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Abstract: The synthesis and characteri-
zation of a novel dinucleating ligand L
(L=4,11-dimethyl-1,8-bis{2-[ N-(di-2-

pyridylmethyl)amino]ethyl}cyclam) and
its p-oxo-bridged diferric complex
[(H,L){Fe™,(O)}(C1),]** are reported.
This diiron(IIT) complex is the first ex-
ample of a truly functional purple acid
phosphatase (PAP) mimic as it acceler-

Marta Zajaczkowski-Fischer!®!

phosphate (DNPP). The spectroscopic
and kinetic data indicate that only sub-
strates that are monodentately bound
to one of the two ferric ions can be at-
tacked by a suitable nucleophile. This
is, most probably, a terminal iron(III)-
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bound hydroxide. DFT calculations
support this assumption and also high-
light the importance of secondary inter-
actions, exerted by the protonated
cyclam platform, for the positioning
and activation of the iron(III)-bound
substrate. Similar effects are postulated
in the native enzyme but addressed in
PAP mimics for the first time.

ates the hydrolysis of the activated

R ysis - iron
phosphomonoester  2,4-dinitrophenyl

Introduction

The hydrolysis of carboxylic esters, amides, and mono-, di-,
and triesters of phosphates in biological systems is generally
catalyzed by metallohydrolases with dinuclear metal sites.
The wide variety of enzymes, the extensive model chemistry,
and possible applications of the metalloproteins and func-
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tional models in medicinal and environmental chemistry
have been reviewed.'" Computational®® and low-molecu-
lar-weight experimental models®”® together with an im-
pressive amount of structural,’) spectroscopic,!! and ki-
netic data®'? on enzymes, mutants, and models have helped
to develop a detailed understanding of the reaction mecha-
nisms of hydrolases in general and, in particular, of the
purple acid phosphatases (PAPs), the class of enzymes ad-
dressed here on the basis of a novel low-molecular-weight
model system. PAPs with molecular weights of between 30
and 90 kDa have been isolated from mammals, plants, and
microorganisms. They catalyze the hydrolysis of a range of
phosphorylated substrates in the pH range of 3.0 to 8.0,
have a heterovalent Fe™-M" (M =Fe, Zn, or Mn) active site
(the characteristic purple color, 4., =510-560 nm, ¢ =3000—
4000M 'cm™!, arises from a tyrosine-to-Fe™ charge-transfer
(CT) transition), and the biological role may also include
iron transport and the generation of reactive oxygen species
in the case of mammalian PAPs.»2% Important structural
features of the PAP active site (Scheme 1), derived from
crystallographic and spectroscopic data as well as from
mechanistic studies, include 1) a bridging hydroxide (or oxo
anion) and 2) noncoordinated histidine groups, which may
help to position the substrate.™ These structural features
have not yet been addressed in model chemistry.'® More-
over, the important physiological role of PAPs in hydrolyz-
ing phosphomonoesters has not been achieved by any cur-
rent model complex. We hypothesized that secondary inter-
actions may be required to position the monoester substrate
such that a bridging coordination mode in which the sub-
strate is not accessible to nucleophilic attack by a terminal
hydroxide (see below)!'*'" is prevented. The design of our
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Scheme 1. Schematic representation of the active site of PAPs at physio-
logical pH (M"=Fe", Zn", Mn"; His, Tyr, and Glu amino acid side-
chains are abbreviated as imidazole, phenolate, and carboxylate, respec-
tively).[314]
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Scheme 2. Structure of the ligand H,L*.
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dinucleating  ligand ~ H,L**
(Scheme 2) is therefore based
on a cyclam platform with two
appended tridentate coordina-
tion sites, with the protonated
amines of the macrocycle ex-
pected to help stabilize a mono-
dentate  phosphoester  (see
below for the DFT-based ligand
design)."®! Herein, we report
the DFT-based ligand design,
the syntheses of the ligand
H,L** and its diferric complex,
an extensive characterization of
the corresponding  solution
chemistry based on various
spectroscopic methods (solution
structural characterization of

the various species in equilibri- bridging
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tion of the oxo-bridged diferric complex of H,L** with one
monodentately coordinated DNPP substrate molecule,
[(FLL){Fe™,(0)}(OH),(OH,)(DNPP)] (x=2, 0; DNPP-—
2,4-dinitrophenyl phosphate), which leads, on one hand, to
bridging coordination of the substrate (that is, reversible in-
activation of the monoester substrate; see Figure 1, left-
hand side) and, on the other, to the hydrolysis product
(bridging coordination of phosphate; see Figure 1, right-
hand side). PES scans for both reactions were performed
with the fully deprotonated ligand and with the doubly pro-
tonated cyclam platform to model the influence of the as-
sumed hydrogen-bonding interactions. For both models, the
approximate activation barrier for the bridging mode (inhib-
ition) is considerably larger (39.1 and 50.2 kJmol~' with and
without hydrogen bonding, respectively) than for the hydrol-
ysis reaction (3.1 and 20.6 kJ mol™"). With hydrogen bonding
between DNPP and cyclam included (black curves in
Figure 1), a nearly barrierless hydrolysis emerges. These pre-
liminary calculations indicate that 1) an oxo-bridged diferric
complex of H,L** is able to form hydrogen bonds to phos-
phoesters, 2) there are steric interactions that lead to a pref-
erence for monodentate substrate binding, and 3) the hydro-
gen bonds help to facilitate the hydrolysis reaction.

um), and the kinetic analysis of coordinati
phosphate ester hydrolysis.
50
s
Results and Discussion S 0
w
Ligand design: Preliminary 50 50
DFT calculations confirmed
H,L** as a suitable ligand for 2.0 25 3.0 35 //4f0 35 30 25 20
the formation of dinuclear Fe™ d(0-Fe) [A] d(0-P) [A]

complexes as a functional PAP
model system. Relaxed poten-
tial energy surface (PES) scans

were performed for the reac- LanL2dz level of theory).

