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The reaction in water of M(Il) [M = Ni or Mn] with 1,10-phenanthroline (phen) and sodium pyrophosphate (Na4P,07)
in a 2:4:1 stoichiometry resulted in the crystallization of dinuclear complexes featuring the heretofore rare bridging
pyrophosphate. Single-crystal X-ray diffraction studies revealed the complexes to be {[(phen),NiJ,(«-P,07)} -27H,0
(1) and {[(phen);Mn](u-P,0)}-13H,0 (2) where the asymmetric M(phen), units are bridged by bis-bidentate
pyrophosphate, each metal ion exhibiting a distorted octahedral geometry. The bridging pyrophosphate places
adjacent metal centers at 5.031 A in 1 and 4.700 A in 2, and its conformation also gives rise to an intramolecular
st— interaction between two adjacent phen ligands. Intermolecular 77— interactions between phen ligands from
adjacent dinuclear complexes create an ornate 3D network in 1, whereas a 2D sheet results in 2. The hydrophilic
nature of the pyrophosphate ligand leads to heavy hydration with the potential solvent-accessible area for 1 and
2 accounting for 45.7% and 26.4% of their unit cell volumes, respectively. Variable-temperature magnetic susceptibility
measurements on polycrystalline samples of 1 and 2 revealed net weak intramolecular antiferromagnetic coupling
between metal centers in both compounds with J = -3.77 cm~tin 1 and J = —0.88 cm™! in 2, the Hamiltonian
being defined as H = —JS,*Sg. The ability of the bis-bidentate pyrophosphate to mediate magnetic interactions
between divalent first row transition metal ions is discussed bearing in mind the number and nature of the interacting
magnetic orbitals.

Introduction form of chronic rheumatoid arthriti@nd certain pyrophos-
phatases (e.g., from the ye&stccharomyces cernsia€) are
dependent on magnesium or manganese for funetioteed,
these enzymes can have as many as four functional divalent

metal ions in the active site, with two metal ions bound as

The role of diphosphate, more commonly known as
pyrophosphate @@®-*), in biological systems has long been
of interest to chemists. Pyrophosphate is ubiquitous in nature,
involved in processes such as oxidative phosphoryldtion,
oxidative decarboxylation (e.g., thiamin pyrophosphate, : :
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{[(phenkNi] »(u-P207)} -27H,0 and {[(phen)Mn] »(u-P.0)} -13H,0

Table 1. Structurally Characterized Multinuclear Coordination due to our strategy of preventing hydrolysis of pyrophosphate
Complexes Featuring the Pyrophosphate Ligand during synthesis. This is achieved by using previously
metal space chelated metal ions, e.g., ‘M(Hphen’ species (phen 1,10-
lon compound group _ref phenanthroline), as precursors since short-chain polyphos-
gﬂﬂ:g E([C(:&L)AS@CAIJF()%%].ZT%OP 0)7HO) gizc i(l) phates have been shown to be fairly inert to hydrolysis in
Colll {[Co%lpa)]z(,u-P2027)-€C|§)4)2]-Z.EHzO-Z.SCH;OH} PL 12 the presence of chelated metal ions (Table' 1). We report
Cu(ll) {[(bipy)Cu(H0)(u-P207)Nag(H20)e] -4H20} PL 13 herein the synthesis and structural, magnetic, and thermal
Zn(Il) - {[(bipy)Zn(Hz0)(u-P,07)Zn(bipy)]z- 14H:0} P2j/c 13 characterization of two pyrophosphate-bridged dinuclear
VV) - [(tmp)o[(VO)a(u-P207)A(OCHs).] P2in 14 gpecies of formulg[(pheny(Ni)2(us-P,05)]-27H:0} (1) and

_ ?Abbreviations: n = 9-12; L = 2-formylpyridine thiosemicarbazone;  {[(phen)(Mn)(us-P,07)]-13H,0} (2). They are the first such

bipy = 2,2-bipyridine; tpa= tris(2-pyridylmethyhamine; tmp= 2,4.6-  ayamples of Ni(ll) and Mn(ll) complexes incorporating the
trimethylpyridine. ; . S

pyrophosphate ligand. From the structural studies, it is

essential cofactors, whereas the third and fourth are ligatedevident thatl and 2 crystallize with a high degree of
to pyrophosphate/phosphate forming substrate/product mo-hydration and, in the case df an ornate set of channels
tifs.> Outside of biology, inorganic pyrophosphate salts have runs through the structure. The nature of these channels and
drawn interest as promising materials for laser hosts, in the magnetic behavior df and2 are discussed.
ceramics, electric, magnetic, and catalytic applicatfoAs.
vanadium pyrophosphate-based system is an importantExperimental Section

heterogeneous/contact catalyst, being the only example of a

heterogeneous catalyst used in the selective oxidation of .

