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ABSTRACT



Starting from the short-bite ligands N-thioether-functionalized bis(diphenylphosphino)amine-type
(PhyP),N(CH,);SMe (1) and (PhyP),N(p-C¢Hs)SMe (2), the Fe(Il) complexes [FeClz(1)]» (3),
[FeCl2(2)]2 (4), [Fe(OAc)(1)2]PF¢ (5) and [Fe(OAc)(2)2]PF¢ (6) were synthesized and characterized by
FT-IR, MS, EA, and also by X-ray diffraction for 3, 4 and 6. Complex 3 is a coordination polymer in
which 1 acts as a P,P-pseudo-chelate and a (P,P),S-bridge, whereas 4 has a chlorido-bridged dinuclear
structure in which 2 acts only as a P,P-pseudo-chelate. Since these complexes were obtained under
strictly similar synthetic and crystallization conditions, these unexpected differences have been
ascribed to the different spacer between the nitrogen atom and the -SMe group. In both compounds,
one Fe-P bond was found to be unusually long and a theoretical analysis was performed to unravel the
electronic or steric reasons for this difference. DFT calculations have been carried out for a set of
complexes of general formula [FeCl,(SR,){R',PN(R*)P’R?,}] (R = H, Me; R', R* and R’ = H, Me, Ph),
to understand the reasons for the significant deviation of the iron coordination sphere away from
tetrahedral as well as from trigonal bipyramidal, and the varying degree of unsymmetry of the two Fe-P
bonds involving pseudo-chelating PN(R)P ligands. Electronic factors nicely explain the observed
structures and steric reasons were further ruled out by the structural analysis in the solid-state of the
bis-chelated complex 6, which displays usual and equivalent Fe-P bond lengths. Magnetic
susceptibility studies were performed to examine how the structural differences between 3 and 4 would
affect the interactions between the iron centers, and concluded that 3 behaves as an isolated high-spin
Fe(I) mononuclear complex, while significant intra- and intermolecular ferromagnetic interactions
were evidenced for 4 at low temperatures. Complexes 3 and 4 were also tested in catalytic ethylene

oligomerization but did not exhibit any significant activity under the studied conditions.
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Introduction

The fine-tuning of the structure, reactivity and electronic and catalytic properties of metal complexes
through a judicious choice of ligands represents a central aspect of coordination chemistry and explains
why short-bite ligands such as bis(diphenylphosphino)amine (DPPA, Chart 1) and its N-substituted
(when the substituent contains only C and H atoms) or N-functionalized (when an additional donor
function or a metal is linked to the central N atom) analogs (Chart 1), have attracted continuing interest
over the past 20 years. Their diverse applications in coordination chemistry and homogeneous and
heterogeneous catalysis have been reviewed.'” In addition to the versatility of their coordination modes
(i.e. monodentate, bridging or chelating) typical of numerous short-bite ligands, mainly explored with
bis(diphenylphosphino)methane (DPPM) and DPPA (Chart 1), N-substitution in the latter, which is
easier that C-substitution in DPPM, allows the introduction of a large variety of groups which offer one
or more additional donor functions, thus broadening the scope of structural motifs accessible in their

coordination compounds.

i
Ha H |I? ||? '\I/I
thP/C\Pth PhZP/N\PPhZ thP/N\Pth PhZP/N\Pth thP/N\Pth
DPPM DPPA N-substituted or N-functionalized DPPA-type ligands

R = hydrocarbon group
D = donor function (amine, phosphine...)
M = metal



Chart 1. The DPPM and DPPA short-bite ligands and the N-substituted (only C- and H-containing
group) and N-functionalized (if an additional donor function or a metal are linked to the central N

atom) derivatives of the DPPA ligand.

Taking advantage of these possibilities, a large diversity of mono- or polynuclear coordination
complexes have been isolated. Our group has previously reported the synthesis of mono-, di- and tetra-
nuclear or higher nuclearity metal complexes or clusters, involving binding to the metal(s) of both
phosphine donors, with or without the participation of the N-substituent.’ Incorporation of an
alkoxysilyl or a thioether group in the N-substituent has allowed the anchoring of metal complexes into

. 4 . . 5
mesoporous matrices” or on the gold surface of Janus microspheres, respectively.

Chromium(III) complexes of such PN(R)P ligands remain extensively studied in catalytic ethylene
oligomerization owing to their exceptional ability to produce selectively (1-)hexene and/or (1-)octene
when employed as precatalysts in combination with aluminum-based co-catalysts.’ Nickel(II) halide
complexes containing DPPA-type ligands are also interesting candidates for ethylene
oligomerization,’* while their palladium(II) analogues were successfully used in catalytic coupling
reactions.’ Very recently, a combination of dicationic Ni(II) complexes, in which the metal center is
bis-chelated by two N-thioether-functionalized DPPA-type ligands, and Zn metal was found to readily
perform the activation of Cgp3-Cl bonds under mild conditions and afford mixed phosphine-

phosphonium ylide species. '’

Since iron is an earth-abundant, cheap and non-toxic metal,11 its coordination complexes have
recently attracted increasing attention as alternatives to precious metal complexes in homogeneous

catalysis.'””> Among the various catalytic applications of iron complexes, we note the catalytic



oligomerization of ethylene'*'*

and the atom-transfer or organometallic-mediated radical
polymerization (ATRP and OMRP, respectively).”” Low-coordinated and/or ligand-constrained
geometry Fe(I or II) complexes have also been studied over the past five years because of their possible
behavior as single-molecule magnets (SMM).'® Interestingly, only very few examples of Fe complexes
coordinated by DPPA-type ligands, whether N-substituted by a hydrocarbon chain or another donor
function, have been structurally characterized,'” and most of them were studied as models of the iron-
only [FeFe] hydrogenase.'® These considerations prompted us to study the possible formation of
iron(Il) complexes from FeCl, and ligands 1 and 2 (Scheme 1), since the resulting coordination
complexes could be of potential interest in molecular magnetism and/or catalysis. For example, the
presence of the additional thioether group in the N-substituent could result in: (i) intermolecular
interactions of interest for electronic communication between metal centers, (ii) the stabilization of
catalytically-active, electron-deficient species, including through hemilability,"” and/or in favorable
interactions with a cocatalyst, (iii) controlled anchoring of molecules on metal surfaces. In this
study, we detail the synthesis and characterization of complexes obtained by reaction of ligands 1 and 2
with FeCl,, and show that, while the structures of the ligands are very similar, their complexes, 3 and 4,
respectively, exhibit considerable differences. Although in both cases an unsymmetrical coordination
of the phosphorus atoms led to pseudo-chelation of their respective ligands, 3 is a coordination polymer
whereas 4 is a dinuclear complex. The more encumbered bis-chelated [Fe(OAc)(P,P),]PFs complexes
(5, 6) were also synthesized to determine experimentally whether steric factors could be responsible for

this uncommon M-P-bonding.



