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SYNTHESIS, CHARACTERIZATION, AND NMR STUDY OF OXO-CENTERED TRINUCLEAR
COMPLEXES [Fe,"'Ni"0(0,CC,Hs)s(py)s]-py and [Fe;""Ni''O(0,CC,Hs)s(H,0)3]-H,0™"
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Two uz-oxo carboxylate-bridged heteronuclear complexes, [Fe;"'Ni"'O(0,CCsHs)s(H>0)s3]-H>0 and
[Fes""Ni"'O(0,CC-Hs)s(py)s] -py, were prepared and characterized by several spectroscopic techniques in-
cluding NMR, X-ray diffraction, IR, ESR, and UV. X-ray diffraction measurements demonstrated that the
Fe;NiO clusters of the complexes were close to threefold symmetry in crystals. The ligands coordinated to
different metal atoms were almost equivalent in the IR timescale but in equivalent in the NMR timescale. The
NMR results showed that the largest 'H NMR chemical shift of the complex was 95.1 ppm, implying its
paramagnetic property, which was weakened by the antiferromagnetic interaction of metal ions through the
H3-O bridge. NMR and IR studies indicated that the complexes were stable in various nonpolar and moder-
ately polar solvents, such as CDCI; and d;-MeCN, but they were decomposed into metal ions and the corre-
sponding ligands in strong polar solvents, such as water, at room temperature. Assignments of the 'H NMR
spectra of the complexes were made on the basis of relative intensities, broadening, variable temperature
experiments, spin-lattice relaxation times, and substitution by appropriate ligands. The 'H spin-lattice re-
laxation time T; and variable-temperature NMR experiments were also applied to investigate the solution
structures and dynamics of the complexes. It is worth noting that the 'H chemical shift of the pyridine coor-
dinated to the metals could be greater than 90 ppm.

Keywords: nuclear magnetic resonance, trinuclear complexes, oxo-centered complexes, carboxylate
complexes.
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THonyuenvl u oxapaxmepuzo6anvl HECKOIbKUMU CHEKMPOcKonuyeckumu memooamu (AMP, penmeenog-
ckas ougpaxyus, UK, DIIP u Y®) 0sa cemeposdeprvlx KapOOKCUNAMHBIX KOMIIEKCA C L3-OKCOMOCMUKA-
Mmu: [FeZIIINi1]0(02CC2H5)6(H20) 3] -H0 u [FegmNi”O(OgCCgH5)6(1))}) 3] -py. Penmeenocmpyxkmyphule uzme-
peHnus noxazvigaiom, umo knacmepul Fe,NiO xomnaexcog obnaoaiom cummempueti, OIUSKOU K KPUCMALTU-
yeckou cummempuu kiacca 3. [ns nueanoos, KOOPOUHUPOBAHHBIX C PATUYHBIMU MEMALIAMU, OOHAPYICEHA
npakmudecku skeusanenmuocmos MK cnekmpog, Ho He skeusanrenmmuocms cnekmpog AMP. Pezynvmamul
AMP noxaswieaiom naubonsuiuii xumuseckuii cogue 'H 95.1 m.0., umo yKazvleaem Ha napamazHemusm Kom-
naexca, KOmopulii ociabaen aHmueppomMacHUmnbiM 83aumMooeticmsauem UOHO8 Memanios yepes MOCMUK
13-0. Coenacno pesynomamam AMP u UK uccredosanuii, komniekcvl cmaduIbHbl 8 pasiuyHblx HenOAAPHbIX
u ymepenHo noaapuwix pacmeopumensx, maxux xak CDCIl; u d;-MeCN, Ho paznazaromcs Ha UOHbL MEMALI08
u coomgemcmesyloujue IUeaHobl 8 CUTbHBIX NOJAPHBIX PACMEOPUMENsX, MAKUX KAK 600d, NpU KOMHAMHOU

