 0.0340 (0.0384) 0.0717 (0.1213)

WRy” [I > 20(1)] (all) 0.0841 (0.0870) 0.1138 (0.1175) 0.0919 (0.0995) 0.1888 (0.2216)

Goodness-of-fit on P 1.06 1.049 1.088 1.029

APmax, mm/eA ’

0.995 and —0.371

“R |F)/ S Fol. P wRy = {3 [w(F,* —

1.286 and —0.335
FA2 S IF 2 and w = 1/[0%(F,2) + (mP)* 4 nP] with P =

1.127 and —0.652 1.460 and —0.588

(F2+2F2)3,m = 0.1141 (1),

0.0479 (2), 0.0900 (2a), 0.0588 (3), and 11 = 5.7446 (1), 0.7593 (2), 0.2290 (2a), 1.4684 (3).

0.411 g of dried sample, 54% based on Cu(II)]. Analytical data
for 3-8H,0 (after drying overnight in vacuo), C4gsHs,CuyNy»-
02,P4 (MW = 1527.07). Caled: C, 37.55; H, 3.43; N, 11.01. Found:
C, 3791; H, 3.13; N, 10.95. FTIR (KBr) 3434(br) 1619(br),
1492(sh), 1421(sh) 1319(sh), 1088(s), 972(w), 725 cm™

Crystal Structure Determination and Refinement. X-ray crys-
tallographic data for 1—3 were collected with a Bruker-AXS
SMART CCD diffractometer at 98 K using graphite monochro-
mated MoK, radiation (A = 0.71073 A) The crystals were coated
with Paraton oil, attached to a glass fiber, and quickly transferred
under the cold nitrogen stream of the diffractometer. This process
is especially critical for 3, which rapidly decomposes upon removal
from the mother liquor. For data collection and integration, the
Bruker SMART® and SAINT?® softwares were employed. Em-
pirical absorption corrections were calculated using SADABS.?!
The structures were solved by direct methods and subsequently
completed by Fourier recycling using the SHELXTL?? software
packages and refined by the full-matrix least-squares refinements
based on F* with all observed reflections.

All non-hydrogen atoms were refined anisotropically, except
the perchlorate O(9), O(10), and O(11) oxygen atoms in the
structure of 2, which were found disordered over two positions
with refined occupancy factors of 0.725 and 0.275, respectively.
A partial disorder has been found in the solvent region in both
la and 3, and a partial occupation (50%) has been assigned to
O(2w) in 1a and O(13w) in 3 [this last one being modeled over
two sites, O(13wA) and O(13wB), with 30 and 20% occupancy,
respectively], in accordance with results from Thermogravi-
metric Analysis (TGA). In addition, the amine-nitrogen atom
on one of the capping phenam ligand in 3 has been found dis-
ordered over C(5) and C(6), with an occupancy of 60 and 40%
[N(3) and N(3A)], respectively, and no hydrogen atoms have
been defined for these two carbon atoms. For the same reason,

(29) SMART, Data Collection Software, version 4.050; Siemens Analytical
Instruments Inc.: Madison, WI, 1996.

(30) SAINT, Data Reduction Software, version 4.050; Siemens Analytical
Instruments Inc.: Madison, WI, 1996.

(31) Sheldrick, G. M. SADABS; University of Gottingen: Gottingen,
Germany, 1996.

(32) SHELXTL PC; Siemens Analytical X-Ray Instruments Inc.: Madison,
WI, 1993.

the hydrogen atoms of the amine functional group on the phenam
ligand in 3 have not been positioned. The carbon—hydrogen
atoms of the aromatic ligand (bipy in 1a and 1b, phen in 2, and
phenam in 3, with the exclusion of C(5)- and C(6)-hydrogens in
this latter case) were set in calculated positions and refined using a
riding model. The hydrogen atoms on the water molecules (both
coordinated and lattice ones) in the structure of 2 were located on
the AFmap and refined with restraints, with thermal factors fixed
t00.04 A% No hydrogen atoms have been found or calculated for
the water molecules of crystallization in the structures of 1 and 3.

Crystal data for 1—3 are summarized in Table 1. CCDC reference
numbers 796399—796402.

Results and Discussion

Synthesis and characterization. For the synthesis of 1a/
1b and 2, an aqueous solution of copper(II) nitrate hemi-
pentahydrate was reacted with bipy (1a/1b) or phen (2)
and sodium pyrophosphate in a 1:1:1 molar ratio, result-
ing in deep-blue colored solutions upon stirring at room
temperature for several minutes. In both cases, a pale blue
microcrystalline powder formed upon the addition of
perchloric acid with the pH being lowered to 2.5 or lower.
The slow evaporation of the light-blue mother liquor at
pH of about 2.5 afforded blue blocks of the dinuclear
species {[Cu(bipy)(H20)](-P207)} - -7H,0" or {[Cu(phen)-
(H>0)]»(u-P,0-)} - 8H,0,™ respectively. By further dropping
the pH to 2.0, the treatment with bipy still afforded the
literature dinuclear species as the main product, while the
reaction with phen produced the mononuclear species
[Cu(phen)(H,0)>(H,P,0-)], as reported elsewhere.*> Com-
pounds 1a/1b and 2 were finally obtained by the slow evap-
oration of strongly acidic solutions (pH 1.5) after filtering
the precipitate [yield of 18% and 27% for 1a and 2, respec-
tively]. The analysis of the precipitates observed in the pH
range 1.5—2.5 via infrared spectroscopy and powder X-ray

(33) Ikotun, O. F.; Higbee, E. M.; Ouellette, W.; Doyle, R. P. J. Inorg.
Biochem. 2009, 103, 1254.



