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Redox Processes in the Iron(lll)/9,10-Phenanthraquinone System
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With the use of the model complexes [(PQ)FeCl(CH30)]*, [(phen)FeCI(CH30)]", and [(PQ)(phen)FeCI(CH;0)] ™,
where PQ is 9,10-phenanthraquinone and phen is 1,10-phenanthroline, the reactivity of phenanthraquinone in
complexes with iron(lll) is investigated. It is shown that 9,10-phenanthraquinone takes part in redox processes
occurring at iron and thereby allows the oxidation of methanolate to formaldehyde. The oxidation is driven by the
reduction of iron(lll) to iron(ll) and 9,10-phenanthraquinone to the semihydroquinone radical or semiquinolate, if the
hydrogen atom is transferred from methanolate to chlorine rather than PQ. 1,10-Phenanthroline, on the other hand,
acts as an innocent ligand, and the [(phen)FeCIl(CH30)] " complex shows a typical two-state reactivity. The reactivity
of [(PQ)(phen)FeCl(CH;0)]™ reveals that the hexacoordination of iron energetically facilitates the oxidation of
methanolate, and therefore it is proposed that, in the presence of suitable reductants, the mixture of iron(lll) and
9,10-phenanthraquinone can lead to the generation of the semihydroquinone radicals, species responsible for the
toxicity of PQ. The fragmentation of [(PQ)(phen)FeCl(CH30)] " also demonstrates a strong binding of phen toward
iron(ll), which is a reason for using phen as an iron chelator in biochemistry. The structures and reactivities of the
complexes are investigated by means of mass spectrometry, infrared multiphoton dissociation spectra, and density

functional theory calculations.

Introduction

Diesel exhaust particles (DEPs) play a negative role in
inducing pathogenic processes such as lung cancer, allergies,
or asthma.' ™ The toxic principle of DEPs is ascribed to
absorbed organic compounds (aliphatic hydrocarbons, poly-
cyclic aromatic hydrocarbons, heterocyclic compounds, and
various oxidized derivatives). It has been shown that the
exposure of cell cultures to the organic extract from DEPs
leads to the generation of reactive oxygen species and conse-
quently to oxidative stress.* For example, quinones undergo
enzymatic and nonenzymatic redox cycling with their corre-
sponding semiquinone radicals, which can transfer electrons
to oxygen molecules and thereby generate superoxide anion
radicals O, *.> Reactions of O, " lead to hydrogen peroxide,
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which further decompose by the Haber-Weiss reaction®’ to
the hydroxide anion and hydroxy radical, the latter being
responsible for the oxidative degradation of essential macro-
molecules.

One of the major quinones occurring in DEPs is
9,10-phenanthraquinone (PQ). The corresponding semiqui-
nolate PQ™° can be produced by the reduction of PQ with
enzymes such us NADPH-cytochrome P450 reductase®” or
neuronal nitric oxide synthase'® or in reactions with thiol-
containing proteins.'""'? Phenanthrasemiquinolate then
transfers an electron to an oxygen molecule, and the intra-
cellular iron (or other metal ions) catalyzes the subsequent
reaction toward the production of hydroxy radicals.'® It
has been shown that the addition of iron chelators, such
as 1,10-phenanthroline (phen), blocks the production of
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Scheme 1. Sketch of Various Redox Forms of 9,10-Phenanthraqui-
none with Labels Used Throughout the Paper
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hydroxy radicals, which has been ascribed to the suppression
of the transformation of hydrogen peroxide to the hydroxyl
radical.”'* Here, we address the essential questions, how
9,10-phenanthraquinone (Scheme 1) interacts with iron(I1I)
itself and how the iron(IIl)/phenanthraquinone comg)lex
behaves in the presence of electron and proton donors."” ™%

