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ABSTRACT: The synthesis and redox reactivity of pentacoordinate phosphorus compounds incorporating a redox active ONO 

amidodiphenoxide scaffold (ONO = N,N-bis(3,5-di-tert-butyl-2-phenoxide)amide) are described. Dichloro- and diphenylphospho-

ranes, 2•Cl2 and 2•Ph2 respectively, are synthesized and crystallographically characterized. Cyclic voltammograms of 2•Cl2 show 

only a single irreversible oxidation (Epa = +0.83 V vs Cp2Feo/+), while the diphenyl analogue 2•Ph2 is reversibly oxidized at lower 

applied potential (E1/2 = +0.47 V vs Cp2Feo/+). Chemical oxidation of 2•Ph2 with AgBF4 produces the corresponding radical cation 

[2•Ph2]
•+, where EPR spectroscopy and DFT calculations reveal that the unpaired spin density is largely ligand based and is highly 

delocalized throughout the ONO framework of the paramagnetic species. The solid state structures indicate only minor geometrical 

changes between the neutral 2•Ph2 and oxidized [2•Ph2]
•+ species, consistent with fast self-exchange electron transfer as observed 

by NMR line-broadening experiments. 

INTRODUCTION 

Interest in molecular inorganic compounds with redox ac-

tive ligand scaffolds has been increasing because the distribu-

tion of redox properties across both metal and ligand alters the 

density and nature of frontier electronic states.1 Such coopera-

tive redox reactivity presents opportunities for new multielec-

tron transformations.2-5 Catalysts employing redox active lig-

ands continue to make significant advances in synthetic chem-

istry and have been the subject of several recent reviews.6-10  

Among the most actively investigated redox-active scaffolds 

has been the ONO chelate N,N-bis(3,5-di-tert-butyl-2-

phenoxide)amide A. Prepared initially as a binding fragment 

for heavy main group metals by Stegmann and Scheffler,11-13 

compound A exhibits a rich chelating chemistry for diverse 

transition metal and main group elements.14-29 Chief among the 

findings in such studies is the propensity of the ONO fragment 

to support several discrete redox states as depicted in Figure 1: 

closed-shell trianionic A, open-shell dianionic semiquinonate 

B, and monoanionic quinonate C. Access to each of these 

electronic states may be controlled not only on the identity of 

the chelated element, but also by external reagents in such a 

way as to permit catalysis involving reversible interconversion 

of several or all of these electronic configurations.30  

 

 

Figure 1. Redox states of the amidodiphenoxide ONO scaffold 

A–C. 

We have been investigating the chemistry of phosphorus 

compounds supported within heteroatom-based trianionic 

binding motifs. For instance, we have reported on both ONO- 

and NNN-supported phosphorus compounds that undergo in-

termolecular oxidative addition of E–H bonds (E = O, N), in 

some cases reversibly.31,32 Aldridge and Goicoechea have sub-

sequently reported in a similar vein with phosphorus com-

pounds based on supporting structure A.33,34 Many structurally 

related neutral phosphoranes in this series are known, espe-

cially from the studies of Contreras and workers.35 Despite the 

well-known redox reactivity of A–C, the preparation of phos-

phorus compounds incorporating the ONO fragment in its 

open shell electronic configuration B has not been demonstrat-

ed explicitly to date.  
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In the interest of better understanding the interplay between 

phosphorus(V) and ONO ligand electronic states, we describe 

here the synthesis, structural and electronic properties of sev-

eral closed- and open-shell phosphorus compounds based on 

the N,N-bis(3,5-di-tert-butyl-2-phenoxide)amide chelate. We 

demonstrate the redox activity of ONO-supported phospho-

ranes through electrochemical and chemical oxidation and 

characterize the extent of electron-hole delocalization through 

EPR spectroscopic and DFT theoretical methods Our results 

are consistent with the presence of accessible and reversible 

ligand centered oxidation events in these compounds, suggest-

ing a possible role in future reactivity studies.  

