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Abstract

The synthesis and characterization of a preparation of the [Fe{(SePPh,),N},] complex (1rg) is described. X-ray crystallography shows
that this system contains a tetrahedral FeSe, coordination sphere. The structural features of 14 are compared with those of similar first row
transition element complexes, including a recently reported preparation of [Fe{(SePPh,),N},] (1sp) exhibiting a highly unusual square
planar FeSe, coordination sphere. The electronic structure of 114 was elucidated by magnetometry, high-frequency EPR, and Mdssbauer
spectroscopic studies, which reveal zero-field splitting (ZFS) parameters typical of high spin S = 2 tetrahedral Fe' sites. Accurate ZFS
parameters (D = +8.22 cm™!, E/D = 0.104) were obtained by analysis of the EPR spectra and compared with those of the analogous
[Fe{(SPPh,),N},] complex. The findings of this work call for a thorough structural and physicochemical characterization of the literature
1sp System.

Introduction

Selenium exhibits a rich and intensively investigated biological chemistry.l! In that respect, the bioinorganic chemistry of selenium,
mainly expressed via coordination of either selenocystein (Se-Cys) or selenide (Se?") to transition metals in metalloproteins or synthetic
analogues, has been extensively explored. More specifically, X-ray crystallography has revealed the coordination of Se-Cys to nickel in
the Ni-Fe-Se hydrogenase,' as well as to molybdenum in the active site of formate dehydrogenasel™ and nicotinate dehydrogenase.” The
Ni-Fe-Se hydrogenase has been employed for the photocatalytic production of H, under increased O, levels,”™ while chemical analogues
of its active site have been investigated.”™ The effects of replacing Cys by Se-Cys have been investigated in various metalloproteins, such
as metallothionein,™ Cyt Pygo,® azurin® and sulfite oxidase.*” Moreover, sulfide S*~ has been replaced by selenide Se?™ in the iron-
sulfur active site of numerous proteins,*Y like the [4Fe-4S] cluster of [FeFe]-hydrogenase,? the iron protein of nitrogenase,™ the
photosystem | polypeptide PsaC,* aconitase,™™ high potential iron-sulfur protein,*® as well as [2Fe-2S]*") and 2[4Fe-4S] ferredoxins.[*®!

As far as synthetic bioinorganic chemistry of selenium is concerned, a range of multinuclear clusters containing iron coordinated to Se*”
and various thiols,™® as well as tungsten-iron-sulfur/selenium clusters,”” have been investigated by Holm and co-workers. The
coordination of selenium to transition metals has been also explored by employing the so called dichalcogenidoimidodiphosphinato
ligands, R,P(E)NHP(E)R’, (E, E' = O, S, Se, Te; R, R = alkyl or aryl groups).? Among this family of chelating ligands, L =
[Ph,P(Se)NP(Se)Ph,] 1?2 containing E = E’ = Se as donor atoms, and R = R’ = Ph as peripheral groups bonded to the P atoms of the
P—N-P backbone, has afforded the following structurally characterized homoleptic complexes with first series transition metal ions
(structures deposited in the Cambridge Structural Database, CSD?)): octahedral M"'Ls, M = V24 Cr,*! tetrahedral M"L,, M = Mn, !
Co,?8 zn 21 square planar Ni"L,*® and tetranuclear [Cu',L3]BF .12

