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New synthesis procedures are described to tetranuclear manganese carboxylate complexes containing the [Mn,O,J8*
or [Mn4OzX]®* (X~ = MeCO,~, F~, CI~, Br—, NOs™) core. These involve acidolysis reactions of [Mn403(0,CMe),-
(dbm)s] (1; dbm is the anion of dibenzoylmethane) or [Mn4O,(O,CEt)s(dbm),] (8) with HX (X~ = F~, CI~, Br~,
NOs™); high-yield routes to 1 and 8 are also described. The X~ = NO3;~ complexes [Mn,O3(NO3)(O,CR)3(R'>-
dbm);] (R = Me, R" = H (6); R = Me, R" = Et (7); R = Et, R" = H (12)) represent the first synthesis of the
[Mn4O3(NO3)]* core, which contains an unusual 7%3-NO3~ group. Treatment of known [Mn,O,(0,CEt)-(bpy).]-
(ClOg) with HNOj3 gives [MnyO2(NO3)(0,CEt)s(bpy)2](ClO,) (15) containing a 7%:;%u-NOs~ group bridging the two
body Mn" ions of the [Mn,O,]®* butterfly core. Complex 7-4CH,Cl, crystallizes in space group P2:2;2; with (at
-168 °C) a = 21.110(3) A, b = 22.183(3) A, ¢ = 15.958(2) A, Z = 4, and V = 7472.4(3) A®. Complex 15-
3,CH,Cl, crystallizes in space group P2s/c with (at —165 °C) a = 26.025(4) A, b = 13.488(2) A, ¢ = 32.102(6)
A, B =197.27(1)°, Z =8, and V = 11178(5) A%. Complex 7 contains a [Mn(us-0)3(us-NO3)]** core (3Mn'", Mn'V)
as seen for previous [Mn4O3X]%* complexes. Complex 15 contains a butterfly [Mns(us-O),]8* core. *H NMR spectra
have been recorded for all complexes reported in this work and the various resonances assigned. All complexes
retain their structural integrity on dissolution in chloroform and dichloromethane. Magnetic susceptibility (yu) data
were collected on 12 in the 5-300 K range in a 10.0 kG (1 T) field. Fitting of the data to the theoretical yw vs T
expression appropriate for a [Mn;03X]%* complex of Cs, symmetry gave Jas = —23.9 cm™, J33 = 4.9 cm™?, and
g = 1.98, where Ja4 and Ja; refer to the Mn"Mn" and Mn"Mn"" pairwise exchange interactions, respectively. The
ground state of the molecule is S = %, as found previously for other [Mn403X]8* complexes. This was confirmed
by magnetization data collected at various fields and temperatures. Fitting of the data gave S = %, D = —0.45
cm~, and g = 1.96, where D is the axial zero-field splitting parameter.

Introduction Recently, several Mn clusters have been found to demonstrate
Manganese carboxylate cluster chemistry is of interest € New magnetic phenomenon of single-molecule magne-

from a variety of viewpoints, including magnetic materials US™M. the ability of individual molecules to function as
and bioinorganic chemistry. In the former area, it is now magnetizable magnets in the absence of an external magnetic

well recognized that such clusters often possess large (andi€'d and V\;ti no Ir:)ngl]—range ordering fromllntermolelcular
sometimes abnormally large) numbers of unpaired electrons,/Nteractions: In the latter area, a tetranuclear Mn cluster

making them attractive as precursors to magnetic matéfials. 'S @0 integral component of the photosystem Il (PSII) reaction
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center of green plants, where it is responsible for the light- of the intriguing aspects about the WOC is the influence
driven oxidation of water to oxygen g&<s® This Mn, water exerted by the presence of NOThis anion has a significant
oxidation complex (WOC) is the site of substrate (water) effect on the EPR spectrum of the WOC and is capable of
binding, deprotonation, and oxidative coupling te, @l- substituting for Ct as a cofactor and supporting some level
though the precise mechanism is currently unknown. EXAFS of water oxidation activity® As for the native Ct cofactor,
data have been of great use to probe the structure of theit is not known whether this ion binds to one or more Mn
WOC, and several topological proposals for the arrangementions to perform this function. Insights might be provided if
of the Mn ions have been proposed that are consistent withappropriate synthetic models were available; however, no
the EXAFS dat&.During function, the WOC cycles through  higher oxidation state Mn complexes containing nitrate
five oxidation levels labeled,SS,, the highest spontaneously ligands are currently known.

reductively eliminating @ and returning to & Recently, In this paper, we present improved methods to tetranuclear
crystallographic data have begun to become available on themanganese oxecarboxylate aggregates with the [My]8*
topological arrangement of the Mn ions of the W&C. (butterfly) and [Mr'sMn'YO3(O.CMe)J®* (trigonal pyrami-

The synthesis and structural and spectroscopic characterdal) cores in high yields and purity. Also, we report new
ization of Mn model complexes have provided a wealth of and convenient preparative methods to the JOEX]%"
data for comparison and contrast with those for the native complexes with X=F, Cl, Br, and NQ involving acidolysis
WOC. In our own group over a number of years, we have of either the [MnO;]®" or [MNn4O3(0.CMe)|ft complex with
been devoting a lot of effort to the development of prepara- strong mineral acids HX. The cluster obtained in this way
tive methods to tetranuclear, oxide-bridged manganesecontaining a N@ group bound to the core has been prepared
carboxylate clusters of potential relevance to the WOC. for the first time, and it thus allows the initial assessment of
Among the many complexes synthesized have been com-ligation tendencies of this ion with high oxidation state Mn
plexes with formulas [MO2(O,CR)s(py)2(dbm)] (dbm is centers, and the properties of the resulting product. In
the anion ofdibenzoylmethane) and [M3X(O-,CR)(dbm})], 14 addition, acidolysis has provided the first selective substitu-
displaying the butterfly-like [Mg(us-O);]8t (4Mn'"') and tion of a carboxylate ligand in a butterfly complex with a
trigonal pyramidal [M(us-O)s(us-X)]¢" (3Mn"", Mn'V) u-nitrate group to give [MgO,(NO3)(O-CEt)(bpy)](ClOs),
cores, respectively, as shown. The latter structure is compat-and the properties of this complex are also reported.

Experimental Section

Mnlll
/ \ /l\ Syntheses.Unless otherwise noted, all manipulations were
O o— M

Mnll— Mn" Mni! b pnl performed under aerobic conditions at ambient temperature using
\ / No\// reagents and solvents as received. Stock solutibhdvbHF, HBr,
Mn' 0 and HNG in MeCN were prepared by adding the calculated volume
\‘ / of 49% (HF), 48% (HBr), and 69% (HN§) aqueous acids
MnV containing 0.25 mol of HX to MeCN to a total volume of 250 mL.

NBu",MnO, and Mn(QCEt), were prepared as described else-
ible with one of the topologies based on EXAFS data wherel?18 domH = dibenzoylmethane= 1,3-diphenyl-1,3-pro-
presented by De Rose et al. for the WOC of PSIThese panedione; BEtlbmH= 4,4-diethyldibenzoylmethane; bpy 2,2-
complexes contain a variable ligand Yand to date we have  bipyridine.
prepared complexes with-Xeing Ct, Br, F~, N3, OCN-, Et,dbmH. A dimethoxyethane (150 mL) solution of-dthylac-
MeCO,~, MeO, and OH-. This site-specific variation has ~ €tophenone (7.9 mL, 51 mmol) and ethyl 4-ethylbenzoate (9.17 g,

allowed us to assess the influence on the properties of thedl mmol) was introduced under argon into a flask containing pure
Mn, cluster of small species known to be present at, or to NaH (2.59 g, 108 mmol). The yellow mixture was brought to reflux,

interact with, the native WOC, such as the substrat©{jH resulting in the evolution of gas as the system turned darker and

f Ct. Br). inhibi o d oth | | thicker. After 2 h, the system was allowed to cool to room
cofactors (Ct, Br), inhibitors (F), and other molecules temperature, and stirring was maintained overnight. Upon addition

similarly relevant to PSII function (MeOH, MeGO). One of water (~100 mL), the thick mixture turned into a dark brown
(6) Yachandra, V. K. S K- Klein M. &h Re. 1996 96, 2027 solution, and this was treated withl0% HCI until acidic pH was
achandra, V. K.; sauer, K.; Kiein, M. em. Re. 3 . N .
(7) Manganese Redox Enzyméecoraro, V. L., Ed.: VCH Publishers: reached. E_:_O (~200 mL) was added to obtain two sgparate phases_,.
New York, 1992. The organic phase was worked up as usual to give a yellow oil
(8) Penner-Hahn, J. EStruct. Bondingl99§ 90, 1. . after rotary evaporation, and this was dissolved in EtOH (60 mL)
© I?‘ﬁ?@?ﬁri‘/’l VF', Kéb%ﬁsglsséglééd Lsaggmer, M. J.; Mukherji, I.; Sauer, - 54 treated with Cu(Ac@H,O (5.6 g, 112 mmol). The green
(10) Zouni, A.; Witt, H.-T.; Kern, J.; Fromme, P.; Krauss, N.; Saenger, Mixture was St”’"‘?d at 6070 (_)C for 3 h anq _then at room
W.; Orth, P.Nature 2001, 409, 739. temperature overnight, after which a green precipitate was collected
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son, D. N.; Christou, GJ. Chem. Soc., Chem. Comm@f95 1591. . . . . o .
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Acidolysis Routes to Manganese Carboxylates

the solid dissolved and two phases separated. The organic phase Method 2. To a slurry of complext (0.10 g, 0.085 mmol) in

was rotary evaporated to obtain a yellow oil which turned into solid
Et,dbmH when put under vacuum. The yield was 60%.NMR
(CDCly): triplet (6H), 1.29 ppm; quadruplet (4H), 2.74 ppm; singlet
(1H), 6.83 ppm; doublet (4H), 7.33 ppm; doublet (4H), 7.93 ppm;
singlet (1H), 16.99 ppm. Anal. Calcd (Found) fortmH
0.25H,0: C, 80.11 (80.37); H, 7.25 (7.72). CIMSw/z 280 (M',

5), 135 (70), 119 (24), 105 (100), 91 (64), 77 (66).