Chem. Eur. J. 2012, 18, 1700-1710

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Calculated structures and energy profiles (relaxed PES scans) for bridging coordination (left side)
and hydrolysis of DNPP (right side) with [(H,L){Fe™,(0)}(OH),(OH,)]"* (x=2 (hydrogen bonding, black
curves) and x=0 (hypothetical, no hydrogen bonding, blue curves); calculations performed at the B3LYP/
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Ligand synthesis and coordination chemistry: The dinucleat-
ing cyclam derivative L was prepared by standard proce-
dures in a six-step synthesis starting from cyclam in an over-
all yield of 14 % (see Scheme 3). Reaction of the ligand with
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Scheme 3. Synthesis of ligand L. Reagents: i) CH,O, H,O; ii) Mel,

MeCN; iii) NaOH, CHCl;; iv) N-tosylaziridine, MeCN; v) conc. H,SO,,
Et,0, NaOH, CHCl;; vi) di-2-pyridylmethyl chloride, K,CO3;, MeCN.

The NMR titrations revealed that, as expected, the two Fe™
ions are coordinated by the pyridine and secondary amine
donors and not by the cyclam ring. The electronic absorp-
tion spectra revealed oxo-to-Fe™ charge-transfer transitions
in a Fe™-u-O-Fe™ moiety, which, as expected from a strong-
ly exchange-coupled species, is EPR silent. In 1:1 MeCN/
aqueous buffer solutions time-resolved UV/Vis (see the Sup-
porting Information) and EPR spectroscopy suggested that
[(HL){Fe™,(0)}(C1),]** was hydrolyzed with protonation
and cleavage of the oxo bridge to produce mononuclear
high-spin Fe™ centers, which over time is re-established to
yield an oxo-bridged EPR-silent species with aqua/hydroxo
co-ligands (Scheme 4). The addition of phosphate or (hydro-
lytically stable) phosphomono- and -diesters to these solu-
tions led to significant spectroscopic changes and, depending
on the pH and the nature of the substrate, one or two sub-
strate molecules could be coordinated to the dinuclear Fe™
complex in a monodentate or bridging mode. This was eval-
uated by ESI-MS (see Table 1 and the Supporting Informa-
tion) and EPR spectroscopy in combination with DFT cal-
culations (geometry optimization and broken-symmetry cal-

(NEt,)[FeCL]" in acetonitrile Noy Ney w0 Np,) Ny Noy Ny
under an ambient atmosphere a) HNo g€ Clodl uNH s HNG o cOH2 HO L o HNa, , OH2H20, 1 NH
. . | 0T vy == N NOH HO [™NW. N« | O |
ielded a symmetrical oxo- Ney” | | by “o1© Moy | oy -H,O by I Py

Y Y ol ol il OH; OH, . OH, OH,
bridged diiron(IlI) complex
. fast 3 _ slow .
with two terminal chlorides at EPR silent EPR: gor = 4.3 EPR silent
each Fe™ center. ESI-MS (see
Figure 2) and titrations moni- Noy Noy Noy 0 H Ny Npy Noy
. K1) “H-. pK(l) —H-.
tored by electronic and NMR b) :N;FL‘O\H%@F:e;':H ._—ag) :N'/F\f:o\ O*‘?':'?L":,:IH ._—"5 :N';F\& Oj.f::“
- py py -2H py py -2H by py
spectroscopy (see the Support OH, OH, HO-..py...--OH -

ing Information) indicated that
[(HLL){Fe",(0)}(Cl),P* is the
only species formed in solution.
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Figure 2. Isotope patterns of the experimental (top: MeCN, 1% H,0)
and calculated mass spectra (bottom) of [LFe™,CL,O]* (left: m/z:
883.22483) and [HLFe",CL,O]* (right: m/z: 921.19821).
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Scheme 4. a) Proposed reactions after the addition of buffer to a solution of [(H,L){Fe",(O)}(Cl),]’* in
MeCN. b) Proposed protonation equilibria of [(H,L){Fe",(0)}(OH,),]°". All iron centers are high-spin Fe'".

Table 1. Species observed in the ESI-HRMS of [(H,L){Fe',(0)}(Cl),J**
with phosphate or pNPP in MeCN/buffer (pH 5).1*!

Species Caled m/z  Exptl m/z  Peak height
[%]
[HL'Fe",(HPO,),(OH)|** 486.12812  486.12784 100
[H,L'Fe"™,(HPO,),(OH)(CIO,)]** 536.10629 536.10619 5
[HL'Fe",(HPO,),(OH)CI]* 1007.22508 1007.22480 11

[HL'Fe'',(HPO,),(OH)(CIO,)]* 1071.20474 1071.20482 15
[HL'Fe',(pNPP),(OH)* 607.14450  607.14412 100
[LiL'Fe",(pNPP),(OH)|* 610.14859 610.14830 47
[L'Fe',(pNPP),(OH)]*+ 1213.28166 121328025 31
[HL'Fe'',(pNPP),(OH)CI]*+ 124925784 1249.25757 45

[a] See the Supporting Information for the original data.

culations of the coupling constants J; see Figure3 and
Table 2), Mossbauer spectroscopy (see Figures 4 and 5 and
Table 3), *'P NMR titrations, and UV/Vis spectroscopy (see
the Supporting Information®").