With respect to the coordination of [Ph,P(Se)NP(Se)Ph,] to Fe', it should first be noted that the following literature complexes have
been shown, by X-ray crystallography, to unequivocaII?/ contain a tetrahedral FeSe, coordination sphere: [N(CH3CH,)4]o[Fe(SePh),],B”
[Fe(1,10-phen)s][Fe(SePh),],Y [PPha]-[Fe(Ses).] P2 [N(CH3)slo[Fe{SeC(CHs)3}4], B [bis&l,S-di-t-butyI-lH-imidazoI-S-
ium],[Fe(SePh),].% [Fe{(SeP'Pr,),N},1E and [Fe(dmise)s][BF4],, dmise = N,N'-dimethylimidazole selone.® In addition, on the basis of
spectroscopic and room temperature magnetometry studies, the [Fe{(SePPh,),CH},] complex, bearing a ligand which is similar to L, has
been proposed to also contain a tetrahedral FeSe, core.*”! Based on the above, the recently reported crystal structure of a preparation of
FeL, containing a square planar FeSe, coordination sphere (1sp, CSD code FOMWIP)®® was rather unexpected and prompted us to revisit
the FeL, system.
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X-ray crystallography revealed that our preparation of Fel, (114), presented herein, exhibits clearly a tetrahedral FeSe, coordination
sphere. The magnetic and spectroscopic properties of 114 were investigated by magnetometry, as well as by IR, high-frequency EPR and
Mésshauer spectroscopies. Comparisons are being made with the properties of 1sp,8 [Fe{(SeP'Pr,),N},]"® and [Fe{(SPPh,),N},]*
complexes. Recent high-frequency EPR studies of the latter have revealed distinct S = 2 Fe'' sites, the spin-Hamiltonian parameters of
which have been accurately determined.B%® This comPIex is a synthetic analogue of the reduced form of the iron-sulfur protein
rubredoxin, which contains a [Fe(S-Cys)a] active site.*” To our best knowledge, replacement of the iron-coordinating Cys residues of
rubredoxin by Se-Cys has not yet been reported.

In the following, the interplay between literature tetrahedral and square planar Fe" complexes, including their spin states and Massbauer
spectroscopic signatures, is analyzed. Moreover, the effects on the D (axial? and E (rhombic) zero-field splitting (ZFS) components of Fe"
coordination to [Ph,P(Se)NP(Se)Ph,] ", as opposed to [Ph,P(S)NP(S)Ph,] ", in a similar tetrahedral S = 2 FeE, site, E = S, Se, are also
discussed.

Results and Discussion

Chemical Synthesis. Complex 14 was synthesized by mixing FeCl, and the [(SePPh,),N].]" ligand, under anaerobic conditions, in
order to minimize the formation of byproduct Fe'"' species. A different preparation of the same complex (1sp) has been recently
reported.B®! The proposed crystal structure of 1sp, containing a square planar FeSe, coordination sphere, will be compared, in the
following, with that of the present complex 1rq.

X-ray crystallography and IR spectroscopy. The molecular structure of 114 is shown in Fig. 1. The crystal data, as well as the
refinement statistics, of the structure of 114 are listed in Table S1 (Supporting Information). Selected bond lengths and angles of 14, are
listed in Tables S2 and S3, respectively.

The FeSe, core of complex 114 exhibits a distorted tetrahedral geometry, as reflected by the magnitude of the Se-Fe-Se angles
which lie between 101.7(1)° and 115.7(1)° (Table S2). The two endocyclic Se-Fe-Se bite angles amount to 115.7(1)° and are
similar to those of the [Fe{(SeP'Pr,),N},]®% and [M{(SePPh,),N},], M = Mn,® Co,?8! Zn,[27] complexes listed in Table 1. The
dihedral angle between the planes defined by the endocyclic Se-Fe-Se angles of complex 114 is 86.7°, comparable to those of the
[M{(SePPh;);N}.], M = Mn, Co, Zn, complexes (Table 1). The significantly smaller values, 81.3° and 82.4°, respectively, for the sites 1
and 2 of the recently reported [Fe{(SeP'Pr),N},] complex reveal a more profound deviation from the value (90.0°) of the ideal
tetrahedral structure, apparently imposed by the 'Pr peripheral groups of the ligand. In addition, the latter structure exhibits a
different space group compared with the rest of those listed in Table 1. The FeSePNPSe rings in the structure of 14 adopt a
pseudo-boat conformation, with the P and Se atoms at the apices, in agreement with the structure of the analogous Mn, Co, Zn
complexes (Table 1).

