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A mixed-valence Mn(l1I}-Mn(Il) =Mn(lll) trinuclear complex of stoichiometry MtMn''"Mn'' (Hsaladhpy(Sal)-
2CHsCN (1), where Hsaladhp is a tridentate Schiff-base ligand, has been structurally characterized with X-ray
crystallography. The Mn(IIDMn(I)Mn(lll) angles are strictly 18Gas required by crystallographic inversion
symmetry. The complex is valence-trapped with two terminal Mn(lll) ions in a distorted square pyramidal geometry.
The Mn(lI)-+-Mn(ll) separation is 3.495 A. The trinuclear complex shows small antiferromagnetic exchange
coupling. The magnetic parameters obtained from the fitting procedure in the temperature raBg@ Kdare
J1=-5.7cntl, g=2.02,z)J= —0.19 cnT, andR = 0.004. The EPR spectrum was obtain¢d & in CHCl;

and in tetrahydrofuran glasses. The low-field EPR signal is a superposition of two signals, one centered around
g = 3.6 and the other, for which hyperfine structure is observed, centered agoanl1 indicating arS = 3/,

state. In addition, there is a 19-line signalgat 2.0. The multiline signal compares well with that observed for
the S or S* states of the oxygen-evolving compled NMR data reveal that the trinuclear compound keeps its
integrity into the CHC{ solution. Crystal data for complek [Cs4Hs2N4018Mn3], M = 1209.82, triclinic, space
groupP1, a = 10.367(6) Ab =11.369(6) A,c = 13.967(8) A;a. = 112.56(1}, B = 93.42(2}, y = 115.43(1},

Z=1.

Introduction

One of the most important processes in Nature occurs in the

oxygen-evolving complex (OEC) of photosystem II (PSIl),

where the four-electron oxidation of water to molecular oxygen
is believed to be catalyzed by a cluster of four manganese‘ions.

The available data strongly suggest that a polynuclear cluster - . i
» spectra theg = 2 multiline EPR signal from PSII typically

is responsible for the observed EPR signals of the “active form
of S; (g = 4.8 in parallel polarization) and,%g = 2 multiline
andg = 4.1 with fine structure) oxidation states of the OEC.
In addition, extended X-ray absorption fine structure (EXAFS)
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bridged MA"Mn' ions give rise tag = 2 EPR signals with 16 ~ measured at 500 MHz, using a nonselective inversion recovery pulse
well-resolved lines with a regular spacing of about 80 G. The sequencé! The T; values were obtained from a three-parameter fit of
differences between these signals and those of the binucleathe data to an exponential recovery function. In every case the
model complexes could be caused by the PSlI signal originating Magnetization recovery is exponential within the accuracy of the
from a cluster with more than two Mn ions. Casey and S#uer expenment, as expected' for fast-relaxing nuclei with little cross-
and Zimmermann and Rutherfdfdietermined that thg = 4.1 relaxation??2% One-dimensional nuclear Overhauser effect (1D NOE)

. . S . spectra were recorded in a difference mode using acquisition schemes
signal of OEC arises from the; State. Although it is believed described elsewhefé?® The standard Bruker software package was

that the knowledge gained from EPR Stuaféssupports the  \sed for data processifg2¢ Infrared spectra (4084000 cr?) were
presence of a single cluster of four magnetically coupled Mn yecorded on a Perkin-Elmer FT-IR 1650 spectrometer with samples

atoms, the structural motif of trimemonomer, (3Mnt 1Mn) 2 prepared as KBr pellets. UWis spectra were recorded on a Shimadzu-
makes it necessary to investigate trinuclear mixed-valence 160A dual beam spectrophotometer. Electron spin resonance (ESR)
manganese complexes as well. spectra were recorded on a Bruker ESR 300 spectrometer equipped

Previous efforts have centered on the preparation andWith a Varian variable temperature controller. 2,2-Diphenyl-1-picryl-
characterization of trinuclear complexes with predominantly hydrazyl (DPPH) was used as an external standard. C, H, and N
oxygen-donor ligands to understand the fundamental coordina-elemental analyses were performed on a Perkin-Elmer 240B elemental

. . . analyzer, and Mn was determined by atomic absorption spectroscopy
:Ieolglvztr:}[ﬂt:(t)utrﬁ’ea;c(:i\?qeagi?eetgf?ﬁéngg}é% ?r?ThF;ISe)r(:SOF;?tsvrgla”y on a Perkin-Elmer 1100B spectrophotometer. The magnetic measure-

dv of ived ) | port, ments were performed on a polycrystalline sample (30.0 mg) using a
present an EPR study of a mixed-valence MnrtNn(lll) Quantum Design Squid susceptometer, and 60 points were collected

trinuclear compour}d showing characteristics very similar to i the 4.06-300 K temperature range. The applied magnetic field was
those of the EPR signal of the 8r $* states of PSII. For the  1000.00 G. The correction for the diamagnetism of the complex was
first time a'H NMR study of mixed-valence manganese-trimer estimated from Pascal constants; a value 05806 cn® mol~* was
compounds is also reportedidH NMR data reveal that the  used for the temperature-independent paramagnetism (TIP) of the Mn
trinuclear compound keeps its integrity in the Chl€blution. ion. The magnetism of the sample was field-independent. Electric
The crystal structure of MbMn'"Mn'"! (Hsaladhp)(Saly-2CHs- conductance measurements were performed with a WTW model LF
CN is also the first example of an open mixed-valence Mn- 530 conductivity outfit and a type C cell, which had a cell constant of

(1) —Mn(ll1) trinuclear compound with five coordinated terminal ~ 0-996. This represents a mean value calibrated &C2ith potassium
chloride. All temperatures were controlled with an accuracy-dd.1

atoms. °C using a Haake thermoelectric circulating system.
Experimental Section Preparation of the Compounds.The Schiff base was synthesized
by condensation of salicylaldehyde with 2-amino-2-methyl-1,3-pro-
The following abbreviations are used throughout the texsatadhp, panediol.