Experimental Section

The experiments were performed with a TSQ Classic mass
spectrometer with a QOQ configuration (Q stands for quad-
rupole and O stands for octopole), described in detail else-
where.?! The ions of interest were generated by electrospray
ionization (ESI) from methanolic solutions of FeCl; and the
ligands 9,10-phenanthraquinone and 1,10-phenanthroline.
The first quadrupole is used to record source spectra or to
mass-select the desired ions. The mass-selected ions are
collided with xenon (px. = 0.08 mTorr) in the octopole
collision cell, and the fragments are analyzed by Q2. The
collision energy is determined by the potential offset between
QI and O, and the energy resolution is typically 1.2 0.1 eV
(full width at half-maximum). Variation of the collision
energy leads to the breakdown diagrams that allow an
approximate determination of appearance energies (AEs) of
the various fragmentation channels.??”2°

The gas-phase infrared (IR) spectra of the desired ions were
recorded using a Bruker Esquire 3000 ion trap mounted on a
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free electron laser CLIO (Centre Laser Infrarouge Orsay,
France), providing photons with wavenumbers roughly from
900 cm ! to 1800 cm ™ '.?® The desired ions were generated
by ESI, mass-selected, and stored in the ion trap. The laser
beam was admitted to the ion trap in four macropulses. The
dependence of the intensity of the ion fragmentation on the
wavelength of the photons provides infrared multiphoton dis-
sociation (IRMPD) spectra, because the dissociation is induced
only if the parent ions absorb photons at a given wavelength.>”-*
The calculations are performed using the density
functional method B3LYP?* 2 in conjunction with the
6-311++G** basis sets, as implemented in the Gaussian
03 suite.>® This approach has been shown as suitable for
other iron systems and quinones.'®**** For all optimized
structures, frequency analyses at the same level of theory are
used in order to assign them as genuine minima or transition
structures on the potential-energy surface as well as to calcu-
late harmonic vibration frequencies and zero-point vibra-
tional energies. The relative energies (E..) of the structures
given below refer to energies at 0 K. For a comparison of
infrared spectra with the experimental results, the frequencies
were scaled by 0.985. Complexes of iron and phenanthraqui-
none, 27 —5% 7" TS17/3", 19", and 20" bear radical sites at
PQ as well as at iron, which leads to spin contaminations of
the low spin-state (quartet) wave functions. We have ap]g)lied
corrections based on the broken-symmetry approach,®® %
which however resulted in energy differences on the order
of 1072 eV (details of the method as well as the results can be
found in the Supporting Information). With regard to the
negligible effects, we use the uncorrected energies here.

Results and Discussion

The intrinsic aspects of the interaction between iron(I11)
and phenanthraquinone are studied in the isolated complexes
in the gas phase. For a detailed study, we have chosen
complex [(PQ)FeCl(CH;0)]*, which contains chloride and
methanolate as the counterions. Methanolate can be oxidized
to formaldehyde, which is associated with the transfer of two
electrons and one proton to the remaining part of the
complex. This complex therefore offers a unique variety of
possible redox processes of potential biochemical interest.
For the particular effect of the phenanthraquinone—iron
interaction, we will also compare the results with the reactiv-
ity of an analogous complex containing 1,10-phenanthroline
(phen), [(phen)FeCl(CH;0)]".

Electrospray ionization of a methanolic solution of
FeCl; and phenanthraquinone leads to the generation
of complexes [(PQ)FeXY]", where X,Y = CI or CH;0. As
pointed out above, we have chosen the mixed complex
[(PQ)FeCl(CH;0)]" for a detailed study due to the presence
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Figure 1. Relative abundances of the fragmentations of [(PQ)FeCl(CH;0)]" (a) and [(phen)FeCI(CH30)]" (b) dependent on the collision energy
(the losses of CH;0" are in green, CH,O in blue, HCl in red, and the combined losses of CH,O and HCl in violet). Note that the losses of HCl and CH,O are

enhanced by a given factor.

of a potential proton and electron donor CH;0™.*° The
collision-induced dissociation (CID) of the mass-selected
complex [(PQ)FeCl(CH;0)]" shows a competition of two
major processes. On the one hand, the closed-shell mole-
cules of formaldehyde and HCI are eliminated, which is
necessarily associated with some rearrangements within the
complex. These fragmentations appear at low collision en-
ergies (Figure 1a). On the other hand, the methanolate
counterion is eliminated as a radical, which is kinetically
preferred, and its abundance increases with increasing colli-
sion energy. The formation of the naked [(PQ)Fe] " complex
appears at lower collision energies than the methoxy loss, and
therefore, at least at low collision energies, it originates from
the subsequent eliminations of two closed-shell molecules
CH,O0 and HCI, rather than two radicals CH;O" and CI°.