Results and Discussion

Synthesis and Structural Characterization

With the aim to synthesize complexes of the type [FeCly(P,P)] (P,P = ligand 1 or 2 in a chelating
mode), and evaluate the influence of the nature of the thioether donor function (i.e. with a propylene vs.
a para-substituted phenylene spacer) on the resulting complexes, we reacted solid anhydrous FeCl,
with a dichloromethane solution of ligand 1 or 2, in a 1:1 metal/ligand ratio under inert atmosphere.
After filtration, concentration of the light pink reaction mixture and crystallization by slow diffusion of
pentane, yellow [FeCly(1)] (3) and orange [FeCl,(2)] (4) crystals were isolated in nearly quantitative
yields, respectively (Scheme 1). Due to their paramagnetic nature, these complexes could not be
analyzed by NMR spectroscopy and thus their structure in solution not unambiguously established.
However, they were characterized by FT-IR, mass spectrometry and elemental analysis and their

molecular solid-state structure was determined by X-ray diffraction analysis.
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Scheme 1. Synthesis of the Fe(Il) complexes 3 and 4. Conditions: (i) CH,Cl,, room temp., 12 h; (i)

reduction of the original reaction volume to 1/3 followed by layering with pentane.



Once formed, the yellow crystals of 3 could not be redissolved in dichloromethane, which is
consistent with the polymeric nature of this complex unambiguously established by single crystal X-ray
diffraction studies (Figure 1). In the case of ligand 2 with a more rigid phenylene spacer, under
experimental conditions otherwise completely similar, formation of a chlorido-bridged dinuclear
complex 4, instead of a coordination polymer (Figure 2 vs. Figure 1), could result from a combination
of electronic, steric or solubility factors, but the former will be shown by DFT calculations to be
dominant (see below). Selected bond lengths and angles in the two structures are given in Table 1. The
differences between 3 and 4 emphasize how relatively small changes in the ligand architecture, i.e. the
nature of the spacer between the PNP chelate and the thioether function, can critically affect the
structure of the resulting metal complexes. In the present case, the formation of a coordination polymer
or of a chlorido-bridged dimer may suggest different physical and chemical properties for these
complexes, as will be shown below with their magnetic behavior. Langer et al. recently studied the
reactivity of FeCl, towards DPPE (1,2-bis(diphenylphosphanyl)ethane) and DIPPE (1,2-
bis(diisopropylphosphanyl)ethane) and highlighted a high lability of the diphosphine ligands, which
were found to behave as bridging or chelating ligands in the former case but solely as chelating ligands
in the latter.”’

The ESI-MS spectrum of complex 3 could be recorded when the compound was dissolved in a
coordinating solvent (MeCN), and it exhibits a major peak for the [FeCl(1),]" fragment (m/z = 1037.2).
In contrast, the major peak in the spectrum of complex 4 corresponds to a much smaller fragment (m/z
= 598.0 [FeCl(2)]" or [M-2C1]*"), however the [M-CI]" and [M+Na]™ fragments (m/z = 1233.0 and

1291.6, respectively) were also detected. Elemental analyses performed on crushed samples of the



crystalline material were in agreement with the [FeCly(P,P)] (P,P = 1 or 2) stoichiometry (see
Experimental Section).

The molecular structure of complex 3 revealed a distorted trigonal bipyramidal coordination sphere
for the iron(Il) center, composed of two phosphorus atoms from one pseudo-chelating ligand 1 (see
below), two chlorido ligands and the sulfur atom of a second ligand 1, which results in a 1D

coordination polymer of a zig-zag conformation (Figure 1).




Figure 1. (Top) View of the molecular structure of the asymmetric unit of 3. Hydrogen atoms omitted,
and P-phenyl substituents represented in stick style for clarity. Ellipsoids represented at 50%
probability level. (Bottom) Simplified view of 3 illustrating the zig-zag conformation of the
coordination polymer. The H atoms are omitted for clarity. Selected bond distances and angles are

summarized in Table 1.

The equatorial plane of the trigonal bipyramid contains the atoms P3, CI1 and CI2 and the Fe-P3
bond [2.457(2) A] is significantly longer than the Fe-CI bonds [2.253(2) (Cl1) and 2.258(2) (CI2) A].
The longest metal-ligand bonds involve the apical ligands, with Fel-P4 and Fel-S1 bond lengths of
2.798(2) and 2.580(2) A, respectively. The unusually long Fel---P4 distance leads to the description of
the diphosphine ligand as pseudo-chelate, and there is no obvious steric or electronic reason that could
explain it, i.e. there is no bulky group linked to the metal or a donor group in frans position to P4 with a
strong trans-influence (see below the Theoretical Calculations Section). The value of the distance
between P4 and Fel is between that for a dative bond (2.10 — 2.52 A, see ESI, Figure S1) and a Fe---P
short contact (3.0 — 5.0 A, see ESI, Figure S2). The most significant distortion away from regular
trigonal bipyramidal geometry is imposed by the bite angle of the ligand [P3-Fel-P4 = 64.55(5)°].
Important parameters for the magnetic properties (see below) are intra- and intermolecular distances
between the iron centers, Fel---Fe2 = 10.352(1) A and Fel--Fel = 9.106(1) A. The Fe-Fe-Fe angle
along one polymeric chain is 109.37(1)°. A related iron(Il) coordination polymer with a zig-zag chain
structure assembled by nitrogen-containing ligands revealed an interesting spin-crossover (HS/LS
transition) as a function of temperature.22

Figure 1(bottom) shows a simplified view of the solid state arrangement of complex 3 and highlights

the zig-zag arrangement of the coordination polymer resulting from the assembling of FeCl, units



through ligand 1, which acts as a x*-P,P-chelating (Fel) and as a x*-(P,P),S-bridging (Fel-Fe2) ligand
via the diphosphine and the thioether functions.

