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The synthesis of new dinuclear manganese(lV) complexes possessing the [Mn"(u-0),(u-0.CMe)** core and
containing halide ions as terminal ligands is reported. [Mn,04(0,CMe)Cly(bpy)2][MnCl4] (1; bpy = 2,2'-bipyridine)
was prepared by sequential addition of [MnCls(bpy)(H.0)] and (NBzEts),[MnCls] to a CH,Cl, solution of [Mn3O4-
(O,CMe)4(bpy)2]. The complex [Mn',0,(0,CMe)Cl(bpy)2(H20)](NO3), (2) was obtained from a water/acetic acid
solution of MnCl,+4H,0, bpy, and (NH,),[Ce(NO3)g], whereas the [Mn",0,(0,CR)X(bpy)2(H20)](ClO4), [X = CI~
and R = Me (3), Et (5), or C;H,Cl (6); and X = F~, R = Me (4)] were prepared by a slightly modified procedure
that includes the addition of HCIO,. For the preparation of 4, MnF, was employed instead of MnCl,+4H,0. [Mn,O,(O-
CMe)Cly(bpy)Js[MnCly]-2CH,Cl, (1-2CH,Cly) crystallizes in the monoclinic space group C2/c with a = 21.756(2) A,
b = 12.0587(7) A, ¢ = 26.192(2) A, a. = 90°, B = 111.443(2)°, y = 90°, V = 6395.8(6) A3, and Z = 4.
[Mn;04(0,CMe)Cl(H20)(bpy)2](NOs)+H0 (2-H20) crystallizes in the triclinic space group P1 with a = 11.907(2) A,
b = 12.376(2) A, c = 10.986(2) A, o. = 108.24(1)°, B = 105.85(2)°, y = 106.57(1)°, V = 1351.98(2) A3, and
Z = 2. [Mn;0,(0,CMe)CI(H20)(bpy)2](Cl0,)2-MeCN (3-MeCN) crystallizes in the triclinic space group P1 with a =
11.7817(7) A, b = 12.2400(7) A, ¢ = 13.1672(7) A, o = 65.537(2)°, B = 67.407(2)°, y = 88.638(2)°, V =
1574.9(2) A%, and Z = 2. The cyclic voltammogram (CV) of 1 exhibits two processes, an irreversible oxidation of
the [MnClJ>~ at Ey, ~ 0.69 V vs ferrocene and a reversible reduction at E;, = 0.30 V assigned to the
[Mn204(0,CMe)Cla(bpy)2]* couple (2Mn" to MnVMn'"). In contrast, the CVs of 2 and 3 show only irreversible
reduction features. Solid-state magnetic susceptibility (yv) data were collected for complexes 1-1.5H,0, 2-H.0,
and 3-H.0 in the temperature range 2.00-300 K. The resulting data were fit to the theoretical ynT vs T expression
for a Mn"Y, complex derived by use of the isotropic Heisenberg spin Hamiltonian (%= -2J5,5,) and the Van
Vleck equation. The obtained fit parameters were (in the format J/g) —45.0(4) cm~%/2.00(2), —36.6(4) cm~%/1.97(1),
and —39.3(4) cm~1/1.92(1), respectively, where J is the exchange interaction parameter between the two Mn'
ions. Thus, all three complexes are antiferromagnetically coupled.

Introduction Although a crystal structure of tti&ynechococcus elongatus

The four-electron oxidation of water to form@ a light- ~ PSII dark-adapted state (designateji & 3.8 A resolution
driven process that occurs in the complex protein cluster Was reported recentfythe precise structure of the WOC is
called photosystem Il (PSII). This reaction is responsible for Still not clear. Thus, the data from other techniques continues
nearly all of the atmospheric dioxygen on earth and is
catalyzed by the water-oxidizing complex (WOC), which (1) Photosynthetic Water OxidatiofNugent, J., Ed.; Special Dedicated

i iNa_hri ; Issue;Biochim. Biophys. Acta: Bioenerg001, 1503 1—259.
contains an oxide-bridged tetranuclear aggregate, abbreviated (2) () Debus. R. Biochim. Biophys. Acta992 1102 269 and references

hereafter as Mp as well as the cofactors €aand C.1™5 therein. (b)Manganese Redox Enzym&ecoraro, V. L., Ed.; VCH
Publishers: New York, 1992. (c) Penner-Hahn, JS&uct. Bonding
* Author to whom correspondence should be addressed. E-mail: 1998 90, 1.
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to be important in providing structural insights into the WOC
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the mixed-valence MbMn"v complex [MnO,Cl,(O.CMe)-

Mn, cluster. EXAFS studies have narrowed down the (bpy)]-2MeCN that was reported by our grotid,and the
topological possibilities by identifying the presence in the other is the dimanganese(IV) complex [MRiCly(bpea)]-

WOC of [Mny(u-O);] units, either twé®3" or perhaps even
three® The Mrr--Mn separations within these units are 2.7
A.2c37Several structural proposals for the Mire consistent
with extended X-ray absorption fine structure (EXAFS)

(ClOy)2 [where bpea= N,N-bis(2-pyridylmethyl)ethylamineli
These two compounds, like most dimanganese complexes
containing the [Ma(u-O,)] core, are symmetric. There are
just a few examples of di-oxo-dimanganese(lll/IV or

data: these include (i) some “dimer of dimers” arrangements IV/IV) complexes having an asymmetrical form in which

of two separate [Mg{u-O),] units linked by a combination

the two Mn ions are coordinated to identical ligands but with

of oxide and/or carboxylate bridges (as suggested by the 3.3different configurationd*"12fand only two examples, both

A Mn---Mn separation deduced from EXAFS dat&) and
(ii) several Mn, topologies comprising two or more vertex-
or edge-fused [MyO;] units38 10 As a result, it is not
surprising that synthetic [MXu-O),]-containing species have

at the MA'"Mn" level, of species where the two manganese
ions are coordinated to different ligantg.

We herein report the synthesis of a new family of dinuclear
Mn'v complexes with the [Mg{u-O),(u-O.CR)** core (R

been, and continue to be the focus of a great deal of = Me, Et, or GH,CI) and terminal halide (Clor F-) ligands.

study113
Also very important to the WOC is the Clon, which is

We also report the crystallographic characterization of three
of them, together with the results from electrochemical and

an essential cofactor of the WOC and is most likely directly magnetochemical studies. These compounds are the first

bound to the Mp!=31415 Although many dinuclear com-
plexes possessing the [Mp-O).]*" (z = 2, 3, or 4} and

[Mn,(u-O)x(u-O.CR)F (z = 2 or 3)41213¢cores have been
reported, only two of them also containQlgands. One is

(6) Zouni, A.; Witt, H. T.; Kern, J.; Fromme, P.; Krauss, N.; Saenger,
W.; Orth, P.Nature 2001, 409, 739.

(7) Yachandra, V. K.; DeRose, V. J.; Latimer, M. J.; Mukerji, |.; Sauer,
K.; Klein, M. P. Sciencel993 260, 675.

(8) Robblee, J. H.; Messinger, J.; Cinco, R. M.; McFarlane, K. L.;
Fernadez, C.; Pizzaro, S. A.; Sauer, K.; Yachandra, \J. dm. Chem.
Soc.2002 124, 7459.

(9) Siegbahn, P. E. Mnorg. Chem.200Q 39, 2923.

(10) (a) Peloquin, J. M.; Campbell, K. A.; Randall, D. W.; Evanchik, M.
A.; Pecoraro, V. L.; Armstrong, W. H.; Britt, R. DI. Am. Chem.
Soc.2000 122 10926. (b) Peloquin, J. M.; Britt, R. CBiochim.
Biophys. Acta2001, 1503 96.