The averaged P—Se and P—N bond lengths of Ph,P(Se)NHP(Se)Ph, and 114 are listed in Table 2. Close inspection reveals that the

average P—Se bond length of 114 is increased compared with that of the ligand, whereas the opposite trend is observed for the
average P—N bond length. These observations are in agreement with the findings based on the IR spectra of Ph,P(Se)NHP(Se)Ph,
and complex 1t4. The IR spectrum of the former contains characteristic bands, which are attributed to the v(PSe) (595, 546) and v,(PNP)
(937, 926, 918) stretching vibrations, respectively.?? On the other hand, in the IR spectrum of complex 14 the bands observed at 534 and
1203 cm™ are assigned to the v(PSe) and v,(PNP) stretching vibrations, respectively. The aforementioned IR data are compatible with an
increase of the P-N bond order and a decrease of the P-Se bond order, upon coordination of the ligand to Fe". This trend has been
observed before for similar metal complexes and is thought to be caused by the delocalization of m-electron density over the ligand
framework upon its coordination to the metal center.[** I The bond-order shifts suggested by the above IR data, confirm the structural
differences between Ph,P(Se)NHP(Se)Ph, and complex 1r4 observed by X-ray crystallography (vide supra). It should be noted that
similar v(PSe) and v,s(PNP) stretching vibrations, respectively, have been reported for tetrahedral [M{(SePPh,),N},], M = Mn (536,
1205),% co (545, 1199).2%
The average value of the four non-equivalent Fe—Se bond lengths of complex 1rq is 2.48 A (Table 2), which is within the
corresponding values observed for tetrahedral Fe''Se,-containing complexes identified in the CSDP3: [N(CH3;CH,)4]5[Fe(SePh),] (2.46
A),B% [Fe(1,10-phen)s][Fe(SePh),] (2.46 A),BY [PPh,],[Fe(Se.),] (2.45 / 2.43 A),B2 [N(CH,)].[Fe{SeC(CHs)s}4] (2.47 A),B? [bis(1,3-di-
t-butyl-1H-imidazol-3-ium],[Fe(SePh),] (2.45 A)PY [Fe{(SePPr),N},] (2.47 A)® and [Fe(dmise)][BF.],, dmise = N,N'-
dimethylimidazole selone (2.46 A).°! The recently reported structure of 1sp surprisingly contains a square planar FeSe, coordination
sphere.®® This structure exhibits significantly larger average Fe—Se bond lengths (2.65 and 2.66 A for its two sites, Table 2), compared
with those of complex 14 and the above tetrahedral FeSe,-containing complexes. These larger bond lengths are very similar to those of
the initially suggested square planar [Sn{(SePPh,),N},] complex (S.P. SnSe,, CSD code ZOPGEQ)," Y as well as that of structurally
characterized [Se{(SePPh,),N},] (CSD GEFHUK)“ (Table 2). In addition, the unit cell parameters of the FOMWIP, ZOPGEQ and
GEFHUK structures, listed in Table S4, are rather similar. It should be stressed that an earlier report that the [Sn{(SePPh,),N},] complex
contains a square planar SnSe, coordination spheret! has been extensively discussed, with suggestions that the reported crystal structure is
due to crystals of [Se{(SePPh,),N},], presumably formed as a side-product during the synthesis of the Sn" complex.*! Attention should
also be given to the fact that the cif file of the 1so FOMWIP structure,® deposited in the CSD,?® reports large calculated positive residual
density on the Fe2 atom, which could be attributed to occupation of the metal site by the heavier Se atom.

It is of interest that square planar Fe"O, sites have been found in solid state structures,*¥ including the rear mineral gillespite
(BaFe"Si,010)* and a catalytically active Fe' zeolite site converting methane to methanol.*! On the other hand, only a handful of
molecular Fe'" systems contain square planar FeO,*" *"! or FeO,NCI®! coordination spheres, which are qualified as highly unusual.*’®
The above systems have been shown to contain high spin, S = 2, sites, exhibiting unique Mdssbauer spectroscopic signatures (vide infra).
Square planar complexes of Fe'" containing intermediate spin, S = 1, sites, have also been reported™*® (and references therein). In addition,
Fe'-porphyrins contain square-planar Fe''N, coordination spheres exhibiting various spin states.™ Complex 1sp has not been studied by
either magnetometry or by any spectroscopic method.!*® On the other hand, the spin state (S = 2) and tetrahedral geometry of 114 reported
herein is strongly supported by magnetometry and high-frequency EPR / M@sshauer spectroscopy (vide infra).

