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A series of dinuclear iron(IlT) complexes with (-0,0’-bridging amino acids (as zwitter ionic forms) have been
prepared: [Fe,(u-O)(u-amino acid)(tpa)2](Cl04)4 (tpa = tris(2-pyridylmethyl)amine; amino acid = L-valine (1), L-proline
(2), L-alanine (3), L-tyrosine (4), L-tryptophan (5), L-phenylalanine (6), L-alanyl-L-alanine (7)). Among them, 1, 2, and 7
were structurally characterized at 163 K. The non-equivalent ligating mode of the two tpa ligands is common to all the
three complexes. The amino acid bridged complexes exhibit irreversible one electron reduction waves with splitting or
accompanying shoulders. The bulk electrolysis of these complexes confirmed that the total number of electrons involved
in the reduction is one; i.e. Fe, (I, ) — Fe,(II, Il). Addition of acid or base leaves positive or negative components,
respectively, of the splitting wave. This phenomenon was interpreted as a proton coupled electron transfer where the
protonated and deprotonated amino acid bridged species are reduced at different potentials. Magnetic susceptibility
measurements in the temperature range, 2—300 K, revealed antiferromagnetic coupling with J = —116, —129, —120,

120, and —129 cm™" for 1, 2, 4, 6, and 7, respectively (H =

Iron-containing proteins have attracted much attention ow-
ing to their ability of dioxygen transport and storage, activa-
tion of oxygen for insertion into a C~H bond, or a conduit for
electron transfer.'—® Several dinuclear non-heme iron active
sites and a number of their model complexes have been char-
acterized structurally and spectroscopically,”* and their
functionalization® " and the reaction with dioxygen®—*"
have been investigated. Recently, some O, coordinated di-
iron complexes have been characterized by X-ray structural
analyses.*>—% :

Most of the model complexes involve anionic bridging
ligands. In spite of the fact that in the enzyme diiron
centers the bridging carboxylate groups are provided by
the optically active amino acid residue of the surrounding
proteins, virtually no model complex with bridging amino
acids has been prepared. Recently, Tokii and co-workers
reported the amino acid-bridged hexairon(Ill) complexes,
[Fes(0)4(OH),(amino acid)4(phen)g]9+ (amino acid = (-ala-
nine or glycylglycine; phen = 1,10-phenanthroline).*> We
have reported amino acid-bridged diiron complexes, [Fe,(¢-
O)(u-amino acid),(tacn),]** (amino acid = L-valine and L-
proline; tacn = 1,4,7-triazacyclononane), with a prelimi-
nary work on [Fe,(u-O)(u-amino acid),(tpa),]** (amino
acid=L-valine, L-proline, and L-alanine; tpa = tris(2-pyridyl-
methyl)amine).* Amino acid-bridged trinuclear iron com-
plexes have also been reported.*™*® Oxo-bridged diiron com-
plexes with bridging zwitter ionic amino acid provide the
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additional interesting point that proton-coupled redox reac-
tions involving proton transfer from NH3* group to the oxide
bridge are possible, since the oxide bridge at the Fe,(II, IIT)
state could be strongly basic. In fact, it has been suggested
that the protonation stabilizes the Fe,(II, IIl) state in a pro-
tein environment.'®*’ Here we wish to report the further
detailed study of synthesis and redox properties of a series of
singly amino acid-bridged (in zwitter ionic form) diiron(IIl)
complexes, [Fe,(u-0)(¢-amino acid)(tpa),1(ClO4)4 (amino
acid=L-valine, L-proline, L-alanine, L-tyrosine, L-tryptophan,
L-phenylalanine, and L-alanyl-L-alanine).

Experimental

Synthetic Methods.  The ligand tris(2-pyridylmethyl)amine
(tpa) was prepared as described in the literature.® Acetonitrile
was dried over calcium hydride and distilled under an argon atmo-
sphere. Tetrabutylammonium hexafluorophosphate (TBAPFs) was
recrystallized twice from ethanol. All other commercially available
reagents were used as purchased.

Caution! The perchlorate salts prepared in this study are all
potentially explosive and should be handled in small portions with
extreme care.