- . - as received. Electrospray mass spectrometry was performed on a
alkanes (?'g" the conversion of butane to maleic anhyd7r_|de). Shimadzu LCMS-2010 A system at a cone voltage of 5 kV. Infrared
The multidentate nature of pyrophosphate makes it angpecira were recorded on a Nicolet Magna-IR 850 Series Il
attractive ligand for the potential formation of multinuclear spectrophotometer as KBr pellets. Thermal analysis was performed
complexes with varied structural types and properties. on a TA instrument TGA Q500 using- 5 mg samples placed on
However, despite the diversity and importance of pyrophos- platinum pans and run under a nitrogen atmosphere (40 mL/min).
phate interactions with metal ions, it is surprising to note The temperature was ramped fron25 to 500°C at a rate of 10
that the coordination chemistry of pyrophosphate remains °C/min. Analyses were performed using the TA instruments
virtually unexplored. A review of the Cambridge Crystal- Universal Analysis 2000 software program. Elemental apalysis (C,
lographic Database revealed only six such complexes (sed?: N. P) was performed by Quantitative Technologies, Inc.,
Table 1) The dearth of structurally characterized pyrophos- /hitehouse, NJ. Water was distilled and deionized to 18@ M

) . .. using a Barnstead Diamond RO reverse osmosis machine coupled
phate complexes possibly arises as a consequence of it

itivity to hvdrolvsi iallv in th f dival t?o a Barnstead Nano Diamond ultrapurification machine. Variable-
sentSI| 'Y'ty §0 yarolysis especially in the presence of divalen temperature magnetic susceptibility measurements were performed
metal ions’

) ) . on a Quantum design SQUID susceptometer in the temperature
The few examples listed in Table 1 demonstrate the ability range 1.9-300 K with an applied magnetic field ¢1 = 1000 G

of the pyrophosphate tetra-anion to act as a structurally (T > 100 K) and 250 GT < 100 K). Crystalline samples (typically
flexible bridging unit to produce a variety of complexes with 40 mg) were obtained directly from the reaction mixture, air-dried,
variable nuclearity. Given the scarcity of such structures, the and powdered in a mortar. Diamagnetic corrections for the
dearth of magnetic characterization and the relevance ofconstituent atoms were estimated using Pascal's constants, and
pyrophosphate to both biology and materials science, we havecorrections for the sample holder and the temperature-independent
focused some recent efforts on using pyrophosphate in theparamagnetlsm were also performed. Corrt_actlons f_or the temper-
synthesis of coordination complexes and investigating the ature-independent magnetism (diamagnetic contribution of the

. . . __constituent atoms plus temperature-independent paramagnetism of
structures, as well as the magnetic and catalytic properties h i 1 and?2 dered iabl
f the species obtainéd!® Our success to date is in part the metal ions) ofl and2 were considered as variable parameters
0 P ' P in the fit, and the values for two metal ions ar&00 x 106 cm?/

_ 6
(6) (a) Kasuga, T.; Terada, M.; Nogamin, M.; Niinomi, M.Mater. Res. mol for 1 and. 620 x 10. .cm3/mol for 2 They are as expected
2001, 16, 876. (b) Wilson, S. T.; Lok, B. M., Messian, C. A., Cannon,  fOr the chemical compositions. Corrections for the sample holder
T. R., Flanigen, E.MJ. Am. Chem. Socl1982 104, 1146. (c) Thomas, were also applied. Electronic absorption spectra were obtained on

J. M. Angew. Chem., Int. E41994 106 963. (d) Hartmann, M., Kevan, 3 varian Cary 50 Bio spectrophotometer in 1 mL Quartz cuvettes
L., Chem. Mater1999 99, 635. (d) Sun, X.; Xu, X.-G.; Fu, Y.-J,;

Solvents and chemicals were of laboratory grade and were used

Wang, S.-L.; Zeng, H.: Li, Y.-PCryst. Res. Technd2001, 45, 465. (Sigma) between 200 and 800 nm at ambient temperature.