Based on the above observations, the FOMWIP square planar Fe''Se, structure of 1gp needs to be re-examined, with respect to the
possibility that it is due to crystals of [Se{(SePPh,),N},] formed as a by-product under the reaction conditions employed for its
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synthesis.®® Although it is not possible to assess the validity of the deposited FOMWIP cif file, it is of interest that issues concerning the
reliable validation of a CSD-deposited cif file have been recently raised.®™ In addition, complex 1sp should also be investigated by
magnetometry and spectroscopic methods, in order for its magnetic properties to be assessed in detail. )

It is of interest that a case of stereoisomerism in a four-coordinate 3d metal complex has been observed for [Ni{(SeP'Pr,),N},], which
has been shown to afford discrete crystals containing tetrahedral and square planar NiSe, coordination spheres.’? In this case, the square
planar isomer exhibits shorter Ni—Se bond lengths, compared with those of the tetrahedral one, in agreement with expectations from ligand
field theory for complexes containing a d® metal center like Ni".®® Similar arguments have been put forward for tetrahedral and square
planar organometallic complexes of Fe'".® The fact that 1sp exhibits significantly larger Fe-Se bond lengths than 114 needs to be further
discussed, once the spin state of 1gp has been unequivocally determined.

Table 1. Selected structural parameters of [M{(SePPh,);N}.], M = Mn, Fe, Co, Zn and [Fe{(Se'Pr,).N}.] complexes.

ML, Av. M-Se (A) Endocyclic Angle of Space | CSD code!!
bite SeMSe (°) endocyclic group
bite planes (°)

Fe (11q) 2.48 115.7, 115.7 86.8 P-1 This work
[Fe{(Se'Pr,),N},] site 1 2.47 112.4,112.7 81.3 P2 CADQIK?T
[Fe{(Se'Pr,).N}.] site 2 2.47 112.2,112.7 82.4

Mn 2.56 113.7,112.8 87.4 P-1 DEJRUG™Y
Co 2.42 113.4, 114.1 89.2 P-1 LIXSIUPeT
Co 2.43 114.3, 115.0 87.7 P-1 | LIXSIUOIP™ |
Zn 2.48 114.7,115.9 88.0 P-1 ARIDEK?™

Table 2. Average M—Se, P—Se, P—N bond lengths and P-N-P angles of the Ph,P(Se)NHP(Se)Ph;, ligand and complexes discussed in the text.

Ligand / Complex Av. Fe-Se (A) | Av. P-Se (A) Av. P-N (A) bitEeng;ng!C(o) Av. PNP (°) | CSD code!®!
LH 2.05 1.69 132.0 YUSDUL™
1rq 2.48 2.16 1.59 115.7 133.9 This work

[Fe{(SeP'Pr2).N}.]

Site 1 2.47 2.19 1.60 112.6 138.0
CADQIKE!
Site 2 2.47 2.19 1.60 112.5 138.2
1sp
Site 1 2.66 2.17 1.58 88.4 138.8
FOMWIPEE]
Site 2 2.65 2.17 1.59 88.6 135.3
S.P. SnSe,
Site 1 2.66 2.17 1.58 88.0 138.6 ZOPGEQ!M
Site 2 2.65 2.18 1.58 88.4 136.2
[Se{(SePPh,),N},]
Site 1 2.66 2.18 1.59 88.3 1385
GEFHUK™
Site 2 2.65 2.18 1.59 88.7 136.3
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Figure 1. Molecular structure of complex 1t4. The H atoms are omitted for clarity. Color coding: Iron (brown), selenium (magenta), phosphorus (light
brown), nitrogen (blue), carbon (grey).

Magnetometry. The temperature dependence of the magnetic susceptibility yy of 114, plotted as yuT vs T recorded under a Direct
Current (DC) field of 1 T, is shown in Fig. 2. At high temperatures, the value of T is 3.59 cm®mol 'K, which is consistent with an S = 2
species exhibiting g > 2.0. Upon cooling, the yT product exhibits a very progressive and linear decrease down to 100 K. Upon further
cooling, the decrease becomes more pronounced, reaching 1.19 cm®mol 'K at 2 K. We attribute this behavior to the combined effects of
magnetization saturation under the influence of the magnetic field due to Zeeman interactions and to ZFS effects. To better study the ZFS
contributions, we carried out isothermal magnetization studies at 2, 3 and 5 K, which we plot as M vs HT™ in the inset of Figure 2.