The seven [Fe(u-O)(u-amino acid)(tpa)2](ClO4)s complexes
with different amino acids (¢-amino acid =L-valine (1), L-proline
(2), L-alanine (3), L-tyrosine (4), L-tryptophan (5), L-phenylalanine
(6), and L-alanyl-L-alanine (7)) were all synthesized in a similar
manner. A typical preparation is as follows: A methanol solution
@ cm®) of tpa (290 mg, 1 mmol) was added to a methanol solution
(5 em®) of Fe(Cl04)3-10H,0 (534 mg, 1 mmol) with stirring. To
the mixture was added an aqueous solution (5—10 cm®) of amino
acid (0.5 mmol) and the stirring was continued for 1 h. The re-
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sulting brown precipitate was filtered, washed with methanol and
ether, and dried in vacuo. Yield 70-—85%. Elemental analyses
and UV-vis data in CH3CN (Amar/nm (e/dm’ mol ™' ecm ™)) of the
new amino acid-bridged complexes are as follows. [Fe,(u-O)(u-L-
valine)(tpa)2](C104)4-CH3CN-CH30H (1-CH3CN-CH30H): Anal.
Calcd for _C44H54C14F€2N1002()2 C, 40.76; H, 4.19; N, 10.80; Cl,
10.94%. Found: C, 40.55; H, 4.11; N, 10.87; Cl, 11.00%. UV-
vis 249 (27000), 328 (10400), 370 sh, 464 (1120), 485 (1060),
499 sh (980), 536 sh, 693 (147). [Fez(u-O)(u-L-proline)(tpa):]-
(ClO4)4 (2): Anal. Calcd for C41HasCliFeaNoOjo: C, 40.32; H,
3.71; N, 10.32; Cl, 11.61%. Found: C, 39.63; H, 3.79; N, 10.79;
Cl, 11.16%. UV-vis 249 (28700), 330 (11600), 372 sh, 466 (1130),
487 (1090), 501 sh (1010), 537 sh, 696 (147). [Fea(u-O)(u-L-
alanine)(tpa)2](Cl04)s (3): Anal. Calcd for C39H47ClLiFesNoOy;:
C, 38.04; H, 3.85; N, 10.24; Cl, 11.52%. Found: C, 37.99; H,
3.94; N, 10.24; Cl, 11.57%. UV-vis 248 (29100), 329 (12000),
374 sh, 464 (1150), 485 (1090), 500 sh (1010), 534 sh, 695
(150). [Fex(u-O)(u-L-tyrosine)(tpa)2](C104)4 (4): Anal. Calcd
for C4sHa7CLiFe;NoOygo: C, 41.98; H, 3.68; N, 9.79; Cl, 11.02%.
Found: C, 41.37; H, 3.89; N, 9.81; Cl, 11.33%. UV-vis 249
(30000), 330 (11900), 375 sh, 464 (1200), 484 (1140), 503 sh
(1100), 695 (159). [Fea(u-O)(u-L-tryptophan)(tpa)2J(ClO4)s (5):
Anal. Calcd for C47HagClsFeaNigO19: C, 43.08; H, 3.69; N, 10.69;
Cl, 10.82%. Found: C, 42.87; H, 3.79; N, 10.58; Cl, 10.83%.
UV-vis 250 (32300); 329 (12200), 374 sh, 467 (1240), 483 (1210),
501 sh (1100), 693 (155). [Fez(u-O)(u-L-phenylalanine)(tpa),]-
(Cl04)s4 (6): Anal. Calcd for C4sHa7CliFeaNoOio: C, 42.51; H,
3.73; N, 9.92; Cl, 11.15%. Found: C, 41.85; H, 3.93; N, 9.90; Cl,
10.98%. UV-vis 249 (38400), 330 (16000), 372 sh, 466 (1060),
485 (1030), 503 sh (930), 699 (146). [Fe,(u-O)(u-L-alanyl-L-
alanine)(tpa);](Cl04)4-2CH3CN-C4HyOH (7-2CH3CN-C4HyOH):
Anal. Calcd for CsoHesClaFeaN12021: C,42.21; H, 4.53; N, 11.82;
Cl,9.97%. Found: C, 41.74; H, 4.55; N, 11.78; Cl, 9.95%. UV-vis
249 (28300), 331 (11300), 374 sh, 462 (1150), 490 (1020), 503 sh
(920), 535 sh, 693 (153).

