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Transition metal catalysis is largely dominated by two electron transformations, often 

performed by third row, late transition metals. Herein we have largely concentrated on the 

opposite, using iron in a weak ligand field (via trispyrazolyl borate, Tp ligands) to access 

low-valent, high-spin species and utilized steric bulk to access new and interesting low 

coordinate species. Herein we report the first high-spin η2-arene metal complexes and their 

properties. While the arene is bound weakly, spin density is conferred to it upon binding. 

Using this same strategy at iron, we report a novel C−H activation mechanism by 

combining our low-valent, high-spin iron center with a bulkly phenoxyl radical. This 

enabled the activation of sp3, sp2, and sp C−H bonds in 2-butyne, ethylene, and 

phenylacetylene. In a digression from iron, we’ve also designed ligands that incorporate 

boron into the ligand scaffold to stabilize highly reduced metals, allowing us to isolate and 

characterize the first molecular dianionic platinum compound. 
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Chapter 1 : Dihapto Arene Binding at High Spin Fe(I)  

Introduction 

Arenes are an important class of ligands in organometallic chemistry,1–3 serving as 

spectator ligands or substrates in the functionalization of the arene itself. The hapticity of 

unsupported arene ligands is determined by the electronic properties of the metal center to 

which it is bound, according to the 18-electron rule and related concepts. If sterically 

accessible, η6 binding is the norm, as it preserves the aromaticity of the arene. With 

electron-deficient metal fragments, hexahapto coordination can imbue reactivity with 

nucleophiles (e.g. group 6 (CO)3M(arene) complexes).4,5 In some cases, ring-slippage to 

tetrahapto coordination occurs, as in the reduction of [(η6-C6Me6)2Ru]2+ to (η6-

C6Me6)Ru(η4-C6Me6).
6 With some metal fragments, dihapto binding of arenes is 

observed,7–11 and in the case of electron-rich, π-basic metal fragments, the metal-arene 

interaction is driven by strong backbonding (Figure 1-1). This transfer of electron density 

into the arene π* orbitals perturbs the aromaticity of the ring system and can drive reactivity 

of the bound arene with electrophiles.12,13 Owing to the use of strong-field ligands and/or 

second- and third-row metals, the η2-arene complexes reported to date tend to be 

electronically saturated and low-spin. We have been interested in the chemistry of low-

valent Fe fragments supported by trispyrazoylhydroborate (Tp) ligands,14 which, in the 

Fe(I) state, bind unsaturated ligands (e.g. N2
15,16 and CO17) with strong activation of the 

substrate via backbonding. Crucially, the metal centers in these complexes populate a high-

spin (S = 3/2) ground state despite the coordination of a π-accepting substrate. Low-

coordinate TpFe complexes can be prepared with bulky Tp ligands of the “tetrahedral 
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enforcer” variety,18–21 and their sterically encumbered Fe centers limit the size of accessible 

fourth ligands. Herein we report the development of a new Tp scaffold which, while bulky 

enough to allow the preparation of low-coordinate TpFe(I) complexes, contains an open 

face due to a regiochemical switch where one of the larger substituents is oriented away 

from the apical pocket This steric accommodation allows for the access of larger ligands 

to the metal center. Using this weak-field Fe(I) fragment, we have prepared the first 

examples of high-spin, η2-arene/heteroarene adducts and definitively established their spin 

state via EPR and solution magnetometry. 

 

Figure 1-1. A selection of mononuclear η2-arene complexes of π-basic transition metal fragments (Dur = 

2,3,5,6-tetramethylphenyl, Dipp = 2,6-diisopropylphenyl). 

 

Results and Discussion 

After discovering that sufficiently bulky Tp ligands could enable access to an 

unprecedented mononuclear S = 3/2 Fe(I) complex of N2,
15 we began to explore other Tp 

variants in order to find supporting ligands that were less sterically imposing but still 
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capable of supporting low-coordinate, monometallic Fe(I) centers. To this end, we 

synthesized a Tp ligand derived from the novel pyrazole 5-methyl-3-duryl-1H-pyrazole (2, 

duryl = Dur = 2,3,5,6-tetramethylphenyl). After subjecting 2 to standard Tp synthesis 

conditions with NaBH4, we isolated a single product whose 1H NMR spectrum was 

inconsistent with a threefold symmetric Tp scaffold (Scheme 1-1, Figure 1-8). Instead, the 

solution 1H features two different sets of pyrazole resonances in a 2:1 ratio, consistent with 

an inversion of the regiochemistry of the B–N bond forming step for one of the pyrazoles 

to give sodium bis(5-methyl-3-(2,3,5,6-tetramethylphenyl)-1-pyrazolyl)(3-methyl-5-

(2,3,5,6-tetramethylphenyl)-1-pyrazolyl)hydroborate (NaTpMe,Dur, 3) in 56% yield. This 

regiochemistry has been observed in other Tp derivatives and is presumably a consequence 

of very bulky aryl substituents at the 3-position of the pyrazole.22–24 Compound 3 is 

noteworthy, however, for the relative ease of its synthesis.  

 

Scheme 1-1. Synthesis of [TpDur,Me]– and Its Iron Complexes 

The novel Tp ligand 3 could be metallated with iron(II) chloride to give the 

paramagnetic complex TpMe,DurFeCl (4, Scheme 1-1). Single-crystal X-ray diffraction 

(XRD) confirmed this structural assignment and the unusual regiochemistry of 3, revealing 
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a pseudotetrahedral Fe(II) center flanked by two duryl substituents and a methyl group 

(Figure 1-2). A single, irreversible reduction event was observed for 4 at Ep,c = –2.97 V vs. 

Fc/Fc+ by cyclic voltammetry in THF (Figure 1-33) indicating the plausibility of accessing 

formally Fe(I) complexes with this framework. To wit, reduction of 4 with KC8 affords the 

formally Fe(I) N2 complex (TpMe,DurFe)2(μ-N2) (5, Scheme 1), which, despite the 

significant steric bulk presented by the duryl substituents, was shown to exist as a 

bimetallic complex with a bridging N2 ligand in the solid state by XRD (Figure 1, bottom). 

While complex 5 is structurally analogous to the complex (TpPh,MeFe)2(μ-N2) previously 

reported by our group,15 the phenyl-substituted analogue exhibits nearly perfect threefold 

symmetry due to the interdigitation of the phenyl substituents. In contrast, the TpFe units 

in 5 are strongly canted away from the latent threefold axis, with the methyl group, due to 

its smaller size, encroaching on the bridging N2 ligand. Complex 5 is dark red both in the 

solid state and in THF solution. Like its phenyl-substituted analogue, 5 exhibits an intense 

band at 910 nm in the UV-vis-NIR spectrum, consistent with an intact Fe–N2–Fe unit in 

solution.15,25 Unlike its phenyl congener, however, 5 undergoes an immediate and 

reversible color change to black when dissolved in benzene under N2, accompanied by the 

disappearance of the NIR feature characteristic of the Fe–N2–Fe unit. Working under argon 

allows the isolation of this material as a black microcrystalline solid. Despite significant 

effort, we have been unable to generate single crystals suitable for its structural 

characterization via XRD. Vibrational spectroscopy provided no indication of a bound N2 

ligand, and combustion analysis is consistent with the formulation of this complex as the 

benzene adduct TpDur,MeFe(C6H6) (6). Solution magnetometry conducted on 6 by the 
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method of Evans26,27 gave an effective magnetic moment of 3.9 ± 0.1 μB, consistent with a 

high-spin, monometallic Fe(I) complex. In further support of the high-spin assignment, the 

X-band EPR spectrum of 6 in 2-methyltetrahydrofuran (2-MeTHF) at 109 K contained a 

broad feature spanning ~0–500 mT (Figure 1-27), inconsistent with an S = ½ complex. 

Given the rarity of arene complexes featuring high-spin metal centers, we were eager to 

gain more information on this class of molecules and so turned to alternate arene ligands 

in order to identify related complexes amenable to structural characterization. 

 

Figure 1-2. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpMe,DurFeCl (4, left) 

and (TpMe,DurFe)2(μ-N2) (5, right). Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, 

respectively. Most hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

Due to its electron deficient character, PhCF3 has been used as a benzene surrogate 

in systems that bind arenes in a dihapto fashion,28 with an ~3 kcal/mol greater binding 

energy reported for a Mo(0) system.29 Dissolution of 5 in PhCF3 under argon resulted in 

the quantitative formation of a new purple species (Scheme 1-2.) with a solution magnetic 

moment (μeff = 3.9 ± 0.1 μB) and optical properties (Figure 1-23) similar to those of 6. Slow 

evaporation of a pentane solution of this material gave single crystals which were shown 
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by XRD to be the dihapto arene complex TpDur,MeFe(3,4-η2-PhCF3) (7, Figure 1-3). 

Compound 7 is the first example of a crystallographically characterized η2-PhCF3 complex, 

and its solid-state structure contains two crystallographically independent but chemically 

equivalent molecules with minor variations in bond distances. The coordinated π bond is 

elongated significantly (dC–C = 1.427(4), 1.428(4) Å) compared to free PhCF3,
30 and the 

uncoordinated portion of the arene exhibits bond lengths consistent with perturbation of 

the aromaticity of the bound ligand (Figure 1-3, right). Inspection of a space-filling model 

of 7 suggests that the open face of the TpDur,Me ligand with the flanking methyl group is 

critical for accommodating arene binding to this otherwise sterically bulky fragment. 

 

Scheme 1-2. Synthesis of TpDur,MeFe(I) Arene Complexes 

 

 

Figure 1-3. Thermal ellipsoid plot (50% probability) of one of independent molecules in the solid-state 

structure of TpMe,Dur(3,4-η2-PhCF3) (7, left) and selected bond lengths for both independent molecules 
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(right). Bond lengths are given in Å. Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C 

atoms, respectively. One disordered CF3 group, co-crystallized solvent molecules, and most hydrogen 

atoms have been omitted for clarity. 

Having confirmed the structure of 7 via single crystal XRD, we were eager to 

definitively establish its spin-state. Like complex 6, the X-band EPR spectrum of 7 at 105 

K is extremely broad (Figure 1-26). However, a sample of 7 in hexane cooled to 15 K 

exhibits a well-resolved spectrum with features at geff values of 5.8, 2.3, and 1.7, consistent 

with rhombic S = 3/2 complex (E/D ≈ 0.3) with giso > 2 (Figure 1-4).31 The 57Fe Mossbauer 

spectrum of 7 contains a quadrupole doublet with an isomer shift of 0.951 mm/s and a 

quadrupole splitting of 1.011 mm/s. (Figure 1-31). Although Mössbauer data on low-

coordinate TpFe complexes are scant, the large isomer shift is consistent with a high-spin 

assignment.32,33 

 

Figure 1-4. X-band EPR spectrum (9.631 GHz) of TpMe,DurFe(3,4-η2-PhCF3) in hexane at 15 K (black) and 

its simulation (red) with the following parameters: g = [2.4, 2.2, 2.2], E/D = 0.31. See Supporting 

Information for simulation details. 

Density functional theory (DFT) calculations of the model complex TpFe(3,4-η2-

PhCF3) were carried out on both the doublet and quartet manifolds in order to gain further 
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insight into the electronic structure of 7 (M06L34 with a custom Alrichs basis35 set via 

ORCA,36 see SI). Although energy minima featuring dihapto arene coordination could be 

converged in both spin states (Figure 1-40 and 1-41), the S = 3/2 configuration was 

significantly lower in energy (∆E = 0.0389 Eh) and better reproduced the longer Fe–N and 

Fe–C bond lengths observed by XRD. A spin density plot generated for the high-spin 

structure of TpFe(3,4-η2-PhCF3) (Figure 1-5) shows significant spin delocalization onto 

the bound arene, with Mulliken spin populations of 3.33 at Fe and –0.13 on each of the two 

bound carbons. We observed a similar phenomenon in our computational investigation of 

the related terminal N2 complex TpAd,MeFe(N2),
15 and this spin polarization may be a key 

difference between π-basic fragments with weak ligand fields and more typical strong-field 

π-bases.37,38  

 

Figure 1-5. Spin-density isosurface (0.01) calculated for the model high-spin complex TpFe(η2-PhCF3). 

Green represents positive spin and red represents negative spin. Mulliken spin populations: Fe = 3.33, C1 = 

−0.13, C2 = −0.13. 
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Figure 1-6. Canonical single-electron Kohn−Sham orbitals calculated for TpFe(3,4-η2-PhCF3) at an 

isosurface value of 0.05 (see text for computational details). Orbital energies are in eV. 

Having established that 7 is a bona fide high-spin Fe(I) complex of a dihapto arene, 

we explored the generality of this motif. Treatment of 5 with naphthalene, anthracene, and 

furan under Ar gave rise to isolable complexes of the form TpDur,MeFe(η2-L) (Scheme 1-3) 

where L = naphthalene (8), anthracene (9), and furan (10). Complex 8 can also be 

synthesized directly from 4 via reduction with K(C10H8). Like 7, compounds 8–10 are also 

S = 3/2, with solution magnetic moments ranging from 3.7–3.9 μB and broad X-band EPR 

spectra spanning hundreds of mT (Figure 1-28, 1-29, and 1-30). Single crystal XRD 

confirms the dihapto ligand binding in 8–10 (Figure 1-7). These structures feature 
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lengthening of the coordinated C–C bond (dC–C > 1.4 Å) consistent with significant 

backbonding, and 10 is a rare example of a structurally characterized mononuclear η2-furan 

complex.39,40 Although complexes 6 and 7 slowly reform the bridging N2 complex 5 in the 

presence of N2, 8 and 9 are indefinitely stable in ethereal solvents under the same 

conditions. The furan complex 10, however, cannot be prepared except by the rigorous 

exclusion of N2, and we observed no binding between the TpDur,MeFe(I) fragment and N-

methylpyrrole. These findings are consistent both with the diminished aromaticity of 

naphthalene and anthracene relative to benzene as well as the centrality of backbonding to 

these interactions, weakening the ability of the electron-rich substrates furan and N-

methylpyrrole to coordinate. 

 

Scheme 1-3. Synthesis of Polycyclic Arene and Heteroarene Complexes of TpDur,MeFe(I) 
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Figure 1-7. Thermal ellipsoid plots (50% probability) of the solid-state structures of TpDur,MeFe(1,2-η2-

naphthalene) (8, top), TpDur,MeFe(1,2-η2-anthracene) (9, middle), and TpDur,MeFe(1,2-η2-furan) (10, bottom). 

Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, respectively. Most hydrogen atoms 

and co-crystallized solvent molecules are omitted for clarity. 
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Conclusions 

We have developed a new, readily synthesized Tp ligand which is bulky enough to 

support low-coordinate Fe(I) complexes while preserving a binding site that can 

accommodate large unsaturated ligands. This fragment binds a range of arenes and 

heteroarenes to give dihapto complexes that populate a high-spin (S = 3/2) ground state. 

These compounds are unusual given the plethora of low-spin Fe(I) complexes featuring 

hexahapto arene coordination25,41,42 and the lack of high-spin dihapto arene complexes. 

DFT calculations suggest the delocalization of unpaired spin onto the bound arene, and, 

given the utility of dihapto coordination in the functionalization of arenes with 

electrophiles, we are currently exploring analogous chemistry, with a focus on radical-

mediated processes. 

 

Experimental Section 

General Considerations: Unless stated otherwise, all compounds were purchased from 

commercial sources and used without further purification. 2,3,5,6-

tetramethylacetophenone was prepared according to a literature procedure.43 Solvents were 

dried and deoxygenated by argon sparge followed by passage through an activated alumina 

column and were stored over 4 Å molecular sieves. All manipulations were performed 

under an N2 or argon atmosphere either in a glovebox or using standard Schlenk techniques. 

1H NMR spectra were recorded at 298 K using Bruker 400 MHz instruments. Chemical 

shifts are referenced to residual solvent peaks, IR spectra were recorded using a Bruker 

Alpha FT-IR with a universal sampling module collecting at 4 cm−1 resolution with 32 
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scans. EPR X-band spectra collected above 100 K were recorded using a Bruker EMX 

spectrometer and analyzed using Win-EPR software. EPR spectra collected at 15 K were 

recorded on a Bruker ELEXSYS E500 spectrometer with an Oxford ESR 900 X-band 

cryostat and a Bruker Cold-Edge Stinger. UV-Vis spectra were recorded using a Cary Bio 

500 spectrometer using a 1 cm path length quartz cuvette with a solvent background 

subtraction applied. X-ray diffraction studies were performed using a Bruker-AXS 

diffractometer. Elemental Analyses were performed by Midwest Microlabs. Solution phase 

effective magnetic moments were obtained via the method described by EvansError! Bookmark n

ot defined. and were performed in triplicate. Standard deviations are reported. The Mössbauer 

spectrum was recorded on a spectrometer from SEE Co. (formerly WEB Research Co.) 

operating in the constant acceleration mode in a transmission geometry. The sample was 

kept in an SVT-300 cryostat from Janis (Wilmington, MA), using liquid N2 as a cryogen 

for 80 K measurements. Data analysis was performed using version 4 of the program 

WMOSS (www.wmoss.org) and quadrupole doublets were fit to Lorentzian lineshapes.  

 

Synthesis of 1-(2,3,5,6-tetramethylphenyl)butane-1,3-dione (1). A solution of 2,3,5,6-

acetophenone (20.0 g, 0.113 mol) in 250 mL of dry THF was refluxed with sodium hydride 

(6.00 g, 0.250 mol) for 1 hour. The suspension was then cooled to room temperature and 

ethyl acetate (20.0 mL, 0.203 mol) was added dropwise. Following the addition, the 

mixture was refluxed again for 6 hours. After cooling to room temperature, the reaction 

mixture was then quenched with 200 mL water, and then extracted with 200 mL of diethyl 

ether three times. The aqueous layer was then acidified with 35% hydrochloric acid and 
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extracted again with 200 mL of ether three times. The ether extracts from the acidified 

aqueous layer were combined, dried over sodium sulfate, and the volatiles removed in 

vacuo. This procedure was repeated three times yielding a combined ~50 g of yellow oil, 

which was then distilled at 86 °C under vacuum (0.77 mm Hg) to yield a colorless oil which 

crystallized on cooling to room temperature. Yield: 38 g (51%). 1H NMR (400 MHz, 

CDCl3) δ 6.98 (s, 1H), 5.61 (s, 1H), 2.22 (s, 6H), 2.16 (s, 3H), 2.15 (s, 6H). 13C NMR (101 

MHz, CDCl3) δ 193.6, 189.8, 137.4, 134.1, 132.0, 130.1, 103.1, 25.8, 19.7, 16.3. HRMS 

(ESI): m/z for C14H19O2 [M+H]+ calcd.: 219.1385, found: 219.1375. 

 

Synthesis of 5-methyl-3-(2,3,5,6-tetramethylphenyl)-1H-pyrazole (2). A solution of 1 (38 

g, 0.17 mol) in ethanol was added to a stirring solution of hydrazine monohydrate in 

ethanol, and the resulting solution brought to reflux. After 16 h, the reaction mixture was 

partitioned between 400 mL of water and 400 mL of ether. The aqueous layer was extracted 

with 200 mL of ether three times. The combined ether extracts were washed twice with 

100 mL of water. The ether extract was subsequently dried over Na2SO4, and the volatiles 

removed in vacuo, resulting in a colorless crystalline solid. Yield: 35 g (94 %). 1H NMR 

(400 MHz, CDCl3) δ 10.79 (br s, 1H), 6.99 (s, 1H), 5.91 (s, 1H), 2.23 (s, 6H), 2.21 (s, 3H), 

1.95 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 146.2 (br), 145.4 (br), 133.9, 133.5, 131.6 

(br), 131.6, 105.5, 20.0, 16.8, 12.5. HRMS (ESI): m/z for C14H19N2 [M+H]+ calcd.: 

215.1548, found: 215.1567. 

 



 15 

Synthesis of Sodium bis(5-methyl-3-(2,3,5,6-tetramethylphenyl)-1-pyrazolyl)(3-methyl-5-

(2,3,5,6-tetramethylphenyl)-1-pyrazolyl)hydroborate (NaTpDur,Me, 3). A hot Schlenk flask 

was charged with 2 (20.0 g, 93 mmol), evacuated, and then placed under nitrogen. Sodium 

borohydride (1 g, 26 mmol) was added to the flask under a flow of nitrogen. The flask was 

sealed with a glass stopper and heated to 303°C for 3 hours. After being allowed to cool to 

60°C, and the viscous oil was triturated with acetonitrile, yielding a pure white solid. Yield: 

10 g (56%). 1H NMR (600 MHz, C6D6) δ 6.99 (s, 1H), 6.94 (s, 2H), 5.95 (s, 1H), 5.85 (s, 

2H), 2.21 (s, 6H), 2.21 – 2.18 (m, 15H), 2.17 (d, 6H), 2.02 (br s, 12H), 1.93 (s, 6H). 13C 

NMR (151 MHz, C6D6) δ 151.0, 149.3, 147.4, 144.6, 137.6, 136.0, 134.4 (br), 134.1, 133.2, 

133.0, 131.2, 130.9, 104.9, 104.3, 20.3, 17.3 (br), 17.1, 14.5, 13.1. HRMS (ESI): m/z for 

C42H54BN6 [M+2H]+ calcd.: 653.4508, found: 653.4644. 

 

Synthesis of TpDur,MeFeCl (4). Under a nitrogen atmosphere, 3 (2.00 g, 2.96 mmol) was 

dissolved in 80 mL of dry THF and combined with anhydrous FeCl2 (0.420 g, 3.31 mmol). 

The mixture was stirred for 4 hours, filtered through Celite, and concentrated to 10 mL in 

vacuo. The concentrate was layered with hexanes (20 mL), which precipitated colorless 

microcrystals. These were collected by filtration and washed with ether (5 mL). Yield: 2.2 

g (99%). 1H NMR (400 MHz, C6D6) δ 61.31, 58.52, 56.76, 44.97, 11.58, 8.77, 6.47, 6.13, 

3.64, 1.46, 0.24, −10.18, −28.37, −30.56. Evans Method (d8-THF): μB 6.8 ± 0.1. FTIR: νmax 

cm−1 2542 (B-H). Calc. for C42H52BClFeN6: C 67.89; H 7.05; N 11.31. Found: C 68.06; H 

7.03; N 11.31. 
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Synthesis of (TpDur,MeFe)2(μ-N2) (5). To a solution of 4 (0.500 g, 0.673 mmol) in 50 mL of 

toluene, potassium graphite (0.300 g, 2.22 mmol) was added. The reaction was monitored 

by NMR until completion (ca 6 hours). The suspension was filtered through celite and the 

filtrate was concentrated to 20 mL in vacuo. Layering the filtrate with hexane (40 mL) 

provided dark red cubic crystals. Yield: 210 mg (43%). 1H NMR (400 MHz, d8-THF) δ 

78.09, 67.24, 66.70, 54.50, 12.02, 6.89, 5.32, 1.28, 0.87, −4.20, −8.84, −9.78, −17.27, 

−29.15. Evan’s Method (d8-THF): μB 6.5 ± 0.1. FTIR: νmax cm−1 2540 (B-H). Raman: νmax 

cm−1 1770 (NN). UV-vis (THF): λmax (nm) (εmax (M
−1cm−1)) 904 (3.5 x 103), 520 (2.9 x 

103), 436 (3.4 x 103). Calc. for C84H104B2Fe2N14: C 69.91; H 7.26; N 13.59. Found: C 69.81; 

H 7.51; N 13.71. 