Simultaneous fits were carried out on the 7T vs T and the M vs HT™ data, using the spin Hamiltonian in Equation (1)

H = D[S,*~S(S+1)/3] +E(S-S,”) + BSgB (1)

in which D and E are, respectively, the axial and rhombic components of ZFS, B is the Bohr magneton and B is the external magnetic field.
For the analysis of the magnetic data, the g-tensor is assumed isotropic.

Models considering D > 0 and D < 0, as well as E = 0 and E = 0, were examined, corresponding to four different solutions. Best-fit
parameters were gi, = 2.14, D = +7.9 cm™, E = +1.1 cm™%, TIP (Temperature Independent Paramagnetism) = 5.5x10~ cm®mol'K. It is
noteworthy that magnetic susceptibility as well as isothermal magnetization data were sensitive to the sign of D. As can be seen from the
various solutions presented in Figures S1 and S2, it is clear that acceptable fits were only derived for D > 0. Moreover, liberating the E
parameter in the case of D > 0, further improved these fits, yielding an E/D value of 0.14.

These results are in good agreement with high-frequency EPR measurements (vide infra). From the magnetometry data, it is already clear
that complex 1ty exhibits a rather large and positive D value. Therefore, as the Mg = 0 is the ground state of this S = 2 system, no
significant slow relaxation of magnetization is expected. Indeed, Alternating Current (AC) magnetic susceptibility measurements, either in
the absence or in the presence of a DC magnetic field, do not show a non-zero value of the imaginary part, »", of the magnetic
susceptibility that would indicate slow relaxation of the magnetization.

o
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4] T T T T
0.0 0.5 1.0 15 20 25 30

ur' T

T : T - T T T T T .
i 50 100 150 200 250 300
rK

Figure 2. Temperature dependence of yuT of a powder sample of 114 under a magnetic field of 1 T. The inset shows isothermal magnetization data plotted
as M vs HT* at the indicated temperatures. Solid lines correspond to the best-fit solution described in the text.

4/10



High-frequency EPR spectroscopy. The cw EPR spectrum of a powder sample of 14 recorded at 275.7 GHz and 10 K is shown in
Fig. 3. The spectrum comprises several resonances, with the most relevant for the S = 2 Fe'" site of 114 being those at ca. 2.0, 4.7, 5.2 and
8.8 T. The signal around 9.8 T (g = 2) may arise from a high spin, S = 5/2, Fe'" species, whereas the signal at 9.6 T is due to an impurity in
the cavity. Finally, a rather weak signal is observed at ca. 0.7 T, superimposed on a relatively broad background. The origin of the above
features is discussed below.

The magnetic measurements presented above were satisfactorily analyzed within the spin Hamiltonian (1), yielding spin Hamiltonian
parameters gis, = 2.14, D = +7.9 cm ™, E = +1.1 cm™* (E/D = 0.14). A more reliable and accurate determination of these parameters is
obtained by the analysis of the high-frequency EPR resonances. Fig. S3 depicts the dependence of the energy levels on the external
magnetic field, for three orientations with respect to the principal axes of the ZFS tensor, assuming the ZFS values that reproduce the
spectra. On the basis of these plots, the resonance at ~2.0 T is attributed to the transition between the lowest lying levels 1 and 2 for an
orientation of the magnetic field parallel to the y-axis, whereas the resonance at ~4.6 T is attributed to the transition between the lowest-
lying levels for an orientation parallel to the x-axis. Similarly, the resonances at 5.0 T and 8.5 T arise from the next two levels, 2-3, with
the orientation parallel to x- and y-axes, respectively. A weak shoulder at 4.0 T can be attributed to the 2-3 transition for an orientation
parallel to the z-axis. A survey over the parameter space indicates that all transitions can be simultaneously reproduced with a unique set of
parameters D, E/D, g,, and g, in a relatively narrow range. In Fig. 3 are included simulations of the spectra obtained with the following set
of spin Hamiltonian parameters: D = +8.22 cm ', E/D = 0.104, g, = 2.12 and g, = 2.10. The contribution from each transition between the
levels 1 - 2 and 2 - 3 is shown separately. The fine structure between 2 and 4 T is not noise from the acquisition, but changes, instead,
when the sample tube is rotated. The extreme width of this transition (> 2 T) leads to incomplete powder averaging of randomly oriented
microcrystals in the 20 nL sample volume.

experimental

theoretical

T T T T
8 9 10

2-3
41—/\/_ e
12 3 4 5 6
B(T)
Figure 3. Experimental and theoretical 275.7 GHz cw-EPR spectra of a powder sample of 1r4at 10 K. The theoretical spectra are obtained as described in
the text. Experimental conditions: Modulation frequency: 1.8 kHz, modulation amplitude: 3 mT, microwave power: 5 uW.