An X-ray diffraction analysis on single-crystals of complex 4 revealed a centrosymmetric molecular
structure in the solid state, with the iron(Il) center in a distorted trigonal bipyramidal coordination
environment, as in complex 3 (Figure 2). However, in contrast to 3, the coordination sphere of the
metal in 4 is composed of one P,P-pseudo-chelating ligand 2, one terminal chlorido and two u;-
bridging chlorido ligands. The trigonal plane contains the atoms P2, Cll and Cl2, with Fel-P2
[2.465(9) A] being significantly longer than the iron chloride bonds [2.339(9) (Cl1) and 2.221(1) A
(C12)]. The apical positions of the bipyramid are occupied by P1 and Cl1°. While the Fe-Cl bond
lengths involving the bridging atoms C11 and CI1°, of 2.339(9) and 2.515(9) A, respectively, are in the
range found in other chlorido-bridged, phosphine iron(II) dinuclear complexes [2.358(3)-2.5815(4)
A],2 the Fel---P1 distance of 2.762(1) A is unusual. It is shorter than the corresponding distance in
complex 3 (Table 1) but remains between those typical for a coordination bond and a short contact (see
ESI, Figures S1 and S2). Although the metal centers in complexes 3 and 4 have a similar coordination
geometry and are supported by the same class of ligands (1, 2), most of their characteristic structural
parameters differ significantly and the only bond lengths and angles they have in common are those
directly involving the chelating short-bite ligands, i.e. the Fe-P bonds and the P-Fe-P and P-N-P angles
(Table 1). In contrast, significant differences are observed between the P-Fe-S and P-Fe-C11®) angles,
and the Fe-S and Fe-C11" bond lengths. Owing to the different nature of the spacer between the PNP
moiety and the S donor in 1 and 2, the Fel---Fel’ distance in 4 [3.540(7) A] is much shorter than the
Fel---Fe2 [10.352(1) A] and Fel---Fel [9.106(1) A] separations in 3. Intermolecular distances are also

quite short, with the shortest separation being Fel---Fel = 8.926(8) A.
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Figure 2. View of the molecular structure of 4. Hydrogen atoms omitted and P-phenyl substituents

represented in stick style for clarity. Ellipsoids are represented at 50% probability level. Selected bond

distances and angles are summarized in Table 1.

Table 1. Selected bond lengths (A) and angles (deg) for 3, 4 and 6.

3 4 6 3 4 6

Fel-P1 2.762(1) 2236(1) P3-Fel-P4 64.55(5) PI-Fel-P2  64.98(3) PIl-Fel-P2 71.68(4)
Fel-P2 2.46509) 2.217(1) P3-Fel-P4  71.65(4)
Fel-P3  2.457(2) 2.223(1)  P3-Fel-Cll 110.9(7) P2-Fel-CI2  119.1(4) PI-Fel-O1 88.50(9)
Fel-P4  2.798(2) 2219(1) P3-Fel-CI2 109.8(6) P2-Fel-Cll  113.1(3) P4-Fel-02 90.92(9)
Fel-Cll  22522) 2.339(9) O1-Fel-02 64.4(1)
Fel-Cl2  22582) 2.221(1) P3-Fel-SI  104.3(6) P2-Fel-ClI” 92.89(3) P2-Fel-O1 97.47(9)
Fel-S1 2.580(2) P4-Fel-SI  168.8(6) PI-Fel-ClI” 156.53) P3-Fel-02 93.66(9)
Fel-CI1’ 2.515(9) P2-Fel-P3  107.2(5)
Fel-O1 2.027(3) P3-N2-P4  111.73) P2-NI-Pl 111.0(1) PI-NI-P2  98.3(2)
Fel-02 2.034(3) P3-N2-P4  98.2(2)

11



A comparison between 3 and 4 illustrates the major influence of the nature of the spacer connecting
the two sets of donor groups in polyfunctional ligands on the nature and structure of their metal
complexes. Under similar reaction conditions, a flexible aliphatic spacer between the diphosphine and
the thioether groups leads to a polymeric assembly involving a bridging bonding mode for the
polyfunctional ligand whereas with a rigid aromatic spacer, a chlorido-bridged dinuclear complex was

formed and no intermolecular interaction was observed with the thioether function.

To examine whether in addition to electronic factors, steric factors should also be invoked to explain
the long Fe-P distances in complexes 3 and 4, we attempted the synthesis of bis-chelated Fe(II)
complexes with ligands 1 and 2, of general formula [Fe(X)2(P,P),] or [Fe(X)(P,P)]X’ (X and X’ =
anionic ligand e.g. halide, acetate, PFs; P,P = 1, 2). Such compounds should present a saturated metal
coordination sphere, thus preventing the occurrence of short intermolecular Fe-Fe distances. Combined
with the computational results, a comparative structural analysis should lead to a better understanding

of these unusual bond lengths (see below).

The isolated powders resulting from the reaction of ligand 1 or 2 with anhydrous FeCl,, in a 2:1
ligand/metal ratio, in the presence of LiPFg or not, did not lead to satisfactory analytical data. However,
when two equiv. of 1 or 2 were reacted in dichloromethane at room temp. for 12 h with one equiv.
Fe(OAc); in the presence of excess LiPFg, orange-red solids were isolated by filtration and their
analytical data corresponded to [Fe(OAc)(P,P),|PF¢ (see Experimental Section). In particular, a peak at
m/z =1061.25 and 1129.21 with the expected isotopic distribution was recorded in the ESI-MS spectra

of 5 and 6, respectively, corresponding in both cases to the [M-PFs]" fragment.
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+ Fe(OAc), | O/< | PFe
. + LiPFg Ehz > 0
. ||\1 -LioAc R/N\\\\ > Ife‘/P\PhZ
Ph,P” “PPh (i) ~p N
2 2 th \P/ R
Ph,
1 R =n-PrSMe 5 R =n-PrSMe
2 R =p-(SMe)CgH,4 6 R =p-(SMe)CgH,4

Scheme 2. Synthesis of the Fe(Il) complexes 5 and 6. Conditions: (i) CH,Cl,, room temp., 12 h. Note:
the proposed arrangement of the ligands is based on the X-ray structure analysis of complex 6 (see

Figure 3) and the similarity of the FT-IR and ESI-MS spectra of complexes 5 and 6.

Red single crystals of 6, suitable for X-ray diffraction studies, were obtained by slow diffusion of

pentane into a saturated solution of 6 in dichloromethane (Figure 3).

ce4
-
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Figure 3. View of the molecular structure of 6. The PF¢ anion and the hydrogen atoms are omitted
and the P-phenyl substituents are represented in stick style for clarity. Ellipsoids are represented at 50%

probability level. Selected bond distances and angles are summarized in Table 1.

The analysis of the molecular structure of 6 confirmed the presence of a hexacoordinated Fe(II)
center in a distorted octahedral coordination environment, in which the base is composed by the acetate
ligand and two phosphorus atoms (P2, P3) of two different ligands 2, and the apical positions of the
octahedron are occupied by the other two P atoms (P1, P4). The main deviations from regular
octahedral geometry are caused by the chelating ligands since the O1-Fel-O2, P1-Fel-P2 and P3-Fel-
P4 angles are 64.4(1), 71.68(4) and 71.65(4)°, respectively, instead of 90°. The P2-Fel-P3 angle of
107.2(5)° is much larger than the expected 90°. An important information resulting from the analysis of
this solid-state structure is that the Fe-P elongation observed in complexes 3 and 4 is not due to steric
reasons, since despite an arrangement around the Fe center in 6 much more sterically encumbered, all
the Fe-P bond lengths are nearly equivalent and in the “normal” range (2.217(1)-2.236(1) A, Table 1).
Therefore, electronic reasons should be invoked to elucidate/rationalize the factors responsible for the
unusual structural features observed in 3 and 4, and theoretical calculations were performed (see

following section).

