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A series of complexes with the formula [Mn""V,(,-0),(L)2(X),]** have been prepared in situ from Mn"LCl, precursors
by a general preparative method (L = terpy, Cl-terpy, Br-terpy, Ph-terpy, tolyl-terpy, mesityl-terpy, tBus-terpy,
EtO-terpy, py-phen, dpya, Me,N-terpy, or HO-terpy, and X = a labile ligand such as water, chloride, or sulfate).
The parent complex, where L = terpy and X = water, is a functional model for the oxygen-evolving complex of
photosystem Il (Limburg, et al. J. Am. Chem. Soc. 2001, 123, 423-430). Crystals of Mn"(dpya)Cl,, Mn'(Ph-terpy)-
Clp, Mn"(mesityl-terpy)Cl,, and an organic-soluble di-u-oxo di-aqua dimanganese complex, [Mn""V,(u-0),(mesityl-
terpy)2(OH,)2](NO3)s, were obtained and characterized by X-ray crystallography. Solutions of the in situ-formed
di-u-0xo0 dimanganese complexes were characterized by electrospray mass spectrometry, EPR spectroscopy, and
UV-visible spectroscopy, and the rates of catalytic oxygen-evolving activity were assayed. The use of Mn'LCl,
precursors leads to higher product purity of the Mn dimers while achieving the 1:1 ligand to Mn stoichiometry
appropriate for catalytic activity assay. These methods can be used to screen the catalytic activity of other di-x-oxo
dimanganese complexes generated by using a ligand library.

Introduction OEC, only a handful of dit-oxo manganese complexes have
- . . ) been synthesized that contain coordinated watérPrevi-
Bioinorganic model chemistry has played an important role ously, we reported the £evolving reactions catalyzed by

in the understanding of the oxygen-evolving complex (OEC) [(H,0)LMn" (4—0),MnVL(OH,)]3* (L = dipic, 1a, and
of photosystem Il (PS 1132 in which a tetrameric manganese terpy, 1b).”1L12These complexes are functionél models for

cIuT;ter IIS known toltlzqatalyr]ze_ thhe Ex'dat'l?n of \]:vater 0 the OEC with a biologically relevant Ma{O),Mn core. The

molecular oxygen. Although it has been known for years mqjgionally coordinating tridentate ligands allow water

that the manganese tetramer in PS Il containg-dko

dimanganese unt$ and that water is the substrate of the (4) Penner-Hahn, J. EStruct. Bondingl998 90, 1. _
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molecules to bind to the exchangeable sixth coordination site Table 1. Structures of Tridentate Ligands Used in This Study

on each Mn; this leads to much more rapid &€olution Ligands Abbreviations
than seen for coordinatively saturated complexes such as //—\> R-H terpy
[Mn"™ :-O)(bpy)i>" S —

To identify the steric and electronic factors that promote B R=Ph Ph-terpy
catalytic activity, it is important to expand the family of di- A e @
u-oxo dimanganese complexes with terpy-like ligands and 7N [R=OEt . ElO-teryrpy
characterize their activity. So far, only two such complexes ) gfggez ggzN'terpy
(L = dipic and terpy) have been characterized in solution - ey
and only the parent terpy Mn dimer complex has been S
successfully isolated. Attempts to expand this series using N ' P e | Bustterpy
substituted terpy ligands were largely unsuccessful, mainly JLN NJ
owing to the instability of the corresponding [N o(u- o~
0)2(L)2(OH,)2]3 complexes in solution. In the cases where | JY\

i = N = py-phen

the Mn(lll/IV) dimer complexes are stable (& Ph-terpy § NJ
and mesityl-terpy, reported in this study), the isolation
process is tedious and often leads to low vyields. Fast - | I;\
screening of a ligand library is, therefore, incompatible with [ N7 | dpya
this procedure. N '\)

An alternative way of testing catalytic activity is to prepare j/[ N,
the Mn(lll/IV) dimer complexes in situ, following the HN— N N bbp
previous procedure that used a solution containing a mixture @” N\/Q
of ligand and Mnd{ for the initial tests ofla and 1b.%?

Because a wide range of organic species are known to b
oxidized by high-valent oxeMn complexe&® and because
our recent results have shown that &volution is inhibited
by the presence of excess free ligand during the catalysis, applicationg®-2!

Mn(l1I/1v) dimer solutions free of organic impurities and In addition, we report the in situ preparation of a series of

with a st.rict 1:1 Ii.gand—to—Mn rat_io are necessary for di--ox0 dimanganese(lll/IV) complexes [M#Y »(u-O)(L) -
comparative analysis of the catalytic activity of a series of (X)5]** (L = terpy, 1b: Cl-terpy, 1c; Br-terpy, 1d; Ph-terpy

di-u-oxo dimanganese complexes. Therefore, an easy andles tolyl-terpy, 1f; mesityl-terpy,1g; tBus-terpy, 1h; EtO-
general synthesis of low-valent Mn complexes that can be terpy, 1i; py-phen,1j: dpya,1k: Me;N-terpy, 11 HO-terpy
used for the in situ preparation of Mn(lII/IV) dimer solutions 4 ..."2 ] bbp, 1n and X = a labile ligand 'such as water

IS nee.ded. . chloride, or sulfate) from MH.Cl, precursors Zb—2n,

_An improved synthesis of MiLCI, was adapted from  regpectively). Table 1 shows the structures of the tridentate
literature procedures for the synthesis of Mn(terpyJ&° jigands. The resulting in situ solutions bfvere characterized
Mn(Ph-terpy)C}'” and related complexé8. It provides  py EPR spectroscopy, UWis spectroscopy, and ESI-MS,
an easy way both to produce complexes in good yield without 5ng the catalytic activity of each of the in situ prepared
organic impurities and to achieve the desired ligand-to-Mn g|ytions was determined. We obtained crystals of -
stoichiometry. Crystals of Mi{Ph-terpy)C}, Mn''(mesityl- (u-O)(mesityl-terpy)(OH,),](NOs)s, and characterization of
terpy)Ch, and Mri (dpya)Ch were isolated and characterized  the structure by X-ray crystallography showed that the two
Mn ions are crystallographically inequivalent. This dimer is
very soluble in acetonitrile; having water molecules coor-

eby X-ray crystallography. The extensive MrCl, family
reported in this study could also be of interest for high-field
EPR studie®¥ and as bleaching catalysts for detergent

(13) Sarneski, J. E.; Michos, D.; Thorp, H. H.; Didiuk, M.; Poon, T;
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(14) Chen, H. Y. Ph.D. Thesis, vale University, New Haven, 2004. solutions where low-temperature experiments are possible
(15) Harris, C. M.; Lockyer, T. N.; Stephens, N. 8ust. J. Chem1966 . .