 

TpDur,MeFe(C6H6) (6). Under an argon atmosphere, 5 (80 mg, 0.055 mmol) was dissolved 

in minimal benzene. The solvent was concentrated in vacuo to yield analytically pure black 

microcrystals. Yield: 87 mg (99%). 1H NMR (400 MHz, C6D6) δ 44.30, 38.90, 19.37, 

11.18, 9.81, 6.58, 6.11, 5.93, 3.16, 2.67, 1.42, −2.64, −7.56, −10.44. 1H NMR (400 MHz, 

d8-THF, argon) δ 130.52, 44.52, 38.68, 19.31, 11.26, 10.00, 7.30, 6.66, 6.06, 6.00, 3.32, 

2.78, 0.89, −2.68, −7.67, −10.98. Evan’s Method (C6D6): μB 3.9 ± 0.1. UV-Vis (Benzene) 

λmax (nm) (εmax (M
−1cm−1)) 765 (sh, 5.4 x 102), 579 (1.3 x 103), 384 (sh, 3.2 x 103), 301 (sh, 

6.4 x 103). Calc. for C48H58BFeN6: C 73.38; H 7.44; N 10.70. Found: C 73.09; H 7.29; N 

10.45. 
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Synthesis of TpDur,MeFe(3,4-η2-PhCF3) (7). Under an argon atmosphere, 5 (50 mg, 0.035 

mmol) was dissolved in trifluorotoluene (0.5 mL), producing a deep purple solution. The 

volatiles were removed in vacuo yielding purple glaze that was dissolved in pentane. Slow 

evaporation afforded crystals suitable for XRD. Yield: 59 mg (99%). 1H NMR δ 56.28, 

46.68, 39.52, 22.74, 12.26, 12.03, 7.71, 6.70, 3.87, 2.79, −7.27, −13.44. Evans Method 

(C6D6): μB 3.9 ± 0.1. UV-Vis (Trifluorotoluene): λmax (nm) (εmax (M
−1cm−1)) 752 (sh, 5.1 x 

102), 549 (1.6 x 103), 376 (sh, 3.4 x 103), 303 (sh, 7.0 x 103). Calc. for C49H57BF3FeN6: C 

68.94; H 6.73; N 9.84. Found: C 68.69; H 6.74; N 9.69. 

 

Synthesis of TpDur,MeFe(1,2-η2-napthalene) (8). Method 1: Potassium naphthalenide・4/3 

THF (74 mg, 0.363 mmol) was added to a solution of 4 (170 mg, 0.228 mmol) in toluene 

(12 mL). The reaction was monitored by NMR until all of the starting material was 

consumed (~4 hours). The reaction mixture was filtered through celite and concentrated in 

vacuo to 1 mL. Hexanes (4 mL) were added, and the mixture was cooled to −30°C, yielding 

dark olive-green crystals. Yield: 116 mg (61%). Method 2: Solid naphthalene (6 mg, 0.047 

mmol) was added to a stirring solution of 5 (25 mg, 0.017 mmol) in toluene (2 mL). The 

solvent was concentrated in vacuo and layered with ether. Cooling to −30 °C overnight 

produced metallic olive-colored crystals suitable for single-crystal XRD. Yield: 25 mg 

(86%). 1H NMR (400 MHz, C6D6) δ 121.91, 42.53, 34.52, 27.24, 25.81, 12.41, 12.12, 

11.12, 8.82, 7.58, 5.48, 3.84, 3.65, −12.27, −18.70. Evans Method (d8-THF): μB 3.7 ± 0.1. 

UV-vis (THF): λmax (nm) (εmax (M
−1cm−1)) 921(sh, 1.6 x 102), 728 (sh, 3.6 x 102), 533 (6.7 
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x 102), 391 (sh, 1.7 x 103). Calc. for C48H58BFeN6: C 74.73; H 7.24; N 10.06. Found: C 

74.47; H 7.40; N 10.77. 

 

Synthesis of TpDur,MeFe(1,2-η2-anthracene) (9). A stirring solution of 5 (23 mg, 0.016 

mmol) in toluene (2 mL) was treated with solid anthracene (8 mg, 0.05 mmol). The solution 

turned from dark green to dark plum within seconds. The solvent was concentrated to 1 

mL in vacuo and layered with hexane (2 mL). Cooling to −19°C produced dark purple 

crystals suitable for single-crystal XRD. Yield: 27 mg (96%). 1H NMR (400 MHz, C6D6) 

δ 139.28, 52.41, 41.88, 34.59, 21.52, 15.00, 13.81, 10.96, 10.17, 8.83, 7.65, 5.22, 3.86, 

3.71, −12.39, −18.33. Evans Method (d8-THF): μB 3.7 ± 0.2. UV-Vis (THF): λmax (nm) 

(εmax (M
−1cm−1)) 700 (sh, 1.3 x 103), 551 (sh, 2.1 x 103), 516 (2.3 x 103), 476 (sh, 2.0 x 

103), 402 (sh, 4.7 x 103). Calc. for C56H62BFeN6 (½ × C6H14): C 76.29; H 7.49; N 9.05. 

Found: C 76.66; H 7.67; N 9.02. 

 

Synthesis of TpDur,MeFe(2,3-η2-furan) (10). Under an argon atmosphere, 5 (80 mg, 0.055 

mmol) was dissolved in furan (1 mL), producing a deep plum color. The solution was 

concentrated in vacuo to ~250 μL and layered with hexane (2 mL). Cooling to −19°C 

produced dark purple needles, suitable for XRD. Yield: 86 mg (99%). 1H NMR (400 MHz, 

d8-THF, argon) δ 59.66, 47.57, 36.73, 30.00, 21.76, 9.52, 7.48, 7.19, 6.36, 1.30, 0.89, 0.13, 

−6.16. Evans Method (d8-THF): μB 3.9 ± 0.1. UV-Vis (THF): λmax (nm) (εmax (M
−1cm−1)) 

800 (p, 5.35 x 102), 561 (p, 1.32 x103), 371 (sh, 3.18 x 103). Due to the high thermal 
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sensitivity of this compound and despite repeated attempts, satisfactory elemental analysis 

could not be obtained. Spectra are provided below. 
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NMR Spectra 

 
Figure 1-8. 1H NMR spectrum of NaTpDur,Me (3) recorded at 400 MHz in C6D6. 

 

Figure 1-9. 13C NMR spectrum of NaTpDur,Me (3) recorded at 101 MHz in C6D6. 
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Figure 1-10. 1H NMR spectrum of TpDur,MeFeCl (4) recorded at 400 MHz in C6D6. 

 

 

Figure 1-11. 1H NMR spectrum of (TpDur,MeFe)2(N2) (5) recorded at 400 MHz in d8-THF. 
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Figure 1-12. 1H NMR spectrum of TpDur,MeFe(C6D6) (6) recorded at 400 MHz in C6D6. 

 

Figure 1-13. 1H NMR spectrum of TpDur,MeFe(C6H6) (6) recorded at 400 MHz in d8-THF. 
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Figure 1-14. 1H NMR spectrum of TpDur,MeFe(1,2-η2-napthalene) (8) recorded at 400 MHz in C6D6. 

 

Figure 1-15. 1H NMR spectrum of TpDur,MeFe(1,2-η2-anthracene) (9) recorded at 400 MHz in C6D6. 
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Figure 1-16. 1H NMR spectrum of TpDur,MeFe(2,3-η2-furan) (10) recorded at 400 MHz in d8-THF. 

 

Figure 1-17. 1H NMR spectrum of TpDur,MeFe(3,4-η2-PhCF3)] recorded at 400 MHz in d8-THF. 
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UV-vis-NIR  

 
Figure 1-18. UV-vis-NIR spectrum of (TpDur,MeFe)2(N2) (5) in THF. 

 

 
Figure 1-19. UV-vis-NIR spectrum of TpDur,MeFe(C6H6) (6) in benzene. 
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Figure 1-20. UV-vis-NIR spectrum of TpDur,MeFe(1,2-η2-napthalene) (8) in THF. 

 

 
Figure 1-21. UV-vis-NIR spectrum of TpDur,MeFe(1,2-η2-anthracene) (9) in THF. 
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Figure 1-22. UV-vis-NIR spectrum of TpDur,MeFe(PhMe) in toluene.  

 
Figure 1-23. UV-vis-NIR spectrum of TpDur,MeFe(3,4-η2-PhCF3)] (7) in trifluorotoluene. 
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Figure 1-24. UV-vis-NIR spectrum of TpDur,MeFe(2,3-η2-furan) (10) in THF. 
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EPR 

 
Figure 1-25. X-band EPR spectrum (9.631 GHz) of TpDur,MeFe(3,4-η2-PhCF3)] (7) in hexane at 15 K (black) 

and its simulation (red). Simulation parameters: g1 = 2.4, g2 = 2.2 g3 = 2.2. D = 1.04 × 107 MHz; E = 3.26 × 

106 MHz; DStrain = 1.1309×106, EStrain = 8.77×105; lwpp = 15.878.  

 

Figure 1-26. X-band EPR spectrum (9.340 GHz) of TpDur,MeFe(3,4-η2-PhCF3)] (7) in 2-MeTHF at 104 K. 
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Figure 1-27. X-band EPR spectrum (9.316 GHz) of TpDur,MeFe(C6H6) (6)  in 2-MeTHF at 109 K. 

 

Figure 1-28. X-band EPR spectrum (9.313 GHz) of TpDur,MeFe(1,2-η2-napthalene) (8) in 2-MeTHF at 109 

K. 
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Figure 1-29. X-band EPR spectrum (9.318 GHz) of TpDur,MeFe(1,2-η2-anthracene) (9) in 2-MeTHF at 104 

K. 

 

Figure 1-30. X-band EPR spectrum (9.317 GHz) of TpDur,MeFe(2,3-η2-furan) (10) in 2-MeTHF at 104 K. 
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Mӧssbauer  

The Mössbauer spectrum was recorded on a spectrometer from SEE Co. (formerly WEB 

Research Co.) operating in the constant acceleration mode in a transmission geometry. The 

sample was kept in an SVT-300 cryostat from Janis (Wilmington, MA), using liquid N2 as 

a cryogen for 80 K measurements. The quoted isomer shift is relative to the centroid of the 

spectrum of a metallic foil of α-Fe at room temperature. The sample was prepared by 

dispersing polycrystalline material into Paratone N oil within a Delrin sample cup, and 

subsequently freezing the dispersion inside the cold well of a N2-filled glovebox chilled to 

77 K. The frozen sample was quickly removed from the glovebox and immersed in liquid 

N2 until mounted in the cryostat. Data analysis was performed using version 4 of the 

program WMOSS (www.wmoss.org) and quadrupole doublets were fit to Lorentzian 

lineshapes.44  
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Figure 1-31. Zero-field 57Fe-Mӧssbauer spectrum of TpDur,MeFe(3,4-η2-PhCF3) (7) at 80 K and its 

simulation (red) overlaid with another quadrupole doublet (blue) to account for broadness in the baseline. 

Black circles represent experimental data, solid lines are simulations. 

 

Table 1-1. Isomer shifts and quadrupole splittings of the two species in the Mӧssbauer spectrum above. 

# of 

site 
Doublet Assignment 

Relative 

intensity 

δ 

(mm/s) 

|ΔEQ| 

(mm/s) 
ΓL ΓR 

Reduced 

χ2 

2 
red Fe-CF3Ph 0.911 0.951 1.011 0.301 0.301 

1.025 
blue unknown 0.180 0.799 1.614 0.724 0.724 
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Figure 1-32. Zero-field 57Fe-Mӧssbauer spectrum of (TpDur,MeFe)2(μ-N2) (5) at 80 K and its simulation (red) 

overlaid with another quadrupole doublet (blue) to account for broadness in the baseline. Black circles 

represent experimental data, solid lines are simulations. 

 

Table 1-2. Isomer shifts and quadrupole splittings of the two species in the Mӧssbauer spectrum above. 

# of 

site 
Doublet Assignment 

Relative 

intensity 

δ 

(mm/s) 

|ΔEQ| 

(mm/s) 
ΓL ΓR 

Reduced 

χ2 

2 

red Fe-NN-Fe 0.967 0.910 1.294 0.290 0.290 

0.548 
blue unknown 

9.43 x 

10−2 
0.132 0.305 

0.501 0.501 
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Cyclic Voltammetry 

Cyclic voltammetry experiments were performed using a Pine AFP1 potentiostat. The cell 

consisted of a glassy carbon working electrode, a Pt wire auxiliary electrode and a Pt wire 

pseudo-reference electrode. All potentials are referenced vs. the Fc/Fc+ couple measured 

as an internal standard. 

 
Figure 1-33. Cyclic voltammogram of TpDur,MeFeCl (4) in THF (0.1 M [nBu4N]PF6 as electrolyte; 100 

mV/s scan rate). 
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X-Ray Crystallography 

General Considerations: Single crystals were coated with paratone oil and mounted on 

cryo-loop glass fibers. Diffraction data were collected on a Bruker-AXS Apex II 

diffractometer with an Apex II CCD detector using Mo K radiation ( = 0.71073 Å) from 

a fine-focus sealed tube source. Data were collected at 100 K by performing 0.5° -scans, 

integrated using SAINT45, and absorption corrected using SADABS46. The structure was 

solved by direct methods using SHELXT47 and refined against F2 on all data by full-matrix 

least squares with SHELXL-2018/348 following established refinement strategies.49 All 

non-hydrogen atoms were refined anisotropically. Except where noted below, all hydrogen 

atoms were included into the model at geometrically calculated positions and refined using 

a riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 

1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups).  Crystal 

and data quality details, as well as a summary of the residual refinement values, are listed 

in the accompanying table. Relevant details for individual data collections are reported in 

Tables 1-3 through Table 1-8. 

 

 



 37 

 

 

 

Figure 1-34. Labelled thermal ellipsoid plot (50%) for TpDur,MeFeCl (4). 

Table 1-3. Crystal data and structure refinement for TpDur,MeFeCl (4). 

Identification code  hh193LE6_0m 

Empirical formula  C42H52BClFeN6 

Formula weight  743.00 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 13.0674(3) Å α= 90°. 

 b = 21.4331(5) Å β= 96.0852(5)°. 

 c = 14.1351(4) Å γ = 90°. 

Volume 3936.58(17) Å3 
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Z 4 

Density (calculated) 1.254 mg/m3 

Absorption coefficient 0.489 mm−1 

F(000) 1576 

Crystal size 0.441 x 0.272 x 0.199 mm3 

θ range for data collection 1.733 to 30.506°. 

Index ranges −18 ≤ h ≤ 18, −30 ≤ k ≤30, −20 ≤ l ≤20 

Reflections collected 94063 

Independent reflections 12021 [Rint = 0.0275] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12021 / 0 / 478 

Goodness-of-fit on F2 1.031 

Final R indices [I > 2σI] R1 = 0.0329, wR2 = 0.0861 

R indices (all data) R1 = 0.0391, wR2 = 0.0905 

Extinction coefficient n/a 

Largest diff. peak and hole 0.503 and −0.512 e/Å3 

 

Notes: The hydrogen atom bonded to the B-atom was refined without restraint. 
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Figure 1-35. Labelled thermal ellipsoid plot (50%) for (TpDur,MeFe)2(μ-N2) (5). 
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Table 1-4. Crystal data and structure refinement for (TpDur,MeFe)2(μ-N2) (5). 

Identification code  hh200LE10_0m 

Empirical formula  C100H144B2Fe2N14O4 

Formula weight  1739.60 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 12.1403(7) Å α = 79.4679(8)°. 

 b = 13.5553(8) Å β = 70.9275(8)°. 

 c = 16.4607(9) Å γ = 80.4328(8)°. 

Volume 2500.4(2) Å3 

Z 1 

Density (calculated) 1.155 mg/m3 

Absorption coefficient 0.345 mm−1 

F(000) 936 

Crystal size 0.427 x 0.372 x 0.189 mm3 

θ range for data collection 1.538 to 27.484°. 

Index ranges −15 ≤ h ≤ 15, −17 ≤ k ≤ 17, −21 ≤ l ≤ 21 

Reflections collected 48459 

Independent reflections 11473 [Rint = 0.0295] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11473 / 165 / 583 

Goodness-of-fit on F2 1.032 

Final R indices [I > 2σI] R1 = 0.0408, wR2 = 0.1067 

R indices (all data) R1 = 0.0504, wR2 = 0.1132 

Extinction coefficient n/a 

Largest diff. peak and hole 0.634 and −0.573 e/Å3 

 

Notes: One of the two C4H10O molecules was modeled with disorder (disordered site 

occupancy factor ratio was 84%/16%). The close contact of the H14A...H6O atoms is due 

to this disorder. The H atom bonded to the B atom was refined without restraint. 

 

 



 41 

 

Figure 1-36. Labelled thermal ellipsoid plot (50%) for TpDur,MeFe(1,2-η2-napthalene) (8). 

Table 1-5. Crystal data and structure refinement for TpDur,MeFe(1,2-η2-napthalene) (8). 

Identification code  hh173AM61_0m 

Empirical formula  C59H68BFeN6 

Formula weight  927.85 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 11.9115(9) Å α = 77.2722(12)°. 

 b = 12.0680(9) Å β = 89.6965(12)°. 

 c = 19.7547(15) Å γ = 67.1206(11)°. 

Volume 2541.8(3) Å3 

Z 2 

Density (calculated) 1.212 mg/m3 

Absorption coefficient 0.341 mm−1 
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F(000) 990 

Crystal size 0.388 x 0.248 x 0.038 mm3 

θ range for data collection 1.863 to 28.282°. 

Index ranges −15 ≤ h ≤ 15, −16 ≤ k ≤ 16, −26 ≤ l ≤ 26 

Reflections collected 52591 

Independent reflections 12606 [Rint = 0.0294] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12606 / 0 / 629 

Goodness-of-fit on F2 1.033 

Final R indices [I > 2σI] R1 = 0.0396, wR2 = 0.0987 

R indices (all data) R1 = 0.0527, wR2 = 0.1052 

Extinction coefficient n/a 

Largest diff. peak and hole 0.451 and –0.359 e/Å3 

 

Notes: H1B, H1 and H2 atoms bonded to B1, C1 and C2, respectively, were refined 

unrestrained. 
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Figure 1-37. Labelled thermal ellipsoid plot (50%) for TpDur,MeFe(1,2-η2-anthracene) (9). 

Table 1-6. Crystal data and structure refinement for TpDur,MeFe(1,2-η2-anthracene) (9). 

Identification code  hh252LE29_0m 

Empirical formula  C63H70BFeN6 

Formula weight  977.91 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 14.8713(6) Å α = 90°. 

 b = 18.9359(8) Å β = 93.1219(8)°. 

 c = 18.9480(8) Å γ = 90°. 

Volume 5327.9(4) Å3 

Z 4 

Density (calculated) 1.219 mg/m3 

Absorption coefficient 0.329 mm−1 

F(000) 2084 

Crystal size 0.442 x 0.197 x 0.115 mm3 
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θ range for data collection 1.521 to 30.508°. 

Index ranges −21 ≤ h ≤ 21, −27 ≤ k ≤ 27, −27 l ≤ 27 

Reflections collected 84732 

Independent reflections 16272 [Rint = 0.0547] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 16272 / 252 / 700 

Goodness-of-fit on F2 1.022 

Final R indices [I > 2σI] R1 = 0.0530, wR2 = 0.1233 

R indices (all data) R1 = 0.0907, wR2 = 0.1390 

Extinction coefficient n/a 

Largest diff. peak and hole 0.520 and −0.634 e/Å3 
 

Notes: H1B, H1 and H2 atoms bonded to B1, C1 and C2, respectively, were refined 

unrestrained. 
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Figure 1-38. Labelled thermal ellipsoid plot (50%) for TpDur,MeFe(2,3-η2-furan) (10). 
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Table 1-7. Crystal data and structure refinement for TpDur,MeFe(2,3-η2-furan) (10). 

Identification code  hh295le_r_sq 

Empirical formula  C50H60BFeN6O2 

Formula weight  843.70 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 11.9452(4) Å  = 82.3236(17)°. 

 b = 12.3931(4) Å  = 75.4079(16)°. 

 c = 17.4853(6) Å  = 84.1370(17)°. 

Volume 2476.21(14) Å3 

Z 2 

Density (calculated) 1.132 mg/m3 

Absorption coefficient 0.347 mm−1 

F(000) 898 

Crystal color purple 

Crystal size 0.160 x 0.151 x 0.126 mm3 

Theta range for data collection 1.662 to 29.575° 

Index ranges −16 ≤  h ≤ 16, −17 ≤ k ≤ 17, −24 ≤  l ≤  24 

Reflections collected 72958 

Independent reflections 13884 [Rint = 0.0444] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13884 / 7 / 571 

Goodness-of-fit on F2 1.037 

Final R indices [I > 2σI = 11128 data] R1 = 0.0404, wR2 = 0.1017 

R indices (all data, 0.72 Å) R1 = 0.0549, wR2 = 0.1101 

Largest diff. peak and hole 1.282 and −0.393 e/Å3 

 

Notes: H atoms bonded to B1, C1 and C2 were refined unrestrained. The SQUEEZE 

program within the PLATON suite was used to address a very poorly-behaved solvent 

pocket likely containing a mixture of disordered furan and n-hexane molecules; attempts 

to model this solvent mixture required unreasonably strong restraints in order to maintain 

sensible geometries. 
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Figure 1-39. Labelled thermal ellipsoid plot (50%) for TpDur,MeFe(3,4-η2-PhCF3) (7). 
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Table 1-8. Crystal data and structure refinement for TpDur,MeFe(3,4-η2-PhCF3) (7). 

Identification code  hh309le_r 

Empirical formula  C51.50H63BF3FeN6 

Formula weight  889.74 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 19.5663(9) Å  = 90°. 

 b = 21.8594(10) Å  = 90.623(3)°. 

 c = 22.1014(10) Å  = 90°. 

Volume 9452.4(7) Å3 

Z 8 

Density (calculated) 1.250 mg/m3 

Absorption coefficient 0.372 mm−1 

F(000) 3776 

Crystal color brown 

Crystal size 0.207 x 0.183 x 0.103 mm3 

Theta range for data collection 1.041 to 27.103° 

Index ranges −25 ≤ h ≤ 25, −28 ≤ k ≤ 27, −28 ≤ l ≤ 28 

Reflections collected 232521 

Independent reflections 20851 [Rint = 0.0607] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 20851 / 79 / 1225 

Goodness-of-fit on F2 1.034 

Final R indices [I > 2σI = 15255 data] R1 = 0.0543, wR2 = 0.1313 

R indices (all data, 0.78 Å) R1 = 0.0819, wR2 = 0.1464 

Largest diff. peak and hole 1.543 and −0.888 e/Å3 
 

 

Notes: H atoms bonded to B1, C1 and C2 were refined unrestrained. One CF3 group 

exhibited disordered that was modeled over two positions; the disorder ratio was refined 

freely and converged at 65:35. The disorder was refined with the help of similarity 

restraints on 1,2- and 1,3- distances as well as rigid-bond restraints on anisotropic 
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displacement parameters. The two carbon atom positions were nearly-overlapping, and 

their anisotropic displacement parameters were constrained to be equivalent. 
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Computational Procedures and Results 

 

Density functional theory calculations were performed using the M06L35 functional as 

implemented in the ORCA 4.2.1 computational chemistry package36 with a custom Alrichs-type 

basis set (DefBas4): for H atoms, TZV(p); for B, C, and N atoms, TZV(2d); for Ni, TZV(2pf). The 

solid-state X-ray structure coordinates were used as a starting point. Molecular orbitals were 

visualized with Avogadro 1.2.50 Successful optimization to a minimum was confirmed by the 

absence of imaginary frequencies in a subsequent frequency calculation. 

