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ABSTRACT: Anionic 1,4-dihydro-1,4-diphosphinines were synthesized from tricyclic 1,4-diphosphinines and isolated as blue
powdery salts M[2a—2c]. Reaction of solutions of these monoanions with iodomethane led to P-methylated compounds 3a—3c. An
oxidation/reduction cycle was examined, starting from solutions of K[2a] via P—P coupled product 4a and back to K[2a], and the
recyclability and redox chemistry of this cycle were confirmed by experimental and simulated cyclic voltammetry analysis, which is
proposed as a potential 2-electron cathode for rechargeable cells. TD-DFT studies were used to examine species that might be
involved in the process.

B INTRODUCTION report by Miiller et al. has also dealt with nucleophilic
substitution using Grignard or organolithium reagents,
resulting in A*c>-phosphinine anions.” The reason for the
selective reaction of (anionic) nucleophiles at the P atom is the
large orbital coeflicient of the low-lying LUMO.? So far, the
redox chemistry of A>-phosphinines III has been investigated
for optovoltaic applications in the design of organic light-

Since the landmark discovery of 2,4,6-triphenylphosphinine I
by Mirkl in 1966,' its reactivity has been studied
extensively.” > The electrophilic nature of the P center has
been exploited to gain access to a variety of compounds, some
of which via transformation of anionic derivatives II into III

photovoltaic behavior largely centered in the unsaturated

hydrocarbon portion of the molecules with the P(V) centers
11-15

possess a four-coordinate P(V) center (Figure 1).° A recent emitting diodes (OLEDs).” Similarly, P'-phospharhodamines
have been extensively investigated for their photovoltaic
ph applications.'® All these six-membered phosphorus hetero-
/@ fj\ fj\ cycles, mostly dominated by the PV-phospholes, share anodic
Ph” P” “ph
|

1 || 1] N
[K(Et2 ), uninvolved in redox processes.

R o The chemistry of 1,4-diphosphinines started in 1976 with
Fscjf’\jic':s s #N:[ IEFS s=( I I >:5 the first derivative IV, synthesized by Kobayashi et al,'® but in
F E P N\R |

F.C7 PP contrast to I, it could not be isolated.'” ™"’
3 3 N
Vi
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Figure 1. First P™.phosphinine I, anionic derivative II, P'-
phosphinines III, first 1,4-diphosphinines IV—VI, and anionic 1,4-
diphosphinines VII and VIIL
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The advent of stable tricyclic 1,4-diphosphinines fused to
heterocyclic-2-thiones, such as V> and VI>' has enabled
systematic investigation of their chemistry.zz_24 As one
example, the reactivity of 1,4-diphosphinines V in [4 + 1]
and [4 + 2] cycloaddition reactions has been riported,
including unusual reactions with dichalcogenides.””** Addi-
tionally, the electrophilic P centers of V were explored by the
addition of anionic nucleophiles, forming P-anionic species,
which were not isolated but could be quenched with
iodomethane to yield neutral P-Me substitution products.””
Using a thiazol-2-thione-based 1,4-diphosphinine, first access
to an isolable anionic tricyclic 1,4-dihydro-1,4-diphosphinine
derivative (VIII) was achieved, which could be oxidized by I,
to give a product with a P—P bond.*' Cyclic voltammetry
studies on neutral V and VI disclosed a rich cathodic
electrochemistry involving the P™' center, in contrast to A°-
phosphinines (vide supra).”**'

Beyond these rather intensively investigated five- and six-
membered P-heterocycles, the redox chemistry of unsaturated
three-membered rings, ie., 4,5,6-triphospha[3]radialene, was
studied too, which could be reduced to structurally confirmed
dianions. Furthermore, cyclic voltammetry studies showed a
reversible initial one-electron reduction and, on further
scanning, revealed a second reversible redox couple, but no
experiments aimed at demonstrating suitability as electrode
materials were performed such as multicycle voltammograms,
i.e,, the robustness of the cycles was not proven.”>~

Apart from cyclic P-systems, (acyclic) diphosphenes can be
easily reduced to form anionic radlcal species, but again, no
further studies were performed.”® Electrochemical investiga-
tions of P—P (single) bond formation have been reported from
both anodic and cathodic processes involving dimerization of
phosphaalkene radical anions, cationic 1-phosphabutadiene
radicals, or even R3P*" centers, going back as far as Markl et

al*7*" Other main group element redox systems that store
energy in element—element bonds such as S—S bonds are the
lithium—sulfur and sodium—sulfur storage batteries.””™>
Herein, we report chemical and voltammetric investigations
of the anionic 1,4-diphosphinine derivatives VII including their
conversion into P—P coupled products and, subsequently, the
successful chemical reduction to reform type VII salts, thus
closing the redox cycle (also) in solution.