382 Inorganic Chemistry, Vol. 50, No. 1, 2011

diffraction suggested co-precipitation of different species
in such acidic conditions. Although this method does not
work in the case of 2 [crystals of the species [Cu(phen)-
(H,0),(H,P,0,)]** are obtained instead], the yield of 1a
can be increased by (partially) redissolving the precipitate
in water, each time adjusting the pH to 1.5 with perchloric
acid. The evaporation rate is critical in the case of the bipy
system. In fact, traces of 1b can be afforded in normal slow
evaporation conditions together with 1la. However, 1a is
obtained pure when the evaporation is conducted more
quickly (for example by heating at 40 °C), as confirmed by
elemental analysis. Different strategies were attempted to
get 1b as a pure product as well, mostly involving the use
of different water/alcohol mixtures as solvents, coupled
with storage at low temperature (4 °C), but without success
(amixture of 1a and 1b was always obtained). This suggests
the ratio 1a/1b may be under both thermodynamic and
kinetic control, the less favorable product being the crystal-
line polymorph 1b not incorporating solvent of crystal-
lization.

For the synthesis of 3, an aqueous solution of copper(II)
nitrate hemipentahydrate was reacted with solid phenam
in a 1:1 molar ratio, resulting in a clear yellow-green
solution upon stirring at room temperature for several
minutes (pH about 5.0). The addition of sodium pyro-
phosphate (0.1 mmol, final pH 6.2) precipitated 3 as a
light green powder. The powder partially redissolved by
lowering the pH below 2, with the supernatant collected
by centrifugation. The slow evaporation of the superna-
tant did not produce X-ray quality crystals. 3 was instead
obtained by the slow diffusion of the starting materials in a
H-tube over 1 month, as yellow-green needles [yield ~54%
based on Cu(Il)]. The stability of these crystals out of
solution was limited by a rapid, random loss of solvent, as
confirmed by TGA. For structural studies, the decomposi-
tion of the selected crystal was prevented by immersion in
Paraton oil followed by quick placement under the cold
nitrogen stream in the diffractometer (98 K). Elemental
analyses (C, H, N) performed on an in vacuo dried sample
were consistent with the formula {[Cu,(phenam),(P>O-)]*
4H,0},.

The infrared spectra of 1a (1b not recorded), 2, and 3
are all similar, showing a broad band around 3400 cm '
(presence of lattice water molecules), together with typi-
cal sharp bands due to the presence of aromatic ligands
in the region 1400—1650 cm ™' [1603, 1448, and 731 cm ™!
(bipy, 1a), 1628, 1519, 1429, 1421, and 723 cm ' (phen, 2),
1619, 1492, 1421, and 725 cm ™' (phenam, 3)].** The pyro-
phosphate band, which is centered around 1100 cm™ ",
appears as a broad absorption in the spectra of 1a and 2,
but it is much sharper in the spectrum of 3. Overall, three
quite different profiles can be found in 1—3, suggesting a
dependence on the adopted coordination mode (illustrat-
ed in Scheme 2).

Description of the Structures {[Cu(bipy)(cis-H,P,0-)],} -
3H,0O (1a) and {[Cu(bipy)(trans-H,P,07)],} (1b). Com-
pounds {[Cu(bipy)(cis-H,P>O7)]>} -:3H-,O (1a) and {[Cu-
(bipy)(trans-H,P,07)]>}(1b) consist of two symmetry-
related [Cu(bipy)(H,P>O5)] neutral units joined together

(34) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Co-
ordination Compounds, Part B, Applications in Coordination, Organometallics
and Bioinorganic Chemistry, Sth ed.; John Wiley: New York, 1997.
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Scheme 2. Coordination Modes Adopted by the Pyrophosphate
Group in 1-3¢
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“Note that the anion shows a different protonation state in these com-
pounds [HoP,0,*~ (1a), HP,O,"~ (2) and P,O,*~ (3)]. The red colored
pathway in 3 is usually referred to as the “u”-coordination mode.

by a double O.q—P—O, bridge, as shown in Figure 2, with
a resulting metal-to-pyrophosphate ratio of 1:1 versus the
2:1 observed in the classic g“ﬂ”-pyrophosphate-bridged)
homodinuclear complexes.'>™'® Lattice water molecules
are present in 1a, but not in 1b, which basically represents a
solvent free phase of the same dinuclear comglex. How-
ever, the conformation adopted by the H,P,O-" anion in
the two cases is different, as exemplified by the values of
the O(3)—P(1)—P(2)—0O(7) torsion angle of 6° (cis P—OH
bonds) and 157° (trans P—OH bonds) in 1a and 1b, respec-
tively. Thus, the two phases may be referred to as pseudo-
polymorphs as well as pseudo-conformers. The existence
of equilibrium in solution between the cis and trans con-
formers can readily be postulated, with the two forms
stabilized in the solid state by the presence or absence of
water molecules of crystallization (Figure 3). Note that an
intramolecular H-bond [O(7)—H(7)- - -O(2a)] is observed
in the trans conformer (1b) [O(7)---O(2a) = 2.667(3) A
and O(7)—H(7)---0O(2a) = 161°] instead of any interac-
tion with the solvent molecules (see Figures 2 and 3).

The copper(Il) ion adopts a distorted square-pyramidal
geometry [trigonal parameter®> 7 = 0.002 (1a) and 0.043 in
(1b)], where the two Ny,,y atoms and two Opp; atoms [N(1),
N(2), O(1), and O(5)] fill the equatorial positions and a
symmetry equivalent of the oxygen atom O(2) occupies the
apical one [O(2a), see Figure 3 and also Supporting Infor-
mation, Table S1 for selected bond lengths and angles].
The Cu(1) ion is displaced by 0.23 A from its mean basal
plane in the two compounds, and the values of the intra-
molecular Cu(1)---Cu(la) separation are 5.019(1) (1a)
and 5.362(1) A (1b).