The variable-temperature (1.6-16.0 K) EPR spectra of
[(H,L){Fe™,(0)}(CL,)]** with an excess of pNPP or phos-

Chem. Eur. J. 2012, 18, 1700-1710
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phate at pH 5 reveal complex spectra spanning 6000 G with
a dominant set of resonances centered around g. =2
(Figure 3). They show that the intensity of the resonances

[
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Figure 3. Experimental (black) and simulated (blue) X-band EPR spectra
and calculated structures of a) [(H,L){Fe",(O)}(CI),]** (0.5 mm) and
phosphate (10 mm) in MeCN/aq. buffer (pH 5, 1.7 K, 9.37824 GHz) and
b) [(H,L){Fe",(0O)}(Cl),]** (0.5 mm) and pNPP (10 mm) in MeCN/ag.
buffer (pH 5, 2.4 K, 9.376664 GHz). Nonpolar hydrogen atoms have been
omitted from the structures for clarity.

initially increase with temperature, plateau, and subsequent-
ly decrease (see the Supporting Information). This is charac-
teristic of an antiferromagnetically coupled dinuclear Fe™
complex in which the exchange coupling constant, J [see
Eq. (1)], is greater than the zero-field splitting, D, that is, a
strong exchange regime exists (|| > |D|) and this produces
a spin ladder (S,,=0, 1, 2, 3, 4, 5) in which the S, =0 state
has the lowest energy. For coupled-spin systems, which ex-
hibit a distribution of zero-field splitting, the EPR spectra
typically arise from an S,,,=3 spin state as the spin projec-
tion operators® for the other spin states are very large and
result in broadening of the resonances.””?! Computer simu-
lations, assuming a strong exchange regime (|J| > |D]) and
performed by using the XSophe-Sophe-XeprView computer
simulation software suite and an S=3 effective spin Hamil-
tonian, incorporating only the zero-field splitting and elec-
tron Zeeman interactions (not shown), reproduced some of
the resonant field positions and intensities around g.;=2,
but not all and particularly not those at lower magnetic

Chem. Eur. J. 2012, 18, 1700-1710
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fields. This is not surprising as an examination of the tem-
perature dependence of the resonances around g=2 (see
the Supporting Information) revealed that these resonances
arise from transitions within the S,,;=1, 2, and 3 spin states.
Consequently, we employed a total spin Hamiltonian (H,)
for a coupled diferric system that incorporates the fine
structure and electron Zeeman interactions for each center
as well as the isotropic and anisotropic exchange interac-
tions [dipole-dipole and spin—orbit contributions, Eq. (1)].
Computer simulation of the EPR spectra of [(H,L)-
{Fe™,(0)}(Cl,)]** with an excess of pNPP or phosphate, per-
formed by using the coordinates determined in the DFT cal-
culations, Ji,, from the variable-temperature measurements,
and the g and D values listed in Table 2, produced the spec-

Table 2. Simulated (Molecular Sophe)?**” and computed (DFT) param-
eters of the EPR spectra of [(H,L)Fe,OCL]** with phosphate or pNPP in
MeCN/agq. buffer.

Parameter [(H,L)Fe,OCLJ** + [(H,L)Fe,OCLJ** +
phosphate pNPP
Simulated Computed Simulated Computed
Zisol? 2.01 - 1.99 -
D [em™']® 217 x 10740 - 185x 104 -
E/DI 0.33 - 0.33 -
d(Fe-Fe) [A] 4,571 4.54 4,60 4.68
Jigo [cm ™11 1.59 522 1.76 6.22

[a] Equal for both Fe'™ centers. [b] The x and z principal components of
D are rotated by f= +40° for each Fe center. [c] The x and z principal
components of D are rotated by = 435° for each Fe' center. [d] The
atomic coordinates for Fe(1) and Fe(2) are x,y,z =0,0,0 and 4.57,0,0 [A],
respectively. [e] The atomic coordinates for Fe(1) and Fe(2) are x,y,z=
0,0,0 and 4.60,0,0 [A], respectively. [f] H=JS,S,

tra (blue line) shown in Figure 3. Importantly, although the
magnitudes of J and D (see Table 2) are consistent with the
strong exchange regime (|J| > | D), they are in the range of
the microwave quantum, resulting in many additional transi-
tions. For example, a resonance is observed at g.~4.3,
which is reproduced in the simulated spectra of the diiron
centers (Figure 3). Inspection of the variable-temperature
slice (see the Supporting Information) reveals that this reso-
nance arises in part from a formerly forbidden transition
within the | £1> doublet (as reflected in the hump around
3 K, which is typical of an antiferromagnetically coupled
center) and a small proportion of mononuclear high-spin
Felll.

H = Z; (SDS + BBgS) + 140818, + 81JS, (1)

In the case of the phosphomonoester, two pNPP mole-
cules coordinate to one complex unit (derived from
3P NMR titrations, see the Supporting Information), which,
in combination with the simulated and calculated EPR pa-
rameters (Table 2), leads to the structural proposal shown in
Figure 3b. Evans’ NMR measurements (u.;=4.71 B.M.) in-
dicate that only a fraction of the molecules are present in
this form. We suggest, in addition, the presence of a strongly

www.chemeurj.org — 1703
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antiferromagnetically coupled p-oxo-bridged complex with
two phosphomonoester molecules, which results in an EPR-
silent (S, =0) species. The dihydroxo species in Figure 3b is
then the result of a hydrolyzed oxo bridge. In the case of
phosphate, very similar EPR parameters were obtained and,
in combination with 3P NMR titrations, the structure shown
in Figure 3a is proposed. In contrast, the EPR spectrum of
[(H,L){Fe™,(0)}(Cl,)]** with the phosphodiester diphenyl
phosphate (DPP) is significantly different, showing only a
weak signal at g.=4.3, which can be attributed to uncou-
pled high-spin ferric ions that are formed by hydrolysis of
the p-oxo-bridged species. Therefore, no additional bridging
by the diester is expected because this should lead to similar
signals to those shown in Figure 3.