1,3-dihydroxy-2-methy|(salicylideneamino)propane; HOAc, acetic acid; 1)\ vinivin® (HsaladhpyHsal). Ten millimoles (1.1 mL) of
stal’ s_a(;llc.yI;::f acid; Eh('jb f2-hydroxy|sobulyr|c acid; dmf, dimethyl- o jicvialdehyde was added to a solution of 10 mmol (1.05 g) of 2-amino-
ormamide, tht, tetra ydroturan. . 2-methyl-1,3-propandiol in 100 mL of G@H. The resulting mixture
Materials. The chemlcals.fo'r the synthesis pf_the compound; Were \as refluxed for 1 h, generating a pale yellow solution. When the
used_ as purchased. Acetonitrile (€HN) was distilled from calcium solution was cooled to room temperature 15 mmol of MrEH,0 in
hydride (CaH) and CHOH from magnesium (Mg) and were stored 144 1)) of methanol, 20 mmol of KN©and salicylic acid in 1:1 ratio
over 3 A molecular SIEVeS. Diethyl ether, anh_y_dro_us gradg, and absolute, o e aqded with stirring. This reaction mixture was refluxed for 1 h,
ethanol were used without any further purification. Salicylaldehyde, after which the solution was allowed to cool to room temperature and

5-chlorosalicylaldehyde, 2-amino-2-methyl-1,3-propandiol, salicylic 54 exnosed to dioxygen by bubbling air into the reaction mixture
acid, 5-chlorosalicylic acid, and Mn(Ac@#H,0 were purchased from g respulting dark-br)c,)?/vn so%ution aﬁgé h stirring was reduced in

Aldrich Co. All chemicals and solvents were reagent grade. volume (10 mL), and 100 mL of acetonitrile was added. Dichroic
Physical MeasurementsThe NMR spectra of the mixed-valence o een/hrown) crystals suitable for X-ray diffraction studies were
manganese(lllINNI) trinuclear compound were acquired using MSL obtained by slow evaporation. The crystalline product was characterized

200 and DRX 500 Bruker spectrometers operating at 200.13 and 500.13by elemental analysis with the formula8s;N,O:Mna(fw = 1209)
MHz Larmor frequencies, respectively. The spectra were calibrated by [Mn""Mn'Mn'" (HsaladhpyHsaly-2CHCN] . Yield 50%. Anal. Calcd.
assigning the residual chloroform signal a shift from tetramethylsilane for C. 53.59: H. 4.30: N. 4.63: Mn. 13.65. Found: C. 53.00: H. 4.50:
(TMS) of 7.24 ppm at 296 K. Longitudinal relaxation rates were N, 4_’70; Mn’, 1’3_10; ’IR(’KBr p;ellet’, cni) ¥(O—H) 32i0(vs),1’/(C’= '

N):1615(vs),vad{CO;) of horizontal salicylic acid:1590(vs);a{CO,)

8% EQ;';?Suég%ﬁc% Cll]'ergﬁtllqeerg\?\?gwlz'zlsgfdram L 3. Chem. Soc of vertical salicylic acid:1580(vs)y(C=0):1540(s), vs;(CO;) of
Chem. Comrﬁurﬂgsé 1253. T ' v horizontal salicylic acid:1425(vsys,n(CO;) of vertical salicylic acid:
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Mixed-Valence Manganese Trinuclear Compound

Table 1. Summary of Crystal, Intensity Collection, and Refinement
Data of1

Inorganic Chemistry, Vol. 39, No. 12, 200@623

Table 2. Positional (10* and Equivalent Thermal Parameters
(x10% of the non-H Atom3

formula GaHs52N4018MN3
a 10.367(6) A

b 11.369(6) A

c 13.967(8) A

a 112.56(1)

B 93.42(2)

y 115.43(1)1

\% 1322.3(12) &

T 298 K

space group P1

4 1

fw 1209.82

A 0.71073 Mo kx
abs coeff() 0.785 mm?*
Pcalcc/Pobsd 1.519/1.50 g cm?

we=1/o%(F?) + (ax P)?+b x P
Reindices [4093[ > 2.00(1)]

a=0.0231b=0.6824

R; =0.0302, wR = 0.0829

R; based orf values, wR
based or?

[max(F,20)— 2 x FJ]
3

ay = 1
[0 x (FA + (ax P)*+b x P]

b 2 (IFol = I=IFl) 2 [wx (F2 = FA7
R, = , WR, =
Z(H) Z[w x (FoH?]

X-ray Crystal Structure Determination. A green-brown prismatic
crystal of 1 with approximate dimensions 0.20 0.25 x 0.50 was
mounted in capillary filled with drops of mother liquid. Diffraction
measurements were made on a Crystal Logic Dual Goniometer
Diffractometer using graphite-monochromated Ma Kadiation ¢ =
0.710730 A) radiation. Crystal data and parameters for data collection
are reported in Table 1. Unit cell dimensions were determined and
refined by using the angular settings of 25 automatically centered
reflections in the range 21< 26 < 23°. The intensities of 4953
reflections were measureet{2<h<0,-12<k=<13,-16<1 <
16) at room temperatur@—26 scan (2.08< 26 < 25.00") with scan
speed 3.0 deg/min and scan range 2.4 plus, separation. Three
standard reflections monitored every 97 reflections, show8d%
intensity fluctuation and no decay. Lorentz, polarization, gnscan
absorption corrections were applied using Crystal Logic software.