(11) (a) Law, N. A.; Kampf, J. W.; Pecoraro, V. lnorg. Chim. Acta
200Q 297, 252. (b) Goodson, P. A.; Oki, A. R.; Glerup, J.; Hodgson,
D. J.J. Am. Chem. S0d.99Q 112 6248. (c) Brewer, K. J.; Calvin,
M.; Lumpkin, R. S.; Otvos, J. W.; Spreer, L. horg. Chem.1989
28, 4446. (d) Hagen, K. S.; Armstrong, W. H.; Hope,IHorg. Chem.
1988 27, 967. (e) Goodson, P. A.; Hodgson, D. J.; Glerup, J.;
Michelsen, K.; Weihe, Hlnorg. Chim. Actal992 197, 141. (f)
Goodson, P. A.; Glerup, J.; Hodgson, D. J.; Michelsen, K.; Weihe,
H. Inorg. Chem.1991, 30, 4909. (g) Larson, E.; Lah, M. S; Li, X,;
Bonadies, J. A.; Pecoraro, V. llnorg. Chem.1992 31, 373. (h)
Gohdes, J. W.; Armstrong, W. Hinorg. Chem.1992 31, 368. (i)
Libby, E.; Webb, R. J.; Streib, W. E.; Folting, K.; Huffman, J. C,;
Hendrickson, D. N.; Christou, Gnorg. Chem.1989 28, 4037. (j)
Pal, S.; Olmstead, M. M.; Armstrong, W. tthorg. Chem1995 34,
4708. (k) Torayama, H.; Asada, H.; Fujiwara, M.; Matsushita, T.
Polyhedron 1998 17, 3859. (I) Collomb, M.-N.; Deronzier, A
Richardot, A.; Pecaut, New J. Chem1999 23, 351. (m) Horner,
O.; Charlot, M.-F.; Boussac, A.; Anxolabehere-Mallart, E.; Tchertanov,
L.; Guilhem, J.; Girerd, J.-Eur. J. Inorg. Chem1998 721. (n) OKki,

A. R.; Glerup, J.; Hodgson, D. Jnorg. Chem.199Q 29, 2435. (0)
Sarneski, J. E.; Brzezinski, L. J.; Anderson, B.; Didiuk, M.; Man-
chandra, R.; Crabtree, R. H.; Brudvig, G. W.; Schuttle, Glri¢rg.
Chem.1993 32, 3265. (p) Sarneski, J. E.; Didiuk, M.; Thorp, H. H.;
Crabtree, R. H.; Brudvig, G. W.; Faller, J. W.; Schuttle, G.Ikorg.
Chem.1991, 30, 2833.

(12) (a) Bashkin, J. S.; Schake, A. R.; Vincent, J. B.; Chang, H.-R.; Li,
Q.; Huffman, J. C.; Christou, G.; Hendrickson, D. N.Chem. Sog.
Chem. Commur988 700. (b) Wieghardt, K.; Bossek, U.; Zsolnai,
G.; Huttner, G.; Blondin, G.; Girerd, J.-J.; BabonneauJFChem.
Soc, Chem. Commun1987 651. (c) Osawa, M.; Fujisawa, K.;
Kitajima, N.; Moro-oka, Y.Chem. Lett1997 919. (d) Bossek, U.;
Saher, M.; Weyhermuller, T.; Wieghardt, K. Chem. So¢.Chem.
Commun.1992 1780. (e) Schafer, K.-O.; Bittl, R.; Zweygart, W.;
Lendzian, F.; Haselhorst, G.; Weyhermuller, T.; Wieghardt, K.; Lubitz,
W. J. Am. Chem. S0d.998 120, 13104. (f) Lal, T. K.; Mukherjee,
R. Inorg. Chem1998 37, 2373. (g) Pal, S.; Gohdes, J. W.; Wilisch,
W. C. A.; Armstrong, W. H.norg. Chem.1992 31, 713.
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examples of dimanganese complexes possessing tHé&(n
0)2(u-O,CR)P™ core and terminal Clligands. In addition,

two of the complexes are unusual in being asymmetrical with
inequivalent ligands on the two N¥ions, a terminal chloride

on one Mn and a terminal water molecule on the other,
corresponding to the cofactor and substrate, respectively, of
the OEC.

Experimental Section

Syntheses.All manipulations were performed under aerobic
conditions with materials used as received; water was distilled in-
house. [MRO4(O,CMe)u(bpy)]-MeCO,H was available from a
previous workt® (NBzEt),[MnCl,] was prepared in a similar
fashion as [NEf,[MnCl,].2” [MnClz(bpy)(H,0)] was prepared by
a published procedufé.Caution: perchloric acid and its salts are
potentially explosie and should be handled with carglemental
analyses were performed by Atlantic Microlab, Inc. (Norcross, GA),
and by the in-house facilities of the University of Florida Chemistry
Department.

[Mn ,0,(0,CMe)Cly(bpy)2]2[MnCl 4 (1). To a stirred dark
brown solution of [MrO4(O,CMe)(bpy)]-MeCO,H (0.30 g, 0.34
mmol) in 25 mL of CHCI, were added [MnG(bpy)(H,O)] (0.12
g, 0.34 mmol) and (NBzE},[MnCl4] (0.20 g, 0.34 mmol). Stirring
was continued for about 20 min; the solution was then filtered and
the filtrate was left undisturbed at ambient temperature. After 24
h, the X-ray-quality black crystals (0.09 g) &2CH,ClI, that had
formed were collected by filtration, washed with &b, and dried

(13) (a) Mok, H. J.; Davis, J. A.; Pal, S.; Mandal, S. K.; Armstrong, W. H.
Inorg. Chim. Actal997, 263 385. (b) Dave, B. C.; Czernuszewicz,

R. S.; Bond, M. R.; Carrano, C. horg. Chem.1993 32, 3593. (c)
Reddy, K. R.; Rajasekharan, M. V.; Padhye, S.; Dahan, F.; Tuchagues,
J.-P.Inorg. Chem1994 33, 428. (d) Pal, S.; Chan, M. K.; Armstrong,

W. H.J. Am. Chem. S0d992 114, 6398. (e) Pal, S.; Armstrong, W.

H. Inorg. Chem.1992 31, 5417.

(14) Fernandez, C.; Cinco, R. M.; Robblee, J. H.; Messinger, J.; Pizaro, S.
A.; Sauer, K.; Yachandra, V. K.; Klein, M. P. IRhotosynthesis:
Mechanisms and Effe¢t&arab, G., Ed.; Kluwer Academic Publish-
ers: Dordrecht, The Netherlands, 1998; pp 132902.

(15) DeRose, V. J.; Latimer, M. J.; Zimmermann, J.-L.; Mukerji, 1.;
Yachandra, V. K.; Sauer, K.; Klein, M. Chem. Phys1995 194,

443.

(16) Bhaduri, S.; Pink, M.; Christou, Q. Chem. So¢Chem. Commun.
2002 2352.

(17) Gill, N. S.; Nyholm, R. SJ. Chem. Socl1959 3997.

(18) Goodwin, H. A,; Sylva, R. NAust. J. Chem1965 18, 1743.