RESULTS AND DISCUSSION 

Synthesis and Structure of Closed-Shell Phosphoranes.  In-

vestigation was initiated with the preparation of two related 

closed-shell phosphoranes with varying substituents at phos-

phorus (Figure 2). The synthesis began with the preparation of 

homoleptic zinc complex 1 from the multicomponent self-

assembly reaction of Zn(OAc)2, 3,5-di-tert-butylcatechol and 

ammonia following the procedure of Girgis and Balch.36 From 

1, phosphoranes 2•Cl2 and 2•Ph2 can be accessed directly by 

treatment with trichlorophosphine (PCl3) and chlorodiphe-

nylphosphine (PClPh2), respectively, in a modification of the 

synthetic procedure previously reported by Contreras and 

coworkers.32 The 31P NMR chemical shift for each species 

falls in the range expected for pentacoordinated phosphorus 

(δ2•Cl2 = –20.1 ppm; δ2•Ph2 = –27.9 ppm). In effect, the addition 

of the tricoordinate phosphorus reagents to 1 results in formal 

reduction of the ONO ligand from its iminoquinone oxidation 

state (cf. C) to the trianionic amidodiphenoxide state (cf. A) 

with formal oxidation of the phosphorus center to the P(V) 

oxidation state. Both 2•Cl2 and 2•Ph2 are prepared in high 

yield according to this route (73% and 79%, respectively).  

 

Figure 2. Synthesis of 2•Cl2 and 2•Ph2. 

Single crystals of 2•Ph2 were obtained by slow evaporation 

of an acetonitrile/methylene chloride solution, and the struc-

ture of 2•Ph2 was elucidated by X-ray diffraction analysis. As 

depicted in the thermal ellipsoid plot in Figure 3, compound 

2•Ph2 exhibits a trigonal bipyramidal geometry (τ = 0.85), with 

the phenyl fragments occupying two basal sites and the ONO 

fragment spanning the remaining one basal and two apical 

positions. Selected bond lengths and angles are collected in 

Table 1. The phosphorus and three basal substituents are effec-

tively coplanar, with the sum of the angles about phosphorus 

Σ∠X–P1–Y = 360.02°. Within this plane, the bond angles 
∠N1–P1–C1 and ∠N1–P1–C7 were measured to be 122.37(8)° 

and 123.59(9)°, respectively, while the ∠C1–P1–C7 is slightly 

compressed at 114.04(10)°. The oxygen substituents are only 

modestly deformed away from rigorously diapical positions by 

the tridentate chelating motif (bond angle ∠O1–P1–O2 = 

174.72(6)°). Bond lengths d(O1–P1) and d(O2–P1) exhibit a 

slight dissymmetry (1.6985(18) Å and 1.7048(18) Å, respec-

tively) but otherwise fall within the expected range of oxygen-

phosphorus distances in pentacoordinated phosphorus. The 

N1–P1 bond was found to be of similar length (1.699(2) Å) as 

the O–P bonds, whereas the carbon-phosphorus bonds to the 

phenyl are somewhat longer at 1.807(2) Å and 1.800(2) Å for 

d(C1–P1) and d(C7–P1), respectively.  

 

Figure 3. Solid state structure of 2•Ph2. Thermal ellipsoids shown 

at 50% probability with the hydrogens atoms omitted for clarity. 

Electrochemistry of Phosphoranes 2•Cl2 and 2•Ph2. A cy-

clic voltammogram of 2•Cl2 in dichloromethane (1.0 mM ana-

lyte, 0.1 M nBu4NPF6 supporting electrolyte, T = 293 K, scan 

rate = 100 mV/s, glassy carbon working electrode) shows an 

electrochemically irreversible wave in the positive sweep with 

anodic peak potential Epa = +0.83 V vs Cp2Feo/+ (Figure 4, 

top). By contrast, a cyclic voltammogram of 2•Ph2 under iden-

tical experimental conditions shows the presence of a reversi-

ble first oxidation event at less positive potentials E1/2 = +0.47 

V vs Cp2Feo/+ (Figure 4, bottom).  

