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Abstract Four-coordinate transition metal complexes can adopt a diverse array of coordination 

geometries, with square planar and tetrahedral coordination being the most prevalent. Previously, 

we reported the synthesis of a trinuclear Fe(II) complex, Fe3TPM2, supported by a three-fold 

symmetric 2-pyridylpyrrolide ligand (i.e., tris(5-(pyridin-2-yl)-1H-pyrrol-2-yl)methane), that 

featured a rare cis-divacant octahedral (CDO) geometry at each Fe(II) center. Here, a series of 

truncated 2-pyridylpyrrolide ligands is described that support mono- and binuclear Fe(II) 

complexes that also exhibit CDO geometries. Metallation of tetradentate ligand bis(5-(pyridin-2-

yl)-1H-pyrrol-2-yl)methane (H2BPM) in THF results in a binuclear complex Fe2(BPM)2(THF)2 

in which both Fe(II) ions are octahedrally coordinated. The coordinated THF solvent ligands are 

labile: THF dissociation leads to Fe2(BPM)2, which features five-coordinate Fe(II) ions. The Fe–

Fe distance in these binuclear complexes can be elongated by ligand methylation. Metalation of 

bis(5-(6-methylpyridin-2-yl)-1H-pyrrol-2-yl)methane (H2BPMMe) in THF leads to the formation 

of four-coordinate, CDO Fe(II) centers in Fe(BPMMe)2. Further ligand truncation affords bidentate 

ligands 2-(1H-pyrrol-2-yl)pyridine (PyrPyrrH) and 2-methyl-6-(1H-pyrrol-2-yl)pyridine 

(PyrMePyrrH). Metalation of these ligands in THF affords six-coordinate complexes 

Fe(PyrPyrr)2(THF)2 and Fe(PyrMePyrr)2(THF)2. Dissociation of labile solvent ligands provides 

access to four-coordinate Fe(II) complexes. Ligand disproportionation at Fe(PyrPyrr)2 results in 

the formation of Fe(PyrPyrr)3 and Fe(0). Ligand methylation suppresses this disproportionation 

and enables isolation of Fe(PyrMePyrr)2, which is rigorously CDO. Complete ligand truncation, 

by separating the 2-pyridylpyrrolide ligands into the constituent monodentate pyridyl and pyrrolide 

donors, affords Fe(Pyr)2(Pyrr)2 in which the Fe(II) is tetrahedrally coordinated. Computational 

analysis indicates that the potential energy surface that dictates the coordination geometry in this 

family of four-coordinate complexes is fairly flat in the vicinity of CDO coordination. These 

synthetic studies provide the structural basis to explore the implications of CDO geometry on Fe-

catalyzed reactions. 
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INTRODUCTION 

Exerting synthetic control over the coordination geometry of transition metal complexes is 

critical to eliciting specific physical and chemical properties and thus synthetic efforts to access 

unique coordination geometries provide opportunities to develop new reactivity patterns.1-3 Four-

coordinate complexes are of particular interest due to the rich diversity of geometries that are 

accessible (Figure 1a). Square planar and tetrahedral coordination modes are the most commonly 

encountered geometries for four coordinate species, and ligand design features that differentiate 

these geometries have been the topic of extensive investigation.4-6 In general, tetrahedral 

coordination is sterically preferred and is thus favored for large ligands and small transition metal 

ions. Square planar coordination is sterically disfavored but can afford significant ligand field 

stabilization energy. Beyond tetrahedral and square planar geometries, less common see-saw 

geometries are also available to four-coordinate ions. Cis-divacant octahedral (CDO) and 

monovacant trigonal bipyramidal (MTB) are see-saw geometries that differ in the bond angle (q) 

between the equatorial ligands (CDO = 90° and MTB = 120°). While these geometries are 

potentially attractive platforms for application in catalysis because they feature sterically 

accessible coordination sites poised to engage substrates, they are encountered much less often 

than either tetrahedral or square planar geometries.   

Perfect adherence to the idealized structures illustrated in Figure 1a is uncommon and in the 

context of heteroleptic coordination complexes not possible. The extent of structural distortion 

from the idealized geometries can be hard to accurately describe, and thus a number of algorithms 

have been developed that aim to quantify the nature and extent of geometrical distortion.7-12 Here 

we utilize two approaches to quantifying the geometries of four-coordinate complexes that are 

commonly encountered: t4 values13 and continuous shape analysis.14-16 The t4 metric is derived 
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from observed metal–ligand (M–L) bond angles to describe the coordination geometry of four-

coordinate complexes;13 t4 values that characterize limiting four-coordinate geometries are listed 

in Figure 1a. Similarly, continuous shape analysis has been advanced as an approach to evaluate 

the structural deviations of observed coordination geometries from idealized polyhedra.14-16  

 

Figure 1. (a) Four-coordinate metal ions most commonly adopt tetrahedral or square planar coordination geometries. 
Distortions of these geometries gives rise to see-saw structures with limiting cis-divacant octahedral (CDO) or mono-
vacant trigonal bipyramidyl (MTB) geometries. The t4 parameter utilizes experimentally obtained bond angles to 
describe the geometry of four-coordination ions. (b) Selected four-coordinate Fe(II) complexes that feature see-saw 
coordination with the crystallographically derived t4 values.    
 

