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Phukan).
Two new mononuclear Fe(III) complexes, [FeCl3{PPh2(p-C6H4NMe2)-P}3](1) (PPh2(p-C6H4NMe2):
4-(dimethylamino)phenyldiphenylphosphine) and [FeCl3(PPh2py-P)(PPh2py-P,N)] (2) (PPh2py: diphe-
nyl(2-pyridyl)phosphine) were synthesized by reacting anhydrous FeCl3 with respective ligand in aceto-
nitrile solution under refluxing condition. Both the complexes were characterized by elemental analysis,
FAB-Mass, FTIR, UV–Vis, ESR, Cyclic Voltammetry and magnetic measurement. The FAB mass spectra of
complexes 1 and 2 show molecular ion peak at m/z 1078 [M]+ and m/z 687 [M�1]+, respectively, indicat-
ing mononuclear nature of the complexes. UV–Vis spectra of the complexes were consistent with low-
spin, octahedral geometry. The variable temperature magnetic susceptibility measurement (73–323 K)
of these complexes is also consistent with the paramagnetic nature of the complexes with a ground state
spin S = ½. The Fe(III) centers of these two complexes remain low-spin, both at room temperature and
liquid nitrogen temperature, was also indicated by the ESR analysis. Cyclic Voltammetry of both the com-
plexes show an irreversible oxidation wave attributed to Fe3+ ? Fe4+ + e� along with the peak for ligand
oxidation. Theoretical calculations (B3LYP) of the complexes show that for complex 1, a trans geometry of
the two phosphorous atoms and for complex 2, a mer,cis structures are the most favored geometrical iso-
mer. TDDFT calculations were performed to interpret the observed bands in the UV–Visible spectra.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The chemistry of mononuclear Fe(III) complexes with mixed
donor ligands, particularly, where one of the donor atom is nitro-
gen, have gained much attention because such type of complexes
could mimic the active site of several non-heme metalloproteins.
During the last two decades, several bio-inspired Fe(III) complexes
were reported [1–15] with different N,O [6,7]/N,S [1–5]/N,N [8–15]
donor ligands which serve as synthetic model for the active site of
different non-heme metalloenzymes e.g., Fe(III) complexes of (i)
N,N donors ligands were used as models for the catechol dioxygen-
ases [8–10], the enzyme responsible for the cleavage of C–C bonds
between the two hydroxyl groups of catechol, (ii) N,S donor ligands
were used as model for nitrile hydratase [1–5], the enzyme respon-
sible for the conversion of nitrile to corresponding amide, (iii) N,O
donor ligands were used as model for the iron oxygenases, the en-
zyme responsible for alkane and alkene oxidation, etc. Though, a
large number synthetic models of theses enzymes were reported
but only few of them were found to be successful as functional
ll rights reserved.
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model. It is worthy to note here that the majority of the reported
Fe(III) complexes with such mixed donor ligands are either high
spin [6,8,9,13,16,17] with S = 5/2 or exhibit spin equilibria [1–3,5]
between S = 5/2 M S = ½ but, the Fe(III) center in most of these en-
zymes remain mostly low-spin [2,18]. Thus, there has been consid-
erable interest in the synthesis of Fe(III) complexes with a ligand
system that could stabilize the metal in low-spin state, as, such li-
gands are expected to bring the electronic property of the metal
center comparable to the biological system. In addition, it is also
known from literature that for the complexes to act as functional
model, it is highly desired that the complexes should have a vacant
coordination site or a labile ligand which could be easily replaced
by an incoming substrate [19,20]. Thus, we were intrigued by the
possibility that introduction of a bifunctional P,N donor ligand,
so-called ‘‘hemilabile ligand”, which have two different donor
functionalities within the same molecule, i.e., the substitutionally
inert P atom (due to dp–pp back bonding) and substitutionally la-
bile N atom, could perform a duel role, in which, the phosphine do-
nor could stabilize the metal in low-spin state [21] while the
nitrogen donor might create a vacant site for substrate binding
by opening the chelate without complete detachment of the ligand
from the molecule (Chart 1). Because of this unique property, such
type of ligands got considerable application in homogeneous catal-
ysis particularly by late transition metals.
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As part of our interest on the coordination chemistry of iron
with mixed P,N donor ligand [22], in this work, we report synthe-
ses of two mononuclear Fe(III) complexes with two P,N donor
ligands (Chart 2). Among the two ligands, the diphenyl(2-pyri-
dyl)phosphine) is one of the most extensively used phosphine li-
gands applied in coordination chemistry and four different
bonding modes of this ligand were reported in literature [23]: P-
monodentate, N-monodentate, P–N bridge and P–N chelated
modes. This ligand has previously been employed in the synthesis
of some iron complexes [24–27] with 0 and +2 oxidation state,
though, there is no report on Fe(III) complexes. On the other hand,
the coordination chemistry of the aminophosphine ligand, PPh2(p-
C6H4NMe2), is relatively unknown and to the best of our knowl-
edge, there is no report on complexes of this ligand with Fe atom
in any of its oxidation states. It is noteworthy to mention here that
Fe(III) complexes with phosphine based ligands are relatively less
common may be due to the soft nature of phosphorous could not
stabilize a hard Fe(III) center. Moreover, the steric property of the
substituent on the phosphorous atom of such ligands is known
to play a dominant role in determining the coordination geometry
of the metal complexes, particularly for iron [28] and ruthenium
[29]. The complexes 1 and 2 were characterized by different exper-
imental techniques. Further, DFT calculations were performed to
find the most stable geometrical isomer of 1 and 2 as well as to
interpret their UV–Vis spectra.
FeCl3 (anhydrous)