19, 1741. and the concentration of water can be varied.
(16) Mantel, C.; Baffert, C.; Romero, |.; Deronzier, A.; Pecaut, J.; Collomb, ) )

M. N.; Duboc, C.Inorg. Chem.2004 43, 6455. Experimental Section
(17) Constable, E. C.; Lewis, J.; Liptrot, M. C.; Raithby, Plfarg. Chim.

Acta199Q 178 47. Materials. Me;N-terpy?* EtO-terpy?* Ph-terpy}’ Br-terpy2® py-

(18) g\é?;r?éd?c;n)fg;éhlui Igoghang, F. J.; Wang, Q. Y.; Wang, L. F. phen2627 and dpy&® were synthesized following literature proce-

(19) Wieprecht, T.; Heir’12, U.;'Xia, J.; Schlingloff, G.; Dannacher).J. dures (Table 1). Oxone (2KHSEXHSO,-K,SQ;) was purchased
Surfactants Deterg2004 7, 59.
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Mol. Catal. A-Chem2003 203 113. New J. Chem1992 16, 855.
(21) Schlingloff, G.; Wieprecht, T.; Bachmann, F.; Dannacher, J.; Dubs, (25) Whittle, B.; Batten, S. R.; Jeffery, J. C.; Rees, L. H.; Ward, MJD.
M. J.; Hazenkamp, M.; Richter, G.; Schmidt, B.; Schneider, A, Chem. Soc., Dalton Tran§996 4249.
Weingartner, PPCT Int. Appl.2002 (26) Hung, C. Y.; Wang, T. L.; Shi, Z. Q.; Thummel, R. Petrahedron
(22) Hogg, R.; Wilkins, R. GJ. Chem. Socl962 341. 1994 50, 10685.
(23) Judge, J. S.; Reiff, W. M.; Intille, G. M.; Ballway, P.; Baker, W. A.  (27) Riesgo, E. C.; Jin, X. Q.; Thummel, R. .0rg. Chem1996 61,
J. Inorg. Nucl. Chem1967, 29, 1711. 3017.
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Scheme 1. Synthesis of Mesityl-terpy.
X
| H,0, EtOH,
eho NaOH
70°C
x (o] 0J =

from Acros Organics and was standardized using iodometric
titrations. All other reagents were purchased from Aldrich and used
without further purification. NMR spectra were recorded on Bruker
DPX 400 and 500 MHz instruments. Elemental analyses were
performed by Atlantic Microlabs, Inc., Norcross, GA.

Synthesis of 4Mesityl-2,2":6',2"-terpyridine . This ligand was
prepared following the synthesis of Ph-terpy (Schemé’1).
2-Acetylpyridine (18.9 mL, 0.17 mol) was added dropwise to a
stirred mixture of mesitylaldehyde (10 g, 0.067 mol), EtOH (120
mL), and aqueous NaOH (1.5 M, 180 mL), was stirred at’'C0
for 3 days, was cooled to room temperature, and the mixture was
extracted with CHGL The extractant was washed with water three
times and then evaporated to give a red oil. The red oil, presumably
composed of 3-mesityl-1,5-bis(2-pyridyl)-1,5-pentanedione by com-
parison with the synthesis of Ph-terpy, was mixed with,N&l(27
g, excess) and 300 mL of ethanol and then refluxed overnight with
passage of air. The resulting blue solution was evaporated to a
quarter of its original volume, water (100 mL) was added, and the
mixture was extracted with CHE(3 x 100 mL). Neutral alumina
(30 g) was added to the combined CHEXktracts, and the resulting
mixture was filtered through a packed neutral alumina layer. After
the solid mixture was washed with copious diethyl ether, the
combined filtrate was evaporated to give a crude mesityl-terpy
product. Recrystalization from a 1:1 GEIN/CHCL mixture gave
colorless crystals (13.2 g, overall yield 56% based on mesitylal-
dehyde)H NMR (400 MHz, CDC}, 25°C): ¢ 8.68 (m, 4H, Ar
H), 8.31 (s, 2H, Ar H), 7.87 (t, 2H, Ar H), 7.33 (t, 2H, Ar H), 6.94
(s, 2H, Ar H), 2.34 (s, 3H, Ch)}, 2.08 (s, 6H, CH). 3C NMR
(400 MHz, CDC}, 25°C): 6 156.3, 155.6, 151.8, 149.2, 137.1,
136.8, 136.7, 135.1, 128.2, 123.8, 122.1, 121.3, 21.11, 20.77. Anal.
Calcd for G4Ho1N3: C, 82.02; H, 6.02; N, 11.96. Found: C, 81.80;
H, 5.99; N, 11.96.

Preparation of Mn""LCl, Complexes. Method A.The ligand
L (0.43 mmol) was completely dissolved in a minimum amount of
hot acetone (typically 20 mL, 56C), and a solution of MnGi
4H,0 (2.2 mmol) in methanol (5 mL) was then added. A yellow
precipitate formed immediately, except for=t tBus-terpy, where
the precipitate formed after several minutes. The resulting suspen-
sion was allowed to ripen for 0324 h at 50°C and cooled to
0 °C. The precipitate was filtered and washed first with a 1:4 v/v
methanot-acetone mixture (3« 0.5 mL) and then with copious
diethyl ether. Drying the precipitate under vacuum overnight gave
Mn'"'LCI, with good purity and yields. Typical yields are 768%
(Table 2). Yellow crystals of Mn(Ph-terpy)Csuitable for X-ray
analysis were obtained by slow evaporation of a solution of Mn-
(Ph-terpy)C} in a 1:1 acetonitrileemethanol mixture. Orange
crystals of Mn(dpya)Glsuitable for X-ray analysis were obtained
by slow evaporation of a mixed solution of MnGQR2 mM) and
dpya (2 mM) in a 1:1 acetonitritewater mixture.

Method B. Mesityl-terpy (0.676 g, 1.9 mmol) was suspende
in 5 mL of heated CHCN, to which a concentrated aqueous MaCI
4H,0 (3 M, 5 mL, large excess) solution was added. Owing to the
high density and ionic strength of the MnGlolution, the aqueous

d

(28) Hung, C. Y.; Wang, T. L.; Jang, Y. C.; Kim, W. Y.; Schmehl, R. H.;
Thummel, R. Plnorg. Chem.1996 35, 5953.

solution forms a colorless layer beneath the deep yellow acetonitrile
layer. Within minutes, crystals o2g precipitate out and float
between the two layers. This mixture was refluxed 3oh with
vigorous stirring and then cooled to room temperature. The resulting
yellow crystalline precipitate was filtered and washed with cold,
dilute ag MnC} (0.1 M, 3 x 1 mL), cold acetonitrile (3x 1 mL),

and then with copious diethyl ether. Drying under vacuum overnight
gave Mr (mesityl-terpy)C} with good purity (0.729 g, 79%, Table

2). Crystals of Mn(mesityl-terpy)@lwere selected directly from
this product for X-ray crystallographic analysis.