[Mn 403(0,CMe)4(dbm)g] (1). A solution of Mn(Q,CMe),-4H,0
(4.00 g, 16.3 mmol) in water (46 mL) was added to a solution of
dbmH (3.47 g, 15.5 mmol) in glacial acetic acid (316 mL). To the
resulting yellow solution was added dropwise a purple solution of
KMnQO4 (942 mg, 5.96 mmol) in water (78 mL) to yield a dark
brown solution from which a brown solid started to precipitate.
The mixture was stirred for abo® h and filtered. The powder
obtained was washed with MeCN and@t and dried in air. Yields
of 50—70% based on total Mn were obtained. Complexvas
recrystallized by layering a CGi€l, solution with MeCN. Anal.
Calcd (Found) forl-0.4CHCl,: C, 53.11 (53.35); H, 3.82 (3.50);
N, 0.00 (0.07).

[Mn 403(0O,CMe)4(Etodbm);] (2). To a brown slurry of [MBO(O.-
CMe)](MeCO,) (500 mg, 0.86 mmol) in MeCN (15 mL) and
glacial acetic acid (2 mL) were simultaneously added dropwise two
separate solutions of fbmH (613 mg, 2.19 mmol) in MeCN (10
mL) and NBuMnQO, (73 mg, 0.20 mmol) in MeCN (1 mL). The
mixture was stirred for 15 min, and then a brown powder was
collected by filtration. This was stirred in GBI, (10 mL) for 10
min, undissolved solid removed by filtration, and the filtrate

CH,Cl, (18 mL) was added a solution of Nf&O; (0.38 mmol)
and RCSQ0H (0.20 mmol) in MeCN (1.45 mL). The mixture
was stirred for about 8 min and concentrated in vacugO Etas
used to form a slurry, and the solid was collected by filtration,
washed with copious MeCN and J#&t, and dried in vacuo. The
yield was 61%. Anal. Calcd (Found) fd@-0.5MeCN: C, 52.2
(51.9); H, 4.1 (3.9); N, 1.7 (1.7).

[Mn 403(NO3)(0,CMe)3(Et,dbm)s] (7). Method 1. To a solution
of complex2 (150 mg, 0.112 mmol) in CkCl, (10 mL) was added
226 uL of a 1 M MeCN solution of HNQ (0.34 mmol), and the
mixture was stirred for about 10 min. Addition of Bt (70 mL)
and hexanes (30 mL) led to the precipitation of a brown powder
which was collected by filtration, washed with,Bt, and dried in
vacuo. The yield was 45%. Anal. Calcd (Found) 700.7CHCl.:

C, 55.63 (55.36); H, 5.16 (5.15); N, 1.02 (1.12).

Method 2. To a solution of comple® (72 mg, 0.054 mmol) in
CH.CI, (10 mL) was added a solution of Nf&O; (0.27 mmol)
and RCSQ,0H (0.14 mmol) in MeCN (1 mL). The mixture was
stirred for about 10 min and concentrated in vacugORtas used
to form a slurry, and the solid was collected by filtration, washed
with copious MeCN and EO, and dried in vacuo. The yield was
30%. Crystals of complek suitable for X-ray crystallography were
obtained by layering a Ci&l, (2 mL) solution of the compound
(20 mg) with hexanes over 5 days at room temperature.

[Mn 40,(O,CEt)g(dbm);] (8). A solution of Mn(G,CEt),-4H,0
(568 mg, 2.08 mmol) in KD (6 mL) was added to a solution of
dbmH (460 mg, 2.08 mmol) in propionic acid (30 mL). To the

concentrated to a solid by rotoevaporation. The brown residue wasresulting yellow solution was added dropwise a purple solution of

slurried with E$O, collected by filtration, washed with g, and
dried in air. The yield was 45% based on total Mn. Anal. Calcd
(Found) for2-0.2MeCN1.6EtO: C, 57.33 (57.63); H, 5.74 (5.44);
N, 0.19 (0.22).

[Mn 4O3CI(O,CMe)s(dbm)s] (3). To a solution of complext
(0.20 g, 0.17 mmol) in CECl, (40 mL) was added 37% aqueous
HCI (41 uL, ~0.5 mmol) diluted in MeCN2 mL). The solution
was stirred for about 25 min, whereupon a fine orange-brown solid
started to precipitate. D (30 mL) was added to complete
precipitation, and the solid was collected by filtration, washed with
Et,O, and dried in air. The yield of compleékwas 76%.

[Mn 403Br(O ,CMe)3(dbm)s] (4). To a solution of complext
(0.20 g, 0.17 mmol) in CkCl, (40 mL) was added 680L of a 1
M MeCN solution of HBr (0.68 mmol). The solution was decanted

KMnO, (120 mg, 0.76 mmol) in KD (10 mL) to yield a dark brown
solution from which a light brown solid started to precipitate
immediately. When precipitation was judged to be complete, the
product was collected by filtration, washed with,@t and dried
in vacuo. Complex8 was recrystallized by stirring 200 mg of the
crude product with 20 mL of MeCN for20 min. The resulting
dark brown microcrystalline solid was collected by filtration,
washed with BEO, and dried in vacuo. The overall yield was 86%
based on total Mn. Anal. Calcd (Found) f8r C, 50.72 (50.69);
H, 4.61 (4.73). Crystals 08-hexane suitable for X-ray crystal-
lography were obtained by layering a solution of the compound
(400 mg) in CHCI, (20 mL) with hexanes.

[Mn 403CI(O,CEt)3(dbm)3] (9). To a solution o8 (0.20 g, 0.18
mmol) in CHCl, (7 mL) was added 37% aqueous HCI (2B,

into a clean flask to remove the water droplets that separated out~0.34 mmol) diluted in MeCN-2 mL). The solution was stirred

of the bottom, and after a further 30 min, a fine orange-brown
product was precipitated by addition of,Bt (50 mL). The solid
was collected by filtration, washed with &, and dried in air. The
yield of complex4 was 51%.

[Mn 4O3F(O,CMe)s(dbm);] (5). To a slurry of complex (0.20
g, 0.17 mmol) in CHCI, (20 mL) was added 34QL of a 1 M
MeCN solution of HF (0.34 mmol). The slurry converted to a dark
brown solution as the solid dissolved, and this was stirred for a
further 30 min. An orange microcrystalline solid was then precipi-
tated by addition of hexanes (50 mL), and this was collected by
filtration, washed with B, and dried in air. The yield of complex
5 was 84%.

[Mn 403(NO3)(0.,CMe)s(dbm)s] (6). Method 1. To a stirred
solution of complext (0.2 g, 0.17 mmol) in ChCl, (30 mL) was
added 34QuL of a 1 M MeCN solution of HNQ (0.34 mmol).
After 25 min, an orange-brown solid was precipitated from solution
by addition of ExO (50 mL), and this was collected by filtration,
washed with BO, and dried in air. The yield of complexwas
66%.

for about 3 min, and then ED (30 mL) was added. The mixture
was left undisturbed for-6 h, during which time small black
crystals formed. These were collected by filtration, washed with
MeCN and E£O, and dried in vacuo. The yield was 66% based
on the limiting reagent (dbm). Anal. Calcd (Found) for
9-0.8CHCI,: C, 52.23 (52.10); H, 3.97 (4.00); N, 0.00 (0.00).
[Mn 403Br(O ,CEt)3(dbm)s] (10). To a solution of complex8
(0.40 g, 0.35 mmol) in CkCl, (14 mL) was added 1.02 mL of a
1 M MeCN solution of HBr (1.02 mmol). The solution was decanted
into a different flask to remove the water droplets that deposited at
the bottom. The solution was stirred fer3 min, EtO (60 mL)
added, and the flask left undisturbed overnight at room temperature.
The resulting black crystals were collected by filtration, washed
with MeCN and E{O, and dried in vacuo. The yield was 35% based
on dbnt. Anal. Calcd (Found) fot0-0.4CHCl,: C, 51.42 (51.40),
H, 3.87 (3.71); N, 0.00 (0.00).
[Mn 4O3F(O,CEt)3(dbm)s] (11). To a solution of complex8
(0.40 g, 0.35 mmol) in CKCl, (20 mL) was added 1.06 mL of a
1 M MeCN solution of HF (1.06 mmol). The solution was stirred
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for ~3 min, E&O (110 mL) added, and the flask left undisturbed
at room temperature overnight. The resulting small, dark brown
crystals were collected by filtration, washed with MeCN angCEt
and dried in air. This solid was stirred in GEl, (16 mL) for about

30 min, a small amount of insoluble brown powder was removed
by filtration, and E3O (40 mL) was added to the filtrate. The flask
was left overnight at room temperature, and the resulting small
crystals were collected by filtration, washed with@&t and dried

in vacuo. The yield was 38% based on dbrnal. Calcd (Found)

for 11:0.2CHCl,: C, 54.58 (54.38); H, 4.09 (4.39); N, 0.00 (0.00).