(7) (a) Guliants, V. V.; Holmes, S. A.; Benziger, J. B.; Heany, P.; Yates, Synthesis of 1Nickel chloride (0.60 g, 2.5 mmol) was dissolved
D.; Wachs, I. EJ. Mol. Catal. A2001, 172 265. (b) Toradi, C. C.; H iati i .
Calabres, J. Qlnorg. Chem 1984 23, 1308, (¢) Centri, G . Trfiro, in 25 mL of dIStI"e.d water. To this was add.ed a water/ethanol (40:
F.E.. J. R.: Franchetti, V. MChem. Re. 1988 88, 55. 60, 25 mL) solution of 1,10-phenanthroline (0.91 g, 5 mmol),

(8) Search was conducted through the Cambridge Structural Databaseresulting in a light-purple-colored solution after ca. 10 min. Solid
(www.ccde.cam.ac.uk) using ConQuest search and retrieval software. sodium pyrophosphate (0.33 g, 1.25 mmol) was added directly, and

(9) (a) Heikinheimo, P.; Tuominen, V.; Ahonen, A. -K.; Teplyakov, A.;
Cooperman, B.S.; Baykov, A.A.; Lahti, R.; Goldman, Proc. Natl.
Acad. Sci. U.S.A2001, 98, 3121. (b) Zyryanov, A. B.; Shestakov, A. (12) Funshashi, Y.; Yoneda, A.; Taki, C.; Kosuge, M.; Ozawa, T.;

S.; Lahti, R.; Baykov, A. ABiochem. J2002 367, 901. Jitsukawa, K.; Masuda, HChem. Lett2005 34, 1332.

(10) Ainscough, E. W.; Brodie, A. M.; Ranford, J. D.; Waters, J. M.; (13) Doyle, R. P.; Niewenhuyzen, M.; Kruger, P. Balton Trans.2005
Murray, K. S.Inorg. Chim. Actal992 197, 107. 3745.

(11) Kruger, P. E.; Doyle, R. P.; Julve, M.; Lloret, F.; Niewenhuyzen, M.  (14) Herron, N.; Thorn, D. I.; Harlow, R. L.; Coulston, G. \l..Am. Chem.
Inorg. Chem 2001, 40, 1726. So0c.1997 119, 7149.
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the mixture was allowed to stir for an additional hour. The purple Table 2. Crystallographic Details fot and2

Ikotun et al.

solution that resulted was minimized in vacuo @0% of initial

1 2
volume) and passed through a# filter (Fisher). Crystallization hermical T | o NNGOP o He M NSO P
was conducted by slow evaporation of the solvent under ambient f(iNem'w ormuia 1591385998'1 a2 f§3§884n2 8-20r2
conditions. A mixture of blue rods and block crystals were formed  ¢ryst syst tetra'gonm triclinic
after 1 day. They were removed by filtering in vacuo, and the space group 144/acd PL
solution was again allowed to stand at room temperature. Only the « g\MO Ko, mm?) 6.302 0.606
blue, block-shaped crystals subsequently evolved from the solution al 42.965(8) 13.693(3)
i ) : _ b/A 42.965(8) 14.093(3)
over ca. 1 Week. Found. C, 4653, H, 484, N, 858, P, 498% C/A 29386(2) 14602(3)
NioP,010NgHs56Css (vacuum-dried; 12 waters of crystallization o/° 90.0 89.962(5)
remain; see Thermal Analysis) requires: C, 46.93; H, 4.59; N, 8.62; p/° 90.0 77.079(5)
P, 5.04%. IR (KBr): 3399br, 1625m, 15165, 1424s, 1142w, 1103w, 7/ 90.0 82.916(5)
. - . VIA3 54248.7(1) 2724.5(10)
846s, 725s cmt. MS (ESI): 594.8m/z. UV —vis (50:50 v/iv HO/ 7 32 5
EtOH): lmaJnm 604 (1724 Y cm*l). DJg cnr3 1.485 1.510
Synthesis of 2An aqueous suspension of phen (0.91 g, 5 mmol)  Omax 22.50 28.28

was added to an aqueous solution of manganese(ll) chloride (0.49
g, 2.5 mmol) with stirring at room temperature. A pale yellow
solution resulted after ca. 15 min. Following the addition of solid