The spectra recorded at 10 and 25 K are compared in Fig. S4. We observe that upon increasing the temperature, the relative intensity of
the 2-3 signals increase with respect to the intensity of 1-2, in agreement with the above assignment, further confirming the positive sign of
D. The signals at 9.6 T arise from an impurity species of the cavity, whereas the strong derivative feature at ~10 T can be attributed to half
integer spin species, such as high spin, S = 5/2, Fe'"' impurities. Less obvious is the origin of the signals in the low field (<1.0 T) part of the
spectrum, which is enlarged in Fig. S5. A closer examination indicates that the relatively sharp peak at 0.7 T is superimposed on a rather
broad background. We tentatively assign these signals to the existence of two additional S = 2, high spin Fe'" minor species (see the caption
of Fig. S5). The origin of these minor species is at present unknown. In any case, quantification of these signals with respect to the major S
= 2 Fe" signals indicate that they represent a small fraction of total iron (~ 3.0 %) and are hardly discernible in the Mdssbauer spectra (vide
infra).

The size of D for complex 14 is typical for high-spin S = 2 Fe" systems, including the, most relevant, analogous [Fe{(SPPh,),N},]
complex. [39 (and references therein] This complex has been shown to adopt different structural conformations, the electronic structure of which
exhibits subtle variations. More specifically, the corresponding ZFS parameters of two distinct conformations are D; = +9.17 cm™, E,/D;
= 0.021 and D, = +8.87 cm™!, E,/D, = 0.052. The D component of the ZFS of 114 is comparable to those of each distinct site of
[Fe{(SPPh,),N},], while the value of E/D is slightly bigger, suggesting that the nature of the ligand’s donor atom (S vs Se) has a small
effect on the ZFS for the corresponding S = 2 Fe'E,, E = S, Se, tetrahedral sites. It should be stressed that recent magnetometry studies
have provided evidence that the high spin S = 3/2 tetrahedral [Co{(EP'Pr,),N},], E = S, Se, complexes also exhibit rather similar D values,
i.e. the magnitude of D does not depend on the identity of the E donor atoms (S or Se) in these systems as well.™

Mdossbauer spectroscopy. Zero-field Mdssbauer spectra of powder samples of 14 were recorded in the 4.2 - 200 K temperature range.
The spectra at 4.2 and 80 K are shown in Fig. 4. The spectra comprise one quadruple doublet and the corresponding Mdssbauer parameters
are listed in Table S5. Spectra recorded at various other temperatures are shown in Fig. S6.

The spectrum at 4.2 K comprises one symmetric doublet, exhibiting the following parameters: & = 0.79(1) mms™ and |AEq|= 3.23(1)
mms . These parameters are fully consistent with a high spin S = 2 Fe'" site.®® In particular, the magnitude of the quadrupole splitting
provides conclusive evidence that 114 contains a tetrahedral coordination sphere. High-spin, S = 2, square-[)lanar Fe'' sites are rather rare
(vide supra). Among this family of Fe" systems, those that have been studied by Mdssbauer spectroscopy™4? 48502 571 exhibit quadruple
doublets with remarkably low |AEq| values (<<1.0 mms'). This trend, which has been also observed for S = 2, trigonal planar Fe" sites
with thiolate ligands,®® may be qualitatively understood on the basis of the symmetry of the square planar ligand environment. Under
these conditions, the contribution of the ligand environment to the Electric Field Gradient (EFG) tensor cancels out the contribution of the
valence, thus leading to unusually small, for S = 2 Fe" sites, |AEq| values.® On the other hand, in tetrahedral ligand environments, the
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ligand asymmetry contribution to the EFG tensor is much smaller and, therefore, the valence contribution prevails, leading to the usual
large |AEq| values for such S = 2 Fe' sites. Most relevant to the case of complex 1rq are the recently studied tetrahedral
[Fe{(SeP'Pr,),N},], E = S, Se, complexes.® These complexes exhibit, within experimental error, & and |AEq| values of the same order of
magnitude with those of complex 1ry. The |AEq| parameter of complex 114 exhibits a non-profound temperature dependence, implying a
well isolated orbital ground state.