[Mn 403(NO3)(O,CEt)3(dbm)s] (12). To a slurry of complex8
(0.40 g, 0.35 mmol) in MeCN (25 mL) was added 1.08 mL of a 1
M MeCN solution of HNQ (1.08 mmol). The slurry turned into a
dark brown solution from which orange-brown microcrystals
precipitated almost immediately. The mixture was stirred for about
25 min, and the solid was collected by filtration, washed with MeCN
and EtO, and dried in vacuo. The yield was 31% based ondbm
Anal. Calcd (Found) fod2 C, 53.22 (53.06); H, 3.97 (3.88); N,
1.15 (1.02).

(NBug)[Mn 40,(O,CELt)7(pic),] (13). A solution of Mn(Q,CEt),-
4H,0 (757 mg, 2.77 mmol) in O (5 mL) was added to a solution
of picH (256 mg, 2.08 mmol) and NBGIO, (260 mg, 0.76 mmol)
in propionic acid (30 mL). To the resulting yellow solution was
added dropwise a purple solution of NBInO, (274 mg, 0.76
mmol) in MeCN (2 mL) to yield a red-brown solution which was
stirred for~3 h. Addition of EO (200 mL) led to the formation
of a red precipitate which was collected by filtration, washed with
Et,O, and dried in air. The yield was 85% based on total Mn. Anal.
Calcd (Found) forl3-0.5H,0: C, 46.75 (46.39); H, 6.41 (6.09);
N, 3.34 (3.69).

[Mn 40,(O,CEt)(bpy)2](ClO4) (14). A solution of Mn(Q.CEt),-
4H,0 (757 mg, 2.77 mmol) in water (6 mL) was mixed with a
solution of bpy (325 mg, 2.08 mmol) and NBLIO, (520 mg, 1.52
mmol) in propionic acid (25 mL). To the resulting yellow solution
was added dropwise a purple solution of NBmO, (274 mg, 0.76
mmol) in MeCN (2 mL) to yield a red solution which was stirred
for about 2 h. Addition of B (200 mL) led to precipitation of a
microcrystalline red product which was collected by filtration,
washed with BO, and dried in vacuo. The yield was 81% based
on total available Mn. Anal. Calcd (Found) fid-0.4EtCQH: C,
42.07 (41.97); H, 4.47 (4.34); N, 4.65 (4.37).

[Mn 40,(NO3)(O,CEt)¢(bpy)2](ClO 4) (15). To a red solution of
14 (300 mg, 0.255 mmol) in MeCN (15 mL) was added a MeCN
solution of HNQ (255uL, 1 M, 0.255 mmol). The solution was
left undisturbed for 23 h, during which time dark orange needles
were slowly deposited. The product was collected by filtration,
washed with BXO, and dried in vacuo. The yield was 64%. Anal.
Calcd (Found) forl5: C, 39.21 (39.02); H, 3.98 (4.12); N, 6.02
(6.04).

X-ray Crystallography and Structure Solution. Data were
collected on a Picker four-circle diffractometerat170°C; details
of the diffractometry, low-temperature facilities, and computational
procedures employed by the Molecular Structure Center are
available elsewher¥. Small black crystals suitable for X-ray
diffraction were selected from the bulk samples (maintained in
mother liquor to prevent rapid solvent loss) and transferred to the

goniostat, where they were cooled for characterization and data

collection (6 < 22° < 45°, +h, +k, +I for 7-xCH,Cl,; and 6 =<
22° < 50°, +h, +k, £l for 15-%,CH,Cl,). Systematic searches of
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programs DIRAX and TRACER revealed an orthorhombic unit cell
for 7-xCH,Cl, and a monoclinic unit cell forl53,CH,Cl,.
Following data collection, the systematic absences uniquely identi-
fied the space groups &2,2,2; for 7-xCH,Cl, andP2;/c for 15
3/,CH,Cl,. The structures were solved by direct methods (MUL-
TAN78) and Fourier techniques, and refined iy full-matrix
least-squares.

For 7-xCH,Cl,, the positions of the four Mn atoms were obtained
in the initial E-map and the remaining non-hydrogen atoms were
located in iterations of least-squares refinement, followed by a
difference Fourier map calculation. Hydrogen atoms were intro-
duced in fixed, calculated positions with isotropic thermal param-
eters equal to 1.0 plus the isotropic equivalent of the parent atom.
Disorder was observed in two of the ethyl groups, C41 and,C41
which refined to 45% and 55% occupancy, respectively, while C62
and C62refined to 70% and 30%, respectively. Hydrogen atoms
were not calculated for C40, C41, C4C61, C62, and C82The
asymmetric unit also contained very disordered solvent molecules,
assumed to be Ci€l,, which had been used in the crystallization.

A total of 18 atoms (16 Cl atoms dn2 C atoms) of varying
occupancy were found for the solvent molecules. The final full-
matrix least-squares refinement was carried out using anisotropic
thermal parameters on atoms in the main molecule, except for the
disordered atoms, which were kept isotropic. The final difference
Fourier contained several peaks of about 13éithe areas of the
disordered solvent molecules. The deepest hole Wai§3 e/A.

For 15-3,CH,Cl,, an analytical absorption correction was carried
out and the structure was solved using DIRDIF-96, a program
combining Patterson and direct methods. All non-hydrogen atoms
were readily located. The asymmetric unit contains two almost
identical Mn, cations, two CI@ anions, three molecules of
CH.CI,, and seven atoms from an unidentified solvent, possibly
hexane; the occupancies of the latter varied from 45% to 93%. A
small (50/50) disorder in one of the propionate groups (C15/C15A)
was observed. Hydrogen atoms were introduced ag-f@H,Cl,,
except for on the disordered atoms. During the initial anisotropic
refinement, atoms C22, C29, C78, C110, C115, and C126 did not
converge properly to the anisotropic form and were kept isotropic.
The disordered atoms and the unidentified solvent atoms were also
refined isotropically. The final refinement was carried out using
anisotropic thermal parameters on all non-hydrogen atoms (except
as above). The final difference Fourier map was essentially
featureless, the largest peak being 1.173df8m a hexane atom.
The deepest hole was1.08 e/A.

Final R (Ry) indices for the two complexes are included in
Table 1.

Physical Measurementsinfrared spectra were recorded as KBr
disks or Nujol mulls between KBr plates on a Nicolet Model 510P
spectrophotometetH NMR spectroscopy was performed on a 300
MHz Varian Gemini 2000 NMR spectrometer with the protio
solvent signal used as reference, addNMR spectra were collected
on a 400 MHz Varian Inova NMR spectrometer with the deuterio
solvent signal used as reference. dc magnetic susceptibility data
were collected on powdered, microcrystalline samples on a
Quantum Design MPMS-XL SQUID magnetometer equipped with
a7 T (70 kG) magnet. A diamagnetic correction to the observed
susceptibilities was applied using Pascal’'s constants. Elemental
analyses were performed by Atlantic Microlab or at Indiana
University using a Perkin-Elmer Series || CHNS/O Analyzer 2000.

limited hemispheres of reciprocal space and analysis using theResults

(19) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. @org.
Chem.1984 23, 1021.
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Preparation of Tetranuclear Complexes via Compro-
portionation. Comproportionation reactions between 'Mn



Acidolysis Routes to Manganese Carboxylates

Table 1. Crystallographic Data for and 15

7 15
empirical formula G7H74C|3Mn4NO]_ga C39,d‘|49C|4Mn4N5021b
fw 1684.69 1291.41
space group P2,212; P2,/c
a, 21.110(3) 26.025(4)
b, A 22.183(3) 13.488(2)
c, A 15.958(2) 32.102(6)
B, deg 20 97.27(1)
vV, A3 7472.4(3) 11178(5)

z 4 8

T,°C —168 —165
radiation A 0.71069 0.71069
Pealcd g/cm3 1.498 1.535
w,cmt 10.125 11.487
R (Rw),%€% 7.48 (7.35) 8.6 (7.6)

aIncluding four CHCI, solvate moleculeg Including 1.5 CHCI, solvate
molecules¢ Graphite monochromato?.R = 1005 ||Fo| — |Fe||/S |Fol. © Ry
= 100[yW(|Fo| — |Fc )ZTWIFo[?]Y2 wherew = 1/02(|Fo|).

study of this family of compounds using techniques such as
inelastic neutron scattering (INS), which requires several
grams of materiad®

If the same reaction is carried out in propionic acid using
Mn(O.CEt), instead of Mn(QCMe), the new complex
[Mn4O,(O,CEt)(dbm)] (8) precipitates from the reaction
mixture (eq 2). Complex8 is a 4Md" product and is
structurally different from1. The fact that the complex
analogous td. is not formed is ascribed to the low solubility
of 8.