The preferential elimination of HCl and CH,O implies
that either the structure of the investigated complex is
different than suggested or facile rearrangements of hydrogen
atoms among the ligands are occurring. We have performed
a DFT study in order to shed light on the role of the
9,10-phenanthraquinone ligand in the redox processes within
the model system [(PQ)FeCl(CH;0)]" (11).* The ground
state of the complex [(PQ)FeCI(CH;0)]" is a sextet (°17,
Figure 2). The quartet (*1") and the doublet (*17) states
lie 0.77 and 1.57 eV, respectively, higher in energy.*' ~** The
PQ ligand is fully oxidized in all states localized for this
structure (Scheme 3).

The alternative isomer [(PQ)Fe(HCl)(CH,0)]™ (2*) bears
neutral HCl and CH,O as ligands and could therefore readily
explain the facile losses of these molecules. The calculations
show that the sextet state of this isomer (°27) lies 0.81 eV
higher in energy than °1". The energy barrier associated with
the hydrogen rearrangement between the two ligands
(°TS1"/2") amounts to 1.74 eV. Analysis of the wave func-
tion reveals that the oxidation of methanolate to formalde-
hyde proceeds at the expense of iron(IIl) being reduced to
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iron(Il) and phenanthraquinone being reduced to phenan-
thrasemiquinolate (PQ™*). The unpaired electron localized at
phenanthrasemiquinolate can undergo a spin-flip, leading to
the low-spin quartet state “2" lying 0.08 eV below the
corresponding sextet state (Scheme 2). Note however that
the spin flip at the PQ " ligand might be hindered by a small
spin—orbit coupling and can be thus slow.* In any case, the
reactivity observed here can be fully explained involving only
the sextet state.

Further, an excited quartet state is obtained from
by a spin-flip at the iron center (0.44 eV above °2%). The
guartet transition state (*TS1"/27)* lies lower in energy than

TS17/2*, and spin-coupling might therefore effectively low-
er the barrier for the hydrogen migration among the ligands.
For an easier orientation, the electron configurations of the
parent ion 17 and the two-electron reduction product 2™ are
shown in Scheme 2.

The formaldehyde molecule can also be formed by a
hydrogen migration to the phenanthraquinone ligand. The
energy barrier for this process (“TS1"/3") amounts to 1.90 eV
and thus is slightly higher than °TS17/2%. The isomer
[(PQH)FeCI(CH,0)]™ (°3™) is almost isoenergetic with 1"
(E,(°37) = 0.05 ¢V) and contains iron(II) and the phenan-
thrasemihydroquinone radical. The spin-flip at the phenan-
thrasemihydroquinone radical leads to the quartet state *3°,
which lies 0.06 eV lower in energy than 3.

The identity of the investigated complex generated by ESI
can be unraveled by a comparison of the experimental
IRMPD spectrum of the complex with the theoretical infra-
red spectra calculated for the possible isomers (Figure 2b—d).
The experimental spectrum contains three major peaks at
1574, 1454, and 1312 cm ™. All peaks are nicely reproduced
by the theoretical spectrum of the [(PQ)FeCl(CH;0)]"
isomer (°1", Figure 2c) with the calculated CO vibration at
1580 cm ™" and the C—C stretching modes of PQ at 1461 and
1327 em ™', respectively. On the other hand, the IR spectra of
isomers 2" and ®3" (Figure 2b and d, respectively) comple-
tely disagree with the experiment, and therefore the presence
of these isomeric ions among the generated ions is excluded.
We note in passing that the IR spectra of the complexes in the
quartet states are almost identical with those in sextet states,
and therefore assigning of the electronic state is less definite.
However, the spectrum of °17 fits the experimental data