Mossbauer spectra were recorded of frozen solutions of
1) [(H,L){Fe™,(0)}(Cl,)]** in MeCN/aqueous buffer (1:1,
pHS5), 2)the catalyst solution (1) after the addition of
2 equiv of pNPP, and 3) the catalyst solution (1) after the
addition of 2 equiv of DPP; the spectra were recorded at
various temperatures with and without an applied external
field (3 or 5 T). Relevant spectra are shown in Figures 4 and
5, and the parameters derived from fits to these and other
spectra are given in Table 3 (see the Experimental Section
and Supporting Information for more). As expected from
the UV/Vis, NMR, ESI-MS, and EPR experiments (see
Scheme 4 and Figures 1-3), all the Mdssbauer spectra are
mixtures of three or more species. 1) One subspectrum from
each experiment has two very strongly antiferromagnetically
coupled high-spin Fe™ centers; these A-type species are
EPR silent and assigned to singly oxo-bridged diferric com-
plexes with a very strong Heisenberg exchange interaction,
J>150cm™'> | D|, and relatively large and negative values
of the electric field gradient AE,. 2) A second subspectrum
(type B) is due to a diferric species with weaker (moderate-
to-strong) exchange coupling and positive values for AE,.
These spectra may be due to dinuclear complexes with
mixed oxo-hydroxo- or dihydroxo bridges. The estimated ex-
change coupling for this type of diferric complex is 120 >J>
80 cm™, that is, J> | D|. These species were also relevant in
PAP and corresponding models and, expected, they are
EPR silent.! 3) A third type of subspectra (type C) is due
to (pseudo)monomeric high-spin Fe™ complexes (uncoupled
or very weakly coupled diferric systems, for example, phos-
phate/phosphoester-bridged or monomeric high-spin Fe™
complexes®*?)). Similarly to the B-type spectra, the ob-
served AE, values are positive. The exchange coupling
ranges from intermediate (/> |D|) to very weak (J~|D|),
and these are the only species that are EPR-active. There-
fore the corresponding Mossbauer subspectra were fitted
with J and D values and the atomic coordinates of the Fe™
centers (dipole-dipole interaction) derived from the EPR
measurements and simulations. All spectra consist of around
50% of an A-type species (large negative AEq, small line
widths with Voigt-type line shapes). Low-temperature field
spectra show that these species are very strongly exchange-
coupled (see Figure 5 and Table 3). For the catalyst alone
(diiron(IIT) complex without added substrate), this must
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Figure 4. Mossbauer spectra recorded at 3 K without an applied magnetic
field. Top: “'Fe-enriched samples of [(H,L){Fe",(O)}(Cl),]’* (2 mm, 1:1
MeCN/aq. buffer, pHS; 6 and AE, in mms™"): Type A (57%): 6=0.51,
AEo=-1.52; type B (27%): 6=0.48, AE5=0.69; type C (18 %): 6 =0.48,
AE,=0.57. Middle: sample from the top with added pNPP (4 mm):
Type A (50%): 6=0.50, AE5=-1.29; type B (20%): 6=0.49, AE,=
0.23; type C (30%): 6=0.49, AE,=0.58. Bottom: sample from the top
with added DPP (4 mm): Type A (50%): 6=0.52, AE,=—1.64; type B
(10%): 0=0.49, AE;,=0.52; type C (40%): 6=0.49, AE,=0.82.

result from any of the oxo-bridged structures from Scheme 4
([((H,L){Fe™,(O)}(OH,),]"*, n=1, 2). The isomer shifts of
the two A-type spectra with pNPP and DPP added are very
similar to that of the pure catalyst, which suggests that all
three complexes have a similar structure, that is, intact oxo
bridges, which is in agreement with the other spectroscopic
data and DFT-based studies. However, upon reaction with
the monodentate substrate DPP or the bidentate pNPP,
there are significant changes in the quadrupole splitting
(AEq=—1.5 (catalyst alone) vs. —1.6 (DPP) vs. —1.3 mms™*
(pNPP)), and this indicates that the Fe™.--Fe™ distances
change significantly. Based on literature data,® we assume
that there is a significant increase in the Fe™--Fe distance
of the A-type species with the bidentate substrate. This is
supported by the DFT-based analysis (see Figure 1) and re-
sults from the phosphate bridge. With the monodentate sub-

Chem. Eur. J. 2012, 18, 1700-1710
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Figure 5. Mossbauer spectra of the middle and bottom samples of
Figure 4 (that is, [(H,L){Fe™,(0)}(Cl),]** with added pNPP (top) or DPP
(bottom)) recorded at 2.2 K in a perpendicular external field of 3 and 5T,
respectively (0 and AEq in mms™', J in cm ™). Top: Type A (50%): 0=
0.50, AEq=—1.34, J>7; type B (25%): 6=0.47, AE;,=0.63, J>T7; type C
(25%): 0=047, AE,=0.23, J=0.5. Bottom: Type A (50%): 6=0.52,
AE,=-1.64, J=180; type B (11%): 6=0.49, AE;=0.63, J>120; type C
(40%): 6=0.49, AE,=0.82, J~0.2.

strate, the shift of the quadrupole splitting is significantly
smaller and towards a more negative value, which suggests a
small decrease in the Fe™--Fe™ distance, in agreement with
the NMR and UV/Vis data, that is, the phosphodiester DPP
coordinates to the Fe™ centers without the formation of
phosphodiester bridges. The B-type subspectra have signifi-
cantly weaker but still intermediate-to-strong exchange in-
teractions between the two Fe™ centers. However, these
complexes have positive AE, values (see Table3). We
assume that the ferric ions of the B centers are doubly
bridged, and oxo-hydroxo- or dihydroxo-bridged diferric
complexes might account for the observed parameter values

Chem. Eur. J. 2012, 18, 1700-1710
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Table 3. Fitted parameters for the Mossbauer spectra recorded at 7=
2.2 K with and without an applied magnetic field.""

Type Sample 0 AE, J r Area
[mms']®  [mms']  [em™] [mms™] [%]
A catalyst  0.51 —-1.52 1501 —0.43 50
+DPP 0.52 —1.64 180 —0.35 50
+pNPP  0.50 —1.34 >7 —0.29 50
B catalyst  0.48 0.69 > 1200 0.64 30
+DPP 0.49 0.63 >120 0.65 11
+pNPP  0.47 0.63 >7 0.6 25
C catalyst  0.48 0.57 ~0.20l 0.4 20
+DPP 0.49 0.82 ~0.2 0.65 40
+pNPP  0.47 0.23 0.5 0.45 25

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] The results from variable field conditions are included in the table as
measurements or estimations of the exchange parameter J for each sub-
spectra type. Variable temperature leads to linear second-order Doppler
shifts with a typical value of —0.02 mms~! for an increase in temperature
of 60 K. [b] Relative to elemental Fe at room temperature. [c] Negative
AE, values result from spectra recorded in a strong applied field. [d] A
negative sign for line widths denotes Voigt line shapes. [e] Estimated
value (see text).