16Mn(Q,CEt), + 4KMNnO, + 10dbmH+ 2EtCOH —
5[Mn,0,(0,CEt)(dbm),] + 4KO,CEt+ 6H,0 (2)

Similar reactions were also carried out with picolinic acid
and bipyridine. Thus, addition of a MeCN solution of NBu

and Mi" sources have found extensive use in our group to MnOs to Mn(G,CEt), and picH in propionic acid gave the

produce Mn/O/RC@aggregates of various nuclearities. For
example, [MRO(OG.CR)(py)s]®t complexes are readily
obtained from MH# and MnQ~ in organic solvent% In some

AMN" complex (NBU,)[Mn4O.(O.CEt)(pic)] (13). The
preparation ofL3 is very similar to that previously reported
for the MeCQ~ derivative, but the yield is significantly

cases, these clusters are useful starting points from which tohigher (85% vs 46%), and no further purification steps are
access species of higher nuclearity. Thus, addition of the Needed. With bpy in the presence of NRLIO,, the expected

appropriate chelate ligand to [MQ(O.CMe)(py)s](Cl04)*”
leads to [MnO,(O,.CMe)(pic)] ~,2* [Mn4O.(O.CMe)-
(bpy)l "% and [MnOx(O:CMe(py)z(dbm)]*® (picH =
picolinic acid; bpy= 2,2-bipyridine; domH= dibenzoyl-

compound, [MgO,(O,CEt),(bpy)](ClOy4) (14), was obtained

in 80% yield and high purity. Comple%4 is analogous to

previously reported [MyO(O,CMe),(bpy)](ClO,).%
Acidolysis Reactions of 1 and 8Complex1 contains

methane). In a combination of these two approaches, threen?u-MeCQ,™ groups and ong'u:-MeCO;~ group

(NBU"4)[MNn40,(OCMe)(pic);] and [MnO»(O.CPh)(bpy)]-

(ClOg4) were obtained directly via comproportionation in the
presence of pic and bpy, respectively, as well as the
corresponding carboxylaté The present results arise from

bridging the three M# ions. The latter carboxylate can be
selectively replaced by other ligands in site-specific ligand
substitution reactions to produce a family of compounds
[MNn4O3X(0,CMe)(dbm)] (X = F, ClI, Br, Ns).1*"12 These

an attempted extension of this direct approach to reactionswere formed by electrophilic attack on th&us-AcO™ group

involving dbmH, but these were surprisingly found to yield

by reagents capable of delivering the incoming ligand, i.e.,

higher oxidation state complexes. Thus, addition of aqueousMesSiX (X = CI, Br, Ns) and EtNSF; (X = F).

KMnO4 to a solution of Mn(QCMe),*2H,O and dbmH in
glacial acetic acid led to [Mi©O3(O.CMe)(dbm)] (1), a
Mn"sMn'Y product. The formation ol is summarized in
eq 1. This represents a vastly superior route to complex

12Mn(O,CMe), + 4KMnO, + 12dbmH—
4[Mn,O,(0,CMe),(dbm),] + 4KO,CMe +
4MeCOH + 4H,0 (1)

We have been interested for some time in studying the
interaction of N@Q~ with tetranuclear manganese clusters,
since this anion has been found to alter the EPR signal of
the WOC in PSII, and to partially restore the activity of the
enzyme in Ci-depleted samplé§.We believed that replace-
ment of thentus-MeCQO,~ group of complexl by NO;~
might be a suitable route to a MNO; species. Since a
nitrate-containing reagent of the kind described above was
not available, we explored the protonation of th&us-

which had been previously prepared only on a small scale MeCQ,™ group of1 in the presence of nitrate, using a strong

by controlled potential electrolysis of [MO,(O.CMe)(py).-
(dbm)] under anaerobic conditiot323 This compound has

acid of a noncoordinating anion in combination with an
organic source of nitrate. The reaction of complewith

served in the past as an excellent starting point for preparingCFSO:0H and NE{NO; was monitored by?H NMR

the derivatives [MOsX(0O.CMe)(dbm)] (X = F2 CI,*3
Br,12 OMe ! OH,* N3'3), which constitute an isostructural
series of single-molecule magnétsThe facile, high-scale
synthesis of comples reported here has also enabled the

(20) Lis, T.Acta Crystallogr., Sect. B98Q 36, 2042.

(21) Libby, E.; McCusker, J. K.; Schmitt, E. A.; Folting, K.; Hendrickson,
D. N.; Christou, G.Inorg. Chem.1991, 30, 3486.

(22) Vincent, J. B.; Christmas, C.; Chang, H.-R.; Li, Q.; Boyd, P. D. W.;
Huffman, J. C.; Hendrickson, D. N.; Christou, &.Am. Chem. Soc.
1989 111, 2086.

(23) Wang, S. Wemple, M. W., Yoo, J.; Folting, K.; Huffman, J. C.; Hagen,
K. S.; Hendrickson, D. N.; Christou, Gorg. Chem200Q 39, 1501.

spectroscopy using [M®;(CDsCO,)4(dbm)] (1a). The?H
NMR spectrum ofla shows, in addition to the signal from
the solvent, two peaks at 36.8 and 66.1 ppm corresponding
to the three equivalenyZu,-(CDsCO;”) groups and the
uniquentus-(CDsCO, ") group, respectively (Figure 1, top).
Addition of a slight excess of GBEO,OH and NE{NO; in
MeCN causes a slight shift of the first signal and the

(24) Aubin, S.; Wemple, M. W.; Adams, D. M.; Tsai, H.-L.; Christou, G.;
Hendrickson, D. NJ. Am. Chem. Sod.996 118 7746.

(25) Andres, H.; Basler, R.; Giel, H.-U.; Aromj G.; Christou, G.; Btiner,
H.; Rufflé, B. J. Am. Chem. SoQ00Q 122, 12469.
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H2-0,CCD5

U3-0,CCD;~

CD;CO,H

Figure 1. 2H NMR (400 MHz) spectra in CkCl, of la (top) and6a
(bottom) generated in situ in the NMR tube (see the text for details). The
small amount of naturally occurring CDHC(S) is used as an internal
reference.

disappearance of the second one. In addition, a peakat
ppm corresponding to free GDO,H appears (Figure 1,

Aromi et al.

Thus 1 M MeCN solutions of the concentrated acids aqueous
HCI (37%), aqueous HBr (48%), aqueous HF (49%), and
aqueous HN@(69%) were prepared. When amounts of HX
(X = ClI, Br, F, NG;) ranging from 2 to 4 equiv (see the
Experimental Section) were added to £Hp solutions of

1, the corresponding [My®sX(O,CMe)(dbm)] complexes

(X =Cl, 3; Br, 4; F, 5, NOs, 6) were formed and isolated in
good yields, according to eq 5. In all cases, an excess of

[Mn,O4(0,CMe),(dbm)] + HX —
[Mn,O;X(O,CMe);(dbm)] + MeCQH (5)

acid (2-4 equiv) was needed to drive the reaction to
completion, without causing major decomposition. In addi-
tion to providing a second route to the nitrate-bridged
complex 6, this method has also afforded a new and
convenient way to prepare known compleges on a large
scale.

Acidolysis reactions witt8 were also investigated. We
have shown in earlier repot£®27that removal of bridging
carboxylate ligands from the complex [WDu(O.CMe)k(py).-
(dbm)] with MesSiX (X = CI, Br, N3, N-bound OCN) leads
to a core rearrangement and disproportionation to give the
corresponding us-X-containing molecules [MiDzX-
(O,CMe)(dbm)] (3Mn"", Mn'V). To explore whether such
reactions could also be triggered by mineral acids HX, where

bottom). These observations are consistent with the replacecarboxylate removal would take place by protonation, or

ment of the unique acetate group by nitrate to form the
product [MniO3(NOs3)(0O,CCDs)s(dbm)] (6a). The reaction

whether the cluster would be destroyed by the acid condi-
tions, CHCI, solutions of compleX were treated with 23

(eq 3) was therefore performed on a large scale, and theequiv (see the Experimental Section) of HX €XCl, Br, F,

nitrate-substituted complex [M@3;(NOs)(O,CMe)(dbm)]
(6) was successfully isolated and characterized.

[Mn,0,(0,CMe),(dbm)]] + F,CSO,0H + NEt,NO, —
[Mn,04(NO,)(0,CMe),(dbm);] + NEt,F,CSQ, +
MeCOH (3)

X-ray structural confirmation of the binding of NO(vide
infra) was obtained using the related complex Jg(NOs)-
(O.CMe)(Et,.dbm)] (7), which contains g@-ethyl-substituted
version of the dbm ligand. The crystal structure revealed
the presence of g%us-NOs~ ligand bridging three M#
centers, providing the first example of this coordination mode
for NO;~. Complex7 was prepared analogously @ousing
[Mn4O3(O.CMe)(Et,dbm)] (2). Complex2 had itself never
been made before, and it was obtained by oxidation in MeCN
of the polymeric complex [MgO(O,CMe)](MeCO,) with
NBuU"YMnQO; in the presence of ElbmH and MeCG@H, as
summarized in eq 4.

5[Mn,O(0,CMe)](O,CMe) + NBU",MnO, +
12EtdbmH+ 3H,0 — 4[Mn,0,(0,CMe),(Et,dbm);] +
18MeCQH + NBU",0,CMe (4)

The successful use of triflic acid and NEO; to effect
site-specific ligand substitution in complexds and 2

suggested that the use of just strong aqueous mineral acid§2

in the appropriate stoichiometry might lead to similar results.

810 Inorganic Chemistry, Vol. 41, No. 4, 2002

NO;), followed by the addition of EO. The complexes
[Mn4O3X(O,CEt)(dbm)] (CI, 9; Br, 10; F, 11) crystallized
overnight from the reaction mixtures. The reaction with
HNO; yielded the analogous NO-containing compound
along with a coproduct (as revealed By NMR and IR
spectroscopy). Attempts to separate the two species were
unsuccessful. However, if the HNGolution was added to

a MeCN slurry of complex8, a reaction took place within
minutes and pure [Mi©s(NO3)(O.CEt)(dbm)] (12) pre-
cipitated. These reactions presumably involve a process of
core disproportionation and rearrangement analogous to that
in the MeSiX reaction!?627(vide supra). The transforma-
tion is summarized in eq 6.

3[Mn,0,(O,CEt)(dbm)] + 2HX —
2[Mn,0,X(O,CEt),(dbm),] + 2EtCOH + 10EtCQ,~ +
2Mn?" + 2Mn*" (6)

The above results demonstrate the instability of the
[Mn4O;]8t core of 8 toward the removal of one or more
bridging carboxylate ligands. To effect the selective substitu-
tion of a single bridging carboxylate group by BiCfrom a
[Mn40;]8" complexwithout modifying the core, compound
14 seemed a better starting material. This molecule has a

(26) Wang, S.; Tsai, H.-L.; Streib, W. E.; Christou, G.; Hendrickson, D.
N. J. Chem. Soc., Chem. Commu®92 1427.