R1, wR2 ] > 20(1)]
R1, wR2 (all data)
refins collected
reflns observed

0.1081, 0.2842
0.1662, 0.3538
8880
5330

0.0747,0.1662
0.1176, 0.1875

28 966

13434

sodium pyrophosphate (0.33 g, 1.25 mmol), a yellow precipitate
was observed. As this precipitate was insoluble in any solvent tested, yother liquor and leaving the filtrate to stand over 6 days.
the reaction above was repeated in a H-tube in an attempt to 9etThe infrared spectrum of the block crystals indicated the
crystals suitable for X-ray diffraction studies. Briefly, one arm of resence of pyrophosphate with characteristie-QP-P]
the tube contained an agueous solution of manganese(ll) chloridept tch b Py E ¢ 2103 d 845-k# Bands due t
(10 mM) and phen (20 mM), whereas an aqueous solution of stretches (_) Served a an anas Llje 0
sodium pyrophosphate (5 mM) was introduced in the other arm. the phen ligand were observed at 1515 and 1424'chA
The tubes of both arms were filled by slow addition of water until Strong brogd panq at 3339 ctnand a weak band at 1625
they mixed across the H-tube bridge and the setup was then allowedcm * were indicative of the presence of water molecules of
to stand, sealed, at room temperature. Compdnes obtained crystallization. Microanalytical data (C, H, N, P) were
as small yellow crystalline blocks over ca. 1 month. Found: C, consistent with the following formulation [(phexiNi)2(u-
50.21; H, 4.14; N, 9.54% MiP,01sNgH4¢Csg (vacuum-dried, 8 P,0,)]-12H,0, and ESI mass spectrometry performed upon
waters of crystallization remaining) requires C, 50.18; H, 4.21; N, aqueous solutions gave a parent ion centereuzt 594.85,
9.75%. IR (KBr): 1510m, 1424s, 1384w, 1342w, 1138br, 1082s, which equates to [(pheslyi(HsP,O;)]*. The d-d spectra of
88;;“ 348'“[')7313 _Cm't_ 4 Refi Cof 1 and 2.5t aqueous solutions exhibited a very broad and featureless band

ructure beterminafion and kefinement of - and 2.5 Tuc centered at 604 nm (17.24 Mcm™1), which is consistent
tural measurements were performed on a Bruker-AXS SMART- . . . .

with the presence of a Ni(ll) chromophore with distorted

CCD diffractometer at low temperature (90 K) using graphite- ) -
monochromated Mo K radiation ¢ = 0.71073 A). Absorption octahedral geometi$. This was proved through a single-
crystal X-ray crystal diffraction study.

corrections were applied using SADABS and SHELX®LThe
structures were solved using direct methods and refined using the Attempts to obtain a structure of the blue rods were
SHELXTL program packag® All non-hydrogen atoms, except unsuccessful. Given that these crystals disappear in mother
those exhibiting disorder, were refined anistropically. Aromatic liquor over a few days and that they are not obtained at lower
hydrogen atoms were assigned to calculated positions and refinedsplution concentrations, most likely they are an unstable
using a riding model. Due to the high degree of hydration and kinetic product, the block-shaped crystalsldfeing the more
disorder, hydrogen atoms could not be located for the water giople thermodynamic product. Pink crystals of the tris-

molecules inl. Key crystallographic data are given in Table 2. : : :
Crystallographic data (CIF file) for complexésand2 have been chelated species [Nl(phg(ﬂllz)] were also observed with
any excess of the phen ligand.

deposited with the Cambridge Crystallographic Data Centre, CCDC . )
No 638729 and 637920, respectively. Copies of this information Crystal Structure of 1. The atomic numbering scheme

may be obtained free of charge from the Director, CCDC, 12 Union and atom connectivity forl are shown in Figure 11
Road, Cambridge, CB2 1EZ, UK (Fax 44 1223 336 033; email: ~ Crystallizes in the tetragonald./acd space group. The
deposit@ccdc.cam.ac.uk or via the Internet www.ccdc.cam.ac.uk. molecular structure ol is comprised of neutrg][(phen)-
(Ni)]2(u-P207)} dinuclear nickel(Il) units with two crystal-
lographically unique nickel atoms [Ni(l) and Ni(2)] in a
Synthesis and Characterization of 1 CompoundL was distorted octahedral geometry. Selected bond lengths and
synthesized from an aqueous suspension of nickel(ll) chlorideangles forl are brought together in Table 3. The,®4
hexahydrate, phen, and sodium pyrophosphate in a stoichio-coordination chromophore about each nickel atom is irregular
metric ratio of 2:4:1 to give a purple solution that yielded and derived from four nitrogen atoms from two phen ligands
blue crystalline rods and blocks upon standing over several
days. Block-shaped crystals were separated by filtering the

Results and Discussion

(17) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compounds, Part B, Applications in Coordination, Organo-
metallics and Bioinorganic Chemistrpth ed.; Wiley: Chichester,

(15) Sheldrick, G. M.SHELXTL Version 5.0, A System for Structure
Solution and RefinemenBruker-AXS: Madison, WI, 1998.
(16) SHELXTL PCersion 6.1 Bruker-AXS, Inc.: Madison, WI, 2002.
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(18) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.;
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{[(phenkNi] »(u-P207)} -27H,0 and {[(phen)Mn] »(u-P.0)} -13H,0

Figure 1. Molecular structure ofl with the atom numbering. Hydrogen
atoms, the disordered phen ligand, and the water molecules of crystallization
have been removed for clarity.