NMe2Me2N

PPh2py

CH3CN, Reflux 1hCH3CN, Reflux 1h

PPh2(p-C6H4NMe2)
2. Experimental

2.1. Materials

The ligands 4-(dimethylamino)phenyldiphenylphosphine and
diphenyl(2-pyridyl)phosphine were purchased from Aldrich.
Anhydrous FeCl3 and other necessary chemicals were purchased
from RENKEM, India. The solvents used are of analytical grade
and distilled prior to utilization. All the reactions were carried
out under N2 atmosphere.
Cl
Cl
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Scheme 1. Synthesis of complexes 1 and 2.
2.2. Synthesis

2.2.1. Synthesis of complex [FeCl3{PPh2(p-C6H4NMe2)-P}3] (1)
A solution of the ligand PPh2(p-C6H4NMe2) (0.20 g, 0.66 mmol)

in 50 ml of acetonitrile was added drop by drop to a solution of
anhydrous FeCl3 (0.036 g, 0.22 mmol) in 50 ml acetonitrile. The
reaction mixture was refluxed under nitrogen for 1 hour. The color
of the solution changed gradually from yellow (FeCl3 in acetoni-
trile) to dark brown color. After cooling the reaction mixture, the
solvent was evaporated and the resultant solid mass was washed
several times with ether and hexane. Finally, after drying under
vacuum, a dark brown compound was obtained which was recrys-
tallized from acetonitrile. Yield: 86%.

Anal. Calc. for C60H60N3P3Cl3Fe: C, 66.83; H, 5.60; N, 3.89. Found:
C, 66.36; H, 5.55; N, 3.84%. MS-FAB m/z (%): 1078 (5), [M]+:
[FeCl3{PPh2(p-C6H4NMe2)}3]+; 1050 (30), [M�2Me+2]: [FeCl3{PPh2-
(p-C6H4N)+2H]+; 1034 (25), [M�NMe2]+: [FeCl3{PPh2(p-C6H4)]+;
1042 (20), [M�Cl�1]+: [FeCl2{PPh2(p-C6H4NMe2)}3-H]+; 1005
(20), [M�2Cl�2]+: [FeCl{PPh2(p-C6H4NMe2)}3-2H]+. Selected IR fre-
quencies (cm�1, KBr): 3062 (mCH), 1482 (mC@C), 1439 (mC@C), 1374
(mC–N), 1129 (mPC), 1071 (mPC), 544 (mFeP); Far IR (Nujol): 337(mFe–

Cl), 310 (mFe–Cl), 282(mFe–Cl). UV–Vis (CH3CN), kmax (nm): 352, 503.
ESR: g = 2.01(RT), 2.00 (LNT). CV (CH3CN): Epa: 0.518 V, 1.072 V;
Epc: �0.114 V; DEp = 632 mV; E1/2 = 0.316 V.
2.2.2. Synthesis of [FeCl3(PPh2py-P)(PPh2py-P,N)2](2)
The complex 2 was prepared by following a similar procedure of

complex 1, using the ligand PPh2py (0.18 g, 0.66 mmol) and anhy-
drous FeCl3 (0.036 g, 0.22 mmol). During refluxing, the color of the
solution changed gradually from yellow to light brown. After thor-
ough washing with ether and hexane, a yellowish brown com-
pound was obtained which was recrystallized from acetone.
Yield: 85%.