Table 1-9. Optimized geometry of TpFe(3,4-η2-PhCF3) (S = 3/2) with Mulliken charge and spin 

populations.  

 x y z charge spin 

Fe -0.038161 15.178623 16.219800 0.742937 3.331330 

C 1.345455 16.235460 17.322950 -0.203938 -0.132816 

H 0.960225 16.341953 18.343443 0.056528 0.007034 

C 2.605112 15.595331 17.114796 0.025454 -0.002837 

H 3.027204 14.987051 17.919314 0.041653 0.001550 

C 3.314067 15.757178 15.943847 -0.042152 -0.045988 

H 4.281743 15.268175 15.811912 0.039180 0.003389 

C 2.792186 16.572920 14.906587 -0.239856 -0.059332 

C 1.569932 17.203181 15.064000 0.043078 0.013191 

H 1.194348 17.849050 14.267212 0.042651 0.000451 

C 0.815626 17.066130 16.262308 -0.202435 -0.129575 

H 0.025439 17.793961 16.478090 0.056478 0.006067 

C 3.592441 16.732106 13.658776 0.750177 0.000809 

F 3.797788 15.544779 13.038652 -0.233385 -0.001449 

F 4.819244 17.226679 13.906496 -0.225431 -0.001250 

F 3.010694 17.540525 12.763653 -0.216457 -0.000309 

B -2.007530 12.938234 15.516578 0.378795 0.011410 

H -2.792980 12.061715 15.249600 -0.182853 0.000039 

N -0.741018 13.734239 17.563010 -0.282397 -0.007812 

N -1.628764 12.865328 17.020557 -0.131068 -0.003900 

C -2.047781 11.993296 17.960778 0.106693 0.001486 

C -1.414335 12.295988 19.155877 -0.177406 0.001956 

H -1.522042 11.790440 20.110609 0.055130 0.000480 

C -0.605380 13.396647 18.848039 0.102463 -0.004256 

N -1.950204 15.471710 15.407322 -0.284646 -0.007512 

N -2.642987 14.322657 15.212942 -0.131553 -0.003189 

C -3.865483 14.604616 14.717663 0.107462 0.003400 

C -3.979193 15.979251 14.580308 -0.177604 0.001434 

H -4.830158 16.540888 14.207350 0.055576 0.000524 

C -2.747695 16.473131 15.027008 0.104084 -0.001636 

N 0.302527 13.665360 14.795957 -0.278301 -0.001062 
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N -0.721666 12.784311 14.669744 -0.128240 -0.002279 

C 1.251682 13.279878 13.940061 0.110199 0.007589 

C 0.848801 12.133389 13.244388 -0.178118 -0.000023 

H 1.397573 11.586462 12.483840 0.054801 0.000710 

C -0.414937 11.855426 13.742227 0.105633 0.009387 

H 0.069294 13.960679 19.490385 0.047246 0.000881 

H -2.767165 11.218215 17.707944 0.061234 0.000465 

H -1.119507 11.061979 13.504239 0.058910 -0.000175 

H -2.396869 17.501976 15.090801 0.048610 0.000753 

H -4.565506 13.802761 14.495875 0.061484 0.000357 

H 2.176145 13.849458 13.860782 0.059382 0.000710 

 

Final Single Point Energy: −2534.200570978395 Eh 

 

Figure 1-40. Optimized geometry of TpFe(3,4-η2-PhCF3) (S = 3/2). 
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Table 1-10. Optimized geometry of TpFe(3,4-η2-PhCF3) (S = 1/2). 

 x y z charge spin 

Fe -0.003079 15.109430 16.165040 0.678613 0.856050 

C 1.283671 16.170874 17.353164 -0.190414 0.013684 

H 0.908529 16.237725 18.380105 0.052827 -0.003446 

C 2.562039 15.571307 17.128092 0.032829 -0.003056 

H 3.006261 14.965120 17.922187 0.043503 0.000026 

C 3.246824 15.752874 15.950276 -0.050364 0.085204 

H 4.219735 15.281393 15.795147 0.040937 -0.005817 

C 2.701604 16.590989 14.933068 -0.246383 0.074409 

C 1.489893 17.220488 15.125956 0.049589 0.003914 

H 1.108076 17.897291 14.358227 0.043617 -0.000144 

C 0.734866 17.022241 16.318137 -0.193753 0.004438 

H -0.066455 17.731845 16.549999 0.054106 -0.002837 

C 3.490474 16.786420 13.682844 0.752099 -0.003580 

F 3.698219 15.614536 13.036757 -0.232872 0.002096 

F 4.714803 17.284782 13.933936 -0.224761 0.001790 

F 2.895440 17.610698 12.811959 -0.215411 0.000289 

B -2.031017 12.928138 15.523168 0.360192 -0.000504 

H -2.838073 12.066705 15.273300 -0.178994 -0.000123 

N -0.697927 13.736445 17.500572 -0.262636 0.013217 

N -1.625727 12.875459 17.017401 -0.123651 -0.001146 

C -2.018398 12.028043 17.990467 0.104078 -0.006408 

C -1.331302 12.345727 19.151834 -0.175799 0.003155 

H -1.409928 11.864109 20.121800 0.053967 0.000007 

C -0.514267 13.422904 18.786601 0.100981 -0.011105 

N -1.855081 15.436127 15.374225 -0.264730 0.013419 

N -2.613420 14.326960 15.199648 -0.124263 -0.001136 

C -3.810772 14.665415 14.679306 0.104545 -0.005737 

C -3.842980 16.041268 14.512136 -0.176225 0.002988 

H -4.656750 16.642792 14.118555 0.054369 0.000044 

C -2.589008 16.473648 14.961294 0.103068 -0.010256 

N 0.280232 13.606705 14.800387 -0.273615 -0.047343 

N -0.749220 12.736506 14.672782 -0.123801 0.000792 

C 1.235274 13.214216 13.952488 0.111721 0.019987 

C 0.825512 12.068499 13.259669 -0.177336 -0.002606 

H 1.375398 11.514601 12.504991 0.055924 0.000420 

C -0.443464 11.801806 13.750891 0.105496 0.009757 

H 0.198263 13.985451 19.387769 0.045242 0.000704 

H -2.758927 11.259104 17.783941 0.060018 0.000995 

H -1.153167 11.013370 13.512215 0.059869 -0.001772 

H -2.178893 17.481405 15.004494 0.046101 0.000645 

H -4.552788 13.900302 14.464039 0.060060 0.000952 

H 2.163694 13.777417 13.876853 0.061259 -0.001963 

 

Final Single Point Energy: −2534.161680239700 Eh 
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Figure 1-41. Optimized geometry of TpFe(3,4-η2-PhCF3) (S = ½). 
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Chapter 2 : Activation of sp3, sp2, and sp C-H Bonds at High Spin Fe(I) 

Introduction 

In biological systems, C-H functionalization is achieved using metalloenzymes of 

first-row transition metals (i.e. Mn, Fe, Co, Ni, and Cu).1,2 However, in homogenous 

catalysis, few examples using these metals for that purpose have been observed. With iron, 

C-H activation is usually limited to substrates with coordinating functional groups to 

facilitate C-H activation via a cyclometalated species.3–5 In the absence of directing groups, 

the activation of hydrocarbon substrates typically employs UV-irradiation to initiate radical 

pathways.6–8  

From an organometallic perspective, ligands that dissociate as stable radical species 

are very rare. This was first reported in iron β-diketiminato complexes of trityl and ketyl 

radicals.9 Both of these bound radicals are easily displaced by π-acids benzophenone and 

phenylacetylene to generate an Fe(I) species and the corresponding free radical. DFT 

calculations suggested that little radical character resides on the bound radical due to 

extensive mixing of metal and ligand orbitals. In contrast, a new 3-coordinate iron(I) PNP 

complex reacts with benzophenone to form a ketyl complex with distinct radical character 

on the bound ligand.10 This is exemplified by end-on binding as opposed to side-on of the 

ketyl unit. Dissociation of neither benzophenone or ketyl radical was observed upon 

heating at 100°C for days, and unfortunately reactivity of this complex with π-acids was 

not described (Scheme 2-1). 
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Scheme 2-1. Previously reported masked9 and unmasked10 radicals of iron, and the reactivity of the masked 

radical reported herein. 

 

While our previously reported adamantyl-substituted trispyrazolylborate TpAdFeCl 

reduces to form the corresponding terminal N2 species and not a naked Fe(I) fragment, we 

did note in our spin density calculations that there was significant single-electron character 

on the bound N2.
11 Using the substantial steric bulk of this Tp ligand inspired us to explore 

its reactivity with a similarly bulky, stable free radical and explore how this species would 

interact with π-acids. 
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Results and Discussion 

Finding suitable π-acids to accommodate the extreme steric bulk of the adamantyl-

substituted trispyrazolylborate (TpMe,Ad)FeN2 was challenging. Substitution of dinitrogen 

with ethylene takes nearly 6 hours for completion under 4 atm of ethylene. This substitution 

takes 10 seconds for completion with our less bulky durene-substituted (TpMe,DrFe)2(μ-N2) 

(Figure 2-40). Addition of propene under similar conditions failed to produce any 

substitution at all. Single crystal X-Ray crystallography (XRD) of the ethylene complex 1 

revealed two different structures (Figure 2-1). Both with the bound ethylene tipped 

downwards 12-14° away from the axis along the B-H bond. (Table 2-1).  

 
Figure 2-1. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpMe,AdFe(C2H4) (1). 

Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, respectively. Most hydrogen atoms 

and co-crystallized solvent molecules are omitted for clarity. 

Table 2-1. Selected bond angles for TpMe,AdFe(C2H4) (1). 

 
C−C [Å] 

Fe−C1 
[Å] 

Fe−C2 
[Å] 

Angle 
B−Fe−C2 [°] 

A 1.412(3) 2.074(2) 2.071(2) 148.29(6) 
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B 1.385(2) 2.058(2) 2.072(2) 146.05(6) 
Solution magnetomety on 1 by the method of Evans12,13 gave an effective magnetic 

moment of 4.0 ± 0.2 μB, confirming its assignment as high spin. X-band electron 

paramagnetic resonance (EPR) of the durene analogue TpMe,DrFe(C2H4) 3 in 2-MeTHF at 

15K exhibits a broad rhombic spectrum consistent with an S = 3/2 (E/D ≈ 0.3) (Figure 

2-28). Thus it was assumed that 1 would be very similar. We attempted to displace the 

bound ethylene with 2,6-adamantyl-4-tertbutylphenoxyl radical, however we surprisingly 

generated a high yield (70%) of the vinyl species TpMe,DrFe(vinyl) 2 instead (Scheme 2-2). 

Single crystal XRD on 2 revealed an Fe−C bond length of 2.046(1) Å, typical of Tp iron(II) 

alkyls.14,15 As expected, the vinyl C-C bond length was ~ 0.1 Å shorter than the previously 

reported C-C bond length of the TptBu,tBuFe(ethyl) (1.327(2) and 1.441(5) Å, 

respectively).16 The C-C bond length is most comparable to the previously reported 

pyridine(diimine)iron(vinyl)(acetate) at 1.323(2) Å.17 To wit, this is the only TpFe vinyl 

species crystallographically characterized to date.  

 
Scheme 2-2. C-H Activation of ethylene 
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Figure 2-2. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpMe,DrFe(vinyl) (2). 

Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, respectively. Most hydrogen atoms 

and co-crystallized solvent molecules are omitted for clarity. 

 

We conducted the analogous experiment using our less bulky durene-substituted 

TpMe,DrFe(C2H4) 3, however we exclusively generated the iron phenoxide 4. (Scheme 2-3).  

 
Scheme 2-3. Ethylene substitution at TpMe,DrFe 

 

This difference of reactivity with varying steric bulk suggested that dissociation of 

the bound phenoxyl radical was occuring in 1 but not 3. We thus prepared the alkoxide 
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TpMe,DrFe(OPhAd2) 5 (Scheme 2-4) and placed it under 4 atm of ethylene. However, no 

reaction took place after several days at room temperature. If heated, 5 was largely 

decomposed by adventitious water. 

 
Scheme 2-4. Preparation of TpMe,DrFe(OPhAd2) 5 

 

We speculated that the weak binding affinity of ethylene was insufficient to 

displace the radical, so we moved towards more π-acidic, triply-bonded substrates. 

Substitution of the bound N2 with these substrates was remarkably more facile. Addition 

of acetonitrile or 2-butyne to TpMe,AdFeN2 produced the corresponding η2 species 6 and 8 

within seconds. Acetonitrile produced the side-on species as previously observed with 

Fe(I) β-diketiminato complexes.18 In both complexes, X-Ray crystallography revealed an 

elongation of the triple bond and deviation from sp linearity (Figure 2-3, Table 2-3). Close 

Fe-C contacts (< 1.99 Å) indicated stronger backbonding interactions than observed in 1. 
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Figure 2-3. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpMe,AdFe(MeCN) 6 and 

TpMe,AdFe(2-butyne) 8. Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, 

respectively. Most hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

Table 2-2. Selected bond angles for 6, 7, and 12. 

compound C1/N−C2 [Å] Fe−C1/N [Å] Fe−C2 [Å] 
Angle 

C1/N−C2−C3 [°] 
TpMe,AdFe(MeCN) 6 1.208(3) 1.943(1) 1.980(1) 137.4(2) 
TpMe,AdFe(2-butyne) 8 1.269(2) 1.981(2) 1.973(2) 142.8(2), 147.0(2) 
TpMe,AdFe(PhCCH) 12 1.249(2) 1.972(2) 1.987(2) 145.4(2) 

 

With TpMe,AdFe(MeCN) 6 and TpMe,AdFe(2-butyne) 8 in hand, we tested their reactivity for 

H-atom abstraction with 2,6-bis(adamantyl)-4-tert-butylphenoxyl radical (Ad2PhO). C-H 

activation of the bound acetonitrile and butyne is rapid at −80°C producing the 

corresponding 7 and 9 complexes. (Figure 2-4). 
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Figure 2-4. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpMe,AdFe(CH2CN) 7 

and TpMe,AdFe(CH2CCCH3) 9. Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, 

respectively. Most hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

 

Concerned that the iron center was simply reducing the radical to the phenoxide, 

then deprotonating the bound substrate, we prepared two different phenoxide complexes 

of varying steric bulk to see if we could discern a trend. To our surprise, we were unable 

to prepare any 4-tert-butylphenoxide complex TpMe,AdFe(OPhtBu) 11 by salt metathesis 

with TpMe,AdFeCl and lithium 4-(tert-butyl)phenolate. Instead, we had to prepare the 

TpMe,AdFe(methyl) 10 and react it with 4-tert-butylphenol which produces the desired 

product quantitatively. Note, this new route proved entirely ineffective for generating the 

TpMe,AdFe(OPhAd2) 5, which can only be produced by combining equal molar quantities 

of TpMe,AdFeN2 and free radical Ad2PhO. With increasing steric bulk, X-Ray 

crystallography revealed elongated Fe-O bond lengths and steep deviations from the ideal 

tetrahedral geometry. (Figure 2-5, Table 2-3). While no iron phenoxides of 2,6-diadamanyl 

phenol have been structurally characterized to date, there are a handful of examples of the 

analogous 2,4,6-tri-tert-butyl phenoxide complexes, which have Fe−O bond lengths from 
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1.811−1.814 Å.19,20 The Fe−O bond lengths of unsubstituted Fe(II) phenoxides are 

typically longer from 1.867−1.884 Å.21,22 

   
Figure 2-5. Thermal ellipsoid plots (50% probability) of the solid-state structure of 11 and 5. Orange, red, 

blue, pink, and gray ellipsoids represent Fe, O, N, B, and C atoms, respectively. Most hydrogen atoms and 

co-crystallized solvent molecules are omitted for clarity. 

Table 2-3. Selected bonds and angles for 11 and 5. 

 Fe−O [Å] Angle B−Fe−O [°] 
TpMe,AdFe(OPhtBu) 11 1.851(8) 167.1(3) 
TpMe,AdFe(OPhAd2) 5 1.906(2) 141.03(9) 

 

With TpMe,AdFe(OPhAd2) 5 and TpMe,AdFe(OPhtBu) 11 in hand, we tested their 

reactivity towards phenylacetylene. Curiously, only 5 produced the C-H activation  product 

12 (Figure 2-6). Even with extended heating of 11 in a large excess of phenylacetylene, no 

reaction was observed.  
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Figure 2-6. Thermal ellipsoid plots (50% probability) of the solid-state structure of 12 and 13. Orange, 

blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, respectively. Most hydrogen atoms and co-

crystallized solvent molecules are omitted for clarity. 

 

From these studies, we couldn’t rule out that the C-H activations are occurring from 

the homolysis of the Fe-O bond, generating a stable organic radical and an iron(I) fragment 

with a high affinity for π-bonds. Once the alkene or alkyne is bound to iron, a rapid H-atom 

abstraction may occur to generate the Fe(II) alkyl and a new O-H bond. If indeed these 

reactions are proceeding through a free radical, this could be easily observed by EPR. 

Indeed, room-temperature X-Band EPR of high purity TpMe,AdFe(OPhAd2) 5 reveals a trace 

amount of the corresponding free radical in solution. (Figure 2-7).  
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Figure 2-7. X-Band EPR spectra at 291K of TpMe,AdFe(OPhAd2) 5 (top, black) at 9.312 GHz, free radical 

Ad2PhO (middle, gray) at 9.318 GHz, and simulation (bottom, red). Simulation parameters: g = 2.004, lw = 

1.00. 

 

We attempted to quantify this dissociation using UV-Vis. At room temperature we 

estimated 0.18% dissociation. However upon heating the UV cell in either THF or toluene, 

the quantity of free radical generated increased, irreversibly. Efforts to isolate the iron-

containing decomposition product have thus far been unsuccessful. We also attempted to 

trap this Fe(I) fragment by heating TpMe,AdFe(OPhAd2) 5 with CO, however no reaction 

was observed. 

3100 3200 3300 3400 3500

Magnetic Field (G)
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Scheme 2-5. C-H Activation of ethylene, acetonitrile, and butyne. 

 

Conclusion 

Herein we have described an TpFe(I) radical pair that cooperatively cleaves sp, sp2, 

and sp3 C-H bonds. We’ve established the requirement for extreme steric bulk around the 

iron center as demonstrated by the reactivity differences between TpMe,DrFe(C2H2) 3 and 

TpMe,AdFe(C2H2) 1. We’ve described the importance for the phenol having a stable radical 

form, as simple phenoxides are unable to do this chemistry. This was especially evident in 

TpMe,AdFe(OPhtBu) 11 being incapable of cleaving the acidic C-H bond of 

phenylacetylene. We have also characterized the dissociation of the radical by EPR and 

UV-Vis, however this process is irreversible and such intermediates have thus far evaded 

characterization due to their high sensitivity. Our results thus far are consistent with a 

frustrated iron-radical pair that homolyzes in the presence of π-acidic alkynes but not 

alkenes or carbon monoxide. The precise mechanism for how the formally Fe(II) 

phenoxide species interacts with the alkyne substrate is unclear. The preference for such 

high steric bulk makes a concerted process less likely, however it is also possible that van 
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der Waals dispersive forces play a significant role within the adamanyl-lined pocket.23 

Kinetic studies to further elucidate the mechanism are underway.  

 

 

Experimental Section 

General Considerations: Unless stated otherwise, all compounds were purchased from 

commercial sources and used without further purification. Solvents were dried and 

deoxygenated by argon sparge followed by passage through an activated alumina column 

and were stored over 4 Å molecular sieves. All manipulations were performed under an N2 

atmosphere either in a glovebox or using standard Schlenk techniques. TpMe,AdFeCl,11 

TpMe,DrFeCl, [TpMe,AdFe(N2)], and Ad2PhO24,25 were synthesized according to literature 

procedures. 1H NMR spectra were recorded at 298 K using Bruker 400 MHz instruments. 

Chemical shifts are referenced to residual solvent peaks, IR spectra were recorded using a 

Bruker Alpha FT-IR with a universal sampling module collecting at 4 cm−1 resolution with 

32 scans. EPR X-band spectra were recorded using a Bruker EMX spectrometer and 

analyzed using Win-EPR software. UV-Vis spectra were recorded using a Cary Bio 500 

spectrometer using a 1 cm path length quartz cuvette with a solvent background subtraction 

applied. X-ray diffraction studies were performed using a Bruker-AXS diffractometer. 

Cyclic Voltammetry experiments were performed using a Pine AFP1 potentiostat. The cell 

consisted of a glassy carbon working electrode, a Pt wire auxiliary electrode and a Pt wire 

pseudo-reference electrode. All potentials are referenced vs. the Fc/Fc+ couple measured 

as an internal standard. Elemental Analyses were performed by Midwest Microlab. 
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Solution phase effective magnetic moments were obtained via the method described by 

Evans3 and were performed in triplicate. Standard deviations are reported. 

 

TpMe,AdFe(PhCCH) (12) 

Phenylacetylene (20 μL, 0.182 mmol) was added to a solution of [TpMe,AdFe(N2)] (45 mg, 

0.062 mmol) in toluene (4 mL), producing a deep green solution. The volatiles were 

removed in vacuo and the resultant crystalline solid was dissolved in minimal THF and 

layered with hexane. Cooling this solution to −19 °C overnight yielded hunter green 

crystals suitable for XRD. Overall yield: 50 mg (99%). 1H NMR (C6D6): δ70.26, 29.95, 

26.30, 0.78, 0.39, −2.11, −5.23, −15.46, −16.47, −29.05. Evans Method (C6D6): μB 3.8±0.1.  

UV-Vis (THF): λmax nm (εmax M
-1 cm-1) 662 (sh, 2.2 × 102), 511 (sh, 2.6 × 102), 419 (p, 8.2 

× 102). Calc. for C49H62BFeN6: C: 73.41; H: 7.80; N: 10.48. Found: C: 73.83; H: 7.79; N: 

9.94. 

 

TpMe,AdFe(CCPh) (13) 

A solution of radical (either TEMPO or Ad2PhO, 0.025 mmol) in ether (1 mL) was added 

to a suspension of [TpMe,AdFe(PhCCH)] (20 mg, 0.025 mmol) in ether (2 mL) at −80°C. 

After 1 hour, the cooling bath was removed and the reaction was allowed to gradually warm 

up to room temperature (~ 3h).  The volatiles were removed in vacuo to affording a 

colorless precipitate. This was extracted with toluene, filtered, and concentrated to (~80 

μL). Layering this with ether and cooling to −19°C produced colorless crystals overnight. 

Overall yield: 15 mg (75%).  1H NMR (C6D6): δ 57.41, 39.58, 38.46, 34.54, 5.55, 4.84, 
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2.96, −10.07, −13.59, −22.28. Evans Method (C6D6): μB 5.2±0.1. Calc. for C49H61BFeN6 

(1 × C4H10O): C: 72.77; H: 8.18; N: 9.61. Found: C: 72.64; H: 8.37; N: 9.30. 

 

TpMe,AdFe(C2H4) (1) 

A solution of [TpMe,AdFe(N2)] (100 mg, 0.137 mmol) in toluene (20 mL) was degassed via 

3 freeze-pump-thaw-cycles and placed under an atmosphere of ethylene while briefly 

cooling with liquid N2. After stirring for 4 hours the volatiles were removed in vacuo to 

afford a brown crystalline solid. The product was suspended in ether (12 mL) and collected 

by filtration. Cooling the mother liquor to −35 °C gave a second crop of crystalline 

material. Overall yield: 91 mg (91 %). 1H NMR (C6D6): δ 32.09, 26.78, 20.86, 3.48, 2.94, 

2.15, −6.32. Evans Method (C6D6): μB 4.0±0.2. UV-Vis (THF): λmax nm (εmax M
-1 cm-1) 820 

(sh, 9.2 × 101), 494 (p, 2.9 × 102), 352 (6.4 × 102). Calc. for C44H62BFeN6 (1 × C4H10O): 

C: 70.67; H: 8.90; N: 10.30. Found: C: 70.37; H: 8.67; N: 10.12. 

 

TpMe,AdFe(vinyl) (2) 

A solution of Ad2PhO (60.0 mg, 0.143 mmol) in ether (1 mL) was added to a suspension 

of [TpMe,AdFe(ethylene)] (94.5 mg, 0.129 mmol) in ether (2 mL) at −80°C. After 1 hour, 

the cooling bath was removed and the reaction was allowed to gradually warm up to room 

temperature (~ 3h). The volatiles were removed in vacuo to affording a colorless 

precipitate. This was washed with cold pentane (3×2 mL), then dissolved in toluene (4 

mL). The toluene solution was filtered then concentrated in vacuo to 1 mL and layered 

with hexane (5 mL). This produced colorless crystals upon cooling to −19°C overnight.  