The Mn(bbp)C} complex @n) was prepared as previously
described?

General Procedure for the in situ Preparation of [Mn"/V ,-
(u-0O)2(L) 2(X)2)*" (1b—1n). A 0.75-2 mM solution of MA'LCI,
in a 1:1 acetonitrile-water mixture was cooled to OC. To this
solution was added an equal volume of G365 mM (0.75 equiv)
oxone in water. The solution turned deep green within 10 min.

Preparation of [Mn"V ,(u-O)x(L) 2(H20),](NO3)s, (L = Ph-
terpy (1e) and mesityl-terpy (1g)).A mixture of L (0.282 mmol,
1.05 equiv), MnCG}4H,0 (0.269 mmol, 20 mL, 1 equiv), and KNO
(5 g) in a mixture of CHCN and HO (25 and 20 mL, respectively)
was stirred at 50C until all reactants were dissolved to form a
yellow solution. After the solution was cooled in an ice bath, oxone
(0.202 mmol, 0.75 equiv) dissolved in 5 mL of,® was added
with stirring. The solution turned deep green in a few minutes and
was allowed to stir for an extra 5 min in the ice bath. The majority
of the CHCN in solution was then removed in vacuo, as estimated
by the decrease of the total volume, and the resulting green
precipitate was quickly filtered off and washed first with a cold
1:5 acetonitrile-water mixture (3x 0.5 mL) and then with copious
diethyl ether. Drying under vacuum overnight gave the desired
product.

1le.105 mg of Ph-terpy and 64 mg of Mn&4H,0 gave 52 mg
of 1e (33% vyield according to MnGi4H,0). Anal. Calcd for
CsoH3aMNnoNgO43: C, 51.34; H, 3.49; N, 12.83. Found: C, 51.63;
H, 3.58; N, 12.82.

1g.99 mg of mesityl-terpy and 53 mg of Mng&€AH,O gave 75
mg of 1g (52% vyield according to MnGi4H,0). Anal. Calcd for
CugHs6MnNzNgO13: C, 54.04; H, 4.35; N, 11.82. Found: C, 54.32;
H, 4.33; N, 11.62.

Following similar procedures, but with 1.20 equiv of mesityl-
terpy, a 1 mM solution of 1g was prepared in 1:1 acetonitrite
water mixture. Slow evaporation of this solution gave black-green
crystals oflg suitable for X-ray analysis.

Crystal Structure Determination of Mn(Ph-terpy)Cl , (2e),
Mn(mesityl-terpy)Cl, (2g), Mn(dpya)Cl, (2k), and [Mny(u-O),-
(mesityl-terpy)2(OH,)2](NO3)s (1g). All diffraction data were
collected on a Nonius KappaCCD diffractometer with graphite
monochromated Mo & radiation. ORTEP diagrams are shown in
Figures 13, and the crystallographic data are presented in Table
3. Crystals of complexes with approximate dimensions 62010
x 0.08 mn? for 2e, 0.15x 0.10 x 0.10 mn# for 2g, 0.3 x 0.3 x
0.3 mn# for 2k, and 0.07x 0.19 x 0.20 mn? for 1g were mounted
with epoxy cement on the tips of fine glass fibers. All data were
corrected for Lorentz and polarization effects. The structures were
solved by direct methods and expanded using Fourier techn§ues.
The non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were included in calculated positions excep2kofor which
hydrogen atoms were refined isotropically.

Electrospray lonization Mass Spectrometry.ESI-MS spectra
were collected on a Waters/Micromass ZQ 4000 mass spectrometer.

(29) Vandersluis, P.; Spek, A. |Acta Crystallogr. A199Q 46, 194.
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Table 2. Preparation of MBLCI, Complexes

entry no. formula method yield elemental analysis
Mn(terpy)Ch 2b Cy5H11CloMNnNg A 96% calcd C,50.17; H, 3.09; N, 11.70
found C,50.03; H, 3.10; N, 11.70
Mn(Cl-terpy)Ch 2c Ci5H10CIsMNN3 A 96% calcd C, 45.78; H, 2.56; N, 10.68
found C, 45.81;H, 2.53; N, 10.44
Mn(Br-terpy)Ch 2d Ci5H10BrCl,MnN3 A 80% calcd C, 41.13; H, 2.30; N, 9.59
found C, 40.86; H, 2.28; N, 9.58
Mn(Ph-terpy)Ci 2e C21H15CloMNN3 A 96% calcd C,57.96; H, 3.47; N, 9.66
found C, 57.95; H, 3.40; N, 9.65
Mn(tolyl-terpy)Ch 2f C22H17ClIMNN3 A 98% calcd C, 58.82; H, 3.81; N, 9.35
found C, 58.40; H, 3.88; N, 9.31
Mn(mesityl-terpy)C} 29 C24H21CloMNnN3g B 79% calcd C,60.39; H, 4.43; N, 8.80
found C,60.28; H, 4.48; N, 8.94
Mn(tBus-terpy)Ch 2h Ca7H35CI,MNnN3 A 73% calcd C,61.48; H,6.69; N, 7.97
found C, 61.56; H, 6.76; N, 7.86
Mn(EtO-terpy)Ch 2i C17H15ClIoMNnN3zO A 7% calcd C,50.64; H, 3.75; N, 10.42
found C,50.54; H, 3.72; N, 10.46
Mn(py-phen)C} 2j C17H11ClIoMNnN3 A 87% calcd C, 53.29; H, 2.89; N, 10.97
found C,53.52;H,2.92; N, 11.04
Mn(dpya)Ch 2k C19H11ClIoMNN3 A 85% calcd C, 56.05; H, 2.72; N, 10.32
found C, 56.05; H, 2.65; N, 10.34
Mn(MeN-terpy)Ch 2| Ci17H16CloMNNy A 70% calcd C,50.77; H, 4.01; N, 13.93
found C,50.67; H, 3.97; N, 14.01
Mn(HO-terpy)Ch 2m C15H11Cl,MNnN3O A 90% calcd C,48.03; H, 2.96; N, 11.20
found C,48.11; H, 3.01; N, 11.27

Figure 1. ORTEP diagrams of MK{Ph-terpy)C} (2€) and Mr'(mesityl-terpy)C} (2g), showing 30% probability thermal ellipsoids. Hydrogen atoms are
omitted for clarity.

Owing to the weak signal at high mass, multiple scans over a narrow cim
mass range were required to obtain a good signal/noise ratio. To
obtain simulated spectra, a Gaussian peak was fitted to the highest
observed peak by varying mass (M), peak width, and peak area. A
group of Gaussian peaks was then generated at madst n (n

= integers) with the same peak width and with peak areas adjusted

to the calculated isotope ratios. Isotope ratios were calculated using "\
Masslynx (V4.0) and the isotope distribution calculator at http:// <\
www.sisweb.com/mstools.htm.