Table 3. Selected Bond Lengths (A) and Angles (deg) for

Ni(1)—O(11) 2.051(8)  Ni(2r0(22) 2.097(9)
Ni(1)—0(21) 2.045(7)  Ni(2-N(lc) 2.048(13)

Ni(1)—N(1a) 2.106(8)  Ni(2-N(1d) 2.327(19)

Ni(1)—N(1b) 2.127(8) NI(2)- N(12c) 2.110(10) Figure 2. Packing diagram of looking down the crystallographizaxis.
Ni(1)—N(12a) 2.105(8) P(2)0(12) 1.568(10) The dimensions of channefs andB are 17.813x 17.813 and 13.16%
Ni(1)—N(12b) 2.095(11)  P(2)0(23) 1.497(9) 15.71 &, respectively. Hydrogen atoms and lattice water molecules have
N!(Z)—N(12d) 2.245(17) P(1y0O(14) 1.432(8) been omitted for clarity.

Ni(2)—0(13) 2.038(7) P(BO(12) 1.667(9)

Hu((lzz)ki)(;'(\lllgl))—gyl()la) 2255&2(5) ’\(‘)(éd%m:g;:g((g‘;) ggggg channels that run down the crystallograpbixis and within
N(12b)-Ni(1)—(011) 170:29(3) O(13)Ni(2)—N(12d) 16i.8(5) which the lattice water molecules reside (see Figures 2 and
N(1)—Ni(1)—(N1a) 79.0(3) O(13yNi(2)—N(1c) 97.3(4) S2). These channels constitute a potential solvent-accessible

O(11)-Ni(1)—(021)  93.74(3) O(BP(1)-O(13)  111.99(4)
N(12a) --Ni(1)-N(la) 78.9(3) P(YO(12-P(2)  124.8(5) area of 45.7% of the cryst#.

O(21)-Ni(1)—N(12a) 90.1(3) OB P(2)-0(22) 114.6(5) The dimensions of thé& and B channels are 17.813
O(22)-Ni(2)-N(12c) ~172.02(4)  Ni(1}yO(11}>-P(1)  131.13(4) 17.813 and 13.163 15.709 &, respectively. Thé channel
N(12c)-Ni(2)-N(12d) 92.1(6) ~  Ni(1jO(21)-P(2) ~ 126.23(5) g |ined predominantly by phen ligands with aromatie 18

Niey-Ni@—N(1zc) 80.15)  O@HNI1)-N(a)  168.9(3) groups projecting into it giving it a hydrophobic lining,

and two oxygen atoms from the bridging pyrophosphate Whereas theB channel is lined predominantly by the
ligand. The pyrophosphate group adopts the bis-bidentatehydrophilic pyrophosphate ligand with the terminal (and
coordination mode subtending a six-membered chelate ringuncoordinated) #O group projecting into it, as shown in
at each nickel atom. The nickehickel distance across the Figure 2 (see also Figures S1 and S2)

pyrophosphate bridge is 5.031 A. The best equatorial plane Synthesis and Characterization of 2An aqueous solu-
about Ni(1) is defined by the [011021—N1a—N12b] donor tion of manganese(ll) chloride tetrahydrate was reacted with
set (dihedral angle is 2CBwith Ni(1) displaced 0.013 A an aqueous suspension of phen with a 1:2 Mn(ll)-to-phen
from the mean plane. For Ni(2), the best equatorial plane is molar ratio. A clear yellow solution resulted upon stirring
defined by the [013022—N12c-N12d] donor set (dihedral ~ at room temperature. A yellow precipitate formed im-
angle is 4.82) with Ni(2) displaced 0.081 A from the mean mediately upon addition of a 0.5 stoichiometric equivalent
plane. Terminal B0 bonds lengths in the bridging pyro- [based on Mn(Il)] of sodium pyrophosphate. This precipitate
phosphate (1.432 [P(£)0(14)] and 1.497 A [P(2Y0(23)]) proved to be insoluble in any solvent tested. So, slow
are shorter than those of the inner® bonds, which range  diffusion of the starting materials in a H-tube was used to
between 1.515 [P(2)O(22)] and 1.667 A [P(1O(12)], acquire single crystals d? suitable for X-ray diffraction
consistent with their double- and single-bond character. Two studies. Infrared spectroscopy indicated the presence of
phen ligands at Ni(1) [N(1a)/N(12a)] and Ni(2) [(N(1d)/ characteristic phen (1510 and 1424 ¢jrand pyrophosphate
N(12d)] interact with each other via an intramolecular face- (1138 and 848 crf) absorption peaks. Elemental analyses
to-facesr— interaction with a separation at closest contact (C, H, N, P) were consistent with the formation of a dinuclear
of 3.10 A, and this interaction flanks the bridging pyrophos- Mn(ll) complex with the following formulatior{ [(phen)-
phate ligand, (see Figure 1). The phen ligands about Ni(1) (Mn)2(u-P,07)]-8H,0}. The single-crystal X-ray crystal
and Ni(2) also interact with adjacent phen ligands through diffraction study confirmed its dinuclear nature.
intermolecular offset face-to-face—x interactions with Crystal Structure of 2. The atomic numbering scheme
dihedral angles between adjacent rings of-38° and and atom connectivity fo2 are shown in Figure 3. The
separations at closest contact ranging from 3.42 to 3.50 A.dinuclear unit is made up of two crystallographically
In addition, edge-to-face intermolecular interactions are also - -