* Full text is published in JAS V. 86, No. 3 (http://springer.com/10812) and in electronic version of ZhPS V. 86,
No. 3 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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memnepamype. Conocmagnenue 6 'H SAMP cnekmpax nposoounoch Ha ocHo8e aHAU3d OMHOCUMETbHbIX
UHMEHCUBHOCMEN, VIUUPEHUs, IKCNEPUMEHMOB NPU PA3IUYHBIX MEeMNepamypax, 8pemel CRUH-peuemoyHo
penakcayuu u 3ameueHuss COOmeemcmayiomumMu 1ueanoamu. IKCnepumenmosl N0 CHUH-PeuemouHol pelax-
cayuu 'H u usmepenusn memooom AMP npu nepemennoii memnepamype ocyuecmeisiuct maxkyce Ons uc-
Ce008AHUSL CINPYKMYP PACTNEOPO8 U OUHAMUKU KOMNLEKCO8. Xumuyeckull cogue "H ona NUPUOUHA, CKOOP-
OUHUPOBAHHO20 C MEMANLIAMU, MOdcem npegviuiams 90 m.o.

Knrouegwle cnosa: 10epHblii MAZHUMHBIU PE3OHAHC, MPEXbAOEPHbLE KOMNILEKCbL, OKCOYEHMPUPOBAHHbIE
KOMNIEKCbl, KAPOOKCUNAMHbIE KOMNLEKCHL.

Introduction. Investigation of the properties of mixed-metal and mixed-valence complexes is important
for understanding the dynamics of the electron transfer process [1-3]. The family of metal complexes with
the general formula [M,M'3_.(113-O)(1-0,CR)L3]"" (M, M' =V, Cr, Mn, Fe, Co, Ni, Ru, Rh, Ir; x =1, 2, 3;
n=20,1,2, 4,7, O,CR = fatty acid, substituted fatty acid or amino acid group; L. = H,O, CsH;sN, or Ph3P) is
of particular interest [1-11]. Among the main problems one should note antiferromagnetic coupling in
mixed-metal clusters [1, 2, 4-7] and electron delocalization in mixed-valence clusters [1, 8—13] when their
symmetries are lowered. It is shown that the structure of mixed-metal or mixed-valence pivalate-bridged
complexes in CD,Cl, or CDCl; is the same as that in the solid state. Ligand exchange is slow for carboxylate
groups but much faster for terminal pyridines [10, 11, 14]. How about the title complexes? Do they possess
the same properties? Do different solvents influence their properties?

Paramagnetic systems are characterized by short relaxation times and large chemical shifts due to the
magnetic coupling of nuclear spins with unpaired electrons [15]. In general, 2D NMR experiments require
the application of two or more pulses interleaved by variable and fixed delays to allow the development of
coherence. After each pulse the spin system may relax back to equilibrium before magnetization or coher-
ence has been transferred between different sets of spins. As a result, the intensities of the cross peaks are
predicted to be much smaller than those for slow-relaxing systems. Although many papers have been pub-
lished to interpret various spectroscopic properties of mixed-metal trinuclear carboxylate complexes, a few
studies on their NMR spectroscopy have been reported [10, 16]. Most reports about NMR to date have been
limited to homonuclear [M30(OOCR)sL;]"" complexes [11, 14, 17-21]. For more complicated cases, such as
oxo-centered mixed-valence heterotrinuclear transition-metal complexes, however, there are few NMR stud-
ies, presumably because of the difficulty in the assignment of NMR resonances with broad peaks and the
uncertainty in proton-proton connectivity. However, NMR spectroscopy may provide information on the
magnetic and electronic properties of the metal centers, as well as on the nature and extent of metal-ligand
covalency [22, 23].

In this paper, we demonstrated the feasibility to apply some important NMR techniques, such as proton
longitudinal relaxation time, in aiding the NMR signal assignment and determination of the solution struc-
tures and the dynamics of the title complexes. Our results confirmed that the crystal structures of the comple-
xes could quite satisfactorily explain their solution structures in de-DMSO, d;-MeCN, and CDCl; solvents.
While in water, the complexes decompose into metal ions and corresponding ligands at room temperature.

Experimental. All materials are reagent grade. Reagents were obtained from commercial sources and
used as received. Analyses for carbon, hydrogen, and nitrogen were performed on a Vario-Elmar III elemen-
tal analyzer, and Fe and Ni were determined using a DRC ¢ ICP-MS.

