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Trinuclear Manganese Complexes as Electron-Transfer Models for Photosystem ||
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With the aim of modeling the arrangement of redox-active and photoactive components along the electron-transfer
pathway of photosystem II, tetra- to nonanuclear transition metal complexes have been synthesized, comprising
one, two, or three manganese ions, oxidizable phenolates, and trisi(®;edyl)ruthenium(ll)-type units as
photosensitizers. These model complexes are considered to be mononuéMat(fPEs)r), dinuclear ([LaVn'V -
(u-O)2](PFe)g), or trinuclear ([I'Mn"Mn"Mn"L"|(PFs)12) with respect to the number of manganese centers present.
Electronic coupling between the manganese ions is strongly antiferromagnetic in the case ofi-theo)i(
dimanganese compoundfMn'V,(u-0),](PFs)s, Where the “ligand” [HLJ4" consists of two tris(bipyridyl)-
ruthenium(ll)-type units covalentely bound to a bismacrocyclicdfiee backbone to which the manganese ions

are coordinated via an additional phenolate oxygen(itee= 1,2-bis(4-methyl-1,4,7-triazacyclononyl)ethane).

Weak antiferromagnetic coupling is observed in compoundsifi!Mn'"Mn"L"|(PFs)12, where the three metals

are in a linear arrangement (face-sharing octahedral). They are bridged by three phenolate oxygens of each of the
deprotonated “ligands” [EL"|®", respectively. Each ligand BH"]®* (n = 1, 2) consists of a tacn ring with three
pendent arm phenols which are each bound to a tris(bipyridyl)ruthenium(ll)-type unit &ach4,7-
triazacyclononane). In these compounds several electron-transfer steps were detected by electrochemical methods
which are assigned to different redox processes located at individual electrochemically active components (Mn,
Ru, bipyridyl, phenolate). For example, in the “mononuclear” compoun&8Ifl(PFs)m (n = 1 or 2) Mn(ll),

Mn(lll), and Mn(lV) are accessible and three Ru(ll) centers are reversibly oxidized to Ru(lll), and in addition,

the coordinated phenolate can be oxidized to a highly reactive, coordinated phenoxyl radical. In several cases
very slow heterogeneous electron-transfer rates were observed for redox processes involving the manganese centers.

Introduction consists of a special arrangement of two chlorophylls as the
location of the initial light-driven charge separation. Energy-

rich electrons generated by the absorption of a quantum of light
by the reaction center are transferred by several quinones to

Photosynthesis is one of the basic processes in nature. A
detailed knowledge of the underlying mechanism on a molecular

level is important for a deeper understanding of the biochemical the acceptor site of PS Il and further on to PS I. In this process

principles, which allows one to develop artificial systems. . . :
Conversion of the energy of light as a cheap energy source todn electron hole is generated at the primary donor P680, which

chemical energy is the goal. Interest in the design of artificial IS now a strong oxidant and oxidizes a nearby tyrc_>sm.g) (¥
systems using solar energy has arisen within the past fewres'(me to a neutra], deprotpnated phenoxyl rad'c"’é?(Y .
years!—3 The detailed molecular structure and the mechanism effective dd;p[]otgnanonbof dt.h's phenal/ Ft’)hek:‘.‘”?g! speggs IS
of action of the biological photosynthetic machine still remains ?ﬁ@poﬁznog | {a:jci’g;n a((:)tz :ansg ;aonneeaz:algctlrzté Iggi(;(;n i ‘:)?' a
largely to be determined. The design of a suitable artificial tetranpuclear yman anese cluster. In a stepwise fashion. four
system is the major aim of the project described in this paper. oxidation e uivale?\ts are accumul.ated as thtle:) rocessisre ’eated

In the biological photosynthetic system, the energy of light he f hq idati tep initiates th | t'p fadi P '
is used to transfer electrons from water to carbon dioxide, which The fourth oxidation step initiates the evolution of a dioxygen

is reduced to energy-rich organic compounds (“biomass”). Water mollecule resulting from the oxida}tior) of two water molecules,
oxidation as the source of these electrons and protons isWhICh have probably been coordinatively bound to the manga-

performed in photosystem Il (PS H)7 This large membrane- nese cluster. These water molecules are the ultimate electron

bound protein complex consists of an extended light-absorbing source of the overall proce§s. ) ) )
antenna system including the reaction center P680, which The manganese cluster is believed to consist of a dimer of
di(u-oxo)dimanganese dimers, in which the manganese ions
(1) Rittinger, W.; Dismukes, G. GChem. Re. 1997 97, 1—24. reversibly cycle between the oxidation stated, +lll, and

(2) Balzani, V.; Campagna, S.; Denti, G.; Juris, A,; Serroni, S.; Venturi, +IV.10-12The nature of the interaction of the manganese cluster
M. Solar Energy Mater. Solar Cell$995 38, 159-173.

(3) Amouyal, E.Solar Energy Mater. Solar Cell$995 38, 249-276.

(4) Diner, B. A.; Babcock, G. T. In Diner, B. A., Babcock, G. T., Eds.; (8) Hays, A.-M. A.; Vassiliev, I. R.; Goldbeck, J. H.; Debus, R. J.

Kluwer: Dordrecht, The Netherlands, 1996; p 213. Biochemistry1998 37, 11352-11365.

(5) Svensson, B.; Etchebest, C.; Tuffery, P.; Kan, P. v.; Smith, J.; Styring, (9) Mamedov, F.; Sayre, R. T.; Styring, Biochemistry1998 37, 14245~
S. Biochemistry1996 35, 14486-14502. 14256.

(6) Vermaas, W. F. J.; Styring, S.; S¢dey, W. P.; Andersson, B. (10) luzzolino, L.; Dittmer, J.; Dmer, W.; Meyer-Klaucke, W.; Dau, H.
Photosynth. Re<.993 38, 249-263. Biochemistry1998 37, 17112-17119.

(7) Debus, R. JBiochim. Biophys. Actd992 1102 269-352. (11) Penner-Hahn, J. Btruct. Bondingl998 90, 1—36.

10.1021/ic990755a CCC: $19.00 © 2000 American Chemical Society
Published on Web 12/18/1999



106 Inorganic Chemistry, Vol. 39, No. 1, 2000

with the intermediate phenoxyl radicak*during the electron-
transfer and water oxidation reactions is not yet fully understood.
However, recent results indicate a concerted pre&lactron-
transfer (H-atom abstraction) mechanism of the manganese-
bound water molecules by the tyrosine radi¢ak®

Our earlier studies orstructural modelsof PS Il and
structural and functionamodels of other metallo enzymes with
phenoxyl type radicals in the active site led us to investigate
strategies for the developmentfafictional modelsf PS 112123
We concentrate on the design of an artificial system modeling
the initial charge separation and the electron-transfer chain from
the manganese cluster to the reaction center P680. To mimic
the photoactive reaction center, complexes of the tris(bipyridyl)-
ruthenium(ll) type were chosen, because of their well-
understood photophysical propert®sA similar strategy has
recently been employed by others, proving this complex to be
a good model for the initial, light-driven charge separation
process. Light-induceititramolecular electron transfer has been
observed from a covalentely bound phenol and in another model
complex from a manganese(ll) ion to the photogenerated
ruthenium(lll) centef>2® Also, an intermolecular electron
transfer involving a dinuclear manganese complex has recently
been described.

Here we present synthetic strategies fordbealent linkage
of the Ru(bpy3-type unit to themultinuclear manganese cluster
as an integral part of supramolecular model compounds both
with and without a phenolate moiety as part of the bridging
unit. In the latter case the principal arrangement of the redox-
active components mimics that of PS Il. This compound
represents the first example of a model compound consisting
of an artificial reaction center covalentely bound to a multi-
nuclear manganese cluster bridged by a redox-active phenolate
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After submission of this paper a report describing a similar
system appeared in the literatdfé.

Results and Discussion

Synthesis.To synthetically build an assembly consisting of
a dinuclear dig-oxo)dimanganese complex and photoactive
units of the Ru(bpy) type, a ligand system based on the
bismacrocycle dtne (dtne= 1,2-bis(1,4,7-triazacyclononyl)-
ethane) was developed, because this ligand is known to stabilize
the desired Mg(u-O), unit282°Preliminary experiments showed
that dicationic Ru(bpy)units linked via (CH), groups to the
bismacrocycle decrease the affinity of the dtne part toward
manganese ions to the extent that formation of the desired
manganese complexes does not 08edio decrease the overall
charge of the Ru(bpy)containing pendent arm and to increase
the affinity of the ligand system toward manganese ions, a
phenolato-type oxygen donor was added to the Rug@ipye
unit. With the octahedral manganese ions being coordinated by
three dtne nitrogens and the two expected oxo bridges, only
one binding site for the coordination of one pendent arm would
thus be available at each manganese center.

To achieve the introduction of only two additional function-
alities to the dtne ligand, the dimethylated derivative,titee
(3) was prepared by sodium borohydride reduction of the
amidinium salt2 (Scheme 1§! The phenOH pendent arm was
introduced in a Mannich-type reaction by isolating the di-
(methoxymethyl) adduct formed in the reaction of Jslme with
paraformaldehyde in methanol and treating this with phenOH
in refluxing toluene®?-34 The two Ru(bpy}-type units were
completed by reacting compounsl with 3 equiv of cis-
[(bpy)2RUCH], yielding the Pk salt of the ligand [HLq** after
precipitation from the pure chromatographic fractions containing
the respective chloride salt using P Although no high-
resolutiontH NMR spectra could be obtained of this compound
(possibly due to strong intramolecular hydrogen bonding), the
ratio of aromatic to aliphatic protons corresponds to the expected
value (22:19). The observed electrospray ionization mass
spectrometry (ESI-MS) signal a¥z= 311 results from thermal
dehydroamination reaction of the pendent arm grodypsng
the measurementhis has been shown to be true by performing
the decomposition in refluxing aqueous ethanol and identifying
the dehydroamination product by thin-layer chromatography
(TLC) and ESI-MS independently. The decomposition products
had not been present in the material used for the above ESI-
MS measurement.