 

Figure 4. Cyclic voltammograms of 2•Cl2 (black) and 2•Ph2 (red) 

recorded in CH2Cl2 solution (1.0 mM analyte, 0.1 M NBu4PF6 

supporting electrolyte, scan rate 100 mV/s, glassy carbon working 

electrode). 
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It is evident that the identity of the basal substituent exerts a 

controlling effect on the electrochemical behavior of phospho-

ranes 2•Cl2 and 2•Ph2. Inductive effects presumably are large-

ly responsible for modulating the redox potential of 2•Cl2 and 

2•Ph2 over ca. 360 mV. Differential strengths and kinetic sta-

bilities of basal P–Cl and P–C bonds account for the observed 

(ir)reversibility of the voltammograms. We note that at more 

positive applied potentials, a second irreversible oxidation 

event is evident for 2•Ph2 (Epa = +1.12 V vs Cp2Feo/+); the na-

ture of this oxidation remains the topic of ongoing investiga-

tion. 

Chemical Oxidation of Phosphorane 2•Ph2. Given the re-

versibility of the electrochemical response of 2•Ph2, we 

wished to investigate the possibility of isolating the open-shell 

product of one electron oxidation. Consistent with the cyclic 

voltammetry, treatment of 2•Ph2 with the single electron oxi-

dant silver tetrafluoroborate in CH2Cl2 (Eo = +0.65 V vs 

Cp2Feo/+)37 results in a rapid change in color from a clear solu-

tion to dark blue and deposition of elemental Ag. These solu-

tions are metastable at room temperature over the course days, 

but undergo slow decomposition to ill-defined products espe-

cially upon concentration. By contrast, stable samples suitable 

for isolation in single crystalline form may be obtained with 

noncoordinating barfate anion BArF
4
–=B[C6H3-3,5-(CF3)2]4

– as 

the counterion.  

 

Figure 5. Chemical oxidation of 2•Ph2 with AgBF4. 

The solid state structure of the resulting [2•Ph2]BArF (ob-

tained as a pentane solvate) was elucidated through x-ray crys-

tallography and is displayed in Figure 6. To a first approxima-

tion, the chemical oxidation 2•Ph2 → [2•Ph2]
•+ results in only 

minor global structural changes; Figure 7 depicts a wire-frame 

overlay of the experimentally determined structures 2•Ph2 

(green) and [2•Ph2]
•+ (red) demonstrating that both compounds 

present qualitatively similar local structures about the phos-

phorus center. Upon closer inspection, though, several note-

worthy structural aspects are discernable (see Table 1 for se-

lected bond lengths and angles). A slight apparent distortion 

from an idealized trigonal bipyramid toward a square pyrami-

dal structure (τ = 0.54) is apparent; this distortion is associated 

with slight folding of the ONO supporting structure as given 

by ∠O1–P1–O2 = 166.7(1)° (Δ2•Ph20/•+ = –8.0°), and a rocking of 

the two phenyl moieties such that ∠N1–P1–C1 = 134.2(1)° 

(Δ2•Ph20/•+ = +11.8°) and ∠N1–P1–C7 = 111.9(1)° (Δ2•Ph20/•+ = –

11.7°). Attending these changes in bond angles, several differ-

ences are also observed in bond lengths. While both P–Cphenyl 

bond lengths do not change, d(C1–P1) = 1.810(3) Å (Δ2•Ph20/•+ = 

+0.003Å) and d(C7–P1) = 1.805(4) Å (Δ2•Ph20/•+ = +0.005Å), the 

bond distances from phosphorus to nitrogen and one oxygen 

of the ONO heteroatoms increase. The most significant change 

occurs to the diarylamido nitrogen, where d(N1–P1) = 1.786(3) 

Å (Δ2•Ph20/•+ = +0.09Å). Along with this change, there is an 

apparent increase in the quinoidal character of the ONO frag-

ment; the N1–Cipso bond distances, which had been nearly 

identical in 2•Ph2 (1.397(2) Å and 1.394(2) Å), are noticeably 

dissymmetric in [2•Ph2]
•+ (1.391(4) Å and 1.365(3) Å). From 

these data, it is apparent that single electron oxidation of 2•Ph2 

results in subtle yet discernable metrical changes in structure, 

both locally in the immediate binding environment of phos-

phorus and also throughout the ONO framework.  