UV —Vis Spectroscopy UV—vis spectra were recorded on a
Varian Cary-3E UV~ visible spectrophotometer at room temperature
using a 1 cmpath length cuvette.

EPR Spectroscopy Perpendicular-mode EPR spectra were
collected on an X-band Bruker#£500 spectrometer equipped with
a SHQ cavity and an Oxford ESR-900 liquid helium cryostat. In
situ solutions ofl were diluted with an equivalent volume of
NaOAc/HOAc buffer, pH= 4.5; aliquots (25@:L) of this mixture
were transferred to EPR tubes, and were frozen in liquid nitrogen.
All'in situ solutions were frozen within 10 min of mixing for the  Figure 2. ORTEP diagram of Midpya)Ch (2k), showing 30% prob-
EPR measurements. Spectra used for quantitation were collectechbility thermal ellipsoids. Hydrogen atoms are omitted for clarity. Selected
at 10 K with the following settings: microwave frequency, 9.38 bond distances (A) and bond angles (deg):

GHz; microwave power, 1 mW; field modulation amplitude, 2 G;

field modulation frequency, 100 kHz; and time constant, 0.3 s.  Mn(1)—N(1) 2.32 Mn(1)-N(2) 2.19

Spectra shown in Figure 6 were collected with a field modulation ~ N(1)—C(5) 136 C(51-C(9) 1.44
amplitude of 20 G C(12)-C(16) 144  C(16¥N(@3) 1.36
o ) Mn(1)—N(3) 2.34 Mn(1)}-CI(2) 2.33

The quantitation of the yields of the [MAY »(O),L2X]3+ CO-N(2) 134 N(2)-C(12) 134
complexes obtained in situ from MhCI, precursors was done by N(1)—C(5)—C(9) 117 C(51-C(9)-N(2) 116.1

measuring the peak-to-trough height of the lowest field hyperfine  N(1)—C(12)-C(16) 116.6 C(12)C(16)-N(3) 116.6

7664 Inorganic Chemistry, Vol. 44, No. 21, 2005
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Figure 3. ORTEP diagram of [Mg(u-O),(mesityl-terpy}(OH,)2](NOs)s (1g), showing 30% probability thermal ellipsoids. Hydrogen atoms, nitrate counterions,
and waters of crystallization are omitted for clarity. Selected bond distances (A):

Mn(1)—N(1)ax 2.22 Mn(1}-N(2)eq 2.05
Mn(1)—N(3)ax 2.19 Mn(1}-O(1)eq 1.84
Mn(1)—O(2)eq 1.81 Mn(1)-O(3)eq 2.00
Mn(2)—N(4)ax 2.04 Mn(2)-N(5)eq 2.04
Mn(2)—N(6)ax 2.06 Mn(2-O(1)eq 181
Mn(2)—0(2)eq 1.76 Mn(2)-O(4)eq 1.99
Mn(2)---Mn(2) 2.72
Table 3. X-Ray Crystallographic Data fotg-6H,0O, 2e, 29, and2k
1g-6H,0O 2e 29 2k
empirical formula QgHssanNgolg C21H15C|2MI'1N3 C24H21C|2MI'IN3 C19H11C|2MHN3
fw 1174.91 435.20 477.28 407.16
cryst syst triclinic monoclinic monoclinic triclinic
space group P1(# 2) P2(1)In(#14) P2(1)/c(#14) P1# 2)
a, 7.9563(3) 12.160(2) 11.694(2) 7.5455(15)
b, A 13.3147(4) 9.756(2) 12.843(3) 9.5624(19)
c, A 25.5000(7) 16.676(3) 14.854(3) 12.599(3)
o, deg 80.666(2) 90 90 95.91(3)
B, deg 86.254(2) 106.68(3) 97.59(3) 97.55(3)
y, deg 84.000(2) 90 90 110.33(3)
Vv, A3 2647.8(1) 1895.0(7) 2211.2(8) 834.2(3)
z 2 4 4 2
T,°C —90(1) —100(2) —100(2) 23(2)
A 0.71069 0.71073 0.71073 0.71073
deal, glcm® 1.461 1.525 1.434 1.621
Fooo 1202.00 884 980 410
no. of refins
total/unique 30 050/12 043 7869/4662 10 103/5448 5404/3930
no. observations
(I > 3.0(1)) 4921 4662 5448 3930
refln/param ratio 7.00 19.11 19.39 17.39
R; Ry 0.068; 0.087 0.04%; 0.08r 0.046; 0.106 0.04@; 0.078&
GOF
indicator 2.17 1.006 1.017 1.003

AR = J[IFol ZIFcll/ZIFol; °Rw = [SW(IFolZIFc)7IWFAY% ¢ Rw = {TIW(Fo? 3 F?)2l/ 3 [W(Fo)T}2

line in the 16-line EPR signal characteristic ofdbvxo Mn(lll/

IV) compounds. This hyperfine line was chosen to minimize
interference from Mn(ll) species in solution. The yield of each di-
u-oxo Mn(l11/IV) complex was determined by reference to the peak
to trough height of the 16-line EPR signal obtained for a solution
of 1g prepared from the pure complex with the same total

Oxygen Evolution Assays The rates of oxygen evolution from
solutions of the [MH"VY 5(O),L,X,]3" complexes were measured
at 298 K by a YSI standard oxygen probe (Clark Electrode) attached
to a Cole-Parmer chart recorder using oxone as the oxidant as
previously describe#. The in situ experiments were done by mixing
a 7.2 mM solution of the Mn(II)LGl complex in a 1:1 (v/v)

manganese concentration as in the in situ experiments. A solutionacetonitrile-water mixture with an equal volume of a 5.4 mM (0.75
of 1g with tetrabutylammonium chloride added to a final concentra- equiv) aqueous solution of oxone at°C. After waiting a few
tion of two chlorides per manganese was also tested in the sameminutes for formation of the [MHV 5(O),L2X2]3" complex, as
way to check for the effect of chloride ions on the EPR signal of evidenced by the solution turning green, a D aliquot was

the [Mn"V ,(O),L.X;]3" complex. The results follg with and

injected into 6 mL of an aqueous solution of 15 mM oxone stirring

without added tetrabutylammonium chloride were identical within beneath the Clark electrode. Thus, solutions of manganese com-
plexes were in a 1:3 acetonitritevater mixture before injection

experimental error.
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into the Clark electrode cell, except in the case€eafwhich was

in a 3:1 acetonitrilewater mixture. This was done in order to
compare with the solution of the authentic dindex which was
not soluble in 1:3 acetonitritewater but was soluble in 3:1
acetonitrile-water (see below). A 25% excess of mesityl-terpy
ligand and oxone (above what is calculated for stoichiometric
conversion of Mn(ll) to Ma(lll/1V)) was used with2g, as mesityl-
terpy was observed to undergo relatively fast oxidation in the
presence of oxone (data not shown). The pure complexvas
dissolved in a 1:3 acetonitritewater mixture to a concentration of
3.6 mM total manganese. Fifty microliters of this solution was
injected into 6 mL of a 15 mM aqueous solution of oxone stirring

Chen et al.

yields. Following either method A or B, a small amount of
organic impurity and the excess MnChre expected to
remain dissolved in the solvent mixture and to be removed
on isolation.