Symmetry equivalent data dfwere averaged witR(int) = 0.0106
to give 4666 independent reflections from a total of 4953. The structure
was solved by direct methods using the program SHELX%8the
refinement was performed using the program SHELXL:®Aniso-
tropic thermal parameters were used for all non-H atoms. At the
tetrahedral C(8) atom the methyl group [C(11)] and the methoxy group
[C(11)—0O(3)] are disordered. Therefore, O(3) has been refined in two
positions [bounded to C(10) and to C(11)] with occupancy factors 0.71
[O(3)] and 0.29 [O(3A)]. The structure refined to wR20.0879 for
all 4666 independent data and to R10.0302 for 4093 observed data
[(1) > 20(1)]. The maximum and minimum residual peaks in the final
difference map were 0.211 are.319 e/R. The largest shift/estimated
standard deviation (esd) in the final cycle was 0.005. Positional and
U(equiv) thermal parameters are given in Table 2.

and P2 =

Results and Discussion

SynthesisThe mixed-valence trinuclear compounds of the
general composition MbMn'"Mn"' (X-Hsaladhp)(Hsal) [X =
H, Cl, CHs] can be prepared by adding the Schiff-base ligand
and the salicylic acid in the presence of KNt© MnCl,-4H,0
in methanol and with exposure to air. Using Mn(A¢®} Mn-
(AcO); analogous trimers of the general composition'N¢n''-

(29) Sheldrick, G. M.SHELX 86 University of Goettingen: Germany,
1986.

(30) Sheldrick, G. MSHELX 93: Crystal Structure Refinemgdniversity
of Goettingen: Germany, 1993.

X-CgHy(OH)CHO + H,NC(R)(CH,OH),

atom X \ z Ueq)

Mn(1) 0 0 0 30(1)
Mn(2) 3097(1) 114(1) 1260(1) 31(1)
0o(1) 5101(2) 896(2) 1883(1) 40(1)
0(2) 1060(2) —967(2) 570(1) 33(1)
N(1) 2528(2) —970(2) 2125(1) 33(1)
0O(4) 3750(2) 745(2) 176(1) 38(1)
O(5) 1987(2) 1069(2) —488(1) 43(1)
o(7) 3144(2) 2138(2) 2195(1) 43(1)
0O(8) 1000(2) 1916(2) 1525(1) 45(1)
C(1) 5769(2) 592(2) 2515(2) 35(1)
C(2) 7316(3) 1235(3) 2755(2) 44(1)
C(3) 8070(3) 992(3) 3435(2) 53(1)
C(4) 7330(3) 95(3) 3889(2) 60(1)
C(5) 5816(3) —567(3) 3651(2) 51(1)
C(6) 5003(2) —329(2) 2966(2) 37(1)
C(7) 3420(3) —1038(3) 2757(2) 38(1)
C(8) 890(2) —1721(2) 1971(2) 38(1)
C(9) 265(2) —2165(2) 795(2) 37(1)
C(10) 513(3) —597(3) 2728(2) 47(1)
C(11) 299(3) —3057(3) 2184(3) 53(1)
0(3) 1302(4) —63(4) 3798(2) 68(1)
O(3A) 515(7) —4105(7) 1573(6) 57(2)
C(12) 3283(2) 1327(2) —297(2) 32(1)
C(13) 4434(2) 2380(2) —581(2) 34(1)
C(14) 4010(3) 2987(3) —1147(2) 45(1)
C(15) 5033(3) 4011(3) —1398(2) 54(1)
C(16) 6522(3) 4464(3) —1068(2) 52(1)
C(17) 6968(3) 3883(3) —509(2) 46(1)
C(18) 5943(2) 2816(2) —280(2) 37(1)
0O(6) 6493(2) 2237(2) 212(2) 54(1)
C(19) 2250(2) 2607(2) 2207(2) 34(1)
C(20) 2652(2) 4078(2) 3071(2) 34(1)
C(21) 4032(3) 4937(3) 3824(2) 47(1)
C(22) 4432(4) 6295(3) 4628(2) 60(1)
C(23) 3424(4) 6798(3) 4717(2) 58(1)
C(24) 2053(3) 5976(3) 3993(2) 53(1)
C(25) 1662(3) 4625(2) 3158(2) 40(1)
0(9) 318(2) 3893(2) 2429(2) 57(1)
N(2) 1672(4) 2797(5) 5395(4) 127(2)
C(26) 2054(4) 3938(5) 6033(4) 84(1)
C(27) 2573(7) 5388(5) 6853(6) 111(2)

a Estimated standard deviations stated in parentheses after the value.
Ueq = 1/3(U11 + Uy + U33).

Mn"" (X-Hsaladhp)(AcO)4(CH3;OH), have been isolatel:14.17
These trimers react with X-salicylic acid in methanol, dmf, or

thf to yield mixed acetato/salicylato trinuclear complexes which

are isolated as dark brown soli#fsThe reaction can take place

in all three solvents leading to the formation of trinuclear
compounds in contrast to the preparation of the trinuclear
complexes with only acetates as bridging ligands for which, in

the presence of dmf, mononuclear Mrcomplexed!1? and

MnO, are formed exclusively. To obtain the trinuclear com-
pounds it is absolutely essential not to add an additional strong
base, such as sodium methoxide or sodium hydroxide, that leads

to mononuclear Mi{ complexes. Addition of excess of salicylic

acid does not lead to the total replacement of all acetates ligands
by salicylates ones. We should mention that in the presence of
CH3CN the mixed acetato/salicylato bridged trinuclear com-
plexes result to a polymeric compound with the same trimeric
unit [Mn"Mn'"Mn"] but with significant deviation from linear-
ity® (Mn"" — Mn" — Mn"" = 137.5). Generally nitrogen-donor

solvents, e.g., CECN, py, en, are not bound at the sixth position

of Mn"" jon.

