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Abstract: The following dinuclear exchange-coupled manganese complexes are investigated: [thuheNn
(u-O)u-OAc](BPhy), (dtne= 1,2-bis(1,4,7-triazacyclonon-1-yl)ethane), [(GkdtneMn" Mn' (4-O)u-OAc]-

(BPhy)2 ((CHg)4dtne= 1,2-bis(4,7-dimethyl-1,4,7-triazacyclonon-1-yl)ethane), [attneMAY Mn' (u-O)u-
OAC](CIOg4)3, [(tacnpMn"Mn" (u-O)u-OAc](BPhy), (tacn = 1,4,7-triazacyclononane), [bgyin'"Mn'V (u-
0)2](ClOg4)3 (bpy = 2,2-bipyridyl), and [pheaMn'"Mn' (4-0),](ClO4)s (phen= 1,10-phenanthroline). For

three of these complexes, X-ray structural data obtained on single crystals are reported here. All complexes
are strongly antiferromagnetically coupled, with exchange coupling constants ranging from110 cnt?!
(bisu-oxou-acetato-bridged) to-150 cnt! (bisw-oxo-bridged). EPR investigations at X- and Q-band
frequencies are reported for all five mixed-valenceé'Wm' complexesG tensors an&@Mn hyperfine coupling
constants (hfc’s) were obtained by simultaneous simulation of the EPR spectra at both frequency bands. By
using the vector model of exchange-coupled systems, tensor axes could be related to the molecular structure
of the complexes. Hyperfine coupling constants fréivin cw-electror-nuclear double-resonance (ENDOR)
spectra were in agreement with those obtained from the simulation of the EPR spectra. Ligand hyperfine
couplings {H and1N) were also measured using cw-ENDOR spectroscopy. Electror-epho envelope
modulation spectroscopy (ESEEM) spectra yielded information about 3fhatyperfine and quadrupole
coupling constants that could not be resolved in the ENDOR spectra. On the basis of specifically deuterated
complexes and results from orientation-selection ENDOR spectra, some proton hfc's could be assigned to
positions within the complexes. Using an extended point-dipole model and the coordinates provided by the
X-ray structure analysis, all dipolar hfc’'s of the complexes were calculated. Comparison of these hfc’s with
experimentally obtained values led to a consistent assignment of most hf tensors to molecular positions. The
electronic structures of the investigated complexes are compared with each other, and the relevance of the
results for metalloenzymes containing at least a dinuclear manganese core is discussed.

1. Introduction in the MC>® and the OE&*7 have been developed. In both
) ~_ modelsu-oxo-bridged dimanganese units play an important role.

Manganese complexes have been found as active sites in @ \c and the OEC undergo several redox changes in enzymatic
number of metalloenzymés? Prominent examples are man-  fynction in which the Mn ions change their oxidation states.
ganese catalase (M&3nd the oxygen-evolving complex (OEC)  MC is active in its reduced form and cycles between théMn
of oxygenic photosynthesis photosystem Il (PS*A)Both Mn'" and MA'"Mn'" states. A mixed-valence form, MMn'",
enzymes are of great biological importance: MC catalyzes has also been observed. The superoxidized'Mn" form is
hydrogen peroxide disproportionation into water and oxygen, catalytically inactive. From all states, EPR signals have been
while the OEC oxidizes water to molecular oxygen. It has been reported (see Haddy et &lnd references therein).
shown that MC contains a dinuclear Mn complex, whereas The OEC of PS Il accumulates the oxidizing equivalents
proper function of the OEC depends on four Mn ions. Based necessary for water splitting. Thereby, it passes through five
on X-ray absorption experiments, models for the Mn complex intermediate state§ throughS,. Except for the short-live&,
state, EPR signals have been obtained from all oBsmates,
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is the so-called “multiline signal” (MLS) observed in tig
statel It was found that EPR spectra recorded from various
di-u-oxo-bridged MHA'Mn"V complexe”18 are similar to the
S MLS. Comparable EPR spectra were also found for the
superoxidized state of M&21

An EPR spectrum with basically 16 hyperfine lines is
observed for the MBMn'"Y' model systems. This has been

explained as resulting from an antiferromagnetically exchange-

coupled (oxo-bridged) dinuclear Mn complex with localized
trapped MH', S= 2, and MV, S= 3/2, valences and & =

1/2 ground state. For such a system, the spin projection #fodel
predicts resulting hyperfine couplings (hfc’sk"' = 2a" and
AV = —aV wherea" andaV are the intrinsic hfc’s of MH
and MV, respectively. With th€Mn nuclear spin of = /5,

the approximatiora!! = a', and isotropicg and hf tensors,

J. Am. Chem. Soc., Vol. 120, No. 50, 192305

recently been successfully used to study multinuclear Mn
complexe$>32-3% and gave some information driN hf and
guadrupole coupling$3>andH hfc’s of specific ligands233

A complete analysis of the hf interaction in such a complex is,
however, still lacking.

In this paper, we present EPR, ENDOR, and ESSEM results
for a series of five complexes with different ligand spheres:
[dtneMA"Mn" (u-O)u-OAc](BPhy), (dtne = 1,2-bis(1,4,7-
triazacyclonon-1-yl)ethane), [(GHhdtneMd"Mn' (u-O)u-
OACc](BPhy), ((CHg)4dtne= 1,2-bis(4,7-dimethyl-1,4,7-triaza-
cyclonon-1-yl)ethane), [(tacsIn""Mn" (.-O)u-OAc]CIO, (tacn
= 1,4,7-triazacyclononane), [bgyMn'"Mn'V (x-O);]CIO,4 (bpy
= 2,2-bipyridyl), and [phegMn"'Mn" (4-O);]ClO4 (phen= 1,-
10-phenanthroline) (see Figure 1). The EPR spectra were fully
analyzed by simulation/fit procedures in two different frequency

this results in the characteristic 16-line pattern. For anisotropic bands at 9 and 34 GHz, yielding ti&and>*Mn"" and>Mn'v
tensor values, a superposition of powder patterns from the manyhf tensor values and tensor axes. These data were supplemented
EPR transitions is obtained, leading, in general, to more than by 5®Mn cw-ENDOR experiment®. The analysis ofH ENDOR

16 lines. For a valence-delocalized complex with equivalent Mn
ions, only 11 EPR lines are obtained in the isotropic limit. In

data of all complexes led to an assignment of the varlbuisf
tensors. These were correlated with the molecular structure by

the past, several attempts have been made to simulate the EPRse of an extended point-dipole model for exchange-coupled

spectra of dinuclear mixed-valence MKIn'Y complexes in
model systems and in the MC and OE&27 Such an analysis
provides detailed insight into the hf structure, spin density
distribution, and electronic structure of the complex.

Except for the large hf interaction with the 100% abundant
55Mn nuclei, no hfc’s of the ligand nuclei can be resolved in

model system&/ The combined use of*N ENDOR and
ESEEM gave some information about th# hyperfine and
guadrupole couplings. It is shown that, from the obserted
and hf tensors, a detailed picture of the underlying electronic
structure of these complexes is obtained. Such model studies
pave the way for a better understanding of the enzyme systems

the EPR spectra. The ligand environment is, however, essentialcontaining di- and multinuclear Mn complexes and similar metal

for enzymatic function of the metalloenzymes. These inter-
actions can be resolved by application of EPR-derived high-
resolution techniques such as electromiclear double resonance
(ENDOR) (for reviews, see refs 280) and electron spin
echo envelope modulation (ESEER})These techniques have
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2. Experimental Section

2.1. Preparation of Compounds and Samples. 2.1.1. Ligand
Synthesis.1,4,7-Triazacyclononane (tacn) has been prepared using the
procedure described in the literatdfé® The binucleating ligands 1,2-
bis(1,4,7-triazacyclonon-1-yl)-ethane (dtne) and 1,2-bis(4,7-dimethyl-
1,4,7-triazacyclonon-1-yl)-ethane ((Gktltne) were synthesized using
a modified method described by Weisman et%The orthoamide
triazatricyclo[5.2.1.6'9decane reacts readily with 1,2-dibromoethane
to give a dibromide salt which is hydrolyzed in alkaline aqueous
solution. The resulting formamide is decarboxylized in concentrated
sodiumhydroxide solution.

dtne. To a solution of triazatricyclo[5.2.18%decane (15 g; 108
mmol) in acetonitrile (50 mL) was added 1,2-dibromoethane (10.2 g;
54 mmol). The mixture was kept in the dark for 3 days at room
temperature. The colorless crystalline material was collected by filtration
and washed with dry ether. The product was dissolved in water (75
mL) and refluxed for 5 h. The cooled solution was tranfered into a 1-L
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Figure 1. Schematic representation of the crystal structures of
complexes2 (top) and6 (bottom). Coordinates dd were taken from

ref 63. In complext, the four methyl groups C17, C18, C19, and C20
present ir2 are replaced by protons. Compléxadditionally lacks the

“Smhat al.

Deuterated reagents were obtained from commercial sources (di-
bromethanead;, formaldehyded,, formic acidd, D,O, and sodium
acetated; (d > 98%)). Completeness of C-deuteration of the ligands
was checked byH NMR spectroscopy.

Metal complexes with N-deuterated ligands<{B exchange of acidic
protons in MeCN/DRO) and acetates (acetate exchange) were exam-
ined by IR and ESI mass spectroscopy. Impurities% cannot be
excluded by these methods.

2.1.3. Preparation of Complexes. [dtneMH Mn" (u-O),(u-OAc)]-
(BPhy)2 (1). To a stirred solution of dtne (0.5 g; 1.75 mmol) in methanol
(40 mL) was added [(OpMn" 3(u5-O)(u-OAC)s]OAC (Mn(lll) acetate)

(1 g; 1.5 mmol). The resulting green solution was mixed with sodium
tetraphenylborate (1 g; 2.9 mmol) in 20 mL of methanol. The green
precipitate was collected by filtration and recrystallized from acetoni-
trile. Single crystals for X-ray diffraction were obtained from a hot
saturated solution in acetonitrile which was allowed to cool slowly
overnight. Yield: 1.02 g (52%). Anal. Calcd fore§E175B2Mn2NgO4:

C, 68.40; H, 6.73; N, 7.48. Found: C, 67.4; H, 6.8; N, 7.3. UV/vis
(CH3CN) Amadnm (/L mol~t cm™Y): 375 (sh), 445 (sh), 555 (280),
636 (270).

[(CH3)«dtneMn™ Mn" (u-O),(u-OAc)](CIO 4) (2a). To a solution
of (CHs)4dtne (0.5 g; 1.5 mmol) in methanol (40 mL) was added
Mn(lll) acetate (I g; 1.5 mmol). The red solution was allowed to stand
for 3 days exposed to air after addition of anhydrous Na@8y; 25
mmol). The almost black precipitate was filtered off and recrystallized
from hot water, giving dark green needles. Yield: 0.6 g (64%). Anal.
Calcd for GoHasCloMnaNO12: C, 32.45; H, 5.85, N, 11.35. Found: C,
32.8; H, 5.8; N, 11.2. UV/vis (CECN) Ama/nm (/L mol~t cm™): 273
(15 400), 385 (sh), 430 (sh), 552 (360), 638 (380), 800 (sh). Single
crystals suitable for X-ray diffraction were obtained from the tetraphe-
nylborate salt.

[(CH 3)4dtneMn" Mn "V (z-O),(u-OAc)](BPhy), (2). A solution of2a
(0.3 g; 0.4 mmol) in acetonitrile (25 mL) was mixed with a solution of
NaBPh (0.28 g; 0.8 mmol) in acetonitrile (10 mL). Slow evaporation
of the solvent yielded green crystals (0.3 g; 64%). Anal. Calcd for
CsgHazBoMNoNgO4: C, 69.22; H, 7.09; N, 7.12. Found: C, 69.4; H,
6.9; N, 7.0.