Dinuclear Manganese(IV) Complexes

Table 1. Crystallographic Data for Complexds2CH,Cl,, 2-H,0, and3-MeCN

1 2 3
empirical formula QGH42C|12Mn5N308a C22H230IMn2N6012b C24H24CI3Mn2N5013°
fw, g/mol 1534.98 708.79 806.71
space group C2lc P1 P1
a, 21.756(2) 11.907(2) 11.7817(7)
b, A 12.0587(7) 12.376(3) 12.2400(7)
c, A 26.192(2) 10.986(2) 13.1672(7)
[, deg 111.443(2) 105.85(1) 67.407(2)
vV, A3 6395.8(6) 1351.98(2) 1574.9(2)
Z 4 2 2
T,°C —80 —-170 —-80
radiation Mo Ko Mo Ko Mo Ko
Pcalca 9/CIT? 1.594 1.741 1.701
w, mmt 1.514 1.068 1.128
R/R1de 5.79 4.17 4.98
Ry4for wR2d:9 14.6% 457 10.08

2|ncluding two CHCl, molecules?® Including one HO molecule £ Including one MeCN moleculé.l > 26(1). e R = R1 = 1005 (||Fo| — |F¢||)/S|Fol.
fRy = 100X W(|Fo| — |Fc|)¥IW|Fo|3Y2 wherew = 1/62(|Fol). 9 WR2 = 1003 [W(Fo? — FAY/3 [W(FoD)F1 Y2, wherew = 1/[04(F?) + [(ap)? + bp], where

p = [max (Fo? 0) + 2FA)/3.

in vacuo. The yield was 25% based on total bpy. Anal. Calcd
(Found) for1-1.5H,0: C, 37.96 (37.72); H, 2.97 (2.73); N, 8.05
(7.88). Selected IR bands (KBr, ci): 3425 (m, br), 3105 (w),
3070 (w), 1601 (s), 1570 (w),1496 (s), 1468 (m), 1447 (s), 1311
(m), 1267 (w), 1247 (w), 1158 (w), 1105 (w), 1071 (w), 1057(w),
1036 (m), 1025 (w), 770 (s), 726 (m), 694 (m), 672 (s), 656 (m),
638 (m), 595 (m), 420 (m).

[Mn 20,(0,CMe)CI(H0)(bpy)2](NO3), (2). To a stirred yellow
solution of MnC}-4H,0 (1.98 g, 10.0 mmol) and bpy (1.56 g, 10.0
mmol) in HO/MeCQH (100 mL/30 mL) was slowly added an
orange solution of (NiJ[Ce(NGs)g] (11.02 g, 20.10 mmol) in KD/
MeCGQ,H (33 mL/10 mL), resulting in a dark brown solution. The
solution was rotary-evaporated at 4Dto half of its original volume

(m), 1273 (w), 1245 (w), 1120 (s), 1103 (s), 1086 (s), 1035 (m),
854 (m), 770 (m), 727 (m), 695 (s), 669 (m), 654 (m), 625 (s), 470
(m), 419 (m).

[Mn ,0,(0,CEt)CI(H 20)(bpy)2](CIO 4)2 (5). The procedure that
was employed foB-H,0 was repeated with propionic acid instead
of acetic acid. The yield was 84%. Anal. Calcd (Found) for
5-H,0: C, 34.63 (34.37); H, 3.16 (3.35); N, 7.02 (7.03). Selected
IR data (KBr, cnTl): 3440 (s, br), 3082 (w), 1601 (s), 1575 (w),
1540 (w), 1499 (m), 1466 (m), 1447 (s), 1422 (m), 1381 (w), 1310
(m), 1271 (w), 1249 (w), 1120 (s), 1106 (s), 1090 (s), 1036 (m),
923 (w), 772 (s), 725 (m), 677 (m), 667(m), 655 (m), 627 (s), 532
(w), 440 (w), 418 (w).

[Mn 20,(0,CC,H4CI)CI(H 0)(bpy)2](ClO4). (6). To a pale

and left undisturbed for 24 h at ambient temperature. The resulting yellow-brown solution of MnGF4H,O (0.40 g, 2.0 mmol), bpy

X-ray-quality black crystals were collected by filtration, washed
with H,O, EtOH, and EO, and dried in air. The yield was 2.63 g
(74%). Anal. Calcd (Found) fa2-H,O: C, 37.30 (36.95); H, 3.27
(3.15); N, 11.90 (11.67); CI, 5.00 (5.25); Mn, 15.50 (15.75).
Selected IR data (KBr, cm): 3446 (s, br), 3100 (w), 3079 (w)
1602 (m), 1575 (w), 1559 (w), 1498 (m), 1470 (m), 1446 (s), 1420
(m), 1384 (s), 1312 (m), 1249 (w), 1156 (w), 1104 (w), 1073 (w),
1060 (w), 1036 (m), 1024 (w), 770 (s), 725 (m), 696 (m), 672 (m),
655 (m), 637 (m), 614 (m), 539 (w), 419 (w).

[Mn 202(0,Me)CI(H 20)(bpy)2](ClO4). (3). To a pale brown
solution of MnC}-4H,0 (0.59 g, 2.98 mmol) and bpy (0.47 g, 3.0
mmol) in H,LO/MeCQOH (30 mL/4.5 mL) was added an orange
solution of (NH,),[Ce(NGs)g] (3.30 g, 6.02 mmol) in HO/HCIO,
(70%) (15 mL/3 mL), resulting in a brown solution. After 24 h at

(0.32 g, 2.0 mmol), and 3-chloropropionic acid (2.51 g, 23.3 mmol)
in H,O (30 mL) was added an orange solution of ()Ce(NGs)q]
(2.21 g, 4.03 mmol) in HO/HCIO, (70%) (10 mL/2 mL), resulting
in a dark brown solution. Within minutes, a precipitate began to
form. After 24 h at ambient temperature, the green-brown powder
was collected by filtration, washed with,8, EtOH, and EiO,
and dried in air. The yield was 0.58 g (70%). Anal. Calcd (Found)
for 6:H,O: C, 33.20 (33.33); H, 2.91 (3.17); N 6.73 (6.88). Selected
IR data (KBr, cntl): 3430 (s, br), 3084 (w), 1601(m), 1570 (w),
1540 (w), 1498 (m), 1470 (m), 1447 (s), 1384 (w), 1312 (m), 1248
(w), 1143 (s), 1109 (s), 1089 (s), 1036(m), 1024 (m), 930 (w), 849
(w), 770 (s), 727 (m), 677 (m), 667 (m), 656 (m), 636 (M), 627
(s), 493 (w), 451 (w), 419 (w).

X-ray Crystallography. Data for complexed:2CH,CI, and

ambient temperature, a green-brown powder was collected by 3-MeCN were collected at the University of Florida at 193 K on a

filtration, washed with EtOH and ED, and dried in air. The yield
was 0.99 g (85%). Recrystallization from MeCN/Btgave black
crystals of3-MeCN. Anal. Calcd (Found) foB-H,O: C, 33.71
(33.90); H, 2.96 (2.80); N, 7.15 (7.30). Selected IR data (KBr,
cm1): 3431 (s, br), 3079 (w), 1602 (s), 1571 (w), 1559 (w), 1500
(m), 1467 (m), 1446 (s), 1405 (m), 1384 (w), 1353 (w), 1312 (m),
1271 (w), 1249 (w), 1180 (w), 1120 (s), 1103 (s), 1085 (s), 1035
(m), 770 (s), 724 (m), 695 (m), 677 (m), 654 (m), 624 (s), 535
(w), 435 (w), 419 (m).

[Mn ,0,(0,CMe)F(H20)(bpy)2](CIO 4)2 (4). The procedure that
was employed for3-H,O was repeated with MnFin place of
MnCl,-4H,0. The yield of complexd was 0.80 g (70%). Anal.
Calcd (Found) ford-H,O: C, 34.44 (34.20); H, 3.02 (2.95); N,
7.30 (7.40). Selected IR data (KBr, c#): 3396 (s, br), 3105 (w),
3080 (w), 1601 (s), 1571 (w), 1497 (s), 1469 (m), 1446 (s), 1310

Siemens Smart Platform equipped with a CCD area detector and a
graphite monochromator utilizing Mo dradiation ¢ = 0.71073

A). Data collection parameters are listed in Table 1. Cell parameters
were refined by use of up to 8192 reflections. A full sphere of data
(1381 frames) was collected by thescan method (0°3frame
width). The first 50 frames were remeasured at the end of data
collection to monitor instrument and crystal stability (maximum
correction orl was < 1%). An absorption correction by integration
was applied, based on measured indexed crystal faces.