62+
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Figure 2. (a) Potential-energy surface of [(PQ)FeCI(CH;0)]" (17) associated with its rearrangements and fragmentations. The black solid lines
correspond to the sextet state, and the black dashed lines represent the quartet states associated with the sextet states by a spin-flip at the PQ ligand.
The gray lines correspond to the excited quartet state (low-spin at iron). Energies are given at 0 K relative to E”X(®11) = —2527.694725 hartree; energies in
italics correspond to single-point calculations at geometries optimized for the corresponding low- or high-spin state. The experimental IRMPD spectrum of
the [(PQ)FeCl(CH;0)]" complex (black line) is compared with the theoretical spectra (scaled by 0.985) of 3" (b), ®17(c), and 2" (d) (bar spectra).
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slightly better than those of “1™ and *1" (see Figure S5 in the
Supporting Information).

We have shown previously that the C—O stretching vibra-
tion is a sensitive spectral marker of the oxidation state of
the phenoxy ligands.*® Specifically, the wavenumbers
around 1300 cm ™' indicate the reduced phenolate form,
whereas the values around 1500 cm ™' point toward the
phenoxy radical form of the ligand. Here, the C—O vibra-
tions located around 1580 cm ™' show that the phenanthra-
quinone ligand is in the oxidized form with CO double bonds.
Markedly, the C—O vibrations for the alternative structure
[(PQ)Fe(HCI)(CH,0)]" (2%) are red-shifted by more than
150 cm™" (Scheme 3), which demonstrates the above-men-
tioned partial reduction of the PQ ligand to the phenanthra-
semiquinolate form PQ . Similarly, the formation of

phenanthrasemihydroquinone in 3™ is associated with a red
shift of the C—OH stretching mode roughly by 170cm "', and
the CO mode is roughly 100 cm ™' red-shifted. Further, the
red shift of CO vibrations nicely correlates with the prolon-
gation of both CO bonds.

The calculated potential-energy surface in Figure 2a pro-
vides a rationale for all observed fragmentation channels.
The fragmentation of [(PQ)F e(HCl)(CHzozl]+ (2") leads
either to [(PQ)Fe(CH,0)]" (47) + HCl (E(*4"+ HCl) =
1.02 eV and E(°4"+ HCI) = 1.12 eV*) or to [(PQ)Fe-
(HCDH]* (5% + CH,O (Erelg45++ CH,0) = 1.78 eV and
E.(°5"+ CH,0) = 2.04 eV*"). The consecutive elimination
of both neutral molecules from 2™ leads to bare [([PQ)Fe] ™ (61)
and requires Eq(*6"+ CH,O + HCI) = 2.59 eV (E(%6"+
CH,O + HCl) = 2.92 ¢V*). Optimized geometries of all
fragments can be found in Scheme 4.

Obviously, the fragmention pathway leading via the inter-
mediate 2" energetically favors the elimination of HCI over
CH,O0, and therefore the HCl loss prevails in the experiment.
However, the comparable abundances of the HCl and CH,0O
eliminations at low collision energies (up to 2.5 eV) point
toward an alternative mechanism for the CH,O elimination.
Such a channel might be represented by the rearrangement of

(46) Milko, P.; Roithova, J.; Tsierkezos, N.; Schroder, D. J. Am. Chem.
Soc. 2008, 130, 7186.

(47) The value was obtained by a single-point calculation at the geometry
optimized for the corresponding quartet state.
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Scheme 3. Optimized Structures of [(PQ)FeCI(CH30)]" and Its
Isomers”
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tion can be found in the Supporting Information.
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Scheme 4. Optimized Structures of the Elimination Products”
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hydrogens in white, and iron is yellow. The selected bond lengths are in
angstroms, and the wavenumbers correspond to the stretching vibra-
tions of the corresponding CO bonds. More information can be found in
the Supporting Information.

the starting complexes 17 to 37, which leads only to the elimina-
tion of formaldehyde gEre](47+ + CH,0) = 0.93eVand E(°7"
+ CH,0) = 0.99 eV*"). We have also investigated a possible
hydrogen migration from the methanolato ligand to the
iron atom, which ﬁnally leads to the products [(PQ LPFeCl(H)
(8") and CH,O (E,(*8"+ CH,0) = 2.13 eV*"**). This
pathways, however, lies much higher in energy and is not
considered further.