Crystallographic Studies.  Crystals of 1 and 2 suitable for
X-ray structural analyses were grown from the CH;CN/MeOH so-
lutions, while those of 7 were obtained from the CH;CN/C4HyOH
solution. The crystals were mounted on glass fibers and coated
with a viscous perfluoroether. All data were collected on a Mac-
Science MXCI18 diffractometer using graphite- monochromated
Mo Kea (A = 0.71073 A) radiation at 163 K. Each unit cell pa-
rameter was obtained by least-squares refinement of 26 reflections
(30 <26 <35°). The intensities of three standard reflections for
each compound, monitored every 150 reflections, showed no ap-
preciable decay during the data collection. All data were corrected
for Lorentz and polarization effects. No absorption correction was
made for all the three compounds.

The crystal structures were solved by direct method (SIR92)°"
for 1-CH3CN-CH30H and 2-2CH3CN-H,0O. The positional and
thermal parameters of non-H atoms were refined anisotropically by
the full-matrix least-squares method. The minimized function was
Sw(|Fo| — |F.])?, where w™! = 6*(|F,|)+0.001|F,]. H atoms were
included at calculated positions with fixed displacement parameters
(1.3 times the displacement parameters of the host atom). In the
final cycle of the refinement, parameter shifts were less than 0.10.
No correction was made for secondary extinction.

The crystal structure of 7-2CH3CN-C4HyOH was also solved by
direct method (STR92).>? The positional and thermal parameters of
non-H atoms were refined anisotropically by the full-matrix least-
squares method, except for those of O and Cl(4) atoms of C104™
ions and those of CH3CN and C4HyOH molecules. The Cl1(4)-O-
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(41), Cl(4)-0(42), C1(4)-0(43), and Cl(4)-O(44) distances were
fixed at 1.419 A, which is the average Cl-O distance of the rest
of perchlorate ions. We could not succeed to assign the O atom
in C4HoOH molecule, thus all atoms in this molecule were refined
as carbon. The minimized function was Ew(|F,| — |F.|)?, where
w! = 0%(|F,]) +0.0001|F,|>. No attempt was made to locate hy-
drogen atoms because of the low quality of intensity data. In the
final cycle of the refinement, parameter shifts were less than 0.120.
No correction was made for secondary extinction.

All calculations were performed using Crystan®® and Bond.>®
The absolute configuration of the molecule for each compound
was confirmed by the chirality of the bridging amino acid. Further
crystallographic data are given in Table 1. Listings of selected bond
distances and angles are summarized in Table 2. Tables of atomic
coordinates and thermal parameters, full lists of bond lengths and
bond angles, and tables of calculated and observed structure factors
are deposited as Document No. 72011 at the Office of the Editor of
Bull. Chem. Soc. Jpn.

Electrochemical Measurements. Cyclic voltammetry was
performed witha BAS CV-50W Voltammetric Analyzer. The work-
ing and the counter electrodes were a glassy-carbon disk and a plat-
inum wire, respectively. Cyclic voltammograms were recorded at a
scan rate of 50 mV s ™!, The sample solutions (ca. 1.0 mmol dm™?)
in 0.1 moldm~* TBAPFs—acetonitrile were deoxygenated with a
stream of argon. The reference electrode was Ag/AgCl and the half-
wave potential of Fc™/Fc (E, / (Fc*/®) vs. Ag/AgCl) was +0.430 V.

Controlled-potential coulometry was carried out in 0.1 mol dm™>
TBAPFs—acetonitrile with a standard H-type cell with a Hokuto HA-
310 potentiostat and a Hokuto HF-201 coulometer. The working
electrode was made of platinum gauze, and the working compart-
ment was separated from the counter compartment by a sintered-
glass disk.

Magnetic Measurements. Magnetic susceptibility data were
collected in the temperature range 2.0—300 K and in applied 10
kG field with the use of a Quantum Design Model MPMS SQUID
magnetometer. Powdered samples were contained in the small
half of a gelatin capsule. A phenolic guide (clear soda straw)
was used to house the sample holder and was fixed to the end
of the magnetometer drive rod. [Cr(NH3)¢](NOs3)3 was employed
as dual magnetometer calibrant. Pascal’s constants were used to
determinate the constituent atom diamagnetism.