MeOH

X-C¢H;(0O)CH=NC(R)(CH,0OH),
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X-CgHy(O)CH=NC(R)(CH,OH), + MnCl,-4H,0 +
X-H,Sal+ KNO, ~=> Mn" Mn"Mn" [(X-C H5(0)CH=

NC(R)(CH,O)(CH,0OH)],(X-Hsal),

The mixed-valence trinuclear compounds are green-black
crystalline solids that appear to be stable in air. They are soluble
in dimethyl sulfoxide (dmso), dmf, Ci€l,, thf, and CHC} but
insoluble in water. The behavior of the complexes as electrolytes _ /
shows a different degree of dissociation in various solvents ®
leading to the general conclusion that in £Hp and thf no
dissociation occurs while in dmf and dmso partial dissociation
is observed.

Description of Structure 1. ORTEP diagram of complek
is shown at Figure 1. Bond distances and angles for the
coordination spheres are listed in Table 3. The complex includes
a central octahedral Mn(ll) ion, Mn(1), located at a crystal-
lographic inversion center. It is flanked by two distorted square-
pyramidal Mn(lll) ions Mn(2). The octahedral coordination
environment of the central Mn(ll) ion is composed of fayn-
bridging salicylates and twa-alkoxo oxygen atoms of the  Table 3. Selected Bond Distances(A) and Anglé} ¢f 1

Figure 1. ORTEP view of complext with 50% thermal ellipsoids
showing the atom-labeling scheme around the Mn atoms.

Schiff-base ligands. The geometry at each Mn(lll) center is best Bond Distances (A)

described as a distorted tetragonal pyramid. Using the trigonality Mn(1):--Mn(2) 3.495 Mn(2)-0(2) 1.876(2)
indext = (g1 — ¢2)/60 wherep; andg; are the largest angles ~ Mn(1)—0(2) 2.157(2) Mn(2rN(1) 1.982(2)
in the coordination sphere & 0 perfect square pyramid,= Mn(1)-O(5) 2.199(2) Mn(2)yO(7) 2.142(2)

1 perfect trigonal bipyramid) we calculate= (170.8— 164.4)/ Mn(2)-O(1) 1.862(2) Mn(2yO(4) 1.950(2)
60 = 0.106 for Mn(2), indicating a small trigonal distortion. Values of Angles9)
The salicylato oxygen [O(7)] occupies the Jafireller distorted 8%:%28;:8% gg'gggg 8%3”2%:“8; 123'2?5((?)
apical position (Figure 1). The elongation is shown by a o) mMn@1)-0(5) 89.13(7) O(1}Mn(2)-O(7)  92.40(7)
comparison of Mn(2)N(1) = 1.982(2) A and Mn(2)-O(4) = O(1)-Mn(2)-0(2) 170.76(7) O(JMn(2)-0O(7)  96.33(7)
1.950(2) A the longest distances on the equatorial plane with O(1)-Mn(2)—0(4) 85.91(7) O(4}Mn(2)—0(7) 90.65(7)
the axial distance Mn(2O(7) = 2.142(2) A. The Hsaladhp  O(2)-Mn(2)-O(4)  96.97(7)  N(1)}Mn(2)~O(7)  104.80(8)
ligand acts as a tridentate chelating agent by using an imine ©)~Mn(2)—-N(1)  91.04(7) Mn(2}O(2)-Mn(1) 119.98(8)
nitrogen, and phenolate and alkoxide oxygen atoms to coordinate
to Mn'"'. The equatorial preference of the Schiff-base ligand 8-
has been reported for other mono-, di-, and trinuclear manganese
complexes with this and related ligants?® The Mn'—
alkoxide oxygen distance [Mn(20(2) = 1.876(2) A] is
equivalent to the M#—phenolate oxygen distance [Mn{2)
0O(1) = 1.862(2) A] even though the former bridges to the'Mn £
ion. The Mn(lll)—alkoxide oxygen distance is also very similar T
to Mn"Y —alkoxide oxygen bonds reported for M(saladhpy, =
Mn—0,, = 1.889 Al1.22and [MnV (hib)s]2~, Mn—0g, = 1.841
A.31 The central ion Mn(1) and the terminal ions Mn(2) are 4+
bridged by alkoxide oxygens from the saladhp ligand, and two 1
carboxylato oxygens from the salicylato ligands, resulting in a 34
3.495 A Mn(1)--Mn(2) separation with a 119.98@BMn(1)— —
O(alkoxide)-Mn(2) angle. The Mn(lll) ions are displaced 0 50 100 150 200 250 300
slightly out of the best least-squares plane defined by O(1), N(1), T/K
0O(2), and O(4) toward the apical salicylate moiety, by 0.20 A. _ . -

. . igure 2. Magnetic susceptibility ofl plotted asue#/3Mn versusT

The cluster is valence trapped as evidenced by the long centralyi the fit to eq 5 (solid line).