In the context of Fe(II) chemistry, a small family of four-coordinate complexes that display 

highly distorted seesaw geometries have been reported (Figure 1b). Pincer-supported Fe(II) 

complex 1 displays approximately CDO geometry and participates in two-electron oxidative 

chemistry upon treatment with adamantyl azide to afford the corresponding Fe(IV) imide 

complex.17 The observation of CDO coordination in complex 1 was ascribed to minimization of 

steric interactions that would be encountered in a potential square planar complex. Similarly, trans-

chelating bis-alkoxide complex 2 features an Fe(II) center that displays approximately CDO 

coordination.18 Alkoxide-supported complex 3 also displays see-saw geometry at the Fe(II) center, 

which is best described as MTB, although this geometry likely arises due to the combination of 

bridging chloride ligands and the presence of templating Li+ ions.19  
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In 2020 we reported the synthesis and characterization of a trinuclear Fe(II) complex, 

Fe3TPM2, assembled from Fe(II) and the three-fold symmetric ligand tris(5-(pyridin-2-yl)-1H-

pyrrol-2-yl)methane (H3TPM, Figure 2).20 Each of the Fe(II) ions in this complex displayed close-

to-idealized CDO geometry (t4 = 0.60). Attempts to leverage trinuclear complex Fe3TPM2, which 

features a central molecular void in which each of the ions presents two vacant coordination sites, 

for small molecule binding or activation were unsuccessful. To both evaluate the structural origins 

of the CDO geometry and access more sterically accessible CDO transition metal sites, we have 

pursued synthetic studies of a series of dimensionally reduced ligands, namely bis(5-(pyridin-2-

yl)-1H-pyrrol-2-yl)methane (H2BPM), 2-(1H-pyrrol-2-yl)pyridine (PyrPyrrH) and methylated 

analogues thereof. Here, we report a family of mono- and binuclear complexes of Fe(II) featuring 

CDO coordination geometry. We demonstrate the critical role of ligand structure and solvation in 

accessing the four-coordinate CDO complexes. Further, we demonstrate that the potential energy 

surface that gives rise to the CDO coordination geometry is fairly flat, which suggests that small 

structural perturbations can manifest as significant structural changes about this geometry. 
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Figure 2. Previously, trinuclear complex Fe3TPM2 was prepared from three-fold symmetric ligand H3TPM and features 
three CDO Fe(II) centers. In this work, dimensional reduction from H3TPM to two-fold symmetric H2BPM and to 2-
(pyridin-2-yl)pyrrole PyrPyrrH was carried out and CDO coordination was maintained across this simpler ligand 
framework. 
 

RESULTS 

of Fe(II) complexes, we prepared a series of truncated ligands in which pyridylpyrrole arms 

were removed from H3TPM. Bidentate ligands 2-(1H-pyrrol-2-yl)pyridine (PyrPyrrH) and 2-

methyl-6-(1H-pyrrol-2-yl)pyridine (PyrMePyrrH) were prepared by Pd-catalyzed cross coupling 

of zinc pyrrolide with 2-bromopyridine and 6-methyl-2-bromopyridine, respectively (Figure 3).21 

Condensation of each of these compounds with 0.5 equivalents of paraformaldehyde in the 

presence of InCl3 yielded tetradentate ligands 2-(1H-pyrrol-2-yl)pyridine (H2BPM) and bis(5-(6-

methylpyridin-2-yl)-1H-pyrrol-2-yl)methane (H2BPMMe). Each of the ligands was characterized 

by 1H and 13C NMR spectroscopies as well as high-resolution mass spectrometry (Figure S1–S5). 
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Figure 3. Synthesis of 2-(pyridin-2-yl)pyrrole ligands. Bidentate ligands PyrRPyrrH were prepared via Pd-catalyzed 
coupling of Zn pyrrolide with 2-bromopyridines. Tetradentate ligands H2BPMR were prepared by condensation of 
PyrRPyrrH with paraformaldehyde in the presence of InCl3.    