In contrast to the stability of Miterpy)Ch in aqueous
solution, the dissolution of many of the new NCI,
complexes (L= Cl-terpy, Br-terpy, ph-terpy, tolyl-terpy,
mesityl-terpy,tBus-terpy, and bbp) in water leads to pre-
cipitation of the ligands within minutes. This is surprising
since it is generally believed that the ligation of tridentate
terpy-type ligands to Mi is strong and that the substituent

beneath the Clark electrode. The reported rates are normalized togroups at positions far from the metal binding site would

the rate obtained for this sample. A solution of pde(3.6 mM
manganese in 3:1 acetonitritevater) was also assayed for com-
parison to the dit-oxo dimanganese complex generated in situ from
a solution of2e Finally, a solution of purdg (3.6 mM manganese

in 1:3 acetonitrile-water) was prepared with 25% excess ligand
per manganese and excess oxone (as abov@gjoand assayed
for comparison to the di-oxo dimanganese complex generated in
situ from a solution oRg.

Results and Discussion

Synthesis of Mesityl-terpy.The synthesis of mesityl-terpy
via Suzuki coupling of Br-terpy with a suitable boron reagent
was reported in the recent literatdfe! By following the
procedure for synthesis of Ph-terpywe were able to

cause only minor changes in the chemical and physical
properties of the MfLCIl, complexes. De-coordination may
be driven by precipitation of the ligand, however. Although
acetonitrile is generally not a good solvent for either the
ligands or the MnLGl complexes, all the MH.CI, com-
plexes are soluble and stable in a 1:1 mixture of acetonitrile
and water. Mn(ll) complexes with less-hydrophobic ligands
(EtO-terpy, MeN-terpy, HO-terpy, py-phen, and dpya) are
similar to Mn(terpy)C} in solubility and stability in aqueous
solution.

Figures 1 and 2 show the crystal structures of Mn(Ph-
terpy)Ch (26), Mn(mesityl-terpy)C) (2g), and Mn(dpya)-
Cl; (2k). The major difference between the structure@ef
and?2gis that the more sterically demanding mesityl group

synthesize mesityl-terpy by this better route (Scheme 1). The of 2g tilts at a larger angle to the terpy plane (dihedral angles

reaction conditions were only slightly modified, although the

between the central pyridine ring and its aromatic pendant

separation methods for products are different, owing to the are 21.9 and 74.8 for 2e and2g, respectively). This effect

difference in solubility. Heating during the first step was

appears to prevent close stacking 2§ in the crystal

necessary to improve the overall yield (22% to 56%), structure; the inefficient stacking contributes to the smaller
possibly by overcoming the sterically demanding second calculated density o2g (1.434 g/cr) versus2b, 2e and

Michael addition of 2-acetylpyridine to mesitylaldehyde.

2k (1.614, 1.525, and 1.621 g/énrespectively), and may

Using this method, a large-scale synthesis from commercially contribute to the higher solubility &g in organic solvents.

available starting materials is achieved.

Synthesis and Characterization of MA'LCl, (2). The
two preparative methods used for the syntheses difLI@h
were adapted from previous wotk!”-®Method A generally
provided pure product in high yield, as the ligand was fully
dissolved in acetone and MnCin methanol while the
product MALCI, has a low solubility in the final 4:1
acetone-methanol mixture. However, M{mesityl-terpy)-
Cl, is very soluble in the 4:1 acetonenethanol mixture, so

Compared to the trigonal bipyramidal geometry of 'Mn
(terpy)Xe (X = Br (3) and | @))€ and the distorted square
pyramidal geometry a2b'® and2n,'® the geometries of Mh

in 2e 2g, and2k are between the two geometries. This is
evident from Table 4; the X(HMn(1)—N(2) and X(2)-
Mn(1)—N(2) angles of2e 2g, and 2k are between the
corresponding angles @b and the equivalent angles 8f
and 4. Interestingly, CI(1) of2g is disordered over two
positions with an occupancy factor ratio of 60:40. With CI-

method B was, therefore, used for its synthesis. This method(1) at one position, the CI(BMn(1)—N(2) and CI(2}-Mn-

uses a minimum amount of acetonitrilevater mixture, in
which the mesityl-terpy was not completely dissolved. Long

(1)—N(2) angles are almost equivalent, while at the other
position they are not. The absence of ligand-field effects for

reflux is necessary to ensure complete reaction. In both a f high-spin Mn(ll) clearly allows packing forces to distort

methods, a large excess of Ma@las used to suppress [V
(L)2]?" formation and to decrease the solubility of MuCI.
The Mn'LCI, complexes usually precipitate as fine particles,

those structures.
The ligand dpya differs from terpy only by two etheno
bridges (Table 1) which fuse the three pyridine rings and

and incubation at elevated temperature is needed to rendeappear to prevent the outer pyridine rings from tilting toward

them suitable for filtration. In some cases, for example with
tBus-terpy, a significant amount of the fine precipitate was
lost during filtration, even after ripening; this leads to lower

(30) Goodall, W.; Wild, K.; Arm, K. J.; Williams, J. A. GJ. Chem. Soc.,
Perkin Trans. 22002 1669.

(31) Leslie, W.; Batsanov, A. S.; Howard, J. A. K.; Williams, J. A. G.
Dalton Trans.2004 623.
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the central pyridine ring. For example, the N(I3(5)—C(9),
C(5)—C(9)—N(2), N(2-C(12)—-C(16), and C(12yC(16)—
N(3) angles of2k (117.0, 116.F, 116.6, and 116.6,
respectively) are larger than the corresponding angles ik Mn
(terpy)Ch (2b, 115.4, 114.9, 114.4, and 115.5, respec-
tively). This leads to an increase of the N{IY(3) distances
from 2b (4.28 A) to2k (4.42 A) even though the-€C bond
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Figure 4. Selected UV-vis spectra (0C) of Mn(llI/IV) and Mn(IV/IV)
dimers prepared in situ with meridionally coordinating ligand terpy (A)
and tolyl-terpy (B). Similar absorption bands were also observed for L
Cl-terpy, Br-terpy, Ph-terpy, mesityl-terptBus-terpy, and EtO-terpy.