7) Wang, S.; Tsai, H.-L.; Libby, E.; Folting, K.; Streib, W. E.;
Hendrickson, D. N.; Christou, Gnorg. Chem.1996 35, 7578.
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seventh carboxylate ligand located on two Jafeller axes Table 2. Selected Interatomic Distances (A) and Angles (deg)7for
of the central two MH ions and is thus more labile and  yn@1)  wMn@E) 2798(3) Mn@2  O@25)  1.894(8)
susceptible to electrophilic attack than the other carboxylate Mn(1) Mn(3)  2.790(2) Mn(3)  O(5) 1.945(7)
groups. In an earlier pap&twe showed that this carboxylate ~ Mn(}) ~ Mn(4)  2.775@2)  Mn(@3)  O®)  1.935(7)

. : . ‘ Mn(2) Mn(3) 3.226(2) Mn@3) O@8 2.344(4
ligand in (NBU4)[Mn4O,(OCPh)(pic),] can be selectively MEB ME% 3.261%2% Mﬂgsg oE1)9) 2.125((5))

removed with 1 equiv of MgSIiCl. Thus, complexl4 was Mn(3) Mn(4) 3.201(2) Mn(3) 0(42) 1.911(8)
i i ; Mn(1)  O(5) 1.851(9) Mn(3)  O(46) 1.894(8)
trgated in MeCN with 1 equiv o_f' HNE and dark orange Mn(1) () 1847(7) MN(4) o) 1.933(3)
microcrystals formed upon addition of %t Infrared and Mn(l)  O(7) 187405 Mn(4)  O(7) 1.932(7)
IH NMR spectroscopies (vide infra), as well as elemental Mn(1) 0(9) 1.910(7) Mn(4) 0(8) 2.329(8)
i i ; . Mn(1)  O(13) 1.947(9) Mn(4)  O(15)  2.132(9)
analysis, were f:on3|stent with [MDZ_(Nog)(OZCEt)G(bpy)z] MN(D) oan) 1.027(4) MN(4) 0(63) 1882(8)
(CIOy) (15) as in eq 7. However, it was not clear whether  yin2)  o(5) 1916(6) Mn(4) O(67)  1.896(4)
Mn(2)  O(7) 1.946(9)  O(8) N(84) 1.313(12)
[Mn,O,(O,CEt),(bpy)l(CIO,) + HNO; — Mn(2) 0(8) 2.301(7) 0(85) N(84) 1.226(14)
[Mn ,0,(NO,)(O,CEt)(bpy),](CIO,) + EtCOH (7) Mn(2)  O(11) 2.159(7)  O(86) N(84)  1.210(15)

Mn(2)  O(21)  1.898(5)

the NG~ ion was bound to the manganese, or merely a 88; mn% 85% gg.gg; 8% mngg 8&3; 183?2((2))
. ) oo S n ) n _
second, non_coo@_nated countenon.Thls pointis of biological O(B) Mn(l) 0@ 936(3) O Mn(3) O@46) 101.22(21)
relevance since it is known that NOmight bind to the Mn O(5) Mn(l) O(13) 179.4(3) O(19) Mn(3) O(42) 98.09(22)
complex of PSII, partially restoring the catalytic activity of O§5; Mnglg 021)7) 92.00((27)) O((19; Mné3)) O((46)) 91-5(7()26)
- O() Mn(l) O(7) 86.29(25) O(42) Mn(3) O(46) 91.4(3
Cl~-depleted ;ampléé.However, thel.crzstal st[ucture of O(6) Mn(l) O 17947(13) O@) Mn() O(7)  82.35(24)
complex 15 (vide infra) revealed ay“:n':u-NOs;~ group 0(6) Mn(l) O(13) 93.1(3) O() Mn(4) O(@B) 80.97(26)
bound to the two central manganese atoms in the same moded(6) Mn(1) O(17) 93.52(26) O(6) Mn(4) O(15) 90.02(26)
; i i i O(7) Mn(1) O(9) 94.22(26) O(6) Mn(4) O(63) 92.67(25)
as that of the displaced EtQOhgand. This reaction ol4 _0(7) Mn(l) O(13) 9491(28) O(6) Mn(4) O67) 169.4(d)
with HNOs thus represents a third method for the selective o7) wmn(1) o(17) 177.04) ©0(7) Mn@) 0@®)  77.8Q3)
substitution of bridging carboxylate ligands by nitrate in O(9) Mn(1) O(13) 87.0(3) O(7) Mn(4) O(15) 87.7(3)
0O(9) Mn(l) O(17) 85.96(25) O(7) Mn(4) O(63) 173.8(3)
manganese clusters. . - O(13) Mn(1) O(17) 88.07(27) O(7) Mn(4) O(67) 93.52(26)
Description of Structures. Selected interatomic distances  gi)” mn(2) o(7)° 81.34(28) O(8) Mn(4) O(15) 163.78(20)
and angles for complexé&sand15 are listed in Tables-24; O() Mn(2) O(8) 80.07(23) O(8) Mn(4) O(63) 105.1(3)

; in Ei O(5) Mn(2) O(11) 89.55(26) O(8) Mn(4) O(67) 88.6(3)
ORTEP representations are presented in Figures 2 and 3. O() Mn(2) O@L) 1746(3) OB N(84) O@5) 120.3(11)

The structure of7 (Figure 2) consists of a MlthnIV O(5) Mn(2) O(25) 91.9(3) 0(8) N(84) 0O(86) 115.2(9)
trigonal pyramid with the Ml ion at the apex. Each vertical 0(7) Mn(@2) O(8) 78.23(27) O(15) Mn(4) O(63) 88.7(3)
Mn; face is capped by as-O?" ion, and the basal Myface O(7) Mn(2) O(11) 87.7(3) O(15) Mn(4) O(67) 99.62(27)
. . . i O(7) Mn(2) O(21) 95.78(26) O(63) Mn(4) O(67) 92.00(25)
is capped by ay':usz-NO;™ ion. Three bridging MeCe O(7) Mn(2) O(25) 173.15(24) O(85) N(84) O(86) 124.4(10)

groups and three chelating -;Bbnm™ groups provide the O(8) Mn(2) O(11) 163.6(4) Mn(1) O() Mn(2) 95.94(18)
peripheral ligation and make each Mn ion six-coordinate. O(8) Mn(2) O(21) 94.85(23) Mn(1) O(5) Mn(3) 94.6(4)

. o O(8) Mn(2) O(25) 99.42(28) Mn(2) O(5) Mn(3) 113.33(25)
As expected for high-spin Mhin near-octahedral geometry, O(11) Mn(2) O(21) 94.97(26) Mn(1) O(6) Mn(3) 95.0(3)
the three MH ions display JahnTeller distortions, and these  0(11) Mn(2) 0O(25) 93.6(3) Mn(1) O(6) Mn(4) 94.4(3)
take the form of elongations along the axes containing the ©(21) Mn(2) O(25) 90.8(3) Mn(3) O(6) Mn(4) 111.7(4)

NO;~ group. The overall structure dfis similar to that of 88; mg 8% %2(232)21) ',\\/',Irr‘]((ll)) %((77)) m((i)) %43'_%{84)

previous [MnOsX(O,CMe)(dbm)] complexes except for  0O(G) Mn(3) O(19) 88.18(25) Mn(2) O(7) Mn(4) 114.4(4)

the X~ being NQ~ for the first time. Theyus-NO;™ is in 8% mng 8%; 132-3((3)) '\'\qn((g gg)) mn((ig gg-gigg
L. . . n . n n .

an unusual bridging mode for this group; we h_ave found no 0(6) Mn(3) O(8) 8055(24) Mn(2) O(8) N(84) 129.5(7)

other example of @%u3s-NO3z~ group, triply bridging modes 0(6) Mn(3) O(19) 89.44(24) Mn(3) O(8) Mn(4) 86.48(27)

for this ion usually involvingy? or #° ligation. There are,  O(6) Mn(3) O(42) 170.2(3)  Mn(3) O(8) N(84) 127.7(5)

however,nt:us-NO3z~ groups known in the clusters jQ@s- O() Mn(®) O@46) 94.7(3)  Mn(4) O@E) N(@4) 1226(4)

(NOs)(tca)]* (tca= thiophene-2-carboxylate) and [@s- Table 3. Comparison of Selected Interatomic Distances (A) and Angles
(NO3)(O.,CMe),] 231 (deg) for [MnyO3X]6" Complexesl, 3, and 72
A comparison of the core dimensions bfvith those for parametdt X =MeCO, (1) X=NOg (7) X=CI"(3)
the X* = MeCQ,” (1) and CI (3) complexes reported  “ypir...yv 2.799 2.788 2.795
elsewher&?" is provided in Table 3. Th@s-NOs;~ group Mn!!---Mn! 3.201 3.229 3.251
causes little change in the core compared Wi#nd3: the Mn'! —Op 1.933 1.935 1.933
MnV—0y 1.867 1.857 1.864
Mn! —X 2.2 2.32 2.
(28) Libby, E.; Folting, K.; Huffman, C. J.; Huffman, J. C.; Christou, G. ME”'—X—Mn” 88 39 87393 756!;0
Inorg. Chem.1993 32, 2549. i I ] ' '
(29) Heinrich, D. D.; Folting, K.. Streib, W. E.; Huffman, J. C.; Christou, M7, ~9v~Mn 11138 113.14 1145
il 9. 1 e el © Mn"—0p—MnV 94.8 94.62 94.8

G. J. Chem. Soc., Chem. Commud®a89 1411.

(30) Arrowsmith, S.; Dove, M. F. A.; Logan, N.; Antipin, M. Y. Chem.
Soc., Chem. Commuth995 627.