 74 

Overall yield: 66.6 mg (70.6%). 1H NMR (C6D6): δ 56.73, 51.64, 39.33, 4.30, 2.13, 1.75, 

−26.30. Evans Method (C6D6): μB 4.6±0.2. Calc. for C44H61BFeN6 (½ × C7H8): C: 72.52; 

H: 8.33; N: 10.68. Found: C: 72.83; H: 8.54; N: 10.81. 

 

TpMe,AdFe(MeCN) (6) 

Acetonitrile (~100 μL, 2 mmol) was added to a solution of [TpMe,AdFe(N2)] (27 mg, 0.037 

mmol) in toluene (2 mL), producing an army-green solution. The volatiles were removed 

in vacuo and the resultant crystalline solid was dissolved in minimal THF and layered with 

hexane. Cooling this solution to −19 °C overnight yielded dichroic orange-green crystals 

suitable for XRD. Overall yield: 25 mg (91%). 1H NMR (C6D6): δ 53.30, 28.93, 24.47, 

2.64, 1.98, 0.21, −17.28, −31.31. Evans Method (C6D6): μB 3.9±0.1. UV-Vis (THF): λmax 

nm (εmax M
-1 cm-1) 714 (p, 2.2 × 102), 474 (p, 3.0 × 102), 336 (sh, 1.5 × 103). Calc. for 

C43H59BFeN7: C: 69.73; H: 8.03; N: 13.24. Found: C: 69.46; H: 8.39; N: 12.96. 

 

TpMe,AdFe(CH2CN) (7) 

A solution of Ad2PhO (16, 0.038 mmol) in ether (1 mL) was added to a suspension of 

[TpMe,AdFe(MeCN)] (27 mg, 0.036 mmol) in ether (2 mL) at −80°C. After 1 hour, the 

cooling bath was removed and the reaction was allowed to gradually warm up to room 

temperature (~ 3h).  The volatiles were removed in vacuo to affording a colorless 

precipitate. This was extracted with toluene, filtered, and concentrated to (~200 μL). 

Layering this orange filtrate with hexane and cooling to −19°C produced colorless needles 
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overnight. If ether/hexane is used instead, crystalline orange plates form instead. Although 

the crystals have different colors and forms, the chemical identity was identical by XRD. 

Overall yield: 19 mg (70%). 1H NMR (C6D6): δ 60.75, 54.92, 41.97, 39.58, 37.57, 12.30, 

4.33, 4.16, 4.06, 3.82, 3.13, 1.57, −8.04, −12.84. Evans Method (C6D6): μB 5.4±0.1. UV-

Vis (THF): λmax nm (εmax M
-1 cm-1) 521 (p, 3.6 × 102), 437 (p, 5.2 × 102), 373 (p, 5.7 × 102).  

Calc. for C43H58BFeN7 (½ × C6H12): C: 70.45; H: 8.32; N: 12.64. Found: C: 70.25; H: 8.28; 

N: 11.46. 

 

TpMe,AdFe(butyne) (8) 

2-Butyne (~200 μL, 3 mmol) was added to a solution of [TpMe,AdFe(N2)] (35 mg, 0.048 

mmol) in toluene (2 mL), producing a deep hunter green solution. The volatiles were 

removed in vacuo and the resultant crystalline solid was dissolved in minimal THF and 

layered with pentane. Cooling this solution to −19 °C overnight yielded hunter green 

crystals suitable for XRD. Overall yield: 30 mg (83%). 1H NMR (C6D6): δ 79.39, 33.00, 

31.70, 17.34, 1.54, −4.38, −6.33, −49.74. Evans Method (C6D6): μB 3.8±0.1. UV-Vis 

(THF): λmax nm (εmax M
-1 cm-1) 616 (p, 3.0 × 102), 450 (p, 4.3 × 102), 337 (sh, 1.4 × 103).  

Calc. for C45H62BFeN6 (1 × C5H12): C: 72.72; H: 9.03; N: 10.18. Found: C: 72.19; H: 8.73; 

N: 10.27. 

 

TpMe,AdFe(CH2CCCH3) (9) 

A solution of Ad2PhO (14 mg, 0.033 mmol) in ether (1 mL) was added to a suspension of 

[TpMe,AdFe(butyne)] (24 mg, 0.032 mmol) in ether (2 mL) at −80°C. After 1 hour, the 



 76 

cooling bath was removed and the reaction was allowed to gradually warm up to room 

temperature (~ 3h).  The volatiles were removed in vacuo to affording a colorless 

precipitate. This was extracted with toluene, filtered, and concentrated to (~200 μL). 

Layering this with hexane and cooling to −19°C produced colorless crystals overnight. 

Overall yield: 19 mg (79%). 1H NMR (C6D6): δ 126.43, 64.93, 51.31, 39.76, 3.48, 1.55, 

1.31, −28.98. Evans Method (C6D6): μB 6.2±0.2. Calc. for C45H61BFeN6 (½(C6H14 + 

C7H8)): C: 73.48; H: 8.62; N: 9.98. Found: C: 73.35; H: 8.42; N: 9.75. 

 

TpMe,AdFe(methyl) (10) 

A solution of [TpMe,AdFeCl] (104 mg, 0.139 mmol) in THF (16 mL) was chilled to −78°C. 

Methyllithium was added (50 μL, 0.155 mmol, 3.1M in DME) turning the colorless 

solution a very pale yellow color. The reaction was allowed to stir at −78°C for 30 minutes, 

then the bath was removed for another 30 min. After which time, the solvent was removed 

in vacuo leaving a white powder. This was brought into the glovebox and redissolved in 

minimal THF and layered with ether, which provided colorless crystals upon cooling to 

−19°C overnight. These were collected and dried in vacuo. Overall yield: 62 mg (62%).   

1H NMR (C6D6): δ 84.18, 48.76, 43.23, 4.77, 4.00, 1.10, −45.30. Evans Method (C6D6): μB 

4.6±0.1. Calc. for C42H59BFeN6 (1 × C6H10O): C: 70.05; H: 8.82; N: 10.66. Found: C: 

70.06; H: 8.71; N: 10.43. 

 

TpMe,AdFe(OPhtBu) (11) 
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4-tert-butylphenol (8 mg, 0.053 mmol) was added to a solution of [TpMe,AdFe(methyl)] (26 

mg , 0.036 mmol) in toluene (3 mL) at room temperature. The solution was swirled until 

bubbling ceased. Volatiles were removed in vacuo producing a colorless powder. The 

product was suspended in hexane (4 mL) and collected by filtration. This was rinsed with 

hexane (3 x 1 mL). Dissolving the solid in minimal toluene and layering with hexane 

produced colorless crystals at −19°C. Overall yield: 30 mg (97%). 1H NMR (C6D6): δ 

67.84, 66.60, 58.98, 40.23, 11.28, 2.20, 1.09, 0.06, −5.88, −22.69. Evans Method (C6D6): 

μB 4.3±0.1. Calc. for C51H69BFeN6 (1 × C6H14): C: 73.22; H: 8.95; N: 8.99. Found: C: 

72.83; H: 9.25; N: 8.74. 

 

TpMe,AdFe(OPhAd2) (5) 

A solution of OPhAd2 (15 mg, 0.036 mmol) in toluene (~1 mL) was added to a solution of 

[TpMe,AdFe(N2)] (26 mg, 0.036 mmol) in toluene (2 mL). After stirring for 10 minutes at 

room temperature, the volatiles were removed in vacuo to afford an orange glaze. Pentane 

(1 mL) was added to dissolve the glaze and subsequently removed in vacuo, twice. Another 

1 mL portion of pentane was added producing an orange-yellow solution. This was filtered, 

then concentrated to half the volume. Upon cooling to −19°C overnight, this solution 

produced yellow crystals. Crystals are very soluble and highly air and water sensitive. 

Overall yield: 12 mg (30%). 1H NMR (C6D6): δ 67.11, 63.76, 60.63, 50.77, 40.92, 26.52, 

17.12, 14.22, 4.35, 2.20, 1.76, −4.28, −4.92, −6.97, −7.36, −9.44, −10.28, −13.94, −21.87. 

Evans Method (C6D6): μB 5.1±0.1. UV-Vis (THF): λmax nm (εmax M
-1 cm-1) 908 (p, 1.4 × 
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102), 395 (p, 1.2 × 103), 340 (1.5 × 103). Calc. for C71H97BFeN6O: C: 76.33; H: 8.75; N: 

7.52. Found: C: 75.95; H: 8.95; N: 7.52. 

 

TpMe,DrFe(C2H4) (3) 

A solution of [TpMe,DrFe(N2)] (110 mg, 0.076) in toluene (10 mL) was degassed via 3 

freeze-pump-thaw-cycles and placed under an atmosphere of ethylene. An immediate color 

change from dark red to deep green occurred. After stirring for 10 minutes, the volatiles 

were removed in vacuo to afford an hunter green crystalline solid. The product was 

suspended in ether (X mL) was collected by filtration. Overall yield: 100 mg (89%). 

 1H NMR (C6D6): δ 33.21, 32.02, 26.25, 19.33, 7.83, 7.32, 4.07, 3.33, 1.78, 1.40, −4.24, 

−5.72, −8.65. Evans Method (C6D6): μB 3.9±0.1. UV-Vis (THF): λmax nm (εmax M
-1 cm-1) 

802 (sh, 1.3 × 102), 630 (p, 1.6 × 102), 435 (sh, 4.0 × 102), 360 (sh, 1.2 × 103). Calc. for 

C44H56BFeN6 (⅓ x C5H12): C: 72.20; H: 7.96; N: 11.06. Found: C: 72.05; H: 8.02; N: 11.03. 
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NMR Spectra 

 
Figure 2-8. 1H NMR spectrum of TpMe, AdFe(PhCCH) (12) recorded at 400 MHz in C6D6. 

 

 
Figure 2-9. 1H NMR spectrum of TpMe, AdFe(CCPh) (13) recorded at 600 MHz in C6D6. 
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Figure 2-10. 1H NMR spectrum of TpMe,AdFe(C2H4) (1) recorded at 400 MHz in C6D6. 

 

 
Figure 2-11. 1H NMR spectrum of TpMe,AdFe(vinyl) (2) recorded at 400 MHz in C6D6. 
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Figure 2-12. 1H NMR spectrum of TpMe,AdFe(MeCN) (6) recorded at 400 MHz in a 10%THF solution of 

C6D6. 

 
Figure 2-13. 1H NMR spectrum of TpMe,AdFe(CH2CN) (7) recorded at 400 MHz in C6D6. 
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Figure 2-14. 1H NMR spectrum of TpMe,AdFe(2-butyne) (8) recorded at 400 MHz in C6D6. 

 

 
Figure 2-15. 1H NMR spectrum of TpMe,AdFe(CH2CCCH3) (9) recorded at 400 MHz in C6D6. 
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Figure 2-16. 1H NMR spectrum of TpMe,AdFe(methyl) (10) recorded at 400 MHz in C6D6. 

 
Figure 2-17. 1H NMR spectrum of TpMe,AdFe(OPhtBu) (11) recorded at 400 MHz in C6D6. 
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Figure 2-18. 1H NMR spectrum of TpMe,AdFe(OPhAd2) (5) recorded at 400 MHz in C6D6. 

 

 
Figure 2-19. 1H NMR spectrum of TpMe,DrFe(C2H4) (3) recorded at 400 MHz in C6D6. 
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UV-Vis 

 
Figure 2-20. UV-Vis-NIR spectrum of TpMe,AdFe(PhCCH) (12) in THF. 

 
Figure2-21. UV-Vis-NIR spectrum of TpMe,AdFe(C2H4) (1) in THF. 
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Figure 2-22. UV-Vis-NIR spectrum of TpMe,AdFe(MeCN) (6) in THF. 

 

 
Figure 2-23. UV-Vis-NIR spectrum of TpMe,AdFe(CH2CN) (7) in THF. 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

250 350 450 550 650 750 850 950 1050 1150

ε 
(M

-1
cm

-1
)

Wavelength (nm)

0

200

400

600

800

1000

1200

1400

250 350 450 550 650 750 850 950 1050 1150

ε 
(M

-1
cm

-1
)

Wavelength (nm)



 87 

 
Figure 2-24. UV-Vis-NIR spectrum of TpMe,AdFe(2-butyne) (8) in THF. 

 

 
Figure 2-25. UV-Vis-NIR spectrum of TpMe,AdFe(OPhAd2) (5) in THF. 
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Figure 2-26. UV-Vis-NIR spectrum of TpMe,DrFe(C2H4) (3) in THF. 
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EPR 

 
Figure 2-27. X-Band EPR spectra at 291K of TpMe,AdFe(OPhAd2) 5 (top, black) at 9.312 GHz, free radical 

Ad2PhO (middle, gray) at 9.318 GHz, and simulation (bottom, red). Simulation parameters: g = 2.004, lw = 

1.00. 

 
Figure 2-28. X-band EPR spectrum (9.630 GHz) of [(TpMe,DrFe(ethylene)] in 2-MeTHF at 15 K (black) 

and its simulated spectrum (red).  
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X-Ray Crystallography 

General Considerations. Single crystals were coated with paratone oil and mounted on 

cryo-loop glass fibers. X-ray intensity data were collected at 100(2) K on a Bruker 

APEX226 platform-CCD X-ray diffractometer system using fine-focus Mo Kα radiation (𝜆 

= 0.71073 Å, 50kV/30mA power). The CCD detector was placed at 5.0600 cm from the 

crystal. Frames were integrated using the Bruker SAINT software package27 and using a 

narrow-frame integration algorithm. Absorption corrections were applied to the raw 

intensity data using the SADABS program.28 The Bruker SHELXTL software package29 

was used for phase determination and structure refinement. Atomic coordinates, isotropic 

and anisotropic displacement parameters of all the non-hydrogen atoms were refined by 

means of a full matrix least-squares procedure on F2. The H-atoms were included in the 

refinement in calculated positions riding on the atoms to which they were attached. 

Relevant details for individual data collections are reported in Table 2-4 through Table 

2-13. 
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Figure 2-29. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(PhCCH) (12). 

Table 2-4. Crystal data and structure refinement for TpMe,AdFe(PhCCH) (12).  

Identification code  hh288le 

Empirical formula  C50H64BFeN6 

Formula weight  815.73 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 11.4506(7) Å α = 80.882(3)°. 

 b = 13.6241(8) Å β = 87.335(3)°. 

 c = 14.3430(8) Å γ = 70.633(3)°. 

Volume 2084.2(2) Å3 

Z 2 
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Density (calculated) 1.300 mg/m3 

Absorption coefficient 0.406 mm−1 

F(000) 874 

Crystal color green 

Crystal size 0.321 x 0.228 x 0.112 mm3 

θ range for data collection 1.603 to 30.998° 

Index ranges −16 ≤ h ≤ 16, −19 ≤ k ≤ 19, −20 ≤ l ≤ 20 

Reflections collected 80037 

Independent reflections 13261 [Rint = 0.0788] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13261 / 2 / 532 

Goodness-of-fit on F2 1.041 

Final R indices [I > 2σI = 10856 data] R1 = 0.0478, wR2 = 0.1222 

R indices (all data, ? Å) R1 = 0.0618, wR2 = 0.1327 

Extinction coefficient n/a 

Largest diff. peak and hole 1.331 and −0.952 e/Å3 
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Figure 2-30. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(CCPh) (13). 

Table 2-5. Crystal data and structure refinement for TpMe,AdFe(CCPh) (13). 

Identification code  hh235LE22_0m 

Empirical formula  C50H63BFeN6 

Formula weight  814.72 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 12.2097(3) Å α = 104.2153(5)°. 

 b = 14.2547(4) Å β = 100.8771(5)°. 

 c = 14.2667(4) Å γ= 109.9922(5)°. 

Volume 2158.28(10) Å3 

Z 2 
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Density (calculated) 1.254 mg/m3 

Absorption coefficient 0.392 mm−1 

F(000) 872 

Crystal size 0.545 x 0.391 x 0.266 mm3 

θ range for data collection 1.614 to 28.280°. 

Index ranges −16 ≤ h ≤ 16, −18 ≤ k ≤ 18, −19 ≤ l ≤ 19 

Reflections collected 44888 

Independent reflections 10685 [Rint = 0.0188] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10685 / 0 / 529 

Goodness-of-fit on F2 1.026 

Final R indices [I > 2σI] R1 = 0.0304, wR2 = 0.0769 

R indices (all data) R1 = 0.0339, wR2 = 0.0792 

Extinction coefficient n/a 

Largest diff. peak and hole 0.409 and −0.276 e/Å3 

 

 

Figure 2-31. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(C2H4) (1). 

Table 2-6. Crystal data and structure refinement for [TpMe,AdFe(C2H4) (1). 

Identification code  hh129AM44_0m 

Empirical formula  C99.70 H135.40 B2 Fe2 N12.30 
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Formula weight  1639.51 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 11.3926(4) Å α = 72.6599(6)°. 

 b = 17.9010(7) Å β = 75.9780(6)°. 

 c = 23.0224(9) Å γ = 80.8836(6)°. 

Volume 4329.3(3) Å3 

Z 2 

Density (calculated) 1.258 mg/m3 

Absorption coefficient 0.391 mm−1 

F(000) 1763 

Crystal size 0.471 x 0.311 x 0.047 mm3 

θ range for data collection 1.716 to 28.282°. 

Index ranges −15 ≤ h ≤ 15, −23 ≤ k ≤ 23, −30 ≤ l ≤ 30 

Reflections collected 110635 

Independent reflections 21472 [Rint = 0.0286] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 21472 / 121 / 1184 

Goodness-of-fit on F2 1.027 

Final R indices [I > 2σI] R1 = 0.0372, wR2 = 0.0893 

R indices (all data) R1 = 0.0471, wR2 = 0.0941 

Extinction coefficient n/a 

Largest diff. peak and hole 0.617 and −0.531 e/Å3 
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Figure 2-32. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(vinyl) (2). 

Table 2-7. Crystal data and structure refinement for TpMe,AdFe(vinyl) (2). 

Identification code  hh138AM48_0m 

Empirical formula  C44H61BFeN6 

Formula weight  740.64 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 11.2710(7) Å α = 90°. 

 b = 14.2252(8) Å β = 98.7927(9)°. 

 c = 24.5745(14) Å γ = 90°. 

Volume 3893.8(4) Å3 

Z 4 

Density (calculated) 1.263 mg/m3 

Absorption coefficient 0.427 mm−1 

F(000) 1592 
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Crystal size 0.449 x 0.409 x 0.161 mm3 

θ range for data collection 1.677 to 30.508°. 

Index ranges −16 ≤ h ≤ 16, −20 ≤ k ≤ 20, −35 ≤ l ≤ 35 

Reflections collected 89831 

Independent reflections 11883 [Rint = 0.0350] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11883 / 0 / 478 

Goodness-of-fit on F2 1.033 

Final R indices [I > 2σI] R1 = 0.0340, wR2 = 0.0860 

R indices (all data) R1 = 0.0424, wR2 = 0.0913 

Extinction coefficient n/a 

Largest diff. peak and hole 0.980 and −0.441 e/Å3 

 

 



 98 

Figure 2-33. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(MeCN) (6). 

Table 2-8. Crystal data and structure refinement for TpMe,AdFe(MeCN) (6). 

Identification code  hh327le 

Empirical formula  C44H61BFeN7 

Formula weight  754.65 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 12.6129(4) Å α = 78.3399(13)°. 

 b = 12.6543(3) Å β = 64.6205(13)°. 

 c = 13.8613(4) Å γ = 88.6530(15)°. 

Volume 1952.61(10) Å3 

Z 2 

Density (calculated) 1.284 mg/m3 

Absorption coefficient 0.428 mm−1 

F(000) 810 

Crystal color green 

Crystal size 0.162 x 0.122 x 0.102 mm3 

θ range for data collection 1.647 to 30.508° 

Index ranges −18 ≤ h ≤ 18, −18 ≤ k ≤ 18, −19 ≤ l ≤ 19 

Reflections collected 77062 

Independent reflections 11884 [Rint = 0.0814] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11884 / 1 / 484 

Goodness-of-fit on F2 1.024 

Final R indices [I > 2σI= 8839 data] R1 = 0.0434, wR2 = 0.0916 

R indices (all data, 0.70 Å) R1 = 0.0680, wR2 = 0.1030 

Largest diff. peak and hole 0.445 and −0.444 e/Å3 
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Figure 2-34. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(CH2CN) (7). 

Table 2-9. Crystal data and structure refinement for TpMe,AdFe(CH2CN) (7). 

Identification code  hh328le 

Empirical formula  C46.50H66BFeN7 

Formula weight  789.72 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 11.7381(3) Å α = 90°. 

 b = 17.6544(5) Å β = 105.6388(15)°. 

 c = 21.1400(6) Å γ = 90°. 

Volume 4218.6(2) Å3 

Z 4 

Density (calculated) 1.243 mg/m3 

Absorption coefficient 0.399 mm−1 

F(000) 1700 

Crystal color colourless 

Crystal size 0.280 x 0.047 x 0.044 mm3 
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θ range for data collection 1.802 to 26.370° 

Index ranges −14 ≤ h ≤ 14, −22 ≤ k ≤ 22, −26 ≤ l ≤ 26 

Reflections collected 118020 

Independent reflections 8649 [Rint = 0.0977] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8649 / 3 / 535 

Goodness-of-fit on F2 1.007 

Final R indices [I > 2σI = 6532 data] R1 = 0.0363, wR2 = 0.0772 

R indices (all data, 0.80 Å) R1 = 0.0597, wR2 = 0.0872 

Largest diff. peak and hole 0.272 and −0.377 e/Å3 

 

 

 

Figure 2-35. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(2-butyne) (8). 

Table 2-10. Crystal data and structure refinement for TpMe,AdFe(2-butyne) (8). 

Identification code  hh334le 

Empirical formula  C51.96H74.09BFeN6 

Formula weight  849.37 

Temperature  100(2) K 

Wavelength  0.71073 Å 



 101 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 10.9234(2) Å α = 112.9654(9)°. 

 b = 15.1313(3) Å β = 99.7092(9)°. 

 c = 15.6446(3) Å γ = 98.1137(10)°. 

Volume 2284.94(8) Å3 

Z 2 

Density (calculated) 1.235 mg/m3 

Absorption coefficient 0.373 mm−1 

F(000) 918 

Crystal color green 

Crystal size 0.215 x 0.177 x 0.072 mm3 

θ range for data collection 1.588 to 29.130° 

Index ranges −14 ≤ h ≤ 14, −20 ≤ k ≤ 20, −21 ≤ l ≤ 21 

Reflections collected 71166 

Independent reflections 12271 [Rint = 0.0463] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12271 / 1 / 525 

Goodness-of-fit on F2 1.032 

Final R indices [I > 2σI = 10111 data] R1 = 0.0411, wR2 = 0.0968 

R indices (all data, 0.73 Å) R1 = 0.0544, wR2 = 0.1041 

Largest diff. peak and hole 0.943 and -0.650 e/Å3 
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Figure 2-36. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(CH2butyne) (9). 

Table 2-11. Crystal data and structure refinement for TpMe,AdFe(CH2butyne) (9). 

Identification code  hh333le_r 

Empirical formula  C52.29H72.41BFeN6 

Formula weight  851.77 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 10.5699(2) Å α = 115.6253(8)°. 

 b = 14.9829(3) Å β = 100.2432(9)°. 

 c = 16.6020(3) Å γ = 96.3457(9)°. 