[(CH3)4dtneMn™V 5(u-0)(u-OACc)](ClO 4)3 (3). To a green solution
of 2a (0.5 g; 0.6 mmol) in water (25 mL) was added perchloric acid
(0.5 mL; 70% aqg). Dark brown microcrystals precipitated almost
instantly which were recrystallized from hot water. Single crystals were
grown by cooling the hot solution slowly overnight. Yield: 0.32 g

ethylidene bridge (C7 and C8); instead, there are protons attached to(63%). Anal. Calcd for GeH43ClaMn2NeOs6: C, 28.60; H, 5.16; N, 10.01.

N1 and N4. Complexes andé6 differ in the following way: the carbon
atoms C17, C27, C37, C47, C57, C67, C77, and C&are replaced
by hydrogens irb. Hydrogen atoms are not shown.

three-necked flask equipped with an efficient stirrer and a water
separator. Sodium hydroxide (15 g) was carefuly dissolved in portions

Found: C, 29.0; H, 5.3; N, 10.1. UV/vis (GBN) Ama/nm (¢/L mol~*
cm™Y): 310 (16 000), 465 (2200), 588 (520), 640 (sh).
[(tacn),Mn " Mn "V (u-O),(u-OAc)](BPhs), (4). The complex was
prepared as described in the literattire.
[(bpy)sMn" Mn" (u-O);](CIO 4)s (5) and[(phen),Mn " Mn " (u-O),]-

and toluene (300 mL) added. The water was removed by azeotropic (ClO4)s (6) have been prepared following published procedéfes.

distillation under vigorous stirring. When all water had been separated,

2.1.4. Preparation of Deuterated ComplexesThe C-deuterated

more NaOH (10 g) was added. From the filtered solution, toluene was complexes were prepared from the corrosponding ligands. The N-

removed under vacuum. The colorless oil solidified within a few days.
Yield: 12 g (78%).
(CH3)4dtne. In 23 g of formic acid, powdered dtne (10 g; 35 mmol)

deuterated compounds were obtained by NH/ND exchange. The dtne
and tacn complexes were dissolved in acetonitrd€/Dixtures (10:
1). The solutions were allowed to stand foh atambient temperature,

was dissolved successively while cooling in an ice bath. An aqueous followed by pumping off the solvent. The acetatpeomplexes were
formaldehyde solution (15 mL (37%); 188 mmol) was added, and the prepared by OAe/OAc-d;— exchange(C)-1-ds has been prepared
mixture was refluxed for 10 h. To the cooled mixture was added 40 from the corresponding labeled ligand.

mL of concentrated HCI. After removal of the solvent by rotary

2.2. X-ray Crystallographic Data Collection and Refinement of

evaporation, the methylated ligand was isolated as its hydrochloride. the Structures. Green single crystals df and2 and a brown crystal
The hydrochloride was dissolved in water (40 mL) and NaOH added of 3 were mounted in sealed glass capillaries. Graphite-monochromated
(15 g). The solution was extracted several times with ether, and the \jo K¢ radiation ¢ = 0.710 73 A) was used throughout. Crystal-

combined organic fractions were dried with anhydrous ,$g,.

lographic data of the compounds and diffractometer types used are given

Removal of the solvent under reduced pressure yielded 10.5 g (88%)in Taple 1. Data were corrected for Lorentz and polarization effects. A

of (CHs)4dtne. 400 MHZH NMR (CDsCN): 6 2.31 (s, 12H), 2.6 (m,
28H).

2.1.2. Preparation of the Deuterated LigandsDeuterated ligands
were synthesized as described above, but deuterated dibromethane-
formic acid,, and formaldehyde/D,O were used for the preparations
according to published procedures.

semiempirical absorption correctiop-{scan) was applied fdt and3.
The program SADAB% was used for absorption correctionfThe

(41) Wieghardt, K.; Bossek, U.; Zsolnai, L.; Huttner, G.; Blondin, G.;
Girerd, J.-J.; Babonneau, B. Chem. Soc., Chem. Commu®87, 651.
(42) Sheldrick, G. MSADABS Universita Gottingen, 1994.
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Table 1. Crystallographic Data for Complexés 2, and3

J. Am. Chem. Soc., Vol. 120, No. 50, 192307

1 2 3
chem formula @4H75BzMngNGO4 CegHg:«;BzM n2N604 C20H43C|3Mn2N5016
fwa 1123.8 1179.9 839.8
space group P1 P1 Imm2
a, 10.996(4) 13.040(2) 9.025(1)
b, A 14.329(6) 13.125(2) 12.435(2)
c, A 18.021(8) 19.951(3) 14.944(2)
o, deg 85.39(3) 97.22(2) 90
f, deg 80.54(3) 100.08(2) 90
y, deg 88.01(3) 113.86(2) 90
vV, A3 2791(2) 3000.5(8) 1677.1(8)
Z 2 2 2
T, K 293(2) 100(2) 293(2)
Pealeas g CNT 3 1.337 1.306 1.663
diffractometer used Siemens P4 Siemens SMART Nicolet R3m/V
no. of data 8973 11021 1111
unique obsd data 5585 5062 876
no. of params 719 739 85
u (Mo Ka), cmt 5.08 4.76 10.4
Re 0.053 0.071 0.098
R, (all data) 0.143 0.179

2 fw = formula weight.” Observation criterion1 > 20(1). *R= Y ||Fo| — |F|[/3|Fol. ¢ Ry = (SW(Fs? — FAZ I W(FPA)?)Y2 wherew = 1/0?(Fo?)
+ (@P?2 + bP, P = (F? + 2F2)/3.

Siemens SHELXTES software package was used for solution, refine- 051QG), a Bruker Q-band cavity (ER 5106QT), and an Oxford CF
ment, and artwork of the structures. All structures were solved and 935 cryostat. The ER 200D spectrometer was controlled by an Atari
refined by direct methods and difference Fourier techniques. Neutral TT/030 computer. The microwave frequency was monitored by a
atom scattering factors were obtained from taBteXll non-hydrogen frequency counter (HP 5352B), and the magnetic field was measured
atoms inl and2 were refined anisotropically, and all hydrogen atoms by a Bruker NMR gaussmeter (ER 035).
were placed at calculated positions and refined as riding atoms with 2.6, Analysis of EPR SpectraThe EPR spin Hamilton operator
isotropic displacement parameters. Compléxwas found to be for an exchange-coupled system consisting of two electron spins is
disordered on two bisecting crystallographic mirror planes, standing used in the form which contains only contributions from the exchange
perpendicular to each other. Manganese, oxygen, and nitrogen atomsnteraction—2JSS, the electronic Zeemann terfeSgiB, the hyperfine
were refined anisotropically, whereas carbon atoms were refined interaction between the electron spins with the (manganese) nuclear
isotropically. A split-atom model for the disordered carbon atoms failed spinsSal;, and the zero-field interactior®d;S (i = 1, 2).
due to the low resolution of data. Some oxygen atoms of the perchlorate
anions could not be determined reliably due to disorder. _

2.3. Magnetic MeasurementsThe mag)j/netic susceptibilities of solid H= 2085+ B0, T S0)B + Sauls + Sal, + 50,8 +
sample complexes were measured in the temperature rang@02K Sd:S, (1)
by using a SQUID susceptometer (MPMS Quantum Design) with an
external magnetic field of 1.0 T. The data were corrected for underlying with J being the isotropic exchange coupling constahtthe zero-
diamagnetism by use of Pascal’s tabulated constants. field splitting (zfs) tensorgs. the Bohr magnetorB the magnetic field

2.4. EPR Samples.Samples were prepared by dissolving the vector, g the g tensors, anda the hyperfine coupling tensors,
complex to a concentration of I mol/L in either highly purified respectivelyS andl; denote the electron spin and nuclear spin operators
dimethylformamide (DMF) (complexe$, 2, and 4) or acetonitrile of the first and the second ion. The two isolated spin systems are added
(MeCN) (complexess and 6) under exclusion of oxygen and water  using the vector projection model for exchange-coupled syst&th§:4
using a high-vacuum line. All samples were sealed in quartz tubes and The EPR spin Hamiltoniaki; for the S= 1/, ground state is then
rapidly frozen in liquid nitrogen. Great care was taken to avoid any
Mn' impurities in the samples. The X-band experiments were performed
at liquid helium temperature (4 K); for Q-band, a higher temperature
(50 K) was selected. . o

2.5. EPR, ENDOR, and ESEEM.X-band (9 GHz) measurements The G tens_or in the coupled representation is related togtkensors
were performed on a Bruker ESP 300E spectrometer equipped with an®f the two isolated systemz andg. by (see also Zheng et &)
Oxford ESR 910 cryostat (temperature range-1380 K). For the cw-
ENDOR experiments on thiél and“N nuclei, a home-built resonator C,G
described in ref 45 was used, equipped with a 16-turn ENDOR coil, a C — G191+ Co0z + £57(91 — 9)((3¢, + 1)d; — (3¢, + 1)d;)  (3)
rf signal generator (Rhode & Schwarz SMT 02), and a 200-W rf power
amplifier (ENI A3200 L, 0.25-150 MHz).5Mn cw-ENDOR experi- o - SS+1)+5(S+1)-S(5+1)
ments were performed with a modified four-turn ENDOR coil and a 1™ 25(S+ 1)
100-W rf power amplifier (ENI 4100 L, 15400 MHz)?®> A Bruker

_SSHD-§(G§ D +SS )

H, =GB+ SA,l; + SA,l, 2)

4

ESP 380E spectrometer in combination with an Oxford CF 935 cryostat c )
was used to obtain X-band ESEEM spedfr@-band (34 GHz) EPR 2 29[S+ 1)
experiments were performed on either a Bruker ER 200D or a Bruker

ESP 300E spectrometer equipped with a Bruker Q-band bridge (ER wherec, andc; are the spin projection factors for coupled ¥vin'V

(43) Siemens Analytical X-ray Instruments. SHELXTL V. 5; 1994. systems§! = 2,8V = %), ¢"" =2, andc" = —1. The third term in

(44) International Tables for X-ray CrystallographyKynoch Press: eq 3 is usually neglegted in MiMn"V complexes, since the exchange
Birmingham, UK, 1991.

(45) Zweygart, W.; Thanner, R.; Lubitz, W. Magn. Resornl994 109 (47) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Systems
172. Springer-Verlag: Berlin, 1990.

(46) Késs, H.; Fromme, R.; Lubitz, WChem. Phys. Lett1996 257, (48) Bertrand, P.; Guigliarelli, B.; More, QNew J. Chem1991, 15,
197. 445,
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couplingJ is much larger than the zero-field splittifThe manganese in the EPR spectrum lead to a shiftwof; which is proportional to the

hyperfine coupling tensors of the combined systé&mgndA,) can be magnetic moment of the proton. The shift is much smaller for nuclei
expressed in a similar way. H; and a; are the intrinsic hyperfine like N with smaller magnetic moments. This effect was used here as
coupling tensors of the isolated ioffs, an additional tool to assign the observed ENDOR linedtand*N,

respectively (see Figure 7). For nuclei with small magnetic moments,
such as*N or 5Mn, v, is usually smaller tha®v/2 at X-band. When
the magnetic field is applied along a principal akighe first-order
ENDOR frequencies ard & 1 for N and| = 5/, for %Mn)>455

a
A= cay — 50030 + d, — B+ 1d)  (6)