Anal.Calc. for C34H28N2P2Cl3Fe: C, 59.26; H, 4.07; N, 4.07. Found:
C, 58.96; H, 4.05; N, 4.05%. (data are calculated on MW 688.5 how-
ever if MW changed then C, H, N value will be changed). MS-FAB
m/z (%): 687 (10), [M�1]+: [FeCl3(PPh2py)2-H]+; 651 (90),
[M�Cl�2]+ [[FeCl2(PPh2py)2–2H]+; selected IR frequencies (cm�1,
KBr): 3056 (mCH), 1602 (mC@N), 1588 (mC@N), 1481 (mC@C), 1435
(mC@C), 1122 (mPC), 1067 (mPC), 557 (mFeP), 537 (mFeP); Far IR, (Nujol):
360 (mFe–Cl), 330 (mFe–Cl), 279 (mFe–Cl) 254 (mFe–N). UV–Vis (CH3CN),
kmax (nm): 228, 297, 403, 526; ESR: g = 2.04 (RT), 2.02 (LNT).
CV (CH3CN): Epa: 0.116 V, 1.159 V; Epc: -0.097 V; DEp = 212 mV;
E1/2 = 0.106 V.
2.3. Physical measurements

IR spectra (4000–400 cm�1) were recorded on Nicolet Impact
410 spectrophotometer in KBr medium and Far IR spectra were re-
corded on Perkin–Elmer 883 spectrophotometer using Nujol. The
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UV–Vis spectra were recorded in acetonitrile solution [ca.
1.0 � 10�4 M] in 1 cm3 cell in the range 200–800 nm using a Shi-
matzu, Graphicord UV-240 spectrophotometer. Elemental analysis
(C, H and N) were done on Perkin–Elmer 2400 elemental analyzer.
The FAB mass spectra were recorded on a JEOL SX 102/DA-6000
Mass spectrometer/data system using argon (6 kV, 10 mA) as the
FAB gas and m-nitrobenzylalcohol was used as the matrix. The
accelerating voltage was 10 kV and the spectra were recorded at
room temperature. The ESR spectra were recorded in solid state
as well as at liquid nitrogen temperature using tetracyanoethylene
(TCNE) as reference by using Varian, E-112 spectrometer. Magnetic
measurements were performed using ADE DMS Vibrating Sample
Magnetometer, Model EV 7, USA and the diamagnetic corrections
were made using Pascal’s constant. The effective magnetic mo-
ments (leff) were calculated from the equation, leff = 2.83(vMT)1/

2 (BM). Cyclic voltammetric study of the complexes were recorded
in acetonitrile solution with a CH Instruments, Model 600C using
Pt as working electrode and Ag/AgCl as the reference electrode
with tetrabutylammoniumperchlorate (TBAP) as the supporting
electrolyte.
Fig. 1. UV–Vis spectra of complex 1 recorde

Fig. 2. UV–Vis spectra of complex 2 recorde
3. Computational details

All the structures were completely optimized using the hybrid
HF-DFT method, labeled as B3LYP [30–32] without any symmetry
constraint. This is based on Becke’s three-parameter functional
[30] including Hartree–Fock exchange contribution with a non-lo-
cal correction for the exchange potential proposed by Becke [31]
together with the non-local correction for the correlation energy
suggested by Lee et al. [32]. We have used the LANL2DZ basis set
with the effective core potentials (ECP) of Hay and Wadt [33–35]
for the metal atoms and 6-31+G* basis set for other atoms as
implemented in the GAUSSIAN 03 suite of programs [36]. The struc-
tures were further confirmed as real minima by running analytical
vibrational frequency calculations at the same level of theory. For
compound 1, the PPh2C6H4NMe2 group was modeled initially by
PH3 group for both Fe and Ru. However, modeling by the more
realistic PH2C6H4NH2 group, in which the two bulky phenyl groups
were replaced by two hydrogen atoms, was carried out only for the
iron complexes. Compound 2 was modeled by replacing the phenyl
groups with hydrogen atoms. Further, time dependent DFT
d in 1.0 � 10�4 M acetonitrile solution.

d in 1.0 � 10�4 M acetonitrile solution.