Other Measurements.  The '"HNMR spectra were obtained
at 270 MHz with a JEOL JNM-EX270 spectrometer. 'H chemical
shifts were measured relative to the methyl resonance of TMS. UV-
visible spectra were recorded on a Hitachi U3410 spectrophotome-
ter at 20 °C. IR spectra were recorded on a Hitachi 270-50 infrared
spectrophotometer.

Results and Discussion

Preparation of amino acid-bridged (¢ -oxo)diiron(JII) com-
plexes of tris(2-pyridylmethyl)amine (tpa), [Fea(u-O)(u-
amino acid)(tpa),](ClOy)4, was straightforward. It should
be stressed that even a dipeptide ligand, L-alanyl-L-alanine,
can bridge two ferric ions by the terminal calboxyl group.

Que and co-workers have prepared a series of (¢-0xo)-
diiron(Il) complexes of tpa, [Fey(u-O)(tpa)2(L)](ClO4),,
with negatively charged bridging ligands such as carboxyl-
ates, carbonate, maleate, diphenylphosphate, and some other
related ligands.” Analogous diiron complexes with bridging
neutral amino acids (zwitter ionic form) have not been pre-
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Table 1.
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Crystallographic Data for [Fe,(u-O)(u-L-valine)(tpa)>](Cl04)4-CH3CN-CH;0H (1-CH3CN-CH;0H), [Fez(u-0)

(u-L-proline)(tpa)2](Cl04)4-2CH3CN-H, O (2-:2CH3CN-H, O) and [Fe, (#-O)(u-L-alanyl-L-alanine)(tpa)2 1(C104)4-2CH3; CN-

C4HyOH (7-2CH3CN-C4HoOH)

1-CH3;CN-CH3;0H

2.2CH3CN-H,O

7-2CH;CN-C,HyOH

Cryst size/mm
Scan mode

Formula C44H54C14F62N1()02()
Cryst. system Monoclinic
Space group P2,
alA 11.917(4)
blA 19.986(9)
c/A 11.486(4)
Bldeg 95.40(3)
VIA3 2723(2)
z 2
T/°C —110

* deaca/(gem™?) 1.58

0.40x0.40x0.10
w26

Scan speed/(deg min ') 8

2 Bmax/deg 55.0

u(Mo Ka)em™' 8.11

No. of unique rflns. 6210

No. of obsd rflns. 6015,1>20(])
R 0.047

Ry 0.056

GOF? 2.03

C45 H53CI4F82N] 1 02()

CsoHgsClaFesN1200;

Monoclinic Monoclinic
P2, P2,

11.899(3) 12.340(3)
19.784(4) 23.134(5)
11.667(3) 11.738(2)
93.31(2) 106.11(2)
2742(1) 3219(1)

2 2

—110 —110

1.60 1.47
0.50x0.45x0.20 0.68 x 0.35x0.20
w-26 w-26

8 8

55.0 55.0

8.07 6.94

6296 7151

6108, 1>20() 5925, 1>30(I)
0.042 0.085

0.049 0.090

1.76 4.01

a) R = Z||Fo| - |F|[/Z|Fo|. b)

Rw = [Sw(|Fo| — |Fe])?/Zw|Fo|21/%; w! = 02(|Fo[) +0.001|Fo|? for 1-CH;CN-CH3;O0H and

2-2CH3CN-H,0; w=! = 02(|F, [)+0.0001|F, |* for 7-2CH3CN-C4HgOH.  ¢) The goodness of fit is defined as [w(|Fo| — | Fe[)? /(1o —mv)1/2,

where n, and ny denotes the numbers of data and variables, respectively.

pared previously. UV-vis spectra of the amino acid-bridged
species are very similar to each other and also similar to those
of the acetate-bridged complex.?? The 'HNMR spectra of
1—7 in CD3CN show broad signals in the range from O to
ca. 40 ppm, which are similar in pattern to the spectrum of
[Fe,(u-0)(u-OAc)(tpa),1**.2? The magnetic properties of
[Fe,(-O)(u-amino acid)(tpa),](ClO4)4 are also similar to
that of [Fe,(u-0)(u-OAc)(tpa),]3* (Table 3).2