At 4.2 K, the observed doublet of 114 is symmetric with Lorentzian lines. The linewidth (FWHM, T" = 0.25 mms ') is close to the lowest
limit of our experimental setup. This indicates a well-defined and fairly homogeneous ligand environment of the Fe' center in complexly.
The inherent narrowness of the lines makes it possible to detect small, albeit reliable, changes as a function of temperature. As the
temperature increases, the quadrupole doublet is getting asymmetric, with the lowest energy line becoming broader than the highest energy
line. The largest asymmetry is observed at 80 K (Fig. 4). A similar behavior has been observed in other S = 2 Fe'' systems!® and it may be
understood on the basis of relaxation effects.[!! High-frequency EPR and magnetometry studies show that the D value of complexlrq is
rather large and positive, of the order of +8.0 cm™' (vide supra). This corresponds to an M = 0 ground state, designated as |0>, which is
separated by D ~ 8 cm ' from the first excited |+1> and 4D ~ 32 cm ™' from the second excited [+2> non-Kramers doublet, respectively. At
4.2 K, the thermal population of the ground |0> state is ~88.5 %. Therefore, no magnetic field is induced on the °’Fe nucleus and the
spectrum gives rise to a doublet. The non-zero rhombic E component of the ZFS revealed by the high-frequency EPR studies splits further
the |£1> first excited doublet (~11.5 % population at 4.2 K) into two singlets, which do not induce effective magnetic fields at the nucleus
either. The splitting of the |£2> excited non-Kramers doublet is much smaller and, under favorable spin relaxation conditions, this state can
give rise to magnetically split spectra. However, its thermal occupation at 4.2 K is negligible and does not affect the spectra. As the
temperature increases, the occupation of the [+2> doublet increases. If the spin-lattice-relaxation time is appropriate (of the order of 1077
s), this doublet will affect the spectra, resulting in asymmetric broadening. At 80 K, the occupation of the [+2> doublet is sufficiently large
(~29 %) and the relaxation effects are observable through the asymmetric broadening of the doublet. At higher temperatures, the
occupation of the |£2> doublet reaches a saturation value and then the spin-relaxation time decreases. Under these conditions, the
quadrupole doublet is becoming more symmetric again.

The zero-field Mdéssbauer spectra of complex 114 recorded at various temperatures (Table S5, Figure S6) are consistent with the findings
of the magnetometry and high-frequency EPR studies, which indicate a large and positive ZFS axial component, D. The broadening of the
low energy line, compared with the high energy line, indicates a negative value for AEg, as expected for a d,? ground orbital state.

80K
l 1.0%
S
c
il
8 42K
Q
%2}
<
2.0%
T T T T T T
3 -1 0 1 2 3 4

v (mms™)

Figure 4. Zero-field Modssbauer spectra of a powder sample of 114 at 4.2 and 80 K. Solid lines are theoretical simulations, as described
in the text.

Conclusions

In this work, the synthesis and characterization of a preparation of [Fe{(SePPh,),N},] (1+14) is described. X-ray crystallography shows
that this system contains a tetrahedral FeSe, coordination sphere. The electronic structure of 114 is elucidated by magnetometry, high-
frequency EPR and Mdssbauer spectroscopy studies, which provide spin Hamiltonian parameters typical of high spin, S = 2, tetrahedral
Fe' sites. The magnitude of the D parameter is similar to that of the corresponding [Fe{(SPPh,),N},] complex. The recently reported
preparation of [Fe[(SePPh,),N]] (1sp) exhibiting a square planar coordination sphere should be investigated in a similar manner, in order
to establish magnetostructural correlations for this system.

Owing to the rich coordination chemistry of Se-containing ligands in both chemical and biological systems (vide supra), our research
groups will continue exploring the electronic structure of transition metal complexes bearing Se-containing imidodiphosphinato type of
ligands.
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Experimental Section

Reagents and synthetic procedures: All manipulations were carried out under a pure Ar atmosphere, by employing Schlenk techniques. The
Ph,P(Se)NHP(Se)Ph, ligand was prepared according to published procedures.?

