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Manganese(11) complexes of mononegative pentadentate N,O ligands [Mn,(mgbpen),(H,0),](C10,), (1), (mgbpen™ =
N-methyl-N'-glycyl-N,N'-bis(2-pyridylmethyl)ethane-1,2-diamine) and [Mn,(bzgbpen),(H,0),](ClO,), (2),
(bzgbpen™ = N-benzyl-N'-glycyl-N,N'-bis(2-pyridylmethyl)ethane-1,2-diamine) have been prepared. The crystal
structure of the Mn()-aqua complex of 1, shows it to be dimeric via (u-kO)-bridging through one carboxylate
oxygen atom of each of the two ligands. The non-coordinated carboxylate oxygen atoms are H-bonded to the water

ligands on the adjacent Mn ion. The magnetic coupling interaction is weak and antiferromagnetic, J= —1.3(1) cm™".
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The dimeric structures of 1 and 2 are retained in solution and can exist in the gas phase. Complexes 1 and 2 are

air stable but can be oxidised by ‘BuOOH to give unstable mononuclear Mn(11) complexes, or oxo-bridged
dimanganese(11) and di-p-oxo-dimanganese(iv) complexes, depending on solvent. The [Mn(11)-OR]", R = H or CH;,
complexes are generated in water or methanol, respectively, and are potentially useful spectroscopic models for active
Mn-lipoxygenases. In acetonitrile, di-u-oxo-dimanganese(1v) complexes are the highest oxidation state products
detected, and these are formed via shorter-lived intermediate p-oxo-dimanganese(tir) compounds. The rate of
formation of the various oxidized products is slower in the case of the bzgbpen™ systems which contains a

bulkier non-coordinating arm. The oxidised complexes were characterised by UV-visible spectroscopy, ESI mass
spectrometry and cyclic voltammetry. In addition, m—1v and 1111 species were electrochemically generated. Thus the
new mononegative pentadentate ligand systems display significant flexibility in the range of Mn oxidation states and
species of biological relevance that are accessible: A series of dinuclear compounds with different structures in the
five oxidation levels between 111 and 1v—1v has been identified. No solid state structures were obtained for high
oxidation state species, however it is assumed that in the oxo-bridged compounds the carboxylate groups are
terminally ligated in contrast to the starting Mn(11) complexes. Thus the system represents examples of limiting
structures in the “carboxylate shift” mechanism proposed to be important in non-heme H,O and O, activation

processes.

Introduction

Manganese is involved in biological redox reactions involving
water, peroxide and dioxygen where oxidation states 11, 111 and 1v
are implicated in mono-, di- and multi-nuclear centres. These
include the oxygen evolving center (OEC) of photosystem 11,
catalases,” manganese ribonucleotide reductase,® superoxide
dismutases,* and peroxidases.>® Recently a manganese lipoxy-
genase (Mn-LOX) isolated from the fungus Gdaunnomyces
gramminis was cloned and sequenced.”® Significant homology
to the mammalian Fe-LOX family was revealed with a good
alignment, for the proposed mononuclear manganese binding
site. The most likely metal donors for Mn-LOX are His294,
His297, His478 and Asn482 and the C terminus carboxylate
(valine). Thus the protein in Mn—-LOX, similar to the Fe-LOXs,
is proposed to furnish a pentadentate mononegatively-charged
coordination site. Likewise, cycling between E-M(11)[H] and E—
M(m) states, where the latter functions as H-atom abstractor
towards the substrate, is the rate determining step in the pro-
posed enzymatic mechanism of Mn-lipoxygenase. The function

T Electronic supplementary information (ESI) available: The ESI mass
spectra of 1 at various tube-lens potentials. See http://www.rsc.org/
suppdata/dt/b3/b300823a/
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in the Fe-LOXs is associated with [Fe()-OH,] and [Fe(m)-
OH] moieties, respectively. By analogy, the characterisation of
pairs of [Mn(11)-OH,] and [Mn(m)-OH] which are related by
an H', is of interest for Mn—LOX modelling. While aqua com-
plexes for Mn(m) are well known, examples of the Mn(mn)—
hydroxide motif are few, no doubt due to their reactivity.>!®

We describe here labile Mn complexes of the mononegative
pentadentate N,O ligands, N-glycyl-N'-methyl-N,N'-bis(2-
pyridylmethyl)-1,2-ethanediamine (mgbpen~) and N-benzyl-
N'-glycyl-N,N'-bis(2-pyridylmethyl)-1,2-ethanediamine (bzgb-
pen~), generic abbreviation, Rgbpen, R = CH,;, CH,C¢H,,
Chart 1. A very accurate [Fe(m)-OH] model for the active
Fe-lipoxygenases (Fe-LOXs) can be generated using this
system."' By carrying out the parallel Mn chemistry we have
identified a [Mn(11)-OH], Mn-LOX relevant species. Further-

B -
B w
N N/_—\N N mgbpen”, R=CHj3
\R bzgbpen’, R=CH,C¢Hs
o
(6]
Chart 1
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more, the ligands show a relatively large degree of flexibility
since dinuclear species for 111, m-1, m-1v, Iv—Iv oxidations
states have been identified. These differ in their Mn ligation and
geometry and may be relevant to OEC modeling, since the
carboxylate groups can switch from bridging ligation in Mn(11)—
Mn(11) complexes to terminal ligation, concomitant with form-
ation of one or two oxo bridges in Mn(11)-Mn(11) and Mn(1v)—
Mn(1v) complexes, respectively. These limiting structures repre-
sent a “carboxylate shift”. Such shifts are presumed crucial for
controlling O, activation reactions in the non-heme diiron
proteins.