Fig. 3. The solid state ESR spectra of complex 1 recorded at room temperature (RT) and liquid nitrogen temperature (LNT).

Fig. 4. The solid state ESR spectra of complex 2 recorded at room temperature (RT) and liquid nitrogen temperature (LNT).
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Fig. 5. Variable Temperature (73–323 K) magnetic susceptibility measurement
curve (vg vs. T) of complex 1 (field 1000 Oe).
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(TDDFT) calculations were performed on the minimum energy
structure of 1 and 2 to assign the observed electronic transitions
in the UV–Vis spectra [37–39].
4. Results and discussion

4.1. Synthesis of complexes

The reaction of three molar equivalent of the PPh2(p-C6H4NMe2)
ligand with one molar equivalent of anhydrous FeCl3 in acetonitrile
solution under refluxing condition for 1 hour gave complex
[FeCl3{PPh2(p-C6H4NMe2)-P}3] (1) (Scheme 1) as dark brown solid.
On the other hand, the reaction of two molar equivalent of the li-
gand PPh2Py with one molar equivalent of anhydrous FeCl3 in ace-
tonitrile solution under refluxing condition for 1 hour yield a bright
yellow compound [FeCl3(PPh2py-P)(PPh2py-P,N)2] (2). It might be
important to note here that we have also tried to synthesis an anal-
ogous stoichiometric complex of 1 by using three molar equivalent
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Fig. 6. Variable Temperature (73–323 K) magnetic susceptibility measurement
curve of complex 2 (field 1000 Oe).

Table 1
Temperature, vMT (in emu K mol�1) and magnetic moment.

Complex 1 Complex 2

Temperature (T in K) vMT leff (BM) Temperature (T) vMT leff (BM)

123 0.43 1.86 123 0.32 1.60
173 0.42 1.82 173 0.31 1.58
223 0.41 1.81 223 0.29 1.53
273 0.40 1.79 273 0.28 1.51
323 0.39 1.76 323 0.28 1.50
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of the ligand PPh2py with one molar equivalent of the FeCl3, but,
only the complex 2 was isolated as final product. The synthesis
of complexes 1 and 2 from two bulky phosphine ligands are in
clear contrast with the observations of Walker and Poli [28], where,
they found that the interaction of FeCl3 with phosphines resulted
an octahedral complex when a less bulky ligand such as Me3P
was used while, a tetra- or penta-coordinated complexes was
formed when a more bulky ligand like PPh3 was used. However,
Dilworth et al. [40] had synthesized a series of Fe(III) complexes
as their hexafluorophosphate/tetraphenylborate salts from FeCl3

with some sterically crowded functionalized phosphine ligands
where they found that the Fe(III) complexes are octahedral in nat-
ure. The elemental analysis (C, H, N) and FAB mass spectra of the
complexes 1 and 2 are in clear agreement with the above formula-
tion. The FAB mass spectra of complex 1 shows a very less intense
molecular ion peak at m/z 1078 [M]+ along with two other promi-
nent peaks at m/z 1042 and m/z 1005 corresponding to [M�Cl�1]+

and [M�2Cl�2]+ ions, respectively, indicating mononuclear nature
of the complex. The complex 2 also shows a very less intense
molecular ion peaks at m/z 687 [M�1]+ along with a high intense
peak (90%) at m/z 651 for [M�Cl�2]+ which is consistent with
mononuclear nature of the complex. Attempts to obtain diffrac-
tion-quality crystals for both the complexes, using different combi-
nation of solvents, were unsuccessful. We noticed some side
reactions (as indicated by the change in color of the solution) that
made the complexes unstable in solution during the long delay
necessary for good crystallization. Both the complexes 1 and 2
are stable in solid state but gradually decompose in solution.