&
Ay = Cy  5eic(Be + 1Ay — (Be, +1d) (D) -
14 A i
v N)= |z £ Vi £ —= 11
The zfs has a stronger influence on the Mn hfc than orgttemsor. In enoor( "N |2 N 2 | (1)
eq 3, it acts on the difference of the intringj¢ensors, whereas in eqs 3p
6 and 7, it is actually added to the hyperfine coupling. Furthermore, it 55\ ) = éj: + 2o — 1 12
can be seen from these equations that hyperfine anisotropy can be Venoorl Mn) I3 % Vsam £ (2my = 1)l (12)
transferred from one nucleus to the other by the zfs tertsoasid d».
This means that, even if an intrinsic hfc is isotropic, the respective 14\ jines appear centered aroudd?, separated byi2s; they are
coupled hfc may become anisotropic. _ _ additionally split by the electric quadrupole term, in whichigthe
2-70- Simulation of EPR Spectra.The EPR simulation program  principal value of the quadrupole tengdalong the axis. n{' in eq 12
used’ calculates resonances by means of perturbation theory. Thejs the magnetic nuclear spin quantum number of the upper state of a
hyperfine coupling is treated as perturbation to second order of the .4nsition withAm, = +1. It takes 2 values in the range of & | <
Zeeman term of the spin HamiltonighAs Haddy et al. have shovf, n}{' < I. For a nonselective setting in the EPR spectrum, one could

solving the Hamiltonian to third order is not necessary for X- or Q-band observe up to Klines in the ENDOR spectrum. For all other cases,

frequencies; it is, howe\(er, essential folrvlower frequencies, S.UCh S the number of lines is smaller tha.® The quadrupole tensd? is

S-band. For the simulation of the MiMn'V spectra, two hyperfine | d has the princinal valis P. AP iti |

tensors and on& tensor with their respective relative orientations trace ess and has the principal va RSPy, andP; it is commonly
described byP, and, with P, = 3,P, = 3K/(1(2I — 1)), with K =

expressed by the three Euler angles g, andy)? were used. The -
resonances can be folded with Lorentzian and Gaussian line shapesfequ/4h a.nd th? asymmeFry parametgr= |(P ] Py)/P. ]
To find the best set of simulation parameters, a nonlinear least-squares ~ 2-9- Orientation-Selection ENDOR Information about magnitude

fitting routine®® was incorporated. and orientation of the magnetic interactions can best be obtained by
We started fitting with isotropi6 and hf tensors. First onlyfactors performing experiments on single crystals. However, for the complexes

were adjusted to improve the fit at Q-band; at X-band, hf parameters studied in this paper, spirspin interactions between different sites in

were modified exclusively to yield a satisfactory fit. The ngand hf the single crystals result in severe broadening of the EPR lines.

parameters were then incorporated in the next fitting step at X- and Diamagnetically diluted single crystals are not available, which would
Q-band, respectively. Fitting was complete when a consistent set of diminish the spir-spin interactions. Some limited information can,
parameters for both frequency bands was found that could not be however, be obtained from frozen solutions by using orientation-
improved any further. The difference between the simulated and selection ENDOR spectroscop$?®5® In this technique, subsets of
experimental spectra was calculated according to ref 23. molecules with specific orientation relative to the magnetic field are
2.8. Analysis of ENDOR Spectraln addition to the Hamiltonian selected by setting the external field to specific points at the EPR powder
given in eq 2, we have to account for the nuclear Zeeman interaction pattern that are determined by sufficiently larger hf anisotropy.
and the hyperfine interaction between the effective electron spin and This method is used here to gain information about the assignment of
the ligand nuclear sping;Sajl;, as well as for quadrupole interactions  lines in our spectra to the components of a specific hf tensor. For
2iliPilj, where the summations are done over all magnetic nuclei. The orientation selection, it is necessary to know which tensor components

resulting ENDOR spin Hamiltonian is then contribute to a specific EPR line. Therefore, an exact analysis of the
EPR spectra is a prerequisite for an orientation-selection ENDOR
Hy=H,+ BB gyl + 5 Sal;+ 3 1R ®) experiment.
] ] ]

2.10. Analysis of ESEEM Spectra!*N ENDOR spectra often suffer
from superposition of hyperfine and quadrupole lines in a narrow range
at low rf frequencies, in particular when théN hfc’'s are small. A

N A pulsed variant of EPR, electron spin echo envelope modulation
VEnpOrR = [ViHTE El 9) (ESEEM) spectroscopdl, yields information about hf couplings and
nuclear quadrupole splittings which cannot be resolved by ENDOR.
line pairs occur around the proton Larmor frequency For small hypel’flne Coupllng COﬂStan'[S, fleld/frequency can be varied
to fulfill the “cancellation” condition|v, — |A|/2] < 2K/3.57 If this
0945.B condition is met, the applied magnetic field and the hyperfine field
Vin= h (10) almost cancel each other in omgstate. Then, to a good approximation,
the zero-field quadrupole transitions are observed.av—, andvg in
separated by the hyperfine coupling constantin eq 10,g4 is the the ESEEM spectrum. For the othex state, a “double-quantum”
protong factor andBs is the nuclear magneton. Different field settings ~ transition is obtaineét
The “N ESEEM spectra were evaluated using the following

According to the first-order ENDOR resonance condition for proféns,

(49) For example, for compleg, |J| > 110 cnt?, while D" = —-3.4 . aiss89
cm ! andE" = 0.116 cn1? in isolated MA'. In Mn'"Mn'" complexes, equations™*
which often exhibit weak exchange couplifigthe third term becomes
important and can then be an additional source of anisotropy. (54) Mobius, K.; Lubitz, W. InBiological Magnetic ResonancBerliner,

(50) Fiege, R. Paramagnetische Metallzentren im Photosystem Il unter- L. J., Reuben, J., Eds.; Plenum Press: New York, 1987; Vol. 7, p 129.
sucht mit EPR/ENDOR Techniken. Doctoral thesis, Technische UniVgrsita (55) Slichter, C. PPrinciples of Magnetic Resonancgrd ed.; Solid-

Berlin, 1997. State Science 1; Springer: Berlin, 1990.

(51) Rieger, P. HElectron Spin Resonanc¥ol. 13B; The Royal Society (56) Rist, G. H.; Hyde, J. S1. Chem. Phys197Q 52, 4633.
of Chemistry: Cambridge, U.K., 1993; p 178. (57) Flanagan, H.; Singel, D. J. Chem. Phys1987 87, 5606.

(52) Margenau, H.; Murphy, G. MThe Mathematics of Physics and (58) Britt, R. D.; Sauer, K.; Klein, M. P.; Knaff, D. B.; Kriauciunas, A.;
Chemistry 2nd ed.; Van Nostrand: New York, 1955. Yu, C.-A.; Yu, L.; Malkin, R. Biochemistry1991 30, 1892.

(53) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T. (59) Britt, R. D.; Zimmermann, J.-L.; Sauer, K.; Klein, M. B. Am.
Numerical RecipesCambridge University Press: Cambridge, U.K., 1986. Chem. Soc1989 111, 3522.
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v, =@+ K 13) @
vo=@-mnK (14) ) e\,
Vo= 2K (15) 1 2

(VMN+ %|A|)2 + K3+ ;72)] 1 (16) 5\ @
d

To avoid “blind spots” in ESEEM spectra, two-dimensional data sets igyre 2. Schematic representation of the geometric parameters used
were recorded. After a Fourier transformation in the T dimension, one- ;,the point-dipole model (for details, see text).

dimensional spectra were obtained by performing a light projection

alongt (see Figure 12). o . . . . .
2.11. Point-Dipole Model.The basic point-dipole modlcan be initiates a disproportionation reaction which can be followed

adapted to describe the dipolar hyperfine coupling of a proton to the by a color change from red to Qree”- Crystals of the resulting
two electron spin centers in an exchange-coupled dinuclear corfiplex. COMplex1 are obtained by adding NaBRHf the methylated

The extension of this model, developed in our laboratory, enabled us derivative (CH)dtne is reacted with manganese(lll) acetate
to calculate the principal values of the hyperfine couplings analytically under the same conditions, a green solution is formed directly.
by summation over the individual hfc tensdfdts main purpose is to Here, complexXa or 2 is isolated by additon either of NaCjO

find the location of a proton for a given dipolar hyperfine coupling or NaBPh. If an aqueous solution ofa is treated with
tensor?7 similar approaches have been used in refs 36 and 61. In this perch'onc aC|d’ a Co'or Change from green to brown |S observed,
work, we use this model to predict the value of the tensor and compare ¢5||owed by the precipitation of compleXin about 70% yield.

it to the experimentally obtained one, thereby assigning proton positions The pH dependency of this process can be understood as
known from the X-ray structure analysis to dipolar hyperfine coupling follows. The disproportionation reaction is induced by a

tensors. . e
In contrast to earlier models (e.g., ref 33), in which the problem is protonation of a bridging oxo group dfa. The protonated

solved numerically, here the dipolar tensor is calculated by the analytical SPECIES HZa)" is a stonger QXidam thaﬁa, yielding 3 and a
equation protonated M# Mn"!" intermediate, which is unstable and further

disproportionates t8 and a manganese(ll) complex as the final
Af = 98.9,8,+diag—0, —T + 6/2,T + 6/2) MHz A @7 products. This reaction is responsible for a certain amount of
Mn'" impurities which can be identified spectroscopically and

Vg = 2

with 6 andI” determined by the parametetsr,, andd given in Figure magnetically in all samples. The oxidized compl@and the

2. reduced compound [(CHhdtneMn" ,(u-O)(u-OAc)]* are also
accessible electrochemically by controlled potential coulometry

o=2r,%-1,% I'= %/4r1*6 —ar, %, Bcos D +1,° (18) of the mixed-valent compleRa. The cyclic voltammogram in

acetonitrile (0.1 mol/L fi-BusN]PFg/acetonitrile) shows a re-

) ) ) versible one-electron oxidation at0.68 V and reversible
In general, the resulting tensar is anonaxial tensor. However, when

the proton is located on the line joining the two Mn iofs= nxr), an reduction .at_0'35 V. rﬁference.d V(.arSlIJ’]S NHE. f
axial tensor is obtained. Magnetic SUSCGpthI ity studies in the temperature range o

For practical use, the above equation can be modified (see also ref2—300 K yielded coupling constants 6f110,-112, and—100

36). We chose as relevant parameters the constartNUndistance cm *for 1-3, respectively § = 2.00 for M”” and MV, D =
d, the distance Mfi—H, r, and the angle between the vectdi and 0, TIP = 0)%2 using the usual spin Hamiltonidh = —2JS5S.

the Mn—Mn vectord;. The parameters, and® in eq 18 are then 3.2. Crystal Structures. The structures of complexes 2,
and3 have been determined by X-ray crystallography. Crystal
r,= ¢d2 — 2dr, cos® +r,? (19) structures of4, 5, and 6 have already been publishé’d??_’vﬁ“ _
Tables of atomic coordinates, distances, angles, and anisotropic
© = arcsin? sin @ (20) displacement parameters are summarized in the Supporting
I Information. Figure S1 (given in the Supporting Information)

shows the structure of the dication bias an example for the
The extended point-dipole model is applicable only if the distance three complexes containing the binucleating ligand dtne and its
between the magnetic moments is large compared with the size of themethylated derivative. The manganese ions are approximately
spin density distribution. Therefore, one must be careful when dealing in an octahedral environment, consisting of three nitrogen donor
with protons in the direct surrounding of the manganese ions. VU .
Nevertheless, this model is very helpful in correlating hyperfine atoms of the macrocyple, two bridging oxo atoms, and a bridging
coupling tensors to proton positions in the structure. acetate. The MrnMn distances of the acetato bridged complexes
are at 2.553(1), 2.574(2), 2.599(4), and 2.588(2) A Tet,
3. Results and Discussion respectively. The reported metahetal distances for the bpy
. . . and phen complexes and®6, bridged by only two oxo atoms,
3.1. Synthesis and Physical Properties of Complexéa/hen are significantly longer (forg)(ClOz)s3H,0 it is 2.716(2) A,

a methanolic solution of dtne is treated with [(Ma(OHy)z- o 364
and for B)(PFs)z*MeCN it is 2.700(1) A364 The Mn—0O and
(u-O)(u-OAC)g]OAC (manganese(lll) acetate) and Nagl@red Mn—N distances inl1 are clearly different for Mn(1) and

i i ] _ _
solution forms from which red crystals of [dutén™ g(u-O)s Mn(2), as expected for a mixed-valent complex of class Il

(u-OAC)e](ClO4)s can be isolated. The structure of this cyclic according to the classification of Robin and FayThe
octanuclear complex will be published elsewhere. Addition of

a few drops of water to a solution of this complex in acetonitrile (62) TIP = temperature-induced paramagnetisiy= zero-field param-

eter.