The structures were solved by direct methods in SHELXTL5
and refined by full-matrix least squares. Non-hydrogen atoms were
refined anisotropically, whereas the hydrogen atoms were placed
in ideal, calculated positions, with isotropic thermal parameters
riding on their respective carbon atoms. For comdeXCH,Cl,,
the asymmetric unit consists of a Meation, half a [MnCJ]?~
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anion, and a CkCl, molecule disordered over three positions. After  CIO,, the product was a mixture of [M@,(0O.CMe)Ck-
refininement of the site occupation factors of the three positions, (bpy),],[MnCl,] (1), obtained in low yield as well-formed
they were fixed at 0.4, 0.4, and 0.2. A total of 388 parameters were p|gck crystals ofl-2CH,Cl,, and its perchlorate analogue.
refined in the final cycles of refinement d¥?. For 3-MeCN, the Once the identity ol and the presence of [Mng#~ anions
asymmetric unit contains one Muoation, two perchlorate anion_s, had been established by crystallography, the compound was
and one molecule of MeCN. The water H atoms were obtained obtained in pure form, and with an improved yield of 25%,
from a difference Fourier map and refined without any constraints. by addition to the reaction mixture of (NBzE{MnCly]

4

The H atoms on C9 were clearly disordered; two sets of methyl H | Sl '
atoms were treated as riding on C9, and their site occupation factorsinStéad of (NB&,)CIO,. However, the reaction is still clearly

were fixed at 0.5. A total of 434 parameters were refined in the & complicated one, and there are likely several species present
final cycles of refinement off2. in equilibrium in solution; the low solubility ol allows its

Data for2-H,0 were collected on a Picker four-circle diffrac-  isolation in pure form from this mixture. Charge consider-
tometer at 103 K at the facilities of the Indiana University Molecular ations and the metric parameters from the crystal structure
Structure Center. Data collection parameters are listed in Table 1.(see below) establish that the cationlofontains two M#
Details of the diffractometry, low-temperature facilities, and ions and the anion contains MrSince the starting material
computational procedures employed by the Indiana University [Mn;0,(0,CMe)(bpy),] already contains MM, and the
Molecular Structure C(_ante_r are a\{allable elsewhgfe structure required [MnC}]?~ was added to the reaction, the primary
was solved by a combination of direct methods (MULTAN78) and contribution of the [MnGi(bpy)(H.0)] to the formation of

Fourler techniques. The posmons.of the atoms.ln' QQ(MNZCH 1 appears to be to act as a source of @hd bpy, as
portion of the structure were obtained from an initial E-map. The summarized in

positions of the remaining atoms, including all of the hydrogens,

were obtained from subsequent iterations of least-squares refinemen
and difference Fourier map calculation. The asymmetric unit El[Mn3O4(OZCMe)4(bpy)2] *+ 4[MnCly(bpy)(H,0)] +

contains the complete Mncation, two nitrate anions, and one 3[MnCI4]2_ — 3[Mn,0,(0,CMe)ClL(bpy)],[MnCl,] +
molecule of water. - — 3+
+ +
Final values of the discrepancy indicB§R,) or R1L(wR2) for 10MeCQ 80H AMn (1)
the three structures are included in Table 1.

Physical Measurements.IR spectra were recorded on KBr e . . 0
pellets in a Nicolet Nexus 670 spectrophotometer. Cyclic voltam- NHE) and it is quite capable of oxidizing Mrto Mn'" or

metry was performed or1.0 mM solutions at a 100 mV/s scan an_ In fgct, _Cév has been used preVI(;usly to prepare_ some
rate with a BAS CV-50W voltammetric analyzer and a standard higher oxidation state Mn complexé$;*°as well as being
three-electrode assembly (glassy-carbon working electrode, Pt wirethe oxidant in water oxidation studies in which Ru complexes
auxiliary electrode, Ag/AgN@reference electrode), with 0.1 M were the catalysts?* We have also used Ceto prepare
NBuU",PF; as supporting electrolyte. Potentials are quoted versus the mixed-valent (3Cb, CdV) complexes [CgO4(O,CR),-
the ferrocene/ferrocenium couple under the same conditions. DC (bpy),]* by the one-electron oxidation of [Q04(O.CR),-
magnetic susceptibility data were collected on powdered, micro- (bpy)]2*.22In the present work, a solvent system comprising
crystalline samples on a Quantum Design MPMS-XL SQUID  aqueous carboxylic acid was employed for the reactions of
magnetometer equipped Wwia 7 T (70 kG)magnet and capable of (NH,)J[Ce(NOs)e] with Mn"" salts. The carboxylic acid helps
operating in the 1.8400 K range. A diamagnetic correction to the maintain an acidic environment so that formation of man-
observed susceptibilities was applied using Pascal’s constants. . . . .\
ganese oxides and/or hydroxides is prevented. In addition,
the solvent provides a plentiful supply of carboxylate ions
as potential ligands in the products.

SynthesesTwo methods were employed for the prepara-  The addition of 2 equiv of (N2 [Ce(NOs)g] to a HO/
tion of the complexes obtained in this work. The first is the MeCQ:;H solution of MnC}-4H,O and bpy resulted in the
reaction of [MrO4(O.CMe)(bpy)] with mononuclear [MnGH formation of [Mn,O,(O,CMe)CI(HO)(bpy}](NO3). (2) as
(bpy)(H0)] and either (NBt&)CIO4 or (NBzE),[MnCl] essentially black crystals @H,O:
in CH,Cl,, while the second is the oxidation of Mreagents
with CeV in the presence of bpy in an aqueous carboxylic 2MnCl, + 2bpy+ MeCOH + 3H,0 — 4 —
acid medium. Both methods were found to give dinuclear 2+ - +
Mn" products. [Mn,0,(0,CMe)CI(H,0)(bpy),]~ + 3CI" +5H" (2)

[MNn304(O.CMe),(bpy)] is a 3Mri¥ complex and contains  The corresponding CIO salt @) of the same dinuclear cation
a V-shaped [Mrg-O)Mn(u-O);Mn]** core. It was only  \yas obtained by a slightly modified procedure that involved

recently preparefi and has since been under detailed the addition of perchloric acid to the reaction solution. This
investigation by various spectroscopic and physical tech-
niques for its potential relevance as a fragment of the Mn (20) (a) Reddy, K. R.; Rajasekharan, M. V.; Arulsamy, N.; Hodgson, D. J.
cluster of the OEC. We have also been studying its use as a 'FE‘C‘)’I;% 93?533326125'7%83' (b) Reddy, K. R.; Rajasekharan, M. V.
reagent in a variety of reactions. In one such reaction with (21) (a) Yagi, M.; Kaneko, MChem. Re. 2001, 101, 21. (b) Gilbert, J.
an equimolar amount of [Mn 0)] and (NBU.)- A.; Eggleston, D. S.; Murphy, W. R.; Geselowitz, D. A.; Gersten, S.
q [ pry)(Hz )] ( 4) W.; Hodgson, D. J.; Meyer, T. J. Am. Chem. S0d.985 107, 3855.
(22) (a) Dimitrou, K.; Brown, A. D.; Folting, K.; Christou, Gnorg. Chem.
(19) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. @org. 1999 38, 1834. (b) Dimitrou, K.; Brown, A. D.; Concolino, T. E;
Chem.1984 23, 1021. Rheingold, A. L.; Christou, GChem. Commur2001, 1284.