Preparation of complexes[Fe;""Ni"O(0,CC,Hs)s(H>0)3]-H>0 (labeled as [Fe;NiOPHJ). NiCly-6H,0
(2.38 g, 0.01 mol) and NaOOCC,H5 (9.6 g, 0.1 mol) were mixed after being dissolved in water separately.
The solution with 3.24 g of FeCl; (0.02 mol) and 50 mL of H,O was slowly added with stirring to the above-
mentioned mixture at 70°C. After 3 h of refluxing, the obtained brown-green crystals were filtered, washed
copiously with ethanol, and finally dried in open air (yield 90%). Anal. calcd for Fe,NiO;,C;sHss (%):
Fe, 16.1; Ni, 8.5; C, 31.0; H, 5.5. Found (%): Fe, 16.3; Ni, 8.2; C, 30.8; H, 5.2.

Preparation of complexes [F egmNiHO(OgCC “Hs)s(py)s] py (labeled as [Fe,NiOPP]). The above-
prepared product (1 g) was dissolved in hot pyridine (10 mL). The solution was stirred for 30 min, then fil-
trated and cooled to 4°C. Several days later, the solution gave black-red crystals. Filtering and washing the
solid with pyridine gave the product (yield 42.8%). Anal. calcd. for Fe;NiO13N4CsgHso (%): Fe, 11.9; Ni, 6.3;
C,48.6;H, 5.3; N, 6.0. Found (%): Fe, 12.1; Ni, 6.5; C, 48.0; H, 5.6; N, 5.8.

Crystal structures were determined on a Bruker Smart APEX CCD diffractometer using graphite-mono-
chromated MoK, (0.71073 A) radiation. Data were collected in the range of 0 < 20 < 50° at 0°C. Crystallo-
graphic data for [Fe,NiOPP] are listed in Table 1. The intensities were corrected for Lorentz and polarization
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effects, and an empirical absorption correction based on PSI and DIFABS scan data was performed. A struc-
tural solution was accomplished with the program TAXSAN. All non-hydrogen atoms were refined with
anisotropic thermal parameters by the full-matrix least-square to final R,. Hydrogen atoms were placed at
calculated positions.

TABLE 1. Crystal data and details of X-ray experiment for [Fe;NiOPP]

Empirical formula Fe,NiO13N4CsgHsg | Z 4
Formula weight 939.38 F(000) 978
Crystal system Triclinic Deae, g/ cm® 1.383
Space group P-1 T (K) 273(2)
a, 12.669(6) Radiation, A MoK, 0.71073
b, A 12.690(8) Scan mode ®»—20
c, A 17.394(8) 2014y, degree 50

o, degree 71.643(14) 1>30(]) 1067
B, degree 71.275(9) R’ 0.0983
Y, degree 60.151(9) R, 0.1557
v, A’ 2256(2)

IR spectra were obtained using KBr disks on a Nicolet SX-740 FTIR spectrometer and a Digilab
FTS20E/D-V spectrometer. Electronic spectra were recorded using a Shimudzu Model UV-3000 UV-VIS
double-wavelength spectrophotometer. ESR spectra were recorded using a Bruker ER 200D-SRCESR spec-
trophotometer.

NMR spectra were obtained using a Varian NMR System 500 spectrometer. Chemical shifts were re-
ported on the & scale (shifts downfield are positive) using TMS as a reference. Due to the possible large
range of 'H chemical shifts, the 100 kHz spectrum width was used in all 1D experiments. In order to excite
the spin systems uniformly in the whole spectrum width, a 2 ps (=20° in the flip angle) pulse was applied.
This warranted the validity of integration for all non-overlapped peaks; 64 K data points, 1.0 s repetition
time, and 128 transients were adopted for 1D 'H spectra. Signal-to-noise ratios were improved by a line-
broadening factor of 3 Hz in Fourier transformation for all 1D spectra; T, measurements were performed
using a standard inversion-recovery sequence (180°-t-90°-Acq) to obtain non-selective proton longitudinal
relaxation times.