 

Synthesis of Binuclear Fe(II) Complexes. Metallation of H2BPM was accomplished by treating 

a THF solution of the ligand with FeHMDS2 at –35 °C and then allowing the reaction mixture to 

slowly warm to 23 °C (Figure 4). Fe2(BPM)2(THF)2 was isolated as an orange crystalline solid 

following vapor diffusion of pentane into the reaction mixture at –35 °C. The 1H NMR spectrum 

of Fe2(BPM)2(THF)2 displays eight paramagnetically shifted 1H NMR peaks from 8–135 ppm 

(Figures S6–S7). Consistent with the dark orange color of the sample, the UV-vis spectrum 

measured in THF displays a broad at 480 nm (e = 1.0 ´ 103 M-1cm-1; Figure S8). High-resolution 

mass spectrometry was consistent with an Fe2L2 aggregate (HRMS-ESI+: calcd for [Fe2(BPM)2]+ 

708.1135; expt. 708.1115). The magnetic susceptibility was evaluated by Evan’s method, which 

provided µB = 6.9, which is consistent with an S = 3 complex. The 57Fe Mössbauer spectrum 

obtained for a sample of this compound (Figure S9) could not be adequately simulated with less 

than three quadrupole doublets, which we attribute to solvent dissociation equilibria giving rise to 

a mixture of related binuclear Fe2 complexes (vide infra). 
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Figure 4. Top: Synthesis of binuclear Fe(II) complexes. Metallation of H2BPM with Fe(HMDS)2 affords 
Fe2(BPM)2(THF)2 in which both Fe(II) centers are six-coordinate. Recrystallization from toluene affords Fe2(BPM)2 in 
which the THF ligands have dissociated and both Fe(II) centers are five-coordinate. Metallation of H2BPMMe with 
Fe(HMDS)2 affords Fe2(BPMMe)2(THF)2 in which both Fe(II) centers are four-coordinate. Ligands are color-coded gray 
and blue to highlight the coordination mode of each ligand. Bottom: Displacement ellipsoid plots (50% probability) of 
the prepared binuclear Fe(II) complexes. Selected bond distances (Å): Fe2(BPM)2 Fe1–Fe1’ = 2.963(2), Fe1–N3’ = 
2.031(4), and Fe1–N3 = 2.381(6); Fe2(BPM)2(THF)2 Fe1–Fe2 = 3.1551(6), Fe1–N7 = 2.105(4), and Fe2–N7 = 2.496(3); 
Fe2(BPMMe)2 Fe1–Fe2 = 3.6343(4), Fe1–N2 = 1.992(2), Fe1–N3 = 3.060(2). 
 

Table 1. Summary of selected metrical parameters for Fe2(BPM)2(THF)2, Fe2(BPM)2, and Fe2(BPMMe)2. 
 Fe2(BPM)2(THF)2 Fe2(BPM)2 Fe2(BPMMe)2 

Fe•••Fe 3.1551(6) 2.963(2) 3.6343(4) 

Fe1–Npyrra 2.118(2) 
2.031(4) 1.9972(7) 

Fe2–Npyrrb 2.029(1) 

Fe–Npyrr,p 2.448(1)c 2.381(6)d --- 

Fe1–Npyre 2.202(1) 
2.176(4) 2.1304(8) 

Fe2–Npyrf 2.149(2) 
aAverage bond distance of Fe1–N2 and Fe1–N7 (Fe1–N3’). bAverage bond distance of Fe2–N3 (Fe1’–N3) and Fe2–
N6 (Fe1’–N2’). cAverage bond distance of Fe2–N2 and Fe2–N7. dAverage bond distance of Fe1–N3’ and Fe1’–N3. 
eAverage bond distance of Fe1–N1 and Fe1–N8 (Fe1–N4’).  fAverage bond distance of Fe2–N4 (Fe1’–N4) and Fe2–
N5 (Fe1’–N1’). 

Crystallization of Fe2(BPM)2(THF)2 by vapor diffusion of pentane into THF solution at –35 

°C afforded single crystals of Fe2BPM2(THF)2 (Figure 4). Fe2BPM2(THF)2 crystallizes in the 

triclinic space group P–1 with two whole molecules and three THF molecules residing in the 
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crystallographically independent unit. The Fe(II) centers in Fe2BPM2(THF)2 are both six-

coordinate. Fe1 is ligated by pyridylpyrrolide moieties of two different ligands, such that the 

pyridyl donors are mutually trans, and by two THF donors. The pyrrolide donors to Fe1 are s-

bound and the Fe1–Npyrr distance is 2.118(2) Å (i.e., average Fe–N of Fe1–N2 and Fe1–N7), which 

is consistent with the Fe–N distance expected of a high-spin Fe(II) ion.22, 23 Fe2 is also supported 

by pyridylpyrrolide donors of two different ligands, although unlike Fe1, the pyridyl donors to Fe2 

are mutually cis. The remaining two coordination sites are occupied by p-interactions with the 

pyrrolide ligands that are s-bound to Fe1; Fe2–Npyrr = 2.448(1) Å (i.e., average of Fe2–N2 and 

Fe2–N7). The Fe–Fe distance (3.1551(6) Å) in Fe2(BPM)2(THF)2. Based on this distance, the 

formal shortness ratio (fsr),24, 25 which is the ratio of the interatomic distance divided by the sum 

of the covalent radii,26 is 1.35. Because the value is significantly greater than 1 we do not formulate 

any Fe–Fe bonding in Fe2(BPM)2(THF)2. 