Results and discussion

Mn(11) complexes

The reaction of mgbpenH and bzgbpenH with Mn(11) per-
chlorate in an aqueous solution open to the atmosphere gives
[Mn,(mgbpen),(H,0),J(CIO,), (1) and [Mny(bzgbpen),-
(H,0),](Cl10,), (2), respectively. The complexes are air stable in
solution and solid state. Crystal structure analysis shows that 1
is dinuclear with (u-xO)-bridging by one oxygen atom of the
mgbpen~ carboxylate group, Fig. 1. The Mn atoms are seven-
coordinated by five donor atoms from one ligand, a carboxylate
oxygen atom from the ligand bound to the adjacent manganese
ion, and a water molecule. The bridging Mn-O2 distances
are significantly different at 2.2313(16) and 2.5908(16) A. The
Mn --+ Mn distance is 4.0914(9) A. One hydrogen atom
(H17A) of the water ligand on each manganese ion is strongly
H-bonded to the non-coordinated carboxylate oxygen atom
of mgbpen~ on the adjacent manganese ion, Ol --- O3,
2.583, O1-H 0.835 and O3 --- H 1.779 A. We have no crystal
structure for 2, however the similarity in IR, CV and ESI MS
data for 1 and 2 is the basis for assigning analogous dimeric
structures. The arrangement of the H-bonded carboxylate and
water ligands at the dimanganese site represents an arrange-
ment which may be a relevant limiting form for the carboxylate
shift mechanism. The structure of the reduced Mn(11)-Mn(1)
centre in Mn-substituted ribonucleotide reductase R2 protein
shows a terminal water on one Mn(i1) and a monodentate
aspartate on the other,®> however inspection of this protein
structure does not indicate an interaction as close as that
observed for 1.

Fig. 1 X-Ray crystal structure of [Mn,(mgbpen),(H,0),](CI1O,), (1).
Important distances (A): Mn-O1 2.204(2), Mn-02 2.2313(16), Mn-N4
2.246(2), Mn-N3 2.290(2), Mn-N2 2.329(2), Mn-N1 2.419(2),
Mn-O2#1 2.5908(16).
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Dimers for the dehydrated ions derived from 1 and 2 are
observed in ESI mass spectra. The doubly-charged peaks at
mlz 368.1 and at m/z 444.4 are assigned [Mn,(mgbpen),]**
and [Mn,(bzgbpen),]**, respectively. As the source conditions
are made increasingly harsh, monomeric singly-charged ions
with the same m/z values, [Mn(Rgbpen)]* grow in. When the
tube lens is above 80 V the peak is 100% composed of [Mn(Rg-
bpen)]* (see ESIT).

Magnetic properties and EPR spectra of 1

The magnetic susceptibility of 1 has been investigated in the
temperature range 5-300 K at 0.5 and 5 T. Fig. 2 illustrates the
temperature dependence of the product of the molar magnetic
susceptibility (y,) and temperature. The room-temperature
value of y,,T is 8.6 cm*® K mol™! close to that expected for two
non-interacting spins S = 5/2. When 7" decreases, y,,T decreases
smoothly until 50 K where it reaches 6.8 cm?® K mol™!, and then
more abruptly to 1.3 cm® K mol™! at 5 K. Such a behavior is
characteristic of a pair of weakly antiferromagnetically coupled
manganese(l1) ions. It is noteworthy that the y,, vs. 7' curve
exhibits a maximum at ca. 9 K (data not shown). The experi-
mental data could be accounted for by using the van Vleck
equation for two interacting spins S = 5/2 (see Experimental
section). The solid line in Fig. 2 represents the best fit obtained
with the following parameters: g = 2, —J = 1.3(1) cm™' and TIP
=3(1) x 107*cm® mol ..
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Fig. 2 Temperature dependence of the y,7 product of 1. Data
collected at 0.5 T. The solid line corresponds to the fit obtained with the
following parameters: g=2, —J=1.27cm™", TIP=3 x 107 cm® mol .

The X-band EPR spectrum of powdered samples of 1 is
broad. It shows similar features but becomes more resolved in a
MeOH-DMF solution, Fig. 3. Centered around g =2 is a broad
band with more than 25 hyperfine splittings of ca. 45 G suggest-
ing that 1 retains its dimeric structure in solution. Additional
broad features both at high field g = 1.6 and at low field g =3.26
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Fig. 3 The EPR spectrum of 1 in frozen-glass MeOH-DMF solution,
105 K.
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and g = 6.26 are observed. The EPR spectrum of 1 bears a
strong resemblance to that for the dimanganese(i1) complex
Mn,(H,0)(OAc),(tmeda), (tmeda = N,N,N’,N’-tetramethyl-
enediamine) which was recently the subject of a detailed X- and
Q-band EPR study. Indeed, analogous transitions are observed
but they maximize at different temperatures owing to the
smaller antiferromagnetic couplingin 1 (—1.3 vs —2.9 cm™!).1?