The PF salt of the [HLg** ligand is soluble in acetonitrile
and acetone and almost insoluble in ethanol, but it can be
solubilized in the latter solvent by addition of a small amount
of acetone to give a clear red solution. Addition of manganese-
(1) acetate induced a color change to deep brown, and after
precipitation with NHPFs a brown powder was obtained. The
brown solution of this powder in an acidic (HRFethanol/
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a Experimental conditions: (i) C}¥N, room temperature (rt), 1
week; (i) NaBH, MeOH, reflux; (iii) (CH.O)x, MeOH, rt, overnight;
(iv) phenOH, toluene, reflux, 48 h; (¢js-[(bpy).RuCkL]-2H,O, MeOH,
reflux, 48 h; (vi) “Mn(ac)”, H.0,, HPF;, ethanol/acetone, rt.
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then phenOH, toluene, reflux, 48 h;= 2, (CH:O)s, MeOH, reflux,
72 h; (i) cis-[(bpy).RuCk]-2H,0O, MeOH, reflux; (iii) manganese(lll)
acetate, ethanol/acetone, ascorbic acid, NaOMe, rt; (iv) “Mgi(ac)
ethanol/acetone, 40,, HPF:.

that described for the jti19+" ligand from the starting materials
1,4,7-triazacyclononane, paraformaldehyde, and phenOH and
then cis-[(bpy),RuCkL]. The only observed ESI-MS signal at
m/z = 311 for this ligand corresponds to the mononuclear
fragment already described for jH9(PFg)4, which again has
been shown not to be present in the starting material. Fhe
NMR spectrum shows the expected ratio of broad aromatic to

acetone mixture reacted with hydrogen peroxide, yielding a deepaliphatic proton signals (22:6). BHY(PFs)s has analogous
green solution from which almost black microcrystals of solubility properties as the Métne derivative. The red color

[L1aMNY 5(u-O);](PFs)s Were obtained. The coordination of the

of the solution of the ligand in ethanol/acetone changed to brown

ligand to the MaO; core increases the thermal stability of the upon addition of manganese(lll) acetate. TLC studies indicated
molecule to such an extent that the intact molecule could be the formation of two new compounds in solution. By using
readily detected by ESI-MS. It is noted that the observed peaksoxidative reaction conditions (HRIF,0,), the equilibrium
belong to the one-electron-reduced pentacationic form of the between the two shifted to only one product (to the one

molecule.
[HsL1]®* is the tacn derivative (tacn= 1,4,7-triazacy-
clononane) bearing three pendent arms of the Rugbiyye

based on a CHlinked phenOH group (Scheme 2). This ligand

displaying lower TLC mobility). This complex was isolated by
addition of NHPFs to the reaction mixture as brown micro-
crystalline [*Mn""|(PFs)e.

Isolation of the other product was achieved by using reductive

was prepared as its PBalt in a reaction series analogous to conditions. In an argon blanketing atmosphere, the reaction
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Chart 1 following treatment with 4 equiv o€is-[(bpy).RuCl] yielded
e after chromatographic purification the desiredl[A%" ligand
O R = CH 1 as its chloride salt. Upon addition of NP to an aqueous
N O 3 solution of this compound, the respectivesRBBIt was obtained
O in good yield (Scheme 2
CRul CHCH—@ 12 ng e ( ; -)' ; ;
ON’ ~ NO i The reaction of this ligand with manganese(lll) acetate in

|

N R ethanol/acetone induced in the presence of air a slow color
@) CH,CH, oH 13 change from red to deep green. From this solution the product
[L2Mn'V](PFe); precipitated as the deep greengPsalt. In

OCH ; . . .
CHs } comparison with the complex fMn""](PFe)s containing an air-
stable manganese(lll) center, manganese(lV) is more strongly
Scheme 3 . . .
oA stabilized in the B complex due to the increasestdonor
1.

capability of the phenolic oxygen in the latter ligand system.

2 /—@omoms By using reductive conditions (sodium methoxide, ascorbic acid,
ON NO argon atmosphere), the trinuclear manganese compféAL:

OCH . : . o~
\ : N OTBDMS Mn"Mn"L2?](PFe)12 with physical properties similar to those of
THF O OCH,4 the former ! complex was obtained as red microcrystals. As
(-78°C=RT) N in the L! ligand system TLC allows one to readily distinguish
@ between the mono- and trinuclear manganese complexes. In both
4
[TBAJF cases the trinuclear (with respect to the number of Mn ions)
/H,: complexes with a twice as large positive charge and more than
OH (1/2h, RT) twice the molecular mass show a remarkably higher TLC

mobility than the corresponding mononuclear species.

Ruthenium complexedl and 12 (Chart 1) have been
prepared as reference compounds for photophysical measure-
(ArOH)bpy ments by the reaction @is-[(bpy).RuCk] with the ligands Me-

bpy and (Ph)bpy, respectively. The latter was obtained by the

solution was treated with sodium methoxide and ascorbic acid, reaction of monolithiated Mépy with benzyl chloride and
which induced a color change to bright red and allowed the subsequent purification by liquid column and preparative gas
isolation of red microcrystals of the trinuclear manganese chromatography.
complex ['Mn""Mn"Mn"LY](PFs)12. This species is the product Electronic Structure. Variable-temperature magnetic sus-
with the higher TLC mobility which was originally observed ceptibilities of the complexes were measured in the rareeop
in the reaction mixture. The formulation as a trinuclear complex K by using a SQUID magnetometer and an applied external
is consistent with all physical properties of the compound (see field of 1.0 T. The experimental datgex, Were corrected for
below). The bridging of two mononuclear tris(phenolate)tacn underlying diamagnetismyp, and temperature-independent
metal complexes by a third metal ion as shown in Scheme 2 is paramagnetismyrp. yp was calculated by use of Pascal’s
well-known3%3¢ Heterotrinuclear complexes of this type such tabulated constants, angie is a fit parameter in the subsequent
as a CHMn'Cd" compound have also been previously simulation and fitting processes, for which values of 80006
isolated” cm3-mol~1 for the mononuclear, 908 10-% cm?-mol~* for the

Since electron transfer from the manganese cluster to thedinuclear, and 1800x 10 cn?-mol~! for the trinuclear
photoactive reaction center in PS Il is mediated by a tyrosine manganese complexes were obtained. The effective magnetic
residue, it appeared to be worthwhile to synthesize a molecule moments uer, of the manganese complexes as a function of
consisting of a photoactive unit, a manganese cluster, and athe temperature are shown in Figure 1; the parameters are listed
bridging phenol group to model the electron-transfer pathway in Table 1.
in PS Il In other words, it was necessary to separate the phenol The effective magnetic moment of the dinuclear manganese
group from the Ru(bpyjtype unit, which are both combined  complex [L:aViny(u-O)](PFs)s decreases from 2.77s at 290
within one ring system in the phenOH group of thesl[¢* K to 0.56 ug at 2 K, indicating a strong antiferromagnetic

OCH;

ligand. Thus, we have synthesized compoui®l(Chart 1) coupling between the two manganese(lV) ions, yieldingsan
bearing a phenol group covalentely linked to a Ru(bftype = 0 ground state. The coupling constdnt —130 cnt® (H =
unit via the reaction otis-[(bpy).RuCk] with the (ArOH)bpy —21S'S, S = 3/2,S = 3/2) is typical for difi-oxo)-bridged
ligand, which was obtained from 4;dimethyl-2,2-bipyridyl dimanganese(IV) complexé%t43 As expected, the compound
as shown in Scheme 3. is EPR-silent.

In a reaction series analogous to the synthesis of thie']ft The mononuclear complex JMn](PFg)s possesses a weakly
ligand, the Mannich reaction was used to attach three (ArOH)- temperature-dependent magnetic moment of Z2at 290 K
bpy units to a tacn ring via a methylene groig>“° The and 4.87uz at 10 K characteristic of a mononuclear manganese-

h U Eck “Wieah ] — (Il species 6= 2). The sharp drop in the effective magnetic

(35) éﬁg;?aiggqungg;;tgil Wieghardt, K.; Nuber, B.; Weisdndrg. moment below 10 K was simulated by introducing a small zero-
(36) Beissel, T.; Birkelbach, F.; Bill, E.; Glaser, T.; Kesting, F.; Krebs, field splitting of |D| = 3.5 cnt*. Despite this significant zero-

C.; Weyherniller, T.; Wieghardt, K.; Butzlaff, C.; Trautwein, A. X.  field splitting, it has been possible to obtain an EPR signal in

J. Am. Chem. S0d.996 118 12376-12390. itri ; i
(37) Auerbach. U.: Stockheim, C.: Weyhefier, T.. Wieghard, K.. Nuber. frozen acetonitrile/toluene solution at 10 K wighvalues of 8

B. Angew. Chem1993 105, 735-737.

(38) Moore, D. A,; Fanwick, P. E.; Welch, M. horg. Chem.1989 28, (41) Manchanda, R.; Brudvig, G. M.; Crabtree, R.€Gbord. Chem. Re
1504-1506. 1995 144, 1—38.
(39) Tramontini, M.; Angiolini, L.Tetrahedron199Q 46, 1791-1837. (42) Thorp, H. H.; Brudvig, G. WNew J. Chem1991, 15, 479-490.