CdV is a strong one-electron oxidarE(= 1.61 V vs

Results and Discussion
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Figure 2. ORTEP representation of the cationZét the 50% probability
level.
Figure 1. ORTEP representation of the cationlodit the 50% probability

level ions of the dinuclear cation are bridged by tweD?~ ions
Table 2. Selected Interatomic Distances and Angles F@CH,Cl,? and oneu-MeCOQO,~ group. Octahedral coordination at each
Mn(1)—0(4) 1.790(3) Mn(2)-0(3) 1.795(3) Mn ion is completed by a chelating bpy group and a terminal
Mn(1)—0(3) 1.820(4) Mn(2)-O(4) 1.822(4) Cl~ ion. The two Cf ligands are approximately trans about
Mn(1)-O(1) 1.942(4) Mn(2y0(2) 1.948(4) the Mrr--Mn vector [torsion angle CI(HMn(1)—Mn(2)—
Mn(1)—N(1) 1.996(4) Mn(2)-N(3) 1.994(5)
Mn(1)-N(2) 2.044(4) Mn(2)-N(4) 2.038(5) Cl(2) = 161.0(1)]. The longer Mn(1}-O(3) [1.820(4) A]
mng;—g:gé) ) zzzgig%((llg)) mn((gg:g; ggggggg and Mn(2-0(4) [1.822(4) A] distances compared with
n(s)— # . n . _
Mn(3)—CI(5#1) 2.364(2) Mn(3)-CI(5) 2.364(2) !\/In_(l) .0(4) [L.790(3) A] and '\"T‘(&O@) [L.795(3) A] are
Mn(L)-+-Mn(2) 2.6715(11) |qd|cat|ve of a greater trans influence of Cbver bpy
O(4)-Mn(1)-0(3) 83.00(16) O(3)Mn(2)-O() 82.91(16) nitrogen. There are only three ot'her.exampl.es of complexes
O(4)-Mn(1)-0(1) 93.43(16) O(3YMn(2)—0(2) 93.60(16) that contain the [Mg(u-O).Cl;] unit with terminal chloride
88?%“8*88 SS'ZS&S)) g&zmn%*ﬁg)) gg-gi’((ig)) ligands attached to the Mn ions: (i) the Mn complex
—Mn(l)— . ni)— . P, .
0(3)-Mn(1)-N(1) 93.42(17) O(4)Mn(2)-N(3) 0073(18)  [Mn20:Cl(bpeaj]**,'t (i) the mixed-valence MHMn"
8%%“87“8; ggggg% 8gmng;fmgg igg.gggg; complex [MO.Cly(0.CMe)(bpy)],*?2and (i) [MNnsO4Cl,-
—Vin — . n — . H
O(3)-Mn(1)-N(2) 89.89(17) O(4)Mn(2)-N(4) 87.61(17) (bpy)4]2+.23 The elpnggtlon of .the M-HO bond‘_s trans to the
O(1)-Mn(1)-N(2) 91.85(17) O(2}Mn(2)—N(4) 90.84(19) coordinated chloride ligands is unequivocal in the latter two
g((}l)):mg;:gl((zl)) gg%ggg ggmgg:g@) ;g‘z"(;()l 2 cases, but not in the first. The Mr-Cl bond lengths irl
O(3)-Mn(1)—CI(1) 176..76(12) O(4¥Mn(2)-Cl(2) 178..04(12) [22821(16) and 22638(17) A] are similar to those in
(NJ((i))—mnEB—g:EB g%ggg g((gmng;—g:gg ggéggig example i [2.273(2) A] but shorter than those for examples
—Mn(1)— . n(2)— . . )
N -Mn()—CI(L) 0532013 N(AMnE)—CI(2) 04.22(14) i [2.3414(26) Al and iii [2.336(5) Al. The Mpr-Mn
Mn(1)—0(4)-Mn(2) 95.38(16) Mn(2}O(3)-Mn(1)  95.30(17) separation [2.6715(11) A] is slightly longer than the upper
g:ggzi)f_mng*g:gl) llgggg((g)) gl'((gfhlz'\’('g)@ggg)) 11%)%-%12((3) limit of the range (2.5862.642 A) observed for other
n — . n — . . .
CI(5#1)-Mn(3)-CI(5)  109.39(16) CI(6)Mn(3)-CI(5)  112.45(8) structurally characterized complexes with the [K4@(O,-

CMe)P" corel?s130wing to the bridging acetate group, the
[Mn,O;] core of1 is not planar [dihedral angle between the
O(4)-Mn(1)—0(3) and O(4)Mn(2)—0O(3) planes is 161.6-
(1)°], as is also the case for other complexes with this triply
bridged corgli1213

For [Mn202(02CMe)CI(H20)(bpy)2](N03)2-HZO (Z'Hzo),

a labeled ORTEP plot of the cation is shown in Figure 2,
and selected interatomic distances and angles are listed in
Table 3.

The cation consists of two Mhions triply bridged by
two u-oxide ions, O(3) and O(4), and omeacetate group.
Distorted octahedral geometry at each Mn is completed by
: . . . a bpy group and either a water molecule [at Mn(1)] or a Cl
tion and structure refinement details fb2CH.Cl,, 2-H,0, ion [at Mn(2)]. The Mn(L)-water bond length [Mn(1}O(5)

and3-MeCN are summarized in Table 1. = 1.959(3) A] is slightly shorter than the average '¥4na
For [Mn,02(0,CMe)Ch(bpy)]o(MnCls) (1-2CH,CL), an o hong lengths of 1.984(2), 1.991(5), and 2.011(2) A

ORTEP representation of the cation is shown in Figure 1 reported for [MnO,(O,CMe)(bpyy(H:0)]* (2MnV)1¥<and

and selected interatomic distances and angles are coIIecteqhe mixed-valence (MWMn") complex [MnOs(terpy)-
in Table 2. The asymmetric unit dfconsists of a complete

. P .
Mn cation and half a_[MnQ] amon'.as_ well as disordered (23) Auger, N.; Girerd, J.-J.; Corbella, M.; Gleizes, A.; Zimmerman, J.-L.
CH.Cl,. Thus, the cation-to-anion ratio is 2:1. The two 'Nn J. Am. Chem. S0d.99Q 112, 448.

aDistances are given in angstroms; angles are given in degrees.

latter procedure was also successfully employed for the
preparation of the propionate and the 3-chloropropionate
complexess and 6, respectively.

It was also found that the syntheses could be extended to
F~-containing species. When Mpfwas employed as the Mn
source in place of MnGi4H,0, a dark brown crystalline
precipitate of4-H,O was isolated. Unfortunately, we have
not as yet been able to obtathin a form suitable for
crystallography.

Description of Structures. Crystallographic data collec-
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Table 3. Selected Interatomic Distances and AnglesZd#,O2

Mn(1)-0(3) 1.7955(28) Mn(2-0(3) 1.848(3)
Mn(1)-0(4) 1.800(3) Mn(2)-0(4) 1.809(3)
Mn(1)-0O(5) 1.959(3) Mn(2)-CI(6) 2.2643(13)
Mn(1)-0(7) 1.947(3) Mn(2}-0(9) 1.937(3)
Mn(1)-N(11) 2.046(4) Mn(2)-N(34) 2.048(4)
Mn(1)-N(22) 2.005(3) Mn(2)-N(23) 1.998(3)
Mn(1)--Mn(2) 2.6702(13)