Solvent dependent oxidation of 1 and 2

The seven coordination of the manganese atoms in 1 and 2
most likely protect the complexes from spontaneous air
oxidation in the solid state and solution. This might otherwise
have been expected for Mn(i1) complexes of ligand systems
comprising carboxylate, pyridine and amine donor atoms. The
formation of bubbles upon addition of dihydrogen peroxide to
1 in acetonitrile (and concomitant color change to pale yellow)
and in methanol (no color change) suggests that the Mn(i)
complexes show catalase activity. However by using tert-butyl
hydroperoxide (TBHP) we could generate higher oxidation
state species from 1 and 2. Unstable (hours—days) brown solu-
tions develop on the addition of TBHP to the complexes
in hydroxylic solvents. Usually a transient (seconds) green
coloration formed before the brown color. After ca. half a
day in hydroxylic solvent, and several days in acetonitrile the
solutions bleached and the starting complexes could be
detected by ESI-MS. We have characterized the brown and
green species in acetonitrile solution and the brown only
in hydroxylic solvents. Scheme 1 presents a summary of the
reactions and the assignments proposed on the basis of the UV-
visible, EPR spectroscopy, ESI MS and cyclic voltammetry
experiments. The mononuclear [Mn(1r)(mgbpen)(OH)]" and
[Mn(mn)(bzgbpen)(OH)]™ species, 3 and 4, respectively, and
[Mn(1)(mgbpen)(OCH,)]* and [Mn(1)(bzgbpen)(OCH;)]",
species 5 and 6, respectively, are generated from complexes
1 and 2 in water or methanol, respectively. By contrast, the
longer lived bis-p-oxo-dimanganese(1v) complexes (9 and 10)
are generated in acetonitrile via shorter lived oxo-bridged
dimanganese(1r) compounds (7 and 8).

Reactions of 1 or 2 with two equivalents of TBHP in water or
methanol give brown EPR silent solutions with a lifetime of
several hours at room temperature. The UV-visible spectrum
for the oxidation of 1 in water recorded over 1 h is shown in
Fig. 4. The final spectrum of the brown solution, after 48 min
and a total of 10 eq. TBHP, shows bands at 420 nm (sh, 1714
M~ cm™), 548 nm (sh, 462 M~! cm™") and 650 nm (335 M !
cm™"). The initial green solution obtained after just 3 min
reaction with 2 eq. TBHP, has a band at 427 nm (315M ' cm ™)
and at 559 nm (155 M ' cm™!). Due to its short lifetime we have
not obtained other spectroscopic data for the initial green
species. Over ca. 12 h the brown color bleaches. The ESI mass
spectra of the brown solutions contain ions at m/z 385.2
(expected m/z 385.3) and 399.1 (expected m/z 399.5 (see ESI 1))

Abs.

300 400 500 600 700
A (nm)

Fig.4 Time resolved UV-visible spectra of the oxidation of 1 in water
by 2 eq. TBHP (a-f), and at £ = 33 min addition of another 8 eq. TBHP
(g)- (a): 0 min, (b): 3 min, (c): 6 min, (d): 9 min, (e): 15 min, (f): 30
min, (g): 36 min, (h): 42 min, (i): 45 min, (j): 48 min.

corresponding to the singly-charged 3 (Fig. 5(b)) and 5.
Variation of the tube lens potentials shows that the [Mn(1)-
(Rgbpen)(OH)]" ions are solution-derived. Alternative sources
for these ions can be discounted. They are not derived from
[Mn"(Rgbpen)(OHR")]*, R’ =H, CHj, ions by loss of an H
atom or methyl radical, since aqua and methanol complexes
will preferentially lose the neutral solvent ligand under all but
very mild source conditions. The ESI mass spectrum of the
Mn(1) complexes 1 and 2 demonstrate this phenomenon: no
traces of the oxidised species 3, 4, 5 and 6 were observed.
Addition of D,O to the aqueous solution of 4 results in a new
signal in the ESI mass spectrum 1 mass unit above the singly
charged 4 corresponding to [Mn(11)(bzgbpen)(OD)]".

The color changes when the TBHP oxidation of 1 and 2 is
carried out in acetonitrile are similar to those in methanol,
however the chromophores are due to different products. When
2 eq. TBHP react with 1 and 2 a transient green colour (¢,, < 1s
for the mgbpen™ system and seconds to minutes for the bzbpen™
system) and a final unstable brown color also appears in the
EPR silent solutions at room temperature. By complementary
and parallel use of ESI MS, CV, UV-visible and EPR spectro-
scopy, we have characterized both the transient green and
brown oxidized species formed in these reactions. The reaction
followed by UV-visible spectroscopy is shown in Fig. 6. The
green compound 7 achieves its maximum concentration after
reacton of 1 with 2 eq. of TBHP for 3 min; 430 nm (sh, 825 M ™!
cm™"), 561 nm (300 M~!' cm™') (Fig. 6(A) spectrum (b)).
In spectrum (h), the brown compound 9 is at maximum con-
centration after 39 min; 528 nm (sh, 655 M~' cm™') and 645 nm
(390 M~' em™'). Correspondingly in Fig. 6(B), spectrum (e),
shows 8 in maximum concentration after 59 min; 435 nm (sh,
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Fig. 5 The ESI mass spectrum of (a) an acetonitrile solution of 1, m/z 368.2 = [Mn,(mgbpen),]**; (b) a water solution of 1 after reaction
with ‘BuOOH, m/z 385.2 [Mn(OH)(mgbpen)]* (3); (c) an acetonitrile solution of 1 after reaction with ‘BuOOH, m/z 384.2 = [Mn,O,(mgbpen),]** (9).