Figure 5. Selected ESI-MS data showing [M# »(u-O),(L).Cl]* and
MV 5(14-0)(L) 2(SQy)] for L = Cl-terpy and EtO-terpy. Dotted lines

show the simulated spectra in both cases. Corresponding peaks were als

observed for L= terpy, Br-terpy, Ph-terpy, tolyl-terpy, mesityl-tergfus-

terpy, and py-phen.
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Figure 6. Selected EPR spectra showing the preparation of!'fMa(u-
O)2(L)2(X)2]3" in situ from Mn'LCl, and oxone, with L= (a) terpy, (b)
Cl-terpy, (c) dpya, (d) MgN-terpy, and (e) HO-terpy. Mixed-valence Mn-
(In11v) dimers were also prepared for & EtO-terpy, Br-terpy, Ph-terpy,
tolyl-terpy, mesityl-terpy, antBus-terpy; their corresponding 16-line spectra
were analogous to those in (a) and (b) and, therefore, are not shown here.
When L= py-phen, the EPR spectrum of the corresponding in situ solution
of 1j was similar to that in (c), but with a slightly stronger 16-line signal.
The in situ yields of [MH"V 5(u-O)(L)2(X)2]3* for all of the ligands are
listed in Table 5.

—
2800

Shortly after the addition 0.75 equiv of oxone solution,
MnLCI; solutions of complexe®b—2i turned to a deep green
color characteristic of Mn(lll/IV) dimers. The stability of
the green solutions varied significantly from species to
species, but all of them precipitated Mpé&fter long periods
(>24 h) at room temperature. Complexesand1d (L =
Cl-terpy and Br-terpy) are among the least stable in solution;
the brown MnQ precipitate was observed withil h even
when the solutions were kept at°@. To assign the green
Mn complexes further, UV vis spectroscopy, EPR spec-
troscopy, and ESI-MS studies of the in situ solutions were
carried out.

Despite the differences between the ligands involved in
the complexes, common UWis absorption features at 550
and around 650 nm (Figure 4) were observed in all eight
cases that are indicative of in situ formation of the:dxo
Mn(llI/1V) dimers (1b—1i). These two features closely
resemble the absorptions of the previously characterized

distance between the adjacent pyridine rings decreases fromMn"" 2(Oa(terpyh(OH,)z](NOs)s complex!-*?which were

1.49 to 1.44 A.
In Situ Preparation of [Mn "V ,(O),L ,X]3*. One major

difficulty in the synthesis ofl was ligation of all free M&"
before the addition of an oxidant, otherwise the oxidation Further addition of oxone oxidizes the Mn(l1l/IV) complexes
of uncoordinated M#ff" always led to rapid and irreversible : : _
precipitation of MnQ. These initial attempts failed because from the increase of a new absorption shoulder in the range
in aqueous solution most of the terpy derivatives do not form 420-450 nm (Figure 4). The similarity in the UWis

stable complexes with Mh (vide supra). A 1:1 acetonitrite >UL
water solvent mixture provides good solubility and stability Complexes share similar structures.

for Mn"LCl, complexes and is resistant to oxidation by high-

valent Mn complexes. To minimize &volution catalyzed
by the initially formedl when oxone was added to oxidize
the Mn(ll) complexes to the Mn(lll,1V) dimers, the MnL£l
solutions were cooled to T to slow Q evolution and allow
complete mixing with the oxone solution.

assigned to a-dd transition and an oxygen-to-manganese
charge-transfer band, respectively, on the basis of the
assignments of similar absorptions of [MH ,O,(bpy),] 3.3

to the corresponding Mn(IV/IV) complexes, as is evident

absorption bands suggests that the high-valent Mn dimer

The ESI-MS spectra of solutions dfshow peaks from
the [Mn'"V ,(O),L,]*" core paired with the available coun-
terions. For Mn(lll/IV) dimer complexes prepared in situ,

(32) Collomb, M. N.; Deronzier, A.; Richardot, A.; PecautNéw J. Chem.
1999 23, 351.
(33) Cooper, S. R.; Calvin, Ml. Am. Chem. S0d.977, 99, 6623.
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Table 4. Selected Angles and Distances for CompleRbg® 2¢ 2g, 2k, 2n,18 3,16 and 416

2b (X = Cl) 2e(X = Cl) 2g (X = Clyp 2k (X = Cl)° 2n (X = Cl) 3(X =Br) 4(X=1)

T(°Cp 25 —100 -100 23 25 25 25
X(1)~Mn—N(2) (deg) 104.6 115.8 109.7 (122.6) 114.0 105.9 122.0 122.8
X(2)~Mn—N(2) (deg) 144.2 129.2 128.6 133.2 141.1 122.0 122.8
X(1)~Mn—X(2) (deg) 111.2 115.0 121.6 (108.7) 112.8 112.9 116.1 114.3
X(1)—Mn (&) 2.37 2.36 2.29 (2.36) 2.35 2.38 2.50 2.72
X(2)—Mn (A) 2.35 2.36 2.36 2.33 2.34 2.50 2.72
N(2)—Mn (&) 2.21 2.21 2.21 2.19 2.28 2.20 2.23

aT, temperature of data collection; deg, degfeghe bond angles and distances involving the disordered' @i(2y are included in parenthesédNumbering
scheme of nitrogen and halogen atoms in all complexes follows th2k @fi Figure 2, so that the X(¥)Mn—N(2) angle is smaller than that of X(2)
Mn—N(2).

the most prominent high-mass peaks were always found at'éable 5. Y(ijeldsﬁagd Q-gvolving Aggvgies c;f Solutions of Pure and in
m/z values corresponding to [MHY ,(O),L.Cl,]* and itu Formed [MATY o(u-O)(L)o(X)2I"" Complexes
IMN""V 5(0),L o(SOs)]* (Figure 5), as expected because Cl Oz evolution rate

and SQ? are the most abundant counterions in solution. ligand, L (Mn dimery yield (%p (% of controly
; ; tBus-terpy (@h) — in situ 97 18
The two_water IlganQS ofl are probably Iost.durlng the Ph-terpy (& — pure solution 100 5
desolvation process in the MS, as was found in the ESI-MS  ph_terpy (e — in situ 80 35
spectra of similar compounds$2 The assignment of the MS ~ EtO-terpy (i) — in situ_ 7 47
peaks is constrained by the/z values and isotope peak :g:g; 38: pure solution 1% oo
ratios. On the basis of this information, charge considerations mesityl-terpy tg) — pure solution 100 25
of the assigned peaks require, in both of the MS peaks, the mesityl-terpy (g) — in situ 60 40
existence of two oxo groups, two ligand molecules, and Mn- tc"l'}g;;p({é)”li_n'gifu”“ " n
(Il) and Mn(1V) ions. This provides strong evidence that  py-phen (j) — in situ 11 12
[Mn"V 5(O),L X 7]*" exists in solution (where X a labile MezN-terpy (Ll) — in situ 8 :
ligand such as water, chloride, or sulfate). dpya 0l © s 3 21
-terpy (lm) — in situ 0 -