(40) Tramontini, M.Synthesis1973 703. (43) Wieghardt, KAngew. Chem1989 101, 1179-1198.
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Figure 1. Temperature dependence of the magnetic moment of
complexes [EMn"Y (u-0)z](PFe)s (@), [LIMN"](PFes)s, [LZMNV](PFs)7,
[LIMN'"MN"Mn"LY(PFe)12, and [L2Mn"Mn"Mn"L?](PFe)12 (b).
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Table 1. Magnetochemical Data of Complexes

complex et (290K)ug g J¥emt Dicm™t SP
[L1aMIn" (u-O);]6" © 2.77 2.0 —130 0
[LIMn"]6* 5.23 2.0 35 2
[L2Mnv]7+ 4.19 2.0 51 32
[LIMNn"Mn"Mn'"L1]12* 10.55 20 -0.2 5/2
[L2Mn"'Mn''Mn!LZJ12+ 9.93 20 -25 5/2

aJ represents the coupling constants between adjacent metal ions;

in trinuclear complexes the coupling between the terminal metal ions
is assumed to be zero (see the tek8pin ground state. In the fitting
procedure a paramagnetic impurity (1%) with the assumed spinState
= 5/2 was considered.

g-values

2010 54 38 2 15

[L1 Mnlll ] 6+

(a)
A7
— exp

dx"

dB

[LZ MnIV] 7+

ot

— exp

400
B/mT

Figure 2. X-Band EPR spectra of complexes'fn"1¢" (a) and
[L2MnV]7* (b) at 10 K in an acetonitrile/toluene (1:1 (v/v)) mixture
(conditions: v = 9.64 GHz, microwave power 98W, modulation
amplitude 12.8 G). Simulation with effectivgvalues (b).

and 2, which are consistent with an integer spin syste®-of

2 (Figure 2 a). The mononuclear complexXn](PFs) is also
EPR-active (Figure 2b); it displays a spectrum which was
successfully simulated with effectivgvalues ofg £ = 3.95
and ge® = 1.95 indicative of theS = 3/2 system of a
manganese(IV) complex. This is confirmed by the only weakly
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g-values
201054 3 2 1

(a)

4 [L1 Mnll Mnﬂ Mnll L1 ]12*

——  exp

400 600

B/mT
Figure 3. X-band EPR spectra of complexesiflln'"Mn""Mn''L1]*2*
(a) and [I2lMn"Mn"Mn'"L?]*?* (b) at 10 K in an acetonitrile/toluene
(2:1 (v/v)) mixture (conditions:v = 9.64 GHz, microwave power 25
uW (a) and 9%uW (b), modulation amplitude 12.8 G). Simulation with
a Lorentz function andy = 1.99 (a).

200

of 4.19ug at 290 K, which slowly decreases to 3.8p at 10

K and then drops to 3.08s at 2 K. This behavior can again be
simulated by introducing a significant zero-field splitting| Bf
=51cnrk

Both trinuclear manganese complexes are weakly antiferro-
magnetically coupled. The observegs value at room temper-
ature of 10.55% in the L' complex and of 9.93 in the L2
complex is close to the calculated spin-only value of 1Qi25
for a system of three uncoupled manganese(ll) ions. With
decreasing temperature both decrease slowly to 7.09 and 4.41
ue at 2 K, respectively. This behavior is characteristic of a weak
antiferromagnetic coupling between the central manganese and
the two equivalent terminal manganese ions with coupling
constants 0f-0.2 cntt ([L*Mn"Mn""Mn"LY(PFs)12) and—2.5
cm 1 ([L2Mn"Mn""Mn"L?)(PFg)12). The coupling between the
terminal manganese ions is assumed to be negligible and was
therefore set to zero. No zero-field splitting was considered in
the fitting procedure. This behavior is consistent with the
observed EPR spectra (Figure 3), which show resonances around
g = 2 for both complexes, indicating a very small zero-field
splitting O < hw = 0.3 cnT! at the X band). For thedcomplex
the different EPR transitions are therefore spread over a broad
field range. For the L complex, which has even weaker
exchange splittings, a similar situation is encountered. However,
a nearly unsplit EPR signal is observed (fast spin relaxation
limit).

Electrochemistry and Electronic Spectra. The electro-
chemical properties of the complexes were investigated by using
cyclic (CV) and square-wave (SWV) voltammetry at stationary
electrodes, linear-sweep voltammetry (LSV) at a rotating disk
electrode, and spectroelectrochemistry during bulk electrolysis
in combined electrochemical UV/vis cells. Formal potentials
were determined in acetonitrile (0.1 M [TBA]BFversus the
ferrocenium/ferrocene couple (F€c) by using added ferrocene
as the internal standard. For CV measurements in the thin-layer
cell, [Fe'(bpy)](PFs). was used as internal standard. The redox
potential of the [Fe(bpy)3+2* couple was determined to be at

temperature-dependent effective moment of the solid sample+0.67 V vs F¢/Fc under these conditions.
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Table 2. UV/Vis Spectrocopic Data of Compounds in Acetonitrile Solution

compound Ama/NM (€mad1C® L-mol~t-cm™)

[(phenOH)Ru(bpyy?* 242 (50), 291 (54), 360sh (11), 390 (12), 447sh (11), 480 (12)

[HoL g4+ 206sh (110), 242 (98), 289 (40), 331 (22), 394 (20), 463 (22)

[LIMIn'Y 5 (u-O),] ¢+ 241 (85), 255 (79), 288 (130), 458 (30), 620sh (2.0)

[HaL 18" 206 (180), 243 (170), 289 (160), 334 (42), 391 (32), 467 (32)

[LiMn]e+ 208 (170), 239 (120), 287 (190), 332sh (39), 454 (40)

[L*MN"Mn"Mn"'L Y22+ 210 (320), 242 (290), 288 (330), 325 (79), 387 (59), 436 (61), 457 (61)

[(Ph)bpyRu(bpyj)2* 206 (60), 244 (24), 254sh (22), 287 (79), 453 (14)

[(ArOH)bpyRu(bpy}]?* 244 (27), 253sh (24), 287 (78), 453 (15)

[HaLZ)e+ 203 (260), 243 (81), 252sh (65), 287 (250), 453 (42)

[L2MnV]7+ 209 (260), 245 (99), 287 (270), 453 (47), 710 (8.3)

[L2Mn"Mn"Mn!'L2] 2+ 208 (470), 246 (180), 254sh (180), 287 (500), 453 (87)

Table 3. Electrochemical Data of Compounds (Except Mn-Centered Procésses)
compound E(RUT/RWPNIV E®* (PhOH—PhO)/V Er (bpy/bpy™)/V

[LaMNY5(u-O)]&F +0.80 —1.80
[LiMn!e+ +0.85 —1.80
[L*MNn"Mn"Mn''L1]22+ +0.85 —-1.80
[(ArOH)bpyRu(bpy}]?* +0.85 +0.77 -1.77
[L2MnV]7+ +0.85 ~+0.7% -1.77
[L2MNn"Mn'"Mn'L?]22¢ +0.85 ~+0.7% -1.77

a Conditions: acetonitrile solution, 0.10 M tetnabutylammonium hexafluorophosphate supporting electrolyte, ferroceb@& ¢ M) as internal
reference, 20C, platinum working electrode, Ag/AgN0.01 M) reference electrodg; represents the formal redox potential of an electrochemically
reversible reaction (CVE: = (E;> + Ep©9/2; SWV, E, = peak potential)E°* represents the peak potential of an irreversible oxidative reaction.
b Peak potential determined from CV measuremeReak potential approximated from SWV measurement.

=20
(@) o
(b}
dx" _A\VAA‘_IAA J IAA An
aB VVWV ”WWW
12 408  +04 00  -04
E/Vvs Fc'/Fc 280 320 360 380
Figure 4. Square-wave voltammogram at a stationary electrode (a) B/mT
and linear-sweep voltammogram at a rotating disk electrode (b) of Figure 5. X-band EPR spectrum of the complextfnV 5(u-0),]5*
complex [LaMnY(u-0),]¢* in acetonitrile (0.1 M TBA(PE)) (condi- (electrochemically generated by one-electron reduction of the parent
tions: platinum working electrode, pulse frequency 60 Hz, pulse height complex [L!aMn'V,(u-0),]¢" at —0.1 V vs Fc/Fc) at 30 K in an
25 mV (a), rotational frequency 1000 rpm, scan rate 10 my.s acetonitrile solution (0.1 M TBA(P4) (conditions: v = 9.64 GHz,

microwave power 2@W, modulation amplitude 5.7 G).

Square-wave and linear-sweep voltammograms recorded alyynin v complexes. A further irreversible reduction of the
stationary and rotating electrodes, respectively, of the dinuclear ;s o valent compound occurs at a peak potentiat@f71 V.
manganese complex{Nn'vzw-O)z](PFe)s_are shown in Figure The UV/vis spectrum of the trinuclear manganese complex
4. The redox potentials are summarized in Table 3. The [LIMN"Mn"MnILI12* shows, as expected, only very small
reversible two-electron oxidation & = +0.80 V is assigned differences from that of the ,free protonate'd ligand\[H6+
to the oxidation of the two ruthenium(ll) ions to ruthenium- po.ose it is dominated by the intense absorptions (')f the
(I, on the basis of the characteristic potential value and the ;henjum-containing chromophores. In the case of the mono-
observed spectrophotometric changes during bulk electrolysis: jyclear manganese complexfiin'16+, a significant additional
The UV/vis spectrum of the complex shows the intense apsorption band is observed as a broad shoulder at about 650
ruthenium(ll)— ligand charge-transfer absorption band with a nm which is ascribed to th8E; — 5T, transition of the
maximum at 454 nm (Table 2), which disappears upon the octahedral manganese(|||) center.
electrochemical oxidation at1.20 V. The second redox wave The square-wave voltammograms of the mononuclear and
atE; = +0.12 V is assigned to the manganese-centered one-rinyclear manganese complexes of thdigand are shown in
electron reduction of the RuMn'; form to the mixed-valent  Figyre 6. The independent, reversible, ligand-centered reduction
Ru'>Mn""Mn'V form as indicated by the current ratio of 1:2in of the first of the three bpy-type ligands coordinated to each of
the linear sweep voltammogram. During bulk electrolysis at the ruthenium(ll) centers is observed atl.80 V in both
—0.10 V, the absorption band of the Mp complex at~620 complexes as a concerted three/six-electron-transfer reaBtion (
nm, which is assigned to a phenolatemanganese(lV) charge-  Ejq). The reversible, simultaneous oxidation of the three/six
transfer transition (see below), disappeared. This reduction isequivalent ruthenium(ll) ions to ruthenium(lllE{/Es) on the
accompanied by a color change of the solution from green to other hand is observed at a formal potentiaEpf= +0.85 V.
brown. The one-electron-reduced form of the complex is EPR- Simulations of the CV waves d:/Es indicate the absence of
active; it displays a well-resolved 16-line X-band EPR signal significant differences between the individual redox potentials.
centered around = 2 (Figure 5) characteristic of mixed-valent Obviously, the increasing overall charge of this oxidation
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E, E,)=-223V
Ee =197V
ES=-177V

[5ua
(b) [I_1 Mn]n+
60 Hz ,
EP¥=+0.77V
— 3¢ 1e” 1e” 3e” ' +I1 6 _|1 _‘2
+1 0 -1 -2 E/Vvs Fc'/Fc

E/V vs F¢'/Fe Figure 7. Cyclic voltammogram of compount3 in acetonitrile (0.1

(c) M TBA(PFs)), platinum working electrode, scan rate 100 mV%.s
E
1 10+ 6 E . - .