Results and discussion. Structure description. Although the molecules occupy general sites and thus
have no internal symmetry, the central Fe,NiO cluster is fairly close to threefold symmetry. The central oxy-
gen almost locates in the plane of the three metal atoms, and all the metal atoms show similar coordination.
Table 2 lists some selected bond lengths and angles for [Fe;NiOPP]. Like heteronuclear acetate complexes
[4, 24], the difference between M-p;0 distances is only 0.02 A, as in the case of the homonuclear Fes"'O
complex [9]. The patterns of coordination to the carboxylate oxygens are also similar to each other. Because
there is no definite evidence for the localization of the Ni** ion, we assume that three metal atoms are dis-
tributed randomly. The three MOy planes are nearly at right angles to that of the central Fe,NiO cluster. As
the distance between the coordinated terminal pyridine nitrogen atom and the metal ion is longer than

TABLE 2. Selected bond lengths and bond angles for [Fe,NiOPP]

Bond distances, A Bond angles, degree

M,—O 1.881 M;-034 2.043 0-M;-033 94.59 | O-M,-03; | 97.12
M,-O 1.896 M;-0y, 2.018 0-M;-0y;3 96.73 | O-M,—0,3 | 95.36
M;-0O 1.904 M;-0y 2.041 O-M3-0y4 | 9546 | O-M,-0y4 | 95.02
M;-N; 2.199 M;-Oy, 2.033 O-M;-034 | 96.55 | O-My,—Os, | 97.0
M;-N; 2.208 M;-Oy; 2.052 0-M;-0p, 95.44 | M,—O-M; | 120.02
M,-N, 2.191 M,—05, 2.036 0-M -0y, 9445 | M,-O-M; | 119.37
M;—Ox;3 2.038 M,-0y3 2.040 0-M;—-0y 9734 | M;-O-M; | 120.61
M;—-0y; 2.040 M,—04 2.060 O-M,-Oy, 97.54
M;-0y4 2.040 M,—03, 2.049
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Fig. 1. Molecular structure of [Fe;,NiOPP] (hydrogen atoms are removed for clarity).

that between the metal ion and the central oxygen, the coordination of the metal centers is slightly distorted
octahedral. The molecular structure of [Fe;NiOPP] is shown in Fig. 1.

Infrared spectroscopy. The selected IR data of the title complexes and some related compounds are
given in Table 3. Most of the bands due to the vibrations of the title complexes were identified by compari-
son with free pyridine, and sodium propionate, as discussed in [5, 25, 26]. The bands arising from the pyri-
dine ligand are not discussed here as there are only slight changes from free pyridine. The OCO bands be-
tween 400 and 800 cm ' are listed for comparison with acetate complexes in [25, 26]. For the bands higher
than 800 cm ', which are not discussed in [25, 26], compared with sodium propionate, the observed vibra-
tional frequencies L,5(CO;) and v(CO,) for the propionate ligands of the complexes move to higher fre-
quencies. For the two mixed-metal complexes, the data of the propionate stretching frequencies indicate that
all six propionates are approximately equivalent and best represented as bidentate bridges. This is in agree-
ment with the X-ray analysis results. Compared to the homonuclear Fe;O complex, the introduction of the Ni
atom causes a small change in the vibrational frequencies of the bridging propionates in heteronuclear
Fe,NiO complexes [25].

TABLE 3. Selected IR bands (cm ) for the title and related compounds

Compound Va5(COy) Ly(COy) doco Toco | Proco | Las(FesMO)
[Fe,NiOPH] 1597 1423 672 640 463 722,575
[Fe;NiOPP] 1630 1416 659 630 465 710, 567
[Fe,NiOPP]* 1627 1415 657 631 464 711, 565
[Fe;OPH]" 1572 1431 6380 | 646 | 527 596
[F(:‘:zNiOAH]C 665 620 540 730, 580
[Fe;NiOAP* 658 | 620 | 535 722, 565
NaOOCC,Hs 1570 1410 640 500

* [Fe;NiOPP] refers to [Fe;NiOPP] chloroform solution.
® [Fe;0PH] refers to [Fe;0(00CC,Hs)e-(H,0);]C1-3H,0.
“Refer to [25], A = acetate.