Mn'! to heteroatom bond lengths and by Jafiieller distortion
of the terminal high-spin M ions. The present compounds e shown in Figure 2 in the form ef«/3Mn vsT. The value
allow the certain assignment of the oxidation state for Mn(1) ¢ st decreases from 7.9@s at 300 K to 3.154z at 3.2 K.
as a Mt and for Mn(2) as Mt ions, whereas in the trinuclear e Ler/3Mn at room temperature, which is comparable to
compounds MHMN'"Mn" (X-Hsaladhp)(AcO)4(CH;OH or H,O), values previously reporté&2for Mn!'Mn''Mn" (L) ,(u-AcO)s-
for which the sixth position on the terminal manganese atom is ROH) (L = tridentate ligand, R= H, CHs) shows that there is

occupied by a methanol or water molecule, the question could 3 gmg|| antiferromagnetic interaction between the manganese
arise for a deprotonated rather than a protonated form of the 5ioms (spin-only value of 2 Mhand a Mt is 9.1 ug).

ligand. , , o By virtue of crystallographic criteria the isotropic Heisenberg
Magnetic Properties of 1.The molar magnetic susceptibility  {5miltonian for complext is given by the eq 1
of 1 was measured as a function of temperature. The results

(32) Baldwin, M. J.; Kampf, J. W.; Kirk, M. L.; Pecoraro, V. Illnorg.
(31) Saadeh, S. M,; Lah, M. S.; Pecoraro, Vlhorg. Chem1991, 30, 9. Chem.1995 34, 5255.
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H=-21(S'S,+ $'S) — 20,(S'S) (1) o)
(1 having an arrangemel® — S — ) where§ = S =2 -
andS, = %,. Because of the large distance between the terminal 100 —
Mn'" jons (6.990 A), we can exclude this interaction; therefore, _ -
the major exchange interaction is expected between the terminal 50+ _
Mn'" and the central Mh This assumption is also based on an - _
extended study for similar trinuclear complekXe® where it 01 N
has been proved that the role of thewas unimportant in the - -
fitting procedure. The exchange energies may be calculated by S0 = -
Kambe’s method and are given by - -~
100+
E(SS1) = ~[SH(S; + 1) — SSi3 + 1) — (S, + 1)]
2 1502 . —

For similar compounds, differegtvalues have been assumiéd
for Mn"" and Mr?' in the Zeema?;[ Hamiltonian and have added _ TOTAL SPIN_STATE _ _
first- and second-order contributions to the Van Vleck equation. Figure 3. Spin levels forl. The energy in cm' is given as a function
However the use of isotropig values in the Zeeman term, of the spin value.

dealing with the problem of mixed-valence polynuclear systems, 3.0
also gives satisfactory magnetic modl#\ssuming isotropic

g values the Zeeman term was added to the preceding Hamil-
tonian

2.5

Hzeeman = Qup(S + S+ S) B 3

A mean field correctiorzJ accounting for the weak interaction
between trimers was added. As it has been stateeé role of

the mean field correction in the low-temperature susceptibility
data is quite important. The final expression of the susceptibility
is given by

Am
Avec = 223, 4)

1

2.0

Nug’g” HT(Tesla K

Figure 4. Magnetization study foll at 4 K over the field range-62
T as a function of H/T. The solid lines represent the theoretical curves
for S= %, andS = Y/, states.

whereywm is

[>S(S + 1)(25 + 1) expE/kT)]
[zi(ZS + 1) expE/«T)] D value easily if it is assumed that the ground state is isofated.
In the present study we have the population of the first excited

The magnetic parameters obtained from the fitting procedure Stat€ along with the ground state. So the depopulation of the
areJ; = —5.7 cntl, g = 2.02,zJ= —0.19 cmL, R = 0.004 states does not follow the Boltzmann distribution that means
where we cannot use an appropriate formula to calculate the effect of

the zero field splitting in the depopulation of the states.

R= Z[(#eﬁ)expn - (:Meff)calc]z (6) EPR Study of 1. The EPR spectrum shown in Figure 5 is
n obtained &84 K when1 is dissolved in CHGl The low-field

Energy levels are represented in Figure 3 with the addition of EPR signal is a superposition of two signals, one centered

v = (NQZ#BZBKT)

Si5 label. The ground state is found to be the aroundg = 3.6 and the other, where hyperfine structure is
observed, centered arouigd= 4.1 indicating aS = 3/, state
1S, =%, S;3=4,5=3%,0 ) and a multiline signal ag = 2 with ~19 lines. The hyperfine

structure in theg = 4.1 signal is consistent with previous
The energy scheme obtained from the susceptibility data is reportd42° and shows characteristics similar to those of the
further verified by the isothermal magnetization measurements manganese cluster in the Sate of the OEG# The other signal
at4 Kand up to 5 T. The data are given in Figure 4. The two atq = 3.6 propably comes from excited state(s). Therefore, the
solid lines represent the theoretical magnetization behavior of gjmpje observation of multiline oy = 4.1 signals in a model

S= "2 S= "/, states and are calculated from the expression ¢,mnqund may provide little structural insight for the manganese

M = NgusSB(y) 8) in the OEC. The observed EPR spectrum is assigned to the
B trinuclear compound, because there is no dissociation of this
whereBq(y) is the Brillouin function for states wits= 3/, and complex in CHC4. The EPR spectra in MeOH show a classic

S=1,. This clearly shows that the lowest lying state was the Six-line signal centered & = 2 from uncomplexed Mhdue
S= 3/, with reasonable population of a state, or states, of lower to dissociation of the complexes to form monomeric units of
spin1” Usually from the magnetization curve we can obtain the [Mn'"(Hsaly]?~ and [Mn"(Hsaladhp)] as shown byH NMR
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Mn(IIT)-Ma(Il)

simulation

i o 1 L 1 1 1 1 I L 1

800 1600 2400 3200 4000 4800

B/Gauss

Figure 5. X-band EPR spectra df in CHCI; glassy solution at 4 K
in the range 4064800 G.

experiment

study33® The conductance of MeOH solution indicates that a
2:1 electrolyte is formed.
Simulation Properties. To verify the previous assignment a
simulation procedure was carried out based on the following 2000 3500 3000 3500 2000 2500 3000
Hamiltonian formalisn$* H (Gauss)