Theoretical Calculations

Whereas the two P-metal bond distances of the chelate ring are usually similar in DPPA-type
complexes, the very different P-Fe distances found in 3 and 4 and the resulting unusual metal
coordination geometries prompted a theoretical analysis of the bonding in these complexes. Let us

consider first these compounds as containing a P,P-chelated metal center and try to analyze later the

14



unusual lengthening of one of the metal-phosphorus bonds. In general, high spin d° tetracoordinated
complexes are expected to have a tetrahedral geometry with four o-donor ligands and nearly tetrahedral
with four n-donor ligands.** However, a model compound with a mixed ligands set, [Fe(NH;),Cl,], has
the geometry of flattened tetrahedron (42% along the pathway from the tetrahedron to the planar
square).”> Upon incorporation of an additional ammonia ligand to the coordination sphere of this model
complex, the resulting pentacoordinate [Fe(NH;3);Cl,] complex adopts practically a square pyramidal
geometry, i.e. the initial FeN,Cl, core goes now all the way to a nearly square planar arrangement.
Another consequence of the association of the fifth ligand is an elongation of the Fe-Cl distances from
2.25t0 2.32 A, and of the Fe-N distances from 2.17 to 2.26 A.

Let us move now to a model closer to our experimental system, but replacing the
bis(diphenylphosphino)amine with a monodentate analog and incorporating a simplified version of the
thioether, in [FeCl,(SMe,)(Ph,PNMe,)] (last entry in Table 2). This complex with two c-donor and two
n-donor ligands appears also as a flattened tetrahedron, as in our previous simpler model, but now only
at 24% along the path to the square. If we then incorporate the N-methyl-substituted
bis(diphenylphosphino)amine ligand in [FeCly(SMe,){Ph,PN(Me)PPh,}], we observe a weak
coordination of the second phosphorus donor, with an Fe-P distance of 2.70 A, much longer than that
for the fully coordinated phosphorus (2.43 A) and in good agreement with the two experimental values
found in the structures of 3 and 4 (2.76 and 2.80 A).

To unravel the reasons for such an unsymmetric bonding situation, we start by optimizing a highly
simplified model of complex 3 in which all substituents are replaced by hydrogen atoms. We have then
studied the effect of various substitution patterns in a series of 24 molecules of general formula
[FeCly(SR,){R',PN(R*)P’R?,}] in the high spin state, where R = H, Me; R', R* and R’ = H, Me, Ph,

and some relevant geometrical parameters are presented in Table 2. A significant trend in this series of

15



complexes is the presence of a varying degree of unsymmetry in the two Fe-P bonds, calibrated by the
difference between the two distances Ad (Figure 4) with values between 0.07 and 0.32 A for most of
them, in excellent agreement with the structural data for 3 and 4 presented in this work, while the three

complexes with R = Me and R* = H present a much higher unsymmetry.

3.6+

3.4- /A

Fe'P |°ng (A)
N w @
® T P
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0.0 ' 0.2 ' 0.4 ' 0.6 ' 0.8 1.0 1.2
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Figure 4. The long Fe-P’ distance in the high spin complexes [FeCl,(SRy) {R,PN(R*)P'R%}] (R = H,
Me; R', R? and R* = H, Me, Ph) plotted as a function of the degree of unsymmetry between the two Fe-
P bond distances (Ad) in bidentate diphosphinoamines (triangles), optimized at the BP86 level,
including a transition state for [FeCl,(SMe,){Me,PN(Me)PMe,}] (circle) and the corresponding values

in the experimental structures 3 and 4 (asterisks). Geometric parameters are given in Table 2.

The correlation between Ad and Fe-P’ indicates that the different substitution patterns at the
diphosphinoamine result in an approximately rigid rotation of the P-N-P skeleton around the Fe atom
that shortens the Fe-P and at the same time elongates the Fe-P’ distance, resulting in varying degrees of

unsymmetry in the chelate ring.
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Table 2. Calculated bond angles (deg) and bond distances (A) for several model complexes

[FeX>(SRy){R' 2PN(R2)P’R32}] in the high spin state.

R R' R* R’ Notes® P-M-P> P-N-P  FeP  FeP’ Fe-S Ad
H Ph Me Me 69.3 1077 2454 2517 2.750  0.063
Me Me Me Me °© 744 1067 2142 2221 2231  0.079
Me Me Me Me ¢ 73.9 98.1 2155  2.229 2.303  0.074
H H Me Me 69.1 1085 2458  2.528 2.739  0.070
H H H Me 69.3 1109 2473 2554 2729  0.081
Me Ph Me Me 68.7 108.1 2464  2.557 2.606  0.093
H Me Me Me 70.0 108.1 2428 2523 2.748  0.095
H Me H Me 700 1111 2444 2559 2734  0.115
Me H Me Me 68.5 1089 2456  2.578 2599  0.122
Me Me Me Me min® 69.1 1085 2432 2565 2.609  0.133
Me Me Me Me TS' 693 1077 2481  2.483 2.689  0.002
Me H H Me 68.7 1115 2468  2.613 2592  0.145
Me Me H Me 69.3 1118 2446  2.612 2598  0.166
H Ph Me Ph 68.8 1089 2426  2.610 2773  0.184
H Me Me Ph 68.6 1085 2411  2.621 2777  0.210
H Me Me H 68.4 1095 2416  2.635 2.689  0.219
H H Me H 67.6  109.3 2435  2.656 2675 0.221
H H H Ph 68.1 1113 2446  2.668 2734 0.222
H Ph H Ph 68.7 1125 2442  2.669 2736  0.227
H H H H 67.7 1121 2442  2.707 2.664  0.265
Me Ph Me Ph 67.6  109.9 2432  2.703 2609  0.271

3 (exp.) 645 1117 2457  2.798 2580  0.341
H Me H H 68.2 1122 2422  2.705 2.674  0.283
H Ph H H 67.6  112.0 2436 2731 2.662  0.295
Me Me Me Ph 67.3  109.4 2409  2.725 2611  0.316
Me Me H H 615 1183 2393  3.262 2511  0.869
Me H Me H 576 1146 2379  3.413 2493  1.034
Me H H H 57.2 1192 2382  3.524 2489  1.142
Me Me Me, - g 2.391 - 2.485

“ X = CI” unless otherwise specified. ” The average P-M-P bite angle for bidentate R,PN(R")P'R', ligands in structures
found in the CSD is 71(2)°; bite angles reported for DRPM, DRPE and DRPP ligands®evr * Signet non défini. .0 75(2), 86(3) and
93(4)°, respectively. © X = CN” (low spin). ¢ Low spin.  Energy minimum. / Transition state. ¢ Four-coordinate complex
[FeCly(SR,)(R',PNMe,)].
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Figure 5. Scatterplot of the long Fe-P’ vs. the Fe-S bond distances in the series of calculated
complexes [FeCl,(SR») {RIZPN(RZ)P'R32}] (R =H, Me; Rl, R2, R = H, Me, Ph). The asterisk indicates

the experimental values for 3.