 

Figure 6. Solid state structure of the open-shell phosphorane 

2•Ph2
•+. Thermal ellipsoids shown at 50% probability with the 

B[3,5-(CF3) -C6H3]4
– counter ion, a disordered pentane solvent 

molecule, and hydrogen atoms omitted for clarity. 

 

 

Figure 7. Wire frame overlay of the solid state structures for 

2•Ph2 (green) and [2•Ph2]•+ (red). Methyl groups, hydrogen at-

oms, and counterions omitted for clarity. 
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Table 1. Selected bond lengths (Å) and angles (°) for 2•Ph2 

and [2•PPh2]•+. 

Metric 2•Ph2 [2•PPh2]•+. 

C1–P1 1.807(2) 1.810(3) 

C7–P1 1.800(2) 1.805(4) 

N1–P1 1.699(2) 1.786(3) 

O1–P1 1.6985(18) 1.693(2) 

O2–P1 1.7048(18) 1.736(2) 

C7–P1–C1 114.04(10) 113.7(1) 

O1–P1–N1 87.55(7) 86.1(1) 

O1–P1–O2 174.72(6) 166.7(1) 

O2–P1–N1 87.46(7) 85.3(1) 

N1–P1–C1 122.37(8) 134.2(1) 

N1–P1–C7 123.59(9) 111.9(1) 

 

Spectroscopic and Computational Investigations of 

[2•Ph2]BF4. The absorption profile for each of the three com-

pounds 2•Cl2, 2•Ph2, and [2•Ph2]BF4 was recorded using UV-

vis spectroscopy, as shown in Figure 8. The compound 2•Cl2 

displayed a single absorption centered at λmax= 285 nm; the 

high-energy of this transition is not unexpected for a closed-

shell phosphorane species. Similarly, the neutral diphenyl 

phosphorane 2•Ph2 displayed a similar absorption profile with 

a single absorption band slightly to the red at λmax = 307 nm. 

By contrast, the absorption profile of the open shell species 

[2•Ph2]BF4 exhibits several lower energy features; a broad 

absorption centered at 665 nm with a shoulder appearing at 

617 nm is apparent in the visible region of the spectrum, with 

additional absorptions at 354 nm and 371 nm.  

 

Figure 8. UV-vis absorption spectra recorded for 2•Cl2 (black, 20 

μM in CH2Cl2), 2•Ph2 (red, 20 μM in CH2Cl2), and [2•Ph2]BF4 

(60 μM in CH2Cl2) at ambient temperature. 

The paramagnetic complex [2•Ph2]BF4 was further probed 

with the use of EPR spectroscopy; the experimental spectrum 

as well as a simulated spectrum are displayed in Figure 9. The 

room temperature, solution phase (CH2Cl2) EPR spectrum of 

[2•Ph2]BF4 displays spectral envelope centered at g=2.006, 

with an apparent 9-line coupling pattern. The observed split-

ting was interpreted by accounting for two pairs of equivalent 
1H nuclei with isotropic hyperfine coupling constants of 9.2 

MHz and 2.1 MHz; a 14N hyperfine coupling constant of 13.4 

MHz, and a 31P hyperfine coupling constant of 43.5 MHz. 

Both the g-value and the extracted hyperfine coupling indicate 

extensive delocalization of the spin density onto the ONO 

ligand scaffold. Substantial hyperfine coupling of the two 

pairs of equivalent 1H nuclei indicates equal distribution of 

spin density over the two phenyl moieties of the ONO ligand 

scaffold. The observed 31P hyperfine coupling constant is 

seemingly large, however we note that it is at least an order of 

magnitude smaller than typical value for phosphorus-centered 

radicals38, and thus indicate rather small unpaired spin popula-

tion on this atom. 

 

Figure 9. (black) X-band EPR spectra (9.61 GHz) of 

[X•Ph2]BArF in CH2Cl2 at 293 K. (red) Simulated spectrum with 

hyperfine fitting parameters as shown in Table 2. 