(see Table 3). This assignment is also in agreement with ex-
pectations based on the observed pK, values (see below)
and, as expected for a dihydroxo-bridged complex, these
subspectra remain nearly unchanged after the addition of
DPP or pNPP. The third kind of Mossbauer subspectra
(type C) is characterized by extremely weak or absent ex-
change coupling between the ferric ions, that is, largely mag-
netically isolated metal centers. This is in agreement with
cleaved oxo bridges (see Scheme 4). At a very low tempera-
ture these species exhibit, even at zero magnetic field, a
characteristic magnetic sextet (see Figure 5). Successful fits
are achieved with a coupled spin Hamiltonian with J~|D|
(see Table 3),***! but also with two single spin Hamiltoni-
ans with S=>/, when allowing for several anisotropies. Be-
tween the weakly coupled C-type subspectrum of the pure
catalyst and that after addition of pNPP, there is a signifi-
cant decrease in the quadrupole splitting (AE,=02 vs.
0.6 mms'), but there is a much smaller change when DPP
is added (AE,=0.8 mms™). Following a similar reasoning
to that suggested above for the A-type subspectra, we
assume that these spectra result from the presence of an un-
bridged diferric complex in the hydrolyzed catalyst, that is,
[(H,L){Fe™(OH),(OH,),},]** (see Scheme 4), a phosphomo-
noester-bridged diferric complex when pNPP is added (see
also EPR spectroscopy, Figure2, and Table 1, Fe™.-Fe™
~4.7A), and an unbridged diferric site when DPP is the
substrate (see EPR spectroscopy above). Spectra were also
recorded at a higher temperature (120 K) for the system
with added DPP, allowing the determination of the ex-
change coupling constants J. For the oxo-bridged species
(type A), there is a strong antiferromagnetic coupling with
JA(DPP)=180 cm™'. Not unexpectedly, for the B-type spe-
cies with a predicted moderate-to-strong antiferromagnetic
interaction (see above), JB(DPP) is still large but significant-
ly smaller than for the oxo-bridged complex (>120cm™).
For all A-type species a negative quadrupole splitting is
found (see above) with the typical shape of 2-3 absorption
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resonance lines for spectra recorded in strong applied fields,
which indicates a surplus of charge along the EFG (electric
field gradient) z axis. This is in agreement with our assump-
tion that the variation in AE, is proportional to the
Fe™.--Fe™ distance alone when the z axis of the EFG and
the Fe™.-Fe™ axes are collinear. With shorter bridges, the
quadrupole splitting becomes more negative and the com-
plexes show very strong antiferromagnetic coupling. On the
other hand, with longer bridges the quadrupole splitting as-
sumes more and more positive values as the coupling be-
tween the high-spin Fe™ centers decreases. For the spectra
resulting from the coordination of pNPP, no field spectra
were recorded at higher temperatures and, therefore, only
the lower limits of the superexchange parameters are avail-
able (see the Supporting Information).

Analysis of all the spectroscopic data leads to a consistent
interpretation and allows for the following conclusions: In
MeCN/aq. buffer mixtures, the complexes [(H,L)-
{Fe™,(0)}(CL)]** and the adducts with pNPP and DPP are
present in three forms. There are strongly antiferromagneti-
cally coupled p-oxo-bridged complexes (species A), which
are EPR silent and give rise to signals with a large negative
quadrupole splitting in the Mossbauer spectra. Partial hy-
drolysis leads to dihydroxo- (or oxo-hydroxo-) bridged spe-
cies with intermediate-to-strong antiferromagnetic coupling
(species B), which are also EPR silent. Hydrolysis of the hy-
droxo or dihydroxo bridges leads to largely uncoupled difer-
ric complexes (species C). There are striking differences be-
tween the adducts of pNPP or DPP and the A-type species:
Upon reaction with pNPP there probably is a single phos-
phoester bridge with a relatively small Fe™.--Fe™ distance,
and with DPP more than one of the substrates is coordinat-
ed, leading to an elongation of the Fe™-Fe™ distance. DPP
is possibly monodentately coordinated to only one ferric
ion, whereas the phosphomonoester pNPP is bound to both
metal ions in a bridging mode (u-n', n'). Although this
entire analysis is self-consistent, the combination of experi-
ments reported here does not allow for a completely unam-
biguous interpretation of the complex equilibria. However,
it clearly provides a valuable basis for the mechanistic study
discussed below.

Kinetics and mechanistic studies: The activity of [(H,L)-
[Fe"™,(0)}(X),]™" (n<4, X=Cl, OH,, OH, solvent, sub-
strate) towards hydrolysis of the activated phosphodiester
bis(2,4-dinitrophenyl) phosphate (BDNPP)®! and the phos-
phomonoester DNPPP’! was investigated by a spectrophoto-
metric assay (the released 2,4-dinitrophenolate has an in-
tense absorption at A=400nm (¢=12100m 'cm™)). Hy-
drolysis experiments with BDNPP were conducted accord-
ing to published procedures:'**1 BDNPP (c,=5 mm) and
[(H,L){Fe"™,(O)}(CL)]** (cy=0.04 mm) were allowed to
react in MeCN/buffer at 25°C. For the substrate- and cata-
lyst-dependent measurements, their concentrations were
varied. The Michaelis-Menten diagrams are shown in Fig-
ure 6a, the pH profiles are given in Figure 7 (solid line), and
the corresponding derived data are listed in Table 4.