Volume 2280.18(8) Å3 

Z 2 

Density (calculated) 1.241 mg/m3 

Absorption coefficient 0.374 mm−1 

F(000) 918 

Crystal color brown 

Crystal size 0.313 x 0.223 x 0.110 mm3 
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θ range for data collection 1.542 to 30.998° 

Index ranges −15 ≤ h ≤ 15, −21 ≤ k ≤ 21, −24 ≤ l ≤ 24 

Reflections collected 88266 

Independent reflections 14495 [Rint = 0.0419] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 14495 / 549 / 691 

Goodness-of-fit on F2 1.032 

Final R indices [I > 2σI = 12035 data] R1 = 0.0376, wR2 = 0.0930 

R indices (all data, 0.69 Å) R1 = 0.0485, wR2 = 0.0999 

Largest diff. peak and hole 0.469 and −0.305 e/Å3 
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Figure 2-37. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(Me) (10). 

Table 2-12. Crystal data and structure refinement for TpMe,AdFe(Me) (10). 

Identification code  hh260LE33_0m 

Empirical formula  C57H77BFeN6 

Formula weight  912.90 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 
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Space group  P 21/n 

Unit cell dimensions a = 11.5144(5) Å α = 90°. 

 b = 18.2775(7) Å β = 91.8309(6)°. 

 c = 23.3949(9) Å γ = 90°. 

Volume 4921.0(3) Å3 

Z 4 

Density (calculated) 1.232 mg/m3 

Absorption coefficient 0.351 mm−1 

F(000) 1968 

Crystal size 0.392 x 0.299 x 0.164 mm3 

θ range for data collection 1.414 to 30.507°. 

Index ranges −16 ≤ h ≤ 16, −26 ≤ k ≤ 26, −33 ≤ l ≤ 33 

Reflections collected 116873 

Independent reflections 15017 [Rint = 0.0212] 

Completeness to θ = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 15017 / 0 / 595 

Goodness-of-fit on F2 1.017 

Final R indices [I > 2σI] R1 = 0.0353, wR2 = 0.0958 

R indices (all data) R1 = 0.0421, wR2 = 0.1011 

Extinction coefficient n/a 

Largest diff. peak and hole 0.472 and −0.328 e/Å3 
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Figure 2-38. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(OPhtBu) (11). 

Table 2-13. Crystal data and structure refinement for TpMe,AdFe(OPhtBu) (11). 

Identification code  hh325le_sq 

Empirical formula  C52H71BFeN6O 

Formula weight  862.80 

Temperature  100(2) K 
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Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 13.8994(3) Å α = 90°. 

 b = 19.3362(5) Å β = 100.7562(12)°. 

 c = 19.3716(5) Å γ = 90°. 

Volume 5114.9(2) Å3 

Z 4 

Density (calculated) 1.120 mg/m3 

Absorption coefficient 0.335 mm−1 

F(000) 1856 

Crystal color colourless 

Crystal size 0.110 x 0.108 x 0.079 mm3 

θ range for data collection 1.665 to 29.130° 

Index ranges −19 ≤ h ≤ 19, −26 ≤ k ≤ 26, −26 ≤ l ≤ 26 

Reflections collected 120612 

Independent reflections 13765 [Rint = 0.0810] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13765 / 679 / 681 

Goodness-of-fit on F2 1.017 

Final R indices [I > 2σI = 10072 data] R1 = 0.0408, wR2 = 0.0962 

R indices (all data, 0.73 Å) R1 = 0.0658, wR2 = 0.1070 

Largest diff. peak and hole 0.379 and −0.412 e/Å3 
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Figure 2-39. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(OPhAd2) (5). 

Table 2-14. Crystal data and structure refinement for TpMe,AdFe(OPhAd2) (5). 

Identification code  hh322le 

Empirical formula  C82H123BFeN6O 

Formula weight  1275.52 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 15.7572(5) Å α = 90°. 

 b = 15.2367(5) Å β = 93.3247(17)°. 

 c = 29.2794(9) Å γ = 90°. 

Volume 7017.8(4) Å3 

Z 4 

Density (calculated) 1.207 mg/m3 

Absorption coefficient 0.266 mm−1 

F(000) 2784 

Crystal color colourless 
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Crystal size 0.254 x 0.236 x 0.058 mm3 

θ range for data collection 0.697 to 27.101° 

Index ranges −20 ≤ h ≤ 20, −19 ≤ k ≤ 19, −37 ≤ l ≤ 37 

Reflections collected 106324 

Independent reflections 15469 [Rint = 0.0903] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 15469 / 263 / 878 

Goodness-of-fit on F2 1.098 

Final R indices [I > 2σI = 10577 data] R1 = 0.0694, wR2 = 0.1513 

R indices (all data, 0.78 Å) R1 = 0.1118, wR2 = 0.1688 

Largest diff. peak and hole 0.734 and −0.575 e/Å3 
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Figure 2-40. Labelled thermal ellipsoid plot (50%) for TpMe,DrFe(C2H4) (3). 

Table 2-15. Crystal data and structure refinement for TpMe,DrFe(C2H4) (3). 

Identification code  hh323le 
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Empirical formula  C44H56BFeN6 

Formula weight  735.60 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 13.1060(3) Å α = 90°. 

 b = 21.6201(5) Å β = 95.8838(14)°. 

 c = 14.0719(3) Å γ = 90°. 

Volume 3966.31(15) Å3 

Z 4 

Density (calculated) 1.232 mg/m3 

Absorption coefficient 0.419 mm−1 

F(000) 1572 

Crystal color green 

Crystal size 0.108 x 0.095 x 0.034 mm3 

θ range for data collection 1.733 to 28.279° 

Index ranges −17 ≤ h ≤ 17, −28 ≤ k ≤ 28, −18 ≤ l ≤ 18 

Reflections collected 73235 

Independent reflections 9853 [Rint = 0.0757] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9853 / 5 / 499 

Goodness-of-fit on F2 1.010 

Final R indices [I > 2σI = 7359 data] R1 = 0.0408, wR2 = 0.0855 

R indices (all data, 0.75 Å) R1 = 0.0662, wR2 = 0.0960 

Largest diff. peak and hole 0.343 and −0.393 e/Å3 
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Chapter 3 : A Molecular Platinide 

Introduction 

The two transition metals with the highest electron affinity are gold (2.31 eV) and 

platinum (2.13 eV).1 Both metals have been observed as stable monatomic metal anions in 
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the gas phase.2 This increased stability is due to relativistic effects that grow concomitantly 

with atomic number, contracting the s and p orbitals while expanding the d and f orbitals.3 

This effect becomes especially prominent in the 6th period, so much so that both Pt and Au 

have a greater electron affinity than sulfur (2.08 eV) which routinely forms dianions. Since 

the isolation of the 12-valence-electron species [NMe4][Au−]4 we were able to generate a 

stable boroauride using our B2P2 ligand scaffold.5 This ligand features trans-disposed 

phosphine donors straddling a 9,10-diboraanthracene (DBA) core. Unlike its predecessor 

which is only stable in liquid ammonia, AuB2P2 can reversibly interconvert between Au(0) 

and Au(−1) oxidation states using the stabilizing acceptor interactions of the 

boraanthracene core. Given our success with gold and the existence of the Pt(−2) species 

as Cs2Pt in the solid state,6 we wondered if we could similarly access molecular Pt(−1) and 

Pt(−2) complexes using B2P2.  

 

Results and Discussion 

B2P2 was prepared as previously described.5 Metallation with (1,5-

cyclooctadiene)platinum(II) chloride, bis(triphenylphosphine)platinum(II) chloride, and 

bis(benzonitrile)platinum(II) chloride all resulted in intractable mixtures. Metallation with 

tris(norbornene)platinum(0) produced a bright orange precipitant, which degraded into 

complex mixtures upon dissolving in THF or DCM. Metallation with 

tetrakis(triphenylphosphine)platinum(0) did yield some of the desired material (<40%), 

however obtaining high-purity material from this mixture was impractical. We finally 
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settled on metallation with ethylenebis(triphenylphosphine)platinum(0) from which we 

were able to produce a 50% yield of 1 in high purity as yellow crystals.  

 

 
Scheme 3-1. Synthesis of reduced PtB2P2 complexes. 

 

31P-NMR shows a single resonance at 44.0 ppm with distinctive 195Pt coupling 

(1JP,Pt = 4997 Hz) consistent with C2 symmetry in solution (Figure 3-11). 195Pt signal at 

−5456 ppm is similar, albeit further upfield than other boron-ligated Pt(0) species reported 

(Scheme 3-2, Table 3-1). The broad 11B resonance at 29 ppm is shifted just 5 ppm 

downfield of the free ligand. These modest platinum-boron interactions are further 

substantiated by single crystal X-ray diffraction (XRD) revealing planar borons (Σ∡ C-B-
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C = 359.7°) with distant contacts to Pt (dPt−B = 2.321(2) Å). The platinum-phosphine bond 

lengths in 1 are also quite typical (dPt−P = 2.2901(5), 2.2874(5) Å) (Figure 3-1).  

 

Scheme 3-2. Examples of boron-containing Pt(0) complexes.7–12 

Table 3-1. Bond lengths and NMR characterization of some Pt(0) complexes. 

Reference 
195Pt ppm 

(J = Hz) 

11B ppm 

(J = Hz) 
31P ppm (J = Hz) Pt−B (Å) Pt−P (Å) 

Bourissou 20087 N.R. 18 79 (J = 3578) 2.223 2.296* 

Braunschweig 20128 −4764 40 15 (J = 2112),  

11 (J = 3188). 

2.108 2.308* 

Bourissou 20129 N.R. −20  

(J = 42) 

31 (J = 3750, 230, 13), 

21 (broad m, J =2160). 

2.234 2.311* 

Figueroa 201410 N.R. 18 n/a 2.313 n/a 

Emslie 201411 −4934 21 51 (J = 5651, 56), 

28 (J = 4183, 56). 

2.291 2.268* 

Mӧsch-Zanetti 

201812 

N.R. 23 16 2.092 2.364 

this paper −5456  29 45 (J = 4997) 2.329* 2.289* 
*averaged; N.R = not reported. 
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Figure 3-1. Thermal ellipsoid plots (50% probability) of the solid-state structure of PtB2P2 (1). Light blue, 

pink, orange, and gray ellipsoids represent Pt, B, P, and C atoms, respectively. Hydrogen atoms and co-

crystallized solvent molecules are omitted for clarity. 

 

Cyclic voltammetry (CV) on 1 (0.1M [NBu4][PF6] in THF, 100 mV/s scan rate) 

revealed two reversible reduction events at −2.67 and −2.96 V vs. Fc/Fc+ (Fc = (C5H5)2Fe, 

Figure 3-2).  In contrast, the nickel analogue NiB2P2 we previously reported13 displays only 

one reduction event at −2.84 V within this solvent window. The free ligand B2P2, however 

is easier to reduce than either of these with two reversible reductions at −2.15 V and −2.67 

V. The nearly 200 mV positive shift in potential of 1 over its nickel analogue, implies the 

platinum is not an innocent bystander.  

A quasi-reversible oxidation event at +0.6 was also detected, however attempts to 

access the Pt(II) species directly from dichloro(1,5-cyclooctadiene)platinum(II) and 

dichlorbis(triphenylphosphine)platinum(II) resulted in intractable mixtures. 
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Figure 3-2. Cyclic voltammogram of B2P2 (green), PtB2P2 (red), NiB2P2 (black)13 in THF (0.1 M 

[nBu4N]PF6 as electrolyte; 100 mV/s scan rate). 

 

To better understand platinum’s role through these redox processes, we sought to 

isolate the 1-electron and 2-electron reduction products. Chemical reduction using 1 

equivalent of potassium naphthalenide and 1 equivalent of kryptofix 222 provided the 1-

electron reduced species as a mauve-red solid crystalline solid. XRD revealed a canted, 

half-butterfly structure with the platinum interacting with one of the boranthracene rings 

more than the other, leaning 73.6° towards one side and 119.2° away from the other 

(Figure 3-3, Figure 3-4). The Pt-P bonds (dPt−P = 2.2505(3), 2.2988(5) Å) and Pt-B bonds 

(dPt−B = 2.331(1), 2.317(1) Å) are also more assymetric and slightly tighter than 1. The 

break from planarity at boron however remains subtle (Σ∡ C-B-C = 357.1, 355.5°). 

-3.5-3.3-3.1-2.9-2.7-2.5-2.3-2.1-1.9-1.7-1.5

Potential (V vs Fc/Fc+)
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Figure 3-3. Thermal ellipsoid plots (50% probability) of the solid-state structure of [K+krypt]PtB2P2 (2). 

Light blue, pink, orange, red, purple, lavender, and gray ellipsoids represent Pt, B, P, O, K, N, and C atoms, 

respectively. Hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

 

 
Figure 3-4. Side-on view of [K+krypt]PtB2P2 (2). 

 

X-band electron paramagnetic resonance (EPR) spectrum of 2 in fluid toluene 

revealed an isotropic signal centered at g ~ 2, which appeared to be a mixture of two 

slightly different spin systems in a 0.64:0.36 ratio in solution (Figure 3-5). Both spin 

systems have 195Pt (I = ½, Aiso(
195Pt) = 2099, 2647 MHz) and 31P (I = ½, Aiso(

31P) = 65, 45 

MHz) hyperfine interactions. These two different spin systems could be explained by a 
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mixture of η2 and η4 Pt species at room temperature. However upon cooling, the spectrum 

became more complex and we were unable to simulate a satisfory result (Figure 3-29). 

 
Figure 3-5. X-band EPR spectrum (9.318 GHz) of [K+krypt]PtB2P2 (2) in toluene at 298 K (black) and its 

simulated spectrum (red). The simulated spectra was produced by a combination of two spin-systems (S = 

½) in a 0.64:0.36 ratio. Simulation parameters: spin-system 1: g = 1.968, A[Pt] = 2647 MHz, A[P] = 65 

MHz, weight = 0.64, lw = 4.7; spin-system 2: g = 1.968, A[Pt] = 2099 MHz, A[P] = 48 MHz, weight = 

0.36, lw = 5.8. 

 

Chemical reduction of 1 using 2 equivalents of potassium naphthalenide produced 

a soluble unchelated platinum dianion that could be isolated as an amorphous brown 

powder. Upon reduction, the 31P NMR signal was shifted significantly downfield from 44.0 

ppm (JPt−P = 4997 Hz) in complex 1 to 85.1 ppm (JPt−P = 1198 Hz). The 11B signal shifted 

in the opposite direction from 29.2 ppm in complex 1 to 6.2 ppm with apparant coupling 

to platinum (JPt−B = 284 Hz). (Figure 3-17, Figure 3-18). Unfortunately, we were unable to 

detect any 195Pt signal from +1386 through −8394 ppm using a saturated C6D6 sample 

210 230 250 270 290 310 330 350 370 390 410 430 450

B / mT
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collecting 1024 scans per ~700 ppm block (Figure 3-6), or by using 195Pt-1H HMBC with 

the methylene protons of the isopropyl groups. 

 

 

Figure 3-6. 195Pt NMR window: only artifacts detected. 

 

To obtain crystalline material we added 1 equivalent of kryptofix 222 and excess 

of DME providing the 2-electron reduced species 3 as an auburn-red crystalline solid. The 

preliminary solid state structure of 3 features a significantly puckered diboraanthracene 

ring with short Pt−B contacts of ~2.5 Å. The reduced stability and solubility of this 

complex in solution resulted in lower resolution NMR characterization, however the 

chemical shifts are very comparable to what we observed in absence of the cryptand (31P δ 

= 81 ppm, 11B δ = 8 ppm). No 195Pt coupling was resolved in either the 31P or the 11B 

spectrum. 
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Figure 3-7. Thermal ellipsoid plots (50% probability) of the solid-state structure of [K+
 krypt, K+ 

dme]PtB2P2 (3). Light blue, pink, orange, red, purple, lavender, and gray ellipsoids represent Pt, B, P, O, K, 

N, and C atoms, respectively. Hydrogen atoms and co-crystallized solvent molecules are omitted for 

clarity. 

 

The doubly kryptofix 222-chelated species can also be produced by simply adding 

two equivalents of kryptofix 222, generating 4 as auburn-red crystals. The decreased 

solubility and sensitivity of this compound limited the solvent choices available for 

recrystallization. The complete solution to this XRD structure is still in progress (Figure 

3-8). Furthermore, this complex has limited stability in solution resulting in low resolution 

characterization by NMR. The 31P and 11B shifts were nearly identical to 3 at δ = 81 ppm 

and 6 ppm, respectively.  
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Figure 3-8. Thermal ellipsoid plots (50% probability) of the solid-state structure of [K+
2krypt2]PtB2P2 (4). 

Light blue, pink, orange, red, purple, lavender, and gray ellipsoids represent Pt, B, P, O, K, N, and C atoms, 

respectively. Hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

 

Conclusion 

Herein we were able to isolate and characterize the first molecular Pt(−1) and Pt(−2) 

species using a redox-active ligand scaffold. While the boroaanthracene core acts as an 

electron reservoir, significant radical character is placed on the platinum center as indicated 

by EPR. Upon further reduction to a formally Pt(−2) species, complex 4 can be described 

as either having two two-center, two-electron (2c-2e) bonds or as a single three-center, 

two-electron (3c-2e) bond. Using the isolobal analogy of borohydride, we favor the latter 

explanation as platinum is more electronegative than hydrogen (χPt = 2.28, χH = 2.20 on the 

Pauling Scale). However, DFT calculations to further clarify the bonding in 2 and 4 are 

currently underway. 
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Experimental Section 

General Considerations: Unless stated otherwise, all compounds were purchased from 

commercial sources and used without further purification. Solvents were dried and 

deoxygenated by argon sparge followed by passage through an activated alumina column 

and were stored over 4 Å molecular sieves. All manipulations were performed under an N2 

atmosphere either in a glovebox or using standard Schlenk techniques. B2P2 was 

synthesized according to literature procedures.5 1H NMR spectra were recorded at 298 K 

using Bruker 400 and 600 MHz instruments. Chemical shifts are referenced to residual 

solvent peaks, IR spectra were recorded using a Bruker Alpha FT-IR with a universal 

sampling module collecting at 4 cm−1 resolution with 32 scans. EPR X-band spectra were 

recorded using a Bruker EMX spectrometer and analyzed using Win-EPR software. UV-

Vis spectra were recorded using a Cary Bio 500 spectrometer using a 1 cm path length 

quartz cuvette with a solvent background subtraction applied. X-ray diffraction studies 

were performed using a Bruker-AXS diffractometer. Cyclic Voltammetry experiments 

were performed using a Pine AFP1 potentiostat. The cell consisted of a glassy carbon 

working electrode, a Pt wire auxiliary electrode and a Pt wire pseudo-reference electrode. 

All potentials are referenced vs. the Fc/Fc+ couple measured as an internal standard. 

Elemental Analyses were performed by Midwest Microlab. Solution phase effective 

magnetic moments were obtained via the method described by Evans14,15 and were 

performed in triplicate. Standard deviations are reported. 
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PtB2P2 (1). 

B2P2 (365 mg, 0.651 mmol), Pt(ethylene)(PPh3)2 (487 mg, 0.651 mmol), and 15 mL of 

toluene were combined in a schlenk flask. The flask was open to N2 and heated for 50°C 

for 3 days. The resulting yellow suspension was filtered to remove trace particulates. The 

filtrate was concentrated in vacuo to 2 mL. Pentane (4 mL) was added, precipitating a pale 

yellow amorphous solid. The solid was removed by filtration. Another 4 mL of pentane 

was added to this new filtrate, producing yellow microcrystals. These crystals were 

removed by filtration. This third filtrate was then allowed to stand at room temp for 16 

hours, producing large, orange, elongated hexagons. The hexagonal crystals were rinsed 

with pentane and recrystalized with toluene/hexane to obtain EA purity material. Overall 

yield: 240 mg (49%). 1H NMR (600 MHz, C6D6): δ 8.14 (d, J = 7.3 Hz, 2H), 7.55 (dd, J = 

5.9, 3.3 Hz, 4H), 7.50 (t, J = 7.4 Hz, 2H), 7.34 (t, J = 6.6 Hz, 2H), 7.24 (t, J = 7.7 Hz, 2H), 

7.03 (dd, J = 6.1, 3.2 Hz, 4H), 2.10 (h, J = 13.9 Hz, 2H), 2.08 (h, J = 13.5 Hz, 2H), 0.71 

(d, J = 6.8 Hz, 6H), 0.69 (d, J = 7.1 Hz, 6H), 0.59 (d, J = 7.4 Hz, 6H), 0.57 (d, J = 7.2 Hz, 

6H). 13C NMR (151 MHz, C6D6) δ 159.7, 147.5 (d, J = 24.7 Hz), 147.3 (d, J = 24.9 Hz), 

132.7 (t, J = 12.3 Hz), 132.3, 131.6 (t*, J = 13.1 Hz), 130.3, 126.3, 125.3 (t*, J = 3.6 Hz), 

28.6 (t, J = 12.7 Hz), 28.6 (dt, J = 77.8, 12.8 Hz), 19.4, 18.5 (t, J = 24.7 Hz). 31P NMR (162 

MHz, C6D6) δ 44.0 (s), 44.0 (d, J = 4997 Hz). 11B NMR (128 MHz, C6D6) δ 29.20. 195Pt 

NMR (128 MHz, C6D6) δ −5456 (t, J = 4997 Hz). UV-Vis (THF): λmax nm (εmax M
-1 cm-1) 

404 (sh, 1.7 × 103). Calc. for C36H44B2P2Pt: C: 57.24; H: 5.87. Found: C: 57.16; H: 5.88. 
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Kkrypt [PtB2P2] (2). 

PtB2P2 (64 mg, 0.085 mmol), potassium naphthalenide ∙ ½ THF (20 mg, 0.098 mmol), and 

4 mL of toluene were combined in a vial at room temp. The suspension was stirred for 30 

minutes and then promptly filtered. The solvent was removed in vacuo, producing a dark 

amber glaze. The glaze was washed with pentane (3×2 mL), then extracted with ether (5 

mL). The ether extract was filtered directly into a vial containing kryptofix 222 (47 mg, 

0.125 mmol), crashing out a dull eggplant precipitant. This solid was washed with ether 

(3×2 mL), then toluene (3×2 mL). The solid was extracted with THF (5 mL), concentrated 

in vacuo to 1 mL, and layered with ether (1 mL), and allowed to cool at −19°C overnight, 

producing deep red-purple crystals. Overall yield: 71 mg (72%). 1H NMR (d8-THF): only 

residual solvent peaks. Evans Method (THF): μB 2.8 ± 0.2. UV-Vis (THF): λmax nm (εmax 

M-1 cm-1) 691 (sh, 3.4 × 102), 517 (sh, 7.6 × 102), 417 (p, 2.3 × 101). Calc. for 

C54H80B2KN2O6P2Pt: C: 55.39; H: 6.89; N: 2.39. Found: C: 55.58; H: 6.75; N: 2.55. 

 

Kkrypt Kdme[PtB2P2] (3). 

PtB2P2 (16 mg, 0.021 mmol), potassium naphthalenide ∙ ½ THF (9.2 mg, 0.045 mmol), and 

2 mL of toluene were combined in a vial at room temp. The suspension was stirred for 30 

minutes and then promptly filtered. The solvent was removed in vacuo, producing a dark 

amber glaze. The glaze was taken up into ether (1 mL), then crashed back out as an 

amorphous solid using pentane (5 mL). This brown solid was collected and washed with 

pentane (2 x 3 mL). The amorphous solid was redissolved in minimal DME and filtered 

directly into a vial containing kryptofix 222 (21 mg, 0.056 mmol) dissolved in ether (1 mL) 
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and DME (0.5 m), producing a black-blue precipitate. This solid was washed with ether 

(3×2 mL). Minimal THF was added to the solid to redissolve it (0.5 mL), on standing 

crystals formed. This material can be recrystallized with with THF/ether. Overall yield: 23 

mg (83%).  