(L MnMnMnL ] y = process at a formal redox potentialBf = +0.47 V, yielding

the trinuclear manganese(lll) species'Win"'Mn'". Equation
2 is consistent with all spectroscopic and electrochemical
observations.

E
Inpgallpgaling ol 1124+ 9
[L"Mn"Mn"Mn"L"] o008y
‘ i ' ! E
+1 0 -1 2 In gl gy gl 1713+ 8
E/VvsFc'/Fe [L MnT M MnTL] —-0.02v

Figure 6. Square-wave voltammograms of complex§in'']6+ in [L*Mn" Mn"Mn" LY £ . L*Mn"Mn" M"Yt
acetonitrile (0.1 M TBA(PE)), measured with pulse frequencies of 20 o4V
Hz (a) and 60 Hz (b) (conditions: platinum working electrode, pulse 2)

height 30 mV). Square-wave voltammogram of the complei/t!'- . )
Mn"Mn"'L1]%2" (b) (conditions as described in (a)). Inset: a measure-  The resulting MA'Mn""Mn"" compound can electrochemi-

ment of the smaller peaks with an increased current detection sensitivity. cally be further oxidized. The oxidation is reversible on the time
scale of a square-wave voltammogram since the reverse peaks

process displays only a negligible effect on the individual redox areé observableF = +0.58 V). However, on the time scale of

potential** The manganese-centered redox procesSgsi; bulk electrolysis at+0.70 V, the oxidation is irreversible: After

Es — Es) are more difficult to detect, due to slow kinetics of electrolysis the r_edox waves of the _or|g|nal compound disap-

the respective electrode reactions, but appear clearly at slowefPe@red and the signals of the respective mononuclear manganese

scan rates (CV) and lower pulse frequencies (SWV). compounds [EMn]™" described above were observed instead.
The two peaks aE, and E in the voltammograms of the The charge equivalent of one electron was consumed during

mononuclear manganese compleNIn'']6+ were identified oxidation. In the UV/vis spectrum of the electrolyzed solution,

by coulometric methods to represent a one-electron oxidation the absorption band of the complex*fn']"* at 935 nm

(E») and a one-electron reductiofs, respectively. They are ~ appeared, and in the EPR spectrum, a new sharp six-line signal
assigned as in eq 1. centered aroung®™ = 2 was observed, which indicates the

concomitant formation of a manganese(ll) species. On the basis

E, E, of these observations, the net reactions occurring during bulk
1 V17 1 11116 1 1175
[L"Mn™] +'—+o.59v [L'Mn™] +'_o.oov [L'™MN']"" (D) electrolysis at+0.70 V are formulated as in eq 3.

The coulometric oxidation at0.71 V yields the one-electron- Iy gl g galll g gl y 1715+ o
o . ; o ) [L™Mn"Mn"Mn"L7
oxidized species [IMn'V]7*, which shows an additional intense, +0.58V
broad absorption maximum at 935 nm in the UV/vis spectrum LMY M M"Y — 2L MY + Mn? (3)
and only small differences below 700 nm as compared to the
starting manganese(ll) compound. Simulations of the CV waves Voltamn;ogrlsr?f of the compounds [(ArOH)bpyRu(b¥)
yielded rather low values for the heterogeneous exchange rate{13) and [L°Mn"]"* are shown in Figures 7 and 8, respectively.

constants of (+2) x 103 cmrs ™1 (Ey) and~1 x 103 cmrs™? The redox processes of the Ru(bptype units were readily
(Es) compared to at least 30 10-3 cms™? for the ruthenium- detected for both compounds (RIRW" at E;' and E;, bpy/
centered oxidationsg). bpy~ atEs' and E, respectively). L3 an additional irreversible

Similar slow electron exchange rates were observed in the oxidation wave, which is not found in the reference compounds
case of the trinuclear manganese(ll) complex, for which several 11 and12 (not shown), occurs at a peak potentiaHed.77 V.
manganese-centered oxidation steps were detected (Figure 6c)lhis process is assigned to the irreversible oxidation of the
In a very narrow potential range &0 V two reversible one-  Phenol group to an unstable, probably deprotonated phenoxyl
electron oxidations occuEg andEg) which are assigned to the ~ radical S_F)e?'eé‘rf )
oxidation of the two terminal manganese(ll) ions. This assign- A similar irreversible process has been observed also for the
ment is based on the very small potential separation of 0.06 V manganese compound Mn"V]™* at an approximate peak
and the spectroelectrochemical behavior. The stablé il - potential ofE,%* = +0.75 V. Again, this process is ascribed to

. - . : ; ; inaP3,46
Mn'! species can then be oxidized in a reversible one-electronthe formation of anow coordinateetphenoxyl radicaf
Since in a standard electrochemical cell no signals of manganese-

(44) Simulations of the CV waves were perfomed using the DigiSim V
3.0 (CV) simulation program, Bioanalytical Systems, Inc., West (45) DeFelippis, M. R.; Murthy, C. P.; Broitman, F.; Weinraub, D.; Faraggi,
Lafayette, IN, 1996. M.; Klapper, M. H.J. Phys. Chem1991, 95, 3416-3419.
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reductive process at—0.8 V and the complete recovery of
this band upon the oxidation at—0.25 V, as expected for the

. — manganese-centered redox couplh" ]/[L2Mn'V]7. This

E.% was confirmed in a spectroelectrochemical experiment by
E, ] performing bulk electrolysis in a standard spectroelectrochemical
cell at a potential of~0.80 V with consumption of one electron
per molecule, whereupon the 710 nm band disappeared com-
pletely.

A further chemically reversible one-electron reduction of the
electrochemically generatedqun'"'16" complex is possible as
is indicated by a very slowly proceeding bulk electrolysis at
—1.50 V, but we were unable to detect any CV waves due to
this process (not even using thin-layer conditions). Thus, its
formal redox potentiaE, remains undetermined.

+1.0 +0.8 +06
E/VvsFc'/Fc

. . ; — The square-wave voltammogram of the trinuclear manganese
1 0 -1 2 complex [EMn"Mn""Mn"L2]12* is almost indistinguishable from
E/VvsFc'/Fc that of the mononuclear manganese compléih'V]’+ shown
Figure 8. Square-wave voltammogram of complex2fIn'V]7™ in in Figure 8. The Ru(bpy) and phenolate-centered redox

acetonitrile (0.1 M TBA(PE)) (conditions: platinum working electrode,  processes were again readily assigned. However, the oxidation
pulse frequency 60 Hz, pulse height 30 mV) (a). Inset: the positive of the manganese(ll) centers was even more difficult to detect

potential range of a respective measurement with a higher resomtlonelectrochemically: CV measurements with a scan rate of 1

(pulse frequency 10 Hz, pulse height 10 mV). Cyclic voltammogram Ves1 usi hin| diti h idati

of the same solution, platinum working electrode, scan rate 100 mV mV:s—= using thin- ayer con |t|o.ns show an oxi at'\{e wave at
s (b). +0.2 V and a respective reductive wave-at.1 V. This large

peak separation indicates a redox process with a very low rate

+0.5[ constant kK> < 1078 cmrs™1). Due to the influence of further
< irreversible oxidation processes in close proximity, the transfer
= o0l coefficient and the formal redox potential could not be
determined with certainty; however;0.4 V may serve as a
05 gross approximation. Even coulometric experiments to determine
: the number of electrons exchanged were unsuccessful due to
; the necessity of high overpotentials and the close proximity of
1.0 00 Yy oy the irreversible redox processes.

E/VvsFc'/Fc

Figure 9. Cyclic voltammogram of complex AMn'V]”* in acetonitrile
(0.1 M TBA(PR)) in a thin-layer cell @ = 0.17 mm) (conditions: A series of new N- and O-donating ligands containing
platinum net working electrode, platinum 2c+ounter electrode, silver covalently attached Ru(bpyype moieties was designed and
.retferenlcete'%“rgdeé.theI[';.e(bﬂ?t/k[l':egﬁ’yh] COlépIt? "&"’T_S usedas  synthesized. With these multidentate ligand systems several
internal standard). Simulation of the CV waves (dotted line). heterooligonuclear complexes containing one, two, or three
Table 4. Phenolate—~ Manganese(IV) CT Band manganese ions and up to six tris(Zygyridyl)ruthenium(ll)
groups were obtained in a synthetically stepwise fashion by
— " which the nuclearity of the complexes is controlled by the
{t 1B'Mwnr'lv]§(+ﬂ_0)2 g%gsh j-g reaction conditions employed. The tris(bipyridyl)ruthenium(r)
[L2MnV]™ 710 83 units were chosen because they are able to undergo light-energy-

' induced charge separation and are therefore considered to be a

centered redox processes were detected for this compound, w odel of the reactipn center PGSO in photosystgm ”Z The linkage
used a thin-layer cell for measurements at very slow scan rates. 0 the manganese ions was achieved by choos!ng different spacer
Figure 9 shows the redox waves observed at a scan rate of q9roups. In the case of the ligandE", electron-rich phenolates

mV/s in a cell with a thickness of 0.17 mm together with the were used, stabilizing phenoxyl radi_cal_ species. In a mono-
best simulation obtained assuming a one-electron prdéess. nuclear manganese(lV) complex of this ligand, electrochemical

formal redox potential of; = —0.40 V and a standard rate one-electron oxidation of the phenolate group to a phenoxyl

constant ofk® = 5 x 10°% cmrs™! were obtained. For a radical was observed.

satisfactory simulation of the peak shapes, a transfer coefficient N 9eneral the manganese centers in these complexes have
as small as1 = 0.2 had to be assumed. UV/vis spectroscopy been shown to exist in the oxidation states Il, 1ll, and IV. They

was utilized to prove that the process observed is indeed €0 undergo metal-centered reversible one-electron-transfer

manganese-centered: The manganese(lV) starting complexStepS' In several cases very slow heterogeneo_us electron-transfer
shows an intense phenolate manganese(IV) charge-transfer PrOcesses have been observed electrochemically. The transfer

transition at 710 nm, which was also observed in the complexes@teS depend on the length of the spacer separating the
[L1aMnV,(4-O)]¢* and [LIMnV]7™* (Table 4) and in similar manganese ions from the electrode surface. The longer spacer

mononuclear phenolatenanganese(I\V) complex&sUV/vis in the bulky L2 Iiganq system_gives rise to particu_larly slow
spectra measured in the thin-layer cell during the CV scan show €lectron-exchange kinetics; thin-layer electrochemical methods

the decrease of this charge-transfer band accompanying thdrave been successfully utilized to study these reactions.
The compounds presented here serve as structural and