1706

www.chemeurj.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a) 5x10°+
4x10°1 5
3x10°
fl:l)
=3
~° 2x10°+
1x108—r¥/{/—{
0 T 1
0 5x10° 1x10?
[S], [M]
b)
1x10°4
T
2
2 5x10°
N
0 T T T
0 1x10° 2x10° 3x10°
[DNPP], [M]

Figure 6. a) Michaelis-Menten diagrams (pH 6) for the rates of hydrolysis
of BDNPP (5 mm, blue line) and DNPP (0.5 mm, red line) with [(H,L)-
{Fe",(O)}(CI),J** (0.04 mm) and b) enlarged diagram of the DNPP hy-
drolysis reaction. The experimental data are shown as black squares, the
lines represent fits to Equation (2).

Table 4. Kinetic parameters of [(H,L){Fe"™,(0)}(Cl),]**

Substrate pHmax kcal KM kcal/KM pKa[I][a] pKa[II] [
[1073s7]  [mm] [M's7]

1.33+0.08 1.94+0.37 0.68+0.02 5.0+0.1 7.3+0.1
0.27+0.02 0.354+0.07 0.78+0.03 5.7+0.3 6.3+04

BDNPP 6.17
DNPP 6.09

[a] The deprotonation steps pK,(I) and pK,(II) leading to the active spe-
cies are shown in Scheme 4.

mdx [S}
Ky + Sl @

7Ky (2)
(1 + Il )

] Kel)
(1 Trm T [Hﬂ)

Vo=

‘/() = ‘/(),max (3)

The catalytic activity k., is approximately half the value
of the most active diiron PAP mimetics ([(L")Fe™,(u-
OAC)IP*:  ky=35x107s", Ky=870mm, kuy/Ky—
040m's™! with L’'=N-(2-hydroxybenzyl)-N-(2-hydroxy-5-
methyl-3{[(2-pyridylmethyl)amino]methyl}benzyl)aminoace-
tic acid;® the heterovalent [(L”)Fe"(u-OAc),Fe"]* com-
plex: ko, =3.0x107*s™!, Kyy=13.00 mm, k. /Ky=0.23m's™!
with L =2-bis[(2-pyridylmethyl)aminomethyl]-6-[ (2-hydroxy-
benzyl)(2-pyridylmethyl)aminomethyl]-4-methylphenol*'),
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Figure 7. pH profiles for the rates of hydrolysis of a) BDNPP (5 mm) and
b) DNPP (0.5 mm) with [(L){Fe"™(Cl),},(O)] (0.04 mm). The experimental
data are shown as black squares, the blue lines represent the fits to Equa-
tion (3). The factor y in Equation (3) describes the observed plateau of
activity at high pH. The large error bars in (b) originate from the low
substrate concentration and, therefore, the low observed activity in the
hydrolysis of DNPP.

but the relatively low Michaelis-Menten constant of Ky =
1.94 mm leads to the highest catalytic efficiency k. /Ky re-
ported so far. Stoichiometric experiments followed by
'P NMR spectroscopy showed
no release of hydrolyzed phos-

FULL PAPER

to saturation kinetics). Indeed, hydrolysis of the phospho-
monoester was observed; the results are presented in Fig-
ures 6 and 7 and in Table 4. [(H,L){Fe",(0)}(X),]"" ac-
celerates the reaction by a factor of 1.45 (pH6, 0.5 mm
DNPP), the typical bell-shaped pH profile is observed, and
the resulting pH maximum and pK, values (see Table 4) sug-
gest the same active species and a very similar mechanism
to that observed with BDNPP (see Scheme 5). As discussed
above, diferric model systems such as [(H,L)-
{Fe"™,(0)}(X),]"* usually coordinate phosphates and phos-
phoesters in a bridging mode.**! Indeed, the relatively in-
active monoester p-nitrophenyl phosphate (pNPP) may co-
ordinate in this way (see Figure 3) and therefore is not hy-
drolyzed. That is, the secondary interactions do not, as ex-
pected (see Figure 1, Scheme5), entirely prevent the
bridging mode but lead to subtle changes in the equilibria
and possible pathways.

Conclusion

[(H,L){Fe™,(0)}(X),]"* is the first PAP mimic that hydro-
lyzes monoester substrates, albeit with a relatively low activ-
ity in comparison with the observed diesterase activi-
ty.P54045.4 Note, however, that the catalytic efficiency (ke,/
K,;) with the monoester substrate is comparable to that with
the diester substrate (see Table 2), and this is due to the rel-
atively tight binding due to secondary interactions. This un-
usual reactivity, which models the biological function of
PAP, has been attributed to secondary interactions due to
the protonated cyclam platform (Scheme 5) and supports
well the catalytic mechanism proposed for PAP enzymes,
that is, a monodentate coordination of the phosphoester fol-

phate although the production Q O
. . H
of 2.4-dinitrophenol was. ob- How=H-g N QN o H.O’HNQ
served  spectrophotometrically F/ /o\';é Q o //O\|\:/
. .. € Fe e,
1 f 2,4- henol / S (RO),P(O
(1 equiv of 2,4-dinitrophenolate RA O/H}N )nP(O )rg 7/ Y H0/ NS
was released). It follows that roH -H20 \
the hydrolysis product (DNPP) : n=1;,m=2: DNEE 'F\MOX
¥ i pd (L) ,,H n'=2,m=1: BDNPP b o
remains oun to LL)- o~ B N
i P
[Fe"™,(0)}(X),]"" and inhibits QHNNj / NHNNj
catalysis. The cyclam-based 1N° 4N°
ligand H,L?* was designed to H,0 6l
stabilize DNPP in a monoden- - (XO)P(0)2 )
tate coordination mode for long
enough and in a high enough i NO ON f NO
; Ho-~~H-g Ho-H-q
concentration to allow nucleo- Fé /o\ée{ F/ /o\l\:é
philic attack by a terminal hy- Nﬁ/ \0 % 0/ \mN Nm/ s /\\HOHN
droxide. Hydrolysis  experi- \f\/ o\/p\/ =
. 4
ments with DNPP were there- O OXy X =- : DNPP X0 ORH
fore conducted in a similar way N X =R: BDNPP N
as for BDNPP but with a 10- NHNNj R = 2,4-dini QH/\/NNj
No = 2,4-dinitrophenyl No
fold lower substrate concentra- 4 4
tion (¢o=0.5 mm; at higher con-  gcpeme 5. Proposed reaction mechanism for the hydrolysis of BDNPP and DNPP with [(H,L)-
centration autohydrolysis leads {Fe",(0)}(OH),(OH,),]**.
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lowed by nucleophilic attack of a terminal or free hydrox-
i de-[12,46]