[PtB2P2]2− (“brown solid”) 

1H NMR (600 MHz, C6D6): δ7.96 (s, 2H), 7.78 (s, 2H), 7.56 (s, 2H), 7.38 (s, 2H), 6.63 (s, 

4H), 6.42 (s, 4H), 2.34 (s, 4H), 1.03 (s, 12H), 0.84 (s, 12H). 13C NMR (151 MHz, C6D6) δ 

176.29, 170.99, 147.91, 133.49, 130.98, 124.31, 123.28, 120.90, 27.51, 21.02, 20.38. 31P 

NMR (243 MHz, C6D6) δ 85.14 (s), 85.14 (d, J = 1197.6 Hz). 11B NMR (192 MHz, C6D6) 

δ 6.18 (s), 6.18 (d, J = 284.2 Hz). 

After completing prep with kryptofix: 

1H NMR (600 MHz, C6D6) δ 8.22 (d, J = 7.2 Hz, 2H), 7.70 (d, J = 7.5 Hz, 2H), 7.59 (t, J 

= 7.1 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 6.75 (s, 4H), 6.43 (s, 4H), 3.53 (s, 4H), 3.09 (s, 

6H), 3.01 (s, 6H), 2.56 (s, 2H), 2.47 (s, 2H), 2.05 (s, 6H), 1.39 (s, 6H), 1.31 – 1.27 (m, 6H), 

1.24 – 1.17 (m, 12H), 1.08 – 1.00 (m, 6H). 31P NMR (243 MHz, C6D6) δ 81.34. 11B NMR 

(192 MHz, C6D6) δ 8.02. Calc. for C58H90B2K2N2O8P2Pt: C: 53.58; H: 6.98; N: 2.15. 

Found: C: 53.94; H: 7.01; N: 2.42. 

 

K2 krypt2 [PtB2P2] (4). 

PtB2P2 (20 mg, 0.026 mmol), potassium naphthalenide ∙ ½ THF (12.5 mg, 0.061 mmol), 

and 2 mL of toluene were combined in a vial at room temp. The suspension was stirred for 

30 minutes and then promptly filtered. The solvent was removed in vacuo, producing a 
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dark amber glaze. The glaze was taken up into ether (1 mL), then crashed back out as an 

amorphous solid using pentane (5 mL). This brown solid was collected and washed with 

pentane (2 x 3 mL). The amorphous solid was redissolved in ether and filtered directly into 

a vial containing kryptofix 222 (21 mg, 0.056 mmol) dissolved in ether (1 mL) and DME 

(0.5 m), producing a black-blue precipitate. This solid was washed with ether (3×2 mL). 

Minimal THF was added to the solid to redissolve it (0.5 mL), on standing crystals formed. 

This material can be recrystallized with with THF/ether. Overall yield: 33 mg (78%). 31P 

NMR (243 MHz, d8-THF) δ 81.03. 11B NMR (192 MHz, d8-THF) δ 5.96. UV-Vis (THF): 

λmax nm (εmax M
-1 cm-1) 693 (sh, 4.1 × 102), 515 (sh, 1.1 × 103), 430 (p, 1.4 × 103). Calc. for 

C72H116B2K2O12P2Pt: (½ × C6H14): C: 55.03; H: 7.54; N: 3.38. Found: C: 55.01; H: 6.87; 

N: 3.13. 
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NMR Spectra 

 
Figure 3-9. 1H NMR spectrum of PtB2P2 recorded at 600 MHz in C6D6. 

 

 
Figure 3-10. 13C NMR spectrum of PtB2P2 recorded at 151 MHz in C6D6. 
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Figure 3-11. 31P NMR spectrum of PtB2P2 recorded at 243 MHz in C6D6. 

 

 
Figure 3-12. 11B NMR spectrum of PtB2P2 recorded at 128 MHz in C6D6. 
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Figure 3-13. 195Pt NMR spectrum of PtB2P2 recorded at 128 MHz in C6D6. 

 

 
Figure 3-14. 1H NMR spectrum of Kkrypt [PtB2P2] recorded at 600 MHz in d8-THF. 
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Figure 3-15. 1H NMR spectrum of “brown solid” recorded at 600 MHz in C6D6. 

 

 
Figure 3-16. 13C NMR spectrum of “brown solid” recorded at 151 MHz in C6D6. 
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Figure 3-17. 31P NMR spectrum of “brown solid” recorded at 243 MHz in C6D6. 

 

 
Figure 3-18. 11B NMR spectrum of “brown solid” recorded at 192 MHz in C6D6. 
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Figure 3-19. 1H NMR spectrum of Kkrypt Kdme [PtB2P2] recorded at 600 MHz in C6D6. 

 

 
Figure 3-20. 31P NMR spectrum of Kkrypt Kdme [PtB2P2] recorded at 243 MHz in C6D6. 
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Figure 3-21. 11B NMR spectrum of Kkrypt Kdme [PtB2P2] recorded at 192 MHz in C6D6. 

 

 
Figure 3-22. 1H NMR spectrum of K2 krypt2 [PtB2P2] recorded at 600 MHz in d8-THF. 
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Figure 3-23. 31P NMR spectrum of K2 krypt2 [PtB2P2] recorded at 243 MHz in d8-THF. 

 

 
Figure 3-24. 11B NMR spectrum of K2 krypt2 [PtB2P2] recorded at 192 MHz in d8-THF. 
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UV-Vis 

 
Figure 3-25. UV-Vis-NIR spectra of Pt(B2P2) in THF. 

 
Figure 3-26. UV-Vis-NIR spectra of [Pt(B2P2)]1− in THF. 
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Figure 3-27. UV-Vis-NIR spectra of K2krypt2[Pt(B2P2)] in THF. 
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EPR 

 
Figure 3-28. X-band EPR spectrum (9.318 GHz) of Kkrypt[PtB2P2] in toluene at 298 K (black) and its 

simulated spectrum (red). The simulated spectra was produced by a combination of two spin-systems (S = 

½) in a 0.64:0.36 ratio. Simulation parameters: spin-system 1: g = 1.968, A[Pt] = 2647 MHz, A[P] = 65 

MHz, weight = 0.64, lw = 4.7; spin-system 2: g = 1.968, A[Pt] = 2099 MHz, A[P] = 48 MHz, weight = 

0.36, lw = 5.8. 
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Figure 3-29. X-band EPR spectrum (9.335 GHz) of Kkrypt[PtB2P2] in toluene at 298 K (red), 192 K 

(green), and 101 K (blue).  
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Cyclic Voltammetry 

Cyclic voltammetry experiments were performed using a Pine AFP1 potentiostat. The cell 

consisted of a glassy carbon working electrode, a Pt wire auxiliary electrode and a Pt wire 

pseudo-reference electrode. All potentials are referenced vs. the Fc/Fc+ couple measured 

as an internal standard. 

 
Figure 3-30. Cyclic voltammogram of PtB2P2 in THF (0.1 M [nBu4N]PF6 as electrolyte; 100 mV/s scan 

rate). 
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X-Ray Crystallography 

General Considerations. Single crystals were coated with paratone oil and mounted on 

cryo-loop glass fibers. X-ray intensity data were collected at 100(2) K on a Bruker 

APEX216 platform-CCD X-ray diffractometer system using fine-focus Mo Kα radiation (𝜆 

= 0.71073 Å, 50kV/30mA power). The CCD detector was placed at 5.0600 cm from the 

crystal. Frames were integrated using the Bruker SAINT software package17 and using a 

narrow-frame integration algorithm. Absorption corrections were applied to the raw 

intensity data using the SADABS program.18 The Bruker SHELXTL software package19 

was used for phase determination and structure refinement. Atomic coordinates, isotropic 

and anisotropic displacement parameters of all the non-hydrogen atoms were refined by 

means of a full matrix least-squares procedure on F2. The H-atoms were included in the 

refinement in calculated positions riding on the atoms to which they were attached. 

Relevant details for individual data collections are reported in Tables 3-2 through 3-4. 
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Figure 3-31. Labelled thermal ellipsoid plot (50%) for PtB2P2 (1). 

Table 3-2. Crystal data and structure refinement for PtB2P2 (1).  

Identification code  hh303jt 

Empirical formula  C36H44B2P2Pt 

Formula weight  755.36 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 18.7106(6) Å α = 90°. 

 b = 11.1100(3) Å β = 96.4297(13)°. 

 c = 15.4649(5) Å γ = 90°. 

Volume 3194.54(17) Å3 

Z 4 

Density (calculated) 1.571 mg/m3 

Absorption coefficient 4.517 mm−1 

F(000) 1512 

Crystal color yellow 

Crystal size 0.362 x 0.289 x 0.280 mm3 

θ range for data collection 2.135 to 30.998° 

Index ranges −27 ≤ h ≤ 27, −16 ≤ k ≤ 16, −22 ≤ l ≤ 22 

Reflections collected 83987 
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Independent reflections 10183 [Rint = 0.0359] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7464 and 0.6344 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10183 / 0 / 378 

Goodness-of-fit on F2 1.042 

Final R indices [I > 2σI = 9212 data] R1 = 0.0200, wR2 = 0.0438 

R indices (all data, 0.69 Å) R1 = 0.0240, wR2 = 0.0451 

Largest diff. peak and hole 3.462 and -2.451 e/Å3 
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Figure 3-32. Labelled thermal ellipsoid plot (50%) for Kkrypt [PtB2P2] (2). 

Table 3-3. Crystal data and structure refinement for Kkrypt [PtB2P2] (2). 

Identification code  hh339le 

Empirical formula  C54H80B2KN2O6P2Pt 

Formula weight  1170.95 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 11.4301(4) Å α = 78.9780(16)°. 

 b = 15.6206(6) Å β = 88.5714(15)°. 

 c = 15.8059(6) Å γ = 81.6565(16)°. 

Volume 2740.68(18) Å3 

Z 2 

Density (calculated) 1.419 mg/m3 

Absorption coefficient 2.743 mm−1 

F(000) 1206 

Crystal color purple 

Crystal size 0.163 x 0.099 x 0.088 mm3 

θ range for data collection 2.086 to 31.506° 

Index ranges −16 ≤ h ≤ 16, −22 ≤ k ≤ 22, −23 ≤ l ≤ 23 

Reflections collected 251205 

Independent reflections 18256 [Rint = 0.0361] 

Completeness to θ = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 18256 / 0 / 621 

Goodness-of-fit on F2 1.052 

Final R indices [I > 2σI = 17709 data] R1 = 0.0135, wR2 = 0.0319 

R indices (all data, 0.68 Å) R1 = 0.0144, wR2 = 0.0322 

Largest diff. peak and hole 1.739 and -1.272 e/Å3 

 

Figure 3-33. Labelled thermal ellipsoid plot (50%) for Kkrypt Kdme [PtB2P2] (3). 

Table 3-4. Crystal data and structure refinement for Kkrypt Kdme [PtB2P2] (3). 
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Chapter 4 : Nickel Complexes of Phosphine-Appended Benzannulated Boron 

Heterocycles 

Introduction 

Boron for carbon substitution is a powerful method for modulating the properties 

of polycylic aromatic hydrocarbons (PAH), with applications in optoelectronic materials1 

and coordination chemistry.2 The empty p orbital on boron can act as a Lewis acid3 or can 

introduce electron deficiency into the molecule, engendering facile multi-electron redox 

chemistry in many cases.4–7 This combination of redox activity and chemical reactivity 

have made boron heterocycles attractive platforms for small molecule activation.8 Boron 

heterocycles also have applications as ligands to both transition and main-group metals. 

The boron-substituted analogues of classic ligands such as cyclopentadienyl and benzene 

have been used to prepare a range of metal complexes with interesting electronic properties 

and chemical reactivity. They are of special interest given their potential to function as 

acceptor or Z-type ligands. 

 

The five-membered monoboron heterocycle borole (C4H4BH) is isoelectronic to 

the cyclopentadienyl cation and formally classified as an L2Z ligand. The antiaromatic 

character of borole engenders significant reactivity in the molecule, but borole and its 

doubly benzannulated analogue 9-borafluorene (BFlu) have found applications in small 

molecule activation.9,10 For example, perfluoropentaphenylborole is capable of cleaving 

dihydrogen11 or undergoing Diels-Alder or insertion reactions with alkynes.12 Reduced 9-

borafluorenes can be stabilized by N-heterocyclic carbenes, conferring boron-centered 
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nucleophilicity with methyl iodide13 or enabling single-electron transfer with trimethyltin 

chloride14 Despite the wide-variety of reactivity observed for 9-borafluorenes,9 relatively 

few metal complexes of BFlu are known.15 Piers reported an adduct between a perfluoro-

9-phenyl-9-borafluorene and Cp*Al,16 and Bourissou used a phosphine-buttressed ligand 

(PBFlu, 1) to prepare a BFlu complex exhibiting monohapto coordination through the 

boron, the first Au borane complex (Figure 4-1).17 

 
Figure 4-1. Previously reported Au complexes of PBFlu and B2P2 ligands (top). Ni complexes of PBFlu 

and B2P2 presented in this work (bottom). 

The doubly benzannulated analogue of 9,10-dihydro-9,10-diborabenzene, 9,10-

dihydro-9,10-diboraanthracene (DBA), is an electrochemically rich platform with broad 

synthetic flexibility and applications in organic electronic materials. Upon two electron 

reduction, Wagner has shown that DBA variants can cleave dihydrogen,18 disproportionate 

CO2,
19 break chalcogen-chalcogen bonds,20 and activate sp C–H bonds.21 We recently 

reported that NHC-stabilized 9,10-diboraanthracene undergoes formal [4+2] cycloaddition 

reactions at the boron centers with O2, CO2, and ethylene.22 A number of electronically 
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saturated metal complexes of DBA have been prepared, some of which contain multiple 

metal centers bound to a single DBA unit.23 Due to the electron deficiency of DBA, 

oxidation of these complexes tends result in irreversible de-coordination of the ligand.24 

 

We are interested in the emergent redox properties and chemical reactivity of metal 

complexes with heterocyclic boron-containing ligands. Recently, we reported the synthesis 

of a DBA-based ligand featuring two tethered phosphine donors straddling the central C4B2 

ring (9,10-bis(2-(diisopropylphosphino)phenyl)-9,10-dihydroboranthrene, B2P2, 2). Metal 

complexes of B2P2 can undergo DBA-centered redox events, as in the zwitterionic radical 

complexes (B2P2)Cu and (B2P2)Ag we recently described.25 A series of Au complexes of 

B2P2 were also prepared in three states of charge, with the most reduced species, 

[(B2P2)Au]– being the first example of a molecular boroauride, featuring very short 

interactions between the Au atom and pyramidalized borons of the DBA core.26 Given the 

intriguing chemistry uncovered for d10 coinage metal complexes with both PBFlu and B2P2, 

we investigated the related Ni complexes. Herein we report the synthesis, structure, NMR, 

and electrochemical characterization of the neutral Ni complexes of both 1 and 2. Unlike 

their coinage metal analogues, these Ni complexes form penta- and hexahapto complexes, 

respectively, with the central boron heterocycles (Figure 4-1). Although the BFlu and DBA 

heterocycles have one and two borane centers, respectively, DFT calculations indicate that 

these ligands, and thus their Ni complexes, are essentially isoelectronic and best described 

as d10 ML4 Ni(0) complexes with a backbonding component (Z’) into a boron-centered 

empty orbital. 
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Scheme 4-1. Preparation of PBFlu and (PBFlu)Ni. 

 

Results and Discussion 

The phosphine-appended BFlu ligand 1 was first prepared by Bourissou and 

metalated in situ with (Me2S)AuCl without isolation of the ligand.17 In our hands, lithiation 

of 2-( diisopropylphosphino)bromobenzene in toluene proceeds cleanly at –40 °C and the 

lithiated species is very stable in this solvent, even at room temperature. Subsequent 

addition of 9-bromo-9-borafluorene at –60°C results in a yellow solution that, upon 

warming to –20°C, changes to an intense red color, indicating near complete 

decomposition of the desired ligand. However, by avoiding warming reaction mixtures past 

–20 °C, 1 can be isolated as a colorless crystalline solid in low yields (16%) (Scheme 4-1). 

Once isolated, 1 is stable at room temperature allowing its characterization by NMR 

spectroscopy. In solution, 1 exhibits a broad resonance centered at 0.9 ppm in the 11B{1H} 

NMR spectrum. For comparison, the 11B resonance for 9-phenyl-9-borafluorene is 64.5 

ppm, suggesting P–B interactions in 1, although no 31P–11B coupling is observed (Figure 

4-2).27  
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Figure 4-2. 11B{1H} NMR of (A) PBFlu 1 (blue) and 3 (red); (B) B2P2 (blue) and 4 (red). 

 Metalation of 1 with Ni(PPh3)4 affords the nickel complex (PBFlu)Ni (3), denoted 

by a downfield shift of the 11B resonance to 22.5 ppm (Figure 4-2 – 11B). The analogous 

gold complex has a shift of 55.2 ppm, indicating a stronger boron-metal interaction in the 

former. Single-crystal X-ray diffraction (XRD) of 1 revealed an η5-BFlu moiety 

coordinated to Ni with a Ni–B distance of 2.135(2) Å and Ni–C distances ranging from 

2.217(2) to 2.230(2) Å (Figure 4-3). In contrast, the previously reported η1-BFlu gold 

complex has a Au–B distance of 2.663(1) Å with no appreciable interaction between the 

Au center and other atoms of the BFlu unit (average dAu-Cα = 3.118(1) Å; dAu-Cβ = 3.750(1) 

Å) (Figure 4-3). While many η5-borole complexes have been reported,28–30 complex 3 is 

the first example of pentahapto coordination of BFlu. 

 
Figure 4-3. Labeled thermal ellipsoid plots (50%) of 1 (a) and 2 (b). Unlabeled ellpisoids correspond to 

carbon. Hydrogen atoms have been omitted for clarity. 

A B 
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The DBA-based ligand 2 allowed us to explore the effect of a second boron center 

in the coordination sphere of Ni. Metalation of 2 to give (B2P2)Ni (4) can be achieved using 

either Ni(PPh3)4 or treating by a mixture of 2 and NiBr2 with metallic Na (Scheme 4-2). In 

solution, 4 features a 11B{1H} resonance at 27.8 ppm that is shifted slightly upfield to that 

of the free ligand (34.1 ppm). Single-crystal XRD reveals η6 coordination of Ni to the DBA 

core with an average Ni-B distance of 2.196(2) Å (Figure 4-3). In contrast, [(B2P2)Au]+ 

has Au–B distances of 2.610 and 2.678 Å and no Au–C contact shorter than 2.75 Å.26 These 

differences can be rationalized both by the prevalence of 14-electron Au(I) complexes as 

well as the stronger backbonding ability of Ni(0). 

 

Scheme 4-2. Synthesis of (B2P2)Ni. 

 To further explore the acceptor properties of these two complexes, we investigated 

their electrochemistry by cyclic voltammetry. The CV of 3 features a single irreversible 

reduction at –3.00 V vs. Fc/Fc+ with scans in the oxidative direction leading to significant 

decomposition (Figure 4-22). In contrast, 4 displays a reversible reduction event at −2.99 

V vs. Fc/Fc+ and an electrochemically sluggish but chemically reversible oxidation at 

+0.06 V (Figure 4-23). It is instructive to compare the electrochemistry of 3 and 4 to that 

of the corresponding free ligands 1 and 2. The CV of 1 ligand displays two reduction events 

at –2.09 and –2.70 V, the first being reversible and the second irreversible (Figure 4-20). 

The irreversibility of the second reduction on the CV timescale may be attributable to the 
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reductive cleavage of the endocyclic B–C bond, a phenomenon that has been observed in 

boroles and related molecules.10,12,31 In contrast, 2 undergoes two reversible reductions at 

–2.18 and –2.71 V vs. Fc/Fc+ (Figure 4-21). In both cases, the presence of the diphosphine 

Ni fragment renders these molecules significantly more difficult to reduce, consistent with 

strong donation from a filled Ni d-orbital into the empty boron centered orbitals on the 

BFlu and DBA fragments. These results are counter to what we have observed in the cases 

of the coinage metal complexes of 2 [(B2P2)M]+ (M = Cu, Ag, Au), all of which are 

significantly easier to reduce than free 2 (Table 1). The positive charge on the coinage 

metal complexes is likely a significant contributor to this observation. 

Table 4-1. Selected bonds, angles, 11B NMR data and CV data for PBFlu, B2P2 and their transition metal 

complexes. 

Compound 11B NMR [ppm] M-Bavg [Å] M-Cavg [Å] ΣBα [°] E1/2 [V] 

PBFlu 

B2P2 

(PPh3)Ni(PBFlu) 

Ni(B2P2) 

0.90 

34.1 

22.5 

27.8 

 

 

2.316 

2.196 

 

 

2.233, 2.216a 

2.349 

 

 

360.0 

360.0 

–2.09b, –2.70c 

–2.18, –2.71 

–3.00c 

0.06, –2.99b 

[Cu(B2P2)][BArF
4] 47.2 2.372 2.514 360.0 –1.66b 

[Ag(B2P2)][BArF
4] 29.2 2.567 2.730 360.0 –1.56, –2.21c 

Ag(B2P2) 

[Au(B2P2)][BArF
4] 

Au(B2P2) 

[Au(B2P2)][K(18-c-6)] 

 

32.0 

 

11.1 

2.892 

2.644 

3.049 

2.239 

2.985 

2.832 

3.189 

 

359.9 

360.0 

360.0 

343.9 

 

–1.60, –2.05 

 

DFT calculations were carried out on truncated models32 of 3 and 4 as well as BFlu 

and DBA to shed light on the interaction between the Ni center and the boron heterocycles. 

The frontier orbitals for BFlu and DBA are shown in Figure 4 and reveal that in both cases, 

the LUMO is a boron-centered orbital. In the case of DBA, this orbital is composed of the 

out-of-phase combination of the two boron p orbitals. This orbital is analogous to the 
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HOMO of anthracene and has overall bonding character. The second unoccupied molecular 

orbital in DBA with significant boron character (LUMO+1) corresponds to the in-phase 

combination of the empty boron p-orbitals. As this orbital is analogous to the LUMO of 

anthracene, it is antibonding. Although there are in principle two relevant acceptor orbitals 

in DBA, the in-phase combination of the boron p orbitals is significantly higher in energy. 

The frontier molecular orbitals of 3 and 4 are shown in Figures 5 and 6, respectively. In 

both cases, the five highest energy filled orbitals have significant if not predominantly d-

character, consistent with a d10 Ni(0) description. In 3, the Ni–B acceptor interaction serves 

to stabilize an orbital of d parentage that is antibonding with respect to the Ni–PPh3 

interaction (HOMO–2). In 4 the primary molecular orbital featuring Ni–B bonding is also 

the HOMO–2, which consists of the in-phase combination of a Ni d orbital and the LUMO 

of DBA described above. The HOMO–1 in 4 contains a small component of the in-phase 

combination of the boron p orbitals, corresponding to the LUMO+1 of DBA. This 

interaction is less pronounced, owing to the higher energy of the DBA LUMO+1 (in-phase 

boron p orbitals) relative to the LUMO (out-of-phase boron p orbitals). For these reasons, 

we favor a description of both BFlu and DBA in 3 and 4 as L2 ligands with a significant 

backbonding component associated with the boron p orbitals. In both cases, the d-orbital 

splittings can be rationalized as perturbations on an approximately tetrahedral ligand field. 
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Figure 4-4. Kohn-Sham orbitals calculated for BFlu and DBA (see Experimental Section for computational 

details). 

                  

Figure 4-5. Kohn-Sham orbitals calculated via DFT for a truncated model of 4 (left) and 3 (right). 
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Conclusion 

In summary, we have synthesized two new nickel complexes 3 and 4 featuring 

strong interactions of the Ni center with boron heterocycles. The interaction between Ni 

and the boron heterocycles in these complexes is much more pronounced than in the 

analogous complexes of the coinage metal cations. Where the coinage metal complexes are 

easier to reduce than the corresponding free ligands, 3 and 4 are significantly more difficult, 

consistent with strong backbonding of the Ni center into the boron-based orbitals of the 

heterocycles. DFT calcluations on 3 and 4 are consistent with this description. The five 

highest energy orbitals in both 3 and 4 have significant d character, with the HOMO–2 in 

both cases possessing significant Ni–B bonding interactions. Given the presence of the Ni–

B bonding orbital in the middle of the d manifold, we are inclined to describe these 

complexes are Ni(0) (as opposed to Ni(II)) in which the Ni–B interaction is best described 

as backbonding. 