Peak expansions and calculated isotopic fits below.
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Fig. 6 Time resolved UV-visible spectra after addition of 2 equi-
valents of TBHP in (A) a 1.07 mM solution of 1 in CH,CN, 0.1 M
Bu,NCIO,: (a) initial solution; (b) after 3 min; (c) 6 min; (d) 9 min;
(e) 12 min; (f) 18 min; (g) 24 min; (h) 39 min; /=1 cm. (B) 1.05 mM
solution of 2 in CH,CN, 0.1 M Bu,NCIlO,: (a) initial solution; (b) after
44 min; (c) 49 min; (d) 54 min; (e) 59 min; (f) 1 h 02 min; (g) 1 h 05 min;
(h) 1 h 11 min; (i) 1 h 17 min; ) 1 h 23 min; (k) I h 28 min; (I) 1 h
38 min; (m) 1 h 48 min; (n) 1 h 58 min; (0) 2 h 23 min; /=1 cm.
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410 M~' em™), 495 nm (260 M~! cm™"), 520 nm (270 M™!
cm™1), 550 nm (290 M~! cm ™), 650 (sh, 165 M~! cm™!) and
compound 10 at maximum concentration after 2 h 23 min
(spectrum (0)); 524 nm (sh, 540 M~' cm ™), 645 nm (300 M !
cm ).

The green and brown species are detected by ESI MS: the
doubly-charged ions for the more stable brown dioxo com-
pounds being most easily observed. Fig. 5(c) shows 9 (m/z
384.2) at one mass unit lower than that for the singly-charged 3
in the mass spectrum. As shown by UV-visible spectroscopy the
reaction times are slower for the benzyl substituted system and
for this system we were able to trap the ions associated with the
green species. The spectrum in Fig. 7 is very clean and shows
only ions assigned to [Mn(bzgbpen)]™ (m/z 444.1, dehydrated
monomer from 2), [(Mn(bzgbpen)),O*" (8, m/z 452.1) and
[(Mn(bzgbpen)),0,*" (10, m/z 460.1). A second ion overlaps
with m/z 460.1; this can be assigned to [(bzgbpen)Mn(OH)]*
(4) at m/z 461.1. A simulation of the isotope pattern indicates
a 29% : 71% composition of the signals from 4 and 10. The
presence of small amounts of 4 in the acetonitrile reactions is
probably due to traces of water. Over a period of minutes to
hours the intensity of the signal corresponding to 2 decreases
while those for 8 and 10 increase. After many hours the inten-

100
90+
80+
704
60
50+
40

30
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T T
440 445 450

T T
455 465

m/z

Fig. 7 ESI-MS of 2 in acetonitrile after reaction with one equivalent
of TBHP. Recorded after 6 min. The calculated isotopic fits are
depicted as bars. Assignments: m/z 444.1, [Mn(bzgbpen)|*; m/z 452.1,
[(Mn(bzgbpen)),O** (8); 460.1, [(Mn(bzgbpen)),0,]** (10). The 460.1
contains a second ion, [(bzgbpen)Mn(OH)|* (4) at m/z 461.1. A
simulation indicates a composition of 29% 4 and 71% 10.

460



sity of 10 starts to decrease while 2 grows in and 8 remains fairly
constant. After 2 days only the starting material, 2, is present.
The rate of reaction is faster for the oxidation of 1. The ESI
mass spectrum of a brown solution obtained by addition of
2 equivalents of TBHP and recorded after 6 min presents
the doubly-charged ion at m/z 384.2 due to 9 (Fig. 5(c)) with no
trace of 7 evident.

The oxidation processes in acetonitrile followed by cyclic
voltammetry (CV) are shown in Figs. 8 and 9. As for the ESI
MS results a clean separation of the species was observed
and the assignments fully corroborate those made by ESI MS.
Similar to a known manganese(i1) dimer doubly-bridged by one
oxygen atom of carboxylate groups,”* CVs of 1 and 2 in
CH;CN show irreversible oxidation waves at E,, = 0.90 and 1.23
Vvs. Ag/Ag* 107> M (Fig. 8(A)) and E,,=0.92 and 1.24 V (Fig.
9(A)), respectively. These waves progressively disappear after
addition of two equivalents of TBHP in solutions while new
waves corresponding to the formation of transient green
solutions of 7 and 8 and brown solutions of 9 and 10 appear.
The formation of 8 can be clearly observed after 1 h 02 min
by the appearance of two successive reversible one-electron
oxidation waves at E,;,,=0.70 V (AE, =80 mV) and E,,=1.21V
(AE, =90 mV) and an irreversible one-electron reduction peak
at E,, = —0.26 V (Fig. 9(C)). For 7, after 5 min, these redox
systems are located at E,,=0.68 V (AE,=80mV), E;,=1.17V
(AE, =90 mV) and E,. = —0.13 V (Fig. 8(B) while additional
small reduction peaks at E,. = 0.26 V and E,, = —0.45 V corre-
spond to the concomitant formation of some amount of 9. The
shape of these CVs of 7 and 8 are very similar to that obtained
for the most closely related mono-oxo bridged Mn(11), com-
plex with pentadentate phenolate ligands.!* Thus the two
oxidation waves can be assigned to the Mn(i,mr),/Mn(1,1v),

[V10uA
E/V vs Ag/Ag"‘ 10mM

T
) \/ 15

Y

-1

Fig. 8 Time resolved cyclic voltammograms at a platinum electrode in
CH;CN of the reaction of 1 with TBHP to form the green 7 and brown
9, of (A) 1.07 mM of 1; (B, C) after addition of 2 equivalents of
‘BuOOH: (B) after 5 min (CV due predominantly to 7), (C) after 40 min
(CV due predominantly to 9). 0.1 M Bu,NCIO,, sweep rate 100 mV s~ '.