(31) Karet, G. B.; Sun, Z. M.; Heinrich, D. D.; McCusker, J. K.; Folting, PP . .
K.; Streib, W. E.; Huffman, J. C.; Hendrickson, D. N.; Christou, G. Only S|gn|f|cant differences are to be found in MK

Inorg. Chem.1996 35, 6450. distances and Mh—X—Mn"" angles, with a slight influence

a Averaged under idealizeds, symmetry.P b = bridging mode.
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Table 4. Interatomic Distances (A) and Angles (deg) it

Mn(l)  Mn@)  2.854(3) Mn(3)  O(3)  2.201(9)

Mn(l)  O(5) 1.900(8) Mn(3)  O(18)  1.916(8)

Mn(l)  O(6) 1.894(8) Mn(3)  O(21)  2.143(9)

Mn(l)  O(7) 2.351(9) Mn(3)  N(41)  2.056(11)
Mn(l)  O(11)  1.955(9) Mn(3)  N(52)  2.033(11)
Mn(l)  O(16)  2.133(9) Mn(4)  O(6) 1.858(8)

Mn(l)  O(38)  1.942(9) Mn(4)  O(28)  1.926(11)
Mn(2)  O(5) 1.896(8) Mn(4) O(33)  2.137(10)
Mn(2)  O(6) 1.864(8) Mn(4)  O(36)  2.117(10)
Mn(2)  O(9) 2.317(9) Mn(4)  N(53)  2.057(12)
Mn(2)  O(23)  1.942(8) Mn(4)  N(64)  2.010(12)
Mn(2)  O(26)  2.123(10)  O(7) N(8) 1.276(12)
Mn(2)  O(31)  1.959(9) 0(9) N(8) 1.286(12)
Mn(3)  O(5) 1.844(8) 0O(10)  N(8) 1.183(13)
O(5) Mn(l) O(6) 81.04) O(13) Mn(3) N@1) 82.0(4)
O(5) Mn(l) O(7) 882(3) O(13) Mn(3) N(52) 88.4(4)
O(5) Mn(l) O(11) 97.4(4) O(18) Mn(3) O(21) 99.0(4)
O(5) Mn(l) O(16) 91.0(4) O(18) Mn(3) N(41) 167.3(4)
O(5) Mn(l) O(38) 175.7(4) O(18) Mn(3) N(52) 91.1(4)
0(6) Mn(l) O(7) 84.8(3) O(21) Mn(3) N@1) 87.3(4)
0(6) Mn(l) O(11) 169.4(4) O(21) Mn(3) N(2) 85.5(4)
0(6) Mn(l) O(16) 99.3(4) N(41) Mn(3) N(52) 78.3(4)
O(6) Mn(l) O(38) 94.7(4) O(6) Mn(4) O(28) 96.7(4)
O(7) Mn(l) O(11) 846(3) O(®B) Mn@4) O(33) 91.7(3)
O(7) Mn(l) O(16) 175.6(4) O(6) Mn(4) O(36) 94.7(4)
O(7) Mn(l) O(38) 90.7(3) O(B) Mn(4) N(B3) 91.7(5)
O(11) Mn(l) O(16) 91.2(4) O(6) Mn(4) N(64) 169.7(5)
O(11) Mn(l) O(38) 86.7(4) O(28) Mn(4) O(33) 89.6(4)
O(16) Mn(1) O(38) 90.3(4) O(28) Mn(4) O(36) 96.0(4)
O(5) Mn(2) O(6) 81.9(3) O(28) Mn(4) N(53) 170.1(5)
O(5) Mn(2) O(9) 85.4(3) O(28) Mn(4) N(64) 93.3(5)
O(5) Mn(2) O(23) 95.0(4) O(33) Mn(4) O(36) 171.0(4)
O(5) Mn(2) O(26) 100.0(4) O(33) Mn(4) N(53) 85.0(4)
O(5) Mn(2) O(31) 167.8(4) O(33) Mn(4) N(64) 85.9(4)
0(6) Mn(2) O(9 89.03) O(36) Mn(4) N(53) 88.4(4)
0(6) Mn(2) O(23) 176.5(4) O(36) Mn(4) N(64) 86.6(4)
0O(6) Mn(2) O(26) 91.4(4) N(3) Mn(4) N(64) 78.1(6)
0(6) Mn(2) O(31) 96.0(4) O() N@B) 09 117.3(11)
0(9 Mn(2) O(23) 89.0(3) O(7) N(8 O(10) 120.3(12)
0(9) Mn(2) O(26) 174.6(4) O(9) N(8) O(10) 122.0(12)
0(9) Mn(2) O(31) 825@3) Mn(l) O(B) Mn(@2) 97.5(4)
0(23) Mn(2) O(26) 90.9(4) Mn(1) O() Mn(3) 120.7(4)
0(23) Mn(2) O(31) 86.6(4) Mn(2) O() Mn(3) 128.1(4)
0O(26) Mn(2) O(31) 92.1(4) Mn(l) O®B) Mn(2) 98.9(4)
O(5) Mn(3) O(13) 94.4(3) Mn(l) O(6) Mn(4) 125.2(4)
O(5) Mn(3) O(18) 98.2(4) Mn(2) O(6) Mn(4) 123.9(4)
O(5) Mn(3) O(21) 90.1(4) Mn(l) O(7) N(@8) 129.2(8)
O(5) Mn(3) N(41) 92.9(4) Mn(2) O©O) N(8) 129.2(8)
O(5) Mn(3) N(52) 170.3(4) O(7) N(8) 09 117.3(11)
O(13) Mn(3) O(18) 90.7(4) O(7) N(8) O(10) 120.3(12)
O(13) Mn(3) O(21) 168.6(3) O(9) N(8) O(10) 122.0(12)

also on Mt'—0O,—Mn'"" angles. Thus, thes-NOz;~ andus-
MeCQO,™ groups give essentially congruent cores, while the
larger size of Ct leads to greater differences.

The structure oB-hexane (not shown but available; see
the Supporting Information) is very similar to that of the
related butterfly complex [MiD,(O.CMe)(py)(dbm)]
and contains a [Mh,(us-0),]8* core with bridging carboxy-
late and chelating dbm groups on the periphery. It differs in
that 8 has no py groups, the latter completing octahedral
geometry at the central Mn ions of [MB,(O.CMe)(py).-
(dbm)]. Thus, the two body M# ions in 8 are five-
coordinate with a geometry lying between a trigonal bipyr-
amid (tbp) and a square pyramid ($p).

The cation ofl5 (Figure 3) contains four Mn atoms in a
butterfly-like arrangement, bridged by twe-oxide ions.
Approximately octahedral coordination at each Mn is
completed by the peripheral ligands, which consist of six
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Figure 2. ORTEP representation af at the 50% probability level. For
clarity, the ethyl groups of the Etbm ligands are not shown.

Figure 3. ORTEP representation df5 at the 40% probability level.

EtCO, groups, a N@ ligand, and two bpy chelates. Each
of the carboxylate groups is bridging a betlyingtip Mn,

pair, while the nitrate anion is bridging the “body” manga-
nese ions in %n*u-NO;~ fashion. This binding mode for
nitrate is often encountered in complexes of coppbut
finds no precedent in molecular manganese chemistry;
however, there exists a polymeric Mrchain with bridging
ntntu-NOs;~ groups®* The bpy ligands chelate the two
wingtip Mn ions Mn3 and Mn4. The cluster possesses virtual
C, symmetry. Charge considerations indicate the oxidation
state+3 for all four metals; the presence of Jatireller
distortion taking the form of two longer trans bonds (av
2.192 A) at each Mn center supports this hypothesis.
Owing to the heterogeneous nature of the donor environment
around Mn3 and Mn4, the equatorial bond distances at these
centers (av MaN = 2.039 A, av MO = 1.886 A) are
more disperse than those at the body Mn ions (av 1.920
A). The [Mny(uz-O),]®* core contains four different types

(32) Addison, A. W.; Rao, T. N.; Reedijk, J.; Rijn, J. V.; Verschoor, G. C.
J. Chem. Soc., Dalton Tran984 1349.

(33) Hendriks, H. M. J.; Birker, J. M. W. L.; Rijn, J. V.; Verschoor, G. C.;
Reedijk, J.J. Am. Chem. S0d.982 104, 3607.