(46) Burdinski, D.; Wieghardt, K.; Steenken, 5.Am. Chem. S04.999 functional models for the donor site of photosystem II. They
121, 10781-10787. model the light-driven oxidation of the reaction center P680

Conclusion

complex AmainmM €ma/10° L-mol~t-cm™
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and its subsequent reduction by an enzyme-bound redox-activein a short-path distillation apparatus on an oil bath at AG@or several
tyrosine. In this reaction a tyrosyl radical is formed as an hours until the calculated amount of ethanol (109 mL) had evolved.
intermediate, which then repetitively oxidizes the nearby T_he pure product was obtained as a colorless oil by vacuum distillation.
manganese cluster, where, finally, the four-electron oxidation Yi€ld: 76.0 g, (88%). Bp: 6663 °C (2 x 1072 mbar)."H NMR (400

of two water molecules to dioxygen occurs. Similar reactions m;:é ggglﬁhﬁfngbacf '51n55°'_' ;Té'322'521(’8v g:"l)\ﬂszgiz({gg?m?)c
occur in the model complexes described here upon photochemi-97 83 70. 56. 42 » PPm): e : '

cal excitation of the ruthenium-containing part of the com- ~ '~~~ ™

g . . . 1,2-Bis(4-methyl-1,4,7-triazacyclononyl)ethane, Métne (3). To
ﬁ'\ogn:ust.)sg:qis:nltas:{)g%h phatalysis experiments are descnbe% solution ofl (30.0 g, 220 mmol) in acetonitrile (100 mL) was added

1,2-dibromoethane (20.3 g, 110 mmol) with stirring. The solution was
. . allowed to stand at ambient temperature in a sealed reaction vessel for
Experimental Section about one week. The yellow, hygroscopic, crystalline precipitate formed
General Methods. Nuclear magnetic resonance spectia MR was collected by_filtration, washed rapidly With diethyl _ether., aqd dried
and’3C NMR) were obtained on a Bruker spectrometer ARX 250, DRX OVer RO, to yield colquess _ 1,2-b|s(4,7-d|aza-l-_d|azon|atr|cyclo-
400, or DRX 500. Infrared spectra were recorded on a Perkin-Elmer [5.2.1.0"%decyl)ethane dibromide2j (48.8 g, 95% yield).
2000 FT-IR instrument. Electron impact (El) mass spectra were  To asuspension df (20.0 g, 42.9 mmol) in methanol (700 mL) in
measured on a Finnigan MAT 8200 spectrometer. Electrospray (ESI) a 6 L round-bottom flask equipped with a reflux condenser was added
mass spectra were obtained on a Finnigan MAT 95 or a Hewlet-Packardsodium borohydride (16.2 g, 429 mmol) within 5 mi@gution! This
5989 instrument using sample solutions in methanol or acetonitrile. is a very exothermic reaction When the reaction had calmed down,
Elemental analyses were determined by the Mikroanalytisches Labor the mixture was transferred & 1 L round-bottom flask and refluxed
Kolbe, Miiheim an der Ruhr, Germany; satisfactory elemental analyses for 30 min, after which time the solvent was removed by rotary
were obtained for all compounds. Thin-layer chromatography (TLC) evaporation. The remaining white mass was suspended in concentrated
was performed on Merck Kieselgel 6@skprecoated silica gel plates  hydrochloric acid (150 mL) and refluxed for 90 min. After the
or on Merck Aluminum Oxide 60 k4 precoated basic alumina plates.  suspension was cooled in an ice bath, the white precipitate was removed
Spots were visualized by irradiation with ultraviolet light (254 and 366 by suction filtration and washed with ice-cold concentrated hydrochloric
nm) and/or by dipping the plate in a freshly prepared aqueous solution acid. The combined filtrates were rotary evaporated to dryness, and
of [NH4]Fe(SQ).-6H,0; 2,2-bipyridyls and 1,10-phenathrolines pro-  the residue was resuspendedsiM hydrochloric acid (20 mL). After
duce various colors with P&, mostly red to purple. The following filtration and washing of the residue with ice-doB M hydrochloric
solvent mixtures were used for TLC of complexes on silica gel: (a) acid (2x 7 mL), the combined filtrates were refluxed for a further 60

KNO; (saturated solution in #)/H,O/CH;CN (1:4:5), (b) KNQ min and cooled in an ice bath. The pH was adjusted to 12 by addition
(saturated solution in ¥D)/H,O/CH;CN/NHs (25% solution in HO) of solid sodium hydroxide. The precipitate formed was removed by
(80:320:400:7), (c) KN@(saturated solution in ¥D)/H,O/CH;CN (1: suction filtration, the pH of the filtrate adjusted to-134, and the

14:5). Column chromatography was performed on deactivated basic colorless solution extracted witfrpentane (3x 250 mL). Then the
alumina (ICN Alumina B-Super I, ICN Biochemicals, activity grade  pH of the aqueous phase was adjusted-t} until a second phase
1I; Al'";03) or Sephadex LH20 (Pharmacia Biotech; column 200 cm appeared. This was extracted witkipentane (4x 250 mL), and the
x 3 cm, eluent methanol, light protection!). Preparative gas chroma- combined extracts were dried overS&y. After filtration and removal
tography (GC) was performed on a Gerstel AMPG-60 instrument of the solvent in vacuo, a colorless oil of cru8g~8 g) remained.

equipped with a Volasphere A4 column (38020 mesh, 20 mnx This material was vacuum distilled in a concentric-tube column (System
500 mm, coated with 20% SE-30) at constant temperature {€20 Fischer, 300 mm), giving a colorless oil that solidified at room
All reactions with ruthenium-containing complexes were performed temperature within a few hours. Yield«4 g (30%). Bp: 130C (0.05
under exclusion of light. Torr). *H NMR (400 MHz, D;O, ppm): 6 2.62 (s, 4H), 2.53 (s, br,
Materials. 4,4-Dimethyl-2,2-bipyridyl, 2,2-bipyridyl (bpy), 1,2- 20H), 2.45 (s, br, 4H), 2.22 (s, 6HFC NMR (100 MHz, O, ppm):

dibromoethane, diisopropylamine (redistilled 99.5pelpluenesulfonic 054.5,53.7,52.8,51.8,51.1, 45.2, 44.9 ({LH4.7. EI-MS: m/z 312
acid monohydrate, and sodium methoxide were purchased from Aldrich. (M), 170, 156. FT-IR (KBr, cml): 2944, 2921, 2851, 2814, 2790,
Ammonium hexafluorophosphate (Fluka}putyllithium (1.6 M solu- 1583, 1460, 1401, 1371, 1273, 812, 628, 590.
tion in hexane; Chemetall), tetrabutylammonium chloride hydrate 4-Methyl-4'-(phenethyl)-2,2-bipyridyl ((Ph)bpy). In an argon-
(Fluka), tetran-butylammonium fluoride (1 M solution in THF; ABCR-  fjyshed round-bottom flask, 1.6 M-butyllithium in n-hexane (13.6
Chemicals), ruthenium trichlorid_e (Heraeus), and sodium borohydride mL, 21.7 mmol) was added to a stirred solution of diisopropylamine
(Fluka) were also used as received. (3.22 mL, 23 mmol) in THF (20 mL). After 10 min of stirring, the
Tetrahydrofuran (THF) was distilled from lithium aluminum hydride  mixture was cooled te-78 °C, and a solution of Mgbpy (4.00 g, 21.7
(LIAIH 4) prior to use. Acetonitrile was dried over calcium chloride  mmgl) in THF (200 mL) was added within 30 min. The dark brown
and distilled over molecular sieves (3 A). Methanol was also distilled reaction mixture was stirred for 90 min, then a solution of benzyl

over molecular sieves (3 A). Toluene was dried over calcium chloride choride (2.5 mL, 21.7 mmol) in THF (20 mL) was added slowly, and

and distillgd from sodium. _ the resulting solution was stirred for an additional hour. It was then
1,4,7-Triazacyclononane (tacty® cis-[(bpy).RuCk]-2H,0,* and allowed to warm to room temperature and stirred overnight. The
4-((tert-butyldimethylsilyl)oxy)-3-methoxybenzyl bromiéwere pre- reaction was quenched by the addition of water (50 mL) followed by

pared according to published procedures. 4-Hydroxy-1,10-phenanthro-extraction with ether (Ix 400 mL) and CHCI, (2 x 100 mL). The

line (phenOH) was prepared by the method reported by Snydefet al. combined organic layers were dried §$&,) and evaporated under

and further purified by Soxhlet extraction with toluene. reduced pressure, yielding a yellow solid. This was redissolved in CH
1,4,7-Triazatricyclo[5.2.1.@"*9decane (1).1,4,7-Triazacyclononane  Cl,, adsorbed on basic alumina (10 g), and chromatographdt@a|

(80.0 g, 620 mmol), triethyl orthoformate (96.5 g, 651 mmol), and pentane/ether 10:1R; ~ 0.05) to give a mixture of mono- and

p-toluenesulfonic acid monohydrate (2.95 g, 15.5 mmol) were heated unsubstituted Mgpy, which could not be separated by column

chromatography, but by preparative GC. The product is a white solid.