4.2. Infrared spectra

For ligands containing tertiary amine or pyridyl groups, the
analysis of the IR spectra indicates whether they are coordinated
or not, by observing the changes in the frequency of the mami-

ne(C–N) or mPy(C@N) stretching. The complex 1 shows mamine(C–N)
stretching at 1375 cm�1 which is almost equal to the mamine(C–N)
value of the free ligand indicating monodentate nature of the phos-
phinoamine ligand. In addition to other characteristics band of the
free ligands, the complex 1 also show a new band at 544 cm�1

which is the characteristics region of M–P stretching [41]. The
Far IR spectrum of the complex 1 show three stretching frequen-
cies for m(Fe–Cl) at 337, 310 and 282 cm�1 indicating mer arrange-
ment [23] of the chloride. In the case of phosphinopyridine ligand,
the coordination of N atom of the PPh2py to a metal ion is expected
to shift the m(C@N) bands of pyridine to higher frequencies [23].
The complex 2 shows two weak bands at 1602 and 1588 cm�1

which are attributed to the m(C@N) vibrations of N-coordinated
and non-coordinated phosphino pyridines, respectively. The coor-
dination of the pyridyl nitrogen group was also indicated by the
presence of a band at 254 cm�1 in the Far IR region which is as-
signed to the m(Fe–N) stretching [42]. The Far IR spectrum also
shows three m(Fe–Cl) bands at 360, 330 and 279 cm�1 indicating
a mer arrangement of chlorides [23]. Recently Hermanowicz et al.
[23] have reported two phosphinopyridine complexes,
[MCl3(PPh2py-P)(PPh2py-P,N)2] (M = Rh and Ru), for which X-ray
structural investigation shows that the complexes were mononu-
clear mer,cis isomer with monodentate and bidentate pyridyl phos-
phine ligands.

4.3. UV–Vis spectra

The UV–Vis spectrum of the complexes 1 and 2 along with their
respective ligands are shown in Figs. 1 and 2, respectively. The
spectra of the complex 1 in acetonitrile show one intense absorp-
tion band at 352 nm assigned to intraligand n-p* transition and
compared to the free ligand (331 nm), this band shifted towards
red indicating change of the electronic environment of the ligand
due to complexation. The complex 1 also show a low energy band
at 503 nm attributed to the LMCT absorptions due to phosphine-
Fe3+(3d) transition with some contribution from the coordinated
chloride. The UV–Vis spectrum of the complex 2 in acetonitrile
exhibits one intense band at 228 nm and a shoulder at 297 nm
which could be attributed to the intraligand p–p* and n-p* transi-
tions [11,23], respectively. Compared to the free ligand (220 nm
and 294 nm), these bands shifted towards red, and is consistent
with change in electronic environment of the ligand due to com-
plex formation. In addition to the ligand centered bands, the com-
plex 2 also show two other bands at 403 nm and at 526 nm which
may be attributed to LMCT absorptions. The absorption bands of
the phosphinopyridine complex 2 are quite similar to those found
for other pyridine based low-spin Fe(III) complexes [11].

4.4. ESR spectra

The ESR spectra of the both the complexes 1 and 2 were re-
corded in solid state at liquid nitrogen temperature and also at
room temperature. The spectra were represented in Figs. 3 and 4,
respectively. The spectrum of 1, both at RT and LNT exhibit a broad
signal with a g value of 2.01 and 2.00, respectively, consistent with
a regular octahedral symmetry with low-spin d5 Fe(III) system
[1,14]. Similar to complex 1, the complex 2 also show a broad sig-
nal with a g value of 2.04 and 2.02 indicating low-spin octahedral
geometry of the Fe(III) complex.

4.5. Magnetic study

The magnetic susceptibility (vg) data for the powder sample of
the complexes 1 and 2 were collected in the temperature range of
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73–323 K in an applied magnetic field of 1000 Oe. The plot of vg

versus T of the complexes 1 and 2 were represented in Figs. 5
and 6, respectively. The temperature dependant magnetic suscep-
tibility of both the complexes show a decrease in susceptibility
with increasing temperature, and the field dependence susceptibil-
ity at room temperature show a strictly linear behavior with no
hysteresis phenomena clearly indicating paramagnetic nature of
the complexes. As the iron(III) system has a 3d5 configuration,
it’s complex may be either high spin (S = 5/2) or low-spin
(S = 1/2). However, the effective magnetic moment (leff) measure-
ments of the complexes at different temperature (Table 1) are in
the range of 1.5–1.9 BM and is consistent with the low-spin nature
of both the complexes.
Fig. 7. B3LYP optimized geometry and relative energies of 1 for both Fe and Ru with imp
spectra of 1 is given at the bottom (1-trans).
4.6. Cyclic voltammetry