(34) Shyu, H.-L.; Wei, H.-H.; Wang, Ylnorg. Chim. Actal999 290, 8.
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Table 5. 'H NMR Spectral Datafor Complexesl—7 and9—12 in CDClz

debl’TT
complex Me fi3) Me CH,CH; CH,CHs o-H m-H p-H CH CHe CHs

1 ~58 37.9 ~1.5 5.3 —-0.87 73
2 ~56 37.8 ~1.9 5.0 78 11.35 1.20
3 41.6 n.o. 5.0 —1.50 76
4 415 n.o. 5.1 —1.58 77
5 37.6 ~1.5 5.3 —0.61 72
6 37.4 ~1.6 5.2 —-0.83 77
7 36.9 ~1.8 4.9 82 11.36 1.21
9 8.8 28.2 ~0.8 5.1 -1.17 74

10 8.7 28.9 n.o. 5.2 -1.25 75

11 7.6 24.8 n.o. 5.3 —-0.31 68

12 7.4 27.3 ~1.9 5.3 —0.55 74

aThe data are the chemical shifts (ppm) on dhscale. Shifts downfield are positive. Very broad peaks are given to one decimal place or to the nearest
integer. n.o= not observed (too broad or obscured by solvent peaks).

of Mn++-Mn vectors: Mn1 and Mn2 are 2.854 A apart, the 120! 6. " NMR Spectral Data for Complexé3—15

body Mn centers are separated from the wingtip ions by  resonance 1¥e 14 15
averages of 3.292 A (two carboxylate bridges) and 3.325 A Me 3.63 3.81 4.35
(one carboxylate), and the Mn3avin4 distance is 5.495 A. ve e P e
The overall structures of compoun8sind15 are similar to Me 136 4.49 '
those of other previously reported clusters with the J@jE" g*H 51-%2 6217 5 64
18,21-23 idi i i 2 . . .
core; providing new entnes tp the avgllable data'base 1520 4752 5189
of related Mn complexes for identifying possible correlations CH, 43.62 44.27 44.45
between structure and other properties. In a recent paper we o ‘3‘;-82 gg-g? 33-??
have reported a comparison between the core parameters of ? 2709 31.48 3273
complex15and other previously characterized clusters with CH, 22.15 24.68
the same topolog}® Complex15is the first example of this Ll §§§§ gi-gi‘ 4174
family of compounds possessing a bridging ligand other than L—L 574 2043 19.64
carboxylate. L-L —16.49 —-9.17 —12.43
'H NMR Spectroscopy.All complexes presented in this I,:::: 72030 :};;33 :5?22
work have been investigated Y4 NMR spectroscopy. L-L —29.85 —31.09
These studies have been conducted to determine whether the -~ e e

solid-state structure of these molecules is retained in solution.

it ; aMe and Mé are methyl groups from bodywingtip and body-body
In addl.tlon’ NMR has reDreS.emed a l.'lserI tool to'monlt.or MeCH,CO,~ groups, respectively. GHand CH' are methylene groups
the various transformations discussed in the synthetic sectiongjastereotopic) from bodywingtip and body-body MeCHCO,~ groups,
and the purity of the products. The spectra of all complexes respectively. L is the chelating ligand? The data are the chemical shifts
except8 have been interpreted and lists of the observed (ppm) on thed scale. Shifts downfield are positivePeaks from the cation

chemical shifts are presented in Tables 5 (compldxe% and those from propionate Me groups are not resolved.
and9—12) and 6 (complexe&3—15). Some of the collected  nances ‘aand B in Figure 4, top). Thus, compleks shows
spectra are depicted in Figures-@. a spectrum with the same characteristics as thosé¥and

The interpretation of the spectra of compleX&sand14 14 but with only three sets of propionate signals with equal
(Figure 4, top) has benefited from previous NMR studies integration ratios. The methylene signals from the propionate
performed on the acetate analog&e®which involved the groups appear as two peaks, revealing their diastereotopic
use of deuterated acetate ligands, spéttice relaxation time nature, and show no resolved spspin coupling. This,
measurements, and alkyl substitutions on the rings of thetogether with their large isotropic shift (20 ppm),
bpy ligand. Both compounds display very similar patterns, underscores the influence of the paramagnetic metals on the
with the main differences caused by the nature of the magnetic environment of these nuclei. On the other hand,
chelating ligand. The observed chemical shifts span a largethe signals of the corresponding methyl groups appear as
range (up to~190 ppm wide), consistent with the presence broad singlets with a dramatically smaller chemical shift
of a large magnetic moment within the molecdtes (vide (0—5 ppm). These have been clearly identified for complexes
infra). Upon inspection, the spectra indicate effect@e 14 and15. In complex13, these signals are found together
symmetry for each complex, consistent with the solid-state with the peaks of the counterion (NBY" of the cluster,
structures previously observed for the acetate analogues ofand individual assignments could not be made.
these two complexe®d:?? Thus, complexed3 and 14 each The C, symmetry of these molecules is also reflected in
display four sets of signals in a 2:2:2:1 integration ratio for the resonances for the chelating ligands. In all cases, only
the four inequivalent types of,-O,CCH,CH;~ groups. The one set of signals is present for the chelates while all protons
spectrum ofL5 (Figure 4, bottom) shows thab is the result within each ligand appear as inequivalent. Thus, eight signals
of removing the unique carboxylate ligand fratd (reso- are observed for the bpy ligands, while the presence of

Inorganic Chemistry, Vol. 41, No. 4, 2002 813
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Figure 4. H NMR (300 MHz) spectra ofL4 (top) and15 (bottom) in
CDCls. The resonances marked a and b are for methyl and methylene,
respectively, from the propionate ligands.
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Figure 5. H NMR (300 MHz) spectrum ofl2 in CDCls.
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S
X=0,CCH;
m-H
CH p;3-O,CCH; p-H
N W2-O,CCH; M/ o-H
_
X=Cl
X=Br
P
X=F
— L
X=NO;
— Lt

Figure 6. H NMR (300 MHz) spectra of complexdsand3—6 in CDCls.

possess three magnetically equivalenO,CR™~ groups that
manifest themselves in thiél NMR spectrum as a single
resonance (R= Me) or as a pair of resonances' (R Et).
Also, only one group of signals for the three equivalent dom
ligands is observed. The,-O,CMe™ groups appear as a
relaxation-broadened, paramagnetically shifted signat-(37
42 ppm) (Figure 6). The assignment of this resonance is
supported by comparison with tfel NMR spectra of the
deuterioacetate analogues of some of these comptdxite
supra). The two protons of the EtGOmethylene groups
are not diastereotopic, and therefore give a single signal with
a large isotropic shift (2428 ppm). The protons of the
corresponding methyl groups are one bond further from the
metal centers and therefore are subject to a much smaller
paramagnetic shift (79 ppm).

All the resonances from the three equivalerdifn
ligands have been assigned. The methine hydrogen is the
closest to the manganese centers and results in the broadest
resonance (broadness ¢, wherer is the Mn-+H distance),

picolinate gives rise to four resonances. The line broadeningswhich is located ab = 60-80 ppm. The second closest
of the different signals are very disparate, as expected fromhydrogens to Mn are the-H atoms of the phenyl rings. This
the range of distances to the manganese centers. In addition?€ak appears upfieldd (= 1—2 ppm) of its diamagnetic

the fact that signals from the chelate rings display strong

position and is significantly broadened, often obscured by

paramagnetic shifts to either side of the diamagnetic region Selvent signals. The resonance for gl atoms is observed

indicates that a-spin-delocalization mechanism is operative
in the coupling of the nuclear magnetic moment with the
unpaired electron®.

The 'H NMR spectra of the family of complexes
[Mn403X(02CR)3(Rdbm)] (X = O.CMe, CI, Br, F, NQ;
R'=Me and R=H, 1and3—-6; R = Etand R=H, 9—-12,

R' = Me and R= Et, 2 and 7) show that the virtualCs,
symmetry that they display in the solid state is retained in

in thed = —0.3 to—1.6 ppm region, and disappears upon
alkyl substitution. Then-H signals have twice the integration
of thep-H signals, and are found betweér= 4.8 ppm and

0 = 5.3 ppm. The-Et groups of the phenyl rings represent
a good NMR probe when the reactivity of the cubane
complexes is monitored or the purity of the products is
assessed because the chemical shift of the @idup is
sensitive to the type of complex (= ~11.3 ppm for

solution (Figures 5 and 6, Table 5). Thus, all these clusters [Mn4OsX] complexes) and is easily detected. On the other

(35) NMR of Paramagnetic Moleculgka Mar, G. N., Horrocks, W. D.,
Jr., Holm, R. H., Eds.; Academic Press: New York, 1973.
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hand, the chemical shift of the methyl hydrogens of this
substituent remains almost unchanged from its diamagnetic
value (~1.2 ppm).
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Figure 7. Effective magnetic momenis) per molecule vs for 12 in

a 10.0 kG field. The solid line is a fit of the 3(B00 K data to the appropriate
theoretical equation; see the text for the fitting parameters. andSr = § + Si. In egs 8 and Yss andJzz are the exchange

parameters for the MHMn"V and Md"/Mn"" interactions,
Magnetic Susceptibility Study of 12.Variable-temper- respectivelyS = § = S, = 2 for the Md" centers, an@;

ature bulk magnetization data were collected for complex = 3/, for the MnV ion. The best fit (Figure 7, solid line) of
12. These measurements were performed to determine thethe experimental points to the theoretical model was obtained
influence of nitrate within the series of [M@:X]®" com- with J34 = —23.9 cnT?, J33 = 4.9 cn1?, andg = 1.98, with
plexes, whose magnetic properties have been studied extenthe temperature-independent paramagnetism (TIP) parameter
sively1:12:14.23.24.2627.35The data were obtained from pressed held constant at 608 107 cmimol~2. This leads to arr
microcrystalline samples in the-800 K range under a =9, ground state for this complex, witk = 7/, as the first
constant magnetic field of 10.0 kG. A plot of the effective excited state lying 130.5 crhabove in energy. For this fit,
magnetic momentuen, of complex12 vs temperature is  only the experimental points above 30 K were used because
shown in Figure 7. The value pki/us (xmT/cm®-K-mol™) low-temperature effects such as zero-field splitting (ZFS) and
increases with decreasing temperature from 8.60 (9.25) atintermolecular exchange interactions, which are the likely
300 K until a maximum of 9.84 (12.09) is reached at 30 K, -5se of the decrease ok below 30 K, are not accom-
followed by a sharper decrease at lower temperatures. Thismogated by the theoretical model. The parameters obtained
behavior indicates the presence of at least some ferromagnetig,, complex12 are very similar to those obtained previously
interactions between the spin centers of the complex, andsy, similar [Mn,OsX]6" complexes, for whichls; and Jas
the maximum ofuer (9.84) is close to the theoretical spin- 515 in the ranges 5:20.8 and—21 to —34 cm,
only (g = 2) value for an isolate& = 9, spin ground state respectively, have been fouft2142326
(9.95). The exchange parameters within the cluster were , _ .
obtained by fitting the experimental data to the appropriate To F:onﬂrm the Sy ¥ f2 ground state_ a}nd o obtain the
theoretical expression gf, vs T. This expression has been magn|tqde .Of the axial zero-field N plitting parametey
derived previousl§¥® using the Van Vieck equatio, for magnetization data were collected in the :380.0 K and
other [MnO3X] 8" complexes that consist of a Mtrigonal 10-70 kG (1-0‘_7-0_T) ranges. The _data_l are plotted as
pyramid with Cs, symmetry. For this, the Heisenberg spin '€duced magnetizatiot{Nug) vs H/T in Figure 8. They