By looking at the variations of the Fe-S and Fe-P’ distances when only one of the four substituents is
changed, we conclude that substituents at the more strongly bound phosphorus atom (R') and at the
nitrogen atom (R?) have a minor effect, while those at sulfur (R) or at the more weakly bound
phosphorus atom (R?) strongly affect those distances. We have therefore grouped the molecules
according to the nature of the thioether, SMe, or SH», and the R’ substituent at P’ (Figure 5). It can be
clearly seen that (a) the stronger donor character of SMe, results in a systematic weakening of the trans
Fe-P’ bond, and (b) the nature of R® affects the strength of the Fe-P’ bond in the order H < Ph < Me,
i.e., according to the increasing basicity of the phosphine, and conversely for the Fe-S bond. In

summary, these results indicate a strong mutual #rans influence between the Fe-S and Fe-P’ bonds,
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whose strengths are modulated by the electron donor properties of the substituents at these atoms.
Consistently, the practically non-bonding Fe-P’ distances longer than 3.0 A (i.e.,, the most
unsymmetrically chelated complexes) correspond to those cases in which a poor donor PH, group

occupies the position trans to a strong SMe, donor ligand.
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Figure 6. Interconversion between two unsymmetrically-coordinated phosphorus atoms of DPPA-type

ligands.

The varying degree of unsymmetry of the diphosphinoamine chelate ring in the set of model Fe(II)
complexes studied suggests a rather flat potential energy surface for the exchange of the strongly and
weakly coordinated P atoms passing through a symmetric transition state (Figure 6). We have been able
to characterize the transition state for the permethylated complex (R' = R? =R’ = Me), which appears
at the symmetric end (Ad = 0) of Figure 4, well aligned with the general trend shown by the calculated
energy minima. The transition state structure deviates from trigonal bipyramidal only because of the
small bite angle of the chelating ligand (P-Fe-P = 69°) and the free energy barrier for such a process is
estimated at AG” = 3.2 kcal/mol.

We observe that the less sterically congested complexes containing symmetrically substituted
bidentate ligands, [FeCl,(SH,)(H,PNHPH,)] and [FeCl,(SMe;){Me,PN(Me)PMe,} ], show a significant
unsymmetric coordination, thus ruling out steric congestion as the main reason for that unsymmetry.
This conclusion is supported by the structural characterization of complex 6, a cationic iron(II)

complex bis-chelated by two ligands 2, and further chelated by an acetate ligand (see previous section).
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Despite a more sterically congested coordination sphere and thus anticipated enhanced steric repulsion,
no uncommon Fe-P bond length was observed. All these observations indicate that the reasons behind
such a binding unsymmetry are electronic in origin. The most common symmetric coordination mode
found in other complexes of the same bidentate ligand appears here only as a transition state between
two unsymmetric forms.

Having analyzed the electronic and steric effects of the substituents on the unsymmetry of the chelate
ring in our calculated high spin Fe(Il) complexes, we must now compare these results with
experimental and calculated data for low spin species. Our calculations for the low spin excited state of
the permethylated complex (R = R' = R* = R’ = Me, third entry in Table 2) and for the low spin ground
state of the analogous complex with cyano ligands replacing the chlorido ligands (second entry in
Table 2), afford much shorter Fe-P bond distances and a rather small unsymmetry of the chelate (with
Ad < 0.08 A), features that appear also in complex 6. Although we have found no precedent of five-
coordinate Fe(Il) complexes with PNP ligands, all six-coordinate Fe(Il) complexes, five-coordinate
compounds with iron in other oxidation states, and complexes with other metals in a low spin state

present similar bonding characteristics, as seen in Figure 7 (Data provided in the ESI, Table S2).
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Figure 7. Scatterplot of the calculated average Fe-P bond distances and bite angles in the series of
high (up-pointing triangles) and low spin (down-pointing triangles) Fe(Il) complexes with SR, and
R',PN(R*PR?, ligands (Table 2). Experimental data for related complexes of iron (circles) and other
metals (squares) also shown for comparison. Compounds 3-6 are represented by asterisks and the
continuous line corresponds to a least-squares fitting of the calculated values (three points with M-P >

2.8 A not shown were included in the fitting).

In Figure 7 we can see a clear dividing line between the low spin and high spin complexes, regardless
of the metal atom, its oxidation state and its coordination number. Remarkably, the two PNP chelate
rings in a high spin Cr(I) compound®® appear in the same region as the Fe(II) high spin complexes. A
smaller bite angle associated with longer metal-ligand distances in the high spin state is a well-known
consequence of the approximately rigid bite of bidentate ligands.”’** However, we find that in this
family, the ligands seem to be more flexible than expected, since the P-Fe-P’ bite angles vary between

64 and 74° in all compounds analyzed (independently of the spin state and similarly in calculated and
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experimental structures), whereas the P-N-P bond angle varies twice as much, between 92 and 112°
(92-103° for low spin, 107-112° for high spin complexes, comprising both experimental and calculated
values), as schematically shown in Figure 8. We note that the bite angles found, which are similar to
those in the topologically equivalent diphosphine DPPM complexes, 72(2)",28 are rather small
compared to the ideal P-M-P bond angle for an equatorial-axial coordination mode in a trigonal
bipyramid (90°) and for a basal-basal coordination mode in a square pyramid (86°). Also the P-N-P
bond angles are smaller than found for the free ligands (we calculate 121.9° for DPPA, and six PNP
uncoordinated ligands found in the CSD, with the same conformation as when chelated, present angles

in the range 111 - 125°), especially in the low spin compounds.

// low spin // high spin

Figure 8. Geometrical differences in the chelate ring formed by PNP ligands between the low and high
spin states of transition metal complexes: a high average M-P distance is associated with a smaller P-

M-P angle and a larger P-N-P angle (see also Figure 7).
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Figure 9. Orientation of the lone pair orbitals of in DPPA-type ligands (above), of the metal dsp>

hybrids (center) and misalignment of the two types of orbitals (below).

We therefore hypothesize that there might be a mismatch between the orientation of the phosphorus
lone pair orbitals and the metal acceptor orbitals. To estimate the orientation of the lone pairs at the P
atoms in the bidentate ligand we have performed a geometry optimization for a monoprotonated
version of DPPA, which forms H-P-N and P-N-P bond angles of 101.0 and 122.5°, respectively. From
those values we estimate the ideal bite angle for a chelate ring at 35.5°, much smaller even than the
smallest of the experimental bite angles. Since the lone pair orbitals interact with two different orbitals
of the d-block set, conveniently hybridized with s and p orbitals (Figure 9), the unsymmetric pseudo-

chelate coordination mode found allows for an improved overlap with one of the acceptor orbitals at
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the cost of losing some of the initially poor overlap with the other acceptor orbital, as schematically
shown in Figure 9.