The neutral {[Cu(bipy)(H,P>O7)],} units in the crystal
packing of 1a are stacked along the crystallographic a axis
via classic 7— interactions between the bipy molecules
(values of the interplanar distances of 3.5—3.6 A), form-
ing pseudo-layers parallel to the ab plane. The connection
between the layers in the ¢ direction is finally provided by
H-bonds involving the H,P,0;*" anions and the water mole-
cules of crystallization [O(7)—H(7)- - - O(6b) 2.576(2) A and
175°, O(3)—H(3)- - - O(1w) 2.813 A and 170(6)°, O(1w)- - -
O(2w) 2.360(6) A and O(2wc)- - - O(6) 2.482(6) A; symme-
trycode: (b) = —x+1,—y+1,—zand(c) = x+ 1, y, z] (see
Figure 3). A similar arrangement can be found in 1b, with
aromatic face-to-face interactions (mean interplanar dis-
tance of 3.5 A) defining layers parallel to the crystallo-
graphic ab plane. Intermolecular H-bonds between adjacent

(35) Addison, A. W.; Rao, T. N.; Reedijk, J.; Van Rijn, J.; Verschoor,
G. C. J. Chem. Soc., Dalton Trans. 1984, 1349-1356.
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Figure 2. ORTEP plot (30% probability level) of the dicopper(I1) unit in 1a and 1b, with the atom-labeling scheme. Note that the same atomic numbering
has been adopted in the two cases, with O(3) and O(7) always indicating the two protonated oxygen atoms on the dihydrogenpyrophosphate group.

Note also the intermolecular hydrogen bonds in 1b (see text) [(a) =
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Figure 3. (Top) Possible equilibrium, in solution, between a bidentate
cis- or trans-HoP207%". (Bottom) A view of the cis- or trans-H,P,07%~
configurations stabilized in 1a and 1b by the presence/absence of water
molecules of crystallization, respectively. The immediate environment of

the pyrophosphate anion together with the hydrogen bonds (dashed lines,
see text) are shown.

H,P,0;*~ groups [O(3)—H(3)- - - O(6b) 2.524(3) Aand172°
with (b) = —x + 2, —y, —z] also contribute to the stabiliza-
tion of these layered motifs. The three-dimensional cohesion
is ensured, in this case, by weak off set 77— bipy-overlaps (see
Supporting Information, Figure S1).

The coordination mode exhibited by the dihydrogenpyro-
phosphate anion in 1a/1b (see Scheme 1) is uncommon. As
far as we know, it has been observed only in one previously
reported dichromium(IIl) compound, namely, fac- [Cr-
(HP,0O7)(NH3)3],:4H,0, which contains the HP,0,*~

—x+ 1, =y+l, =z

—1 (1a)and (a) = —x + 1, —y, —z (1b)].

group as a ligand.®® A similar arrangement is found, how-
ever, in 3, which exhibits the same Cu—O¢q—P—0,,—Cu
bridge, although as part of a more complex PPi-coordination
setting (see Scheme 2). Given this arrangement, 1a and 1b
can be described as dimers-of-monomers, with the mono-
mers having formula [Cu(bipy)(H,P,0)].

Interestingly, a mononuclear species of formula [Cu(L)-
(H,P,07)] can be obtained with L. = phen, as shown else-
where,?? but not with bipy, as demonstrated here. Another
curiosity is the two P,O," -containing monomeric equiv-
alents, compounds {[(bipy)Cu(H20)(P207)Na2(H20)6L'
4H,0}*" and {[(phen)Cu(H,0)(P,0,)Nay(H0)s] - 6H,0},”
which again exhibit unexpected differences in the number
of metal ions coordinated to PPi (in particular, Na*
cations are coordinated as well in the bipy-species). This
suggests that the choice of the capping ligand (bipy vs phen
in this instance) is important in these type of compounds,
and it may play a role (perhaps through packing stability) in
the determination of the final coordination mode of the PPi
anion.

{[Cu(phen)(H,0)]4(HP,07),}(Cl104), - 4H,0 (2). Com-
pound 2 crystallizes in the triclinic P1 space group. Its
structure consists of cationic centrosymmetric tetracop-
per(IT) motifs of formula {[Cu(phen)(H,0)]4(HP,07),}* "
(see Figure 4) and perchlorate anions held together by
electrostatic forces, classic 7—a stacking, and hydrogen-
bonding interactions, also involving the water molecules
of crystallization. The quasi-flat cyclic arrangement of
Cu(Il) ions found in the cationic unit of this complex is
mainly driven by the unique coordination mode exhibited
by the HP,O,>~ anion, which only forms in-plane copper—
copper connections. This lack of any axial—equatorial path-
way makes 2 completely different from other tetranuclear
PPi complexes reported to date'*'*2!¢ including the tetra-
meric unit found in complex 3 described herein (vide infra).

The geometry of each of the copper(Il) ions in 2 is
distorted square pyramidal [z = 0.02 and 0.01 for Cu(1)
and Cu(2), respectively]. A water molecule occupies the
axial site, while two Nppe, atoms and two Opp; atoms

(36) Herron, N.; Thorn, D. 1.; Harlow, R. L.; Coulston, G. W. J. Am.
Chem. Soc. 1997, 110, 7149.
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Figure 4. (a) Top and (b) side views of the tetranuclear cation [{Cu(phen)(H,0)}4(HP>05),]** in 2 showing the atom labeling scheme (thermal ellipsoids
are plotted at the 30% probability level. Symmetry code: (a) = —x + 2, —y, —z — 1.