 

Experimental Section 

General considerations: Unless otherwise noted, all manipulations were carried out using 

standard Schlenk or glovebox techniques under a N2 atmosphere. Hexanes, benzene, 

toluene, and acetonitrile were dried and deoxygenated by argon sparge followed by passage 

through activated alumina in a solvent purification system from JC Meyer Solvent Systems 

followed by storage over 4 Å molecular sieves. THF and Et2O were distilled from sodium-

benzophenone ketyl under N2 followed by storage over 4Å molecular sieves for at least 24 

hours prior to use. Non-halogenated and non-nitrile containing solvents were tested with a 
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standard purple solution of sodium benzophenone ketyl in THF to confirm effective 

oxygen and moisture removal prior to use. Hexamethyldisiloxane (HMDSO) was distilled 

from sodium metal and stored over 4Å molecular sieves for 24 hours prior to use. All 

reagents were purchased from commercial suppliers and used without further purification 

unless otherwise noted. 9-bromo-9-borafluorene,33 2-

(diisopropylphosphino)bromobenzene,17 and 9,10-bis(2-(diisopropylphosphino)phenyl)-

9,10-dihydroboranthrene (B2P2, 2)26 were synthesized according to literature procedures. 

Elemental analyses were performed by Midwest Microlab, LLC, Indianapolis, IN. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories Inc., degassed, 

and dried over activated 3Å molecular sieves for at least 24 h prior to use. NMR spectra 

were recorded on Bruker Neo 400 MHz, and Bruker Avance 600 MHz spectrometers. 1H 

and 13C chemical shifts are reported in ppm relative to tetramethylsilane using residual 

solvent as an internal standard. 11B chemical shifts are reported in ppm relative to 

BF3•Et2O.  Original 11B NMR spectra were processed using MestReNova 11.0.2 with a 

backwards-linear prediction applied to eliminate background signal from the borosilicate 

NMR tube. For 11B NMR spectra with peaks overlapping the borosilicate signal, a manual 

baseline correction was applied. UV-Vis spectra were recorded using a Cary Bio 500 

spectrometer using a 1 cm path length quartz cuvette with a solvent background subtraction 

applied. X-ray diffraction studies were performed using a Bruker-AXS diffractometer. 

Cyclic Voltammetry (CV) experiments were performed using a Pine AFP1 potentiostat. 

The cell consisted of a glassy carbon working electrode, a Pt wire auxiliary electrode and 

a Pt wire pseudo-reference electrode. All potentials are referenced vs. the Fc/Fc+ couple 
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measured as an internal standard. Calculations were run using Orca v4.0.134 and visualized 

with Avogadro v1.2.0.35 

 

9-(2-(diisopropylphosphino)phenyl)-9-borafluorene (1). Using a modified procedure 

from Bourissou et al. n-BuLi (2.5 M in hexanes, 2.5 mL, 6.25 mmol) and 9-bromo-

borafluorene (1.5 g, 6.2 mmol) were successively added at –40 °C and –60 °C to a solution 

of 1-bromo-2-diisopropylphosphinobenzene (1.5 g, 5.5 mmol) in toluene (80 mL).17 The 

suspension was pumped down to a pale orange solid and brought into the glovebox. The 

solid was re-suspended in toluene (80 mL) that had been pre-chilled to –50°C and filtered 

through celite at the same temperature. The filtrate was concentrated in vacuo and layered 

with hexanes, providing colorless crystals. Yield: 0.311 g (16%). 1H NMR (400 MHz, 

C6D6) δ 7.87 (dd, J = 7.5, 0.9 Hz, 2H), 7.49 (dd, J = 7.2, 2.3 Hz, 2H), 7.36 (tdd, J = 7.5, 

2.5, 1.3 Hz, 2H), 7.26 – 7.17 (m, 4H), 7.14 – 7.08 (m, 2H), 2.15 (dp, J = 9.3, 7.3 Hz, 2H), 

0.80 (d, J = 7.1 Hz, 3H), 0.77 (d, J = 7.2 Hz, 3H), 0.73 (d, J = 7.4 Hz, 3H), 0.69 (d, J = 7.4 

Hz, 3H).13C{1H} NMR (101 MHz, C6D6) δ 164.8 (br), 153.2 (br), 149.7 (d, J = 4.7 Hz), 

136.1 (d, J = 48.1 Hz), 132.3 (d, J = 2.6 Hz), 131.4 (d, J = 39.0 Hz), 131.3 (d, J = 3.8 Hz), 

127.2 (d, J = 3.5 Hz), 127.1, 125.8 (d, J = 3.7 Hz), 119.7 (d, J = 2.4 Hz), 23.5 (d, J = 8.5 

Hz), 18.4, 18.0. 11B{1H} NMR (128 MHz, C6D6) δ 0.9. 31P NMR (162 MHz, C6D6) δ 33.0. 

HRMS (ESI): m/z for C24H27BP [M+H]+ calcd.: 357.1938, found: 357.1978. 

 

(PBFlu)Ni(PPh3) (3). A solution of 1 (69 mg, 0.19 mmol) in toluene (4 mL) was added to 

a stirring solution of tetrakis(triphenylphosphine)nickel(0) (213 mg, 0.19 mmol) in toluene 



 162 

(10 mL). After 2 hours, the solution was concentrated in vacuo and layered with hexane (2 

mL), providing burgundy-brown crystals of 2 that were washed with hexanes (2 x 3 mL) 

and dried in vacuo. Crystals suitable for XRD can be generated from layering hexane over 

toluene or ether over THF. Yield: 0.120 g (91%). 1H NMR (400 MHz, C6D6) δ 7.97 (d, J 

= 7.3 Hz, 1H), 7.66 (d, J = 7.6 Hz, 2H), 7.40 (tdd, J = 7.4, 2.5, 1.2 Hz, 1H), 7.21 (dddd, J 

= 9.5, 7.3, 4.9, 2.3 Hz, 7H), 7.14 – 7.07 (m, 3H), 7.07 – 6.96 (m, 11H), 6.51 (d, J = 8.0 Hz, 

2H), 1.17 (h, J = 7.2 Hz, 2H), 0.85 (d, J = 7.0 Hz, 3H), 0.81 (d, J = 7.0 Hz, 3H), 0.53 (d, J 

= 7.1 Hz, 3H), 0.49 (d, J = 7.0 Hz, 3H). 13C{1H} NMR (101 MHz, C6D6) δ 155.8, 144.8 

(dd, J = 40.4, 15.1 Hz), 134.8, 134.6, 134.5 (d, J = 9.7 Hz), 131.9 (dd, J = 24.1, 2.7 Hz), 

131.2, 129.9, 129.3, 129.2 (d, J = 2.5 Hz), 127.7, 127.7, 126.2 (d, J = 2.9 Hz), 125.7 (d, J 

= 5.6 Hz), 123.6, 121.1, 119.0 (d, J = 2.8 Hz), 114.9, 25.6 (d, J = 19.3 Hz), 19.3 (d, J = 5.6 

Hz), 17.8. 11B{1H} NMR (128 MHz, C6D6) δ 22.5. 31P NMR (162 MHz, C6D6) δ 55.66 (d, 

J = 24.2 Hz), 36.67 (d, J = 24.2 Hz). UV-vis (Benzene) λmax (nm) (εmax (M
−1cm−1)) 560 

(sh, 3.2 x 102), 417 (sh, 3.5 x 103). Anal. Calcd. for C36H44B2NiP2 (1 x C4H10O): C, 73.73 

H, 6.59. Found: C, 73.47 H, 5.95. 

 

(B2P2)Ni (4).  

Via NiBr2: A solution of B2P2 (0.200 g, 0.357 mmol) in THF (3 mL) was added to a slurry 

of NiBr2 (0.080 g, 0.366 mmol) in THF (3 mL) and stirred 4 hours. The orange/red mixture 

had its volatiles removed, was added Et2O (5 mL) and again had its volatiles removed. The 

remaining orange/red foam was extracted with toluene (2 x 3 mL) and filtered through 

celite into a 20 mL vial containing sodium (0.021 g, 0.893 mmol). The solution was stirred 
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10 hours during which time a deep red solution formed. The mixture was filtered through 

celite and concentrated to ca. 2 mL before adding Et2O (5 mL). The mixture was filtered 

through a 1” pad of silica gel and rinsed with toluene:Et2O (2:5, 10 mL). Removal of the 

volatiles gave the product as a red solid. Overall yield: 0.157 g, 71%.  

Via Ni(PPh3)4: A solution of B2P2 (0.200 g, 0.357 mmol) in THF (5 mL) was added to 

Ni(PPh3)4 (0.395 g, 0.357 mmol) in THF (3 mL) and the mixture stirred at 50 °C for 12 

hours. The deep red solution had its volatiles removed in vacuo before dissolving the 

residue in THF:Et2O (1:9, 10 mL) and passing it through a 1” pad of silica. Removal of the 

volatiles in vacuo gave the product as a red/orange solid. Overall yield: 0.197 g, 89%. X-

ray quality crystals were grown by layering a concentrated toluene solution with MeCN. 

1H NMR (500 MHz, C6D6) δ 8.01 (d, J = 7.2 Hz, 2H), 7.62 (dd, J = 5.9, 3.4 Hz, 2H), 7.48 

(t, J = 7.2 Hz, 1H), 7.36 – 7.30 (m, 2H), 7.27 (t, J = 7.5 Hz, 2H), 7.11 (dd, J = 6, 3.4 Hz, 

2H), 2.04 (dp, J = 14.2, 7.3 Hz, 2H), 0.74 (d, J = 6.9 Hz, 3H), 0.72 (d, J = 6.9 Hz, 3H), 

0.61 (d, J = 7.1 Hz, 3H), 0.58 (d, J = 7.1 Hz, 3H). 31P (202 MHz, C6D6) δ 45.6 (s). 11B{1H} 

(160 MHz) δ 27.8 (bs). 13C{1H} NMR (126 MHz, C6D6) δ 159.3, 143.1-142.9 (m), 135.0, 

132.0 – 131.4 (m), 130.6, 130.1, 129.9, 126.9, 125.4, 27.7 (dt, J = 18.3, 8.5 Hz), 20.0, 18.9. 

UV-vis (THF): λmax (nm) (εmax (M
−1cm−1)) 318 (sh, 2.5 x 104), 372 (1.7 x 104), 451 (7.9 x 

103), 577 (sh, 2.8 x 103). Anal. Calcd. for C36H44B2NiP2 (1 x C4H10O): C, 69.31 H, 7.85. 

Found: C, 69.98 H, 8.62. 
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NMR Spectra 

 
Figure 4-6. 1H NMR spectra of iPr2PPhBFlu recorded at 400 MHz in C6D6. 

 

 
Figure 4-7. 31P NMR spectra of iPr2PPhBFlu recorded at 162 MHz in C6D6. 
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Figure 4-8. 11B NMR spectra of iPr2PPhBFlu recorded at 128 MHz in C6D6. 

 
Figure 4-9. 13C NMR spectra of iPr2PPhBFlu recorded at 101 MHz in C6D6. 
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Figure 4-10. 1H NMR spectra of (iPr2PPhBFlu)Ni(PPh3) recorded at 400 MHz in C6D6. 

  

 
Figure 4-11. 31P NMR spectra of (iPr2PPhBFlu)Ni(PPh3) recorded at 162 MHz in C6D6.  
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Figure 4-12. 11B NMR spectra of (iPr2PPhBFlu)Ni(PPh3) recorded at 128 MHz in C6D6. 

  

  
Figure 4-13. 13C NMR spectra of (iPr2PPhBFlu)Ni(PPh3) recorded at 101 MHz in C6D6.    
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Figure 4-14. 1H NMR spectra of Ni(B2P2) recorded at 500 MHz in C6D6.  

 

 
Figure 4-15. 31P NMR spectra of Ni(B2P2) recorded at 162 MHz in C6D6.  
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Figure 4-16.  11B NMR spectra of Ni(B2P2) recorded at 160 MHz in C6D6.  

 

   
Figure 4-17. 13C NMR spectra of Ni(B2P2) recorded at 126 MHz in C6D6.  



 170 

UV-Vis Spectra 

 
Figure 4-18. UV-Vis-NIR spectra of (iPr2PPhBFlu)Ni(PPh3) in THF. 

 

 
Figure 4-19. UV-Vis spectrum of Ni(B2P2) in THF. 
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Cyclic Voltammetry 

 
Figure 4-20. Cyclic voltammogram of iPr2PPhBFlu in THF. (0.1 M nBu4NPF6 as electrolyte, scan rate 100 

mV/s). 

 

Figure 4-21. Cyclic voltammogram of B2P2 in THF. (0.1 M nBu4NPF6 as electrolyte, scan rate 100 mV/s).   
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Figure 4-22. Cyclic voltammogram of (iPr2PPhBFlu)Ni(PPh3) in THF. (0.1 M nBu4NPF6 as electrolyte, 

scan rate 100 mV/s). 

 
Figure 4-23. Cyclic voltammogram of Ni(B2P2) in THF. (0.1 M nBu4NPF6 as electrolyte, scan rate 100 

mV/s).    
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X-Ray Crystallography 

 

Figure 4-24. Labelled thermal ellipsoid plot (50%) for (iPr2PPhBFlu)Ni(PPh3). 

Table 4-2. Crystal data and structure refinement for (iPr2PPhBFlu)Ni(PPh3). 

Identification code  hh126LE1_0m 

Empirical formula  C42H41BNiP2 

Formula weight  677.21 g/mol 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pna21 

Unit cell dimensions a = 35.1597(17) Å α = 90°. 

 b = 17.4014(8) Å β = 90°. 

 c = 11.3017(5) Å γ = 90°. 

Volume 6914.7(6) Å3 

Z 8 

Density (calculated) 1.301 mg/m3 

Absorption coefficient 0.683 mm–1 

F(000) 2848 

Crystal size 0.558 x 0.156 x 0.044 mm3 

θ range for data collection 1.647 to 30.507°. 

Index ranges –50 ≤ h ≤ 50, –24 ≤ k ≤ 24, –16 ≤ l ≤ 16 

Reflections collected 196381 

Independent reflections 21113 [Rint = 0.0371] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 
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Data / restraints / parameters 21113 / 1 / 837 

Goodness-of-fit on F2 1.072 

Final R indices [I > 2σI] R1 = 0.0270, wR2 = 0.0635 

R indices (all data) R1 = 0.0303, wR2 = 0.0649 

Absolute structure parameter 0.003(2) 

Largest diff. peak and hole        0.546 and –0.275 e/Å3 

 

Figure 4-25. Labelled thermal ellipsoid plot (50%) for Ni(B2P2). 

Table 4-3. Crystal data and structure refinement for Ni(B2P2). 

Identification code  hh11JT6 

Empirical formula  C36H44B2NiP2 

Formula weight  618.98 g/mol 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 18.6867(17) Å α = 90°. 

 b = 10.9686(10) Å β = 97.5808(13)°. 

 c = 15.4564(14) Å γ = 90°. 

Volume 3140.4(5) Å3 

Z 4 

Density (calculated) 1.309 mg/m3 

Absorption coefficient 0.744 mm–1 
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F(000) 1312 

Crystal size 0.298 x 0.179 x 0.096 mm3 

θ range for data collection 2.158 to 29.574° 

Index ranges –25 ≤ h ≤ 25, –15 ≤ k ≤ 15, –21 ≤ l ≤ 21 

Reflections collected 82323 

Independent reflections 8798 [Rint = 0.0833] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8798 / 0 / 378 

Goodness-of-fit on F2 1.070 

Final R indices [I > 2σI] R1 = 0.0526, wR2 = 0.1299 

R indices (all data) R1 = 0.0805, wR2 = 0.1466 

Largest diff. peak and hole 1.379 and –0.483 e/Å3 
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Chapter 5 : Appendix of Loose Ends 

Thioether-Decorated Ylides 

Inspired by the FeMoco cofactor in nitrogenase, we pursued ligand structures containing 

thiolates featuring a central ylide carbon to emulate the carbide of this co-factor in a simpler 

system. To build steric bulk around the metal, we synthesized two biaryl thiol arms: mesityl 

and 3,5-tert-butylphenyl (1). The latter is an unreported material. It is a colorless oil that 

has the consistency of thick honey. The synthesis is as follows: 

 
 

 
Scheme 5-1. Parallel synthesis of 3',5'-di-tert-butyl-[1,1'-biphenyl]-2-thiol (1). 
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Figure 5-1. NMR spectrum of 3',5'-di-tert-butyl-[1,1'-biphenyl]-2-thiol (1) at 500 MHz in C6D6. 

1H NMR (500 MHz, C6D6) δ 7.56 (t, J = 1.7 Hz, 1H), 7.42 (d, J = 1.8 Hz, 2H), 7.25 (dd, J = 7.4, 1.3 Hz, 

1H), 7.09 (dd, J = 7.7, 1.2 Hz, 1H), 6.96 (td, J = 7.4, 1.3 Hz, 1H), 6.91 (td, J = 7.5, 1.5 Hz, 1H), 3.26 (s, 

1H), 1.29 (s, 18H). 

The double lithiation strategy below was previously reported1 using TMS and aliphatic 

groups. However this procedure when applied to our mesitylene or 3,5-tert-butylphenyl 

analogues produced intractable mixtures. Difficulties of ortho-lithiation of similar biaryl 

thiol substrates has been previously reported.2 

 
Scheme 5-2. Double lithiation strategy for accessing aryl thiolate appended phosphines. 

Seeing that biaryls need to be avoided, we investigated thioethers as more readily isolable 

species which could be reductively deprotected. 

 
Scheme 5-3. Synthesis of tris(isopropyl-thioether) phosphine (2), previously reported.3 
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Figure 5-2. NMR spectrum of tris(isopropyl-thioether) phosphine (2) at 500 MHz in CDCl3. 

 

However, reductively removing (Li0 + 4-(dimethylamino)pyridine) the isopropyl groups 

proved destructive towards the phosphine, so we turned to methyl-protected thioethers. We 

pursued both the tris-thioether and the bis-thioether 4. We had more success with the latter. 

Methylation proved facile if the hassle of drying methyl iodide is ignored. 31P decoupling 

of the 1H peak at 3.12 ppm verified the assignment of the phosphonium methyl (Figure 

5-3). 

 
Scheme 5-4. Synthesis of thioether tethered phosphines. 
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Figure 5-3. 1H-NMR (top) and 1H-{31P} NMR of 4 at 600 MHz in CD3CN. 2JH,P = 13.4 Hz. 

 

 
Figure 5-4. 31P-NMR of 4. 

 

Deprotonation occurred cleanly with sodium hydride generating the corresponding ylide 6. 

This was signified by the phosphorus resonance shifting ~7.5 ppm downfield.  

 
Scheme 5-5. Ylide generation and metallation with copper. 
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Figure 5-5. 1H-NMR of ylide 6 at 500 MHz in CD3CN. 

 
Figure 5-6. 31P-NMR of ylide 6 at 500 MHz in CD3CN. 

 

Metallation with copper chloride occurred cleanly generating 7 as a colorless white solid. 

The 31P signal drifted another ~4 ppm downfield in response (Figure 5-8). X-Ray 

diffraction revealed a copper-carbon bond of 1.925(6) Å and the two thioethers in the 

periphery oriented away from the metal center. 

 
Figure 5-7. 1H-NMR of copper ylide 7 at 500 MHz in C6D6. 
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Figure 5-8. 31P-NMR of copper ylide 7 at 202 MHz in C6D6. 

 
Figure 5-9. Labeled thermal ellipsoid plots (50%) of 7. Orange, yellow, pale yellow, red, green, and gray 

ellipsoids represent P, S, Si, Cu, Cl, and C atoms, respectively. Hydrogen atoms and co-crystallized solvent 

molecules are omitted for clarity. 

 

The synthetic difficulties associated with this ligand made it impractical relative to other 

ligands we were generating in our lab that yielded much more interesting results. 
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Dithiocarboxylate Terphenyls at Iron 

Continuing the obsession with FeMoco, we sought a simple ligand structure that would 

just get sulfurs nearby a reduced iron center—forget the carbide. Both the mesityl and tri-

isopropyl phenyl terphenyl dithiocarboxylates have been previously synthesized.4 

 
Scheme 5-6. Synthesis of Mes terphenyl thiocarboxylate and its metallation. 

 

To verify the installation of the thiocarboxylate functionality, an aliquot was protonated 

with ammonium chloride (Figure 5-10). Upon protonation this species converts from a 

golden-orange color to a coral pink. 

 
Figure 5-10. 1H-NMR the protonated of 9 at 500 MHz in C6D6. 
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Metallation of anionic ligands is always a pleasure. Bright orange crystals of 9 when mixed 

with FeCl2 produced a deep green solution which readily crystallized. The NMR of the 

crystalline solid is what it is: a paramagnetic mess of peaks (Figure 5-11). 

  
Figure 5-11. 1H-NMR of 10 at 500 MHz in C6D6. 

 

X-Ray diffraction revealed an overlay of the 5-coordinate and 6-coordinate species with 

either a single ether or two THF’s bound to the iron (Figure 5-12). 
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Figure 5-12. Labeled thermal ellipsoid plots (50%) of 10. Red, orange, yellow, and gray ellipsoids 

represent O, Fe, S, and C atoms, respectively. Hydrogen atoms and co-crystallized solvent molecules are 

omitted for clarity. 

 

We ran CV to assess the reductive capabilities of 10. They looked very promising with at 

least two semi-reversible reduction events at −2.44 and −2.75 V vs. Fc/Fc+ (Figure 5-13). 

 

 

 
Figure 5-13. Cyclic voltammograms of mTerCS2Fe (10) in THF (0.1 M [nBu4N]PF6 as electrolyte; 100 

mV/s scan rate). 

 

-3.0-2.5-2.0-1.5-1.0-0.50.00.5

Potential (V vs Fc/Fc+)

-3.5-3.0-2.5-2.0-1.5-1.0-0.50.00.5

Potential (V vs Fc/Fc+)
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Metallation of the protonated version of 9 was also attempted using dimesityl iron. 

However, what was recovered were dark green crystals of the homoleptic iron (III) species 

(11). Unfortunately, chemical reduction of 10 proved much more problematic than the CV 

implied. Reduction recovered free ligand, the (mTerCS2)Na(thf) dimer, or non-crystalline 

products (Figure 5-14). 

 
Figure 5-14. 1H-NMR of attempts at reducing 10. 

 

We explored other iron sources for metallation (Figure 5-15). 

 
Figure 5-15. Metallation of 9-H with FeMes2 and oxidation to 11. 
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Figure 5-16. Labeled thermal ellipsoid plots (50%) of 11.  Orange, yellow, and gray ellipsoids represent Fe, 

S, and C atoms, respectively. Hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

 

Metallation using Bill Tolman’s method5 for metallation of carboxylate analogues using 

iron triflate produced dichroic red-green solution (Scheme 5-7). Black crystals formed the 

Fe(II) dimer 12 (Figure 5-17).  

 
Scheme 5-7. Synthesis of μ-dimer 12. 
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Figure 5-17. Labeled thermal ellipsoid plots (50%) of 12.  Orange, yellow, and gray ellipsoids represent Fe, 

S, and C atoms, respectively. Hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

 

We also explored the bulkier trip-terphenyl. We accessed the trip-terphenyl iodide via the 

route below, adding the thiocarboxylate functionality using the same procedure as the Mes 

analogue to produce 13 (Scheme 5-1). 

 
Scheme 5-8. Synthesis of trip terphenyl iodide. 
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Figure 5-18. 1H-NMR of tTer-iodide at 500 MHz in C6D6. 