[V1ouA

A

E/V vs Ag/Agt 10mM

T
-1

T
1 1.5

Fig.9 Time resolved cyclic voltammograms at a platinum electrode in
CH,CN of the reaction of 2 with TBHP to form the green 8 and brown
10. (A) 1.05 mM of 2; (B-D) after addition of 2 equivalents of
‘BuOOH: 55 min (B), 1 h 02 min (C), 2 h 23 min (D). The transient

green intermediate 8 in more dominant in (B-D) compared to the
1

corresponding results in Fig. 8. 0.1 M Bu,NCIO,, sweep rate 100 mVs™".

and Mn(1L1v),/Mn(1v,1v), redox couples, and the reduction
peak to the Mn(111,111),/Mn(111,11), couple.

After a few minutes in the case of 1 (or a few hours for 2), the
formation of the higher oxidation state di-oxo-dimanganese(1v)
complexes 9 (or 10) can be observed by the appearance of a
poorly reversible one-electron reduction wave at E,. = 0.26 V
followed by an irreversible one at E,, = —0.48 V (Fig. 8(C)).
These values are similar to those of the most closely related
di-p-oxo dimanganese(1v) complex in the literature'* and corre-
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spond to the Mn(1v,1v),/Mn(1r,1v), and Mn(11L,1v),/Mn(111, 1),
redox couples. In the case of 9, and unlike the majority of the
di-p-oxo dimanganese compounds having bi- or tetra-dentate
ligands, the Mn(1v,1v),/Mn(111,1v), wave is only poorly reversible
showing the instability of the mixed-valent [Mn,(mgbpen),0,]"
species. The presence of a shoulder at E,, = —0.25 V preceeding
the irreversible reduction at E,. = —0.48 V (Fig. 8(C)) is also
observed resulting probably to the presence of a small amount
of 7 remaining in solution and to the poor stability of the first
Mn(ur,1v), reduced species formed on the time scale of the CV.
It is clear from with the two reduction waves located at E,, =
0.27 V and E,. = —0.53 V that 10 and 9 have similar electro-
chemistry. However, 10 cannot be quantitatively formed, and an
equilibrium is reached after about 2 h 30 min (Fig. 9(D)). In
summary, the electrochemical results corroborate UV-visible
spectroscopy and ESI MS in showing that the rate of formation
of oxidised complexes is faster for 1 compared to 2. In the case
of 1, the almost quantitative formation of 9 takes about 40 min
(Fig. 8(C)) while for 2, only 50% of 10 can be reached after
2 h 30 min. Moreover, in the case of 1, although the rate of
formation of 9 is slower than that of 7, the two processes over-
lap and 7 cannot be exhaustively formed. A maximum con-
centration of 7 is obtained after 5 min, but at this time some
compound 9 is already present (Fig. 8(B)). In the case of 2, 8
can be quantitatively obtained after about 1 h (Fig. 9(C)) while
10 cannot be quantitatively formed (Fig. 9(D)). By recording
the CV in parallel with the UV-visible spectra, and by taking
advantage of the differences in the rates of formation, we were
able to identify the redox waves associated with the transient
green Mn(11)—(p-O)-Mn(1m) species and brown Mn(1v)—(p-O),—
Mn(1v) species for the mgbpen~ derivative 8 and bzbpen™
derivative 9, respectively.

Clearly conclusions cannot be drawn from the EPR silence
observed for the UV-visible spectroscopically, mass spectro-
metrically and electrochemically different brown chromophores
in hydroxylic solvent (3, 4, 5, 6) and acetonitrile (9, 10) and the
even shorter-lived green chomophores (7, 8) in acetonitrile.
However it is consistent with (i) the complete disappearance of
1 and 2 and (ii) the [Mn™(Rgbpen)(OR")]*, R’=H, CH,, [Mn,"-
(Rgbpen),(O)*", and [Mn,O,(Rgbpen),** assignments for
different reasons: d* configuration in the two first cases and
strongly antiferromagnetically coupled d*~d? in the last case.

Conclusions

The dimeric nature of 1 and 2 bears little structural relevance to
the putative mononuclear reduced Mn(11)-OH, site in reduced
Mn-LOX. However it does imply one important point: seven
coordination of the metal ion might inhibit its oxidation and
this may be a useful activation/de-activation switch mechanism
for the Mn(1) state of Mn-LOX and other manganese-con-
taining enzymes. Six coordination (five amino acid donors and
one water) is established by X-ray crystallography for Fe'™
LOX. A difference in the metal binding sites in Mn—LOX from
Fe-LOXs is clear from the difference in the o helix 9 sequence
containing the two His metal donors: there are 30 members
in Fe LOX and 28 members Mn-LOX. Oliw and co-workers
suggest that this is probably of paramount importance for the
geometry at the metal centre, the metal ion specificity and
enzyme activity.® Using the dimeric complexes 1 and 2, the
UV-visible, EPR, MS, and electrochemical characterisation
of active Mn-LOX [Mn(m)-OH]" models generated by a bio-
mimetic alkylperoxide oxidation has been achieved. These
species do not have the EPR and Mdgssbauer spectroscopic
handles available in the study of analogous iron species. Since
the donor set to Mn(m) in 3, 4, 5 and 7 is similar to that pre-
dicted for oxidized Mn—-LOX future comparison of the spectro-
scopic characteristics reported herein may be useful in analysis
of the enzyme.

The outcome of alkylperoxide oxidation is solvent con-
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trolled. The detection of oxo-bridged Mn(mr), and Mn(1v),
dimers in acetonitrile suggests to us that the more unusual
Mn(m)-OH species characterized in hydroxylic solvent, is
stabilized by hydrogen bonding to the solvent. It is likely that
if the mononuclear Mn(11)-OH species are produced in aceto-
nitrile a rapid dimerisation by dehydration occurs to give the
green Mn(111) oxo-bridged dimers, 7 and 8. This species is then
susceptible to further oxidation by either TBHP or O, to give
the brown species 9 and 10.