Table 2. Values of the Cu- - - Cu Separation, Cu- - - Cu-Basal Plane Displacement,
and Interplanar Distance (A) between the Cu-Basal Planes in 2

Cu(l) Cu(2) Cu(l) plane  Cu(2) plane
Cu(1) 0.0
Cu(2) 6.0714(6) 0.0
Cu(la) 9.6777(8)
Cu(2a) 6.1446(6)  7.4552(7)
Cu(1) plane 0.171(1) —0.834(4) 0.0
Cu(2) plane 1.414(4) 0.162(1) 1.243(4) 0.0
Cu(la) plane  2.515(6) 1.510(4) 2.344(6) 1.348(4)
Cu(2a) plane  1.320(4) 0.068(5) 1.149(4) 0.094(5)

“Only symmetry unique values are reported. ® The dihedral angle
between the Cu(l)—Cu(2), Cu(l)—Cu(2a), and Cu(la)—Cu(2) mean
basal planes is 176.5(1)°, while that between the Cu(1)—Cu(la) and
Cu(2)—Cu(2a) planes is 0°.

build the basal plane, with the metal atoms being shifted
by 0.17[Cu(1)]or 0.16 A [Cu(2)] toward the apical oxygen
(see Supporting Information, Table S2 for selected bond
lengths and angles and Table 2 for significant geometric
details about the tetranuclear unit). The Cu—Ow bonds of
adjacent Cu(II) ions show alternative cis [Cu(1)—Cu(2),
Cu(la)—Cu(2a)] or trans [Cu(l)—Cu(2a), Cu(la)—Cu(2)]
arrangements.

The crystal packing of 2 is dominated by an extensive
network of hydrogen bonds involving the HP,O5*~ groups,
the perchlorate counterions and the water molecules, both
coordinated and not (Supporting Information, Table S3).

m—a interactions between the phen ligands are observed
as well [values of the interplanar distance 3.45—3.46 A] (see
Supporting Information, Figure S2).
{[Cuy(phenam),(P,05)],-25H,0}, (3). The structure of
3is made up of neutral centrosymmetric Cu(II)-tetramers
linked together via weak axial Cu—N(amine) bonds [Cu(1)—
N(6b) = 2.558(5) Awith(b) =1 —x, —1/2+y,1/2 — 7]
(Figure 5a-b) to afford a two-dimensional network. In addi-
tion, 25 water molecules of crystallization per tetrameric unit
reside through the lattice. The asymmetric unit is composed
of two independent [Cu(phenam)]*" cations linked together
by a bis-bidentate tetra-anionic pyrophosphate group, as pre-
viously observed for the bipy- and phen-containing dicopper-
(IT) complexes of formula {[Cu(bipy)(H,O)]»(u-P,O7)}-
7H,0'® and {[Cu(phen)(H,0)]>(u-P»07)}-8H,0.’* The
geometry of each copper(Il) ion in 3 is distorted square
pyramidal [t = 0.02 and 0.31 for Cu(1) and Cu(2), res-
pectively], with two pyridine-Nppenam atoms and two
Opp; atoms building the basal plane. The ultimate co-
ordination environment about Cu(1l) and Cu(2) differs
with their apical position being occupied by either a
symmetry-related amine-Nppenam atom or pyrophosphate-
O atom [N(6b) at Cu(l) and O(6a) at Cu(2); (a) =
1 — x, 2 — y, —z] with final CuN30, and CuN,0j; chro-
mophores for Cu(l) and Cu(2), respectively. While the
two apical bonds are cis-oriented in the bipy- or phen-
literature dimers,'>3? they are trans-oriented in 3, with
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Figure 5. (a) ORTEP plot (20% probability level) of the tetranuclear unit in 3 along with the atom numbering scheme. Only one of the two possible
positions for N(3) is shown for clarity. (b) A view of a single layer of tetranuclear units in 3 growing in the h¢ plane. The Cu(II) connectivity is schematized on
the right to highlight the zigzag orientation of adjacent tetranuclear units. The amine-nitrogen atom on one of the capping phenam ligands is disordered over
C(5) and C(6), with an occupancy of 60 and 40% [N(3) and N(3A)], respectively.

this feature depending upon the “fusion” of two dimeric
subunits into the centrosymmetric tetranuclear moiety
shown in Figure 5a. Indeed, the tetranuclear core in 3
can be described as a dimer-of-dimers, similar to that ob-
served in the Cu(Il) and Zn(II) tetramers of formula
{[(dhpa)Cu(H,0)(P,0;)Cu(dhpa)],} -9H,O'" [dhba =
2,2-dipyridylamine] and {[(bipy)Zn(H,0)(P,0;)Zn-
(bipy)]>} - 14H>0.?' The pyrophosphate anion is acting as
a bridge within the single asymmetric (dimeric) units as well
as between two of such units (see the u-(O—P—0) and u-O
pathways, Scheme 2). The extra coordination site provided
by the amine functionality on the phenam ligand makes 3
significantly different from the discrete Cu(Il) and Zn(II)
literature analogues. In fact, 3 represents a unique example
of a two-dimensional complex incorporating the pyrophos-
phate anion, with the phenam ligand about Cu(2) [N(4)/
N(6)] supplying an additional bridge between two adjacent
tetranuclear units. Each tetranuclear unit in 3 is then linked
to four others, constructing covalent layers that extend par-
allel to the crystallographic bc plane (Figure 5b).