Structure.  X-Ray structural analyses have been con-
ducted on complexes 1, 2, and 7 at 163 K. Figures 1, 2, and
3 show the ORTEP drawings of the three complex cations in
1, 2, and 7, respectively. Selected bond lengths and angles
are summarized in Table 2. These three structures are very
similar to each other and also to that of the acetate bridged
dimer, [Fey(u-0)(u-OAc)(tpa),]**.?» Among these struc-
tural analyses, the structure of 7 is particularly noteworthy
as a peptide like L-alanyl-L-alanine also bridges Fe—O-Fe
moiety by the terminal carboxyl group. The two tpa ligands
in each of 1, 2, and 7 have different orientations. The tpa
ligand associated with Fel contains a pyridine ring frans to
the oxo bridge, while the tpa ligand associated with Fe2 has
the tertiary amine frans to the oxo bridge. As a consequence,
the Fel-N11 bond rrans to the oxo bridge (2.20—2.21 A) is
significantly longer than the other five Fe-Np, bonds (2.11—
2.16 A). By comparing the Fe-N distances trans to the oxo
bridge, we see that the Fel-N11 (Fe—Nyy) distance (2.20—
221 A)is slightly shorter than the Fe2—N2 (Fe—Njymine) dis-
tances (2.22—2.24 A), which is in contrast to the fact that
the Fel-O1 bond (1.81—1.82 A; trans to the Fel-N11) is

longer than the Fe2-O1 bond (1.77—1.78 A; trans to the
Fe2-N2).

The Fel---Fe2 distance in 1 (3.305(2) A), 2 (3.274(1) A)
and 7 (3.243(2) A) decreases as the Fel-O1-Fe2 angle de-
creases. However, as previously mentioned,” there also
does not appear to be any correlation between antiferromag-
netic coupling constant J and the Fe—O-Fe bridge angle in
these complexes (Table 3). The lack of a correlation be-
tween J and the Fe—O-Fe angle in the tpa series was due to
the rather small change in the structural parameters along the
series, which obscures any appreciable trend in the J values
if one existed.

Redox Properties.  The amino acid-bridged diiron(IIl)
complexes, [Fe,(u-O)(u-amino acid)(tpa);](ClO4)4, show
a splitting reduction wave at around 0 V vs. Ag/AgCl in
CH;CN. Reduction potentials (E} and Ey,) of each compo-
nent (I and II, respectively) of the splitting wave of [Fe, (-
0)(u-amino acid)(tpa), J(C104)4 (1—7) are listed in Table 4.
Figure 4 (a, top two) shows the cyclic voltammograms of
4 and 7. A small reoxidation wave (IIl) coupled with the
more negative peak (IT) of the splitting reduction wave was
observed. Thus the coupled wave (II/III) is regarded as a re-
versible or quasi-reversible process. An additional oxidation
wave (IV) was observed at +0.45 V.

When an equimolar amount of p-toluenesulfonic acid or
triethylamine was added to the solutions of 4 and 7, the first
reduction peak or the second one, respectively, gain increased
current at the expense of the other peak. In the presence of p-
toluenesulfonic acid, the amino acid bridged complexes are
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Table 2.

Amino Acid-Bridged Iron(Illl) Dimers

Selected Bond Lengths (A) and Angles (deg) for [Fes(u- O)(u-L- valine)(tpa),](ClO4)4-

CH3CN-CH30H (1-CH3CN-CH30H), [Fe,(u-O)(u-L-proline)(tpa);1(Cl04)4-2CH3;CN-H,O (2-2CH3-
CN-H,0), and [Fe; (©-O)(u-L-alanyl-L-alanine)(tpa)» 1(ClO04)4-2CH3CN-C4HoOH (7-2CH3CN-C4HoOH)