(60) Weil, J. A,; Bolton, J. R.; Wertz, J. EElectron Paramagnetic (63) Stebler, M.; Ludi, A.; Bugi, H. B. Inorg. Chem.1986 25, 4743.
Resonance, Elementary Theory and Practical Applicatidiogin Wiley: (64) Jensen, A. F.; Su, Z.; Hansen, N. K.; Larson, Flitrg. Chem.
New York, 1994. 1995 34, 4244.

(61) Willems, J. P.; Lee, H.-l.; Burdi, D.; Doan, P. E.; Stubbe, J.; (65) Robin, M. B.; Day, PAdwv. Inorg. Chem. Radiocheni967, 10,

Hoffman, B. M.J. Am. Chem. Sod.997, 119 9816. 247.
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complexesl, 2, and 4 (bottom) and5 and 6 (top). The coordinate
systems that were used to correlatedt@nd hf tensors to the molecular

_ . . Magnetic field / mT
octahedral axis O(4)Mn(1)~-N(1), standing perpendicular to Figure 4. EPR spectra of model complexin DMF. Experimental
axis O(3)-Mn(2)—N(4). The equatorial M Ooxo distances for — picrowave power Ruw), 2 mW: field modulation (FM), 12.5 kHz;
Mn(1) are 1.78 A they are 0.05 A shorter for Mn(2). This is in amp., 0.1 mF; T, 2.4 K; concentration, % 10-3 mol/L; accumulation
the high-spin manganese(lll) ion, Mn(1), forming a stretched uW; FM, 12.5 kHz; amp., 0.1 mpf; T, 50 K; concentration, % 1074
octahedron and the smaller ionic radius of the manganese (IV)mol/L; accumulation time, 33 min; time constant, 160 ms. The
crystallographic distinction between the Mmand MrV coor- in Table 2; Gaussian line width, 0.6 mT (X-band) and 0.8 mT (Q-
dination sites of the cation. This is due to statistical disorder, Pand). The same field scale is used for X- and Q-band spectra.
valent, almosiC,, symmetric metal complexes, e.g., 4nand splittings and additional shoulders, especially at Q-band fre-
6. The very large anisotropic displacement parameters of the quencies. Note that 16 lines are expected only for the case of
Mn—0O and Mn-N distances are the arithmetic average of the For couplings of about 16 mT, which equals the effective'Mn
distances found iA. hfc in the complexes, even at Q-band frequencies the high-field
complexes1—6. In complex 3, a MnYMn"V species, the  the spectra. Recently, W-band (94 GHz) EPR spectra were
antiferromagnetic exchange coupling leads to an effective obtained froml and4,%8:6°where such effects are fairly small
silent. Spectra o and6 are shown in Figures 4 and 5 as an separation betwee@ and hf anisotropy.
example. The spectra could only be observed at low tempera- Comparing Figures 4 and 5, the difference between the two

Figure 3. Schematic representation of the W@-O),Mn'"V core in

structures are indicated. 360 350 4CI)O

the MreO; plane, is about 0.28 A longer than the corresponding data are as follows. X-band: microwave frequenmey), 9.49 GHz;

perfect agreement with the expected Jafieller distortion of time, 2 min; time constant, 40 ms. Q-banew, 34.2 GHz;Puw, 12.9

ion, Mn(2). The structural parameters @f do not allow simulations for X- and Q-band were performed with the data set given

which has been observed in several X-ray studies of mixed- Due toG and hyperfine anisotropy, some lines exhibit further

ethylene carbon atoms hare also indicative of this fact. The identical intrinsic hfc’s of the Mn ions in the high-field limit.
3.3. EPR.X- and Q-band EPR spectra were obtained from condition is not fulfilled, and second-order effects complicate

electron spirss = 0 ground state. Thus, this complex is EPR and, due to the increased Zeeman splitting, show better

tures (below 100 K) and arise from the spin ground state for classes of complexes becomes apparent. We can distinguish

antiferromagnetically coupled MiVIn'V complexes $ = 1/,). systems with-oxo bridges only% and6) and complexes with
In all cases, the exchange coupling is strong. Value$ foir u-oxou-acetato bridgesl( 2, and4). At X-band frequencies,
1-3 are given above; foA—6, published values are 110 the spectra ob and 6 exhibit a total width of 127 mT, while

—15017and—134 cnt1,7 respectively i = —2JSS). All EPR spectra ofl, 2, and4 are considerably narrower (117 mT). At
spectra are of the “16-line” type, similar to those reported for Q-band frequencies, the widths are 130 and 118 mT, respec-
mixed-valent MH'Mn'Y complexes by other grou§s7:23276667  tjvely.

(66) Diril, H.; Chang, H. R.; Nilges, M. J.; Zhang, X.; Potenza, J. A;; (68) Schiter, K.-O.; Hofbauer, W.; Bittl, R.; Lubitz, W. IfMagnetic
Schugar, H. J.; Isied, S. S.; Hendrickson, D.INAmM. Chem. S0d.989 Resonance and Related Phenomesiassow, D., Lubitz, W., Lendzian,
111, 5102. F., Eds.; TU Berlin: Berlin, 1998; Vol. Il, p 863.

(67) Frapart, Y.-M.; Boussac, A.; Albach, R.; Anxoléteee-Mallart, E.; (69) Hofbauer, W.; ScHar, K.-O.; Bittl, R. InMagnetic Resonance and

Delroisse, M.; Verlhac, J.-B.; Blondin, G.; Girerd, J.-J.; Guilhem, J.; Cesario, Related Phenomen&iessow, D., Lubitz, W., Lendzian, F., Eds.; TU
M.; Rutherford, A. W.; Lexa, DJ. Am. Chem. S0d.996 118 2669. Berlin: Berlin, 1998; Vol. Il, p 851.
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Figure 5. EPR spectra of model compléxin MeCN. Experimental
data are as follows. X-bandmw, 9.45 GHz; Rw, 50 uW; FM, 12.5
kHz; amp., 0.2 mJ,; T, 6 K; concentration, 1x 103 mol/L;
accumulation time, 17 min; time constant, 128 ms. Q-bangy, 34.01
GHz; Pww, 80 uW; FM, 12.5 kHz; amp., 0.5 mp}; T, 50 K;
concentration, x 1073 mol/L; accumulation time, 6 min; time constant,
82 ms. The simulations for X- and Q-band were performed with the
data set given in Table 2; Gaussian line width, 0.9 mT (X- and Q-band).
The same field scale is used for X- and Q-band spectra.

To extract theG and®Mn hf tensors from the spectra, it is

J. Am. Chem. Soc., Vol. 120, No. 50, 198311

Table 2. Gand MA" and MV Hyperfine Tensor Principal Values
for the Binuclear Complexés

Al

AV A]III AiIV

complex g MmN (MM g (mDH (mD

1 x1.997 —16.8 7.0
y2.001 -—14.8 7.8 1.994 -—-14.1 7.5

z1.983 —10.7 7.7

2 x1.996 —17.2 6.9
y2.001 -15.1 79 1.993 —-145 75

21.983 —-11.1 7.7

4 x1.999 —-16.5 7.2
y2.001 -15.0 7.7 1.995 —-14.0 7.6

z1.985 —-10.6 8.0

5 x1.992 —-17.3 7.7
y1.998 -—18.0 7.6 1.991 -16.4 7.8

z1.982 —13.8 8.2

6 x1.992 —-17.3 7.7
y1.998 -—17.8 75 1.990 —-16.0 7.9

z1.980 —-13.0 8.4

aThe tensor components were obtained from a simultaneous fit of
X- and Q-band EPR spectra, see text. Errakgy= £1 x 1073, AA"
= 40.2 mT,AAY = 4+0.1 mT. The coordinate system chosen for all
complexesX, vy, 2 is shown in Figure 3 (top).

of the individual my transitions was not incorporated in the
simulation, even though the simulations could be improved in
this way, especially the spectral simulations of compbeat
Q-band.

The differences between the experimental and simulated
spectra were very small. The data for the princigand®*Mn
hf tensor values obtained by this procedure are shown in Table
2 for the different complexes. Recently, completesd4 have
also been measured at W-band frequencies in our laboratory.
A simulation of the spectra with the values from Table 2 gave
very satisfactory resulf§. This shows that the obtained data
set yields consistent results in three frequency bands and can,
therefore, be considered to be reliable.

3.3.1. G TensorsUsing the vector projection model of spin
coupling?647 we will now explain the experimentally found
values of theg tensors and establish a correlation between the
tensor axes and the molecular structure. The molecular coor-
dinate system for our complexes is chosen as shown in Figure
3 (top), see ref 70: thg-axis is along the line connecting the

necessary to perform computer simulations. To find a consistentyyg Mn ions, they-axis connects the twa-oxygen atoms and

set of parameters, simulations were carried out for two

the z-axis is perpendicular to the plane defined by'Mi©, O,

microwave frequencies, since the use of only one frequency 53nq MrVv.

can easily lead to erroneous détat X-band, line separations
due to hyperfine splittings are 4 mT, and those dueGto
anisotropy are 3 mT. At Q-band frequencies, @anisotropy

We start with the separate manganese ions. Fdf MTiO,
with its d* configuration, an axiat tensor withgy = 2.00 &
0.02 andg, = 1.99 4+ 0.01 has been measured; the zero-field

is increased and becomes dominant. Furthermore, second-ordegmitting parameters given a2 = —3.4+ 0.1 cntt andE =

hyperfine coupling effects are smaller.

For complexed, 2, and4 with u-acetato-bigs-oxo-bridges,
a collinear axis system fd& and hyperfine tensors was used.
Spectra of complexeésand6 with a bisu-oxo bridge gave the
best results with Euler ange= +8° for both hf tensor systems.
Thereby, thez-axes of the hf tensor systems are rotated by this
amount with respect to thé tensor system.

To account for unresolved hyperfine splittings of the coor-

dinated nitrogen and hydrogen nuclei, a Gaussian line shape
was used in the simulations. The line width was kept constant

for all orientations and for all Mm, transitions. It is obvious

from Figures 4 and 5 that good results were obtained under

these assumptions. Only compl&behaves somewhat differ-

0.116 & 0.001 cntl’ Recent data by Barra et &@.were
collected from a polycrystalline Mh complex. The values for
the g tensor and zfs parameters are= 1.99,g9, = 1.97,D =
—4.35 cnt!, andE = 0.26 cnTl. In isolated MH', the single
unpaired spin of MH occupies the @ orbital. This is also
assumed in our model complex&sThis defines the axial
direction in the complexes, which is orthogonal to the plane of
the manganese and tlweoxo atoms. This-direction has the
smallestg value according to ref 71.

For Mn"V, a wide variety of data exist which were taken in
various host crystals, yieldin@iso = 1.994 in octahedral

(70) Gamelin, D. R.; Kirk, M. L.; Stemmler, T. L.; Pal, S.; Armstrong,

ently. Small structures in the center part of the Q-band spectrumW. H.; Penner-Hahn, J. E.; Solomon, EJI.Am. Chem. S0od.994 116,

could be reproduced by using a line width of 0.7 mT, while at

the outer parts 0.9 mT was more adequate. To keep the number

2392.
(71) Gerritsen, H. J.; Sabisky, E. Bhys. Re. 1963 132 1507.
(72) Barra, A. L.; Gattechi, D.; Sessoli, R.; Abbati, G. L.; Cornia, A,;

of fit parameters as small as possible, a line width dependenceFabretti, A. C.; Uytterhoeven, M. GAngew. Chem1997, 109, 2423.
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environments as in Mg® gis, = 1.9737 in tetragonal distorted  tensor component along this direction has the smallest value.
ligand spheres, as in AD3,’4>and in a rhombically distorted  The x-axis connects the two manganese atoms, ang-tnds

octahedral environment, measurements were done igf F@&0d connects the twa-oxygen atoms (Figure 3, top). The largest
SnG.”” From et al’” obtained principal values af; = 1.9879, component of thé& tensor is then lying along thgaxis. The
g2 = 1.9870, andys = 1.9909 (all valuest0.0003), and zero-  intermediate component is found for tixeaxis in the model

field parameters ar® = 0.8818+ 0.0003 cm?, E = 0.2635 complexes.