The two independent phenam molecules are planar and
interact via strong intramolecular 7— stacking, with a
dihedral angle of 1.2° and a centroid-to-plane distance of
about 3.3 A. Weaker intermolecular interactions (with
similar centroid-to-plane distance but a dihedral angle of
7.5°) are also observed within the layer, with neighboring
tetranuclear units defining a zigzag motif, as highlighted
in Figure 5b. No phenam—phenam interactions are ob-
served between adjacent layers, whose connection along

the crystallographic «a direction is provided by an exten-
sive network of hydrogen bonds involving several water
molecules of crystallization and some of the pyrophosphate-
oxygen atoms. Selected bond distances and angles for 3
are listed in Supporting Information, Table S4, while
significant geometric details about the tetranuclear unit
in 3 are collected in Table 3.

Magnetic properties of 1a, 2, and 3. The magnetic
properties of compound 1a in the form of y\ 7T versus 7'
plot (m is the magnetic susceptibility per two copper(Il)
ions) are shown in Figure 6. At room temperature, yn7'is
0.87 cm® mol ' K, a value that is as expected for two mag-
netically isolated copper(Il) ions. Upon cooling, ym7
smoothly increases to reach a value of 0.967 cm® mol™ ' K
at 2.0 K. This behavior corresponds to the occurrence of a
weak intramolecular ferromagnetic interaction between
two copper(Il) ions. Bearing in mind the dinuclear structure
of 1a, we have analyzed its magnetic data through the
expression for two interacting spin doublets that is derived
through the Hamiltonian of eq 1,%

= —J1u,SASg+SA-D-Sg+PH(gASA + g8SB)
(1)

where J is the isotropic magnetic coupling through the only
active magnetic exchange pathway [Oeq—P—O,, PPi-bridge],
D is the axial zero-field splitting parameter within the triplet

(37) Kahn, O. Molecular Magnetism; VCH: New York, 1993; p 137.
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Table 3. Values of the Cu- - - Cu Separation, Cu- - - Cu-Basal Plane Displacement,
and Interplanar Distance (A) between the Cu-Basal Planes in Compound 3%°

Cu(l) Cu(2) Cu(1) plane Cu(2) plane
Cu(l) 0.0
Cu(2) 4.999(2) 0.0
Cu(la) 8.765(3)
Cu(2a) 4.305(2)  3.196(2)
Cu(1) plane 0.119(2)  —2.056(8) 0.0
Cu(2) plane 0.408(9)  —0.274(3) 0.289(9) 0.0
Cu(la) plane  5.68(1) 3.508(5) 5.56(1) 3.782(5)
Cu(2a) plane  2.976(7)  2.294(5) 2.857(7) 2.568(5)

“Only symmetry unique values are reported. * The dihedral angle be-
tween the Cu(1)—Cu(2), Cu(1)—Cu(2a), and Cu(la)—Cu(2) mean basal
planes is 161.1(1)°, while that between the Cu(1)—Cu(la) and Cu(2)—
Cu(2a) planes is 0°.
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Figure 6. Thermal dependence of the y\ 7 product for 1a under applied
defield of 1 T (7 > 50 K) and 1000 G (7 = 50 K): (open circles) experi-
mental; (solid line) best-fit curve through eq 1 (see text). The inset shows
the magnetization versus H plot at 2.0 K: (open circles) experimental;
(solid line) Brillouin function for two magnetically isolated spin doublets
with g = 2.15.

state, and g5 and gg are the Landé factors of the interact-
ing copper(II) that are equal. Least-squares best-fit param-
eters are as follows: J,, = +0.86(1) cm™', [D| = 0.65(5)
em™ !, ¢ = 2.15(1). The magnetization versus H plots at
2.0 K (open circles in the insets of Figure 6) closely follow
the Brillouin function (solid line) for two spin doublets in
agreement with the small values of both the ferromagnetic
coupling and the zero-field splitting.

The interaction through the PPi bridge in 1a is weak as
expected given that the two d..,» type magnetic orbitals
are mainly delocalized in the basal plane, with the x and y
axes being roughly defined by the copper to nitrogen
bonds. The OPO bridge connects one equatorial posi-
tion at one copper atom with the apical one at the adja-
cent copper atom, and the overlap between the magnetic
orbitals is predicted to be very poor. Under these circum-
stances, the magnetic coupling is predicted to be very weak
and antiferromagnetic, although ferromagnetic coupling
could be observed in the case of accidental orthogonality.
This situation has been illustrated by different families of
dicopper(Il) complexes where the out-of-plane exchange

(38) (a) Herndndez-Molina, M.; Gonzalez-Platas, J.; Ruiz-Pérez, C.;
Lloret, F.; Julve, M. Inorg. Chim. Acta 1999, 284, 258. (b) Grove, H.; Sletten,
J.; Julve, M.; Lloret, F. J. Chem. Soc., Dalton Trans. 2001, 1029. (¢) Grove, H.;
Sletten, J.; Lloret, F.; Julve, M. J. Chem. Soc., Dalton Trans. 2001, 2847.
(d) Mandal, S.; Lloret, F.; Mukherjee, R. Inorg. Chim. Acta 2009, 362, 27.
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Figure 7. Thermal dependence of the y\ 7 product for 2 under applied
dc field of 1 T (7" > 50 K) and 500 G (7" = 50 K): (open circles) experi-
mental; (solid line) best-fit curve through eq 2 (see text). The inset shows
the ynm versus 7 plot in the vicinity of the maximum of the magnetic
susceptibility.

pathway is operative either through monatomic (u-chloro,
di-u-chloro and double oxo-carboxylate)*™* or poly-
atomic (u-oximato and y-oxalato)***! bridges. An important
conclusion here is that the O.q—P—0O, exchange pathway
is a poor mediator of magnetic interactions. This con-
clusion is relevant because it can be used to simplify the
analysis of magnetic data for higher nuclearity copper(II)
complexes with this ligand where a great number of ex-
change pathways are involved, as in 3 (vide infra).

