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The trinuclear complex Mn3(pko)4(CH30),(SCN),-CH30H, 1, where
Hpko is 2,2'-dipyridylketonoxime, is a rare example of a complex
simultaneously containing Mn'" and Mn'"v., X-ray crystallography and
XANES spectroscopy clearly distinguish the Mn',Mn" valence
isomer from the more commonly observed Mn",Mn!" formulation.
Fits to variable-temperature magnetic susceptibility data indicate
that the Mn" and Mn" are ferromagnetically coupled (J = +6.13
cm™?) and that 1 has an S = 3/, ground state.

The photosynthetic conversion of water to dioxygen occurs
in the oxygen evolving complex (OEC) of photosystem II.
Four manganese ions form the heart of the water oxidation
machinery of this enzym&? There are five resolvable
enzyme oxidation levels, termed S states, with the most
reduced form being the (Slevel and the liberation of
dioxygen occurring on the sS— S; — & transition®

Numerous techniques have been used to probe the structur
and oxidation states of the manganese ions in different S

states. Originally X-ray absorption spectroscbagd, more
recently, EPR spectroscopy have interrogated the (S

oxidation level. On the basis of these studies, an ensemble

of Mn"Mn""Mn"; has been proposed as the oxidation states
for the $ manganese clustér.

While low-nuclearity, mixed-valence manganese com-
plexes are widely known, there are only two examples in
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which Mn" coexists in the presence of Mnlin most cases,
the Mn' and MrlY oxidation states are unstable to compro-
portionation reactions that yield Mn Chan and Armstrorg
reported a tetranuclear cluster of composition'pin'" -
Mn'V. This molecule contained a MiMn" x-O core with
peripheral MH ions. Very recently,one of us demonstrated
that Mn' and MrlV could exist in a tetranuclear cluster in
the absence of Mh

In this report, we present the first trinuclear manganese
complex that contains only Mrand MV ions. Because of
the linear topology of MAMNnYMn' (pko)(CHz0)2(SCN)-
CH3OH, 1 [Hpko = 2,2-dipyridyl ketonoxime], the magnetic
interactions are more straightforward to analyze and this
molecule is used to test whether XANES spectroscopy can
distinguish a [MH,Mn'V]8t species from [MH,Mn"]8*,

Complex1 can be prepared by the addition of 1.2 mmol
(0.24 g) of Hpko to a solution of 1.2 mmol (0.048 g) of
sodium hydroxide and 0.6 mmol (0.081 g) of NaSCN in 50
mL of CH3OH followed by 0.9 mmol (0.180 g) of Mn@il
4H,0 dissolved in 50 mL of methanol. Then, the solution
was exposed to dioxygen by bubbling air into the reaction
mixture. The resulting black-red solution was reduced to 50
mL and then 10 mL of CKCl, was added. Black-brown
crystals suitable for X-ray diffraction studies were obtained
by slow evaporatiofi.The CI analogue is prepared analo-
gously, omitting the NaSCN. On the basis of X-ray analysis,
1 and the CI analogue are isostructral.

The neutral complexl (Figure 1) has 8 anions (2
thiocyanates, 2-alkoxides, and 4 pkoligands) requiring
that the sum of the charges on the 3 manganese iors8be
We prefer the manganese oxidation state formulation of
[Mn",MnV]&" The complex includes a central octahedral
Mn(1V) ion, Mn(1) located on a crystallographic inversion
center. It is flanked by two Mn(ll) ions, Mn(2) and Mn-
(2A). Each pko ligand acts as a tridentate chelating agent
by using a pyridine, N(3), and an oximato nitrogen, N(1),
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Figure 2. Variable-temperature magnetic susceptibility for
Figure 1. ORTEP diagram ofl.. Important bond lengths (&) and angles

(deg): Mn(1)y-O(Loximato= 1.922(2); MN(1}-O(2)oximato= 1.933(2); Mn- The lack of a JahnTeller distortion of Mn(1) further
(1)=O(3)methoxy = 1.881(2); Mn(2}-N(L)oximato = 2.259(3); Mn(2)- idati i v

NGy = o1 (3): MN(2-NJosmto= 2 241(2): M2} N(O)pyry1 sup”ﬁ)orts the ox@atmn state _aSS|gnment ad .mether than
2.280(3); MN(2)-O(3)methoxy = 2.150(2); MN(2)-N(7hhiocyanato= 2.119- Mn'". The terminal Mn(2) ions are coordinated to five
(3); Mn(1)---Mn(2), 3.372; Mn(1}-O(3)-Mn(2), 113.39(10). nitrogen atoms and an oxygen atom with an average bond