(47) Wieghardt, K.; Schmidt, W.; Nuber, B.; Weiss,Ghem. Ber1979 Yield: 0.82 g (14%). Mp: 8CC. *H NMR (400 MHz, CDC%, ppm):
112, 2220-2230. 6 8.52 (d,d =5 Hz, 2H), 8.27 (s, 1H), 8.22 (s, 1H), 7.27 t= 7 Hz,
(48) Qé@gg T. J.; Richman, J. E.; Oettle, W. Brg. Synth.1978 58, 2H), 7.18 (t,J = 7 Hz, 1H), 7.17 (dJ = 7 Hz, 2H), 7.11 (d) = 4.8
L _ _ Hz, 1H), 7.06 (d,J = 4.8 Hz, 1H), 2.98 (s, 4H), 2.41 (s, 3H}C
(49) Lay, P. A; Sargeson, A. M. Taube, Horg. Synin1986 24, 291 NMR (100 MHz, CDC}, ppm): & 156.2, 156.0, 151.6, 149.0, 148.9,
(50) Singh, S. B.; Pettit, G. RSynth. Communl987, 17, 877—892. 148.1, 140.9, 128.5, 128.4, 126.2, 124.6, 123.9, 122.0, 121.2, 37.4,

(51) Snyder, H. R.; Freier, H. B. Am. Chem. Sod946 68, 1320-1322. 36.7, 21.1. EI-MS:mVz 273 ([M — H]"), 197, 170, 91.
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4-(2-(4-(tert-Butyldimethylsilyl)oxy)-3-methoxyphenyl)ethyl)-4 - 2.33 (s, 6H). ESI-MS (positive ion, GH): m/z 729 ([M + H]"),
methyl-2,2-bipyridyl (4). A solution of lithium diisopropylamide 365 ([M + 2H]?).
(LDA) in THF (50 mL) was prepared by the reaction of diisopropyl- 1,4,7-Tris((4-hydroxy-1,10-phenanthrolin-3-yl)methyl)-1,4,7-tri-
amine (12.1 mL, 86 mmol) with 1.6 M-butyllithium in n-hexane (53.8 azacyclononane (tacn(CHphenOH))s) (6). A solution of tacn (0.57
mL, 86 mmol). After this solution was cooled t678 °C, a solution of g, 4.4 mmol) and paraformaldehyde (0.41 g, 14 mmol) in methanol
Mezbpy (15.0 g, 81.4 mmol) in THF (650 mL) was added dropwise (30 mL) was stirred overnight at room temperature and rotary
within 60 min. The dark brown mixture was stirred-a78 °C for an evaporated under reduced pressure. The solution of the oily residue in

additional 90 min. Then 4-¢rt-butyldimethylsilyl)oxy)-3-methoxy- toluene (50 mL) was added to an argon-flushed suspension of phenOH
benzyl bromide (27.0 g, 81.4 mmol) dissolved in THF (100 mL) was (3.00 g, 15.3 mmol) in toluene (400 mL) and refluxed for 48 h. The
added slowly (30 min), whereupon the color changed to green and phenOH dissolved completely before a fine, light precipitate formed,
finally to yellow. After 60 min the solution was allowed to warm to  which was filtered off hot (!), washed with toluene, ether, afgkntane,
room temperature and stirred for 2 h. The reaction was quenched byand air-dried, yielding a light beige powder of sufficient purity {70
addition of water (250 mL) followed by extraction with ether & 80%) for preparative purposes. Yield: 1.8 g (54%). To obtain an
1000 mL) and CHECI; (2 x 250 mL). The combined organic layers  analytically pure sample, the crude product was chromatographed
were dried (NaSOy), and the solvents were evaporated under reduced (Al'",0s) using a CHCI,/CH;OH gradient (5:6-5:1) as eluentH NMR
pressure, yielding a yellow-brown oil. Traces of solvent were removed (400 MHz, CQxOD): ¢ 8.83 (dd,J = 4.3 Hz,J = 1.6 Hz, 3H), 8.37
in vacuo (3x 1072 mbar) for several hours. The remaining semisolid (s, 3H), 8.23 (dJ = 9.0 Hz, 3H), 8.15 (ddJ = 8.2 Hz,J = 1.6 Hz,
mass was suspended in 40 mL of petroleum ether (bpB860C) and 3H), 7.53 (ddJ = 8.2 Hz,J = 4.3 Hz, 3H), 7.49 (dJ = 9.0 Hz, 3H),
stored overnight at 4C. The white precipitate formed was removed  3.90 (s, 6H), 2.92 (s, 12H}3C NMR (100 MHz, CROD, ppm): 6
by suction filtration, washed twice with petroleum ether and three times 177.7, 150.0, 143.3 (br), 141.9, 140.6 (br), 136.9, 130.0, 124.9, 124.5,
with n-pentane, and discarded (the isolated solieb (g) consists 123.4, 123.3, 119.9 (br), 55.0, 52.6. ESI-MS (positive ionzCH):
predominantly of Mgbpy). The combined filtrates were rotary evapo- m/z 754 (M + H)™).
rated; the resulting yellow-brown oil was adsorbed on basic alumina  1,4,7-Tris(2-hydroxy-3-methoxy-5-(2-(4methyl-2,2-bipyridyl-4-
and chromatographed (AOs, pentane/ether 10:R; ~ 0.05). The yl)ethyl)benzyl)-1,4,7-triazacyclononane (tacn(CH{ArOH)bpy) 3)
product was a colorless oil that solidified at room temperature within (7). An argon-flushed solution of tacn (100 mg, 0.77 mmol) and
a few hours. Yield: 11.0 g (31%JH NMR (400 MHz, CDC}): ¢ paraformaldehyde (78 mg, 2.6 mmol) in methanol was refluxed for 30
8.50 (d,J = 4.5 Hz, 1H), 8.49 (dJ = 4.5 Hz, 1H), 8.23 (s, 1H), 8.20 min. After addition of (ArOH)bpy (1.00 g, 3.12 mmol), the reaction
(s, 1H), 7.08 (dJ = 4.5 Hz, 1H), 7.00 (dJ = 4.5 Hz, 1H), 6.72 (d, mixture was refluxed for 72 h in an argon atmosphere and rotary
J = 8.5 Hz, 1H), 6.59 (m, 2H), 3.70 (s, 3H), 2.90 (m, 4H), 2.39 (s, evaporated to a viscous yellow oil, which was directly used in the next
3H), 0.96 (s, 9H), 0.10 (s, 6H)*C NMR (100 MHz, CDC4, ppm): o step of the synthesis. An analytically pure sample was obtained in a
156.1, 155.9, 151.6, 150.6, 148.9, 148.8, 148.0, 143.2, 134.3, 124.5,very low yield by dissolving the crude product in a minimum amount
124.0, 121.9, 121.2, 120.7, 120.4, 112.5, 55.3, 37.6, 36.4, 25.7, 21.1,0f THF and dropping it into an excess of dry ether. The precipitated
18.3,—4.8. EI-MS: m/z 434 (M*), 419, 377, 198. product was filtered off, washed with ether, and air-dried, yielding a
4-(2-(4-Hydroxy-3-methoxyphenyl)ethyl)-4-methyl-2,2 -bipyr- light beige powder!H NMR (400 MHz, CDC}): ¢ 8.52-8.46 (m,
idyl ((ArOH)bpy). A solution of compoundt (10.0 g, 23.0 mmol) in 6H), 8.23 (s, 3H), 8.20 (s, 3H), 7.09 (d, bBr= 4 Hz, 3H), 7.03 (d, br,
THF (70 mL) was treated with a 1.0 M solution of tetrabutylammonium J = 4 Hz, 3H), 6.59 (dJ = 1.4 Hz, 3H), 6.38 (dJ = 1.4 Hz, 3H),
fluoride in THF (25 mL, 25 mmol) and stirred for 30 min. Water (30  3.80 (s, 9H), 3.76 (d) = 4 Hz, 3H), 3.65 (s, br, 3H), 2.942.88 (m,
mL) was added to the light yellow reaction mixture, and it was extracted 12H), 2.86-2.80 (m, 12H), 2.40 (s, 9H). ESI-MS (positive ion, &H
with ether (400 mL). The colorless organic phase was washed with OH): nv/z 1126 ([M + H]*).
water (2 x 30 mL), dried (NaSQy), and rotary evaporated. The [MezbpyRu(bpy)2](PFe)2 (11). An argon-flushed solution of Me
remaining semisolid mass was refluxed witthexane (3x 200 mL) bpy (0.37 g, 2.0 mmol) andis-[(bpy).RuCk]-2H,0O in ethanol/water
and the hexane decanted hot. The white crystalline product precipitated(50:50, 40 mL) was refluxed for 5 h. After the mixture was cooled to
from the combined hexane phases. It was collected by filtration, washed room temperature and filtration, the crude product was precipitated by

with n-hexane and-pentane, and air-dried. Yield: 6.8 g (92%M addition of a saturated aqueous solution of JRR; (0.8 g), isolated by
NMR (250 MHz, CDC}, ppm): ¢ 8.51 (d,J = 5.0 Hz, 2H), 8.25 (s, filtration, washed with water, ethanol, and ether, and recrystallized from
1H), 8.20 (s, 1H), 7.10 (d] = 5.0 Hz, 1H), 7.03 (dJ = 5.0 Hz, 1H), ethanol (96%)/acetone (70:30). The crystalline product was filtered,

6.79 (d,J = 7.8 Hz, 1H), 6.63 (dJ = 7.8 Hz, 1H), 6.60 (s, 1H), 6.10 washed with ethanol and ether, and air-dried, yielding a bright orange
(s, br, 1H), 3.75 (s, 3H), 2.89 (m, 4H), 2.39 (s, 3MC NMR (62.9 powder. Yield: 1.33 g (75%R{(a) = 0.85.'H NMR (250 MHz, CDQ-
MHz, CDCk, ppm): 6 156.1, 155.9, 151.7, 148.9, 148.8, 148.2, 146.5, CN, ppm): 6 8.51 (d,J = 8.1 Hz, 4H), 8.39 (s, 2H), 8.05 3, = 7.6
144.0, 132.7, 124.6, 124.0, 122.1, 121.3, 120.8, 114.4, 111.1, 55.7,Hz, 4H), 7.76 (m, 4H), 7.56 (d] = 5.7 Hz, 2H), 7.42 (tJ = 7 Hz,

37.7, 36.3, 21.1. EI-MSmz 320 (M*), 184, 198. 2H), 7.40 (t,3 = 7 Hz, 2H), 7.24 (d] = 5.7 Hz, 2H), 2.52 (s, 6H).
1,2-Bis(4-((4-hydroxy-1,10-phenanthrolin-3-yl)methyl)-7-methyl- ESI-MS (positive ion, CHCN): mz 743 (M — (PR)]*), 299 (M —
1,4,7-triazacyclononyl)ethane (Medtne(CHx(phenOH)),) (5). Me,- 2(PR)]?%). UVIvis (CHsCN): Ama/nm (¢/10° L-mol~1-cm™1) 206 (57),

dtne (1.65 g, 5.28 mmol) was treated with a methanol solution (10 245 (24), 254sh (22), 287 (85), 454 (15).