To verify the validity of such an explanation, we have optimized the geometries of similar molecules
having bidentate diphosphines with larger bite angles that fit better with the ideal coordination
polyhedra, i.e. bis(diphenylphosphino)ethane (DPPE) and bis(diphenylphosphino)propane (DPPP),
whose bite angles are 86(3)° and 93(4)°, respectively.”® The results, shown in Table 3 and represented
alongside with the related diphosphinoamine complexes in Figure 10, indicate clearly a much smaller

degree of Fe-P bonding unsymmetry in the case of the larger bite ligands.
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Figure 10. Dependence of the calculated long Fe-P’ bond distance on the bite angle in the series of
complexes [FeClz(SMez)(RIZPXPHz)] (circles) and [FeClz(SMez)(RlzPXPMez)] (thombuses), with X =

NMe, C,Hq, C3Hg; R = H, Me, Ph.
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Table 3. Calculated bite angles (deg) and bond distances (A) for model complexes with diphosphines

forming five- and six-membered chelate rings, of formulae [FeClz(SMez){RlzP(CHz)nPR32}],

compared with values for analogous DPPA-type ligands in [FeClL,(SMe,){R',PN(H)PR*,}] (with R' =

H, Me) given in parentheses.

RL,R’ n P-M-P Fe-P Fe-P’ Fe-S
H 2 827 2428 (2.38,2.38) 2539 (3.41,352) 2.603 (2.49, 2.49)
3 887 2417 2501 2.633
Me 2 844 2420 (2.43,245) 2501 (2.56,2.61) 2.647 (2.60,2.61)
3 926 2406 2.478 2.686

Our results show that analogous bidentate ligands with a larger bite result in stronger binding of the
second phosphorus atom (i.e., a more symmetric chelating mode) and the resulting weakening of the
trans Fe-S bond. This trend goes to the extreme that for DPPE and DPPP (n = 2, 3; R' =R’ = Ph), the
optimized structure results in dissociation of the frans ligand, leaving four-coordinate complexes in
which the diphosphines are symmetrically coordinated. It must be noted, though, that a non-negligible
degree of unsymmetry persists with these ligands, suggesting that the strong donor sulfur atom in trans
position is also responsible in part for a weaker Fe-P’ bond.

If a too small bite angle produces an orbital mismatch between the bidentate ligand and the metal
atom, it is now clear that this effect is more pronounced in the high- than in the low-spin complexes
(Figure 7). The latter present in all cases much smaller degrees of unsymmetry (Ad < 0.08 A) than the
high-spin ones (0.07 < Ad < 1.14 A), with the only exception of a Ru complex,* in the region of short
M-P distances and slightly overlapping with the region of the calculated values for the high spin Fe

complexes, probably due to steric encumbrance of their two DPPA ligands.

Magnetic Properties
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The magnetic behavior of complexes 3 and 4 was in agreement with the conclusions from the
theoretical calculations, and showed unambiguously quintet ground states for both complexes with no
orbital moment contribution, with Curie-Weiss behavior above 50 K and 100 K, respectively (Figures
S3 and S4 in ESI). For complex 3, the Curie constant of 3.080(2) cm®-K-mol™ supports a complex close
to a S = 2 distorted tetrahedron with g = 2.026. This is also supported by the presence of temperature-
independent paramagnetism as expected for a tetrahedral geometry, where for d® Fe(Il) a low-lying
To(°’D) excited state with angular momentum is mixed with the °E ground state.® At lower
temperatures, the yuT product increases below 50 K up to 3.29 cm®K-mol™ then decreases down to
2.02 cm®K-mol™ at 1.8 K, showing the occurrence of some ferromagnetic interactions (Figure 11). The
isothermal magnetization at 8 K is close to the S = 2 Brillouin curve with g =2.026, but shows a
nesting behavior at lower temperatures that usually points towards magnetic anisotropy (Figure S5 in
ESI). The ac susceptibility below 20 K did not show any out-of-phase signal evidencing slow
relaxation of the magnetization. All these data point towards isolated Fe(ll) magnetic centers, in
agreement with the long Fe---Fe distances observed in the crystal structures. We could indeed simulate
all the magnetic data considering axial zero-field splitting for the quintet ground state with some
ferromagnetic intermolecular interaction introduced with a mean-field correction. Parameters were not
unique, but the following set was found to be satisfying and reasonable: g, =2.33, g, =1.85,

D=-1.04cm?, zJ = +0.04 cm™.
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Figure 11. Evolution of the magnetic susceptibility yym product with temperature for complex 3,

measured in a static 1 T field, the red line is the fit resulting from the parameters described in the text.

For complex 4, the Curie constant of 6.44(1) cm®K-mol™ evidences a quintet ground state for both
Fe(Il) centers. The Weiss temperature 6 =+11.6(2) K supports the presence of ferromagnetic
interactions clearly stronger than for complex 3 (for which 6 =-0.4(1) K), something that could be
expected given the chlorido bridges. Accordingly, at lower temperatures the yuT product increases
strongly below 100 K, up to 21.5 cm®K-mol™ at 3 K, and then decreases slightly to 20.6 cm*K-mol™ at
1.8 K (Figure 12). These values are higher than the 10.0 cm*-K-mol™ expected for a S = 4 ground state,
which would result from an intra-dimer ferromagnetic coupling. No out-of-phase component of the ac
susceptibility could be evidenced between 2 and 15 K. The isothermal magnetization curves between 8
and 1.8 K are almost superimposed, above the Brillouin curves for both S=2 and S =4 ground states
with g = 2.18 (Figure 13), but very close to the curve obtained by considering a third of the Brillouin
curve for a S = 12 ground state with g = 2.17. This would point towards ferromagnetic intermolecular

interactions with two neighboring complexes, but no evidence of this could be found in the 173 K X-
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ray structure. A possible explanation could be a crystallographic phase transition at lower temperatures
with a tripling of the unit cell, where those interactions could take place. The low yuT value measured
at 3 K respective to the 78.0 cm®K-mol™ expected for a S=12 ground state can then be easily

accounted for by dipolar antiferromagnetic interactions between those entities. Nevertheless, in the

absence of a clear structural model, we did not try further to simulate the magnetic data.
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Figure 12. Evolution of the magnetic susceptibility yy product with temperature for complex 4,

measured in a static 0.1 T field.
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Figure 13. Plots of the reduced isothermal magnetization vs. field for complex 4 (1.8 (dark blue), 3
(light blue), 5 (green) and 8 (red) K). Black lines are the Brillouin curves corresponding successively to

two S = 2 with g = 2.18, one S = 4 with g = 2.18, and 1/3x one S = 12 with g = 2.17.