The THF ligands of Fe2(BPM)2(THF)2 are labile. Recrystallization of Fe2(BPM)2(THF)2 

from toluene afforded a single crystal of Fe2(BPM)2, in which the binuclear core in conserved but 

the previously coordinated THF ligands are no longer present (Figure 4). Loss of coordinated 

solvent is accompanied by ligand rearrangement: The coordination sphere is comprised of 

pyridylpyrrolide moieties from two different ligand molecules with one of the pyrrolide donors 

adopting a bridging position. The Fe centers in Fe2(BPM)2 are symmetry equivalent and five-

coordinate. Both the t5 parameter of 0.15627,28 and continuous shape measurement (CShM) 

calculations,14-16 are consistent with distorted square pyramidal coordination of both Fe centers (t5 

for an idealized square pyramid is 0).13, 27 The Fe–Fe separation in Fe2(BPM)2 (2.963(2) Å) is 

slightly shorter than that observed in Fe2(BPM)2(THF)2, but the formal shortness ratio (fsr = 1.27) 

is again inconsistent with meaningful Fe–Fe bonding. Consistent with symmetry equivalent Fe 
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centers, the 57Fe Mössbauer spectrum of Fe2(BPM)2 displays a single quadrupole doublet with 

isomer shift of d = 0.962 and a quadrupole splitting of |DEQ| = 3.054 (Figure 5a). In addition, UV-

vis spectroscopy of Fe2BPM2 measured in toluene shows absorption at 493 and 525 nm (e = 1.0 ´ 

103 and 8.1 ´ 102 M-1cm-1, respectively), which reflects a red shift of d-d transition band upon 

removal of coordinated solvent. The removal of THF is reversible: Recrystallization of Fe2(BPM)2 

from THF affords Fe2(BPM)2(THF)2. 

 

 

Figure 5. 57Fe Mössbauer spectra of binuclear Fe(II) complexes measured at 5 K. (a) Fe2(BPM)2 displays a single 
quadrupole doublet with d = 0.962, |DEQ| = 3.054, g = 0.314. (b) Fe2(BPMMe)2 displays a single quadrupole doublet with 
d = 0.868, |DEQ| = 2.339, g = 0.373. d, isomer shift; |DEQ|, quadrupole splitting; g, linewidth. 

We hypothesized that ligand methylation (i.e., PyrMePyrrH) would introduce interligand steric 

interactions that would result in Fe–Fe elongation that could eliminate the Fe–Npyrr p-interactions 

present in Fe2(BPM)2 and give rise to four-coordinate Fe(II) ions. We validated this hypothesis by 

preparing Fe2(BPMMe)2 from H2BPMMe and Fe(HMDS)2 (Figure 4). Crystallization via vapor 

diffusion of pentane into THF solution yielded a dark orange crystalline solid which displayed 7 

paramagenetically shifted 1H NMR peaks (Figure S10–S11); Evan’s method provides µB = 6.8 

which is consistent with an S = 3 complex. The UV-vis spectrum measured in THF displayed 

absorptions at 492 and 523 nm (e = 1.1 ´ 103 and 9.1 ´ 102 M-1cm-1, respectively; Figure S12), 

which are similar to those observed for Fe2(BPM)2 in toluene. High-resolution mass spectrometry 
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was consistent with binuclear iron compound Fe2(BPMMe)2 (HRMS-ESI+ [M]+ calcd. 764.1756; 

expt. 764.1736; [M+H]+ calcd 765.1835; expt. 765.1807). The 57Fe Mössbauer spectrum of 

displays a single quadrupole doublet with d = 0.868 and |DEQ| = 2.339 (Figure 5b). These 

parameters are similar to those obtained for trinuclear complex Fe3(TPM)2 (d = 0.835 and |DEQ| = 

2.171) and suggested the two compounds may feature similar CDO coordination at the Fe(II) sites.  

A single crystal of Fe2(BPMMe)2 was obtained by a vapor diffusion of pentane into THF 

solution.29 Refinement of X-ray diffraction data collected at 110 K reveals a binuclear complex in 

which each of the Fe centers is four-coordinate. The Fe–Fe distance is significantly elongated 

(3.6342(4) Å, fsr = 1.56) relative to the unmethylated analogue Fe2(BPM)2 (2.963(2) Å). The Fe–

Fe elongation results in the removal of the p-interactions that are observed in Fe2(BPM)2; in 

Fe2(BPMMe)2 the Fe–N distances are 3.064(1) Å (average of Fe1–N3 and Fe2–N7) and 4.383(1) 