Experimental Section

Synthesis of L: 1,8-Dimethylcyclam™”! (1.00 g, 4.38 mmol) was dissolved
in dry MeCN (30 mL). The solution was heated at reflux and N-tosylazir-
idine***! (2.10 g, 10.66 mmol) in dry MeCN (30 mL) was added drop-
wise. The reaction mixture was heated at reflux for 6 h, the solvent was
removed in vacuo, and the residue recrystallized in hot DCM/EtOH (1:1)
to yield 1,8-bis(2-tosylaminoethyl)-4,11-dimethylcyclam as a tan powder
(1.80 g, 66%). 1,8-Bis(2-tosylaminoethyl)-4,11-dimethylcyclam (1.00 g,
1.61 mmol) and conc. H,SO, (7.5 mL) were heated at 100°C for 48 h and
then the reaction mixture was added dropwise to diethyl ether. The re-
sulting white precipitate was filtered off and washed with diethyl ether,
dissolved in water (20 mL), and 3m NaOH solution was added until the
solution reached pH 14. The product was extracted with chloroform (5x
15mL), the organic phase was dried over Na,SO,, and the solvent was
removed in vacuo to yield 1,8-bis(2-aminoethyl)-4,11-dimethylcyclam as
a yellowish oil (0.50 g, 100 % ). 1,8-Bis(2-aminoethyl)-4,11-dimethylcyclam
(0.45 g, 1.43 mmol), di-2-pyridylmethyl chloride®™ (0.60 g, 2.86 mmol),
and potassium carbonate (0.41g, 2.86 mmol) were dissolved in dry
MeCN under argon and heated at reflux for 24 h. After cooling, the reac-
tion mixture was poured into water (60 mL) and sodium hydroxide was
added until the solution reached pH 14. The product was extracted with
ethyl acetate (3x50 mL), the organic phase was dried over K,CO;, and
the solvent removed in vacuo. The crude product was purified by column
chromatography (neutral alumina, chloroform/methanol 99:1 to 95:5),
and the resulting oil crystallized from hot hexane to yield pale-yellowish
crystals (0.24 g, 26%). "H NMR (400 MHz, CDCl,): 6=8.53 (dd, /=
4.8, ‘Jun=12Hz, 4H; CHAN), 7.60 (dt, *Jyu=8.0, YJyuy=12Hz, 4H;
CH,, para to N), 748 (d, 4H; CH,,,), 7.10 (ddd, *Jy 4 =8.0, *J;y=4.8,
“Jun=12 Hz, 4H; CH,,CHN), 5.06 (s, 2H; CHPy,), 3.12 (brs, 2H; NH),
2.7-2.2 (m, 24H; all N-CH,), 2.11 (s, 6H; N-CH;), 1.47 ppm (quint.,
3un=6.8 Hz, 4H; C-CH,-C); "*CNMR (100 MHz, CDCl;): 6=161.9
(Carg)> 1492, 136.5, 122.2, 122.0 (C,,), 70.3 (CHPy,), 54.5, 54.3, 53.9,
51.7, 50.8 (all N-CH,), 45.7 (CH,-NH), 43.5 (N-CH,), 24.1 ppm (C-CH,-
C); IR (KBr): #=3439 (b), 3282 (m), 2981 (m), 2937 (m), 2846 (m), 2792
(s), 1674 (s), 1565 (s), 1599 (m), 1473 (s), 1466 (s), 1435(s), 1294 (m),
1162 (m), 1125 (m), 1114 (m), 999 (w), 929 (m), 887 (w), 809 (m),
771 cm™" (m). MS (FAB™, Nibeol): m/z (%): 651.6 (97) [M+H]"; ele-
mental analysis calcd (%) for Cs;HyN,:H,O: C 68.23, H 8.44, N 20.94;
found: C 68.69, H 8.43, N 21.05.

Synthesis of [(H,L)Fe,OCL](Cl),: Ligand L (195 mg, 0.30 mmol) and
[FeCLJ(NEt)!" (197 mg, 0.60 mmol) were separately dissolved in MeCN
(30 and 3 mL, respectively) and the solutions then combined while stir-
ring. The resulting ochre precipitate was collected on a filter, washed
with cold MeCN, and dried in vacuo (215 mg, 67 %). IR (KBr): 7=3439
(b), 2964 (w), 2859 (w), 1608 (s), 1593 (w), 1471 (s), 1449 (s), 1290 (w),
1158 (w), 1052 (w), 1022(m), 831 (m), 817 (m), 769 cm™' (m); UV/Vis
(MeCN, 1% H,0): A, (€)=256 (48470), 315 (sh, 23783), 378 (16450),
480 (sh, 900), 600 nm (143 m'cm™'); HRMS (ESI*, MeCN, 1% H,0):
m/z (%): 921.19821 (caled 921.19838) (100) [HLFe",Cl,O]*, 883.22483
(calcd 883.22439) (69) [LFe",Cl,0]*, 741.35780 (calcd 741.35709) (14.6)
[LFe"CI]*; elemental analysis calcd (%) for
CyHsuN,OFe,ClL,:5H,0-2HCl: C 68.23, H 8.44, N 20.94, CI 19.63, Fe
10.48; found: C 68.69, H 8.43, N 21.05, CI 18.63, Fe 10.51.