Density functional theory (DFT) calculations were per-

formed to gain further insight into the molecular and electron-

ic structure associated with the ligand centered oxidation 

event. Geometry optimization and electronic structure calcula-

tion for [2•Ph2]
•+ using DFT (unrestricted BP86 functional and 

6-311+g(d) basis set on all atoms, followed by single point 

calculation at the B3LYP/def-TZVPP level of theory) were 

performed using the crystallographically determined X-ray 

coordinates as an initial guess geometry. The theoretically 

predicted structure is in good metrical agreement with the 

experimental structure. The spin density plot for [2•Ph2]
•+ is 

displayed in Figure 10. The singly occupied molecular orbital 

(SOMO) shows significant delocalization across the ONO 

supporting framework, indicating that the single electron oxi-

dation of 2•Ph2 → [2•Ph2]
•+ is almost entirely ligand based. By 

contrast, the central phosphorus center is found to have little 

spin density (Mulliken spin population 0.003). Indeed, the 

hyperfine coupling constants predicted by this spin distribu-

tion were found to match closely to those obtained experimen-

tally (Table 2). The spin density distribution obtained resem-
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bles the group 14 compounds of the similar scaffold obtained 

and characterized by Stegmann and Scheffler.11-13 In all cases, 

the spin density was found to be largely distributed over the 

ONO structure.  The notable difference is more localized spin 

density on the peripheral carbons in the current case: ratio 

A(H-C15,31)/A(H-C17,29) is about 4.4 for [2•Ph2]
.+ as compared 

to about 2 for  (ONO)PbAr2,  (ONO)SnAr2, and  (ONO)GeAr2 

compounds. This difference in the spin distribution is also 

apparent from about 30% smaller A(14N) of the central nitro-

gen (cf. Table S7, Supporting Information). 

Table 2. Comparison of experimental (EPR) and calculat-

ed (DFT) isotropic hyperfine coupling constants. 

Nucleusa Assignmentb Experimentalc Calculatedc 

1H (2) C15–H/C31–H 9.2 8.7 

1H (2) C17–H/C29–H 2.1 1.24 

14N N1 13.4 10.1 

31P P1 43.5 44.3 

a Nucleus responsible for observed hyperfine coupling. Paren-

theses indicated number of equivalent nuclei. b Atom labels refer 

to structure depicted in Figure S2. c Values in MHz. 

 

Figure 10. Geometry optimized structure of [2•Ph2]•+ (B3LYP/ 

def-TZVPP//B86/6-311+g(d)) superimposed with spin density 

plot (blue - positive density, green - negative density). Relevent 

Mulliken spin populations are noted.  

In view of the small structural changes associated with the 

oxidation of 2•Ph2 → [2•Ph2]
•+ and the reversibility of this 

process, we undertook investigations of the rate of electron 

transfer self-exchange using the method of 1H NMR line-

broadening.39 For a pure sample of closed-shell phosphorane 

2•Ph2, a resonance at δ 1.31 ppm is observed for one of the 

tert-butyl groups on the ligand periphery. The line width (de-

termined as the full-width at half-maximum height by spectral 

fitting of the Lorentzian line shape) is estimated at 4.3(5) Hz. 

By contrast, the 1H NMR spectrum of [2•Ph2]
•+  shows a very 

broad resonance at δ 1.74 ppm with an estimated line width of 

153(10) Hz. A series of 1H NMR spectra were recorded at 

room temperature with varying mole fraction of the neutral 

compound 2•Ph2 and the oxidized species [2•Ph2]
•+ (Table 3). 

Starting from pure 2•Ph2, increases in the quantity of para-

magnetic species [2•Ph2]
•+ causes the tert-butyl resonance to 

shift downfield and broaden. A linear relationship between 

mole fraction of [2•Ph2]
•+ and chemical shift is observed. The 

rate constant (kex) for the electron transfer self-exchange be-

tween compound 2•Ph2 and [2•Ph2]
•+ was determined accord-

ing to eq 1, where χd and χp represent the mole fraction of 

2•Ph2 and [2•Ph2]
•+, respectively; Δν is the difference in fre-

quencies (Hz) between diamagnetic 2•Ph2 and paramagnetic 

[2•Ph2]
•+; Ctot is the total concentration; wp  and wd are the line 

width at half-maximum for pure samples 2•Ph2 and [2•Ph2]
•+, 

respectively;  and wpd is the line width at half-maximum for 

the mixture. 