Å (average of Fe1–N6 and Fe2–N2) Å. CShM analysis indicate each Fe(II) center adopts a slightly 

distorted CDO geometry (Table 2), and t4 values of 0.62 and 0.63 for each metal center are also 

consistent with CDO geometry (t4 = 0.640 for an idealized CDO geometry).13 

Synthesis of Mononuclear Fe(II) Complexes. Mononuclear complex Fe(PyrPyrr)2(THF)2 was 

obtained as a yellow crystalline solid by metallation of PyrPyrrH with Fe(HMDS)2 in THF 

following by vapor diffusion of pentane into the crude reaction mixture (Figure 6). The 1H NMR 

spectrum of Fe(PyrPyrr)2(THF)2 displays six paramagnetically shifted 1H NMR signals from 28 

to 140 ppm in d8-THF (Figures S13–S14). The UV-vis spectrum of Fe(PyrPyrr)2(THF)2 

measured in THF displays a broad tailing UV-vis absorption that ends at ~530 nm and no distinct 

lower energy absorptions (Figure S15). Evan’s method affords a magnetic moment of 4.5 µB, 

which is consistent with an S = 2 spin state. The 57Fe Mössbauer spectrum displays a single 

quadrupole doublet with d = 1.141 and |DEQ| = 2.450 (Figure 7a). A single crystal of 
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Fe(PyrPyrr)2(THF)2 was obtained from a concentrated THF/pentane solution. Refinement of the 

single-crystal X-ray diffraction data provides the structure illustrated in Figure 6. The octahedra 

coordination sphere of the Fe(II) center is composed of two pyridylpyrrolide ligands and two THF 

molecules. The Fe–Npyrr distances (avg. 2.089(2) Å) are consistent with an S = 2 complex.30 

 

Table 2. CShM for four-coordinate iron(II) complexes using SHAPE program, which calculates deviations of a set of 
atomic positions relative to the vertices of idealized polygons or polyhedra on the definition of minimal distortion paths 
and generalized interconversion coordinates.14, 31, 32 

Idealized 
Geometry 

Calculated Deviation 
Fe2(BPMMe)2 Fe(PyrMePyrr)2 Fe(Pyr)2(Pyrr)2 Fe1 Fe2 

Sq. Planar 23.132 25.339 23.982 31.655 
Tetrahedral 6.398 6.204 5.958 0.356 
CDO 5.054 5.204 5.215 6.992 
MTB 6.802 6.587 6.733 2.804 
t4 0.621 0.630 0.640 0.902 

 

Attempts to access four-coordinate Fe(PyrPyrr)2 by recrystallization of Fe(PyrPyrr)2(THF)2 

from toluene were unsuccessful. Instead, disproportionation afforded dark red crystals of Fe(III) 

complex Fe(PyrPyrr)3 and black amorphous powder Fe(0); the spectral data of Fe(PyrPyrr)3 

prepared by disproportionation of Fe(PyrPyrr)2(THF)2 are consistent with those obtained for a 

sample of Fe(PyrPyrr)3 that was independently synthesized from PyrPyrrH, FeCl3, and 

NaHMDS. Single crystals obtained following disproportionation of Fe(PyrPyrr)2(THF)2 and 

from independently prepared Fe(PyrPyrr)3 displayed identical unit cells. The Fe–Npyrr distances 

determined from the X-ray structure of Fe(PyrPyrr)3 (1.905(2) Å) are comparable to reported 

Fe(III) complexes.33 For solution-phase characterization of Fe(PyrPyrr)3, see Supporting 

Information (Figure S16–S18).  

Metallation of PyrMePyrrH with Fe(HMDS)2 followed by vapor diffusion of pentane into the 

crude metalation reaction mixture at –35 °C afforded Fe(PyrMePyrr)2(THF)2 as a yellow solid. 

Solution-phase characterization of Fe(PyrMePyrr)2(THF)2 is similar to that obtained for 
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Fe(PyrPyrr)2(THF)2: The 1H NMR spectrum displays 7 paramagnetic peaks from –25 to 64 ppm 

and the UV-vis spectrum displays weak absorptions at 470 and 496 nm (e = 3.7 ´ 102 and 2.2 ´ 

102 M-1cm-1, respectively; Figure S19–S21). Evan’s method (4.9 µB) is consistent with an S = 2 

complex and the 57Fe Mössbauer spectrum displays a single quadrupole doublet with d = 1.020 

(|DEQ| = 3.20) (Figure 7b). The structure of Fe(PyrMePyrr)2(THF)2 was determined by refinement 

of X-ray diffraction data collected at 296 K and reveals an octahedral coordination sphere 

composed of two pyridylpyrrolide ligands and two coordinated THF ligands. Similar to 

Fe(PyrPyrr)2(THF)2, the Fe–Npyrr distances in Fe(PyrMePyrr)2(THF)2 (avg. 2.034(1) Å) are 

consistent with an S = 2 complex. 