The magnetic properties of 2 under the form of yp7
versus 7 plot [y 1s the magnetic susceptibility per four
copper(Il) ions] are shown in Figure 7. At room tempera-
ture, ym 7 is equal to 1.63 cm® mol ™! K, a value that is as
expected for a set of four magnetically non-interacting
copper(II) ions (ca. 1.65 cm® mol~! K with g = 2.10).
Upon cooling, ¥ T continuously decreases, and it prac-
tically vanishes at very low temperatures. A maximum of
the magnetic susceptibility occurs at 28 K. These features
are characteristic of an overall antiferromagnetic behav-
ior. In light of the cyclic tetranuclear structure of 2, the
expected magnetic couplings pattern would be that de-
picted in Scheme 3 where J; are the magnetic coupling
parameters through the edges [/, and J,y, for Cu(l)- -
Cu(2) and Cu(l)---Cu(2a)] and one diagonal [J,. for
Cu(2)- - -Cu(2a)] of the rectangle, the corresponding iso-
tropic Hamiltonian being given by eq 2

H = —Jyu[Scu) Scue) +Scutia)*Scuea)] = T2 [Scu)
'SCu(Za) + SCu(la) 'SCu(2)] - J2CSCu(2) : SCu(Za)] (2)

The analysis of the magnetic data of 2 through the ex-
pression of the magnetic susceptibility derived from this

(39) Pasdn, J.; Sanchiz, J.; Ruiz-Pérez, C.; Lloret, F.; Julve, M. New J. Chem.,
2003, 27, 1557, and references therein.

(40) Cervera, B.; Ruiz, R.; Lloret, F.; Julve, M.; Cano, J.; Faus, J.; Bois,
C.; Mrozinski, J. J. Chem. Soc., Dalton Trans. 1997, 395.

(41) (a) Calatayud, M. L.; Castro, L.; Sletten, J.; Lloret, F.; Julve, M.
Inorg. Chim. Acta 2000, 300—302, 846. (b) Garcia-Courceiro, U.; Castillo, O.;
Luque, A.; Garcia-Teran, J. P.; Beobide, G.; Roman, P. Eur. J. Inorg. Chem.
2005, 4280. (c) Cangussu, D.; Stumpf, H. O.; Adams, H.; Thomas, J. A.; Lloret,
F.; Julve, M. Inorg. Chim. Acta 2005, 358, 2292. (d) Garcia-Courceiro, U.;
Castillo, O.; Luque, A.; Garcia-Teran, J. P.; Beobide, G.; Roman, P. Cryst.
Growth Des. 2006, 6, 1839.
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Hamiltonian* leads to the following best-fit parameters:
Joa = —=79Q2)cm ™", Jop = —46.9(3)cm ™!, Joe = 0Ocm ™,
g = 2.14(1), and p = 0.6%. To avoid overparameteriza-
tion, a common g value was assumed for the two crystal-
lographically independent copper(I]) ions. p is the molar
fraction of an uncoupled monomeric copper(Il) species
that is assumed to follow a Curie law and has the same
molecular weight as that of the actual compound. This
parameter was introduced in the susceptibility law as an
additional term to account for the slight increase of the
magnetic susceptibility, which is often observed at very
low temperatures (see inset of Figure 7). The calculated
curve reproduces the experimental data in temperature
range investigated. In the light of the DFT calculations con-
ducted on 2, the stronger antiferromagnetic coupling
Jop 1s unambiguously attributed to the OPO(O) bridg-
ing pathway whereas the other significant but weaker
antiferromagnetic interaction (J,,) corresponds to the
OPO(OH) bridging pathway (see DFT section for further
details). The important point in the magneto structural
analysis of 2 is the demonstration, for the first time, of the
remarkable difference between the OPO(O) and OPO(OH)
bridging pathways of pyrophosphate in mediating mag-
netic interactions between copper(II) ions, the former being
much more efficient.

The magnetic properties of 3 in the form of yy; 7 versus
T plot [ 1s the magnetic susceptibility per four copper(11)
ions] is shown in Figure 8. At room temperature, yn7'
is equal to 1.43 cm® mol™! K, a value that is somewhat
below that calculated for a set of four magnetically non-
interacting copper(I) ions (ca. 1.65 cm® mol~' K with
g = 2.10). Upon cooling, yn 7T rapidly decreases and practi-
cally vanishes at 7' < 10 K. A pronounced maximum of the
magnetic susceptibility occurs at 50 K. These features are
characteristic of an overall antiferromagnetic behavior.

From a magnetic viewpoint, 3 can be considered as a
discrete tetranuclear unit, so the expected magnetic cou-
pling pattern is also depicted by Scheme 3, where J3,, J31,
and J5. are the intramolecular magnetic couplings between
the copper(Il) ions through the bis-bidentate, single O¢q—
P—0,,, and double u-O PPi-bridges, respectively.