Figure 6. A simulation (top drawing) of a hypothetical Mn(IHMn(Il)
dimer, using theA values for Mn(ll) and Mn(lll) obtained from the
simulation below. Simulated and experimental EPR spectra following
with the following assumptions: (a) The electronic Zeeman Pparameters obtained from the simulation procedure of the trinuclear
interaction is the largest, followed by the hyperfine interaction: SYyStem M1”(|||)Mn(||)'\/_|n(lll_) (.= |24= I§l= o2, S =) A = 140

(b) To increase the accuracy of the simulation a second-ordergl% C=m53 fggMzn(llnzng_ 90 (107 camr=) for Mn(ll: wi, wy = 75
perturbation theory carried outconiggc) The only populated T ' A

state is the ground stat&,= %/,, and is well “isolated” from Table 4. 'H NMR Data and Signal Assignment of the Mn(lll)/

the next nearest excited states; (d) The line widtdsdan vary Mn(l1)/Mn(lll) Trimer Complex in CDCE Measured at 500 MHZT(

as a function of the direction of the externally applied magnetic = 296 K)* (Chemical Shift Values Are Also Measured in CRCI

H = ugBgS+ SAl )

field 3435 THF 90:10 v/v Mixture.)
CDClk T: CDCL/THF-0g
peak assignment intensity (ppm) (ms) 9:1 (ppm)
Welyl) = Jwil+ wlly g, 10) A Hsaladnp 2 210 b -
CH=N
where thdy, |y, I, are the direction cosines of the magnetic field 1 Hsaladhp 1 37.2 05 c
on the electronic Zeeman principal axes andwy, andw; are ) CH:
the line widths along the principal axes; (e) isotropic values I Hsaladhp 4 5620 d -
. . . . CH-OH
for hyperfine interactions (different values for Mn(ll) and g Hsal 2+ 2) 224 08 24.9
Mn(lll)) and g values [the same for Mn(ll) and Mn(lll)]. To 55
avoid overparametrization of the simulation model we used C Hsal 199 0.8 23.8
hyperfine values close to the one observed in the literature for 55
Mn(ll) and Mn(lll), a small line widths anisotropy, and a 23 :sa:agﬂp 1) 112(')74 3é61 112678
mixture of Il_prentziaﬁGaussian. shgpe in O..75/.0.25 ratio. 5 H:Z;dhg ©) 113 35 118
The multiline spectra a = 2 in Figure 5 is simulated and CHs
the following parameters obtained from the simulation procedure 3,3  Hsaladhp (1) 6.6 1.9 -
of the trinuclear system Mn(II)Mn(1)Mn(I11) [y, 12, 13 = %>, 3,3 Hsaladhp (H 1) 40 19 -
S=3/,): A=140 (104 cm™) for Mn(lll), A= 90 (104 cm?) S Hsal (2+2+2) 50-20d -
for _Mn(ll)_; W, Wy = 75 G,w, =50 G;g = 1.99. These values, IA—TS&I&S’ 2.2 @+2+2) 5020 d _
in line with previous reports, emphasize the trinuclear nature 4.4 33,272
of the multiline spectra while the results are shown in Figure 4.4 Hsaladhp (1) —17.7 4.7 -19.9
6. Using theA values for Mn(ll) and Mn(lll) obtained fromthe 4,4 Hsaladhp -18.9 4.7 c
previous simulation, a new simulation was performed for the 6.6 Hsaladhp (H 1) —26.3 3.9 —26.6
case of a hypothetical dimer, instead of trimer, Mn(HNIn- 6,6 Hsaladhp —26.7 3.9 ¢

(1), and the resulting spectrum is shown in Figure 6. The  2Measured at 200 MHZ. Not measured; probably shorter than 0.1
ms. ¢ Not observedd Not measured because of the presence of many

(33) Pecoraro, V. L. IIManganese Redox Enzym&4&H Publishers Inc.: signals in the region from 6.00 to 0.00 ppm.
New York, 1992; p 207.

(34) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of (ifference between the two simulated spectra reveals the
Transition lons Clarendon Press: Oxford, 1970. .

(35) Pilbrow, J. R.Transition lon Electron Paramagnetic Resonance trinuclear character of the X-band EPR spectra. )
Clarendon Press: Oxford, 1990. IH NMR Study. Because no similar examples of mixed-
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L T=298K

M&ﬂ# T=293K
| ‘J\.s_.JM‘ \ T=288K
M&U T=283K
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1
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Figure 7. Variable temperature 500 MHZH NMR spectra of
manganese(llI/1I/Ill) trinuclear compound in CDCI

Table 5. Temperature Dependence of Hyperfine Shifted Signals of
Mn(IID/Mn(I1)/Mn(lll) Trimer Complex Measured at 500 MHz

peak 278 283 288 293 298 303 308

1 43.36 42.14 4053 38.85 37.21 36.14 34.60
B 2345 2325 2291 2264 2240 2220 21.96
C 2059 20.35 20.18 20.03 19.93 19.91 19.86
5 1298 1295 1290 1281 12.71 12.61 1251
2 1161 1151 1144 1139 11.34 1124 11.17
4 —19.24 —18.73 —18.36 —18.00 —17.66 —17.36 —17.05
4 —20.71 —20.24 —19.76 —19.34 —18.93 —18.51 —18.14
6 —28.64 —27.97 —27.40 —26.83 —26.30 —25.83 —25.34
6 —29.10 —28.47 —27.83 —27.27 —26.71 —26.20 —25.69

valence Manganese-trimer compounds exist in the bibliography,

Inorganic Chemistry, Vol. 39, No. 12, 200@627
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Figure 8. Curie plots of hyperfine shifted signals of manganese(lll/
1I/11) trinuclear compound.