 

 

Figure 6. Top: Synthesis of mononuclear Fe(II) complexes. Metallation of PyrPyrrH with Fe(HMDS)2 affords 
Fe(PyrPyrr)2(THF)2. Attempts to access the corresponding 4-coordinate complex Fe(PyrPyrr)2 resulted in 
disproportionation to Fe(PyrPyrr)3 and Fe(0). Metallation of PyrMePyrrH with Fe(HMDS)2 affords 
Fe(PyrMePyrr)2(THF)2. Recrystallization from toluene affords 4-coordinate complex Fe(PyrMePyrr)2, which features cis-
divacant octahedral coordination at the Fe(II) center. Bottom: Displacement ellipsoid plots (50% probability) of the 
prepared binuclear Fe(II) complexes. Selected bond distances (Å): Fe(PyrPyrr)3 Fe1–N(1,3) = 1.905(2); 
Fe(PyrPyrr)2(THF)2   Fe1–N(1,3) = 2.089(2); Fe(PyrMePyrr)2(THF)2, Fe1–N(1,3) = 2.034(1); Fe(PyrMePyrr)2, Fe1–
N(1,3) = 1.985(2). 
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Figure 7. 57Fe Mössbauer spectra of mononuclear Fe(II) complexes measured at 5 K. All compounds display a single 
quadrupole doublet with 100% area of following parameters. (a) Fe(PyrPyrr)2(THF)2: d = 1.141, |DEQ| = 2.450, g = 
0.334. (b) Fe(PyrMePyrr)2(THF)2: d = 1.020, |DEQ| = 3.20, g = 0.443. (c) Fe(PyrMePyrr)2: d = 0.807, |DEQ| = 3.427, g = 
0.455. (d) Fe(Pyr)2(Pyrr)2: d = 0.839, |DEQ| = 2.606, g = 0.300. d, isomer shift; |DEQ|, quadrupole splitting; g, linewidth. 

Dissolution of Fe(PyrMePyrr)2(THF)2 in toluene results in a red shift of the UV-vis spectral 

features from 470 and 496 nm to 485 and 511 nm. This observation mirrors a similar red shift 

observed in the conversion of Fe2(BPM)2(THF)2 (480 nm, br) to Fe2(BPM)2 (493 and 525 nm), 

suggesting that a similar ligand dissociation is observed with the methylated complex. A single 

crystal of Fe(PyrMePyrr)2 was obtained from a toluene/pentane solution and refinement of the 

single-crystal X-ray data indicates that Fe(PyrMePyrr)2 displays a nearly ideal CDO geometry (t4 

= 0.640). The 57Fe Mössbauer spectrum displays a single quadrupole doublet with d = 0.807 (|DEQ| 

= 3.42) (Figure 7c). 

Synthesis of Model Systems. For comparison, we prepared an Fe(II) complex in which the 

pyrrolide and pyridyl ligands were separated (i.e., Fe(Pyr)2(Pyrr)2, Figure 8). Fe(Pyr)2(Pyrr)2 

was prepared by combination of Fe(Pyr)2Cl2 and sodium pyrrolide in THF at 23 °C. The 1H NMR 

spectrum of Fe(Pyr)2(Pyrr)2 in d8-THF displays three broad peaks from 11 to 27 ppm and two 

sharper peaks at 6.64 and 6.00 ppm (Figures S22–S23). Similar to the other monomeric Fe(II) 

complexes described, Evans method provide a magnetic moment of 4.6 µB, consistent with an S = 

2 complex. The 57Fe Mössbauer spectrum displays a single quadrupole doublet with d = 0.839 



 14 

(|DEQ| = 2.606) (Figure 7d). A single crystal was obtained by vapor diffusion of pentane into THF 

solution at –35 °C. Refinement of X-ray diffraction data provides the solid-state structure 

illustrated in Figure 8, which reveals a tetrahedral coordination geometry for Fe(Pyr)2(Pyrr)2. 

CShM analysis (Table 2) and t4 value (t4 = 0.902) confirm tetrahedral coordination sphere of 

Fe(II) center. 

 

Figure 8. Synthesis of Fe(Pyr)2(Pyrr)2. Displacement ellipsoid plot drawn at 50% probability illustrates the tetrahedral 
coordination geometry at the Fe(II) center. Selected bond distances (Å): Fe1–N1 = 1.990(2). 

 

Electrochemistry. To examine the redox properties of the prepared Fe(II) complexes, cyclic 

voltammetry data was collected in 1,2-difluorobenzene (THF for Fe(Pyr)2(Pyrr)2 due to limited 

solubility in 1,2-difluorobenzene) with NBu4PF6 as the supporting electrolyte under an N2 

atmosphere.  

In general, the family of binuclear Fe(II) complexes featured poorly defined features by cyclic 

voltammetry in both oxidative and reductive directions (Figures S24–S29).  These observations 

mirror those made for Fe3(TPM)220 and for other Fe(II) pyrrolide complexes34 and are consistent 

with significant ligand-centered redox chemistry. Analysis of the mononuclear complexes reveals 

that Fe(PyrPyrr)2 displays a partially reversible FeII/FeI couple at –1.22 V (vs. Fc+/Fc); the 

observed feature is only observed when the scan is initiated in the cathodic direction (Figure 9a; 

see Supporting Information for additional CV data). The CDO four-coordinated Fe(PyrMePyrr)2 
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displays a partially reversible oxidation event at –0.47 V vs. Fc+/Fc when the sweep begins 

anodically (Figure 9b). 