The eliminations of closed-shell molecules are thus deter-
mined by the competition between hydrogen transfers from
the methanolato ligand of [(PQ)FeCl(CH;0)]" (17) either
to chlorine or to phenanthraquinone, which finally deter-
mines the ratio of the HCl and CH,O eliminations. The
energy required for the combined loss of HCl and CH,O is
only slightly higher than the rearrangement barriers, and
therefore this process prevails at larger collision energies.
Finally, the direct expulsion of the methoxy radical from the
parent complex requires 2.09 eV. This amount of energy is
larger than both barriers for the rearrangements to 2" and 3"
and the subsequent energy demands for the first elimination
of a closed-shell molecule; therefore, closed-shell losses pre-
vail over the methoxy loss. Surprisingly, the subsequent

(48) Iron is in the oxidation state Fe''! (quartet state), and phenanthra-

quinone is fully oxidized. The excited sextet state lies 1.26 eV higher in energy
(single-point calculation).
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Figure 3. (a) Potential-energy surface of [(phen)FeCl(CH30)]" (1") associated with its rearrangements and fragmentations. The black solid lines
correspond to the sextet state, and the gray lines correspond to the quartet state (low-spin at iron). Energies are given at 0 K relative to £°%(°10™") =
—2410.546539 hartree; energies in italics correspond to the single-point calculations at geometries optimized for the corresponding low- or high-spin
state. The experimental IRMPD spectrum of the [(phen)FeCIl(CH30)]" complex (black line) is compared with the theoretical spectra (scaled by 0.985)

of ©10™ (b), “117(c), and *12* (d) (bar spectra).

eliminations of closed-shell molecules dominate even at
larger collision energies, where a kinetic preference of the
direct bond cleavage would be expected. This points to a
very efficient rearrangement of 17 to isomer 2™ and 3%. As
already suggested by the experiment, the consecutive elim-
inations of two radicals, CH;O® and CI°, can be excluded,
because it requires much larger energy than all other channels
(Erel(“6+ + CH30" 4+ CI') = 5.84 eV), and it is also beyond
the collision-energy range explored in the experiments.

In summary, the unimolecular reactivity of the
[(PQ)FeCI(CH30)]" complex demonstrates the redox activ-
ity of the phenanthraquinone ligand. Without necessity of a
spin change at the iron center, which is otherwise typical for
the oxidation/reduction processes proceeding at iron,* the
oxidation of other ligands is allowed.™ In this manner, two
electrons from the oxidation process are transferred to iron
and phenanthraquinone, leading to the product complex of
iron(II) with phenanthrasemiquinolate. Phenanthraquinone
can also act as an acceptor of hydrogen atoms, which leads to
the generation of phenanthrasemihydroquinone. We did not
find any intermediate, which would suggest a two-electron

(49) (a) Schroder, D.; Shaik, S.; Schwarz, H. Acc. Chem. Res. 2001, 33,
139. (b) Shaik, S.; Hirao, H.; Kumar, D. Acc. Chem. Res. 2007, 40, 532.

(50) Cohn, M. J.; Xie, Ch. L.; Tuchagues, J.-P. M.; Pierpont, C. G.;
Hendrickson, D. N. Inorg. Chem. 1992, 31, 5028.

reduction of phenanthraquinone,”'~>* which means that for

such a pathway some other mechanism must be operative.