In trinuclear Fes"' complexes, va(Fes0) belongs to the £’ symmetry due to the Dy, symmetry of the
Fe;0 core. According to the assignment of [10, 25, 27], the v,5(Fe-u30) band is around 630 cm ! for Fe3mO
complexes. Therefore, the 596 cm ™' band of [Fe;OPH] is readily assigned to vay(Fe;0). When one Fe™ ion is
replaced by one Ni" ion, this band splits into two bands, as in the case of mixed-valence and mixed-metal
Fe,""M" complexes due to the symmetry reduction [9, 10, 25]. The results are in good agreement with the
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corresponding data of acetate complexes [25]. There is only a slight change in the v,5(Fe;MO) when pyridine
terminal ligands are exchanged by H,O.

When the [Fe;NiOPP] crystal was dissolved in a CHCI; solvent, the observed vibrational frequencies
Las(Fe-1130) and vy(Ni-p30) of the liquid complexes were almost the same as those of solid[Fe,NiOPP]. But
if the [Fe;NiOPP] crystal was dissolved in an H,O solvent, there was no observed vibrational frequencies
Las(Fe-130) or vg(Ni-p30) anymore. Therefore, the crystal is stable in various nonpolar solvents, but it is
decomposed in strong polar solvents at room temperature. This conclusion can be clearly seen from IR spec-
tra in Fig. 2.

T, %

3000 2000 1000 v,cm’

Fig. 2. IR spectroscopy for [Fe,NiOPP] dissolved in H,O (a) and CHCI; solvents (b).

UV spectroscopy. UV experiments were carried out in H,O. For the [Fe;NiOPP] aqueous solution, there
are a strong absorption peak at 255 nm and a sharp peak at 208 nm. For the [Fe;NiOPH] aqueous solution,
one sharp peak occurs at 205 nm. Compared with the UV spectra of pyridine (255 nm) and sodium propion-
ate (208 nm) aqueous solutions, it is easy to assign the peak at 255 nm to n—n electron transition on the dis-
sociative pyridine ring, and the peaks at 208 and 205 nm to n—n electron transition on the carboxyl of
propionate. These results indicate the decomposition behavior of the title complexes in H,O.This is an inter-
esting phenomenon because both of them were generally considered to be stable in aqueous solutions, espe-
cially for [Fe;NiOPH] which was prepared directly from an aqueous solution.

ESR spectroscopy. There were no differences in the two ESR spectra in Fig. 3; one was tested for a
blank tube, another was tested for a [Fe;NiOPP] chloroform solution in the tube. So there was almost no
ESR signal, neither for the room temperature nor for the lower temperature for the sample complex. We
think that the main reason is in the following. The Ni*" ion has a large orbital angular momentum as a result
of the ground state energy level being 3F, so the component of this orbital angular momentum can mix with
the ground state through spin-orbit coupling to make some contribution to the ground state of the cluster

GESR

"LW“MM"M"MM
A

Fig. 3. ESR spectroscopy for the blank tube (a) and the [Fe,NiOPP] chloroform solution in the tube (b).
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with the orbital angular momentum components. The delocalization of the outermost electrons of the Ni**
ion become to larger by exchanging with Fe’" ions through the oxo-O atom, and the large orbital angular
momentum has strong interaction with the crystal lattice, and the spin-lattice relaxation time may be short
and the spectral peaks wide, and therefore the ESR signal of the complex cannot been observed.