, _ distance of 2.223 A (varying from 2.119(3) to 2.291(3) A).
bound_ to Mn(ll) ion and the oximato -oxygen, O). This average value is typical for Mn(Il) compounds and fully
coordinated to MQ(IV) central ion, W,h'le the oth(_er nitrogen supports a valence trapped 2xidation state for the terminal
atom of thg pko ligand, N(2), remains unjcoordlnated. The atoms. The central Mn(1) and the terminal Mn(2) ions,
_termlnal unidentate _pseudohahde ligand is bound tp Mn(11) bridged by the methoxide oxygen and two oximato groups,
ons through the nitrogen atom. The six bond distances ;.o geparated by 3.372 A. It is interesting to compare the
around the Mn(1) atom average 1.91 A varying from Mn- i\ crure oft to previously reported trinuclear MMn''-
(1)~ OBmetnoy= 1.881(2) A to MN(L)-O(2)osimato = 1.933- Mn"" compounds, such as NMEIn" ,(SALADHP),(OAC),-

(2) A. The average distance is similar to those in mononu- (MeOH), 14152, which also have an M@ core. The MH
clear Mn_(IV) co'rgpounds (e.g., WSALAQHP)ZH_B’ ion in this class of complexes has a M@,, distance of
MN—0g, = 1.889 A) and apprOX|mater.0.12 ”shorte.r than 5 31 A with equatorial ligation averaging 1.926 A and the
the average bond lengths that are typical for'Mspecies. axial distances being much longer (2.241 A). The'Ntm

(9) Characterization ol. Elemental analysis with the formulasétlsx- is more symmetric and has a_n a\{erage distance of 2_'15_4 A.
MnaN 14073, (fw = 1167.9) MAMnY Mn' (pko)y(CH30)(SCN)+ CHs- The average Mn-Mn separation is 3.486 A. Thus, within

OH]. Yield: 65%. Anal. Calcd. C, 50.34; H, 3.59; N, 16.78; S, 5.47, ini ichi
Mn. 15.12. Found: G 50.00: H. 3.55: N, 16.35: S, 5.47: Mn. 14.70. the class of molecules containing a Mhstoichiometry,1

FAB-MS(+) (dmf solution) gives molecular ion [MiMn'VMn! (pkoj- and 2 represent two distinct valence isomers.
(CH30)2 (SCNYJ. A crystal of dimensions 0.66& 0.40 x 0.34 mm The MA"Mn"Mn" compounds showed weak antiferro-

of 1 was analyzed. The integration of the data yielded a total of 16328 - . . _ N _
reflections to a maximum @ value of 53.20 of which 6404 were magnetic exchange interactions+{ —6 cn) with anS=

independent and 4504 were greater thai)2 The final cell constants 3/, ground state, whereas the tetranucleat' m' exhibited

are @ = 10.5410(8) Ajb = 12.6576(10) At = 13.5251(10) Ao = ; ; ; )
80.010(3); 7 — 70 670(3). The structure was solved and refined using both antiferromagnetic anq ferromagnetic exchange. 'There
the space groufPl with Z = 1 for the formula GsHssN14O6S>- fore, we collected the variable-temperature magnetic sus-

M_?ﬁ'(tﬁHsr?la)- Al nOT-hygrqgeg atlpmz Wefe_t_fefineg elllnisoi@pilcaw ceptibility data® for 1, shown as Figure 2, to discern the

with the hydrogen placed in idealized positions. Full-matrix least- X . ) :

squares refinement based Bhconverged at RE 0.0482 and wR2 _type of magnetic _exchange |ntera_Ct|0nS_ for thI_S valence
= 0.1331 [based oh> 2¢(l)], R1 = 0.0747 and wR2= 0.1436 for isomer. The best fit (for a model with being defined as
ie;llosciﬁgiiu(gawnﬁlrt& and chloride adducts, replacing thiocyanate, are the exchange parameter between the central¥ Namd

(10) Variable-temperature DC SQUID measurements were collected on aterminal Mrl' andJ,, set to 0) isJ;, = +6.13 cnt* andg =
Quantum Design MPMS_Controller SQUID susceptometer (model 2 09. The magnetic ground state, confirmed by magnetization

1822) equipped wit a 5 T superconducting magnet over the range - . .
5-300 K at a field of 5000 G. Powdered samples were used for data Measurements at 4.5 K, 8= 1%, (Figure S1, Supporting

collection. Pascal’s constants were used to determine the diamagneticinformation). Different EPR spectral signatures are found
correction factors (Boudreaux, E. A.; Mulay, L. N. [fheory & ; :