Conclusion

In this work, we provided novel examples showing how subtle changes in a ligand can result in the
formation of complexes with very different structures and magnetic properties. Thus, despite the close
similarity between the two short-bite ligands (Ph,P),N(CH;);SMe (1) and (Ph,P),N(p-CsHs)SMe (2),
their Fe(Il) complexes [FeClz2(1)]» (3) and [FeCl2(2)]2 (4) adopt a very different structure in the solid-
state although they were obtained under strictly similar synthetic and crystallization conditions.
Whereas 3 is a coordination polymer in which ligand 1 acts as a P,P-pseudo-chelate and a (P,P),S-
bridge, 4 is a chlorido-bridged dimer in which ligand 2 acts only as a P,P-pseudo-chelate. This
difference was found to be due to the different nature of the spacer between the nitrogen atom and the -

SMe group, which is flexible in 3 but rigid in 4. The examination of the solid-state structures ruled out
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an explanation based on packing effects. It was intriguing to find that in both complexes, one Fe-P
bond length is unusually long, leading to an unsymmetrical behavior of the potentially chelating short-
bite diphosphine ligand. The results of a theoretical analysis and of the synthesis and structural analysis
of the sterically more congested complex [Fe(OAc)(2)2]PFs (6) concluded for the involvement of
electronic rather than steric factors to explain these unusual features. Our DFT calculations on high
spin iron(IT) complexes of general formula [FeCly(SR,){R';PN(R*)PR*,}] (R = H, Me; R', R? and R® =
H, Me, Ph), reveal the existence of a varying degree of unsymmetry for the two Fe-P bonds, calibrated
by values in the range 0.07-0.32 A for the distance difference Ad. A correlation between Ad and the
longest Fe-P’ distance indicates a rigid rotation of the PNP ligand skeleton around the Fe atoms from a
nearly symmetric to a strongly unsymmetric coordination. The exchange between the positions of the
two P atoms can proceed through a symmetrically coordinated transition state, with a calculated free
energy of activation of 3 kcal/mol. An analysis of a variety of substitution patterns of the thioether and
diphosphinoamine ligands shows that substituents at the more strongly bound phosphorus atom and at
the N atom have a minor effect on the Fe-S and Fe-P bond distances, whereas substituents at the
weakly bound P or at the sulfur atom strongly affect those two distances. Thus, the stronger basic
character of SMe,, compared to SH», results in a systematic weakening of the frans Fe-P’ bond, and the
nature of the substituents at the weakly bound phosphorus favors stronger Fe-P’ bonds in the order Me
> Ph > H, indicating a strong mutual trans influence of the Fe-S and Fe-P’ bonds, that makes one of
them weaker as the other becomes stronger and vice-versa. The influence of the substituents at those
two donor atoms is associated with the inductive effects that modulate their basicity, while steric
effects can be ruled out within the wide family of computational models used.

The low spin model complex [Fe(CN),(SMe;)(Me,PN(Me)PMe,)] and the excited low spin state of

[FeCl,(SMe;)(Me,PN(Me)PMe,)] present shorter Fe-P distances and a much more symmetric chelation
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of the PNP ligand than found for the high spin complexes studied. A structural analysis of complexes
with PNP ligands shows that our conclusions can be made more general: the low spin complexes with
these ligands have shorter Fe-P distances and more symmetric chelation than the high spin ones,
regardless of the nature of the metal, its oxidation state and its coordination number.

The non-symmetric bonding mode of the PN(R)P ligands has been found to be due to a combination
of mismatch between the orientation of the phosphorus lone pair orbitals and the metal acceptor
orbitals, and to the strong trans influence of the thioether ligand. The orbital mismatch must be
attributed to their very small bite angles, since related ligands with larger bite angles are seen to present
a much smaller degree of chelate unsymmetry. A further consequence of the more symmetric chelate
rings with shorter Fe-P” bond distances is a weakening of the #rans Fe-S bond.

Magnetic measurements on complexes 3 and 4 confirmed a S =2 ground state, evidencing that from
the magnetic point of view, the coordination geometry of these complexes may be considered as
distorted tetrahedral. While only weak intermolecular ferromagnetic interactions could be evidenced
for complex 3, stronger ferromagnetic interactions, both intra- and intermolecular, were evidenced for
complex 4, though it is likely that a modification of the crystal packing occurs at low temperatures.

In view of the versatility of the coordination chemistry observed in this work with the functional
short-bite ligands 1 and 2, further work is in progress to extend the study of their behavior to other

transition metals able to display variable coordination spheres.

Experimental Section

All manipulations were performed by using standard Schlenk techniques under an inert atmosphere.
Solvents were purified and dried under a nitrogen atmosphere by using conventional methods. FT-IR

spectra were recorded in the region 4000-650 cm™ on a Nicolet 380 FTIR spectrometer (ATR mode,

31



ZnSe crystal). Elemental analyses were performed by the “Service de Microanalyses”, Université de
Strasbourg. Electrospray mass spectra (ESI-MS) were recorded on a microTOF (Bruker Daltonics,
Bremen, Germany) instrument, using nitrogen as drying agent and nebulizing gas. The ligands
bis(diphenylphosphino)(N-(methylthio)propyl)amine (Ph,P),N(CH,);SMe 1" and
bis(diphenylphosphino)(N-4-(methylthio)phenyl)amine (Ph,P),N(p-CsHs)SMe (2)* were prepared
according to literature procedures. All other reagents were used as received from commercial suppliers.
Magnetic data were recorded using a MPMS-7XL Quantum Design SQUID magnetometer. Magnetic
susceptibilies were measured using a RSO probe between 1.8 and 300 K under 1 and 10 kOe applied
field, on polycrystalline samples enclosed in heat-sealed 30 um thick polyethylene bags accurately
weighed with a Mettler MX5 microbalance. Magnetizations were measured at 1.8, 3, 5 and 8 K in the
0-70 kOe range and ac susceptibility data was measured at 100 and 1000 Hz with a 3 Oe amplitude.
Data were corrected using multipole expansion, and sample holder contribution was accounted for by a
combination of a diamagnetic and a Curie tail for the polyethylene bag.** The samples diamagnetic
contributions were approximated with -300.10° cm*mol™ (3) and -635.10"° cm®mol™ (4), respectively.
A temperature-independent paramagnetic contribution of +250.10°° cm*mol™ was also considered for

complex 3. Magnetic data were fitted using the program PHI.*?

Complex 3, [FeCl2(1)]n

To a suspension of anhydrous FeCl2 (0.127 g, 1.06 mmol) in CH2Cl2 (10 mL) was added a solution of
ligand 1 (0.500 g, 1.06 mmol) in CH2Cl2 (20 mL). The color of the solution quickly turned to pink and
stirring was maintained at room temperature for 12 h. The solution was concentrated to a third of its

original volume and crystallization by slow diffusion of pentane afforded yellow crystals of complex 3.