NMR spectroscopy. Due to paramagnetic broadening, no J splitting was resolved for any 'H NMR sig-
nal. Selective proton decoupling measurements showed very small effects on the line width, typically a
narrowing of several Hz. Therefore, the assignment of the "H NMR of the complexes was carried out based
on their relative intensities, broadening, variable temperature experiments, longitudinal relaxation time, and
substitution of the appropriate ligands. For comparison, we first measured the 'H NMR of two oxo-centered
carboxylate-bridged tri-iron complexes [Fes' O(O,CCyHs)s(H,0);]C1:3H,0 (labeled as [FesOPH]) and
[FC3IIIO(OQCC2H5)6(py)3]CIO4'3H20 (labeled as [Fe;OPP]). Both complexes were prepared according to the
method of Chen et al. [28]. [Fe3OPH] gives two resonances at 25.8 and 7.4 ppm besides the signal from the
residual free water. The terminal water ligands are very close to the iron ions (separated by one oxygen only
in the o-bonding framework). Owing to this, the resonances of protons in the terminal waters cannot be ob-
served. Thus two peaks are easily assigned to the —CH, and —CHj; groups on the bridging propionate ligands,
respectively, by comparing their relative integral intensities. Based on this assignment, the two resonances in
the spectrum of [Fe;OPP] at 25.4 and 7.5 ppm are readily assigned to —CH, and —CHj protons. This agrees
with the results of 25.1 and 7.6 ppm when the terminal ligands are N-methylimidazole [21], indicating the
small effect of the terminal ligands. The remaining three resonances of [Fe;OPP] must arise from pyridine
ligands. The resonance at 8.3 ppm is assigned to the 4-position proton (4-H) according to its relative inten-
sity. Because the 3-H of pyridine ligands is farther from ferric ion than the 2-H, the sharper signal at
29.0 ppm is assigned to the 3-H, leaving the broader one at 65.0 ppm to the 2-H. These values are close to
the results previously reported for a similar acetate-bridging complex [18]. In [Fe;OPP], all three pyridine
resonances are downfield, with the magnitude of shifts in the order of 2-H > 3-H > 4-H as expected for a
predominant through bond (contact) mechanism [10, 11, 18].

Unlike the complexes [Fe;OPH] and [Fe;OPP] [20], the complexes [Fe,NiOPH] and [Fe,NiOPP] do not
have threefold symmetry. Consequently, their 'H NMR spectra may exhibit twice as many peaks as those of
the corresponding Fe;O complexes. Recently, Wu et al. [9] reported a '"H NMR study of electron transfer
between [Fe3IHO(OZCCzH;;)é(py)3]+ and [Fe3IHFeHO(OZCCZHS)ﬁ(py)ﬂO. However, as the samples they used
are mixtures of heteronuclear and homonuclear species, no detailed information has been given. In our case,
excluding residual solvent peaks, [Fe,NiOPH] and [Fe,NiOPP] are expected to give four and ten
'H resonances, respectively, in the ideal case. The variable-temperature 'H NMR spectra of [Fe,NiOPP] in
d;-MeCN are shown in Fig. 4. The peak at 2.6 ppm is contributed by the residual proton of the solvent and

298K
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Fig. 4. Variable-temperature 'H NMR spectra of [Fe;NiOPP] in d3-MeCN.
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the peak at 3.4 ppm comes from the residual free water. Similar to [Fe;OPH] [18, 20], the proton peak of the
terminal water ligands is broadened beyond detection because of their proximity to the metal centers. The
area ratio of the signal at 4.9 to 3.8 ppm is 2:1. The same ratio exists between the signals at 10.6-10.8 and
9.7 ppm. Moreover, the area ratio of the upfield signals (4.4 £ 0.6 ppm) to downfield signals (10.5 = 1 ppm)
is 3:2. Therefore, the least intense signals (10.5 £ 1 ppm) with a greater downfield shift are assigned to the
methylene protons of the bridging propionate ligands. This is in line with their closer proximity to the metal
centers. The assignment of all the four resonances of [Fe;NiOPH] is listed in Table 4. Obviously, all proton
chemical shifts are moved to downfield when one of Fe** ions is replaced by a Ni*" jon. Unlike IR spectra,
the propionate ligands that bridge the Fe-Fe pair are no longer equivalent to those bridge Fe—Ni pairs in the
NMR timescale.