1-CH;3;CN-CH30H

2-2CH3CN-H,O 7-2CH;CN-C4HyOH

Fe(1)---Fe(2) 3.305(2)
Fe(1)-O(1) 1.812(3)
Fe(1)-0(3) 1.999(6)
Fe(1)-N(1) 2.195(6)
Fe(1)-N(11) 2.197(4)
Fe(1)-N(21) 2.134(4)
Fe(1)-N(31) 2.133(5)
Fe(2)-0(1) 1.784(4)
Fe(2)-0(2) 2.083(3)
Fe(2)-N(2) 2.243(4)
Fe(2)-N(41) 2.114(4)
Fe(2)-N(51) 2.119(4)
Fe(2)-N(61) 2.107(4)
Fe(1)-O(1)-Fe(2) 133.6(3)
O(1)-Fe(1)-0(3) 98.6(2)
O(1)-Fe(1)-N(1) 98.3(2)
O(1)-Fe(1)-N(11) 175.2(3)
O(1)-Fe(1)-N(21) 98.1(2)
O(1)-Fe(1)-N(31) 93.7(2)
0(3)-Fe(1)-N(1) 162.8(2)
O(3)-Fe(1)-N(11) 85.2(2)
O(3)-Fe(1)-N(21) 98.0(2)
0O(3)-Fe(1)-N(31) 104.8(2)
N(1)-Fe(1)-N(11) 78.0(2)
N(1)-Fe(1)-N(21) 76.7(2)
N(1)-Fe(1)-N(31) 77.0(2)
N(11)-Fe(1)-N(21) 84.2(2)
N(11)-Fe(1)-N(31) 82.4(2)
N(21)-Fe(1)-0(31) 152.43)
O(1)-Fe(2)-0(2) 98.0(2)
0O(1)-Fe(2)-N(2) 175.2(2)
0O(1)-Fe(2)-N(41) 106.8(2)
O(1)-Fe(2)-N(51) 97.7(2)
O(1)-Fe(2)-N(61) 100.6(2)
0(2)-Fe(2)-N(2) 85.8(2)
0(2)-Fe(2)-N(41) 84.4(2)
0(2)-Fe(2)-N(51) 163.9(2)
O(2)-Fe(2)-N(61) 91.8(2)
N(2)-Fe(2)-N(41) 76.4(2)
N(2)-Fe(2)-N(51) 78.7(2)
N(2)-Fe(2)-N(61) 76.2(2)
N(41)~Fe(2)-N(51) 88.0(2)
N(41)-Fe(2)-N(61) 152.6(2)
N(51)—-Fe(2)-N(61) 88.4(2)

3.2742(7) 3.243(2)
1.809(3) 1.818(7)
2.002(3) 1.987(10)
2.174(4) 2.176(10)
2.210(4) 2.201(8)
2.135(4) 2.148(14)
2.143(4) 2.162(12)
1.776(3) 1.773(6)
2.096(3) 2.027(7)
2.226(4) 2.222(8)
2.122(4) 2.144(9)
2.144(4) 2.121(9)
2.112(4) 2.148(9)
131.92) 129.1(4)
100.5(2) 100.5(3)
96.1(2) 97.2(5)
172.0(2) 175.2(6)
94.0(2) 91.1(5)
94.7(2) 97.7(4)
162.92) 162.3(4)
85.9(2) 84.0(4)
104.6(2) 102.5(4)
97.6(2) 99.3(6)
78.0(2) 78.4(3)
78.2(2) 76.6(5)
76.7(2) 78.7(4)
79.6(2) 86.4(4)
89.2(2) 83.0(4)
154.2(2) 154.5(4)
98.0(2) 99.4(3)
178.2(2) 177.5(4)
103.5(2) 101.9(4)
100.2(2) 98.9(3)
103.02) 106.3(4)
83.3(2) 81.7(3)
88.1(2) 92.2(4)
161.5(2) 161.0(3)
90.2(2) 85.4(3)
77.7(2) 75.7(4)
78.6(2) 80.3(3)
75.7(2) 76.1(4)
84.4(2) 89.3(4)
153.3(2) 151.7(4)
89.0(2) 84.4(4)

reduced at more positive potential corresponding to wave
I and wave II nearly disappears. Several features appear
at more positive potentials than I, and also at reoxidation
regions, indicating that some side reactions, possibly acid-
assisted decomposition, take place. Thus the cyclic voltam-
mograms in the presence of acid are not appropriate for de-
tailed discussion. In the presence of triethylamine, on the
other hand, the main reoxidation wave appeared at the posi-
tion of wave III in the case of the complex 7 and at that of
wave IV for the complex 4. The peak height of reoxidation
wave IV increases with concomitant decrease in wave III in
the order of 7, 2, 3, 5, 6, 1, and 4. Thus the relative current

intensities of waves III and IV depend significantly on the
kind of the bridging amino acid. '

Controlled-potential coulometry for 4 and 7 at —0.4 V
gave an overall electron stoichiometry of 0.901+0.05 e/Fe,
for the splitting reduction wave.” Thus the one-electron
reduction process is splitting. Such splitting was not ob-
served for the acetate-bridged complex, [Fe,(u#-O)(u-OAc)-
(tpa),]**, where a simple reversible Fe,(II, ID)/(IIL, 1) wave
was observed in acetonitrile.?”