O(3)-Mn(1)-0(4) 84.46(13) CI(6yMn(2)—O(3)  176.44(9)
O(3)-Mn(1)-0(5) 93.74(14) CI(6yMn(2)-O(4)  94.31(10)
O(3)-Mn(1)-0(7) 9351(12) CI(6yMn(2)~0(9)  88.54(9)
O(3)-Mn(1)-N(11) 173.09(13) CI(6yMn(2)-N(23)  86.48(10)
O(3)-Mn(1)-N(22)  93.99(13) CI(6¥Mn(2)-N(34)  92.93(10)
O(4)-Mn(1)-0(5)  177.93(14) O(3¥Mn(2)—O(4) 82.69(13)
O(4)-Mn(1)-0(7) 91.00(12) O(3)Mn(2)—0(9) 89.76(12)
O(4)-Mn(1)-N(11)  92.48(13) O(3YMn(2)-N(23)  95.66(13)
O(4)-Mn(1)-N(22)  92.58(13) O(3YMn(2)—-N(34)  90.24(13)
O(5)-Mn(1)-0(7) 88.11(13) O(4)Mn(2)—0(9) 94.21(12)
O(5)-Mn(1)-N(11)  89.42(14) O(4YMn(2)-N(23)  94.86(14)
O(5)-Mn(1)-N(22)  88.54(14) O(4yMn(2)-N(34) 170.88(13)
O(7)-Mn(1)-N(11)  92.73(13) O(9YMn(2)-N(23) 169.96(13)
O(7)-Mn(1)- N(22) 171.96(13) O(9Mn(2)-N(34)  91.51(13)
N(11)-Mn(1)-N(22)  79.94(14) N(23}Mn(2)-N(34) 80.06(14)
Mn(L)-O@EB)-Mn(2)  94.24(13) Mn(1}O(4)-Mn(2)  95.43(14)

aDistances are given in angstroms; angles are given in degrees.

(H20)z]2+ 1 (terpy = 2,2:6',2"-terpyridine), but it is still
much longer than terminal Mh—OH bond lengths of 1.830-
(4)3%eand 1.881(5) A& confirming that the bound species
in 2is an aqua group. The Mn(2Cl bond length of 2.2643-
(13) A is similar to those irl. Again, the longer Mn(2y
0?" bond is that trans to the chloride ion [Mn@2D(3) =
1.848(3) A, Mn(2>-0(4) = 1.809(3) A], whereas the
Mn(1)—0O? bond lengths are equal [Mn@&D(3) = 1.796-
(3) A, Mn(1)-0(4) = 1.800(3) A]. The Mn(1)y-Mn(2)
distance [2.6702(13) A] is also similar to thatir{2.6715-
(11) A]. The [Mn,O;] unit of 2 is again not planar, the
dihedral angle between the planes G{B)n(1)—0O(4) and
0O(3)—Mn(2)—0(4) being 161.8(T) the same as that ih
A careful examination of the unit cell &-H,O reveals

the presence of hydrogen-bonding interactions. The bound

H,O molecule is hydrogen-bonded to O(37) of ajN@nion
[O(5):+-0(37) = 2.570(5) A] and O(43) of the lattice 4
molecule [O(5)--O(43)= 2.602(5) A] (Figure 3). The latter
is also hydrogen-bonded to O(40) of the secondsN&hion
[O(43)+-0(40)= 2.781(5) A] and one of the bridging oxide
ions, O(3), of a neighboring molecule {O(43):--O(3) =
2.869(5) A]. The & +O distances and ©H:+-O angles [163-
(6)—175(6)] are indicative of strong hydrogen bonds.
For [Mn,O,(0,CMe)CI(HO)(bpy)](ClO4)»MeCN

(3-MeCN), an ORTEP representation is shown in Figure 4
and selected interatomic distances and angles are listed inN(2)—mn(1)-0(3)

Table 4.
The complex is structurally very similar ®H,O except
that (i) the anion irB is perchlorate rather than nitrate, as in

2, and (i) the asymmetric unit contains an MeCN molecule ©()-Mn(1)-N(1)
instead of water. However, close inspection of the metrical

Bhaduri et al.

Figure 3. Two adjacent cations d® with O—H---O hydrogen-bonding
interactions shown as dashed lines.

Figure 4. ORTEP representation 8fat the 50% probability level showing
O—H---O hydrogen bonds as dashed lines.

Table 4. Selected Interatomic Distances and Angles3dvieCN?

Mn(1)-0(2) 1.783(2) Mn(23-0(1) 1.804(3)
Mn(1)-0(1) 1.791(2) Mn(23-0(2) 1.822(2)
Mn(1)-0(4) 1.925(2) Mn(2}-0(5) 1.943(2)
Mn(1)-N(2) 1.993(3) Mn(2)-N(3) 1.998(3)
Mn(1)-0(3) 2.002(3) Mn(2>-N(4) 2.035(3)
Mn(1)—N(1) 2.047(3) Mn(2)-CI(1) 2.2512(11)
Mn(1)--Mn(2) 2.6524(8)
O(2-Mn(1)-O(1)  84.34(11) O(IYMn(2)-0(2)  82.86(11)
O(2-Mn(1)-O(4)  93.39(11) O(IFMn(2)-O()  92.85(11)
O(1)-Mn(1)-O(4)  91.91(11) O(Mn(2)-O(5)  89.98(11)
O(2-Mn(1)-N(2)  93.90(12) O(I}Mn(2)-N(3)  94.33(12)
O(1)-Mn(1)-N(2)  94.54(12) O(JMn(2)-N(3)  92.29(11)
O(4-Mn(1)-N(2)  170.70(12) O(GYMn(2)-N(3)  172.69(12)
O(2-Mn(1)-0O(3)  94.35(12) O(IyMn(2)-N(4)  170.35(12)
O(1-Mn(1)-0(3)  178.17(12) O(JMn(2)-N(4)  89.30(12)
O(4-Mn(1)-0O(3)  86.87(11) O(GYMn(2)-N(4)  92.76(12)
86.83(12) N(3YMn(2)-N(4)  80.32(13)
O(2-Mn(1)-N(1)  170.45(11) O(I¥Mn(2)-CI(1)  94.06(9)
O(1)-Mn(1)-N(1)  88.75(12) O(JMn(2)-CI(1) 176.92(9)
O(4-Mn(1)-N(1)  93.43(12) O(5)Mn(2)-CI(1)  90.28(8)
N@)-Mn(1)-N(1)  80.05(12) N(3}Mn(2)-Cl(1)  87.82(9)
92.69(12) N(4yMn(2)—CIi(1)  93.75(9)
Mn(L)-O(1)-Mn(2)  95.10(12) Mn(1}O(2-Mn(2)  94.73(11)

parameters shows that these differences lead to the cations ®Distances are given in angstroms; angles are given in degrees.

of 2 and3 not being superimposable. The Mn{ipH, bond

(24) Wieghardt, K.; Bossek, U.; Nuber, B.; Weiss, J.; Bonvoisin, J.;
Corbella, M.; Vitols, S. E.; Girerd, J. J. Am. Chem. S0d988 110,
7398.
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length [Mn(1)-O(3) = 2.002(3) A] of 3 is typical of
literature valued!'3"cas mentioned above, but is signifi-
cantly longer than the corresponding value2if1.959(3)
A]. In addition, the Mn:+Mn separation ir8:-MeCN [2.6524-
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Table 5. Selected Structural and Magnetic Data for [Niu-O)(u-O.CR)[** Complexes