 
Figure 5-19. 1H-NMR of tTerCS2H (13-H) at 500 MHz in C6D6. 

 

Metallation of 13 with iron dichloride produced a dichroic red/green solution in toluene. 

This material changed color depending on which solvent it was dissolved in. When 

dissolved in benzene it was an army-green yellowish color, in ether it was an blue-ish green 
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evergreen color, and in THF it was nearly colorless! By adding THF to an NMR sample, 

the peaks did indeed shift (Figure 5-20). 

 

 

Figure 5-20. 1H-NMR of tTerCS2Fe(THF)2 (14) in C6D6 with out THF (top) and with THF (bottom). 

 

The complex 14 also undergoes some dramatic color changes with temperature. At room 

temp it’s green, but at −100°C it turns purple (Figure 5-21). Excited by the possibility of 

this color change initiated at −40°C indicated N2 binding, we conducted a VT-NMR 

experiment to probe whether we could visualize potential N2 binding, however no striking 

difference was observed (Figure 5-22). We thus concluded this was just an example of 

thermochromism. 
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Figure 5-21. Complex 14 dissolved in toluene at 25°C (left) and at −100°C (right). 
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Figure 5-22. VT-NMR (1H) of 14 from 20°C to −60°C under N2 (top) and under argon (bottom). 

 

The preliminary XRD structure for 14 revealed a trans orientation of the the two terphenyls 

in contrast to the cis arrangement observed in the Mes terphenyl analogue 10 (Figure 5-23). 
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Figure 5-23. Preliminary solid-state structure of tTerCS2Fe(THF)2 (14). Light orange, yellow, red, and gray 

ellipsoids represent Fe, S, O, and C atoms, respectively. Hydrogen atoms and co-crystallized solvent 

molecules are omitted for clarity. 

 

We performed cyclic voltammetry on 14, revealing two semi-reversible reduction events 

at −2.10 and −2.57 V vs Fc/Fc+ (Figure 5-24). However, we were unable to chemically 

isolate either of these reduced species. 

 

-3.0-2.5-2.0-1.5-1.0-0.5

Potential (V vs Fc/Fc+)
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Figure 5-24. Cyclic voltammograms of mTerCS2Fe (14) in THF (0.1 M [nBu4N]PF6 as electrolyte; 100 

mV/s scan rate). 

 

Addition of CO to 14 produced the cis isomer with a C−O distance of 1.139(2) Å (Figure 

5-25). IR yielded three CO stretches centered around 2100 cm−1, which is typical for 

terminal carbonyls. Reduction of 14 with potassium naphthalenide produced free ligand 

and iron metal. 

-3.7-3.2-2.7-2.2-1.7-1.2-0.7-0.20.3

Potential (V vs Fc/Fc+)
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Figure 5-25. Thermal ellipsoid plots (50% probability) of the solid-state structure of tTerCS2Fe(CO)2 (15). 

Light orange, yellow, red, and gray ellipsoids represent Fe, S, O, and C atoms, respectively. Hydrogen 

atoms and co-crystallized solvent molecules are omitted for clarity. 

Table 5-1. Crystal data and structure refinement for tTerCS2Fe(CO)2 (15). 

Identification code  hh274LE39_0m 

Empirical formula  C76H98FeO2S4 

Formula weight  1227.63 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 25.3610(18) Å = 90°. 

 b = 9.5529(7) Å = 104.4641(11)°. 

 c = 29.891(2) Å  = 90°. 

Volume 7012.2(9) Å3 

Z 4 

Density (calculated) 1.163 mg/m3 

Absorption coefficient 0.378 mm−1 
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F(000) 2640 

Crystal size 0.483 x 0.348 x 0.308 mm3 

θ range for data collection 1.658 to 30.508°. 

Index ranges −36 ≤ h ≤ 36, −13 ≤ k  ≤ 13, −42 ≤ l ≤ 42 

Reflections collected 82106 

Independent reflections 10732 [Rint = 0.0374] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10732 / 73 / 505 

Goodness-of-fit on F2 1.039 

Final R indices [I > 2σI] R1 = 0.0354, wR2 = 0.0844 

R indices (all data) R1 = 0.0464, wR2 = 0.0910 

Extinction coefficient n/a 

Largest diff. peak and hole 0.451 and -0.480 e/Å3 
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Non-Iron Tp Chemistry 

Metallation of NaTpAd with cobalt(II) bromide produced complex 16 as royal blue 

crystalline solid. Reduction with potassium graphite in toluene produced the Co(I) 

dinitrogen adduct 17 (Figure 5-26). 

 
Figure 5-26. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpAdCoN2 (17). Deep 

blue, light blue, pink, and gray ellipsoids represent Co, N, B, and C atoms, respectively. Hydrogen atoms 

and co-crystallized solvent molecules are omitted for clarity. 

Table 5-2. Crystal data and structure refinement for TpAdCoN2 (17). 

Identification code  hh282LE43_0m 

Empirical formula  C45H65BCoN8 

Formula weight  787.79 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 11.7875(8) Å = 90°. 

 b = 17.2905(12) Å = 105.1970(10)°. 
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 c = 21.0024(15) Å  = 90°. 

Volume 4130.8(5) Å3 

Z 4 

Density (calculated) 1.267 mg/m3 

Absorption coefficient 0.458 mm−1 

F(000) 1692 

Crystal size 0.368 x 0.296 x 0.108 mm3 

θ range for data collection 1.548 to 28.280°. 

Index ranges −15 ≤ h ≤ 15, −23 ≤ k ≤ 23, −28 ≤ l ≤ 28 

Reflections collected 83154 

Independent reflections 10234 [Rint = 0.0364] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10234 / 0 / 503 

Goodness-of-fit on F2 1.032 

Final R indices [I > 2σI] R1 = 0.0342, wR2 = 0.0871 

R indices (all data) R1 = 0.0431, wR2 = 0.0926 

Extinction coefficient n/a 

Largest diff. peak and hole 0.699 and −0.272 e/Å3 

 

This species is notably canted unlike it’s iron analogue (Figure 5-27). This phenomenon 

has been previously described.6 

 
Figure 5-27. Top-down view of TpAdCoN2 (17) (left) and TpAdFeN2 (right). 
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Its reactivity was quite similar to the iron analogue. Bonding with arenes and alkenes was 

observed. Under argon, it was notably able to bind allylbenzene (Figure 5-28). However it 

was unable to do the C-H activation chemistry described in Ch 1. 

 

Figure 5-28. 1H-NMR of TpAdCoN2 (top), in the prescence of allyl benzene under argon (middle), and in 

the presence of allyl benzene after being exposed to N2. 

Metallation of NaTpMe,Ad with CuCl under ethylene produced the Cu4Tp2 species 18 as 

revealed by a preliminary XRD structure (Figure 5-29). We were hoping for the monomeric 

ethylene adduct. 

 
Figure 5-29. Preliminary solid-state structure of [TpAdCuCl,Cu]2 (18). Brick-red, green, blue, pink, and gray 

ellipsoids represent Cu, Cl, N, B, and C atoms, respectively. Hydrogen atoms and co-crystallized solvent 

molecules are omitted for clarity. 
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Metallation of NaTpAd with manganese(II) bromide produced the expected Mn(II) species 

as colorless crystals with especially broad paramagnetic resonances (Figure 5-30, Figure 

5-31). Addition of KC8 to dissolved solutions produced no visible color change. 

 

Figure 5-30. 1H-NMR of TpAdMnBr (19) at 400 MHz in C6D6. 

 

Figure 5-31. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpAdMnBr (19). 

Purple, brown, blue, pink, and gray ellipsoids represent Mn, Br, N, B, and C atoms, respectively. Most 

hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

Table 5-3. Crystal data and structure refinement for TpAdMnBr (19). 
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Identification code  hh286le 

Empirical formula  C42H58BBrMnN6 

Formula weight  792.60 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 11.0970(3) Å  = 90°. 

 b = 14.3623(3) Å  = 99.2545(11)°. 

 c = 24.6014(6) Å  = 90°. 

Volume 3869.90(16) Å3 

Z 4 

Density (calculated) 1.360 mg/m3 

Absorption coefficient 1.412 mm−1 

F(000) 1668 

Crystal color colourless 

Crystal size 0.329 x 0.257 x 0.170 mm3 

θ range for data collection 1.647 to 30.998° 

Index ranges −16 ≤ h ≤ 16, −20 ≤ k ≤ 20, −35  ≤ l ≤ 35 

Reflections collected 88522 

Independent reflections 12328 [Rint = 0.0628] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12328 / 1 / 466 

Goodness-of-fit on F2 1.028 

Final R indices [I > 2σI = 8929 data] R1 = 0.0352, wR2 = 0.0736 

R indices (all data, ? Å) R1 = 0.0631, wR2 = 0.0829 

Extinction coefficient n/a 

Largest diff. peak and hole 0.493 and -0.582 e/Å3 
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More Iron Tp Chemistry 

Some of these compounds weren’t included in the previous chapters in order to simplify 

the storytelling. In Chapter 1, the C−H activation of aliphatic substrates via Fe(I)-radical 

pairs is discussed. We also prepared (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) 

analogue, TpMe,AdFe(TEMPO) 20 (Figure 5-32). Interestingly, it is able to perform the C−H 

activation of phenylacetylene and MeCN, but not 2-butyne or ethylene. 

 
Figure 5-32. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpMe,AdFe(TEMPO) 

(20). Orange, red, blue, pink, and gray ellipsoids represent Fe, O, N, B, and C atoms, respectively. Most 

hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

 

Preparation of TpMe,AdFe(TEMPO) 20. 

A solution of TEMPO (6 mg, 0.038 mmol) in toluene (~1 mL) was added to a 

solution of [TpMe,AdFe(N2)] (27 mg, 0.037 mmol) in toluene (3 mL). After stirring 

for 10 minutes at room temperature, the volatiles were removed in vacuo to afford 

a yellow glaze. Pentane (1 mL) was added to dissolve the glaze and subsequently 
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removed in vacuo, twice. Another 1 mL portion of pentane was added producing a 

pale yellow solution. This was filtered, then concentrated to half the volume. Upon 

cooling to −19°C, this solution produced pale yellow crystals. Overall yield: 21 mg 

(66%). 1H NMR (C6D6): δ 36.04. Evans Method (C6D6): μB 6.0±0.1. UV-Vis 

(THF): λmax nm (εmax M
-1 cm-1) 931 (p, 7.3 × 101), 348 (p, 1.1 × 103). Calc. for 

C50H74BFeN7O: C: 70.54; H: 8.72; N: 11.46. Found: C: 70.54; H: 9.03; N: 11.29. 

 
Figure 5-33 UV-Vis-NIR spectra of TpMe,AdFe(TEMPO) (20) in THF. 
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Figure 5-34. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(TEMPO) (20). 

Table 5-4. Crystal data and structure refinement for TpMe,AdFe(TEMPO) (20). 

Goodness-of Identification code  hh329le_sq 

Empirical formula  C51H76BFeN7O 

Formula weight  869.84 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 12.3511(3) Å α = 64.7778(11)°. 

 b = 15.3038(4) Å β = 77.1959(12)°. 

 c = 15.3905(4) Å γ = 85.9452(12)°. 

Volume 2565.38(12) Å3 

Z 2 

Density (calculated) 1.126 mg/m3 

Absorption coefficient 0.335 mm−1 

F(000) 940 
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Crystal color yellow 

Crystal size 0.230 x 0.163 x 0.136 mm3 

θ range for data collection 1.471 to 26.022° 

Index ranges −15 ≤ h ≤ 15, −18 ≤ k ≤ 18, −18 ≤ l ≤ 18 

Reflections collected 53503 

Independent reflections 10094 [Rint = 0.0446] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10094 / 1695 / 820 

Goodness-of-fit on F2 1.011 

Final R indices [I > 2σI = 7760 data] R1 = 0.0409, wR2 = 0.0963 

R indices (all data, 0.81 Å) R1 = 0.0608, wR2 = 0.1091 

Largest diff. peak and hole 0.444 and -0.385 e/Å3 

 
 

We also prepared the 2,4,6-tri-tert-butylphenoxyl (OMes*) analogue, TpMe,AdFe(OMes*)  

21 (Figure 5-35). Its reactivity is identical to the TpMe,AdFe(OPhAd) described in Chapter 

1. 

  
Figure 5-35. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpMe,AdFe(OMes*) 

(21). Orange, red, blue, pink, and gray ellipsoids represent Fe, O, N, B, and C atoms, respectively. Most 

hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 
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Preparation of TpMe,AdFe(OMes*) 21. 

A solution of OMes* (10 mg, 0.039 mmol) in toluene (~1 mL) was added to a 

solution of [TpMe,AdFe(N2)] (27 mg, 0.037 mmol) in toluene (X mL). After stirring 

for 10 minutes at room temperature, the volatiles were removed in vacuo to afford 

an yellow glaze. Pentane (1 mL) was added to dissolve the glaze and subsequently 

removed in vacuo, twice. Another 1 mL portion of pentane was added producing 

an orange-yellow solution. This was filtered, then concentrated to half the volume. 

Upon cooling to −19°C, this solution produced yellow crystals. Overall yield: 11 

mg (31%). 1H NMR (C6D6): δ 36.04. Evans Method (C6D6): μB 4.0±0.3. UV-Vis 

(THF): λmax nm (εmax M
-1 cm-1) 929 (p, 1.1 × 102), 390 (p, 1.5 × 103). Calc. for 

C42H58BFeN8: C: 68.02; H: 7.88; N: 15.11. Found: C: 68.17; H: 7.77; N: 14.97. 

 
Figure 5-36. UV-Vis-NIR spectra of TpMe,AdFe(OMes*) (21) in THF. 
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To conduct a competition experiment between the activation of sp C−H bonds versus a sp3 

C−H bonds, we generated the propyne compound, TpMe,AdFe(propyne) 22 (Figure 5-37). 

 
Figure 5-37. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpMe,AdFe(propyne) 

(22). Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, respectively. Most hydrogen 

atoms and co-crystallized solvent molecules are omitted for clarity. 

 

Preparation of TpMe,AdFe(propyne) (22). 

A solution of [TpMe,AdFe(N2)] (67 mg, 0.092 mmol) in toluene (20 mL) was 

degassed via 3 freeze-pump-thaw-cycles and placed under an atmosphere of 

propyne. An immediate color change from magenta to deep green occurred. After 

stirring 10 minutes at room temperature, the solution was concentrated in vacuo, 

(~1 mL). This was layered with pentane (~2 mL). Cooling this solution to −19 °C 

overnight yielded hunter green crystals suitable for XRD. Overall yield: 66 mg 

(97%). 1H NMR (C6D6): δ 69.56, 28.56, 25.77, 0.93, 0.70, −1.88, −24.69, −29.14. 
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Evans Method (C6D6): μB 3.9±0.1. UV-Vis (THF): λmax nm (εmax M
-1 cm-1) 642 (p, 

2.5 × 102), 444 (p, 3.0 × 102).  

 

Figure 5-38. 1H NMR spectrum of TpMe,AdFe(propyne) (22) recorded at 400 MHz in C6D6. 

 
Figure 5-39. UV-Vis-NIR spectrum of TpMe,AdFe(propyne) (22) in THF. 
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Figure 5-40. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(propyne) (22). 

Table 5-5. Crystal data and structure refinement for TpMe,AdFe(propyne) (22). 

Identification code  hh336le_t5 

Empirical formula  C53H78BFeN6O2 

Formula weight  897.87 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 12.4505(5) Å α = 68.6023(16)°. 

 b = 13.4431(5) Å β = 68.9730(17)°. 

 c = 16.1370(6) Å γ = 79.2869(18)°. 

Volume 2342.58(16) Å3 

Z 2 

Density (calculated) 1.273 mg/m3 

Absorption coefficient 0.370 mm−1 

F(000) 970 

Crystal color green 

Crystal size 0.363 x 0.223 x 0.078 mm3 

θ range for data collection 1.630 to 31.709° 

Index ranges −16 ≤ h ≤ 18, −18 ≤ k ≤ 19, 0 ≤ l ≤ 23 

Reflections collected 15263 

Independent reflections 15263 [Rint = 0.0412] 

Completeness to θ = 25.242° 99.7 %  

Absorption correction Semi-empirical from equivalents 
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Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 15263 / 238 / 625 

Goodness-of-fit on F2 1.031 

Final R indices [I > 2σI = 13763 data] R1 = 0.0360, wR2 = 0.0842 

R indices (all data, 0.68 Å) R1 = 0.0456, wR2 = 0.0890 

Largest diff. peak and hole 0.461 and −0.313 e/Å3 

 

 

 

When 22 was combined with radical (OPhAd2) at room temperature, the major product 

isolated was the sp C−H activation product TpMe,AdFe(CCCH3) 22 (Scheme 5-9, Figure 

5-41). At low temperature, a mixture of ~90% 23 and ~10% another product was produced, 

however this minor product evaded characterization by XRD. 

 
Scheme 5-9. Competition experiment with TpMe,AdFe(CCCH3). 
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Figure 5-41. Thermal ellipsoid plots (50% probability) of the solid-state structure of TpMe,AdFe(CCCH3) 

(23). Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, respectively. Most hydrogen 

atoms and co-crystallized solvent molecules are omitted for clarity. 

 

Preparation of TpMe,AdFe(CCCH3) 22. 

A solution of Ad2PhO (14 mg, 0.033 mmol) in ether (1 mL) was added to a 

suspension of [TpMe,AdFe(propyne)] (24 mg, 0.032 mmol) in ether (2 mL) at 25°C. 

The reaction was allowed to stir for 30 minutes.  The volatiles were removed in 

vacuo to affording a colorless precipitate. This was extracted with toluene, filtered, 

and concentrated to (~200 μL). Layering this with hexane and cooling to −19°C 

produced colorless crystals overnight. Overall yield: 16 mg (66%). 1H NMR 

(C6D6): δ 126.43. Evans Method (C6D6): μB 4.0±0.3.  

 
 
Figure 5-42. Labelled thermal ellipsoid plot (50%) for TpMe,AdFe(CCCH3) (23). 

Table 5-6. Crystal data and structure refinement for TpMe,AdFe(CCCH3) (23). 

Identification code  hh337le 

Empirical formula  C45H61BFeN6 
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Formula weight  752.65 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 22.1172(5) Å α = 90°. 

 b = 17.2201(4) Å β = 117.1048(9)°. 

 c = 23.6316(5) Å γ = 90°. 

Volume 8011.9(3) Å3 

Z 8 

Density (calculated) 1.248 mg/m3 

Absorption coefficient 0.416 mm−1 

F(000) 3232 

Crystal color colourless 

Crystal size 0.159 x 0.109 x 0.080 mm3 

θ range for data collection 1.936 to 26.372° 

Index ranges −27 ≤ h ≤ 27, −21 ≤ k ≤ 21, −29 ≤ l ≤ 29 

Reflections collected 230609 

Independent reflections 16373 [Rint = 0.0908] 

Completeness to θ = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 16373 / 1667 / 1212 

Goodness-of-fit on F2 1.005 

Final R indices [I > 2σI = 12384 data] R1 = 0.0392, wR2 = 0.0840 

R indices (all data, 0.80 Å) R1 = 0.0622, wR2 = 0.0947 

Largest diff. peak and hole 0.693 and -0.570 e/Å3 

 

 

In Chapter 2, we described only a single heterocycle adduct: TpMe,DrFe(furan). However 

the TpMe,DrFe(I) fragment also engages other heterocycles. Addition of pyridine to the μ-

N2 dimer produces the C−C coupled product, (TpMe,DrFepy)2 24. This same chemistry has 

already been explored using Fe(NacNac).7 
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Figure 5-43. Thermal ellipsoid plots (50% probability) of the solid-state structure of (TpMe,DrFepy)2 (24). 

Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, respectively. Most hydrogen atoms 

and co-crystallized solvent molecules are omitted for clarity. 

Addition of 2-methylpyridine (picoline) to the μ-N2 dimer produces (TpMe,DrFe)2(picoline) 

25, where the picoline unit is pinced between two iron centers (Figure 5-44). This has also 

been previously reported with Fe(NacNac).8 
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Figure 5-44. Thermal ellipsoid plots (50% probability) of the solid-state structure of (TpMe,DrFe)2(picoline)  

(25). Orange, blue, pink, and gray ellipsoids represent Fe, N, B, and C atoms, respectively. Most hydrogen 

atoms and co-crystallized solvent molecules are omitted for clarity. 

 

Addition of benzaldehyde produces the C−C coupled benzil (26). This same product is 

produced whether benzaldehyde or benzil is added to μ-N2 dimer (Scheme 5-10, Figure 

5-45).  

 

 
Scheme 5-10. Preparation of TpMe,DrFe(benzil) 26. 
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Figure 5-45. Preliminary solid-state structure of TpMe,DrFe(benzil) 26. Orange, red, blue, pink, and gray 

ellipsoids represent Fe, O, N, B, and C atoms, respectively. Hydrogen atoms and co-crystallized solvent 

molecules are omitted for clarity. 

 

In the presence of CO2 at low temperature, (TpMe,DrFe)2(μ-N2) goes through a dicarbonyl 

intermediate (TpMe,DrFe)(CO)2 27, before rapidly converting to the carboxylate dimer, 

(TpMe,DrFe)2(μ-CO3) 28. This was verified by a freeze-trapping EPR experiment and its 

comparison to synthetically prepared 27 (Figure 5-46). This reactivity has been previously 

described.9 

 
Scheme 5-11. Reactivity of (TpMe,DrFe)2(μ-N2) and carbon dioxide. 
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Figure 5-46. X-Band EPR of freeze-trapped intermediate of (TpMe,DrFe)2(μ-N2) + CO2 and synthetically 

prepared 27. 

 
Figure 5-47. Solid-state structure of (TpMe,DrFe)2(μ-CO3) 28. Orange, red, blue, pink, and gray ellipsoids 

represent Fe, O, N, B, and C atoms, respectively. Most hydrogen atoms and co-crystallized solvent 

molecules are omitted for clarity. 
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Imine and Pyridine-Appended 9,10-Diboraanthracene  

Phosphine-appended donors were highly compatible with the diboroanthracene (DBA) 

core, however we had much synthetic difficulty in trying to append other donors (N, O, S) 

to this framework. Here are two examples of those. We attempted to prepare 29 (Scheme 

5-12. Preparation of 29.Scheme 5-12), however in the crystals we prepared one of the arms 

had been hydrolyzed off (Figure 5-50). Regardless, samples of purported 29 (colorless 

crystals) did not react with Ni(COD)2 or Ru(COD)(COT), or when heated with VCl3(thf)3. 

Only the B-OH peak is visible in the 11B NMR spectrum for the hydrolyzed 29 (Figure 

5-49). 

 
Scheme 5-12. Preparation of 29. 

 
Figure 5-48. 1H NMR spectrum of hydrolyzed 29 at 400 MHz in C6D6. 
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Figure 5-49. 11B NMR spectrum of hydrolyzed 29 at 128 MHz in C6D6. 

 
Figure 5-50. Solid-state structure of hydrolyzed 29. Red, blue, pink, and gray ellipsoids represent O, N, B, 

and C atoms, respectively. Hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

 

Compound 30 was prepared by the route below as ruby-red crystals (Scheme 5-13, Figure 

5-52). THF was added to the NMR sample in order to solubilize it in this solvent. In 

solution the two arms on either side of the DBA are inequivalent (Figure 5-51). No 11B 

peak was resolved. 

 
Scheme 5-13. Preparation of (py2CH2)2DBA 30. 
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Figure 5-51. 1H NMR spectrum of 30 at 600 MHz in 10% THF:C6D6. 

 

       
Figure 5-52. Preliminary solid-state structure of (py2CH2)2DBA 30. Blue, pink, and gray ellipsoids 

represent N, B, and C atoms, respectively. Hydrogen atoms and co-crystallized solvent molecules are 

omitted for clarity. 
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