+ 0.0003 cnt. We will use the latter data given by From et 3.3.2. 55Mn Hyperfine Couplings. The 5Mn hyperfine
al.”in our analysis. For the assignment of thand hf tensor  tensors will now be correlated with the molecular structure in
axes, see refs 71 and 77. To correlate @¢ensor with the 3 gimjlar way as thé& tensor. For the intrinsic Mh hfc’s, the
structure, we assign the unique axisgdf (smallest value) to  (ata of Gerritsen and Sabigkgre the only data available. These

the molecularz-axis. This is resonable, because filling the d authors found a rhombic hf tensor with principal vall%'s=
orbital removes the equivalence of thgorbitals and therefore 00+ 02mT.a" =862+ 011 mT.a" = 565+ 0.05 mT
. . Ay — . . A3 . .

defines a unique axis. The axis system ot IS def'”?d n for Mn"" in TiO,. For MnV in SnG,, a rhombic hf tensor with

such a way that the unique axis coincides with khaxis of incinal val NV — 7774 005mT.aY =754+ 0.05mT

g"". The arguments are as follows: the energy of the manganesé),r\}ni'pa valuesy, = /. Domia = 1. Homb,

toq Orbitals has been discussed in detail by Gamelin &t ahd ag = 8.064+ 0.05 mT was given by From et &.The axis

by Zhao et al”®who performed density functional calculations. SYStems were chosen as before, so that we have to transform
bothdV anda to the axis system of Mh. Note that we use

The overall interaction between metg andu-oxygen orbitals

is strongest in the-direction. Thus, the greatest distortion from  the exact formula (eqs 6 and 7) here because of the greater
spherical symmetry found in a pure octahedral crystal field is influence of the zfs on the hfc's. The principal values of the hf
expected in the-direction. We assume that this is the axis with {€nsors could be found numerically using a computer program

the largest M#Y intrinsic g tensor componengl’). written in C. The principal values of hf tensors in the binuclear
Complexedl, 2, and4 have an additional-OAc bridge which ci)lmplexes with] :,”_150 enr (e.g|.|i5) are calculated tolvbe

introduces a twist angle between the two planes spanned by Ac =178 T/TAy = —17.1|\r/nT,AZ =—11.5mT andAf

Mn'" (u-O), and MV (u-O), (see Figure 3, bottom, e.g., LB =79 mT,A/ =74 mT, A" = 81 mT. The hyperfine

1). In these complexes, the two intringidensors are diagonal ~ anisotropy isAA!! = Al — ATl = 6.2 mT andAAY = AT

in different axis systems. When using eq 3, both intrirgsic  — A:T\]’in = 0.7 mT. With a weaker exchange coupling,=

tensors have to be transformed to a common axis system before-110 cn1? (e.g., complexd), we expect that somewhat more
the summation is done. When we neglect the zfs Ghensor hyperfine anisotropy is transferred from Mro Mn"V than in
components can be calculated analytically (see Appendix for complexess and6. Indeed, we obtail\!' = —17.7 mT,ASI =
details). In this case, deviations from the exact formula are in —17.1 mT,A!' =-11.6mT andA'xV =77 mTA',V =7.4mT,
the order of 104, which is smaller than the error margin for AY = 8.3 mT. The anisotropies areA = 6.1 mT andAAVY
the intrinsic manganese data. The isolated spin systems are then- g g mT.

combined using eq 3. With the data of Gerritsen and Sabisky
and From et al’/ the principal values of th& tensor in the
binuclear MA'Mn'Y complexes are calculated to Bg = 2.01,

Gy = 2.01, andG, = 1.99 for botho. = 0° in 5 and6 anda =

19, e.g., inl. The large error margin in the intrinsic Mndata
obscures a nonaxiality of the calculat8densors expected for
the crystallographically determined angtein 1. The experi-
mentalG tensors are rhombic (Table 2) and somewhat smaller
in magnitude for both classes of complexes. The rhombicity of
the obtainedG tensors can arise from a misalignment of the
unique axes for two axially symmetric intrinsgctensorsg'!
andg" or from at least one rhombic intrinsic tensor (most likely
g""). We were not able to achieve good simulations using only
axial tensors. Axial tensors may yield satisfactory results at
X-band frequencies, but at Q-band and higher frequencies thes
are not sufficienf® Measurements by Zheng et?&lon complex

5 also yielded rhombig values in very good agreement with
the data presented here. A correlation between tensor axes an
structure was, however, not done by these autkors.

The above analysis allowed us to find a relationship between
the coordinates of th& tensor and the atomic coordinates of
the model complexes. Theaxis has already been identified as
the axis perpendicular to the Migu-O),Mn"V plane. TheG

The extent of anisotropy transfer from Mo Mn' via zero-
field spilitting is described in ref 23. We calculated the anisotropy
AAV for 5 without taking zfs into account to be 0.5 mT. Thus,
the anisotropy transferred from'" to A"V via zfs is 0.2 mT.
For complex4, the transferred anisotropy was calculated to 0.4
mT. The effect of the magnitude of the exchange coupling is
clearly evident (cf. eqs 6 and 7): the less stronly coupled the
system is, the more anisotropy is transferred for gigénand
d"V values. Our calculations show that, in the 'Mivn'v
complexes investigated here, the major source of anisotropy is
the intrinsic anisotropy of MH. This is in agreement with ref
23. For comparison with the experimental data, the complexes
can be divided into two classes, hamely those withxo bridges
45 and 6) only and those withu-oxo-u-acetato bridgesl( 2,
and4). The former class shows strong correlation betw&en
tensor andA!" tensor axes; the axes with the largest tensor
gomponents coincide. The same is found for the intermediate
and the smallest component. For th¥ tensor, the smallest
component belongs to the same axsaxis) as the largesb
tensor component. For all three tensors, the intermediate
component is along the -axis. In the second clas4,(2, and
4), the order of MH' hf tensor components is > y > z, in
contrast to the first clas$@nd6), wherey > x > zis found.

(73) Nakada, M.; Awazu, K.; lbuki, S.; Miyako, T.; Date, M. Phys. The second class can be divided further into those viitand
Soc. Jpn1964 19, 781. 2) and without &) the connecting-CH,CH,— fragment. In1

(1) Serie, 3 Lacro Pl Phys MOS8 258 1,5, a2, they component fo tha tensors has the (absolute)
L. In Paramagnetic Resonandeow, W., Ed.; Academic: New York, 1963;  largest value, while id this is thez component. All complexes

Vol. 1, p 113. analyzed have their large& tensor component on the same
(76) Andresen, H. GJ. Chem. Phys1961 35, 1090. i 1
(77 From. W. H.. Dorain, P.- Kikuchi. (Phys. Re. A 1064 135 710. axis @) as the largesA'' tensor compoqent. TheI calculated
(78) Zhao. X. G.: Richardson, W. H.; Chen, J.-L.; Li, J.. Noodleman, tensor values showed the correct ordering for Ade tensor

L.; Tsai, H.-L.; Hendrickson, D. Ninorg. Chem.1997, 36, 1198. components irl, 2, and4 (not for 5 and 6), and for theA"vY
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tensors the ordering was predicted correctl imnd6 (not for
1, 2, and4). The more symmetric complexésand 6 show
more similarities with the calculated tensors. The deviation +
observed can be due to the fact that either the intriadiand

aV tensors are somwhat different for both classes of complexes
or the TiG, or SnQ host lattices in which the isolated ions have 1
been measured are not good models for out'Mm'" com-
plexes, which were measured in frozen organic solvents.

Comparison of our experimental data for compteg@vin'',
A= — 485+ 6 MHz, Ay = — 504+ 6 MHz, A, = — 387+
6 MHz; MnV, A, = 216+ 3 MHz, Ay = 213+ 3 MHz, A, =
230 + 3 MHz) with published data shows a very good
agreement? For this complex2*Mn ENDOR experiments have Vy
been performed by Randall et &.ywho found axial hf tensor
values (MH', Ap = — 480 MHz, A, = —360 MHz; MnV, Aq +
= 212 MHz, A} = 231 MHz) within excellent numerical 2
agreement for M¥; the A compares well with ourA,'
component, while oud)' is somewhat larger than tha|
measured in ref 35. Hyperfine tensor axes have not been
assigned by Randall et &.

To support the Mn hf tensor values obtained from the EPR
simulations,**Mn cw-ENDOR experiments have been per-
formed on complexes, 2, and4.2579 Such experiments yield,
in principle, directly the®Mn hf and quadrupole tensor *
component3® The Mr" and MV regions are well separated
since|Al"| &~ |2AV|. The%Mn cw-ENDOR spectra are, indeed, 4
split into two regions. The MH resonances are found in a rather
small range from 80 to 100 MHz, and the Mmesonances are
distributed over a broad region between 140 and 235 MHz, in
agreement with the larger hf anisotropy of Miisee Table 2).
The ranges for the two tensors have been confirmed by ENDOR-
induced-EPR (EIE) experiment$ EIE signals could only be
obtained in the region between 80 and 100 MHz and between 5 10 15 20 25
140 and 235 MHz. For Mt and MY, the ENDOR linewidths v / MHz
are about 8 and 2 MHz, respectively. From theory, a maximum

of 10 lines per manganese ion is expected. Since only unresolvecEXIoerimental datavny, 9.44 GHz: FM, 1.56 kHz: amp., 50 KHT.
: s . Ymw, I. ) y L. ) - »
lines are observec_i, we conclude that the quad_rupole splitting IS5 K; time constant, 320 ms; acummulation time (averaged), 30 min.
smaller than.the I!neW|dths (8 |V|HZ).. The environment of the (.. field, 322.4 mT:Puw, 20 mW: radio frequency powePgs),
manganese ions is rather symnjgtncal (octahedral), and smallyg w. For2: field, 364.3 mT:Puw, 4 MW: Pre, 20 W. For4: field,
values are, therefore, not surprising. Randall € aéported 336.0 mT;Pwyw, 4 mW, Prr, 100 W.
some quadrupole couplings for compysing pulsed ENDOR . i .
techniques, which are, indeed quite small (M, = 4.5 MHz, example of two spectra taken at different field positions. Here,
n = 0.1; MY, Py = 2 MHz, 5 = 0.3). In conclusion, our data the proton hyperfine lines could be well distinguished from the
from the5®Mn cw-ENDOR spectra fully support the magnitude 1“N resonances on the basis of their different shift of Larmor
and anisotropy of the respective data obtained from EPR frequencies, which areyy = 13.67 MHz and»4y = 0.99 MHz
simulations (Table 2). Furthermore, it is, in principle, possible @t 321 mT and, = 14.31 MHz ands4 = 1.03 MHz at 336
to find a correlation between the tensor axes and the molecular™T (see egs 9 and 11).
structure using the vector projection model and a transformation 1€ proton ENDOR spectra of all our model complexes show
of the intrinsicg and hyperfine tensors of Mh line pairs belonging to at least five different hyperfine tensors,
3.4. 'H cw-ENDOR. In Figure 6, ENDOR spectra of and they exhibit the shape typically found for rhombic tensors
complexesl, 2, and4 are shown. All spectra were recorded at N Powders (see below). Due to the higher symmetr$s ahd
about 2 K. Only at these low temperatures is it possible to 6, many hf tensors are similar. Therefore, the resolution in these
saturate the EPR transitions necessary for cw-ENDOR experi- SPectra is lower compared with thatbf2, and4. Furthermore,
ments. Most of the lines are symmetrically spread aboutithe ~ Many lines resultlng_ from small hf coupl_lng tensors lead to a
Larmor frequency, although some strong resonances are alsg®00rly resolved region around the matrix peak (not shown).
observed in the low-frequency range without any counterparts From the intensities, it is not obvious how many different types
at high frequencies. The spectra were obtained for various ©f Protons contribute to the ENDOR pattern. For all model
positions of the EPR line pattern. Apart from some minor com_plexgs, the experimentally observed hf splittings are sum-
intensity changes, the field setting on the inner lines of the EPR Marized in Tables 3 and 4. o )
spectra did not change the position of lines relativeid.e., Figure 6 shows that the largest splittings, corresponding to a

the hyperfine splittings remained the same. Figure 7 shows anNf tensor component of approximately 20 MHz, found.iand
4 are missing ir2. Closer analysis also reveals that a component
(79) Lubitz, W.; Zweygart, W.; Bittl, R.; Wieghardt, K.; Haselhorst, G.;