Mn---Mn (A)  Mn—O—Mn(deg) MmO (A) a(deg) J(cm?) g ref
1 [Mny(u-O)(u-0:CMe)Ch(bpy)][MNnCl,] 2.6715(11) 95.3(2) 1.807(4) 161.6 —450 200 TW
2 [Mny(u-O)x(u-02CMe)Cl(H0)(bpy)] 2+ P 2.6702(13) 94.8(2) 1.813(3) 161.8 —36.6 198 TW
3 [Mny(u-O)x(u-02CMe)Cl(H0) (bpy)y] 2+ ¢ 2.6524(8) 94.9(1) 1.800(3) 1625 —39.3 192  TW
7 [MNno(u-O)a(u-0,CMe)(HO)(bpy)] 3+ © 2.6401(5) 94.51(5) 1.797(1) 161.7  —43.7 198 13c
8  [Mn2(u-O)a(u-0:CMe)(H0)x(bpy)] 3+ © 2.642(3) 94.8(2) 1.794(4) 159.5  —67 200 13b
9 [Mny(u-O)y(u-OCMe)(bpeay] 3+ cd 2.580(1) 91.6(2) 1.799(4) 1648 —124 229  13d
10 [Mny(u-O)(u-0.CMe)(bpta)] 3+ ce 2.6201(14) 93.2(2) 1.803(5) 161.7 13a
11 [Mny(u-O)(u-O2CMe)(tpeny]3+of 2.591(1) 92.2(2) 1.798(3) 161.3 13e
12 [Mny(u-O)y(u-O.CMe)(Meydtne)pt co 2.599(4) 92.6(4) 1.797(9) 159.3 12e
13 [Mna(u-O)(u-HPQy)(bpy)(H2PQy)2] 2.702(2) 96.5(4) 1.810(5) 1645  —39.5 1.81  1lop

aTW, this work.2 Nitrate counterion® Perchlorate counteriod.opea= N,N-bis(2-pyridylmethyl)ethylamine bpta= N,N-bis (2-pyridylmethyl)tert-
butylamine.! tpen= N,N,N,N'-tetrakis(2-pyridylmethyl)-1,2-ethanediamirfedtne = 1,2-bis(1,4,7-triazacyclonon-1-yl)ethane.

(8) A is also similar to reported valu¥&3but nevertheless
is slightly shorter than that ir2 [2.6702(13) A]. These

differences can be assigned as due to the different hydrogen-

bonding interactions in the two compounds. The situation
in 2:-H,O was described above. Examination of the unit cell
of 3-MeCN revealed hydrogen bonds between the bound
water molecule and two perchlorate ions (Figure 4). How-

ever, there are no hydrogen bonds between the latter and a

neighboring cation, and thus the cations are not bridged by
hydrogen-bonded groups. The hydrogen bonds are
O(3)+-0(24) = 2.686(4) A and O(3):-0(32) = 2.731(4)

A, with the O—H---O angles being 177(3)and 156(5),
respectively, values indicative of strong H-bonds. As for
2-H,0, the MO, unit of 3-MeCN is not planar, the dihedral
angle between the planes O{Nin(1)—0(2) and O(1)Mn-
(2)—0(2) being 162.5(F) essentially identical with that in

2.

Although there are quite a few dinuclear complexes with
the [MnV,0,]*t core, there is only a handful that have a
bridging carboxylate group as well. These complexes, along
with their pertinent structural parameters, are collected in
Table 5. Within this family, complexes—3 are the first to
possess both the [Mfy(u-O)x(u-O,CR)] core and terminal
Cl~ ligands. In addition,1 and 2 possess an unusual
asymmetry resulting from the different ligands,(Hvs CI)
on the two MM ions. There are a few examples of
asymmetric [Ma(u-0),]*™*" compounds as a result of
different binding modes adopted by the same bi-, tri-, or
tetradentate ligands at the two ends of the moleiffe.1%
The only examples of Mncomplexes that are asymmetric
owing to different ligands are the mixed valence (lll/1V)
complexes [MpO(u-0,CMe)(Q,CMe)L] and [MnOx(u-
O,CMe)L(bpy)(MeOH)](CIQ), (where L= 1,4,7-trimethyl-
1,4,7-triazacyclononanéj® Compoundsl and 2 thus rep-

resent the first examples of asymmetric dimanganese(lV) are vs ferrocene under the same conditions. (Bottom) Plot of current vs

0.27

30

Current (LA)

Figure 5. (Top) Cyclic voltammogram for complekin MeCN; potentials

complexes with the two Mn ions coordinated to different »**for the reduction process.

ligands.

Electrochemistry. The redox properties of complex&s 3
were investigated by cyclic voltammetry (CV) in MeCN
solution. The CV ofl (Figure 5) displays an irreversible
oxidation atE;, = 0.69 V and a reversible reduction B

linear in the scan rates) range of 16-500 mV/s (Figure 5),

indicating a diffusion-controlled process. One additional

irreversible reduction is seen &p. = — 0.70 V. The

irreversible oxidation process is assigned to the oxidation

2=0.30 V with peak separations at a scan rate of 100 mV/s of the [MnCL]?>~ anion of1, and this was confirmed by the

of 80 and 70 mV, respectively. The ratigi¢) of the forward

respectively. Plots of; andi, vs v 2 for the reduction are

CV of (BzE&N),[MnCl,] recorded separately in MeCN. In
and reverse currents for the two processes was 0.90 and 1.0Qparticular, the latter also displays two poorly resolved peaks
on the reverse (reductive) scan; this is consistent with a
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chemical change to the Mng&t anion after oxidation, as
expected since Mh does not favor four-coordination, and
multiple species appear to form as a result. In contrast, the
reduction process is assigned to the catiord.of

[Mn,0,(0,CMe)Cl(bpy),] ‘= [Mn,0,(0,CMe)Cl(bpy),]
(2Mn'v) (Mn'”,Mn'V)
®)

being reduced from the 2Mhlevel to MA", Mn'V. Sweeps
in the 0.0-0.5 V range emphasize the reversibility of this
process.

In contrast to complet, the CVs of2 and3 display only
broad irreversible features. As expected, no oxidation couples
were observed. However, only irreversible reductions were
observed in cathodic scans, at approximately 0.33-ah&5
V for 2, and at 0.30 ane-0.58 V for 3, respectively. It thus
appears that the bound solvent 2nand 3 prevents the
reversible reduction o and 3, possibly due to some
subsequent chemistry following reduction and/or the strongly
acidic nature of MI-bound HO, as confirmed in the
corresponding symmetrical [M@,(O.CMe)(H.0),(bpy)]*"
specieg<cwhich will be in equilibrium with the OH-bound
form. Similarly irreversible reduction couples in CV scans
have been reported for [M@®,(0.CMe)(H,O)(bpy),]3+ 130
[Mn2Oq(terpyp(H20)]", ™' and [MnsO4(bpy(H20)]**,2
which also contain kD bound to M#H.

Magnetic Susceptibility Studies.Measurements of the
magnetic susceptibility of complexésl.5H0, 2-H,0, and
3-H,O were performed in the temperature range 2.800
K. The isotropic (Heisenberg) spin Hamiltonian for a'Njn
dimer is given by

H=-235S, 4)
whereJ is the exchange interaction parameter &e= S
= 3/,. This gives four total sping) states for the dimer of
Sr=3, 2,1, and 0, whose energigéSy) are the eigenvalues
of eq 4 and are given by

E(S) = —IS(Sr +1) (5)

A theoreticalyy vs T equation appropriate for &dd® dimer
has been previously derived from the use of eq 5 and the
Van Vleck equatiorf® This expression was modified to
include a fractionf§) of paramagnetic impurity (assumed to
be mononuclear Mb, and temperature-independent para-
magnetism (TIP). The latter was kept constant at Q0D ©
cm? mol™* K for 1 and 300x 1076 cm® mol™ K for 2 and
3; the larger number fot reflects the larger number of Mn
atoms in its formula. The resulting equation was used to fit
the experimentaym vs T data for the three complexes.

The experimental data fdt are plotted agmT vs T in
Figure 6. TheymT value decreases rapidly from 8.33 tm
mol~* K at 300 K to 4.83 crimol™! K at 40.0 K, and then

(25) Sarneski, J. E.; Thorp, H. H.; Brudvig, G. W.; Crabtree, R. H.; Schulte,
G. K. J. Am. Chem. S0d.99Q 112 7255.