These observations can be interpreted as follows
(Scheme 1). At the first reduction potential (EIIJC, 1), the u-
oxo Fe, (11, IIT) complexes with the zwitter ionic amino acid,
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Table 3. Structural Data and Magnetic Properties of [Fex(¢-O)(L)(tpa)2](ClO4)»

L= L= L= L= L= L=0Ac” L=0Bz”
L-valine L-proline L-tyrosine  L-phenylalanine  L-alanyl-L-alanine
ON 2 OF (6)” ?
: Structural data
Fel---Fe2 (A) 3.305(2) 3.2742(7) —_— — 3.243(2) 3.243(1) 3.241(1)
Fel-01 (A) 1.812(3) 1.809(3) — — 1.818(7) 1.799(4) 1.808(3)
Fe2-01 (A) 1.784(4) 1.776(3) — — 1.773(6) 1.790(3) 1.774(3)
Fel-O1-Fe2 (deg) 133.6(3) 131.92) — — 129.1(4) 129.2(2) 129.7(3)
Magnetic properties

—J (cm™H? 116(1) 129(1) 120(1) 120(1) 129(1) 114.3 118.6
Uete (B.ML)Y 245 2.28 2.41 2.42 2.25

a) n=4, b) n=3;Refs.22and23, c¢) H= —2J$;-S,S=5/2, d) Values at 300 K.

Fig. 1. ORTEP drawing of the complex cation in [Fe;(u-
O)(p-L-valine)(tpa)2](Cl04)4-CH3CN-CH;0H  with the
atomic numbering scheme showing 50% probability ther-
mal ellipsoids.

Fig. 2. ORTEP drawing of the complex cation in [Fe,(#-0O)-
(u-L-proline)(tpa); ](C104)4-2CH3CN-H, O with the atomic
numbering scheme showing 50% probability thermal ellip-
soids.

Fig. 3. ORTEP drawing of the complex cation in [Feo(u-
O)(pu-L-alanyl-L-alanine)(tpa), J(ClO4)4-2CH3CN-C4HoOH
with the atomic numbering scheme showing 50% probabil-
ity thermal ellipsoids.

Fe, (I, I)(¢-O)(amH), are reduced. This process should
be accompanied by the protonation to the oxo-bridge of the
diiron complexes.”>*® This is possible if the pK, value of the
oxide bridge at the Fe,(II, IIT) state exceeds that of the zwitter
ionic bridging amino acid. Proton-transfer may occur from
the -NH3 group of the amino acid either intramolecularly or
intermolecularly from another nearby diiron complex ion. In
either case, after the partial reduction, chemical species in
equilibration would be the y-hydroxo—Fe, (II, IIT) with zwitter
ionic amino acid, Fe,(Il, II)(¢-OH)(amH), and the y-oxo-
Fe, (I, IIT) with deprotonated amino acid, Fe,(III, IIT)(x-0O)-
(am), since the amino group of the Fe, (111, IIT) is expected to
be more acidic than that of the Fe,(II, ). Since the Fe, (11,
III)(x-O)(am) species has less positive charge and higher
electron density at the diiron center than the Fe,(IIl, I)(x-
O)(amH), the former is reduced at more negative potential
(EIZ,C) than the latter. However, a fully consistent interpreta-
tion of the observed redox behavior is difficult at the present
stage, since we have not yet succeeded in isolating the re-
duced species by bulk electrolysis.

The proposed proton-coupled redox behavior of the diiron
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Table 4. Correlation between the Difference of the First and the Second Reduction Peak Potentials (AE,) and Acid Dissociation
Constants of Amino Acids in [Fe,(x-O)(¢-amino acid)(tpa)](ClO4)4

Amino acid Epe E}. AEp pKi® pK>?
L-Proline (2) +148 —63 211 1.90 10.38
L-Tyrosine (4) +147 —59 206 2.17 9.04
L-Phenylalanine (6) +147 -53 200 2.26 9.19
L-Tryptophan (5) +135 —63 198 2.35 9.33
L-Alanine (3) +101 —69 170 2.30 9.69
L-Valine (1) +92 —64 156 2.26 9.49
L-Alanyl-L-alanine (7) +40 —46 86 3.20 8.05

a) R. M. C. Dawson, D. C. Elliott, W. H. Elliott, K. M. Jones, “Data for Biochemical Research,” 3rd ed, Oxford (1986).