For comparison, we also report the reactivity of an
analogous complex, where 9,10-phenanthraquinone is re-
placed by 1,10-phenanthroline (phen).>* The required com-
plex [(phen)FeCl(CH;0)]* (117) is generated by ESI from
the methanolic solution of FeCl; and phen. The CID spec-
trum of [(phen)FeCl(CH;0)]" shows analogous fragmenta-
tions as found for [(PQ)FeCl(CH;0)]": losses of HCI, CH,O,
and CH30°® and the combined loss of HCl and CH,O
(Figure 1b; Figure S2 in the Supporting Information). The
overall fragmentation behavior is, however, distinctively
different. While the eliminations of closed-shell molecules
prevail for the phenanthraquinone complex, the fragmenta-
tion of the phenanthroline complex is dominated by the
expulsion of the methoxy radical. The eliminations of
closed-shell molecules appear at similar collision energies,
but notably the CH,O elimination is suppressed.

(51) Taguchi, K.; Fujii, S.; Yamano, S.; Cho, A. K.; Kamisuki, S.; Nakai,
Y.; Sugawara, F.; Froines, J. R.; Kumagai, Y. Free Radical Biol. Med. 2007,
43,789.

(52) Shimizu, M.; Katsuda, N.; Katsurada, T.; Mitani, M.; Yoshioka, Y.
J. Phys. Chem. B 2008, 112, 15116.

(53) Taguchi, K. J. Health Sci. 2009, 55, 347.

(54) Brechin, E. K.; Calucci, L.; Englert, U.; Margheriti, L.; Pampaloni,
G.; Pinzino, C.; Prescimone, A. Inorg. Chim. Acta 2008, 361, 2375.
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Scheme 5. Optimized Structures of [(phen)FeCl(CH;0)]" and Its
Isomers”

51 0" 41 ot

611+ 411+

5T 11*112*

“Ts 112t

“The carbon atoms are in blue, oxygens in red, chlorines in green,
nitrogens in purple, hydrogens in white, and iron is yellow. More
information can be found in the Suporting Information.

The presence of CH,O and HCI losses again indicates
hydrogen migrations within the complex (Figure 3a,
Scheme 5). The calculations provide two alternative isomers
with a hydrogen atom bound to either iron or chloride. The
initial isomer [(phen)FeCl(CH30)] " has a sextet ground state
(°10™). The quartet state (*10™) lies 0.50 eV higher in energy,

Milko and Roithova

Scheme 6. Optimized Structures of the Elimination Products of the
Phenanthroline Complexes?

41 44-
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“The carbon atoms are in blue, nitrogens in purple, chlorines in green,
and hydrogens in white. More information can be found in the Support-
ing Information.

and the doublet state (*10™) is 1.28 eV above the sextet. The
ground state of the second isomer with a hydrogen atom
bound to iron, [(phen)FeCI(H)(CH,O)]" (117), corresponds
to a quartet and lies 1.19 eV above °10". The last isomer
bearing HCl and CH,O ligands, [(phen)Fe(HCI)(CH,0)]"
(12%), also has the quartet ground state and lies 1.39 eV
higher in energy than 10

The experimental IRMPD spectrum is dominated by a
single band at 1088 cm ™" (solid line in Figure 3b—d).>>* The
comparison with the calculated IR spectra of °10"
(Figure 3b), “11" (Figure 3c), and “12* (Figure 3d) shows
that the experimental band is reproduced only by the spec-
trum of isomer 10" bearing chloride and methanolate coun-
terions. The band at 1088 cm™' corresponds to the CO
stretching mode of the methanolate ligand. Hence, the
generated complex does not spontaneously undergo rearran-
gements, and the eliminations of HCI and CH»O occur only
after the collisionally driven rearrangements.

(55) We note that the intensities of peaks in the experimental IRMPD
spectra do not directly correlate with the theoretical IR intensities, because
usually many photons are necessary to induce the dissociation. See also:
Schroder, D.; Schwarz, H.; Milko, P.; Roithovd, J. J. Phys.Chem. A 2006,
110, 8346.