(26) (a) O’Connor, C. JProg. Inorg. Chem1982 29, 203-283. (b)The
Theory of Electric and Magnetic Susceptibilitidgan Vieck, J. H.,
Ed.; Oxford University Press: London, 1932.
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Figure 6. Plot ofymT vs T for 1. The solid line is the fit of the data to the
theoretical equation; see the text for the fit parameters.

slowly to 4.51 cm mol? K at 10.0 K. Below this
temperature, it again decreases rapidly to 3.68 ol !
K. These ymT values correspond to effective magnetic
moment [i) values of 8.17, 6.22, 6.00, and 5.3,
respectively. These variable-temperature data foare
consistent with the result of the crystal structure and the
presence of an antiferromagnetically coupleddrcation
and a separate, mononuclear 'M(8 = %) anion. The
decrease inywT between 300 and 40.0 K reflects the
depopulation of thes > 0 excited states of the cation, and
the yuT ~ 4.5 cn® mol™ K at 10.0 K corresponds to the
cation being in itsS= 0 ground state and all paramagnetism
being due to the Mhanion uT = 4.4 cn? mol * K for S
=5/, andg = 2). The decrease at lower temperature is likely
due to a combination of zero-field splitting of ti&= %/,
spin manifold and weak antiferromagnetic exchange inter-
actions between different Mrions. The data foll were fit
to the theoretical expression, modified to take into account
a fixed MnV;Mn" ratio of 2:1. Data below 10 K were
ignored. The obtained fit (solid line in Figure 6) ga¥e=
—45.0(4) cm?, g = 2.00(2), ancp = 0.024.

The experimental data fd are plotted agmT vs T in
Figure 7. TheywuT value decreases from 2.23 €mol* K
at 300 K to 0.209 crimol~* K at 40.0 K and then to 0.0028
cm® mol™! K at 2.00 K. These correspond iQf values of
4.22, 1.29, and 0.15 timess, respectively. The decrease
with decreasing temperature is again indicative of an
antiferromagnetic exchange interaction between the twty Mn
centers, and the fit of the data (solid line in Figure 7) gave
J = —36.6(4),g = 1.97(1), ando = 0.003(1).

The experimental data fa@ are plotted agmT vs T in
Figure 8. TheymT value decreases from 2.07 €mol* K
at 300 K to 0.224 cihmol~* K at 40.0 K and then to 0.051
cm® mol™! K at 2.00 K. These correspond iQf values of
4.07, 1.34, and 0.64s, respectively. The fit of the data (solid
line in Figure 8) gavel = —39.3(4),g = 1.92(1), andp =
0.017(2).

The results of the fits confirm the presence of antiferro-
magnetic exchange interactions (negatlvbetween the two
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T (K) (degrees) for dinuclear complexes containing the 'M@;] core, adapted

Figure 7. Plot of yuT vs T for 2. The solid line is the fit of the datatothe ~ from ref 11a O). (®) Data for compound4—3 and7 of Table 5.

theoretical equation; see the text for the fit parameters. . . .
published plot ofl vs Mn—O—Mn angles in doubly bridged

25 [Mn20,] complexes (Figure 9). In addition, the reportéd
value for7 (Table 5) is similar to those fot—3, whereas
that for 8 is significantly stronger, and that f& seems
incredibly large. Although the limited amount of data does
not yet allow a good magnetostructural correlation to be
established for compounds containing the triply bridged
[MNn"Y5(u-O)(u-0.,CMe)] unit, the electronic structures and
exchange parameters of a number of dinuclear complexes
containing the [Ma(u-O)x(u-O.CMe)F* (z= 1, 2, 3) core
have been studied by DFT calculations, providing valuable
insights into this class of complex&With more such
compounds being synthesized, and structurally and magne-
tochemically characterized, it will hopefully become possible
to elucidate all the factors that control the magnitude of the
J value in this family of triply bridged complexes.
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Figure 8. Plot of yuT vs T for 3. The solid line is the fit of the data to the ;
theoretical equatioﬂ; see the text for the fit parameters. _NeW examples of dinuclear manganese(IV) complexes
with the [MnV y(u-O)(u-O.CMe)F* core have been prepared,

Mn" ions in compoundd—3 to give anSy = 0 ground state. ~ @nd they represent the first examples of such complexes to
The obtained values (36.6 to—45.0 cnt?) are similar to also possess chloride ions as terminal ligands. Three of these
each other and to the values obtained for related compound$Oomplexes have been crystallographically characterized.
such as [M#,0,(O,CMe)(bpyy(H,0)]3 13 (J = —43.7 Complexl is symmetric, buR and3 are very rare examples
cm2) or [Mn",0,(HPOy)(bpy)(HaP O] 100 (J = —39.5 of asymmetric dinuclear manganese complexes with the two

cm 1) (Table 5). Recently, Pecoraro and co-workers reported Mn ions coordinated to different ligands and the first such
a linear correlation between the Heisenberg exchange®X@mples for the [Mi;(u-O),] core. These complexes could

parameter) and the mean MrO—Mn angle of a number ~ Provide useful reference compounds in the future for Mn
of [Mn" 5(u-0),] complexes with iminophenolate ligands as @nd Cl XAS and/or EXAFS studies designed to determine
well as non-Schiff-base ligand& The doubly bridged  the site and mode of binding (terminal z‘és bridging) of
[MnV,(-O),] cores of all the compounds considered were Ccofactor CI' to the native WOC Macluster:

planar. However, owing to the bridging acetate group, all Magnetochemical studies of complexgs3 show that
compounds containing the triply bridged [Mg(u-O)a(u- their exchange parameterd) (are all negative (antiferro-
]SJZCMe)]. upit are not plgnar and thus are not expected to (27) (@) Delfs, C. D Stranger, org. Chem 2001 40, 3061. (b) Zhao,
ollow this linear correlation. Nevertheless, the MB—Mn X. G.; Richardson, W. H.; Chen, J. L.; Li, J.; Noodleman, L.; Tsali,

angles in these species are still expected to be at least one  H-: L. Hendrickson, D. Ninorg. Chem.1997 36, 1198. (c) Brunold,
T. C.; Gamelin, D. R.; Stemmler, T. L.; Mandal, S. K.; Armstrong,

—

of the important factors determining the magnitudd,aind W. H.: Pennerhahn, J. E.: Solomon, EJI.Am. Chem. Sod.998
on this basis the obtainetlvalues are consistent with the 28) %{2(1 87|24}A And Jcci R ML Wermble. M.W.: Chi

H _ ~ 0 P _ ompel, A.; Anarews, J. C.; Cinco, K. M.; vWwemple, M. V.] ristou,
rEIatlyely aCUt.e MH—_O Mn angles Of. 95°. This is em G.; Law, N. A.; Pecoraro, V. L.; Sauer, K.; Yachandra, V. K.; Klein,
phasized by including the data points fa~3 on the M. P.J. Am. Chem. S0d.997 119, 4465.
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magnetic), as expected, and are similar to each other and taf more compounds containing the [Mg(«-O),(«-O.CMe)]
those reported for related compounds in the literature. Thesecore are needed before all the factors that control tedue
values are consistent with the relatively acute-Md+—Mn can be established in this sub-branch of'Y4rcomplexes.
angles, but other factors are clearly also important in
determiningl. Nevertheless, the data fi3 roughly follow

the lineard vs Mn—O—Mn angle correlation established for
complexes with the doubly bridged, planar [Mi©,] cores. Supporting Information Available: X-ray crystallographic files
This probably reflects the only small degree of deviation from in CIF format for complexesl-2CH,Cl,, 2-H,O, and 3:MeCN
planarity in the triply bridged [MI,0,(0,CMe)] cores of (CIF). This material is available free of charge via the Internet at
1-3 (dihedral anglea. = 159.3-164.8; see Table 5).  Ntp://pubs.acs.org.

Clearly, the synthesis and magnetostructural characterizationCc020570v
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