The electrochemical behavior of the complexes 1 and 2 were
studied by Cyclic Voltammetry in acetonitrile using 0.1 M TBAP
as the supporting electrolyte and the voltagrams are presented in
the supplementary materials (Figs. S1 and S2). It has been demon-
strated that complex 1 exhibits an one electron redox process at
E1/2 = 0.316 V attributable to FeIII ? FeIV + e�, redox system and
the process is chemically as well as electrochemically irreversible
as indicated by iPc/iPa – 1 and extremely high DEp value of
632 mV. In addition, the complex 1 also show another oxidation
peak at 1.072 V attributed to the irreversible ligand oxidation. Sim-
ilar to complex 1, the complex 2 also exhibit an irreversible redox
couple for FeIII/FeIV oxidation at E1/2 = 0.106 V with DEp of 212 mV
ortant bond lengths (in Å). The optimized structure used for computation of UV–Vis



Fig. 8. B3LYP optimized geometry and relative energies of different isomers of 2 for Fe and Ru along with important bond lengths (in Å).

Fig. 9. Simulated electronic spectra of 1 in the gas phase calculated with TDDFT method.
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along with the ligand oxidation peak at 1.159 V. Similar type of li-
gand-based oxidation has also been observed for electrochemical
studies on other Fe(III) complexes [1,4a]. It might be important
to note here that the electrochemical access for a Fe(III) system
to higher valence Fe(IV) state is rather uncommon, but there exists
few examples in literature where a low-spin Fe(III) complex
with a phosphine [43] or amide based ligand [44] show similar
behavior.

4.7. Computational study

Since we could not get any crystal structure for complexes 1
and 2, we decided to carry out geometry optimization of the com-
Table 2
Calculated contributions of the main orbitals involved in transitions, excitation energies
particular transition (/C), wave lengths (k in nm) of complex 1 obtained from the TDDFT

Major orbital contribution E (eV)

1 HOMO (pPh+nP + nCl) ? LUMO (dFe + nCl) (82%) 2.43
2a HOMO (pPh + nP + nCl) ? LUMO+1 (dFe) (72%) 2.79
3a HOMO-2 (pPh) ? LUMO+1 (dFe) (35%) 3.36
4 HOMO-1(pPh + nN) ? LUMO+3 (dFe) (23%) 3.58

a No experimental bands are available at these wave lengths.

Fig. 10. Electron density diagrams of the frontier molecular orbitals involved in the comp
plexes and their ruthenium analoges. This is because a ruthenium
based complex similar to 2 is known experimentally [23] and
thus, comparison can be easily made between similar iron and
ruthenium complexes. For 1, both the cis and trans isomers and
for 2, all the three possible isomers, viz., mer,cis, mer,trans and fac,-
cis were considered. The calculated relative energies were similar
for both iron and ruthenium (Figs. 7 and 8) and the trans, and mer,-
cis isomers were found to be the most stable geometry of 1 and 2,
respectively. Thus, the computational results corroborate the
experimental findings that trans and mer,cis are the most likely
geometry of 1 and 2, respectively. For 2, the fac,cis structure was
found to be the least stable. However, the energy difference be-
tween all the isomers is not very large. To the best of our knowl-
(E/eV), oscillator strengths (f), coefficients of the wave function corresponding to a
calculations together with the experimental results.

f /C kcal (nm) kexp (nm) Character

0.003 0.90 510 503 LMCT
0.085 0.85 444 LM
0.065 0.59 368 LM
0.107 0.48 346 352 LM

uted absorption transitions of 1 at the B3LYP level of TDDFT theory in the gas phase.
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edge, no analogous ruthenium complex of 1 is known in the liter-
ature. However, structure 2 is known experimentally for ruthe-
nium which has a mer,cis configuration [23] and the computed
geometrical parameters of this molecule are in excellent agree-
ment with the X-ray crystal structure. Thus, we will restrict our fu-
ture discussion to these computed stable geometries only.
4.7.1. Structure of the computed complexes
The trans isomer of 1 has a distorted octahedral geometry. The

angle between the trans ligands are much smaller than 180�. The
Cl1–Fe–Cl2, P1–Fe–P2 and P3–Fe–Cl3 angles are 168.9�, 165.3�
and 174.8�, respectively. The angles between the cis chloride li-
gands are larger than 90� with values of 95.3� and 94.8� for Cl2–
Fe–Cl3 and Cl1–Fe–Cl3, respectively. The computed Fe–Cl bond
lengths of 2.294 Å, 2.313 Å and 2.325 Å are comparable to other
known complexes of Fe(III) systems [13]. The Fe–P bond trans to
Cl is longer (2.354 Å) than the other two Fe–P bonds (2.314 Å
and 2.347 Å).