The analysis of the magnetic data for 3 is derived from
the Hamiltonian of eq 3

H = —J3[Scu) Scu@) +Scu(ta) * Scua)] = S3b[Scu)
*Scua) +Scuia)y Scu)] = SeScu@) *Scua)  (3)

(42) Phuegphai, P.; Youngme, S.; Chaichit, N.; Pakawatchai, C.;
van Albada, G. A.; Quesada, M.; Reedijk, J. Polyhedron 2006, 25, 2198.
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Figure 8. Thermal dependence of the yy 7 product for 3 under applied
dc field of 1 T (7 > 50 K) and 1000 G (7 = 50 K): (open circles) experi-
mental; (solid line) best-fit curve through eq 3 (see text). The inset contains
the ynm versus 7 plot, which shows a slight increase of the magnetic sus-
ceptibility at very low temperatures accounted for by uncoupled mono-
meric copper(II) species.

leading to the following set of best-fit parameters: J3, =
—879(2)em ™, J3p = —5(1)em ™, Jie = +5(3)em L g =
2.07(1), and p = 1%. To avoid overparameterization, a
common g value was assumed for the two crystallographi-
cally independent copper(II) ions. p is the molar fraction of
an uncoupled monomeric copper(Il) species (see inset of
Figure 8). The calculated curve fits experimental data well
across the temperature range investigated. The values of the
fitindicate that the magnetic behavior of 3 is dominated by
the strongest antiferromagnetic interaction, with the other
two magnetic interactions being much weaker.

Several points can be made here concerning the mag-
netic data for 3. First, the bis-bidentate pyrophosphate
that connects the equatorial positions at both copper(II)
ions is responsible for the relatively strong antiferromag-
netic coupling in 3 [J5, = —87.9(2) cm™']. The strong
overlap between the two d,._,» type magnetic orbitals
that describe the unpaired electron at each copper(Il) ion
(the x and y axes being roughly defined by the copper to
nitrogen bonds) account for this magnetic coupling. It
should be noted that its value is very close to that ob-
served (ca. —91.8 cm ™ ') through the same exchange path-
way in the analogous tetracopper(Il) compound of for-
mula {[(dhpa)Cu(H,0)(P,O,)Cu(dhpa)],} -9H,0."

The other two exchange pathways in 3, namely, the
Ocq—P—0,« (J3p) and the double-x-O (J5.) bridges, are both
equatorial/axial (out-of-plane pathways) and are expected
to be much less efficient as exchange mediators. As a result
of this weak exchange, these latter pathways are predicted to
mediate weak antiferro- or ferro-magnetic interactions. As
confirmed by the DFT calculations (vide infra), the weak
antiferromagnetic interaction can be attributed to the
OPO(O) bridge and the weak ferromagnetic interaction
to the double oxo(pyrophosphate) in 3. To explain the
earlier report on the dhpa-containing analogue'? it is clear
now that the value of the ferromagnetic coupling through
the double oxo-pyrophosphate was overestimated in that
case and actually should have had little weight in the fit.
Consequently, the value of the “less” important antifer-
romagnetic coupling though the OPO(O) pathway be-
comes enhanced.
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Table 4. Magnetic Exchange Coupling (J;), Magnetic Exchange Pathway (MEP), Selected Structural Parameters (A), and Theoretical and Experimental Coupling Constants

(cm™Y) for 1a, 1b, 2, 3 and Models 2H and 2-H**

compound J; dCu—Cu MEP d(Cu;)—0° d(Cup)—0° Jorre Jexp
1a Tra 5.019 Ouq—P—Oyy 2172 1922 10.86(1)
Ou—P—Oy 1.922 2172 +2.6
1b J 5.362 Oeq—P—0,y 2273 1.944
" 0. q _p— 1.944 2273 +2.2 not measured
ax eq . .
2 T 6.145 Ocq—P—0¢y(0) 1.997 1.991 —35.1 —{27.7) —[34.6] —46.9(3)
Joa 6.071 Oeq—P—04y(OH) 1.932 1.940 —6.5 {—6.5) [~11.5] ~7.92)
Joe 7.455 Oeq—P—0—P—0,,(OH) 1.934 1.932 —0.2 {—1.1} [<0.0] not considered
3 Ja 4.999 Ouq—P—0¢y(0) 1.933 1.977
Oeq P ~040) 1.972 1.915 —46.7 —87.92)
T 4305 Ocq— 1.933 2.202 —0.1 —5(1)
Je 3.196 Ocq- IX(PO4) 1.977 2202
2202 1.977 —22 +3(3)

“@Theoretical J values for the 2H/2-H models are shown in parentheses/square brackets in the rows corresponding to 2. The i and f labels are used to
specify the initial and final metal atom in the magnetic coupling. “ Standard errors are smaller than 0.1 in all cases.

DFT Computational Studies. Given the diverse and
unique set of PPi pathways now available through this
work and with the magnetic susceptibilities in hand, a
series of DFT studies was conducted to better understand
the ability of various PPi pathways to mediate exchange.
The aim was to provide a clearer structure—function
correlation.

If a system presents n different J magnetic coupling
parameters, it is necessary to calculdte the energy of at
least 7 + 1 spin configurations,?® chosen so that a system
of n equations and n unknowns (the J parameters) can be
prepared and solved. In fact, to verify possible errors or
shortcomings of the procedure for tetranuclear com-
plexes, we studied more configurations than needed,
which allows the standard deviation for each J calculated
value to be evaluated (Table 4). In 2 and 3, these corre-
spond to the following spin states (only spin down centers
indicated): one S = 2, 0one S = 1 ([1]),and two S = 0([1, 2],
[2, 2a], and [1, 2a]). However, only two broken-symmetry
spin configurations (a triplet and a singlet state) can be
calculated in dinuclear complexes and so the standard
deviation is available for such cases. In 2-H and 3, where
there is a surplus of electron density on the highly nega-
tively charged PPi bridging ligand, some problems both in
the convergence procedure and in the results were ob-
served. To overcome these, those molecules (along with 2
and 2H for comparison purposes) were put into a cavity
with a dielectric constant that simulates the effect of a polar
solvent (acetonitrile).