The EPR spectra of the in situ-generated green species

show a 16-line EPR signal (Figure 6) which is characteristic a2The MnLCL complexes were used as precursor complexes to generate

. . ’ the corresponding Mn(I11/1V) dimers in situ (see textPercentage yields
of mixed-valence Mn(lll/IV) dimer complexes. Although are calculated from EPR peak heights by normalizing to the peak height
slightly different hyperfine splitting patterns were previously obtained for a solution of purgg in 1:3 acetonitrile-water, diluted with

% i - 1V, _ an equal volume of 0.1 M acetate buffer at pH 4.5 (see téRpates are

reported for the [MW Z(O)Z(dlplc).z(OHz.)Z] and [MH 2(0)2 normalized to that obtained for a solution of puiein 1:3 acetonitrile-
(bpy)]®" complexes;*>the 16-line signals observed for the  water (see text).
solutions of complexe&b—1i are almost exactly the same _ _ _
(Figure 6), with only small differences in the line width. The complex. The yields (Table 5) were obtained by measuring
replacement of terpy by structurally similar ligands does not Peak heights of the EPR signals in reference to a solution of
seem to significantly perturb the electronic structure of the 1gas a standard (see Experimental Section). This procedure
Mn(l1I/IV) dimer, less so than the replacement of terpy by gives a series of new complexes with structures. similar to
dipic or bpy. The UV~vis, EPR, and ESI-MS data suggest that of [Mn"" 5(O);(terpyp(OHy)2]**. The preparation and
that diu-oxo Mn(lll/IV) dimer complexes with similar characterization of this family of complexes expands the

structures were Successfu”y Synthesized in solution. limited number of known cases in which labile coordination

Following the same procedure, the oxidation2pf 2k, sites are available on a groxo-bridged dimanganese
21, and 2m led to red solutions, while a brown MnO  complex and, more importantly, provides the basis for a fast-
precipitate formed immediately after the oxidation 2f. screening assay for catalytic;@volution activity.

Sixteen-line EPR signals of lower intensity were observed Measurements of £evolving activity are provided in

in the case o®j, 2k, and2| (Figure 6), although ESI-MS  Table 5. The use of MWL.Cl, complexes as precursors
peaks corresponding to Mn(lll/IV) dimers were observed €nsures no excess of free ligand (except in the casiyof
only in the case oj. The oxidized solutions a2l and2m where it was found to be desirable) or free #nand thus
show significant MA EPR signals, suggesting the reduction €nables comparative analyses of catalytic activity. In measur-
of high-valent Mn species. Ligand oxidation, electronic ing catalytic activity, the MALCI, precursors were first
effects, or steric effects in the case of % bbp could mixed with a measured amount of oxone that is just sufficient

contribute to the failure of Mn(lll/IV) dimer complex to form the complexed (see Experimental Section). After

formation. allowing time for the assembly ofl from the Mn(ll)
Overall, the in situ synthesis of gi-oxo dimanganese- ~ Precursors (as judged by the appearance of green color), an

(IN1/1V) complexes from the corresponding MinCl, complex aliquot of the solution was added to the assay solution

is simple and, in most cases, gives a good yield of the desiredcontaining excess oxone and the-€volving activity was
measured. Overall, the in situ solutions show significant

(34) 2Lsi>mb§cr)g' J.; Crabtree, R. H.; Brudvig, G. \Worg. Chim. Acta200Q activity, making the in situ assay a promising approach. A
(35) Co7c;perl;5. R.- Dismukes. G. C.- Klein. M. P.- Calvin. MAM. Che. comparison of activities of solutions of the pure complexes
So0c.1978 100, 7248. 1b, 1¢ andlgwith those of solutions of the in situ-generated
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complexes obtained fro2b, 2e, and2g, respectively, shows  (u-O)(terpyh(CFRCO,)2](ClO,) (5b) complexes are soluble
that activities of the in situ solutions compare favorably with in acetonitrile, and the resulting solutions were studied by
their corresponding pure dimer solutions. The higher activi- electrochemistry®-37

ties observed for some of the in situ solutions may be  Foliowing  the preparation procedures  for
ascribed to the differences in solution conditions between [\n!v ,0,1 ,(H,0),](NO3)s, but with a larger excess of
the authentic dimer solutions and the in situ-assembled dimermesityl-terpy (20% excess), slow evaporation of the 1:1
solutions due to the unavoidable presence of added oxone;cetonitrile-water solution led to a mixture of color-

in the latter case. less mesityl-terpy and black-green crystalslof suitable

Isolation of [Mn """ 5(O);L »(H20);](NOs)s. In contrast  for X-ray crystallography. An ORTEP diagram of
to the short time scale of a catalytic rur30 min), the [Mn"V ,0,(mesityl-terpy)(H0)](NOs)s (1g) is shown in
isolation and crystallization of Mn(l11/IV) dimer complexes Figure 3. Like [Mi"V ,O,(terpy)(H20)2)(NO3)s (1b),” two
takes a much longer time. Excess ligand is, therefore, usedaqua ligands can be found coordinated to both Mn ions of a
to stabilize the Mn complexes in solution. To minimize Mn—di-u-0xo—Mn core. The dix-oxo-bridged Mn-Mn
degradation, a low concentration of Mn(lll/lV) dimer yistance ing(2.72 A) is almost the same as thatlin (2.73
complexes (1 mM) was synthesized aﬂCF)gnd kept slightly A) and in other dix-oxo-bridged Mn dimerd.In 1g, the
_be'OV_V th\';. r:empelrature as acet]f)nltrlle was rerr;oved dihedral angle between the central pyridine ring and its
in situ. With a large excess of NO present, the aromatic pendant is 72°0similar to that of the free ligand

removal of acetonitrile led to the precipitation of 31 . :
- o 67.5°)*! and Mn(mesityl-terpy)Gl (74.8). As in the case
[Mn""V 5(O),L 2(H20)2](NOs)s. To avoid ligand precipitation <()f Zg)the stericaEIIy deymandpi?g rr(1esityl) groups g may

caused by the instability of the Mn(l1l/IV) dimer complexes : :
) . ) .-~ prevent close packing of the molecules, leading to smaller
in pure water, the green precipitates were isolated by filtration A d tode = 1.614 g/crd of 1b)
before the complete removal of acetonitrile. Difficulty in dea (1.461 gfc » compare cal ' giem 7
. . e ; . and may contribute to the enhanced solubility laf in

controlling this step often led to limited yields. Following 22
this procedure, [MH 5(O)x(Ph-terpy)(H>0),](NOs)s and acetomtrlle_ compared to that db and1le
[Mn""V (O)(mesityl-terpy)(H20)](NO3)s were successfully One major difference petween the structureslb,f_lg,
isolated and characterized by elemental analysis, while @ndSbis thatthe two Mn ions oLb are crystallographically
similar green compounds with Cl-terpy and Br-terpy were €duivalent, while those dib and1g are inequivalent. The
isolated but could not be obtained in a pure form. The EPR Mn(1) of 1g is typical of an axially elongated*avin(il)
and ESI-MS spectra of the four compounds in 1:1 water ion in that the Mn(1)-Na distances (Mn(tyN(1), 2.22 A
acetonitrile showed the presence of [MH,(O).L2Xo] and Mn(1)-N(3), 2.19 A) are significantly longer than the
species. Mn(1)—Negq distance (2.05 A). In contrast, the Mn{2)ay