 

Table 3. Data for electron self-exchange NMR line-

broadening experiments. 

χd χp Shift (Hz) 

Line 

Width 

(Hz) 

kex 

(x 105) 

1 0 657.59 4.32  

0.945 0.055 669.28 22.52 1.2 

0.886 0.114 681.93 35.94 1.6 

0.843 0.157 691.1 48.36 1.5 

0.735 0.265 714.05 67.68 1.9 

0.403 0.597 785.03 112.48 2.9 

0 1 870.97 153.43  

 

 

𝑘𝑒𝑥 =
4π𝜒𝑝𝜒𝑑(Δ𝜈)2

𝐶𝑡𝑜𝑡(𝑤𝑝𝑑 − 𝜒𝑝𝑤𝑝 − 𝜒𝑑𝑤𝑑)
  (1) 

 

Averaging the obtained rate constants kex over the experi-

mental concentration range in Table 3, we estimate the self-

exchange rate between compounds 2•Ph2 and [2•Ph2]
•+ at kex = 

1.8(7) × 105 M-1•s-1. Although it is of note that small changes 

in the estimated width at half-maximum height can have a 

dramatic effect upon the precise obtained rate constant, the 

comparison of the solid state structures of the two compounds 

nonetheless supports the notion of a rapid electron transfer 

self-exchange due to only minor structural reorganization. 

CONCLUSIONS 

The synthesis and study of phosphorus(V) bound within a 

redox active ONO ligand scaffold has been presented. The 

phosphorus compounds 2•Cl2 and 2•Ph2 can be synthesized in 

high yields and have been structurally characterized. The elec-

trochemistry of these systems was probed with the use of cy-

clic voltammetry, with the compound 2•Cl2 showing only a 

single irreversible oxidation, while the diphenyl phosphorene 

2•Ph2 displays a reversible one-electron oxidation event. 

Compound 2•Ph2 was chemically oxidized with silver salts to 

form the radical cation, [2•Ph2]
•+. EPR spectroscopy and DFT 

calculations revealed that the unpaired spin density in [2•Ph2]
•+ 

is largely ligand based and is highly delocalized throughout 

the ONO supporting framework of the paramagnetic species. 

The solid state structures and self-exchange NMR line-

broadening experiments indicate that the electron transfer is 

swift with only modest metrical changes between the neutral 

and oxidized species. 
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EXPERIMENTAL SECTION 

Methylene chloride (CH2Cl2), pentane and toluene were dried ac-

cording to the method of Grubbs40 as modified by Bergman41. All 

commercially available reagents were purchased from suppliers and 

used without further purification. All reactions were carried out under 

nitrogen either in a double port glovebox (Innovative Technology) or 

with a Schlenk manifold vented through an oil bubbler unless other-

wise noted. All glassware was oven-dried at 120 °C prior to use. Zn 

complex 1,33 and AgBArF42 were synthesized according to previous 

reports. Mass spectrometric data were obtained from the University of 

Illinois Mass Spectrometry Lab. Elemental analysis data was obtained 

from Midwest Microlab, Indianapolis, IN.  

Spectroscopic Methods. 1H, 13C, and 31P NMR spectra were rec-

orded with a Bruker AV-360, DRX-400 or AV-3-500 spectrometers. 

CDCl3 and CD2Cl2 were purchased from Cambridge Isotopes Labora-

tories and stored over activated 4 Å molecular sieves in the glovebox 

prior to use.  1H and 13C NMR spectra were referenced to residual 

proto-solvent resonances (chloroform 7.26 ppm; 77.16 ppm).  31P 

NMR spectra were referenced to an external standard (H3PO4 0.0 

ppm). EPR spectra were recorded using a Bruker ESP300 equiped 

with ER041MR MW bridge and a ER 4116DM dual mode resonator. 