Yield: 0.545 g (86%). Anal. Calcd. for C2sH20Cl2FeNP2S (600.30): C, 56.02; H, 4.87; N, 2.33. Found:
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C, 55.71; H, 4.66; N, 2.57. FTIR: viax(solid)/em™: 3053vw, 2915vw, 2866vw, 1481w, 1432m, 1186w,
1159vw, 1090s, 1068m, 1028w, 997w, 960w, 880vs, 789s, 746s, 739s. MS (ESI): m/z (ranked by
decreasing intensity) = 1037.2 [FeCl(1),]", 474.2 [1+H]", 501.1 [Fe(1)]*". Yellow crystals suitable for

single crystal X-ray diffraction were grown from a mixture of CH2Clz2/pentane.

Complex 4, [FeCl2(2)]2

The same procedure was used with anhydrous FeCl2 (0.075 g, 0.59 mmol) and ligand 2 (0.300 g, 0.59
mmol), affording orange crystals of complex 4. Yield: 0.320 g (85%). Anal. Calcd. for
Ce2Hs4ClaFeaN2P4S2 (1268.63): C, 58.70; H, 4.29; N, 2.21. Found: C, 58.36; H, 4.04; N, 1.97. FTIR:
Vmax(solid)/cm'l: 1589w, 1492m, 1480w, 1434m, 1310w, 1255s, 1182w, 1162s, 1096s, 1071w, 997w,
952s, 907vs, 855w, 823m, 749s, 737s. MS (ESI): m/z (ranked by decreasing intensity) = 598.0
[FeCl(2)]" or [M-2CI]*", 1071.2 [Fe(2),+H]", 1105.2 [FeCl(2),]", 1233.0 [M-CI]", 1291.6 [M+Na]".
Orange crystals suitable for single crystal X-ray diffraction were grown from a mixture of

CH2Cl2/pentane.

Complex 5, [Fe(OAc)(1)2]PFs

In a glovebox, dry CH2Cl2 (10 mL) was added at room temperature to solid anhydrous [Fe(OAc)2]
(0.037 g, 0.21 mmol), ligand 1 (0.200 g, 0.42 mmol) and anhydrous LiPF¢ (0.128 g, 0.84 mmol), and
the resulting yellowish suspension was stirred overnight at room temperature. The mixture turned to
pink-red and the suspension was filtered through a Celite pad and the volatiles removed under vacuum.
The resulting red sticky solid was washed twice with pentane and dried, affording complex § as a red
solid. Yield: 0.158 g (62%). Anal. Calcd. for CssHe1FgFeN,O,PsS, (1206.96): C, 57.72; H, 5.09; N,

2.32. Found: C, 57.69; H, 5.11; N, 2.35. FTIR: vma(solid)/em™: 3052w, 2915w, 2854w, 1964vw,
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1891vw, 1824vw, 1585w, 1479m (OAc), 1434s (OAc), 1308m, 1182m, 1106sh, 1090s, 1065s, 1026m,

998m, 955w, 918w, 835vs (PF), 740vs. MS (ESI): m/z = 1061.25 [M-PF¢]".

Complex 6, [Fe(OAc)(2)2]PFs

The same procedure was used with anhydrous [Fe(OAc)2] (0.034 g, 0.20 mmol), ligand 2 (0.200 g,
0.39 mmol) and anhydrous LiPF¢ (0.120 g, 0.79 mmol), affording complex 6 as a red solid. Yield:
0.184 g (73%). Anal. Calcd. for Ce4aHs7FsFeN202P5S2 (1275.00): C, 60.29; H, 4.51; N, 2.20. Found: C,
60.36; H, 4.55; N, 2.14. FTIR: vy (solid)/em™: 3052w, 2918w, 1958vw, 1892vw, 1815vw, 1595m,
1585sh, 1498s (OAc), 1479sh, 1433s (OAc), 1397w, 1368w, 1292m, 1268m, 1182m, 1093s, 1069s,
1026m, 1013m, 998m, 968w, 951w, 924w, 883sh, 838vs (PF¢), 740vs. MS (ESI): m/z = 1129.21 [M-
PFs]". Red crystals suitable for single crystal X-ray diffraction were grown from a mixture of

CH2Cl2/pentane.

Crystal structure determinations

Crystals of 3, 4 and 6 were obtained as described above. The crystals were placed in oil and a single
crystal was selected, mounted on a glass fiber and placed in a low-temperature N, stream. X-Ray
diffraction data collection was carried out at 173(2) K on a Nonius Kappa-CCD diffractometer’
equipped with an Oxford Cryosystem liquid N, device, using graphite-monochromated Mo-K«
radiation (A = 0.71073 A). The crystal-detector distance was 36 mm. Crystallographic and experimental
details for the structures are summarized in Table S1 in the ESI. The structures of 3, 4 and 6 were
solved by direct methods using the program SHELXS-97.%* The refinement and all further calculations
were carried out using SHELXL-97>> or SHELX-2013.>® The H atoms were included in calculated

positions and treated as riding atoms using SHELXL default parameters.
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Computational Details

All calculations were carried out with the Gaussian09 code®” at the generalized gradient DFT level,
using the BP86 method that adopts the Becke exchange® and Perdew correlation®® functionals. This
non-hybrid functional solved the problems found with other functionals in the description of the
calculated bond distances and the unsymmetry (described as the difference between the two Fe-P
distances Ad), giving highly consistent results compared to the experimental structures (see ESI). It
must be said that a host of calculations with the B3LYP and B97D functionals gave results qualitatively
consistent with the BP86 ones reported here. The all electron triple-C basis set proposed by Schéfer et
al.** has been used for all the atoms. All the energy minima and a transition state have been

characterized by vibrational analyses.
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Supporting Information. X-ray data collection and structure refinement for all compounds are
detailed in Table S1 of the ESI. CCDC numbers: 1014960-1014962 (3-4 and 6). Histograms
representing the distribution of the Fe-P distances in the structures available in the CCDC are presented
in Figures S1-S2 in the ESI. Bite angles, M-P distances and M-P distance unsymmetry (Ad) in
structures of PNP complexes found in the CSD (Table S2), details of the optimized model complexes
and ligands (Table S3) and Curie-Weiss and isothermal reduced magnetization plots for complexes 3
and 4 (Figure S3-S5) are given in the ESI. This material is available free of charge via the Internet at

http://pubs.acs.org.
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The tail makes the difference! In the short-bite ligands (Ph,P),N(CH;);SMe (1) and (Ph,P),N(p-
CsH4)SMe (2), the flexible or rigid nature of the spacer between the N and S atoms, respectively,
accounts for the major structural differences between the Fe(Il) coordination polymer [FeCl2(1)]x (3)
and the chlorido-bridged dimer [FeCl2(2)]2 (4). Their magnetic properties were compared. A theoretical

analysis concluded that electronic reasons explain why one of their Fe-P bonds is unusually long.

Unusual bond lengths... Why?
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