Complex 1tq. In a Schlenck-type flask, 0.032 g (0.25 mmol) FeCl, were added to a solution of 0.29 g (0.50 mmol) K[(SePPh;,),N] in dry CH;OH (30
mL) affording a pale yellow solid. The mixture was stirred for 2 h at room temperature and after that the solvent was removed to dryness under vacuum.
CH,CI, (10 mL) was then added, followed by filtration through Celite pad in order to remove KCI that is formed. Suitable dark yellow crystals for X-ray
crystallography were obtained by slow mixing of n-hexane layer to the above CH,CI, filtrate. Elemental analysis: calc: C, 50.55; H, 3.54; N, 2.46; found: C,
50.25; H, 3.50; N, 2.46. Selected IR bands (cm™): v(PSe) 534, v,(PNP) 1203.

X-ray crystallography. Diffraction data were collected at room temperature, by the 0-26 scanning method on a Syntex diffractometer equipped with
Rigaku rotating anode and graphite monochromator (Cu Ka radiation (A = 1.5418 A). The cell dimensions were obtained by least-squares analysis of
reflections in the range 20° < 26 < 40°. Three standard reflections were monitored every 97 reflections, showing no decay in intensity during data collection.
The data were corrected for Lorentz and polarization effects and a semiempirical absorption correction, based on the psi scans, was applied. The structure
was solved by direct methods and refined by full matrix least squares based on F?, using the program SHELXL97.% Anisotropic refinement was applied to
all non-hydrogen atoms. Hydrogen atoms have been placed in idealized positions and refined by the riding model (UH = 1.20 UC). The crystal structure of
complex 14 has been deposited to the Cambridge Crystallographic Data Centre (CCDC 1574747). The corresponding Crystallographic Information File
(CIF) can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html; or e-mail: deposit@ccdc.cam.ac.uk. The structure of 14 shown
in Figure 1 was visualized by employing the CSD Mercury software (https://www.ccdc.cam.ac.uk/solutions/csd-system/components/mercury/).

IR spectroscopy. IR spectra were run in the range 4000-200 cm™' on a PERKIN-ELMER 883 IR spectrophotometer, as KBR discs.

Magnetometry. Magnetic susceptibility measurements were performed using an MPMS-5500 Quantum Design (for dc measurements) or a Quantum
Design PPMS (for ac or dc measurements) magnetometers. Experimental data were corrected for the sample holder and for the diamagnetic contribution of
the sample using Pascal’s constants. The PHI program (v 3.1) was used for fitting the magnetic data.!®”

High-frequency EPR spectroscopy. Continuous-wave (cw) EPR spectra were recorded at 275.7 GHz using a home-built spectrometer at Leiden
University,’™ using a probe specially developed to record the extremely broad spectra of high-spin Fe-systems in cw mode.’®® A TEq,; resonator was used
for detection of the EPR signal allowing a sample volume of 20 nL. Spectra of 14 were recorded with a field-modulation amplitude of 3 mT, a modulation
frequency of 1.8 kHz, and a microwave power of 5 uW.

Simulations of the EPR powder spectra were performed by numerical diagonalization of the spin Hamiltonian with the help of the EasySpin toolbox for
Matlab,®! or with the program SpinCount, kindly provided to us by Prof. M.P. Hendrich, Carnegie Mellon University, Pittsburgh, PA, U.S.A.

Mbssbauer spectroscopy. Mésshauer spectra were recorded by a constant-acceleration conventional spectrometer with a source of ’Co (Rh matrix).
Spectra were obtained using a Janis or an Oxford cryostat. The spectra were analyzed by using home written routines. Isomer shift values (3) are reported
relative to iron foil at 293 K.

Supporting Information

Complex 1rq4: Crystal data and crystallographic information files, selected bond lengths and angles, structural comparisons, magnetometry / EPR /
Méssbauer data.
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High-frequency EPR

Tetrahedral
FeSe, site

Theonetical

D=+8.22cm™' E/D=0.104

The literature [Fe{(SePPh,),N},] complex was re-investigated by X-ray crystallography, magnetometry and high frequency EPR /
Madssbauer spectroscopy, revealing its tetrahedral FeSe, coordination sphere and determining its spin Hamiltonian parameters.
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