" Y ; ’ - OIS, of 8.8/8.7 MHz is present ifh and4 but not in2. From structural
Weyhernmilier, T. In Bioinorganic Chemistry-Transition metal ions in PR .
biology and their coordination chemistrifrautwein, A. X., Ed.; Wiley- similarities, it can be concluded that these components belong
VCH: New York, 1997; p 665. to the NH protons bound to N2, N3, N5, and N6. These protons

igure 6. ENDOR spectra of model complexés2, and4 in DMF.
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Figure 7. ENDOR spectra of complet in DMF recorded at two
different field positions to distinguistH from '*N lines. Field: 321.3
(B) and 336.0 mT (A). For experimental conditions, see Figure 6. For
spectrum A, the Larmor frequencyigy = 14.4 MHz. The respective
vi4y = 1.01 MHz coincides with the start of the frequency sweep. Note
the shift of tH ENDOR lines for the different field positions. Lines

VH

* sim
belonging to'N resonances are much less shifted (see vertical dotted
lines for“N near 7.5 MHz and fotH near 24 MHz). In thé“N range, exp
four lines belonging to one largéN tensor (hf and quadrupole splitting)
are indicated by arrows (see text for details). The counterpart of the
rightmost *H ENDOR line is superimposed by N lines and is,
therefore, not easily seen. B By 393.1 mT

could be exchanged by use of deuterated solvent. Thereby, the : :
assignment of the splittings to the aforementioned protons could 10 15 20 25
be verified. Other tensor components could not be identified v / MHz
by H/D exchange, leading to the conclusion that there is strong Figure 8. Orientation-selection ENDOR of model complexThe EPR
superposition with components of other hf tensors. The ENDOR spectrum ofl is shown on top. Field positions that were used to record
spectrum of4 further shows lines that are only found in this the EtN'[I'DORtﬁp?Ctrata{)etin?ictal‘:edEtl)\lyDg g’WS- B;e|0V‘;-t;he molez;tglar
; orientations that contribute to the spectra at these positions
ig”épfl)(?ﬁg t;lleai)d Tz-geh;lzsngggvnilﬁp rsec;ru?'?f%[?r?gfc?[fnirgot%glare shown (A, 388.5 mT; B, 393.1 mT). Experimental data are as

. . . follows. A: field, 388.5 mT. B: field, 393.1 mTww, 9.39 GHz;Puw,
to N1 and N4. This was concluded from a comparison With ;¢ MW: Pre, 20 W: FM, 1.56 kHz; amp., 50 kHZ, 2 K: accumulation

and specific deuteration of these positions. _ _ time, 1 h 43min. The following hf tensors were used in the simulation
The CHCH;, fragment that connects the tacn ligands is of the orientation-selection ENDOR spectra: £k} = 3.17 MHz,Aqp
present inl and2. However, splittings that were found only in = (16.83,—8.87,—7.97) MHz; (2)Aiso = —1.58 MHz,Agp = (—7.07,
these complexes could not be resolved. One tensor component.48, 2.59) MHz; (3fso = 0 MHz, Agjp = (5.84,—2.92,—2.92) MHz;
(7 MHz) of such a CHCH; proton was, however, identified by  and (4)Aiso = 0 MHz, Agjp = (9.6, —4.8, —4.8) MHz.
substitution of protons with deuterons. The ENDOR spectrum
of 2 shows further splittings of 3.2, 1.9, and 1.6 MHz that were well resolved in5 and 6, assignments are difficult. Specific
not present inl and 4. The 1.9-MHz component could be deuterations within the ligands are not trivial and have not been
assigned to NCklprotons by H/D substitution. Protons in the done so far. Orientation-selection experiments and the extended
bridging OAc fragment were also replaced by deuterons. Here, point-dipole model were used in this case to assign the proton
a tensor component of 0.8 MHz could be identifiedLinnd4. positions.
A change in the spectrum o2 was not observed upon 3.5. Orientation-Selection ENDOR.Orientation-selection
deuteration of OAc. This is most likely due to a superposition ENDOR spectra ofl and2 were taken on the line at highest
of other lines. The remaining spectral features are found in all field positions in the EPR spectrum (see Figure 8). Fand
three complexes and could not be assigned by H/D exchange$, this line was not selected since a better separation of
ENDOR spectra of5 and 6 are almost identical since the perpendicular and parallel components could be obtained on
structures are very similar. Differences are expected only for the third line from the high-field end. As stated earlier,
positions remote from the Mn ionsyg-n ~ 7 A) and should, orientation selection was not possible foiThe ENDOR signal
therefore, appear in the matrix region. Since this region is not intensity obtained at those field positions was very weak. The
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Table 3. Calculated and Experimentally Obsentl Hyperfine Splittings of Complexes, 2, and4

calculated experimental
complex A A, Ay A A As Aiso assignmerit
1 17 -9 -8 19.8 ¢)5.6 -)4.9 3.1 N2, N3
-7 4 3 +)8.7 2.9 1.3 -15 N5, N6
8 —4 —4 9.3 =)4.9 =)4.9 0 Cla, C3a, Cha
6 -3 -3 5.6 =)2.9 =)2.9 0 C1b, C3b, C5b, C2, C4, C6
7 -5 -2 7.1 =)4.9 -)1.3 0 C7a
5 -3 -2 4.9 =)2.9 =)1.3 0 C7b
6 -5 -1 5.6 =)4.9 -)1.3 0 C8a
3 -3 0 2.9 )2.9 0 0 C8b
—4 3 1 =)4.9 2.9 1.3 0 C9a, Clla, C13a
-2 1 1 =)2.9 1.3 1.3 0 C9b, C11b, C13b, C10, C12, C14
2.3 -1.¢ -0.7™ 2.9 =)1.3 (-)0.8 0 C16
2 8 -4 -4 9.3 )48 (-)4.8 0 Cla, C3a, Cha
6 -3 -3 5.6 =)2.8 (-)2.8 0 C1b, C3b, C5b, C2, C4, C6
—4 3 1 +)4.8 2.8 1.3 0 C9a, Cl1a, C13a
-2 1 1 +)2.8 1.3 1.3 0 C9b, C11b, C13b, C10, C12, C14
7 -5 -2 7.6 )48 -)2.8 0 C7a
5 -3 -2 4.8 =)2.8 -)2.8 0 C7b
6 -5 -1 5.6 )5.6 )13 0 C8a
3 -3 0 2.8 t)2.8 0 0 C8b
2.3 -1¢ -0.7™ 2.8 -)1.6 (-)0.3 0 C16
8.6 -4 -3.@ 0 C17,C18
-3.5 2.7 0.8 0 C19, C20
4 15 -9 -6 18.9 ¢)6.7 -)2.3 3.1 N1
17 -9 -8 19.7 £)5.3 -)4.8 3.2 N2, N3
-8 8 0 )12.6 11.7 €)2.9 -1.3 N4
-7 4 3 -)8.8 2.9 1.3 -15 N5, N6
8 -4 - 9.3 =)4.8 (-)4.8 0 Cla, C3a, Cha
6 -3 -3 5.3 =)2.9 =)2.9 0 C1b, C3b, C5b, C2, C4, C6
—4 3 1 +)4.8 2.9 1.3 0 C9a, Cl1a, C13a
-2 1 1 =)2.9 1.3 1.3 0 C9b, C11b, C13b, C10, C12, C14
2.3 -1.6 -0.M 2.9 )13 (-)0.3 0 C16

2 Calculated dipolar part of tensév’, from X-ray structure (H positions), using the extended point-dipole médegbm ENDOR, error-0.2
MHz; signs were not determined experimentally but adapted from theory. Note that the isotropic part of the experimenfaldens(8TrA has
to be subtracted from th& values for comparison withy. All A, values<0.3 MHz were set to zerd.Assignment according to best fit between
experimental observed and calculated results. Proton positions are given by the C/N atom that they are connected to (see Figure 1). Positions
without lowercase letters refer to all hydrogens connected to the respective atom. See also Fiyliree Hipolar tensor of the OAc protons in
the u-OAc bridge given here represents the average of 72 tensor values obtained by rotating the methyl group abgtitakis.d'he principal
tensor values for the methyl proton positions as given in the crystal structure arel1275;-0.8 MHz (for C16a, C16b) and 1.9;1.6,—0.3 MHz
(for C16c).® The tensor has been averaged (see dpt€&or the NCH proton positions given in the crystal structure, the principal tensor values
evaluate to 10.0--5.5, —4.5 MHz (for C17a, C18a, C17b, C18b) and to 4:2.6, —2.3 MHz (for C17c, C18c). The tensor has been averaged
(see noted). For the NCH proton positions given in the crystal structure, the tensors evaluatd 9, 3.7, 0.7 MHz (C19a, C20a), te4.0, 2.9,
1.1 MHz (for C19b, C20b), and te'1.7, 1.2, 0.5 MHz (for C19c, C20c).

spectra were simulated by our program for simulations of solid- side (N5, N6). Two other tensors (5.6;) 2.9; (—) 2.9) MHz

state ENDOR spectf®. A problem is thatG and hyperfine and (9.6; ) 4.8; (—) 4.8) MHz were assigned to protons

anisotropy are of similar magnitude in X-band. However, from attached to carbons within the tacn part of the ligand (for details,

our EPR simulation data, we were able to distinguish@e  see Figure 8 caption). For these protons within tacn, orientation

and hf tensor components that contribute to the individual EPR selection is the only way to experimentally assign tensor axes,

lines. since a specific deuteration has not been performed for the tacn.
Experimental and simulated orientation-selection ENDOR Similar results were obtained for the other complexes mentioned

spectra are shown in Figure 8 fbras an example, along with  above.

diagrams showing the selected subsets of molecules for the field  3.6. Application of the Point-Dipole Model. The extended

positions indicated in the EPR spectrum. It can be seen that, point-dipole model has proven to be a useful tool to estimate
for a field settingBy = 393.1 mT, only those molecules that  distances and bond angles in biological syst&mi&3761First
have theirgy axis aligned with the magnetic field contribute to  we wish to outline some useful properties of this model.

the ENDOR spectrum. For the other positiéi,= 388.5 mT, Figure 9 illustrates how the point-dipole model can be used