Fortunately, only ten 'H resonances are observed for [Fe;NiOPP] in the deutero-acetone solvent. They
are divided into two groups with an intensity ratio of 2:1, as the pyridine ligands are nonequivalent as well as
propionate ligands. Due to broad resonances and short 75, only —CH, and —CHj; peaks of the bridging propi-
onate ligands are easily discriminated. There are slight differences in the "H chemical shifts of the bridging
propionate ligands between [Fe,NiOPH] and [Fe,NiOPP] (see Table 4). The remaining six resonances come
from the pyridine ligands. It is difficult to assign them unambiguously. Although White and co-workers
showed the 'H NMR spectra of [Fe;MO(OOCCMes)spys] (M = Ni, Co) in CDCl; [10], no assignment of the
peaks from pyridine has been reported. Using complexes with different deuterium-labeled ligands may sim-
plify the NMR spectra and help achieve unambiguous assignment [18], but it is arduous work. Because lon-
gitudinal relaxation time 7' contains both structural and dynamic information [15], it may provide informa-
tion on the mobility of protons and hence assist assignment [23]. Therefore, the longitudinal relaxation times
of all signals of [Fe,NiOPP] were measured in order to confirm the assignment of peaks from nonequivalent
pyridine ligands. They range from 0.7 to 5.9 ms (Table 4), which are much shorter than the corresponding
values in diamagnetic systems.

Although there are three principal types of magnetic interactions related to the spin-lattice relaxation of
spin / = 1/2 nuclei, the most important one in paramagnetic systems is dipole-dipole interaction. The nucleus
experiences a fluctuating field due to the motion of neighboring magnetic dipoles coming from unpaired
electrons or other nuclei. The field arising from a dipole moment of strength p at a distance » and subtending
an angle 0 with respect to the direction of static magnetic field By is given by the simple formula [15]

Bpp = Tpop(3cos’0 — 1)/4mr.

The larger the Bpp, the stronger the dipole-dipole interaction and the shorter longitudinal relaxation
time. Assuming that p and 0 are the same, the distances of pyridine protons to the transition-metal atoms are
2-H < 3-H < 4-H, so their longitudinal relaxation times should change according to the sequence 2-H <
< 3-H < 4-H. This is proved by the experimental results. The relaxation time of the 2-H of pyridine (~0.8
ms) is significantly shorter than that of the 3-H (3.5-3.7 ms). It is interesting to note that the protons at the
same site of pyridines coordinated by different metals in [Fe;NiOPP] have almost the same longitudinal re-
laxation times. This demonstrates the usefulness of longitudinal relaxation time to provide the information
that may be impossible to obtain from routine 1D experiment for complicated complexes. According to lon-
gitudinal relaxation times and relative intensities, the remaining six resonances of [Fe;NiOPP] were assigned
rationally (see Table 4). The chemical shift ratio of Ni-py, 2-H:3-H:4-H = 1:0.306:0.153, compared to
1:0.297:0.0664 of the mononuclear Ni-py complex [29], indicates the nonequivalent influence of the other
group on Ni-py. Compared with the Fe;O complex, the resonances of protons of pyridine coordinated by Fe
ions shift upfield.

The chemical shifts and line widths can be affected by both through-bond (contact) and through-space
(dipolar) mechanisms. Similar to the case with pivalate ligands [10], the unpaired electron density of the Ni**
ion is delocalized onto pyridine to a greater extent than onto propionate ligands as there is a large m bond on
pyridine. Consequently, the pyridine resonances are influenced more strongly than the propionate reso-
nances, as shown by their greater chemical shifts and broader line widths. The NMR data reveal that the
chemical shifts of the pyridines and methylene are predominantly due to the contact mechanism, while those
of methyl are due to both contact and dipolar mechanisms [30]. Though Fe™ and Ni" are paramagnetic, the
antiferromagnetic interactions between the metal ions through the oxo-centered and the bridging propionate
ligands weaken the influence of paramagnetism.
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TABLE 4. NMR Spectra Data of the Title and Related Complexes at 298 K

Complex [Fe,NiOPHJ* [Fe,NiOPP]’ [Fe;OPH]" [Fe;OPPT*

du (ppm) Su (ppm) | Aip (Hz) | Ti (ms) du (ppm) du (ppm)
CH; (Fe-Fe) 3.8 4.0 170 3.4 7.4 75
CH; (Fe-Ni) 4.9 4.4 175 33
CH; (Fe-Fe) 9.7 9.9 315 1.9 25.8 254
CH; (Fe-Ni) 10.6, 10.8 10.7 350 1.9
2-H (Fe-py) 24.6 2800 0.84 65.0
2-H (Ni-py) 95.4 1265 0.76
3-H (Fe-py) 11.7 400 35 29.0
3-H (Ni-py) 29.2 217 3.7
4-H (Fe-py) 7.6 205 5.2 8.3
4-H (Ni-py) 14.6 187 5.9

*dg-DMSO (99.9% dimethyl sulfoxide-d6 with 0.03% V/V TMS). °d;-MeCN.