Applications of Molecular Paramagnetisdohn Wiley & Sons: New for 1_ fand 2 (Flgure S_Z)'l ha_s_unStrUCtured' low fle_ld
York, 1976; p 494. Drago, R. S. IRhysical Methods For Chemists  transitions at 4.2 K whil& exhibits a broad feature, with

2nd ed.; Surfside Scientific Publishers: Gainesville, FL, 1992; p 471). multiline character centered around 1600%“GDetailed
The magnetic data were fit with the Van Vleck formula over the range

40-300 K. It was assumed that there was no interaction between the INnterpretation of the EPR spectra is complicated by the large

two Mn(ll) centers. They for Mn(ll) was fixed at 2.0, and thg value density of states for this complex (Figure S3, Supporting
for Mn(IV) was allowed to vary. The Van Vleck formula can be found

in the Supporting Information. Information).
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600 1s—3d energy €0.2 eV), in contrast with the 2 eV shift

"? observed between €and CUi'.2° This difference in XANES

< 500 shape suggests that it may be possible to distinguish

‘% 400 experimentally between the two valence configurations.

2 When the XANES spectra fol were fit with a linear

< 300 combination of Mn(ll), Mn(lll), and Mn(lV), the best fits

E all had less than 15% Mn(lll), while the corresponding fits

3 ¥ for 2 never gave more than 15% Mn(IV), consistent in both

E 100 cases with the proposed oxidation state assignments. Simi-

S larly, fits of 1 using a linear combination of Mn(Il) and Mn-
(IV) models were ca. 50% better than fits using a linear

6530 6540 6550 6560 6570 6580

combination of Mn(Il) and Mn(lll). Comparable behavior
Energy (eV)

was seen foR, where fits using Mn(Il)+ Mn(lll) were ca.
Figure 3. XANES spectra ofl and2 (1 solid line, CI analogue dashed 7004, petter. These results suggest that, at least in some cases,
line, 2 dotted line). The edge fa2 is narrower, starting at higher energy . . . . . .
but maximizing at the same energy. it is possible to define not only the average oxidation state
but also the distribution of oxidation states using XANES.
X-ray absorption specttafor 1 and for the Ct analogue Although the estimated accuracy for overall oxidation state
were nearly identical, with the biggest difference being a determination is relatively poor (2. 0.2 for average
slightly broader Fourier transform for the Chnalogue oxidation state), there is nevertheless a clear difference in
(Figure S5, Supporting Information). Fits to the EXAES  the quality of the fits when the correct oxidation state mixture
(Figure S5, S6, Table S1, Supporting Information) required is used. This, when combined with techniques such as EPR
two shells of nearest neighbors, at ca. 1.9 and 2.2 A, asthat can distinguish between even and odd numbers of
expected from the crystal structure. Fits for the two com- unpaired electrons, is sufficient to define the oxidation state
pounds are nearly identical, and, in particular, addition of of complex multinuclear aggregates such as found in OEC.
0.67 Mn—Cl per Mn did not significantly improve the fit Understanding the oxidation states and structure,0h S
for the CI- complex, despite the fact that Cis unambigu- the OEC is second in importance only to defining the chem-
ously ligated to the Mn(ll). For each complex, the Fourier istry of the § state that is responsible for water oxidation.
transform shows two large peaks due to outer-shell scattering.This is because (3s the product state of the cycle. Using
These could be modeled using three shells of C/N scattering, XANES spectroscopy, Klein et &.made the assignment
giving distances consistent with the crystal structurd.of  of the § oxidation level as MiMN'""Mn",. We felt that it
Due to the limited data range and the relatively large number was important to prepare complexes that contained both Mn
of variable parameters, the coordination numbers for the C/N and Mrl" in order to assess whether XANES could properly
shells were constrained to match the crystallographic values.assign oxidation states for a complex containing & Nitn'v
Despite the limited data range, the best-fitMo/N distances  environment. Our XANES data show that an accurate oxida-
were a good match to the crystallographic values. Inclusion tion assignment of the MiMn"VMn' cluster can be obtained
of a Mn—Mn shell at 3.37 A(1) or 3.41 A (CI complex) and that MH' can clearly be eliminated as a reasonable for-
gave a small but reproducible improvement in the fit. mulation. We infer from this work that XANES should be able

The XANES spectra were fit with linear combinations of to discriminate the MfMn'"'Mn", composition for the OEC.

Mn model spectrd®*®In both 1 and the Ct analogue, the Acknowledgment. The authors thank the following
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narrower than that seen faor for its C- analogue (identical
spectra are found for analogues)f and has a weaker 1s
3d transition (Figure S6). Interestingly, there is no shift in
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used for fitting magnetic data, Figure S1 (magnetic dataljor
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