Lhehat_)r;gular:fdistributio?fis mrc])re c?mplicated,hsinqe@rapd . tolocate protons if their dipolar hf tensor is known. The contour
oth >*Mn ht tensors aifect the selection. In the simulation of 5 are two-dimensional cross sections through space. Contour
the spectra, the relative orientation of the proton hf tensors and inas are drawn for the tensofs; = —0.4—2.7,3.1 MHz (top)
the G tenslc(;r is described by the Euler angles;ﬁ, andV)'ZSl andAy = 0.5-3.8,3.3 MHz (bottom). The crosspoints of the
We could assign one tensor (19&}')(,5'6’ (-) 4.9) MH three lines indicated by arrows give the spatial location of a
to protor.13 b(?und to N2, N3 on the Mrside and a secondl\i/lne proton with such a tensor. The solid line represents the contour
(=) 8.8; 2.9; 1.3) MHz to the respective protons on the'Mn jine for the principal tensor component with a principal axis
(80) Gessner, C. NiFe Hydrogenasen. Bejeraler EPR-Spektroskopie  perpendicular to the paper plane.
zur Strukturaufklaung des aktiven Zentrums. Doctoral thesis, Technische Based on the extended point-dipole model, we have calculated
Universitd, Berlin, 1996. . ’ .
(81) Signs were not determined experimentally but were adapted from the dipolar tensors for all protons attached to the ligands of the
the results of our point-dipole model. five complexedl, 2, 4, 5, and6. This calculation was based on
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Table 4. Calculated and Experimentally Obsertl Hyperfine Splittings of Complexes and 6

calculated experimental
complex A A, Ay A A As assignmerit
5 10.0 —-5.2 —4.8 9.8 )5.1 )44 C26, C36
9.4 —6.2 —-3.4 9.8 £)6.2 )34 C16
9.0 —-5.8 —-3.2 9.8 )6.2 -)3.4 C46
9.0 -7.7 —-1.4 9.8 6)7.9 =)1.2 C86
8.3 -7.3 -1.0 7.9 €)7.9 =)1.2 C56
-3.9 2.4 1.5 £)3.4 2.4 1.2 C66, C76
2.0 -1.0 -1.0 2.4 )1.2 =)1.2 C15, C25, C35, C45
21 -1.1 1.0 2.4 )12 =)1.2 C13,C23,C33,C43
1.4 -1.1 -0.3 12 )1.2 (-)o.4 C55, C85
1.2 -0.7 -0.5 1.2 ¢)0.4 (-)o.4 C14, C24,C34,C44
+0.2 +0.6 +0.8 +0.4 +0.4 +1.2 C53, C63, C73, C83, C54
+0.8 +0.6 +0.4 +1.2 +0.4 +0.4 C64, C74, C84, C65, C75
6 105 —6.9 -3.6 9.0 t)7.6 (-)3.0 C16
10.0 —-6.5 -3.5 9.0 t)7.6 +)3.0 C46
9.8 5.0 —-4.7 9.0 )5.8 =)4.2 C36
10.1 -5.3 -4.9 9.0 ¢)5.8 )4.2 C26
7.4 —-6.5 -0.9 7.6 ¢)5.8 (=)0.7 C56
6.9 —6.1 —0.8 7.6 )5.8 (-)0.7 C86
-3.9 2.3 15 £)3.0 1.8 1.2 C66, C76
2.0 -1.0 -1.0 1.8 )1.2 =)1.2 C25,C35
1.9 -1.1 -0.7 1.8 )1.2 (=)0.7 C15, C45
1.3 -0.7 -0.6 1.2 £)o.7 (=)0.7 C14, C24, C34, C44
1.0 -0.6 -0.5 1.2 ¢)0.7 (=)0.7 C17,C27,C37,C47
1.3 -1.0 -0.3 1.8 )1.2 (—)0.2 C55, C85
0.6 -0.5 -0.1 0.7 ¢)0.7 (-)0.2 C84, C84
0.3 -0.3 0.0 0.2 £)0.2 0.0 C64, C65, C67, C57
0.3 -0.3 0.0 0.2 £)o. 0.0 C74, C75,C77,C87

a Calculated dipolar part of tensé¥', from X-ray structure (H positions), using the point-dipole modé&rom ENDOR, erroe:0.2 MHz; signs
were not determined experimentally but adapted from theory. The isotropi¢Apgriof the experimental tensor is smaller than 0.5 MHz in all
cases® Assignment according to best fit between experimentally observed and calculated results. Proton positions are given by the C/N atom that
they are connected to (see Figure 1). See also Figure 11.

the known structures of these complexes (this work and refs obtained for each methyl group. The averaged principal values

41, 63, and 64). The X-ray structures 2f 4, and 6 show are given in Table 3. The values one obtains when using the
disorder so that no difference between'Mand MV is seen. crystal structure positions are also given, since it can be assumed
This, however, leads to an additional error in the calculated that these are the energetically most favorable positions.
dipolar hf tensors, because Mris known to exhibit elongated 3.7. Assignments of hfcs to Molecular Positiongased on

axial bonds (JahnTeller distortion). To account for this, the  these calculations, all hyperfine splittings in the spectra were

calculated tensors id and4 are based on the X-ray structure  agsigned to specific protons in the complexes. For those protons
of 1. Deviations in substituents from compléxvere compen- \yhich could already be assigned by structural comparisons of
sated manually. The geometry at N1 and N4liwas assumed  1he complexes and by specifiel labeling, the agreement with

to be perfectly tetrahedral; the protons were then added with assignment based on the point-dipole model is very good.

an N-H bond length of 1.0 A. The NCyiprotons in2 were 1o yoqjiis are given in Tables 3 and 4. A visualization of the

added in a similar way. The positions of the NH protond.in largest tensor component for each proton in compléxasd5
could be determined directly from X-ray analysis. However, is depicted in Figures 10 and 11

the couplings that were calculated using these values were too h h | h lei
large (23 MHz). We therefore recalculated these hydrogen . F(_)rt € _NH protons that are very close to the Mn nucie, a
positions using tetrahedral geometry at N2, N3, N5, and N6 significant isotropic hfc must be assumed. This has, indeed, been

with dy_y = 1.0 A. For6, the coordinates given by Stebler et obtained from the analysis of the experimental spectra (Figure

alS3were used to see how the inequivalence of'Nand MrV 6, Table 3). The isotropic part of the hfc’s is also indicated by
alters the dipolar couplings as compared with those ¢fmust comparing the calculated dlpqlgr part with the experllmental.ly
be emphazied, though, that an error in the calculated hf tensorsPbserved hfc's. We further utilized the fact that the isotropic
for 6 is thereby introduced. part on the M#' side is twice as large as the one on the"Vin

The calculated values are given in Tables 3 and 4, togetherSide and has opposite sign. From the work of Tan ét ah
with the experimental hf tensors. Note that respective hf similar Mn"Mn" complexes with nitrogen ligands, it can be
components have opposite signs when the protons are locatedssumed that some spin density (approximately -6002) is
on either the MH or the MrV side. The magnitude of the transferred from the manganese to the axial nitrogen that leads
tensors is determined by the distance and exact position of theto a rather largé*N hfc. Hydrogens bound to these nitrogens
proton with respect to the MAMn core. A feature that is  should also show an isotropic hfc via either spin polarization
common to complexes, 2, and4 is the rotating CHgroups in or direct overlap with the nitrogen orbitals or directly with the
theu-acetato bridges. Complédfurther has four NChigroups manganese 3d orbitals. Equatorially bound nitrogens have a
that are subject to rotation. It is possible that we encounter a smaller isotropic hfc that can then be transferred to protons. A
distribution of proton positions for these methyl groups in our detailed analysis of these hfc’s requires an accurate determi-
frozen solutions. To account for this, we rotated the respective nation of the respective proton tensor, preferentially in single
group in steps of 15and calculated the dipolar tensor after crystals, and an advanced theoretical treatment (DFT) of the
each rotation. Due to th&; symmetry, 72 proton tensors were complex.
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Figure 10. Model complex4 with assigned hfc’'s obtained from

-8 -6 -4 -2 0 2 4 6 experimental data. The area of the circles is proportional to the absolute
r/a value of the largest measured proton hf tensor component. Most of the

tensors are purely dipolar. Note that this is not a spin-density distribution

for which the circles would be proportional 8, The hfc’s on the

6 1 Mn'" side are larger than those on the Neide. This is indicated by

different shadings (for details, see Table 3).

Figure 11. Model complex5 with assigned hfc’'s obtained from
experimental data. The area of the circles is proportional to the largest

Figure 9. Representation of three lines corresponding to constant valuesproton hf tensor component (Table 4) (for further details, see Figure
of dipolar hf tensor components, = —0.4 MHz, Ay = —2.7 MHz, 10).

andA, = 3.1 MHz (top) andX, = 0.5 MHz, A, = —3.8 MHz, andA, ) o
= 3.3 MHz (bottom). The Mn-Mn distance was set to 2.56 A, as found  protons connected to the same carbon: one is pointing away
in 1. A hypothetical proton with a dipolar hf tensar = (—0.4,—2.7, from the metal and the other toward the manganese (e.g.,
3.1) MHz (top) andA’ = (0.5, —3.8, 3.3) MHz (bottom) would then  positions Cla and C1b). On the Miside, these two orientations
be located at the intersection of the three lines; these are indicated bycan be distinguished. Since the overall hyperfine coupling is
arrows. Since a rotation of the proton about the line joining the Mr_] smaller on the MI side, here a distinction is not possible. The
ions does not alter the tensor, the proton can be located on the resultingyf tensors in the tacn macrocycle are very similar within
circle. experimental error in complexds 2, and4 (Table 3). This is
Protons bound to N2, N3, N5, and N6 are present onl¥ in  strong evidence that the geometry of the tacn ligand is conserved
and4. Within experimental error, we found their hf tensors to within all these complexes. A difference is expected to occur
be identical in both complexes. The isotropic part of the tensor when the tacn macrocycles are additionally connected by the
on the M side is twice as large as that of the corresponding CH,CH, fragment. Experimentally, we observe only a minor
tensor on the MW side and has opposite sign. Protons at N1 change in one tensor component (from 5.3 to 5.6 MHz). A
and N4 are unique to comple% in 1 and 2, the CHCH, difference is seen for the tensors within the LOH, fragment
fragment that connects the tacn rings is attached to thesein complexed and2 and the tensors in the bridging OAc group.
nitrogens. The dipolar part of the hfc is more rhombic than that They are located between the Mn ions. This is a region where
for the protons bound to the equatorially nitrogen. At N1 and small geometrical changes have a large effect on the magnitude
N4, the protons are located almost perpendicular to the line of the tensors, according to the extended point-dipole model.
connecting the Mn ions, where the tensor would be perfectly  Assignments in complexes and 6 were based largely on
axial © = 0). structural similarities and on this point-dipole model (Table 4).
In the tacn ligands, there are two possible orientations for Isotropic hfc’'s were not found for protons in these complexes.

-
r/A
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Table 5. Experimentally Observe&N hfc's and Quadrupole
Couplings (MHz) from'“N ENDOR
complex |A| |€2qQl/h reference

1 9.8 2.20 this work

2 9.4 2.24 this work

4 9.6 2.20 this work

5 9.5 2.9 this work

6 9.7 3.0 this work

CYCLAM? 9.23 2.98 32

TMPAP 11.20 3.02 32

5 9.4 2.9 33

aCYCLAM: Mn'""Mn"(u-oxo)-bis-1,4,8,11-tetraazacyclotetrade- . ; . -
cane.” TMPA: Mn""Mn" (u-oxo)-bis-(tris-2-methylpyridyl)amine. 5 10 15 20

v / MHz
Most of the tensors were axial, with the exception of the protons Figure 12. Three-pulse (stimulated echo) 2D-ESEEM spectrum of
close to the region between the Mn ions. Tensors for the protonsmodel complex4 after Fourier transformation in the T domain and

attached to positions in which the ligands are differers and light projection along the axis. Experimental data: 512 128 points;
6 (e.g., C17, C27) are small, because of the large distance tovww, 9.7687 GHz; field, 347.6 mT#/2, 16 ns;to, 120 ns;At, 16 ns;
the Mn ions. To, 120 ns;AT, 16 ns;T, 4.2 K. Top: Pulse sequence used in the

Because some calculated dipolar tensor components are very?XPernment.
similar, we had to assign the same experimentally observedobserved by ENDOR but is not detectable by ESEEM, since
tensor component to different protons in several cases. Anthe “cancellation” condition is not met. We assign the larger
example shall be given to explain the difficulty: in the tacn 14N hfc observed in our ENDOR spectra to tH& bound in
macrocycles, protons on the Mnside have almost axial hf  axial position to MH'. Our values agree well with data obtained
tensors. If we draw a contour plot for such an axial tensor similar earliep2:33 (see Table 5).
to those given in Figure 9, we do not obtain definite crosspoints, In all measured complexes, the values Afare similar,
but the three lines are almost identical (on the'Mside). This  showing that the nitogen coordination is the same. It is
means that there is a large uncertainty regarding the molecularinteresting that also the related quadrupole couplings are the
position for this tensor, or in other words, many proton positions same within experimental error for the tacn-type ligatiori.in
within the molecule lead to only slightly different hf tensors, 2 and4 (nitrogen, sp hybridization). For the bpy- and phen-
which then result in a superposition of resonances and in |igated complexes and6, thee?qQ/h is different, as indicated
broadened ENDOR lines. by the different electronic structure of the nitrogen nuclei in

Figures 10 and 11 clearly show that the hyperfine couplings these ligands (nitrogen, 3pybridization). In cyclam and tmp3,
are larger on the Mh side by a factor of about 2, as predicted the quadrupole coupling was found to be similar to that in bpy
by the vector coupling model. A special case is presented by and phen, indicating a similar electric field gradient. The smaller
the methyl protons in the bridging acetato fragment. They are quadrupole coupling id, 2, and4 compared with that i and
located in the region between the manganese ions. However6 results most probably from the increased local charge
here the influence of Mh is expected to dominate that of Mn symmetry in the former complexes.
Proton hf tensors in this region show a rather large deviation 3.9.1“N-ESEEM. To resolve smalle¥*N hfc’s below 5 MHz,
from axiality. The same situation is met with the protons in the ESEEM spectroscopy was used. Favorable experimental condi-
CH,CHj; fragment that connects the tacn ligandsliand 2. tions could be found only for compled. For 1 and 2,

Apart from the fact that we had to assign several tensor significantly shorteiT; times prevented the detection of similar
components to more than one proton position, we derived aspectra for these complexes so far. Compkxas been
consistent assignment for all hf tensors to proton positions in previously investigated by Briftand Ivancich et &i* Therefore,
our complexes (see Tables 3 and 4). 5 and the similar comple® were not studied here.