mL) of paraformaldehyde (350 mg, 11.6 mmol). After the mixture was [(Ph)bpyRu(bpy).](PFs)2 (12). An argon-flushed solution of (Ph)-
stirred overnight at room temperature, the methanol was evaporatedbpy (0.41 g, 1.5 mmol) ands-[(bpy).RuCk]-2H,O (0.78 g, 1.5 mmol)
under reduced pressure. The oily residue was dissolved in toluene (50in ethanol/water (50:50, 40 mL) was refluxed for 5 h, cooled to room
mL) and added to an argon-flushed toluene suspension (400 mL) of temperature, and filtered. A saturated aqueous solution aPR§{0.8
phenOH (2.28 g, 11.6 mmol). The mixture was refluxed for 48 hiin an g) was added, and the precipitate formed was collected by filtration
argon atmosphere, whereupon the phenOH dissolved completely beforeand washed with water, ethanol, and ether. The crude product was
a slimy, brown precipitate formed within a few hours. It was decanted recrystallized from ethanol (96%)/acetone (70:30), washed with ethanol
hot (!). After the mixture was allowed to stand overnight at@ a and ether, and air-dried, yielding a bright orange powder. Yield: 1.33
crystalline precipitate formed which was filtered off, washed with g (75%).R(a) = 0.80, R(c) = 0.38.'H NMR (250 MHz, CDCN,
toluene, ether, and-pentane, and air-dried, yielding a light yellow ppm): ¢ 8.51 (d,J = 8.2 Hz, 4H), 8.34 (d, brJ = 5 Hz, 2H), 8.16-

solid of sufficient purity (86-90%) for preparative purposes. Yield:  8.02 (m, 4H), 7.75 (d) = 5.6 Hz, 3H), 7.71 (d) = 5.4 Hz, 1H), 7.55

2.5 g (65%). An analytically pure sample was obtained as the second(d, J = 5.8 Hz, 2H), 7.477.37 (m, 4H), 7.2#7.12 (m, 7H), 3.15

band by column chromatography ¢4I0s) using an ether/methanol 2.96 (m, 4H), 2.54 (s, 3H). ESI-MS (positive ion, gEN): m/z 833
gradient (4:+0:1) as eluent. The pure sample was a light yellow (M — (PR)]"), 344 (IM — 2(PR)]?". UV/vis (CHsCN): Ama/nm (e/
powder.'H NMR (250 MHz, CDC}, ppm): d 8.85 (d, br, 2H), 8.40 10° L-mol~t-cm™?) 206 (60), 244 (24), 254sh (22), 287 (79), 453 (14).
(d, J = 8.9 Hz, 2H), 8.28 (s, 2H), 8.19 (d, b#,= 8 Hz, 2H), 7.59- [(ArOH)bpyRu(bpy) 2](PFs)2 (13). (ArOH)bpy (0.48 g, 1.5 mmol)
7.51 (m, 4H), 3.83 (s, br, 4H), 3:2.6 (m, br, 24H), 2.59 (s, 4H), and cis-[(bpy):RuCkL]-2H,O (0.78 g, 1.5 mmol) were dissolved in
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ethanol/water (50:50, 40 mL), refluxedrfb h in anargon atmosphere,
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(m, 3H), 7.38-7.25 (m, 6H), 7.257.15 (m, 3H), 4.11 (d, br) = 13

cooled to room temperature, and filtered. The crude product was Hz, 3H), 3.93 (d, brJ = 13 Hz, 3H), 3.16-2.65 (m, br, 12H). ESI-

precipitated by addition of a saturated aqueous solution of¥%1(0.8

g), isolated by filtration, washed with water, ethanol, and ether, and
chromatographed (silica gel, KN@saturated solution in #0)/H,O/
CH;CN/CH;OH (1:4:5:10)). The solvents of the combined pure

MS (positive ion, CHCN): m/z 311 ([CHx(phenO)Ru(bpy)?*). UV/

Vis (CHsCN): Ama/nm (/1% L-mol~t-cm™2) 206 (180), 243 (170), 289
(160), 334 (42), 391 (32), 467 (32). Anal. Calcd foiéls/N21OsR Us-
(PR)s: C, 44.04; H, 3.06; N, 10.27; Ru, 10.59. Found: C, 43.41; H,

fractions were removed by rotary evaporation, and the residue was 3.16; N, 9.98; Ru, 10.21.

redissolved in water and a small amount of acetone. After addition of
an excess of a saturated agueous solution off¥i] the pure product
crystallized upon slow evaporation. It was isolated by filtration, washed
with water, ethanol, and ether, and air-dried, yielding a bright orange
powder. Yield: 0.62 g (40%)R{(a) = 0.80, R{(c) = 0.35.'H NMR
(250 MHz, CQxCN, ppm): 6 8.49 (d,J = 8.2 Hz, 4H), 8.31 (s,1H),
8.27 (s, 1H), 8.098.00 (m, 4H), 7.72 (dJ = 5.5 Hz, 3H), 7.66, (d,

J = 5.2 Hz, 1H), 7.52 (dJ) = 5.8 Hz, 2H), 7.41 (tJ = 7 Hz, 2H),
7.38 (t,J =7 Hz, 2H), 7.22 (d, brJ = 5.8 Hz, 1H), 7.16 (ddJ = 5.8

Hz, J=1.6 Hz, 1H), 6.79 (dJ = 1.8 Hz, 1H), 6.65 (dJ = 8.0 Hz,
1H), 6.56 (dd,J = 8.0 Hz, J=1.8 Hz, 1H), 6.36 (s, br, 1H), 3.75 (s,
3H), 3.08 (t, br,J = 7 Hz, 2H), 2.91 (t, brJ = 7 Hz, 2H), 2.58 (s,
3H). ESI-MS (positive ion, CECN): m/z 879 (M — (PR;)]™), 367

(IM = 2(PR)]?"). UV/is (CHsCN): Amad/nm (e/1C° L-mol~t-cm™?)

244 (27), 253sh (24), 287 (78), 453 (15).

[(phenOH)Ru(bpy)2](PFe)2 (14). A solution of phenOH (0.30 g,
1.5 mmol) anctis-[(bpy).RuCk]-2H,0 (0.78 g, 1.5 mmol) in ethanol/
water (50:50, 30 mL) was refluxed f&d h in anargon atmosphere.
After removal of the ethanol in vacuo, more water (15 mL) was added
and the crude product precipitated by the addition of a few drops of

[tacn(CH2(ArOH)bpyRu(bpy) 2)3](PF6)6, [H3L2](PF5)6. The crude
tacn(CH(ArOH)bpy); (<0.8 mmol) anctis-[(bpy).RuCkL]-2H,0O (1.30
g, 2.5 mmol) were dissolved in methanol (30 mL), refluxed for 15 h in
an argon atmosphere, and treated further as described above. The
product was a light orange-brown powder. Yield: 0.90 g (3684R)
= 0.40.'H NMR (400 MHz, CQXOD, ppm): ¢ 8.70 (m, br, 18H),
8.11 (s, br, 12H), 7.80 (s, br, 12H), 7.60 (s, br, 6H), 7.49 (s, br, 12H),
7.34 (s, br, 6H), 6.86 (s, br, 3H), 6.80 (s, br, 3H), 8.82 (s, br, 6H), 3.75
(s, br, 9H), 3.16 (s, br, 6H), 3.01 (s, br, 6H), 2.76 (s, br, 9H), 2.58 (s,
br, 12H). ESI-MS (positive ion, CECN): m/z891 ([[CHx(ArO)bpyRu-
(bpyXl(PFe)]*, 373 ([CH(ArO)bpyRu(bpy)]**). UVivis (CH:CN):
Amadnm (€/1C° L-mol~t-cm™) 203 (260), 243 (81), 252sh (65), 287
(250), 453 (42). Anal. Calcd for fgdH12dN2:06RWs(PFs)s: C, 47.87;

H, 3.83; N, 9.09; Ru, 9.37. Found: C, 46.86; H, 3.99; N, 8.85; Ru,
9.52.

[LMNYMn Y (u-O).])(PFe)s. To the deep red solution of pHd-
(PFRs)4(0.42 g, 0.20 mmol) in ethanol/acetone (50:50, 40 mL) was added
[Mn3(us-O)(u-CH3CO,)6(H20)3] (CH3CO;) (0.13 g, 0.20 mmol) with
stirring, whereupon the color changed to deep brown. After addition
of sodium methoxide (50 mg, 1 mmol) and b, the volume was

concentrated aqueous hexafluorophosphoric acid. It was collected byslowly reduced upon standing in an open beaker. The precipitated
filtration, washed with water and ether, and redissolved in acetone (40 material was collected by filtration and washed three times with ethanol,

mL). Then a concentrated solution of tetrdsutylammonium chloride

once with a small amount of methanol, and then with ether. To a

hydrate in acetone was added, whereupon the chloride salt precipitated suspension of the isolated brown powder in ethanol (20 mL) was added

It was filtered off, washed with acetone and ether, redissolved in water,

precipitated by the addition of concentrated HP&nd isolated as

acetone, until a clear brown solution was obtained. The addition of
two drops of concentrated hexafluorophosphoric acid and three drops

described above. The hexafluorophosphate salt was recrystallized onceof hydrogen peroxide (35% solution in water) induced a color change

from hot ethanol/water (50:50) and air-dried, yielding an orange powder.
Yield: 0.8 g (60%).R{(a) = 0.50.'H NMR (250 MHz, C;CN, ppm):

0 8.56-8.46 (m, 5H), 8.39 (dJ = 9.0 Hz, 1H), 8.09-8.00 (m, 4H),
7.97 (td,J = 7.9 Hz, J=1.4 Hz, 2H), 7.85 (t, brJ = 6.2 Hz, 2H),
7.69-7.56 (m, 4H), 7.457.39 (m, 2H), 7.26:7.19 (m, 2H), 7.08 (d,

J = 6.2 Hz, 1H). ESI-MS (positive ion, C}N): m/z 755 (M —
(PR)]™), 305 (M — 2(PF)]*%), 609 (IM — H(PF)] ). UVivis (CHs-
CN): Ama/nm (€/10° L-mol~t-cm™?) 242 (50), 291 (54), 360sh (11),
390 (12), 447sh (11), 480 (12). Anal. Calcd foy8,4Ns0:1R W (PFs)2:

C, 42.73; H, 2.69; N, 9.34; Ru, 11.24. Found: C, 42.40; H, 2.79; N,
9.20; Ru, 10.98.