range 278-308 K are illustrated at Figure 7 and the temperature
dependence of chemical shifts for hyperfine shifted signals is
presented at Figure 8. Measured chemical shift values for the
temperature range 27808 K are reported in Table 5. All
signals show a Curie-type temperature dependence. In the Ni(ll)
complex, protons are found to be shifted dramatically. Signals
are spread in a range of about 500 ppm as an effect of spin
delocalization which may occur through the oxygen atom and
the —C=NR group. In the Ni(ll) complex the proton resonances
of the aromatic ring were observed as four sets of double-
hyperfine shifted resonances, whereas the proton resonances of
the —CH=N group are found to be the most paramagnetically
shifted signals (up to 426480 ppm).

the assignment of the proton resonances is tentative. Acquired According to this, the broad signal at 210 ppm (observed in
NMR data are discussed and analyzed in terms of relaxationthe spectra recorded at 200 MHz) is attributed to-tf@H=N

times, paramagnetic shift, and signal intensity, but compared
with data reported for nickel(ll) salicylideneamino-like com-
plexes3® Proton assignment and longitudinal relaxation times

proton and the broad signal at 37.2 ppiv,is attributed to the
—CH,—0O— group of the salicylideneamino group. The assign-
ment of those protons is supported further by thgivalues,

are reported at Table 4. Spectra recorded in the temperaturédbecause-CH=N andA protons are the protons closer to the

s s CHCI, H,0

B s 8
" s M
CHy C
yor Of ]
Y A, gemC
n n'" 0.

T=296K
CDCl,

6,6’

Y W G

T T T
0 .10 20 -30 40  ppm

Figure 9. 500 MHz 296 K!H NMR spectra of manganese(lll/Il/Ill) trinuclear compound in deuterated chloroform.
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on off

263 263
Hz . Hz
<l T=296K

4 4

T T T T T T T T T T T T T T T T T 1
12 -14 -16 -18 -20 .22 24 26 28 ppm
Figure 10. 200 MHz 296 K'H NMR spectra of manganese(lll/1I/Ill) trinuclear compound in CRAlhe upper trace represents the reference

spectrum. The other traces are 1D NOE difference spectra. The traces are labeled according to saturated signals. The 1D difference spectra are
obtained with the onoff (right) acquisition scheme described elsewréré.

Chart 1. Molecular Formula of Mixed-Valence

tal ter (C7 and C9 in th tal struct . Additionall -
metal center (C7 an in the crystal structure) itionally, Manganese(lll/IVIIl) Trimer

A is the most shifted signal from the diamagnetic spectral region

(excluding—CH=N) and has the shortest relaxation time among S S
the paramagnetically shifted signals (see Table 4). B g S ,
Spin delocalization mechanisms similar to those that occur HO\ fo
in the Ni(Il) complex should be anticipated for the manganese 6 HC._ CHs o
. . . . H C—. S’
trimer. However, the expected sign of net spin density on the 5 C/ ¢ d
. . . . N AN ——C
ligand for a metal-to-ligand saladhp spin-transfer mechanism A 0 o=" 0.0~ OH
. . . \ N s | O
in Mn(lll) and Mn(Il) (d* and &, respectively) is expected to 4 oM M Mp—o0 3
be opposite that of Ni(Il) (d®). In this trinuclear Mn complex 3 / \Q..~~~"",.CI,\\ / N A
0 g ° N 4

where the three metals are magnetically coupled, the central =50
. K R H,c—cC._ H
metal, Mn(ll) S= %/, present spins antiparallel to the magnetic Ho / eh,
field and the sign of spin density delocalized on ligands is c B HsC\ \OH\\ 6 S
expected to be opposite to that of a Mn(lll), that is the same as S oH S \\1’
' S

in Ni(ll). However, the presence of the two Mn(lll) ions with S

S = 2 [S = 3, for the trinuclear Mn(lIl)/Mn(Il)/Mn(lll) Y 9 2
complex] accounts for a total sign of net spin density the reverse . ) )
of that for the Ni(ll) complex and protons strongly influenced signals are close, selective saturation of only one of the signals

by the paramagnetism of the metalic core are expected to be!S €xtremely difficult. _ .
s%ifted Epfield g P Thus, those signals are attributed to the 4 and 6 aromatic

Consequently, the two sets of double peaks are observed agrotons of the saladhp ligand, respectively (see also Chart 1)
' analogy to the same signals of Ni complex which are the
about—18 and—26 ppm (Figure 9), signal§ 4’ and6, 6' could Y dy d b

t shifted ti ton signdfs®® Additionally, the t
be assigned to the aromatic protons of Hsaladhp ligand. Themos Snired aromate proton Sign rionaty, the two

proton resonances atl8 ppm4, 4, present identical; values,
fact that four set of double peaks are also observed for the 8 (2,4 the same is also observed for the two resonances appearing
x 4) protons of the two aromatic rings in Ni(ll) complex is

‘ ; - . at —26 ppm (signals, 6').
ratlonallzgd by the mequn_/alencelof the two aryl groups due to e possibility of an existed equilibrium between two
two possible conformers in solutigh3* different conformations of salicylideneamino groups in solution,
Chemical exchange should also been taken into account. 1Dis supported further by spectral data aquired in mixture GDCI
difference spectra at 200 MHz (Figure 10), show that by THF-dg 9:1, v/v (Figure 11). Each of the two pair of peakss (
saturating signa# strong negative effect (saturation transfer) 4' and6, 6') was replaced by one signal, whereas sighalas
with signal4' is observed. Because the molecule is expected to not observed. The intensity of each one of the upfield signals
be in the fast motion limit, negative NOEs in 1D difference (at —19.8 and—26.6 ppm) in 10% THF corresponds to two
spectra can only be due to chemical exchaiigéhe same protons. These findings could point out to minor or major
experiment is performed for signa& 6' but since the two conformational changes in the presence of THF. Possible
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Figure 11. 500 MHz 296 K!H NMR spectra of manganese(llI/ll/Ill) trinuclear compound in CR@bwer trace) and in CDGITHF-dg 9:1 v/v
(upper trace).

coordination of THF to the metal probably accounts for broad signals denoted &andC at the region 2622 ppm.
intramolecular structural rearrangements in solution manifested The intensity of each peak is twice the intensity measured for
by the degeneration of the Hsaladhp aromatic proton signals.each upfield shifted signal of Hsaladhp (signdls#’, 6, 6').