The calculation results allow us to draw the following
conclusions:

(1) A good agreement between the experimental and

theoretical J values can be achieved.

(i) The axial elongation of the copper(II) ion, due to
the Jahn—Teller effect, determines the type and
orientation of the magnetic orbital (dy2—,. in the
case herein), which is located in the basal plane. A
very small spin delocalization on the apical posi-
tion is predicted, and as a result, very weak
magnetic couplings are expected when one or
both interacting metal ions are connected to the
bridging ligand through this apical position (see
Figure 9). This is indeed the case for Jy4, Jip, J3b,
and J5..

(iii) When the bridging ligand occupies equatorial
positions at both copper(Il) ions (J5,, Jop, Jac,

(a)

(b)

: ?“1 0
b H b

Weak AF Strong AF F

Figure 9. (a) Definition of the ¢ angle. (b) Electronic density delocaliza-
tion of the local magnetic orbitals in the o and the 7 pathways for different
values of the 0 angle. AF and F refer to antiferro- and ferro-magnetic
coupling, respectively. Blue and red colors are related to the magnetic
orbitals of each copper(II) ion. The violet color is used when electronic
densities from different metal atoms are superimposed.

and J3,), weak to moderate magnetic couplings
are predicted. Only (J,.) corresponds to a weak
magnetic coupling due to the extended exchange
pathway (OPOPO), which is involved. In the
other cases, where the shortest exchange pathway
is the triatomic “OPO” set of atoms (J»4, Jo,, and
J3.), moderate antiferromagnetic couplings oc-
cur. It deserves to be noted that, whereas J,, and
Jo, have only one OPO bridging pathway, there
are two of them in the strongest antiferromag-
netic coupling (J3,).

The effects of protonation on PPi pathways have not
been explored to date, and these systems allowed us for
the first time to really do so. In 2, where one of this group
is fully deprotonated (Jp,), the other one is monoproto-
nated on a non-coordinated oxygen atom (J»,). The pro-
ton exerts a very strong electron withdrawing effect. Thus,
the electronic density is decreased on the bridging oxygen
atoms. This fact causes a smaller overlap between the metal
magnetic orbitals through the bridge and consequently,
the antiferromagnetic contributions are weakened. In this
way, there are two possible reasons to understand the
different magnitude of J,, and J,, in 2: (a) an electronic
effect induced by the protonation of a POy, group, and



Article

(b) geometrical changes that modify the overlap between
the metal magnetic orbitals at the bridge. To evaluate the
effect of the protonation on the magnetic coupling, we built
two molecular models from the experimentally obtained
geometry of 2, where the two pyrophosphate PO, groups
(defining PPi as two phosphate groups sharing one oxygen)
are fully deprotonated (2-H) or monoprotonated as in 2
(designated 2H). In both models, the magnetic couplings
where the PO, groups have not changed protonation level
(or number of protons) exhibited magnitudes similar to
those observed in 2 (J,, in 2H and J,,, in 2-H). However, the
magnetic couplings associated with the other groups that
do change their protonation (an additional proton in 2H
[/25] and one less proton in 2-H [J5,]) strongly modify their
magnitude in the expected way, that is, a decrease of the
magnetic coupling when the electron density at the oxygen
atom of the exchange pathway is moved away by the
protonation. However, the protonation/deprotonation at
non-bridging pyrophosphate oxygens is not enough to
balance J», and J,,,. Although this factor is important in
determining the magnitude of the magnetic coupling, an
additional factor is needed to fully account for the observed
results.

J>, and J,y, couplings are similar because they corre-
spond to the OPO pathway adopting an anti-anti con-
formation following the nomenclature used for the
carboxylato bridged complexes. Slight structural differ-
ences concerning the Cu—O—P—O—Cu skeleton of J,,
and J5, (P—O—Cu angle [0] and the ¢ angle between the
plane O—P—0 and the Cu—O0 axis, see Figure 9a) would
account for the differences in the magnitude of the
magnetic coupling. So, Jo, presents larger O angles
(56.7° and 67.8°) than J,, (48.2° and 61.4°). This structur-
al distortion leads to different delocalization on the o and
the st pathway for each copper atom. For large J values,
the main delocalization from the metal ion to the bridge
occurs through a s pathway at both metal ions leading to
antiferromagnetic contributions being larger in Jyy,.
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Conclusions

In conclusion, we describe herein a series of PPi coordination
complexes that exhibit a series of important firsts from a
structural and magnetic perspective. We report on the inclusion
of the copper(IT)-PPi motif of 1 into an expanded network and
describe polymorphs of 1 that are also pseudo-conformational
isomers. Magnetically we report on the first ferromagnetic PPi
complex to date, demonstrating that PPi coordination modes
that facilitate accidental orthogonality are a possibility.

We have also explored the effects of protonation of the PPi
group and show that not only can PPi provide uncommon
structures and accidental orthogonality, but through degree
of protonation an increase or decrease in the antiferromag-
netic contribution can occur (see the difference between the
coupling across the OPO(O) and OPO(OH) pathways in 2).
Of key to note here is that predictability based on structure—
function correlations can be achieved for specific cases, based
on structural considerations. However, in general terms, a
given PPi pathway cannot be used to predict final magnetic
behavior as exemplified by the fact that the same magnetic
pathway results in ferromagnetic coupling in 1a, but anti-
ferromagnetic coupling in 3. This is consistent with other
well-investigated bridging pathways such as the coupling
across a u-hydroxo bridge, which depends upon structural
parameters also (such as the Cu—O—Cu angle).
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