The series of Mn dimers from Mn(11)Mn(11) to Mn(1v)Mn(1v)
oxidation states is particularly interesting with respect to the
relevance of the system to OEC and number of dimeric species
accessible. Using several techniques it can be argued that six
oxidation states (1111, II-II, III-III, -1V, IV-IV, IV—V) are access-
ible using these new mononegatively-charged pentadentate
ligands (mixed valence species implicated by electrochemistry
only). The structure of 1 shows a H-bonding arrangement for
water and non-coordinated oxygen of Asp or Glu on adjacent
metal ions around 4 A apart. Of particular importance is the
inclusion of a carboxylate in the ligand system and the interplay
of the carboxylate shift mechanism and formation of oxo
bridges.

Experimental

'H and C NMR spectra were recorded on a 300 MHz Varian
Gemeni 2000 spectrometer using tetramethylsilane (TMS)
as an internal reference; J values are given in Hz. Elemental
analysis were performed at the Chemistry Department II at
Copenhagen University, Denmark and Atlantic Microlab,
Inc., Norcross, Georgia 30091, USA. UV-visible spectra were
recorded on a Shimadzu UV-3100 spectrophotometer and on
Varian Cary 50 Probe and Cary 100 Scan spectrometers. IR
spectra of the complexes in KBr discs were measured using a
Hitachi 270-30 IR spectrometer. Electrospray ionization mass
spectra (ESI MS) were obtained using a Finnigan TSQ 700
triple quadrupole instrument equipped with a Finnigan API
source in the nanoelectrospray mode (Protana, Denmark).
Electron paramagnetic resonance (EPR) measurements at
X-band frequency were obtained using a Bruker ESP-380E
FT-EPR spectrometer. TBHP 5-6 M in decane was used for the
oxidation reactions.

CAUTION: Perchlorate salts of metal complexes with
organic ligands are potentially explosive. Only small quantities
of the compounds should be prepared and handled behind
suitable protective shields.

Ligand syntheses

N,N’-Bis(2-pyridylmethyl)imidazolidine. N,N'-Bis(2-pyridyl-
methyl)-1,2-diaminoethane (7.0 g, 29 mmol) and paraform-
aldehyde (0.86 g, 29 mmol) were refluxed in diethyl ether
(120 ml) with 4 A molecular sieves overnight with CaCl, pro-
tection. After filtration the solution was evaporated in vacuo to
yield a dark yellow oil (5.8 g, 79%). oy (CDCl,): 2.96 (4H, s,
NCH,CH,N), 3.61 (2H, s, NCH,N), 3.92 (4H, s, 2 x NCH,-
C,H,N), 7.17 (2H, t, J 5.98, 2 x C*H py), 7.48 (2H, d, J 7.70,
2 x CH py), 7.67 (2H, t, J 6.31, 2 x C°H py), 8.55 (2H, d,
J 4.12, 2 x C°H py). éc (CDCLy): 52.6 (NCH,CH,N), 61.2
(2 x NCH,CsH,N), 76.8 (NCH,N), 122.0, 122.7 (2 x C? py,
2 x C3py), 136.5(2 x C*py), 149.1 (2 x C® py), 159.3 (2 x C? py).

N-Methyl-N,N '-bis(2-pyridylmethyl)-1,2-ethanediamine
(another synthesis has been reported'®). NaBH,CN (3.23 g,
51.4 mmol) was added to a stirred solution of N,N'-bis(2-pyr-
idylmethyl)imidazolidine (5.4 g, 21.2 mmol) in dry methanol
(80 ml). CF;COOH (11.70 g, 102 mmol) was added and the
solution was stirred overnight with CaCl, protection. 15%
aqueous sodium hydroxide (65 ml) was added and the solution
was stirred for another 6 h. The resulting solution was extracted



with CH,CIl, (3 X 20 ml), dried on Na,SO, and evaporated in
vacuo to yield a brown oil (4.5 g, 83%). 4 (CDCl;): 2.07 3 H, s,
NCH,), 2.46 (2 H, m, NCH,CH',N), 2.59 (2 H, m, NCH,-
CH',N), 3.48 and 3.72 (2 H, s, and 2 H, s, 2 X NCH,C;H,N),
6.96-7.46 (6 H, m, 2 x C*H, C°H and C°H py) 8.35 2 H, m,
2 x C*H py). dc (CDCl;): 42.63 (NCH,), 46.80 (CH,NHCH,-
CH,N), 55.31 (NHCH,CsH,N), 57.29 (C;H,NCH,(CH;)-
NCH,), 64.13 (CiH,NCH,NCH,), 121.89, 121.98, 122.25,
123.11 (2 x C¥py, 2 x C® py), 136.43, 136.46 (2 X C* py), 149.04,
149.31 (2 x C® py), 159.56, 160.07 (2 x C? py).