The mer,cis isomer of 2 is also a six-coordinate complex. It con-
tains two PPh2py ligands, one of which acts as a chelating ligand
through P and N atoms resulting in a planar four-membered ring
comprising Fe, P, C and N. Similar to complex 1, the calculated
Fe–Cl bond lengths of 2 are close to the experimentally determined
ones [13]. Out of the two Fe–P bonds, the Fe–P bond trans to Cl is
longer (2.417 Å) than that trans to the N atom of the pyridyl ring
(2.303 Å). Similar trends were found for the computed ruthenium
counterpart of 2 (Fig. 8) as well as for experimentally reported sim-
ilar Ru(III) complexes [23]. The Fe–N bond length of 2.049 Å is
comparable to other known pyridyl complexes of Fe(III) [13]. Sim-
ilar to complex 1, the angle between the trans ligands are much
smaller than 180� and that between the cis chloride ligands are
Fig. 11. Simulated electronic spectra of 2 in the

Table 3
Calculated contributions of the main orbitals involved in transitions, excitation energies
particular transition (uC), wave lengths (k in nm) of complex 2 obtained from the TDDFT

Major orbital contribution E, (eV) f

1 HOMO (nCl) ? LUMO (dFe + nCl) (37%) 2.44 0
2 HOMO-3(nCl) ? LUMO+1(dFe + nP + nCl) (24%) 2.96 0

HOMO-1 (nCl) ? LUMO+1 (dFe + nP) (21%)

3 HOMO-5 (nCl) ? LUMO+2 (p*
Py) (62%) 4.16 0

4 HOMO-12 (pPy) ? LUMO+2 (p*
Py) (11%) 5.70 0
more than 90�. The trans and cis angles are 164.1�, 16.5�, 176.2�
and 96.6�, 96.5� for P1–Fe–Cl1, Cl2–FeCl3, N1–Fe–P2 and Cl1–Fe–
Cl2, Cl1–Fe–Cl3, respectively. The angle between the two cis phos-
phorus atoms is computed to be 109.6� which is in close agreement
with that observed for similar experimentally known Ru(III) com-
plexes [13]. The P–Fe–N bite angle of the four-membered **metal-
lacycle is found to be 68.8� and is slightly larger than those found
for related ruthenium complexes.
4.7.2. Electronic spectra of the complexes
The computed absorption spectra of 1 (Fig. 9) shows two addi-

tional bands than the observed spectra. Three of these bands are
obtained at 444 nm, 368 nm and 346 nm with large oscillator
strength (f = 0.085, 0.065 and 0.107, respectively). There is also a
very weak and broad band at 510 nm with very small oscillator
strength (f = 0.003). The calculated excitation energies, oscillator
strengths and the major molecular orbitals involved in these tran-
sitions along with the experimental values are given in Table 2 and
the frontier molecular orbitals involved in different absorption
transition of complex 1 are displayed in Fig. 10.

As seen from Table 2, the lower energy transition at 510 nm
originates mainly from the HOMO ? LUMO transition and this
transition has the largest coefficient (0.90) in the TDDFT wave
function. The electron density in HOMO is distributed between
the phenyl ligands, Cl and P atoms, but that in LUMO is localized
on the Cl and Fe atoms in an antibonding manner. Considering Ta-
ble 2 and Fig. 10, we attribute the 510 nm absorption to LMCT (li-
gand to metal charge transfer) which is in tune with the
experimental results. The next intense band at 444 nm originates
mainly from the HOMO ? LUMO+1 transition and this transition
has the largest coefficient (0.85) in the TDDFT wave function. The
gas phase calculated with TDDFT method.

(E/eV), oscillator strengths (f), coefficients of the wave function corresponding to a
calculations together with the experimental results.