(56) For other examples of low sensitivity of the IRMPD technique
towards C—C stretches of aromatic systems, see: (a) Dopfer, O.; Lemaire,
J.; Maitre, P.; Chiavarino, B.; Crestoni, M.-E.; Fornarini, S. Int. J. Mass
Spectrom. 2006, 149, 249—250. (b) Lorenz, U. J.; Lemaire, J.; Maitre, P.;
Crestoni, M.-E.; Fornarini, S.; Dopfer, O. Int. J. Mass Spectrom. 2007, 267, 43.
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The rearrangement of the initial complex “10" to the
intermediate “117 (E,(*TS107/117) = 1.65 eV and E.-
(°TS10"/117) = 1.95 V) is associated with a spin crossover
and represents, most probably, the rate-determining step on
the pathway toward eliminations of closed-shell molecules.*’
The isomer “117 can either directly eliminate the CH,O
molecule or can undergo a further rearrangement toward
#12*. The energy barrier for the rearrangement (E,(*TS117/

127) = 1.68 €V) is smaller than the energy demand for the
direct CH,O elimination (E.(*13"+ CH,0) = 1.90 eV),
which results in a small abundance of this fragmentation
channel. The isomer with the HCl and CH,O ligands, *127,
preferentially loses HCI (E,(*14" + HCI) = 1.55 ¢V com-
pared to E.(*157 + CH,0) = 2.37 eV). The combined
elimination of both ligands requires 2.97 eV (optimized
structures of the elimination products can be found in
Scheme 6).

The direct elimination of the methoxy radical from ¢10"
needs 2.08 eV, which is similar to value found for °1%.
In agreement, the eliminations of CH;0O° from [(phen)-

0.10 -
0.3 [(phen)FeCI(CHSO)]’/
" [(PQ)(phen)FeCI(CH,O)]
0.2 /
8 0.1 /-/
§ /
g 0.0 = , .
5 005{ O 1 2 3
Q EeyleV]
=
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L [(phen)FeCI(CH,O)I"
[(PQH)(phen)FeCIT’
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Figure 4. CID spectrum of the mass-selected [(PQ)(phen)FeCl-
(CH,0)]" (m/z 510, abundance normalized to 1) at Ecyy = 0.20 eV.
The signal denoted by an asterisk corresponds to the dominant fragmen-
tation of an isobaric impurity (see the Supporting Information). The inset
shows the increasing abundance of the PQ loss with the increasing
collision energy.
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FeCl(CH;0)]* and [(PQ)FeCl(CH;0)]" also appear at al-
most identical energies (Figure 1). This finding shows that
this channel is not influenced by the nature of the bidentate
ligand bound to iron. The differences between the reactivities
within the [(phen)FeCl(CH;0)]" and [(PQ)FeCl(CH;0)]"
complexes are therefore due to the spin-crossover bottleneck
in the first case, which is removed due to the active participa-
tion of phenanthraquinone in the redox processes in the
second case.

Finally, the effect of phenanthroline on the reactivity of
iron(III) with phenanthraquinone in the mixed complex
[(PQ)(phen)FeCl(CH;0)] " is studied. The complex is gener-
ated by ESI from a methanolic solution of iron(III) chloride,
PQ, and phen. The CID spectrum of [(PQ)(phen)FeCl-
(CH;0)]* shows only two fragmentation channels (Figure 4
and S3 in the Supporting Information). The dominant frag-
mentation corresponds to the loss of PQ. In comparison, no
elimination of phen has been detected over the whole interval
of collision energies studied. This finding demonstrates that
phenanthraquinone is a much weaker ligand for iron(III) than
phenanthroline. The minor channel leads to the elimination of
formaldehyde with the maximum abundance at nominally
zero collision energy, and its abundance continuously de-
creases with the increasing collision energy.

The computational investigation provides a further insight
into the reactivity (Scheme 7). Thus, the electronic structure
of the parent compound [(PQ)(phen)FeCl(CH;0)]" (18)
corresponds to iron(IIl) ligated by fully oxidized phenan-
thraquinone and phenanthroline with two counterions,
chloride and methanolate. The ground state corresponds to
a sextet, and the excitation energies to the quartet and doublet
states amount to 0.34 and 0.46 eV, respectively. The elimina-
tion of PQ requires only 0.84 ¢V. The weaker interaction
between PQ and iron in [(PQ)(phen)FeCl(CH3O)]Jr 18"
compared to [(PQ)FeCl(CH;0)]" (1") is also reflected in
the geometry of the PQ ligand: The CO bonds are shorter
(1.224 A and 1.234 A) and the CO stretching vibrations
are blue-shifted (1642 cm™"') with respect to those in 1"
(1580 cm ™). In comparison, the elimination of phenanthroline
is endothermic by 1.65 eV, and therefore it cannot compete with
the PQ elimination in the collision energy range studied.