 

Figure 9. Cyclic voltammograms (CVs) measured in 1,2-difluorobenzne under N2 atmosphere (Potential vs. Fc/Fc+). 
(a) The CV of Fe(PyrPyrr)2 displays a partially reversible reduction event at –1.22 V, and (b) the CV of  Fe(PyrMePyrr)2 
displays a partially reversible oxidation event at –0.47 V. 

 

The observation of significant ligand contribution to the oxidation/reduction chemistry of the 

Fe(II) pyridylpyrrolide complexes is consistent with the computed frontier orbitals of these 

species. Figure 10 illustrates that HOMO and LUMO of Fe(PyrMePyrr)2 and highlights that these 

orbitals are predominantly pyrrollide and pyridyl centered, respectively. Similar orbital 

distributions have previously been described for pyridylpyrrolide complexes of first-row metals. 

Computational Evaluation of Isomerization of Four-Coordinate Fe(II) Centers. To evaluate 

the ligand-dependent geometrical preferences of the Fe(II) complexes described above, we have 

evaluated the potential energy surfaces (PES) that govern isomerization of the primary 
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coordination sphere in Fe(PyrMePyrr)2 and Fe(Pyr)2(Pyrr)2. Structures were calculated using the 

UB3LYP functional combined with the 6-311+G basis set on all atoms and the MDF10 effective 

core potential on Fe. Redundant coordinates were set for the N1–Fe–N3 angle (the angle between 

pyrrolide donors) and N2–Fe–N4 angle (the angle between the pyridyl donors) to give a range of 

τ4 values while allowing for relaxation of the bond lengths and angles of the remainder of the 

molecule. The results of these calculations are plotted in Figure 11. The energies for the optimized 

structures of Fe(PyrMePyrr)2 (τ4 = 0.70) and Fe(Pyr)2(Pyrr)2 (τ4 = 0.82) are set to 0 kcal/mol. 

These calculations indicate a strong preference for the cis-divacant geometry in Fe2(PyrMePyrr)2 

with τ4 values in the 0.6-0.7 range being the lowest in energy. As the complex approaches a square 

planar geometry (τ4 = 0), the energy rapidly increases. This is most likely due to a combination of 

a strong electronic preference for Fe to stay in a geometry conducive to high spin and large steric 

repulsions between ligands as they are forced into the same plane. Values for τ4 significantly larger 

than 0.7 were inaccessible due to the 82.7° bite angle of the PyrMePyrr ligand preventing 

tetrahedral-like geometries. In contrast, Fe(Pyr)2(Pyrr)2 shows a preference for a geometry closer 

to tetrahedral. 

 

Figure 10. HOMO and LUMO of Fe(PyrMePyrr)2 are pyrrole- and pyridyl-centered, respectively.  
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Figure 11. Computed PESs for the isomerization of Fe(PyrMePyrr)2 and Fe(Pyr)2(Pyrr)2. Structures were generated 
by fixing N–Fe–N bond angles to give rise to the indicated t4 values and optimizing the remainder of the structure.   

 

DISCUSSION AND CONCLUDING REMARKS 

The intimate relationship between transition metal ion coordination geometry and reactivity 

provides constant impetus to develop platforms that exhibit new or uncommon geometries. In the 

context of four-coordinate complexes, cis-divacant octahedral (CDO) coordination is rare, 

although the presence of cis-divacant coordination sites available for potential substrate binding 

and activation renders CDO complexes attractive for potential catalyst development (Figure 1). 

We had previously observed CDO coordination at Fe(II) sites in the trinuclear complex Fe3(TPM)2 

assembled by metalation of the three-fold symmetric H3TPM ligand. The origin of the peculiar 

coordination geometry in this trinuclear complex — ligand enforced, aggregation induced, or 

electronically preferred — was not clear. Further, the vacant coordination sites of the CDO Fe(II) 

ions in Fe3(TPM)2 were inaccessible to substrate due to confinement within the core of the 

trinuclear array. To better evaluate the origins of the observed CDO geometry and to develop a 

suite of complexes that would provide a structural basis to evaluate the reactivity of this unique 

structure class, we have pursued exhaustive ligand truncation studies that have resulted in the 

isolation of a family of mono- and binuclear complexes that feature isostructural CDO Fe(II) ions. 
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Figure 12. Displacement ellipsoid plot of Fe2(BPMMe)2. Highlight of the primary coordination sphere featuring CDO 
coordination at each Fe(II) center. 