evident between some adjacent phen ligands. These interac™® Sﬁﬁ,‘;’rgi)',jpbﬁggﬁ{' TAh'\é'“ﬁgﬁ;ﬁfjﬁdgyz%wgﬁﬂg'ClTlod‘Cthr%cgf
tions form a 3D network, and they lead to the formation of Cambridge 2002.
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Ikotun et al.

Figure 3. Molecular structure o showing the atomic-labeling scheme.
The hydrogen atoms and the water molecules of crystallization are omitted
for clarity.

Table 4. Selected Bond Lengths (A) and Angles (deg) #or

Mn(1)—0O(3) 2.083(3) Mn(2)-N(6) 2.273(4)

Mn(1)—0O(6) 2.146(3) Mn(2)-0(2) 2.096(3)

Mn(1)—N(1) 2.294(3) Mn(2)-N(7) 2.342(4)

Mn(1)—N(4) 2.310(4) Mn(2)-N(5) 2.274(4)

Mn(1)—N(2) 2.324(4) P(1)0(1) 1.504(3)

Mn(1)—N(3) 2.334(4) P(1)0(4) 1.627(3)

Mn(2)—0O(5) 2.095(3) P(2yO(4) 1.613(3)

Mn(2)—N(8) 2.257(4) P(2y0O(7) 1.514(3)

_ _ Figure 4. Packing diagram o2 looking down the crystallograph&axis.

g?&’()l—)Mcn)g))—E((?) igggf((g)) ,(\?((553&(5()_2)9&3()8) ]l_éégf((ﬂ; Note the two-dimensional arrangement of manganese(ll) dimers through
0(3)-Mn(1)-0(6) 91:69(11) O(@}Mn(2)-N(7) 159: 12(12) intra- and intermolecular—z-type interactions. Hydrogen atoms and lattice

N(l)_Mn(l)_N(z) 7208(12) O(za_Mn(z)_o(S) 9307(11) waters have been omitted for Clarlty.
N(@2)-Mn(1)-N(3)  87.36(12)  N(5}Mn(2)-N(6)  73.23(14)
N(1)-Mn(1)-N(4) 150.97(12)  N(HMn(2)-N(8)  72.44(14)
N(4)-Mn(1)-O(6) 113.63(12)  Mn(2)O(5)-P(2) 125.10(17)
0@)-P(1-0@3)  112.12(17)  Mn(2}O(2)-P(1) 133.52(17)
P(1-O(4)-P(2)  125.85(18)  Mn(BO(6)-P(2) 132.91(17)

120

1004

independent [Mn(phegslf* units bridged by the tetra-anionic
pyrophosphate ligand. Pyrophosphate coordinates in a bis- 2%
bidentate manner forming two six-membered chelate rings
asinl.

The N,O, coordination chromophore about each manga-
nese atom is irregular and is derived from four nitrogen atoms N
from two phen ligands and two oxygen atoms from the
bridging pyrophosphate. The best equatorial plane about Mn1
is fined by the [03-O6—N2—N3] donor set (dihedral angle
40.87) with Mn(1) displaced 0.013 A from the mean plane.
For Mn(2), the best equatorial plane is defined by the{O2 a0 5 s % - A
O5—N6—N7] donor set (dihedral angle 32.36vith Mn(2) Temperature (C)
displaced 0.001 A from the mean plane. The intradimer Mn- Figure 5. TGA curve of1 showing immediate loss of 15 water molecules
(1)---Mn(2) distance is 4.700 A, and the shortest interdimer followed by loss of the remaining 12 waters at ca. 280
Mn---Mn distance is 7.842 A. Both values are shorter than network (see Figure 4) with the lattice water molecules
the corresponding ones i Terminal P=O bonds lengths  located between the sheets. These water molecules occupy
in the bridging pyrophosphate are 1.504 [P{O(1)] and a potential solvent accessible area of 26.4% of the crital.
1.514 A [P(2)-0(7)] compared with the inner-fO bond The volume occupied by the solvent of crystallization is
lengths, which range between 1.613 [P{&p4)] and 1.627 markedly smaller than that observed 10§26.4% compared
A [P(1)—(04)]. Key bond lengths and angles Bare shown to 45.7%). This is reflected in the greater densityY2aiver
in Table 4. As inl, two phen ligands at Mn(1) [N(3)/N(4)] 1, 1.510 vs 1.485 g/cin
and Mn(2) [N(5)/N(6)] interact with each other via an Thermal Analysis of 1 and 2.Thermogravimetric analysis
intramolecular face-to-face— interaction with a separation  (TGA) was performed on powdered sampled ¢Figure 5)
at closest contact of 3.39 A, and this interaction flanks the and2 (Figure S3). The samples were ramped from ca. 25 to
bridging pyrophosphate ligand, (see Figure 3). The phen 500 °C at a rate of 10°C/min under nitrogen. The TGA
ligands also interact with adjacent ligands through intermo- curve for1 is shown in Figure 5.
lecular offset face-to-face—ux interactions, and edge-to- The thermal decomposition df shows an inflection at
face intermolecular interactions are also evident betweenca. 90°C in 1 after a mass loss of 21.25%, indicative of the
some adjacent phen ligands. These interactions form a 2Dloss of 15 solvent water molecules (Figure 5). The inflection
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1357%
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{[(phenkNi] »(u-P207)} -27H,0 and {[(phen)Mn] x(u-P.0)} -13H,0