3.8.14N cw-ENDOR. In Figure 7, several lines in the low- Figure 12 shows the light projection of a complete three-
frequency ENDOR range of complek could be assigned  pulse 2D-ESEEM experiment performed on compiexThe
unambiguously to'N nuclei. According to the ENDOR  spectrum directly yields the zero-field nuclear quadrupole
resonance condition for nuclei with= 1, two line pairs appear  transitionsv_, v, andv (see eqs 1315) of one!“N nucleus,
centered arounf/2 = 4.9 MHz (1), split by the quadrupole ~ from which the nuclear quadrupole coupliegnQ/h and the
coupling®/,P; = 3.3 MHz and by twice the Larmor frequency —asymmetry parametey are directly obtained. Furthermore, a
2119y &~ 2 MHz (see eq 11). The respective lines are indicated “double-quantum” transitionqq is observed (eq 16), yielding
by arrows in Figure 7. This pattern was found for all studied the effective hyperfine couplingAés = 2.9 MHz). The data
complexes and led to the identification of one strongly coupled are collected in Table 6. A strong line from the proton nuclei
1N nucleus with the hf and quadrupole components given in With some shoulders is seen near the Larmor frequency which
Table 5. The additional lines in this frequency range show that has not been further evaluated. The spectrum and data are similar
there is coupling to furthe¥N nuclei which could, however, to those reported foi5®2 and also to those reported for

not be evaluated with confidence. methylated Mn-catalase by Ivancich ef&a(see Table 6). The
Two types of24N hyperfine couplings have been observed authors attribute the shape of the spectrum to the fact that the
in exchange-coupled nitrogen-ligated Wvin' complexes?33 observed nitrogen hfc is too large, so the cancellation condition

a larger one in the frequency range around 10 MHz and a smalleriS Not met. In our caseyqy = 1.05 MHz andAer/2 = 1.45
one below 5 MHz. If the excess spin density resides in the d MHz. These parameters satisfy the cancellation conditiqn
orbital of Mn"" 32 the larger coupling would arise from Fermi  — |AI/2] < 2K/3.

contact interaction between th[s orbital and.the nitrogen 2s " (g) Britt, R. D. Electron Spin Echo Spectroscopy in Photosynthesis.
orbitals, i.e., nitrogen bound axially to NI This hfc can be Ph.D. thesis, University of California, Berkeley, 1988.
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Table 6. Experimentally ObserveN hfc's and Quadrupole This work has shown that the extended point-dipole model
Couplings (MHz) from ESEEM can be used with confidence to identify dipolar hfc's in
complex |Aer| |€2qQ)/h n reference exchange-coupled systems containing a dinuclear metal core.
2 59 o5 0.6 this work The approach tha_t we used to assign experlmental_hfc’s can
5 28 23 82 now be employed in further studies to identify and assign hfc’s.
Mn-catalase 2.3 2.44 85 Randall et aP® and Willems et af! recently used this approach
Mn-catalase 2.45 2.34 0.51 21 to deduce proton positions from measured hf tensors.

ENDOR experiments in the nitrogen frequency range identi-
Due to the limited spectral resolution in our spectrum, the fied a large™N coupling assigned to ligand nitrogens that are
v_ andv; peaks are not very well separated, but in contrast to directly bound to Mn. These, most probably, have an appreciable
the work by Ivancich et abt they can still be distinguished. ~ iSotopic hfc. This hfc could t_)e as_S|gned to the nitrogens axially

From the intensity of the peaks in our spectrum, we conclude bound to Mr'. Further'N lines in the ENDOR spectra that
that these are not intermodulation peaks. A final point in favor "esult from smaller couplings could not be evaluated with
of our interpretation is the fact that lines corresponding to our confidence. By use of ESEEM spectroscopy, however, we found
measuredier and €qQ/h could be found in thé’N ENDOR a smaII_ N hfc in _4 and assigned _thls cou_pllng to the
spectrum of4, although they were not yet evaluated in the equatorially bound nitrogens on the Miside. The information

ENDOR experiments. available on twd*N hfc’s can be used to compare the systems
The small hfc can be assigned either to the equatorially boundt0 €ach other and, moreover, to vivo systems such as
nitrogens on the MH side or to the nitrogens on the Mrside. manganese catalase. The data can further be used to provide

If it were assigned to the MY side, we would expect from the evidence for direct ligation of nitrogens in metalloenzyrfes. .
vector coupling model a hfc that is twice as large on the'Mn N nuclear quadrupole parameters are, for example, smaller in
side (5-7 MHz). Since we were not able to observe such a complexess and6 as compared with those of pyridine-type
coupling, we conclude that this small hfc originates from the bases$?2which indicates a decrease of the electric field gradient
equatorial nitrogens bound to Mn This assignment is sup-  Upon binding to the metal. A similar ligation leads to nuclear
ported by an estimate made by Tan ef?lhese authors quadrupole parameters similar to those found for tacn and dtne,
calculated a hfc ofAqt ~ 3 MHz for nitrogens bound  Whereas different parameters were obtained for different types

equatorially to MH'. The hfc of the respective nitrogens on the ©Of ligation, e.g., tacn and bpy. Thus, these parameters can

Mn" side is then expected to be 2 MHz .32 provide a sensitive tool for ligand identification and yield
information about the local electronic structure via the electric
4. Summary and Conclusion field gradient.

More insight into the orientation of tensor axes with respect

In this work, we have studied se_veral exchangt_a-coupled to the molecular structure can be obtained from single crystals
dinuclear manganese complexes using EPR techniques. The

complexes could be divided into two classes: one containin of the model complexes. This is, however, difficult since
P . ToO 9 interactions between the electron spins of neighboring complexes
two u-oxo bridges, and the other containing tweoxo and a

4-OAc bridge. The latter three complexes were increasingly in the lattice make the EPR analysis of single crystals difficult.

sterically hindered by joining the two tacn ligands and by Here one could employ diamagnetically dilute single crystals.

exchange of NH groups with NGHyroups. For all complexes, E;g ghéfe?g?;ggch, the exact orientation of all tensor axes could
EPR spectra were recorded at two frequency bands. Simulations The analysis of theS and hyperfine tensor axes that we

of X- and Q-band EPR spectra yielded predgand>Mn hf A o
tensor data for each complex. Tacn-type ligated complexes pro_po_sed in this paper would b?“ef'_f i t_here were more accurate
showed distinct thombic tensors. The isotropic parts of the intrinsic data for MA™ and Mri ions in different environments.

tensors were smaller than those of the bpy-type complexes.-tl;he aclcwa?’. c;:‘ the tenstt_)r fm?;suremeﬁts cafn be improved
Insight into the generation of rhombicity of tieand hf tensors Y applying highér magnetic 1I€lds, €.g., by periorming experi-
and information about the orientation 6fand®*Mn hf tensor ments at W-band (34 GH2) frequencies. Furthermore, at these
axes in the complexes could be obtained by use of a Vectorfrequenmes, orientation selection is faciliated in powder ENDOR

coupling model that incorporates structural parameters into theexpenment;because of a better_ separation othEan_sor
calculation of the tensors for the combined system. This is an componeng éQWork along these lines is in progress in our
important prerequisite for further magnetic resonance studiesl"j‘bor"j‘torye'3 ’

of these and related systents vivo and in witro, e.g., for
orientation-selection ENDOR experiments and for the analysis
of the electronic structure in general.

Acknowledgment. This paper is dedicated to Prof. M. P.
Klein and Prof. K. Sauer (UC Berkeley), in recognition of their

The magnetic interaction of the electron spin with ligand pioneering wqu in thr_e field Of. oxygenic photosynthesis. We
nuclear spins was examined using electron nuclear double-th_ank Dr. H. Kass for his help with the ESEEM measurements.
resonance (ENDOR) experiments. By the combined use of Financial support from the Deutsche_ Forschungsggmelnschaft
differently structured compounds, H/D exchange, and orientation (LU 315/14-1) and Fonds der Chemischen Industrie (to K.W.
selection, specific proton positions within the molecules could @nd W.L.) is gratefully acknowledged.
be assigned to various hf tensors. Hyperfine interaction basically .
results from dipolar coupling in the complexes, with the Appendix
exception of protons that are directly bound to the first ligand
sphere (nitrogen). For these protons, a significant isotropic
coupling is obtained. To calculate the dipolar hyperfine interac-
tions, we developed an extended point-dipole model which  (83) Lucken, E. A. CNuclear Quadrupole Coupling Constanisca-
yielded values for all proton hf tensors in the complexes. demic Press: New York, 1989. _ )
Comparison of,measured_ hf splitings with calculated ones K_;(EﬁLﬁzhﬁrngh“cgcggLam”j Eéggslnoezr'léz'l:é;_ Gardiner, A. T., Mos,
identified all hfc’s that led finally to a complete and consistent  “(gs) pikanov, D. J.: Tsvetkov, V. S. K.: Goldfeld, M. ®okl. Biophys.
assignment of proton positions to experimental hf tensors. (Engl. Transl.)1988 302 107.

One way to find the principal values for tlé& tensor of the
effective spin is to keep ong tensor fixed and transform the
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otherg tensor to this reference system. A convenient reference the principal values, since the rotation creates off-diagonal
for the common system is Mh sincegy is axial, with the matrix elements. The principal valu€&* andG'2 are
unique axis being the-axis. The transformation is then given

by

G2 =125, — 5,) £ \4A2 — 4A AN + A]
G'=2gy —TgyT' (21)
with
where the primed and the unprimed tensors relate to the common
and the individual coordinate systems, respectivay (= e M 2 X
g ). The other two tensor axes are the moleciandy-axes. 2= (G + 9u) 2= (Gv + av)
With the assumption of coincidegtaxes, theG'Y component A= ( — o Al = (, — o
can be calculated immediately by CTR 1) 2= Gy~ Gv)
Ay = cog o — sirf a
G”=2g) — g\ (22)

The remaining transformation is a rotation about yrexis: Supporting Information Available: Tables of crystal data

and structure refinement, atomic coordinates, bond lengths and

GZ g% _ (Qﬁu B angles, anisotropic displacement parameters, and hydrogen
o/

G G coordinates for complexes, 2, and3 a view of the crystal

structures of complexelsand2 (26 pages, print/PDF). See any

current masthead page for ordering information and Web access

. Z .
coso sina |[9v coso.  —sina (23) instructions.
—sino.  cosa gfv sina.  coso

The combinedS tensor then has to be diagonalized to obtain JA9827548