The EPR spectrum was recorded using the following settings: MW 

power = 0.02 mW, MW frequency = 9.6122 GHz, sweep width = 80.0 

G, modulation amplitude = 0.2 G, conversion time = 40.96 ms, and 

time constant = 40.96 ms. EPR simulation was performed utilizing the 

"garlic" routine from EasySpin for MatLab43 and aided by a home-

written automatic spectral fitting routine. The UV-vis spectroscopy 

was performed using a Cary 500 spectrometer with analyte solutions 

prepared using dichloromethane as the solvent. The UV-vis spectrum 

of [2•Ph2]BF4 was acquired using dichloromethane that was freshly 

distilled from CaH2 and a quartz cuvette that had been silylated using 

TMS–Cl (5% by volume solution in dichloromethane), rinsed (3x 

dichloromethane) and dried thoroughly in an oven. 

Electrochemistry. All electrochemistry experiments were per-

formed using a Pine WaveNow XV potentiostat. Cyclic voltammetry 

was performed at ambient temperature in a nitrogen filled glove box 

using a standard three-electrode configuration. CV scans were record-

ed using a glassy carbon working electrode (3.0 mm diameter), plati-

num mesh as the counter electrode and a silver wire separated by a 

porous Teflon tip and submerged in TBAPF6 solution (0.1 M) as a 

quasi-reference electrode. The phosphorus analytes (1.0 mM) were 

prepared in dichloromethane with tetrabutylammonium hexafluoro-

phosphate (0.1 M) as the supporting electrolyte. Sublimed ferrocene 

(1.0 mM) was added at the end of each experiment as the internal 

reference.  

Electron Self Exchange. 1H NMR spectra were acquired in 

CD2Cl2 on a Bruker AV-3-500 spectrometer at 298 K. The samples 

were prepared in a nitrogen filled glovebox and from stock solutions 

of each analyte (25 mM in CD2Cl2) in varying ratios for a total vol-

ume of 0.5 mL. The mole fractions, chemical shifts and experimental 

values for the peaks widths (W) are displayed in Table 2. The peak 

widths were determined by Lorentzian line-fitting using the Mes-

tReNova 10 software. 

X-ray Diffraction Methods. Single crystals of 2•Ph2 and 

[2•Ph2](B[C6H3-3,5-(CF3)2]4) were selected and mounted on a loop 

using paratone oil on a Bruker SMART APEX diffractometer. The 

crystal was kept at 213 K during data collection. Using Olex244, the 

structure was solved with the ShelXS45 structure solution program 

using Direct Methods and refined with the XL refinement package 

using Least Squares minimization. 

Computational Methods. Density functional theory (DFT) calcu-

lations were performed using Gaussian 09 package46. Geometry of the 

oxidized compound was obtained by gas-phase geometry optimization 

using unrestricted BP86 functional and 6-311+G(d) basis set on all 

atoms. Starting coordinates were extracted from the crystal structure 

of 2•Ph2. To aid geometry optimization, rotation of all methyl groups 

was restricted by freezing one of the associated HC-CC dihedral an-

gles. Subsequently, single point gas-phase calculations were per-

formed utilizing unrestricted B3LYP functional and def-TZVPP basis 

set on all atoms.  

Synthesis of 2•Cl2. The title compound was synthesized with slight 

modification of literature procedure.32 To a solution of the zinc com-

plex 1 (2.5 g, 2.74 mmol) in 50 mL of dry toluene in a Schlenk flask, 

PCl3 (2.4 mL, 27.4 mmol) was added dropwise at room temperature 

with vigorous stirring. After stirring for 2 h at room temperature un-

der nitrogen, the solvent was removed in vacuo leaving a purple solid. 