Kinetic measurements for BDNPP and DNPP hydrolysis: Phosphatase
activity for the activated diester substrate BDNPP was determined in
acetonitrile/buffer (1:1) at 25°C between pH 4.6 and 10. Product forma-
tion (2,4-dinitrophenolate) was observed spectrophotometrically at
400 nm. To determine the initial activity, the time between 30 and 240 s
was analyzed by linear regression. A multicomponent buffer was used
containing MES, HEPES, and CHES (all 50 mm) and LiCIO, (250 mm) in
MilliQ water. The pH was adjusted to the desired value with aq. NaOH.
The complex and substrate solutions were prepared separately in MeCN
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and their final concentrations in the cuvette were 0.04 and 5 mm, respec-
tively. These were varied in the cases of complex and substrate depend-
ency measurements. The substrate-dependency data were fitted by using
the Michaelis-Menten equation [Eq. (2)]. The resulting pH profiles were
fitted with the Origin 8.1G software package (Origin Lab Corporation,
www.OriginLab.com) by using Equation (3) for a diprotic system with
two active species.”!! Phosphatase activity for the activated monoester
substrate DNPP was determined in a similarly to the BDNPP assays with
the following alterations: DNPP was dissolved in buffer of the desired
pH. The final concentration in the cuvette was 0.5 mm. Autohydrolysis
rates were determined prior to as well as directly after the two catalytic
measurements at each pH. Spectral changes that affected the rates due to
ligand exchange at the complex were also recorded and subtracted at the
end.

DFT calculations: DFT geometry optimizations were performed with the
Gaussian 03 software package™ by using the B3LYP functional > the
TZVP5>* basis set on iron and phosphorus, and the SVPP¥! basis set
on carbon, hydrogen, nitrogen, and oxygen. The optimized structures
were confirmed as minima by frequency calculations on the PES and re-
ported energies are zero-point corrected. The relaxed PES scans on
[{(H,L)Fe",(0)}(OH),(OH,)(DNPP)] (x=2, 0) were performed with the
Gaussian 09 software packagel” with the B3LYP functional,F” the
LanL2dz" basis set, and the PCM solvation model®™ with acetonitrile as
solvent. The minimum structures of the starting points were confirmed
by frequency calculations.

IR spectroscopy: IR measurements were performed with a Perkin—-Elmer
16 PC FT-IR spectrometer in KBr. Signal intensities are abbreviated as
followed: b=broad, w=weak, m =medium, s =strong.

Electron absorption spectroscopy: UV/Vis spectra and time-course meas-
urements at fixed wavelengths were recorded on a JASCO V-570 spectro-
photometer equipped with a JASCO ETC-505T cryostat at 25°C. Time-
dependent UV/Vis measurements were performed by using a TIDAS II
J&M spectrophotometer. The baseline was recorded prior to a measure-
ment series using pure solvent and subtracted automatically. Fast process-
es were monitored by stopped-flow measurements using an Applied Pho-
tophysics PD.1 photodiode array stopped-flow spectrophotometer. A
linear 256 element diode array APL xenon lamp served as the light
source. For recording and handling the data, the software suite !XScan
1.09 by PJ. King (AP Ltd. 1995) was used.

NMR spectroscopy: Solution magnetic moments were determined by
using the Evans NMR method.™® A capillary containing [D5]MeCN was
placed in an NMR tube containing [D;]MeCN and the [(H,L){Fe",(0)}-
(CL)J** complex with pNPP. The NMR spectrum was measured at
400 MHz and the paramagnetic shifted solvent peak was used to calcu-
late the magnetic moment of the dinuclear complex. 'H, “C, and
P NMR spectra were measured on a Bruker Biospin Avance IT 400 in-
strument.

EPR spectroscopy: Liquid helium temperature X-band EPR spectra
(about 9 GHz) were recorded on a Bruker Biospin Elexsys E580 spec-
trometer equipped with a Super High Q cavity and an Oxford Instru-
ments ESR 910 cryostat with an ITC503 temperature controller at 1.8 to
16 K. The microwave frequency and magnetic field were calibrated with
a Bruker frequency counter and a Bruker ER036 TM Tesla meter. Spin
Hamiltonian parameters were determined from computer simulation of
the experimental spectra using the XSophe-Sophe-XeprView!*! and Mo-
lecular Sophe/®! computer simulation software suites. The simulated and
experimental spectra were visualized with Xepr.

Mossbauer spectroscopy: The Mossbauer spectra of the frozen solutions
were acquired with a conventional spectrometer in the constant-accelera-
tion mode equipped with a ¥'Co source (3.7 GBq) in a rhodium matrix.
Isomer shifts are given relative to a-Fe at room temperature. The frozen
samples were inserted in an Oxford Instruments Mossbauer-Spectromag
4000 cryostat, which has a split-pair superconducting magnet system for
applied fields of up to 5 T with the field of the sample oriented perpen-
dicular to the vy-ray direction; the sample temperature was varied be-
tween 3.0 and 300 K. WMOSS (www.wmoss.org) was used for the spec-
tral simulations. To minimize the parameter set the single-spin Hamilto-
nian given by Equation (4) was used for the analysis.
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To avoid overparametrization, a conservative fit procedure was assumed:
When possible, a typical range of parameter values from the literature
was assumed.* %2 Various arrangements of group-fit spectra on careful-
ly chosen categories of parameters were used to check the consistency of
the model throughout the fit procedure and for the various magnetic
fields and temperatures. The values for the g tensor and zero-field split-
ting parameters D and E/D are those emerging from the EPR spectra
and simulations. Consistent with the observation that §= 4>/, Kramers
doublet is the ground state (electronic part of the spin Hamiltonian), D
is assumed to be negative. To check for the consistency of the parame-
ters, a coupled-spin Hamiltonian was also used (not shown here). The ex-
change parameters were determined by using the coupled-spin Hamilto-
nian with a Heisenberg exchange term (JS;S,; WMOSS uses the conven-
tion that />0 for antiferromagnetic exchange) and summation over the
electronic states of the coupled system.
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