N-Methyl-N'-glycine-/N,/N’'-bis(2-pyridylmethyl)-1,2-ethane-
diamine (mgbpenH). Bromoacetic acid (2.45 g, 17.6 mmol) and
triethylamine (1.79 g, 17.7 mmol) were added to a solution
of N-methyl-N,N’-bis(2-pyridylmethyl)-1,2-ethanediamine
(4.50 g, 17.6 mmol) in dry ethanol (2 ml). The solution was
refluxed under N, for 24 h and then evaporated under vacuum.
The oily residue was dissolved in water (10 ml) and pH was
adjusted to 10 with conc. aqueous NaOH. The dark solution
was extracted with CH,Cl, (3 X 10 ml) and the aqueous phase
was evaporated in vacuo to yield a brown oil (5.48 g, 93%).
Jdc (CDCly): 40.80 (NCH;), 49.52 (CH,N(CH,CsH,N)(CH,-
C0O0")), 53.81 ((CH;)(CH,CsH,N)NCH,), 58.22 ((CH,COO")-
N(CH,CsH,N)), 59.72 (CsH,NCH,NCH;), 60.00 (NCH,-
CO0"), 12341, 124.28, 124.84, 125.58 (2 x C? py, 2 x C° py),
138.51, 138.66 (2 x C* py), 148.26, 149.50 (2 x C° py), 156.55
(C? py).

2-Phenyl-1,3-bis(2-pyridylmethyl)imidazolidine. ~N,N’-Bis(2-
pyridylmethyl)-1,2-ethanediamine (2.1 g, 10 mmol) and benz-
aldehyde (1.1 g, 10 mmol) were dissolved in 40 ml dry diethyl
ether. The reaction was stirred with 4 A molecular sieves
overnight with CaCl, protection. The product was isolated as a
white powder which was washed with dry ether (1.76 g, 57%).
mp. 142-146 °C. oy (CDCl,): 2.685, 3.305 (2 X 2H, m, NCH,-
CH,N (AA'BB’), 3.517 and 3.900 (2 H, d, J 14.12 and 2 H, d,
J 13.88, 2 x NCH,zCsH,N, A or B), 4.021 (1 H, s, NCH-
(CsH5)N), 7.081 (2 H, m, 2 x C°H py), 7.2-7.45 (5 H, m, C¢Hs),
7.5-7.7 (4 H, m, C*H py, C*H py), 8.463 (2 H, d, C°H py).
Jc (CDCLy): 51.20 (NCH,CH,N), 58.82 (2 x NCH,CsH,N),
89.00 (NCH(C4H5)N), 121.9, 122.9 (2 x C? py, 2 x C? py), 128.3
(C3, C* Ph), 128.7 (C* Ph), 129.5 (C?, CS Ph), 136.4 (2 x C* py),
140.1 (C' Ph), 148.8 (2 x C® py), 159.5 (2 x C? py).

N-Benzyl-N,N'-bis(2-pyridylmethyl)-1,2-ethanediamine.  2-
Phenyl-1,3-bis(2-pyridylmethyl)imidazolidine (1.5 g, 4.5 mmol)
was dissolved in dry methanol (45 ml). The solution was filtered
to remove molecular sieves from the previous step. NaBH;CN
(0.28 g, 4.5 mmol) in 3 ml dry MeOH was added, and then
CF,COOH (1.0 g, 9.0 mmol) was added carefully. The reaction
mixture was stirred for 24 h with CaCl, protection. 45 ml 15%
aqueous NaOH was added and the reaction was allowed to
stir for 6 h. This mixture was extracted with methylene chloride
(20 ml) three times, the organic phase was dried on Na,SO, and
evaporated leaving a yellow oil (1.87 g, over 100% yield due to
water and possible formation of sodium salt, however purity
was sufficient for complex formation). dg (CDCl,): 2.69 (1 H,
br s, NH), 2.732 (4 H, m, NCH,CH,N), 3.637 (2 H, s,
NCH,C¢H,), 3.751 (2 H, s, NCH,C;H,N), 3.805 (2 H, s,
NCH,CH,N), 7.0-7.2 2 H, m, 2 x C°H py), 7.2-7.45 (5 H,
m, CHy), 7.50-7.7 (4 H, m, 2 x C*H py, 2 x C*H py), 8.506
(2 H, m, 2 x C°H py). dc (CDCl;): 46.53, 53.60 (NCH,CH,N),
54.79 (C¢HsCH,N), 58.79, 60.21 (2 x NCH,CsH,N), 121.65,
121.73, 121.95, 122.80 (2 x C3 py, 2 x C5 py), 126.82 (C* phen),
128.08 (C3?, C° phen), 128.78 (C?, CS, C3, C° phen), 136.15,

, exp(2k) +5exp(6k)+14exp(12k) + 30exp(20k) + 55exp(30k) .

136.24 (2 x C* py), 138.98 (C" phen), 148.64, 149.06 (2 x C° py),
159.77, 159.88, (2 x C2 py).

N'-Benzyl-N-carboxymethyl-/NV,/N'-bis(2-pyridylmethyl)-1,2-
ethanediamine (bzgbpenH). Bromoacetic acid (0.425 g, 3.05
mmol) and triethylamine (0.309 g 3.05 mmol) were added to a
solution of N-benzyl-N,N’-bis(2-pyridylmethyl)-1,2-ethane-
diamine (1.014 g, 3.05 mmol) in dry ethanol (2.5 ml). The solu-
tion was refluxed overnight under N,, put on ice to precipitate
Et;NHBr, which was removed. The solution was evaporated
under vacuum and redissolved in water and adjusted to pH §
with NaOH. The aqueous phase was washed three times with
methylene chloride (3 X 15 ml) and adjusted to ca. pH 4 with
aq. HCI. The solution was evaporated to an oil which was then
redissolved in 15 ml absolute EtOH. Undissolved NaCl was
removed and the solvent removed under vacuum to give a
red—brown oil (0.799 g, 67%). oy (DMSO-dy): 2.62-2.82 (4H,
m, NCH,CH,N), 3.16 (2H, s, NCH,COO"), 3.4-3.8 (6H, m,
2 X NCH,CsH,N and NCH,C¢Hj,), 7.10-7.32 (7 H, m, C¢H,
and 2 x C°H py), 7.41 2H, m, 2 x C*H py), 7.67 (2H, m, 2 x
C*H py), 8.49 (2H, m, 2 x C°H py). 6 (DMSO-dy): 51.3, 51.6
(NCH,CH,N), 57.7 (NCH,C¢Hy), 59.3, 59.4 (NCH,C;H,N),
60.1 (NCH,COO"), 121.5, 121.9, 122.4, 122.8 (2 x C3 py, 2 %
C® py), 126.7 (C* Ph), 128.1, 128.5 (C2, C°, C3, C° Ph), 136.0,
136.4, (2 x C* Py), 138.9 (C' Ph), 148.5, 148.6 (2 x C°® Py),
159.5, 160.6 (2 x C* Py), 173.4 (COOH).