[Mezdtne(CHg(phenOH)Ru(bpy)z)z](PF6)4, [Hlea](PF5)4. Me,-
dtne(CH(phenOH)) (0.48 g, 0.66 mmol) andis-[(bpy),RuCk]-2H,0O
(1.04 g, 2.0 mmol) were dissolved in methanol (60 mL) and refluxed
in an argon atmosphere for 48 h. After removal of the solvent by rotary
evaporation, the red residue was taken up in methareB (@L) and
stored overnight at £C. The deep-red solution was filtered and

to deep green. After 20 min of stirring, the solution was filtered, and
the solvents were allowed to slowly evaporate from an open beaker.
The microcrystalline precipitate was collected by filtration, washed with
ethanol and ether, and air-dried, yielding an almost black powder.
Yield: 0.35 g (68%)Ri(b) = 0. ESI-MS (positive ion, CECN): m/z
2276 ([[L1Wn202](PF6)4]+), 1065.5 ([[Llal\/lnzOz](PFs)3]2+). FT-IR
(KBr, cm™): 3120, 3093, 2969, 2920, 2879, 1603, 1560, 1522, 1483,
1465, 1448, 1427, 1401, 1384, 1349, 1324, 1245, 1187, 1055, 1040,
1004, 957, 840 (PF), 762 (Pk"), 558 (Pk ). UV/vis (CHCN): Amal
nm (e/10° L-mol~*-cm™2) 241 (85), 255 (79), 288 (130), 458 (30), 620sh
(2.0). Anal. Calcd for @Hs2N1sOsRuLMN,(PFs)s: C, 38.39; H, 3.22;
N, 9.83; Ru, 7.88; Mn, 4.28. Found: C, 38.89; H, 3.33; N, 9.83; Ru,
7.98; Mn, 4.28.

[LIMn"](PFe)s. The addition of [Mr(uz-O)(u-CHsCO,)s(H20)s](CHz-
COy) (12 mg, 18umol) to the deep red solution of fH](PFs)s (100
mg, 35umol) in a mixture of ethanol (10 mL) and acetone (12 mL)
induced a color change to brown. After 15 min of stirring, three drops

chromatographed in portions (Sephadex LH20). The first red band was of hydrogen peroxide (35% solution in water) and three drops of
collected and evaporated to dryness and the product precipitated fromconcentrated aqueous hexafluorophosphoric acid were added. The deep

water by addition of a saturated aqueous solution of gl Filtration,
washing with water and ether, and drying in air yielded the product as
a red-brown powder. Yield: 0.50 g (36%3(b) = 0.50.H NMR: In
CDsCN and in CROD only two broad multiplets 8.6—6.8, 4.6-
1.5) could be detected. ESI-MS (positive ion, £LM): m/z311 ([CH-
(phenO)Ru(bpy)?"). UV/Ivis (CH3CN): Ama/nm (e/10° L-mol~2-cm™?)
206sh (110), 242 (98), 289 (40), 331 (22), 394 (20), 463 (22). Anal.
Calcd for GoHgaN1g0:RW(PF)4: C, 46.12; H, 3.96; N, 11.81; Ru, 9.46.
Found: C, 45.92; H, 3.98; N, 11.65; Ru, 9.31.
[tacn(CH2(phenOH)Ru(bpy).)sl(PFe)e, [H3L1](PFs)s. A solution of
tacn(CH(phenOH)} (0.43 g, 0.57 mmol) andis-[(bpy).RuCk]-2H,0O
(1.19 g, 2.29 mmol) in methanol (60 mL) was refluxed for 72 h in an

brown solution was filtered and the volume slowly reduced in an open
beaker. The microcrystalline precipitate was collected by filtration,
washed with ethanol and ether, and air-dried to a brown powder.
Yield: 60 mg (60%).R(a) = 0.06;R(b) = 0.50. FT-IR (KBr, cn1%):
3082, 2968, 2924, 2954, 1602, 1567, 1480, 1465, 1447, 1415, 1397,
1376, 1242, 1185, 952, 839 (PF, 762 (Pk"), 558 (Pk"). UV/vis
(CH3CN): Amadnm (¢/10° L-mol~t-cm™1) 208 (170), 239 (120), 287
(190), 332sh (39), 454 (40). Anal. Calcd forg8HssN2:0sRUMN;-
(PR)s: C, 43.25; H, 2.90; N, 10.09; Ru, 10.40; Mn, 1.88. Found: C,
41.98; H, 3.04; N, 9.84; Ru, 10.21; Mn, 1.72.
[LIMN"Mn"Mn"LY(PFe)12. The deep red solution of BHY](PFs)s
(150 mg, 52umol) in a mixture of ethanol (10 mL) and acetone (12

argon atmosphere and treated further as described above. The produatnL) was treated with [Mg(us-O)(u-CHsCO,)s(H20)s](CHCO,) (20

obtained after chromatography and precipitation from water was a red-

brown powder. Yield: 0.40 g (25%]R¢(a) = 0.30; R(b) = 0.64.H
NMR (400 MHz, CB;OD/CDsCN (3:1), ppm): d 8.93 (s, br, 3H),
8.60-8.40 (m, 12H), 8.46:8.20 (m, 6H), 8.26-8.10 (m, br, 3H), 8.16
7.80 (m, 21H), 7.757.63 (m, 3H), 7.6%7.45 (m, 9H), 7.457.38

mg, 31umol) and stirred for 1 h. After addition of NffFs (150 mg),

the solution was filtered, and the solvents were allowed to slowly
evaporate from an open beaker. The brown precipitate was isolated by
filtration, washed with ethanol and ether, redissolved in ethanol/acetone
(50:50, 20 mL), and flushed with argon. After addition of sodium
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methoxide (18 mg, 33@mol), ascorbic acid (21 mg, 1Q@mol), and
NH4PFs (28 mg), some more [Myus-O)(u-CH3;CO,)s(H20)3](CH3COy)
(~3 mg, 5umol) was added. The reaction mixture was filtered in an

Burdinski et al.

1604, 1571, 1480, 1466, 1446, 1425, 1313, 1245, 1161, 1097, 1077,
841 (PR, 762 (Pk"), 558 (PK-). UV/ViS (CHsCN): Amadnm (e/10°
L-mol--cm™1) 209 (260), 245 (99), 287 (270), 453 (47), 710 (8.3).

argon atmosphere and its volume slowly reduced in an argon steam.Anal. Calcd for GaoHi20N2:06RWMNy(PR)7: C, 45.13; H, 3.52; N,

The microcrystalline precipitate was isolated by filtration, washed with

8.57; Ru, 8.83; Mn, 1.60. Found: C, 44.02; H, 3.71; N, 8.36; Ru, 8.72;

argon-flushed ethanol and ether, and dried in vacuo to a deep redMn, 1.51.

powder. Yield: 90 mg (60%)R(a)= 0.30;R(b) = 0.75. FT-IR (KBr,

[L2Mn"Mn"Mn"L?|(PFe)12. [L2Mn"V](PFs)7 (100 mg, 2%mol) and

cmY): 3076, 2966, 2922, 2853, 1601, 1581, 1526, 1483, 1459, 1446, [Mn ;(u13-0)(u-CHsCO2)s(H20)s(CHsCO;) (6 mg, 9umol) were dis-

1426, 1412, 1393, 1271, 1185, 1106, 1065, 950, 84 PF62 (Pk"),

557 (Pk"). UVIis (CHsCN): Ama/nm (/10° L-mol~t-cm™2) 210 (320),
242 (290), 288 (330), 325 (79), 387 (59), 436 (61), 457 (61). Anal.
Calcd for GidH1egN420sRUMN3(PRs)12: C, 42.85; H, 2.88; N, 9.99;
Ru, 10.30; Mn, 2.80. Found: C, 42.17; H, 3.04; N, 10.59; Ru, 9.85;
Mn, 2.99.

[L2MnV](PFe)7. To the red solution of [kRLZ(PFs)s (260 mg, 80
umol) in ethanol/acetone (50:50, 40 mL) was added {(usO)(u-
CH3C0O;)6(H20)3](CH3CO,) (26 mg, 40umol). Upon stirring in air for
1 h, the color changed to deep green. After the addition ofiNi

solved in ethanol/acetone (50:50, 20 mL) and treated with sodium
methoxide (16 mg, 298mol), which induced a change of the solution
color from green to red-brown. After the reaction mixture was flushed
with argon, ascorbic acid (15 mg, @nol) was added and the solution
filtered under argon. Slow evaporation of the solvents in an argon steam
initiated precipitation of red microcrystals, which were collected by
filtration in an argon atmosphere, washed with argon-flushed ethanol
and ether, and dried in vacuo to a fine red powder. Yield: 70 mg (73%).
R(a)=0.26. FT-IR (KBr, cnt%): 3118, 3080, 2963, 2922, 2867, 2838,
1618, 1604, 1484, 1466, 1446, 1425, 1315, 1263, 1241, 1159, 1092,

(0.50 g), the solution was filtered, and the solvents were allowed to 1457 972 g41 (PF), 762 (PK), 558 (PK"). UVAViS (CHCN): Ama/
slowly evaporate. Dark microcrystals precipitated, which were collected | - (e'/log L’-mol‘l-cm,‘l) 208 (47'0) 246 (180), 254sh (180) 087 (500)

by filtration, washed (ethanol, ether), recrystallized from ethanol/
acetone, washed with ethanol, methanol, and ether, and air-dried to
green powder. Yield: 190 mg (69%%(a) = 0.09. ESI-MS (positive
ion, CHCN): mvz 1572 ([[L2Mn"V](PFs)s]?"), 999.7 ([[L>Mn'V]-
(PRs)a®"). FT-IR (KBr, cnY): 3117, 3082, 3000, 2927, 2854, 1618,

453 (87). Anal. Calcd for @aH240N42012RUsMN3(PFRs)12: C, 46.73; H,

a3.86; N, 8.87; Ru, 9.14; Mn, 2.49. Found: C, 45.89; H, 3.86; N, 8.58;

Ru, 9.12; Mn, 2.27.
IC990755A