Like their corresponding in situ solutions, aqueous solu- distances (Mn(2yN(4), 2.06 A and Mn(2)-N(6), 2.04 A)
tions of the above four compounds are not stable. Within are almost the same as the Mn{H., distance (2.04 A),
minutes, the initial green solutions turn brown with the Suggesting that Mn(2) is a normaklin(IV) ion. AllMn —O
formation of brown or white precipitates, depending on the and Mn—N distances of Mn(2) are shorter than the corre-
complex. With the 1:1 acetonitritewater mixture, all four ~ sponding bond distances of Mn(1); this confirms the assign-
complexes are soluble, with a particularly noticeable increasement of Mn(1) as higher-valent Mn(IV). The inequivalency
in solubility for 1c, 1d, andle although none of the resulting  of the two Mn ions inlgis consistent with its 16-line EPR
four solutions are stable indefinitely. The hydrophobic signal, which is the result of hyperfine coupling between an
substituent groups (Cl-, Br-, Ph-, and mesityl-) on terpy S= 1/2 electron spin with two inequivaleftMn nuclei.
appear to increase the solubility of the corresponding The different equivalency of the Mn ions itb versuslg
Mn(llI/IV) complexes in CHCN from that of1b, whichis  and5b is reminiscent of the known disorder phenomena in
almost completely insoluble. Judging by the color of the the phen/bpy Mn(lll/IV) dimers. The Mn ions are crystal-
dissolved solutions, compledg is very soluble in acetoni-  |ographically inequivalent in [MH" ;0,(bpy)](ClO.)s (63)
trile, while the other three are only slightly soluble. The and [MA"v ,0,(phen)](CIO4)s (6b) but are equivalent in
significantly higher solubility oflg in acetontrile versuge MRV ,0,(bpy)](PFe)s (60).33%0 On the basis of EPR
may be owing to the difference in stacking of molecules in  sydies and the analysis of thermal displacement parameters
crystal structure (vide infra). In contrast to the low stability ¢ B¢, the crystallographic equivalency of the Mn ionssio
of 1g in the presence of water, a solution g in dry has been concluded to be the result of disorder of inequiva-
acetonitrile was stable for several days at room temperaturejet M and MriY ions282°In light of these previous results,
without color change. The high solubility &fjin acetontrile
and the stability of the resulting solution affords the (36) Baffert, C.; Collomb, M. N.; Deronzier, A.; Pecaut, J.; Limburg, J.;
opportunity to study the Mn(lll/IV) complexes in non- Crabtree, R. H.; Brudvig, G. Winorg. Chem 2002 41, 1404.

i i i ili (37) Baffert, C.; Chen, H. Y.; Crabtree, R. H.; Brudvig, G. W.; Collomb,
aqueous solutions. Previously, organic solubility of MON. 3. Electioanal, Chien@001 506, 99

[Mn""V 5(u-O)s(terpy p(H20)]**  complexes could only (38) Manchanda, R.; Brudvig, G. W.; Degala, S.; Crabtree, Rinbrg.
be achieved by substituting the coordinated waters Chem.1994 33, 5157.

- : . (39) Stebler, M.; Ludi, A.; Burgi, H. Blnorg. Chem.1986 25, 4743.
of 1b with CRCOO". The preVIOUSIy isolated (40) Plaksin, P. M.; Palenik, G. J.; Stoufer, R. C.; Mathew,JMAmM. Chem.

[Mn"™V (4-O)(terpy h(CRCO,)2](CFCO,) (5a) and [MA"Y - S0c.1972 94, 2121.
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it is likely that the equivalency of Mn ions ihb is also due solution. The oxidation of any of these species may lead to

to disorder of MH' and MrV ions. undesired pathways. The current ligand library covers a range
) of ligands with different electron-donating/withdrawing abil-
Conclusion ity as well as ligands that restrict the rotation of the pyridine
In this study, we reported the general in situ synthesis of rings of terpy (py-phen and dpya).
[MN!Y (0),(L)2(X)2]3* (1) complexes from MKLCI, (2) Crystals of Mii(dpya)Ch, Mn"(Ph-terpy)Cl, Mn'(mesityl-

precursors. Complexeswere generated and characterized terpy)Ch, and [Mn'"V 5(O),(mesityl-terpy)(H20).](NO3)s

by UV—vis, EPR, ESI-MS and oxygen-evolving activity (19) were isolated and characterized by X-ray crystal-

assays. The yields and oxygen-evolving activities were found lography. As in5b, the two Mn ions inlg are crystallo-

to vary greatly depending on the particular complex. The graphically inequivalent; this provides structural evidence

reasons are currently under investigation. that the dix-oxo-bridged Mn(lll/IV) dimers are valence-
The preparation of this family of complexes has expanded trapped. Complexlg is a diu-oxo di-aqua dimanganese

the limited number of known di-oxo-bridged manganese complex that has good solubility in an organic solvent

complexes that contain labile coordination sites that could (acetonitrile); this will enable further studies in acetonitrile

be transiently occupied by water in aqueous solution. This where the concentration of water can be varied.

typbe tOft COT?AGX Is of |mpolrtgnce beclausef Wﬁtfr IS tthe Acknowledgment. The authors thank the National Insti-
substrate of the oxygen-evolving compiex ot photosySIem v g of Health (GM32715) and the U.S. Department of

Il, where Mn—di-u-0xo—Mn moieties are known to be part Energy (DE-FG02-84ER13297) for financial support and
of the active catalys%ln_studles Wh_ere synthetic compounc_is Marie-Nodle Collomb for communicating results prior to
were used to model this enzymatic process, water coordlna-Ioublicaltion and for helpful discussions.

tion on Mn was found to be the key element in successful
catalysts»'%12Qur simple in situ preparation dfenables a Supporting Information Available: X-ray crystallographic data
fast-screening procedure for a catalytic assay foe@Ilu- of 2e 2g, 2k, and1g (pdf); X-ray crystallographic file fo2e, 2g,
tion. The use of MKLCl, complexes as precursors is 2k, and1g (cif). This material is available free of charge via the
advantageous, as it minimizes the presence of organic/Memet at hitp://pubs.acs.org.

impurities, excess ligand, or free ¥nin the catalytic 1C0509940

7670 Inorganic Chemistry, Vol. 44, No. 21, 2005