were fit to the theoretically calculated magnetization using

Hamiltonian given in eq 8 was used and modified by ) e
applying the Kambe vector coupling mett®ds described the method described elsewhere, which incorporates a full

earlier“! This leads to the eigenvalue expression of eq 9, Powder average and assumes that only the ground state is
populated? The fits are shown as solid lines in Figure 8,
H= _2333(52% + SS; + 33§4) - 2334(3132 + éls3 + §l§4) and the fitting parameters wege= %/,, D = —0.45(1) cm?,
(8) andg = 1.96(1). The value ob is typical of the [MnO3zX]&"
family of complexes, being very similar, for example, to the
ES) = I dSa(Sa + D] = B Si(S;+ 1) — Si(Sa+ 1)) D = —0.47 cnt! determined for the X = MeCO;~
9) analogué? The relatively large value ob also confirms
the appropriateness of ignoring the low-temperature data of
Figure 7 in the fit ofues vs T since the model does not
incorporate ZFS.

which gives the energyg(Sy), of each of the possible total
spin statesSr, of the complex, wher& = S+ S+ S

(36) Aubin, S. M. J.; Dilley, N. R.; Wemple, M. W.; Maple, M. B;

Christou, G.; Hendrickson, D. NIl. Am. Chem. S0d.998 120, 839. (40) Kambe, K.J. Phys. Soc. Jprl95Q 5, 48.
(37) Aubin, S. M. J.; Dilley, N. R.; Pardi, L.; Krzystek, J.; Wemple, M.  (41) Hendrickson, D. N.; Christou, G.; Schmitt, E. A.; Libby, E.; Bashkin,
W.; Brunel, L. C.; Maple, M. B.; Christou, G.; Hendrickson, D. N. J. S.; Wang, S.; Tsai, H.-L.; Vincent, J. B.; Boyd, P. D. W.; Huffman,
Am. Chem. Sod 998 120, 4991. J. C.; Folting, K.; Li, Q.; Streib, W. EJ. Am. Chem. S0d.992 114
(38) Wang, S.; Tsai, H.-L.; Libby, E.; Folting, K.; Streib, W. E.; 2455,
Hendrickson, D. N.; Christou, Gnorg. Chem.1996 35, 7578. (42) Yoo, J.; Yamaguchi, A.; Nakano, M.; Krzystek, J.; Streib, W. E.;
(39) The Theory of Electric and Magnetic Susceptibilitigan Vieck, J. Brunel, L.-C.; Ishimoto, H.: Christou, G.; Hendrickson, D.INorg.
H., Ed.; Oxford Univesity Press: London, 1932. Chem 2001, 40, 4604.
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Discussion Scheme 1
In this work, a convenient method has been developed to N HT O\

obtain carboxylate-bridged tetranuclear manganese oxide c—CH; C—CH,
aggregates in high yield from simple reagents. This method o} X o/ X
consists of generating MiMn' ions in situ in aqueous /i AN \ / /|\
carboxyllic acjd (acetic or propioniq acid) in the presence of B?HXMS/W Mn /M{/11, n 1\?“ /M{/VI“
a chelating ligand. The MYMn" ions are produced via o) \O/ THX i)/ o) \é _AcOH N \é
comproportionation between MnOand Mr' sources, as \\M Pl \\"“1\![ = \\!I e

n n Min

summarized in egs 10 (compléy and 11

trimethylsilyl reagent$!?627In these transformations, the
rearrangement was triggered by the reaction o3¢ (Cl,
Br, N3, NCO) with one carboxylate from the [M®,]%"
complex, theus-X-bridged complexes [MiOs;X(OAC)s-
(complexes8, 13, and14). From this system, the tetranuclear (dbm)] being the isolated products. These two types of
complex precipitates either spontaneously (dbm Comp|exes;reactions demonstrate that all six of the carboxylate ligands
1 and8) or upon addition of ED (bpy or pic complexes; are important for the stability of the butterfly-type complexes
13and14, respectively) in high yield and purity. The use of [MN4O(OCMe)(py)z(dbm})] and [MnyO(O-CEt)(dbm)].
a carboxylic acid as a solvent stabilizes the carboxylate- However, in the formation of [MiD2(NOs)(OCEt)(bpy).]-
bridged cluster against hydrolysis, despite the large amounts(ClOz) (15), the substitution of the seventh bridging car-
of water (~10%) present in the reaction system. For the dom boxylate group by @-NOs ligand on a [MnO,]** complex
systems, two very different compounds are isolated depend-has been achieved for the first time (eq 7). As shown here
ing on the nature of the carboxylate. When acetate is used,and in a previous exampté removal or substitution of a
a highly distorted cubane complex with a [M®(O.CMe)F* carboxylate ligand from a butterfly-type complex with
core (1) is obtained. In contrast, a butterfly-type complex preservation of the overall structure is only possible if a
with a [Mn'" ,O,]8+ core @) precipitates when the carboxylate ~Seventh carboxylate group, bridging the central Mn atoms,
is propionate. This experimental difference is rationalized is present. This unique carboxylate group is the most labile
in terms of solubility properties. It is possible that the Of all since it is the only one bound to Mn on two Jahn
formation of 1 occurs through the intermediacy of a Teller positions. Its presence is not essential to maintain the
[Mn"" ,0,]8" complex similar ts8 (as suggested by the origi- ~ structure of the complex.
nal preparation of, vide supraf3which would not precipi- The reactions in this work of carboxylate-bridged man-
tate. In the propionate system, comp&precipitates before ~ ganese clusters with nitrate have biological relevance, since
further oxidation to the MHsMn"v product can take place. the presence of N© has interesting effects on the structure
Acidolysis of the carboxylate-bridged cluster [Mb- and activity of PSIE® An important question to elucidate is
(O.CMe)(dbm)] (1) with concentrated aqueous mineral Whether nitrate becomes a ligand of Mn in the WOC and
acids HX (X=F, Cl, Br, NOy) has proven to be a convenient under which conditions such binding would take place. We
method to access the correspondingX-bridged cubane have shown that replacement of carboxylate ligands by nitrate
clusters [MnOsX(O.CMe)(dbm)]. These reactions occur ~ can easily take place in tetranuclear manganese aggregates
via the selective protonation of the uniqueO,CMe ligand ~ without changes in the structure when the leaving groups
of complex1 and substitution of this group by the corre- are located on the JahiTeller positions of MH' (egs 3, 5,
spondingus-X ligand. The solvent in which these reactions and 7). In other cases, it has been observed that simple
take place (CkCly) does not favor the formation of charged —substitution is not possible without severely altering the
species. (Reactions in more polar MeCN and similar solvents structure and properties of the complex (eq 6).
are precluded by the very low solubility af reaction of a NMR spectroscopy has been extremely useful for the
slurry of 1in MeCN with mineral acids at the stoichiometry development of the synthetic work that has led to this paper.
used in CHCI, gave essentially no reaction.) We believe Interpretation of the spectra of all complexes presented here
that the substitutions proceed by protonation of the (except for the spectrum &, which remains ambiguous)
0.CMe group at its exposed O atom, making it a good has confirmed that their solid-state structure and virtual
leaving group, during a dissociative interchange step, perhapssymmetry are retained in CDCsolution. The?H and 'H
through an intermediate as shown in Scheme 1, to give aNMR study presented in this work has benefited from
us-X~ and acetic acid. extensive work previously reported for similar systétis??27
Acidolysis has also proven to be a good way to remove and represents a significant contribution to a growing
u2-O,CEt groups from [MgO,]®" complexes and promote database on the spectroscopic properties of Mn aggregates

Mn"" + 3Mn" — mMn"' ;Mn"Y (10)

Mn*" + 4Mn" — 5Mn" (11)

cluster rearrangement. The transformation of [M#n as a function of structural type.
(O.CEt)(dbm)] (8) into [MNn4OsX(O,CEt)s(dbm)] (X = Cl, Using the new synthetic methods presented in this paper,

9; Br, 10; F, 11, NOs, 12) upon reaction with the corre- access has been gained to a new member of the family of
sponding acid HX is analogous to previously described complexes with formula [M§O3;X(O,CMe);(dbm)] contain-
reactions of the complex [M@,(O.CMe)(py)(dbm)] with ing a NG~ group in theus-X position for the first time. In
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previous papers, we have proposed these complexes asf tetranuclear manganese clusters with interesting magnetic
structural models for the,State of the WOC in PSIl. One  properties and biological relevance. Some of these complexes
of the major drawbacks for this proposition is that the spin have been prepared for the first time during this work.
state of all members of the family 8 = %,, too high to _

mimic the magnetic state of the complex in the native site _Acknowledgment. This work was supported by NIH
(depending on the stud$ = s, 3, or5,). As it has been ~ Grant GM 39083.

further emphasized in this work with the magnetic suscep- Supporting Information Available: X-ray crystallographic data

tibility study of complex12, the nature of the:-X group in CIF format for the structures of complex@s8, and15. This
does not affect the value of the spin ground state of the material is available free of charge via the Internet at http:/

cluster. pubs.acs.org.
In summary, a number of original synthetic strategies have

been developed, providing convenient access to a numbenc0105617
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