Figure 6. Thermal dependence gfs (A) andymT (O) for 1. The solid
line is the best-fit curve for a nickel(ll) dimer with andg as variable
parameters (see text).

at ca. 280°C after a mass loss of 13.57% is equivalent to
the loss of the remaining 12 lattice waters. Twelve crystal-
lization water molecules were also noted in the fitting of
the elemental analysis after overnight drying in vacuo. This

Figure 7. Thermal dependence gfs (a) andymT (O) for 2atT < 100
K. The solid line is the best-fit curve for a manganese(ll) dimer Wigmd
g as variable parameters (see text).

the magnetic behavior of nickel(ll) dimers closely follows
eqg 1 when significant antiferromagnetic coupling occurs.
Only in cases where the antiferromagnetic interaction is weak
or when the coupling is ferromagnetic is the effect»f

is suggestive of some degree of hydrogen-bonded waterrelevant to describe the magnetic behavior at low tempera-

network in1 and/or lattice water being ‘buried’ within the
channels found ir.

The TGA curve of2 shows slight inflection at ca. 5TC
after a mass loss of 6.9%, which is indicative of the removal
of five solvent water molecules (Figure S3). The inflection
at ca. 75°C after a mass loss of 3.95% is equivalent to the

loss of three water molecules. Decomposition of the dimeric

species at ca. 200C is consistent with the loss of the
remaining water and phen ligands.

Magnetic Behavior of 1 and 2.The magnetic properties
of complex1 in the form of bothymT andym versusT plots
[xm is the magnetic susceptibility per two Ni(ll) ions] are
shown in Figure 6yuT at room temperature is 2.16 ém
mol-K, a value which is as expected for two magnetically
noninteracting single-ion spin tripletgT = 2.20 cn#¥/mol-

K with g = 2.10). Upon cooling, this value smoothly
decreases until = 60 K and then it exhibits an abrupt

tures?® This is why in the present case we analyzed the
susceptibility data oflL through eq 1,J and g being the
variable parameters. Best-fit values dre —3.8 cn1?t, g =
2.08, andR = 1.2 x 107° (Ris the agreement factor defined
asR = 3il(xmoodi) — (em)ead)l/ Zil(xmovdi)]?). The cal-
culated curve fits the magnetic data, as shown in Figure 6.
The magnetic properties of compl&in the form of both
xm T andyw versusT plots [yu is the magnetic susceptibility
per two Mn(ll) ions] are shown in Figure 7. The two curves
are characteristic of an antiferromagnetic interaction between
two single-ion sextuplet spin states: the valug@fat room
temperature is in the range expected for 8w 5/2 states
[xmT = 8.65 cn¥/mol-K versus the calculated value of 8.75
cm¥/mol-K for two magnetically isolated high-spin Mn(ll)
ions], increases as the temperature is lowered until a
maximum is reachedTf.x = 3.5 K) and finally decreases.
In agreement with the dinuclear structure2pfts magnetic

decrease and nearly vanishes at very low temperatures. Asusceptibility data were analyzed in terms of an isotropic

sharp maximum of the magnetic susceptibility occurs at ca.

5.5 K. These features are typical of a significant antiferro-
magnetic coupling inl. Bearing in mind the dinuclear
structure ofl and the fact that the six-coordinated nickel(ll)

ion is orbitally nondegenerate, it is possible to represent the

intradimer magnetic interactiod)(with the isotropic Hamil-
tonianH = —JS°Ss.