P ¢E P =~ L
+08V -06 Epc2 0 Epcl +0.8V
Fig. 4. Cyclic voltammograms of [Fe,(¢-O)(u-amino acid)-

(tpa)21(Cl04)4 (amino acid = L-alanyl-L-alanine (7) and L-
tyrosine (4)) in CH3CN in the absence of acid nor base (a),
in the presence of acid (b), and in the presence of base (c),
where acid and base denote p-toluenesulfonic acid and tri-
ethylamine, respectively. Each dashed line shows the peak
potential of the splitting reduction waves. The definition
of the first (E}.) and the second (E3.) peak potential of the
splitting reduction waves and the difference between the
first and the second peak potentials (AE,.) are also shown.
L, II, IO, and IV show the reduction wave of the original
complex with zwitter ionic amino acid, the reduction wave
of the complex with deprotonated amino acid bridge, the
reoxidation wave of the u-hydroxo diiron(Il, Ill) complex
with deprotonated amino acid bridge, and the reoxidation
wave of the other structural core which is degraded from
the u-hydroxo diiron(Il, III) core due to its instability, re-
spectively.

\ —»E I§<— AEpc
-0.6 0

complexes may be supported by the similar redox behavior
of the diruthenium complex [Ruy(u-O)(u-MeCO,),(bpy)-
(mim),]%* (bpy = 2,2/-bipyridyl, mim = 1-methylimidazole)
in acetonitrile.”” The complex shows a reversible Ruy(Il,
IV)/(, III), quasi-reversible (III, I)/(1I, IIT) and irreversible
(I, /M, II) processes in its cyclic voltammogram. The
positive shift of the reduction potentials Ru, (11, TT)/(11L, IIT)
and Ru, (T, I)/(II, IIT) was observed on addition of a strong
acid, p-toluenesulfonic acid. The positive shift is accounted
for by the protonation at the oxo-bridge at the Ru,(II, II)
and Ru,(II, 1) states. The pK, values of the Ru,(Ill, ) and

(1-OH)
Fe,(I1, TIT)
amH

deprotonation (u-OH)
" Fey(I, 1IN

am

deprotonation

{an

Scheme 1.

the Ru,(II, I) states have been estimated to be ca. 2 and
14, respectively.  Thus a proton donor with the pK, value
smaller than 14 can transfer a proton to the oxo-bridge upon
reduction from Ru, (1T, IIT) to Ru, (1T, III).

The reduction peak potentials (Eéc and E%c values), their
separation (AE,.), and the acid dissociation constants (pK;
and pK;) of amino acids®® are summarized in Table 4. The
EllJc seems to have correlation with the pKj value, which in-
dicates that the basicity of the carboxyl group of the zwitter
ionic amino acid is important in determining the first reduc-
tion peak potential.* A similar trend was also observed for
the oxo-centered trinuclear iron complexes.*” Thus the neg-
ative shift of the first reduction peak potential is due to the
decrease of the electron donation from the zwitter ionic ami-
no acid bridge. However, there appears to be no clear trend
between pK; values and either E},. or Ex. Itis thus concluded
that the deprotonation at the remote -NHZ group would not
give systematic electronic effect on the redox properties of
the diiron redox center. Since the second reduction peak
potential (Ef,c) is almost invariant at around —0.06 V, AE
decreases with negative shift of the first reduction peak po-
tential (E,.).”” The negative shift of the first reduction peak
potential and therefore the decrease of AE,. is parallel to
the increase of the pK; value. Among the six complexes
in Table 4, only the L-alanyl-L-alanine complex has -NH3*
group apart from the CO,~ group by four atoms (only one
atoms in the other complexes). Although the L-alanyl-L-
alanine complex follows the general trend mentioned above,
it is quite possible that its notably smaller AE,. value may
be related to the distance of the two functional groups. If the
—NH;* group is further apart from the CO,~ group, we may
not observe the splitting at all.
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