Mn(11) complexes

[Mn,(mgbpen),(H,0),1(C10,), (1). Mn(ClO,),-6H,0 (1.27 g,
3.5 mmol) in methanol (10 ml) was added to a solution of
mgbpen (1.11 g, 3.3 mmol) in a 1 : 1 mixture of water—methanol
(10 ml). After 3 days, the beige crystals were isolated by fil-
tration. Yield 0.366 g (23%). ESI-MS (MeOH): m/z 368 (100%,
[(Mn(mgbpen)),]*"). Anal. Calc. for C;3H,xClL,Mn,NgO,,:
C, 42.03; H, 4.77; N, 11.53. Found: C, 41.64; H, 4.66; N,
11.25%. The synthesis of [Mn,(bzgbpen),(H,0),](C10,), (2) is
analogous. ESI-MS (MeCN): m/z 444.4 [(Mn(bzgbpen)),]**,
987.4 [{(Mn(bzgbpen)),}(ClO,)]". Anal. Calc. for C,Hs,-
CL,Mn,NO,,: C, 49.24; H, 4.85; N, 9.99. Found: C, 49.14; H,
4.38; N, 9.84%.

Magnetism. The magnetic susceptibility of compound
[Mn,(mgbpen),(H,0),](C10,), was measured over the tem-
perature range 5-300 K at 0.5 and 5 T. The sample (25.6 mg)
was contained in a kel F bucket which had been independently
calibrated. The data were corrected from diamagnetism
using Pascal’s constants.'® The data have been simulated using
the van Vleck equation derived from the Heisenberg exchange
hamiltonian (H = —2JS,-S,) for spins S; = S, = 5/2 (eqn. (1)):
with k& = J/0.695T and ¢ is the temperature independent para-
magnetism. The g value was fixed to 2 in the calculations. The
goodness of fit R* amounted to 0.9996.

Electrochemistry. Electrochemical measurements were per-
formed using an EG&G PAR model 173 potentiostat/galvano-
stat equipped with a PAR model universal programmer and
a PAR model 179 digital coulometer. The standard three-
electrode electrochemical cell was used. In CH;CN medium, the
electrolyte was 0.1 M Bu,NCIlO, and potentials were referred to
an Ag/10 mM AgNO; reference electrode in CH;CN, 0.1 M
Bu,NCIO, electrolyte. Potentials referenced to that system
can be converted to the SCE by adding 300 mV. The working
electrode was a platinum disk (5 mm in diameter) polished with
2 um diamond paste (Mecaprex Presi) for cyclic voltammetry
(CV) (E,,, anodic peak potential; E,, cathodic peak potential;

Zul =0.75g

¢y

1+ 3exp(2k) + Sexp(6k) + 7exp(12k) + 9exp(20k) + 11exp(30k)
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E,=(E, + E,)2; AE, = E,, — E,). Exhaustive electrolyses
were carried out with a 10 X 10 X 4 mm? carbon felt electrode
(RCV 2000, 65 mg cm >, from Le Carbone Lorraine

X-Ray crystallography. Crystal data for [Mn,(mgbpen),-
(H,0),](C10,), (C3H4CLMN,NgO,,): M, = 971.57, yellow
crystal (0.45 x 0.28 X 0.10 mm) from reaction mixture, triclinic,
space group P1, Z = 1, a = 8.3686(9), b = 9.8838(11), ¢ =
13.1867(14) A, a = 69.825(10), f8 = 85.749(10), y = 78.412(10)",
V= 1002.92(19) A%, T = 1202) K, D, = 1.609 g cm™,
F(000) = 502, Mo-Ko radiation, /.= 0.71073 A, = 0.840 mm ',
transmission: 0.8635/0.9972. The intensities of 10572 reflec-
tions were measured on a Siemens/Bruker SMART 1K dif-
fractometer. Data collection, integration of frame data and
conversion to intensities corrected for Lorenz, polarization
and absorption effects were performed using the programs
SMART, SAINT" and SADABS®™ 0. = 26.30°, 4106
independent reflections, Ry, = 0.0207. Structure solution,
refinement, structure analysis and production of crystallo-
graphic illustrations was carried out using the programs
SHELXTL' and PLATON.” The refinement of 280 param-
eters (including H atom positions) with 4106 reflections con-
verged at R,(F) = 0.0388 (for I > 20(I)), wR,(F?) = 0.1004
(all data), residual electron density: 0.983/—0.732 ¢ A~

CCDC reference number 188989.

See http://www.rsc.org/suppdata/dt/b3/b300823a/ for crystal-
lographic data in CIF or other electronic format.
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