The molar magnetic susceptibility for a nickel(ll) dimer
(S» = & = 1) is thus given by eq 1

2w = NBZGIKT) { [expIKT) +
5 exp(AKI[L + 3 exp@/kT) + 5 exp(I/KT} (1)

whereN, 3, g, and T have their usual meanings and it is
assumed thag, = gy = g, = g. Although the nickel(ll) ion
in axial symmetry can have a large zero-field splittiy,(

exchange interaction through the Hamiltontdr= —JSSs
(Sx» = S = 5/2) by using eq 2

xm = (@NBAGPKT) {[x + 5x° + 14¢ + 30x*° + 557/
[1+3x+5C+ 7+ 9+ 1167} (2)

with x = exp@/KT).

The values ofl andg were determined by a least-squares
fit minimizing R = ¥i[(xm)opdi) — Com)ead DI/ Zil(m)obdi)]->
The values obtained wede= —0.88 cn1?, g = 1.99, andR
= 1.3 x 1075 The calculated curve reproduces well the
experimental data over the experimental temperature range.

(20) (a) De Munno, G.; Julve, M.; Lloret, F.; Derory, A. Chem. Soc.,
Dalton Trans.1993 1179. (b) Ikotun, O. F.; Ouellette, W.; Doyle, R.
P.; Julve, M.; Lloret, FEur. J. Inorg. Chem2007, 14, 2083.
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Table 5. Selected Magneto-Structural Data for Pyrophosphate-Bridged Dinuclear Metal Complexes

compound M-O(pyrophosphaté)A) dw-mP (A) —J¢(cm™Y) ref
{[(bipY)CU(H0)J2(1ta-P207)} -TH:0 1.950 4.646 20 11
{[(phenkNiz(us-P,07)]} - 27H,0 2.057 5.031 3.8 this work
{[(phenkMny(u4-P,07)]} -13H,0 2.105 4.700 0.88 this work

a Average value for the metal-to-oxygen (bridging pyrophosphate) boligital—metal separation across pyrophosphatxchange interaction through
bridging pyrophosphate.

Conclusions og-exchange pathway under these circumstances is predicted
to be small, and consequently, a weak magnetic coupling is
expected.

In the case ofl and2, the de—2 magnetic orbital of each
metal ion is also defined by the metal-to-pyrophosphate-

The magneto-structural study of the compledeand 2
shows for the first time the ability of the bis-bidentate
pyrophosphate ligand to mediate weak but significant anti-

ferromagnetic interactions in homodinuclear species of e :
nickel(ll) (J = —3.8 cnT?) and manganese(Ilj) = —0.88 oxygen bonds, but the occurrence of additional magnetic

cmY) ions, which are separated by more than 4.7 A. In this orbitals [d2 for nickel(l) and Mn(ll) and g, d. and g, for

respect, it deserves to be noted that these results are in nné\"T‘(_”)] involves th_e presence of ferromagneic f:ontriputions
with a somewhat stronger antiferromagnetic interaction which arising from the interaction betwee_n magnetic prbltals.of
was previously reported for the pyrophosphate-bridged different symmetry, and thus, the antiferromagnetic coupling
dicopper(ll) complex [(bipy) Cu(HO)]:(-P07)} TH,O (3 48CTeases. as observed.
(J = —20 cmY), where the intradimer metametal separa- Acknowledgment. We thank Wayne Ouellette for as-
tion is shorter, ca. 4.646 A (see Table 5). sistance collecting the X-ray single-crystal dataforhanks
The exchange pathway in this family of pyrophosphate- are due to Promega Biotechnology Corporation (Madison,
bridged dinuclear complexes is provided by the two M{ll) ~ WI), the iLEARN Program, Syracuse University, and the
O—P—0O—M(Il) arms. In the case of the copper(ll) complex, Ministerio Espénl de Ciencia y Tecnoldai (Project No.
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bipy nitrogens and two pyrophosphate oxygen atoms in the  sypporting Information Available: ~Figure S1 shows an
basal plane and a water molecule filling the apical position.  alternate view of the packing dfalong the crystallographicaxis.
The unpaired electron on each copper(ll) ion is described Figure S2 shows the disordered water present in the channgls of
by a de—2-type orbital (magnetic orbital), theandy axes looking along the crystallographic axis. Figure S3 displays the
being roughly defined by the copper-to-pyrophosphate- TGA plot for 2. Crystallographic information for complexésand
oxygen bonds. The two magnetic orbitals make a dihedral 2 are included as a single file containing both CIF files.
angle of 58.09, which is related to the butterfly shape of This material is available free of charge via the Internet at
the bis-bidentate pyrophosphate. The overlap between thetP#/pubs.acs.org.
magnetic orbitals of the two copper(ll) ions through the 1C700439A
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