Excision of one of the three 2-pyridylpyrrole arms of the H3TPM ligand afforded H2BPM, which supports binuclear Fe(II) 

complexes (Figures 3 and 4). While metalation of this ligand in THF afforded a binuclear complex Fe2(BPM)2(THF)2 with two six-

coordinate Fe(II) ions, the coordinated solvent ligands are labile. Dissolution in a non-coordinating solvent, such as toluene, resulted 

in a binuclear complex with two five-coordinate Fe(II) ions. In this complex, rearrangement of the ligand results in bridging pyrrolide 

ligands. Ligand methylation results in expansion of the Fe–Fe distance and enforcement of CDO geometry at both Fe(II) centers; 

the local geometry at each of the Fe centers in Fe2(BPMMe)2 are highlighted in Figure 12. Analysis of the local geometry using the t4 

metric was consistent with CDO coordination at each of the Fe(II) sites, which is corroborated by continuous shape analysis (Table 

2). 

Further ligand truncation by removal of a 2-pyridylpyrrole arm from the H2BPM ligand series 

provides access to bidentate ligands PyrPyrrH and PyrMePyrrH. Metallation of each of these in 

coordinating solvents provides access to monomeric, six-coordinate Fe(II) species in which 

solvent ligands occupy mutually cis coordination sites (Figure 6). Again, dissolution of these 

complexes in non-coordinating solvents results in labilization of the bound THF ligands to 

generate unsaturated Fe(II) complexes. In the case of Fe(PyrPyrr)2, disproportionation to 

Fe(PyrPyrr)3 and Fe(0)prevents isolation of the unsaturated monomer. In contrast, THF 
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dissociation from Fe(PyrMePyrr)2(THF)2 affords four-coordinate CDO complex 

Fe(PyrMePyrr)2. Comparison of the primary coordination sphere before and after THF 

dissociation reveals remarkably little structural rearrangement accompanies ligand dissociation 

(Figure 13). The Fe(II) center in Fe(PyrMePyrr)2 is rigorously CDO by analysis of the t4 metric. 

In addition, the Fe(II) ion in Fe(PyrMePyrr)2 shows similar coordination structure of Fe to the 

four-coordinate binuclear complex, Fe2(BPMMe)2: Both complexes feature CDO coordination and 

the Fe–Npyrr distances in Fe(PyrMePyrr)2 (1.985(2) Å) are comparable to that of Fe2(BPMMe)2 

(1.997(1) Å). The formation of two vacant sites by solvent dissociation is notable because previous 

studies in related pyrrolide complexes has resulted in five-coordinate, mono-solvento complexes.35 

 

Figure 13. Overlay of the primary coordination spheres of Fe(BPMMe)2(THF)2 (faded) and Fe(BPMMe)2, which highlights 
the minimal structural reorganization that accompanies THF dissociation and formation of the CDO Fe(II) ion.  

To evaluate the origin of the observed CDO geometry, we prepared Fe(Pyr)2(Pyrr)2 in which the 

aforementioned 2-pyridylpyrrolide ligands were separated into their constituent monodentate donors 

(Figure 8). In contrast to the suite of complexes prepared from chelating ligands, Fe(Pyr)2(Pyrr)2 displays 

tetrahedral coordination (t4 = 0.902) about the Fe(II) ion. This observation indicates that the 

electronically preferred geometry of Fe(II) with two pyridyl and two pyrrolide donors is tetrahedral and 

suggests that ligand chelation is responsible for the observed geometrical preferences in the obtained CDO 

complexes. The relative coordination preferences of monodentate and chelating bidentate donors was 
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evaluated by examining the potential energy surfaces that dictate the ligand-dependent coordination 

geometries of Fe(II) (Figure 11). Consistent with experiment, the potential energy surface for 

monodentate donors prefers tetrahedral coordination whereas the bidentate potential energy surface 

prefers CDO. The consistency of these computations with experiment indicates that the observed 

geometries do not arise due to crystal packing. Further, in the case of complex Fe(PyrMePyrr)2, the 

potential energy surface is fairly flat in the vicinity of CDO coordination, which indicates that small 

structural perturbations have a significant impact of the observed coordination geometry. We speculate 

that the disparity in geometry between monodentate donors (i.e., Fe(Pyr)2(Pyrr)2) and bidentate donors 

(i.e., Fe(PyrMePyrr)2  arises because the chelating ligand has a narrow bite angle (~83°) that cannot be 

accommodated in more tetrahedral arrangements.  

Access to a family of Fe complexes that display rigorous CDO coordination about the metal 

center provides an opportunity to evaluate the activity of these sites towards substrate binding and 

activation. Of particular note is the observation that while Fe pyrrolides often display ligand-

dominated, irreversible electrochemistry, Fe(PyrMePyrr)2 displays a reversible Fe(III)/Fe(II) 

couple. Combined with the available open coordination sites, this observation suggests 

Fe(PyrMePyrr)2 may be a good candidate for substrate engagement. Ongoing work is aimed at 

pursuing both the broader synthetic chemistry of CDO geometries with other transition metals and 

to the development of group transfer catalysis with CDO Fe(II) catalysts. 
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