As shown in Table 4, the chemical shifts of 2-H and 3-H of the pyridine ligands coordinating by Fe'"
ions in [Fe,NiOPP] are much smaller than those in [Fe;OPP]. A similar relation exists in the proton chemical
shifts of the methylenes of the propionate ligands, which bidentately bridge two Fe'" ions. This seems diffi-
cult to understand. Prodius et al. [2, 4] found that, compared to Fe; o complexes, the mixed-metal
Fe,""M"O (M = Ni, Co, Mn or Mg) complexes revealed a remarkable increase in the strength of the super
exchange interaction between two trivalent ions. The super exchange interaction value Jgpe of
[Fes™O(0,CH;)s(H,0)3]" is =30 cm™' and changes to —73 cm ' for Fe,"'Ni"O(O,CC,Hs)s(H,0); and
Fe,""Ni"O(0,CC,Hs)e(py)s [4]. This may be due to the asymmetric charge distribution in hetero-trinuclear
clusters. The magnetic properties of the complexes provide evidence to support our NMR results. The 'H
chemical shifts of the title complexes in some other common organic solvents such as d;-MeCN and CDCl;
are similar to the results mentioned above. This means that the complexes are stable in these organic solvents
and their skeleton structures in solution are the same as in the solid state. The slight differences of the
chemical shifts in these organic solvents come from the solvent effect. However, the 'H NMR spectrum of
[Fe;NiOPH] in D,O had only three resonances at 4.8, 2.7, and 1.2, with relative intensities of 2:3 for the lat-
ter two peaks. They are readily assigned to the protons of HDO, CH, and CH3, respectively, according to the
two resonances of NaOOCC,Hs in D,O at 2.34 ppm (CH,) and 1.22 ppm (CHs). The "H NMR spectrum of
[Fe;NiOPP] in D,O has three more resonances at ca. 8.8, 8.0, and 8.4 ppm with relative intensities 2:2:1.
They are readily assigned to 2-, 3-, and 4-H protons, respectively, because free pyridine in CDCl; has reso-
nances at 8.50, 7.04, and 7.46 ppm. The small differences in the 'H chemical shifts between the title com-
plexes and reference compounds may be caused by transition-metal ions and the solvent effect. These ex-
perimental results indicate that both the title complexes are not stable in D,O and decompose into simple
hydrated metal ions and corresponding ligands, in agreement with UV experiments. It is worth further study-
ing the mechanism. This may be helpful in guiding synthesis of similar complexes.

Conclusion. In this work, two p3-oxo carboxylate-bridged heterotrinuclear complexes
[FezIHNiHO(OZCCZH5)6(H20)3]-HZO and [FeZHINiHO(OzCCsz)é(py)g,]-py were synthesized and character-
ized by NMR, X-ray diffraction, IR, UV and ESR. XRD results demonstrated that the Fe,NiO cluster of the
complexes is close to threefold symmetry in the crystal. The ligands coordinated to different metal atoms are
almost equivalent in the IR timescale but are equivalent in the NMR timescale. Information on the relative
intensities, broadening, cross peaks in 2D, spin-lattice relaxation times, substitution effect, etc. was used in
the assignments of the 'H NMR spectra. The solution structures and dynamics of the complexes were studied
by variable-temperature 'H NMR. The main effect on the proton chemical shifts of ligands results from dif-
ferent skeleton metals. NMR experiments showed that the solution structures of the complexes in de-DMSO,
d;-MeCN, and CDCl; solvents are the same as those in the solid state. However, the complexes in water are
decomposed into metal ions and the corresponding ligands at room temperature.
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