The solid was triturated with pentane, filtered and the solvent was 

removed. The light purple solid was dissolved in a minimal amount of 

pentane and put into the freezer at -35 °C. The product precipitated 

from solution as a white solid (2.1 g, 73%). 1H NMR (CDCl3, 360 

MHz) δ/ppm: 7.58 (s, 2H), 7.07 (s, 2H), 1.43 (s, 18H), 1.39 (s, 18H). 

31P NMR (CDCl3, 145 MHz) δ/ppm: -20.1.  

Synthesis of 2•Ph2. To a solution of the zinc complex 1 (1 g, 1.1 

mmol) in 50 mL of dry toluene in a Schlenk flask, Ph2PCl (406 μL, 

2.2 mmol) was added dropwise at room temperature with vigorous 

stirring. After stirring for 4 h at room temperature under nitrogen, the 

solvent was removed in vacuo leaving a purple solid. The solid was 

triturated with cold pentane, filtered and the solvent was removed. 

The light purple solid was dissolved in a minimal amount of pentane 

and put into the freezer at -35 °C. The product precipitated from solu-

tion as a white solid (1.05 g, 79%). Single crystals of the product were 

grown by slow evaporation of an acetonitrile/dichloromethane solu-

tion. 1H NMR (CD2Cl2, 500 MHz) δ/ppm: 7.80 (d, J = 7.0 Hz, 2H), 

7.77 (d, J = 7.2 Hz, 2H), 7.62 (s, 2H), 7.45-7.40 (m, 2H), 7.40-7.34 

(m, 4H), 6.94 (s, 2H), 1.38 (s, 18H), 1.31 (s, 18H). 13C NMR (CD2Cl2, 

126 MHz) δ/ppm: 143.93 (d, J = 4.4 Hz), 142.32, 140.84, 139.42, 

132.04 (d, J = 12.1 Hz), 131.15 (d, J = 3.6 Hz), 129.02 (d, J = 19.6 

Hz), 128.23 (d, J = 16.3 Hz), 116.35, 107.13 (d, J = 13.0 Hz), 35.31, 

34.71, 32.13, 30.05.  31P NMR (CDCl3, 145 MHz) δ/ppm: -27.9. 

HRMS (EI+) m/z calcd for C40H50NO2P: 607.3579; found: 607.3573. 

Anal. Calcd (Found) for C40H50NO2P: C 79.0 (78.9); H 8.3 (8.1); N 

2.30 (2.5); P 5.1 (5.4). 

Synthesis of [2•Ph2]BF4 (4). Compound 2•Ph2 (400 mg, 0.66 

mmol) was dissolved in 8 mL of dry CH2Cl2 and was added to a solu-

tion of AgBF4 (128 mg, 0.66 mmol) dissolved in 8 mL of CH2Cl2. 

The reaction stirred at room temperature for 4h and was filtered and 

the solvent was removed under reduced pressure. The resulting dark 

blue solid was washed with pentane and dried to give the title com-

pound (420 mg, 92%). HRMS (EI+) m/z calcd for C40H50NO2P: 

607.3579; found: 607.3577. Anal. Calcd (Found) for C40H50BF4NO2P: 

C 69.2 (68.8); H 7.3 (7.3); N 2.0 (2.0). 

Synthesis of [2•Ph2]B(3,5-(CF3)2-C6H3)4. Compound 2•Ph2 (200 

mg, 0.33 mmol) was dissolved in 4 mL of dry CH2Cl2 and was added 

to a solution of AgB[3,5-(CF3)2-C6H3]4 (320 mg, 0.33 mmol) dis-

solved in 4 mL of CH2Cl2. The reaction stirred at room temperature 

for 4h and was filtered and the solvent was removed under reduced 

pressure. The resulting dark blue solid was washed with pentane and 

dried to give the title compound (400 mg, 82%). Single crystals suita-

ble for x-ray diffraction were prepared by slow evaporation of a 1:3 

mixture of diethylether and pentane.   
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Synopsis: A stable open-shell phosphorane based 
on a redox active amidodiphenoxide scaffold may 
be accessed by (electro)chemical oxidation of the 
closed-shell congener. Spectroscopic investiga-
tions indicate that the oxidation is largely localized 
on the amidodiphenoxide supporting framework.  
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