/C kcal (nm) kexp (nm) Character

.0004 0.60 508 526 LMCT

.0154 0.49 418 403 LMCT
0.46

.004 0.78 297.8 297 n-p*

.036 0.33 217.6 228 p–p*
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LUMO+1 orbital is concentrated on Fe and P atoms. By looking at
Fig. 10, this transition can be assigned to pPh + nP ? dFe transition.
The major transition contribution to the band at 368 nm comes
from HOMO-2 ? LUMO+1 which has a coefficient of 0.59 in the
wave function. The HOMO-2 orbital chiefly composed of p orbitals
of phenyl rings with only a minor contribution coming in from the
N lone pair (Fig. 10) and thus, this transition can be assigned to
pPh ? dFe transition. The most intense band at 346 nm arises
mainly from the HOMO-1 ? LUMO+3 transitions having a coeffi-
cient of 0.48 in computed wave function. The HOMO-1 is predom-
inantly a phenyl p orbital with some contribution from the lone
pair on N whereas the LUMO+3 is a metal based orbital. Thus, this
transition can be attributed to the pPh + nN ? dFe transition.

The calculated absorption spectrum of complex 2 is shown in
Fig. 11. It features a shoulder at 297 nm (f = 0.004) and a moder-
ately intense band at 217.6 nm (f = 0.036). In addition, there are
two more weak and broad band at 508 (f = 0.0004) and 418 nm
(f = 0.0154). The calculated excitation energies, oscillator strengths
and the major molecular orbitals involved in these transitions
along with the experimental values are given in Table 3 and the
frontier molecular orbitals involved in different absorption transi-
tion of complex 2 are displayed in Fig. 12.
Fig. 12. Electron density plots of the frontier molecular orbitals involved in the comput
The origin of the lowest energy transition at 508 nm lies mainly
in HOMO ? LUMO transition having a coefficient of 0.60 in the
TDDFT wave function. The HOMO is largely localized on Cl and
the LUMO is a combination of metal d-orbital and Cl p-orbital. A
careful examination of Table 3 and Fig. 12 reveals that this transi-
tion can be attributed to ligand (nCl) to metal (dFe + nCl) charge
transfer (LMCT). The band at 418 nm involves transition from
HOMO-3 and HOMO-1 to LUMO+1 having coefficients of 0.49
and 0.46, respectively in the wave function. Both HOMO-1 and
HOMO-3 are concentrated on Cl atoms whereas the LUMO+1 has
contribution from metal, Cl and the lone pair on P atoms. Taken to-
gether, this band can be assigned to ligand (nCl) to metal
(dFe + nP + nCl) charge transfer (LMCT) transitions (Table 3 and
Fig. 12). The shoulder at 297.8 nm originates mostly from
HOMO-5 ? LUMO+2 transition having a coefficient of 0.78 in the
wave function. A look at Fig. 12 clearly shows that HOMO-5 and
LUMO+2 corresponds to the non-bonding orbital on Cl and p* orbi-
tal of the chelating pyridine ligand, respectively. Thus, this transi-
tion can be considered as an n ? p* transition. Out of all the
absorption band of complex 2, the most intense band at
217.6 nm having a wave function coefficient of 0.33 arises from
HOMO-12 ? LUMO+2 transition. The lower lying HOMO–12 is
ed absorption transitions of 2 at the B3LYP level of TDDFT theory in the gas phase.
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mostly a filled p bonding orbital centered on the chelated pyridine
ring and the LUMO+2 belongs to the p* orbital of the same ligand
and therefore, this band can be attributed to p ? p* transition. All
the calculated bands are in close agreement with the experimen-
tally observed ones.

5. Conclusion

Two new mononuclear, non-heme Fe(III) complexes with two
hemilabile P,N donor ligands were synthesized and characterized
by different experimental techniques. EPR and magnetic studies re-
vealed that the complexes are low-spin at room temperature and
the spin state does not change even after lowering the tempera-
ture. In the absence of any crystal structure, theoretical calcula-
tions were performed on all the possible isomers of complexes 1
and 2 and they were compared with similar complexes of ruthe-
nium for which X-ray structure was available. The calculations pre-
dict a trans- and mer,cis-geometry for complexes 1 and 2,
respectively which is in conformity with those derived from the
IR spectral analysis. The computationally simulated UV–Vis spectra
and their spectral assignments are in excellent agreement with the
experimentally observed bands.
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