The two conformers seem to be in 1:1 ratio in Cp@hd Taking into account that there are four salicylato ligands, each
observed changes in signal intensities could be discussed insignal corresponds to a pair of equivalent aromatic protons and
terms of different ratio of the two forms (approximately 9:1 the closest proton of salicylato group to the metal should be
considering the 1D spectra at CRAIHF-dg 9:1) or in terms  that at positions 5,'5The two signalsB andC, present identical

of fast exchange between the two conformers even if the ratio relaxation times, and therefore are assigned to those protons.
between them remains 1:1. This is also evident in spectra Since no other signal of similar intensity is observed out of the

acquired in different temperatures where the intensity,of diamagnetic region the resonances of the other aromatic protons
and6, &' signals is changing upon the temperature changes (sesshould lie in the region 52 ppm. A detailed assignment of
also Figure 7). those resonances was not attempted.

The chemical shifts of the other two sets of protons (denoted
as 3, 3 and 5, 5), corresponding to the 3 and 5 protons, cgnclusion
respectively, seem to be only slightly influenced by the
paramagnetism of the metal, compared with the 4 and 6 protons, Although mixed-valence and homovalence trimers have been
and thus are moderately shifted and found closer to the reported previously, very interesting features are presented in
diamagnetic region. Consequently, the resonances observed ahis report. Compound. is the first example of structurally
6.6, 4.0 ppm and 12.7, 10.4 ppm, are attributed to 3 and 5 characterized, mixed-valence, open-structure trimers that was
protons, respectively3, 3' signals exhibit identical longitudinal ~ not on the sixth position of the terminal manganese atoms a
relaxation times (as observed for the other aromatic protons), ligand, a fact which allows a certain assignment of the oxidation
whereas in signal§, 5' the measured; values are very similar.  state of it as M. Theg = 2 multiline signal of the Soxidation

Finally, the signal at 11.8 ppm is attributed to th€Hs group state of the water-oxidation manganese center has provided the
(signal denoted ag) of the Hsaladhp ligand, according to its  basis for much speculation as to the nuclearity and oxidation
intensity. The intensity ratio between sigi2eand4, 4' or 6, 6' states of the manganese ions in the OEC. Mixed-valence dimers,

is 3:1 (considering two equivalent methyl groups of salicylide- such as Mn(llI/ll) or Mn(lll/IV) and tetranuclear Mn(llI/11I/
neamino group). Thus, the only unassigned protons, denoted||l/IV) compounds3e8 exhibit multiline features. A recent
as 1', belonging to the saladhp ligand are those of crystal- theoretical approadhtends to the conclusion that a tetranuclear
lographic C10. Those protons are two-bond far away from the cluster is responsible for the EPR signal and that the hyperfine
nitrogen of the Hsaladhp ligand and far from the metal center;

thus t.hey are e.XpECt.ed not to be drama_tlcally_ shifted out from (36) Bertini, I.; Luchinat, C. INNMR of Paramagnetic Molecules in
the diamagnetic region. Protons flaposition with respect to Biological SystemsBenjamin/Cummings: Menlo Park, CA, 1986.
the nitrogen are found at the region between 0 and 5 ppm in (37) La Mar, G. N.NMR of Paramagnetic Molecules;a Mar, G. N.,
the case of nickel bis(salicylideneamino)-type complex and this $§{L°"1'§,S7§-V'p§%‘g’l‘z’z' Holm, R. H., Eds.; Academic Press: New
seems to be the case for the Mn trimer, as well. The only (3g) Bertini, I.; Luchinat, CCoord. Chem. Re 1996 150.
paramagnetically shifted signals remained unassigned are thg39) zheng, M.; Dismukes, G. Gnorg. Chem 1996 35, 3307.
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couplings must be anisotropt® This study?® also suggests that

the Mn(lll) ion(s) may be five-coordinate, having a distorted-
trigonal bipyramidal geometry with an'j&e")? configuration.

A possible explanation given as to why there could be five-
coordinate Mn(lll) ions in the Sstate of the OEC is that one

or both of the substrate water molecules may not be bound (yet)
to manganese cluster. Therefore, the presence of five-coordinate
Mn atoms in 1, which is unique among trinuclear complexes,
could provide an interesting case for studying the effects the
coordination of water on the spectroscopic and structural features

i

of such clusters. Also, among the known Mn clusters, the 2500 3000 3500 4000
compound reported here exhibits the unique feature of possess- = e
ing a 19-line EPR signal similar to that of the OEC (Figure B/Gauss

12). Although EPR spectroscopy cannot be used as a structuraFigure 12. A superposition of the two multiline EPR signals of
tool to resolve complicated problems of this type, it is complex 1 ¢) and of PSIl ®) measured under the following
nevertheless interesting that the multiline signal of OEC has exp_eledental and't'or_‘ﬁ: Light rg'”“;ggi‘é ?'ﬁirer!ceég‘;‘:tra c:jf_l_’SII-

enriched membranes illuminated at or 4 min. conditions:
not been reproduc_ed _by any Mn complex_ so far. Ur_]fortunately 9.4125 GHz, T=
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