Scheme 7. Fragmentation Energetics of the [(PQ)(phen)FeCl(CH;0)]" Complex (18")“
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—3099.333813 hartree. The optimized geometries, energies of excited states, spin densities, and
some high-energy isomers can be found in the Supporting Information.
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The loss of formaldehyde requires a migration of a hydro-
gen atom from the methoxy group to iron or one of the
ligands. As demonstrated by the missing loss of HCI in
the experiment, the migration of a hydrogen atom to chlorine
is “switched off” by the geometry of the complex, which
bears two bidentate ligands in the plane around iron and
the chloride and methanolate counterions in the apexes. In
analogy with 17, we have assumed the migration of a
hydrogen atom to phenanthraquinone. The relevant isomer
19" lies 0.61 eV lower in energy than °18", and the sub-
sequent elimination of formaldehyde is almost thermoneut-
ral with respect to the energy of ®18" (E,(°20" + CH,0) =
0.03 ¢V). Both the isomer ®19" and the product ®20™ contain
iron(Il) and phenanthrasemihydroquinone (the spin-flip at
the PQH ligand leads to the quartet states with energies
E.a(*19") = —0.51 eV and E,(*20" + CH,0) = —0.02¢V).

In summary, the experiment with the complex comprising
both studied ligands bound to iron(IIl) has two important
implications. First, the coordination of phenanthroline to
the complex of iron(IIl) facilitates energetically the redox
processes occurring between iron and phenanthraquinone.
Phenanthroline itself, however, is an “innocent” ligand, as
demonstated by the comparative study of [(phen)FeCl-
(CH30)]". Accordingly, we conclude that the hexacoordina-
tion bears the major effect, which facilitates the oxidation of
methanolate to formaldehyde concomitant with the reduc-
tion of iron(Ill) to iron(Il) and the formation of phenan-
thrasemihydroquinone. This finding can be crucial for the
toxicity of phenanthraquinone, which can produce the harm-
ful semiquinone radicals just in the presence of iron(III)
(surrounded by solvent molecules, i.c., always hexaco-
ordinated) and a suitable reductant (e.g., NADPH™) without
the necessity of an involvement of any enzyme. Second, the
experiment clearly shows that phenanthroline is a much
stronger ligand than phenanthraquinone and therefore can
replace phenanthraquinone in the iron complexes and block
them for further reactivity.

Milko and Roithova

Conclusions

Using a simple gas-phase model [(PQ)FeCl(CH;0)]", we
have shown that phenanthraquinone takes active part in the
redox process occurring at iron and enables the oxidation
of methanolate to formaldehyde concomitant with the
reduction of iron(IIl) to iron(Il) and the formation of the
phenanthrasemihydroquinone radical. The analogous com-
plex [(phen)FeCI(CH;0)]" shows typical two-state reacti-
vity, and phenanthroline, an “innocent” ligand, does not
actively participate in the redox processes. Finally, the com-
plex containing both investigated ligands, [(PQ)(phen)FeCl-
(CH;0)]", reveals that the hexacoordination of iron
energetically facilitates the oxidation of the methanolate
counterion. The associated loss of formaldehyde is observed
already at zero collision energy, and the calculations suggest
that the reaction is thermoneutral. The oxidation is again
associated with the formation of the iron(Il)/phenanthrasemi-
hydroquinone couple. The experiments also demonstrate that
the phen ligand is much stronger bound to iron(I1I) than PQ,
and therefore it can potentially replace PQ in complexes
with iron(IIT) or block the iron complexes for the interaction
with PQ.
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