B RESULTS AND DISCUSSION

When 1,4-diphosphinine 1?° was treated with KHMDS in
diethyl ether, a drastic color change from red to deep blue
occurred. Evaporation of the solvent in vacuo yielded K[2a] as
a blue-violet powder (Scheme 1). Application of the same
protocol, but using LDA and KOtBu, afforded Li[2b] and
K[2c] selectively, which, again, were obtained as blue-violet
powders. The *P{'H} NMR data of M[2a—2c] are presented
in Table 1.

The assignment of the two resonances to the P centers was
straightforward, but it should be noted that in none of M[2a—
2c] do the two inequivalent nuclei show evidence of P—P
coupling across the rings. The composition of the product
anions was also confirmed via negative ESI-MS experiments
(Table S1 in the Supporting Information).

The intense blue colors observed for solids and solutions of
M[2a—2c] correspond to single intense absorptions with A,
~ 517 nm in Et,0 (Figures SSa, S9a, and Sl13a in the
Supporting Information). By contrast, when K[2a] was
dissolved in CH;CN for voltammetry (vide infra), the blue
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Scheme 1. Synthesis and Reaction of M[2a—2c] to give P-
Methylated Products 3a—3c
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color rapidly changed to yellow (4
the Supporting Information).

To gain deeper insight into the electronic structures of 2a—
2¢, DFT calculations at the M06-2X/6-311+G** level of
theory were performed on models wherein the N-"Bu groups
are truncated to N-Me (indicated by ’). As expected, the
middle rings of 2a’—2c¢’" exhibit lower aromatic character than
in neutral 1a’ (NICS(0) values for 2a’—2c¢’~ varied between
—3.4 and —5.2; Tables S4, S8, and S12 in the Supporting
Information), while the aromatic character of the outer ring
remains high (NICS(0) varied between —8.8 and —9.4, Tables
S4, S8, and S12 in the Supporting Information). The shapes
and energies of the delocalized 7 frontier Kohn—Sham
molecular orbitals (FMOs) are slightly affected by the
variations in substituents (Figure 2). The HOMOs show
large coefficients of the unsubstituted phosphorus on the
center rings, but the sulfur p lone pairs have non-negligible
contributions as well. On the electrostatic potential maps
(Figure 2), the negative charges reside mainly on the
unsubstituted phosphorus sites and the two sulfur atoms, in
accordance with the HOMO coeflicients. The TD-DFT
calculations on 2a’~ (maxima of the lowest excited states at
354 and 326 nm, Table 2) are in reasonably good agreement
with the experimentally determined UV/vis absorption value in
CH;CN but not with the deep blue colors observed in ether
solvents (Et,0O or THF). Presuming that the deep colors are
from charge transfer (CT) bands associated with the formation
of contact ion pairs due to the weaker solvation of K* cations
by ethers compared to CH;CN, additional TD-DFT
calculations were performed on the optimized structures of
the K' salts (Table 2), which do indeed indicate transitions
deep into the visible region. The charge transfer character of
the transitions is clearly seen from the TD-DFT results. The
lowest energy excitation of the calculated contact ion pair is the
(anion-centered) HOMO-to-(K* s-type centered) LUMO
transition, indicative of CT. The similar 3P NMR shifts
measured in Et,0 and CH;CN (Table 1) and also the great
similarity of the voltammetry results in THF (blue solutions)
and CH;CN (yellow, vide infra) point to a small energy
difference between the ether-solvated and ion-paired states.

To better support the notion that the color changes can be
attributed to the presence/absence of CT bands, the
encapsulation of K* or Li* by crown ether (18-crown-6 and
12-crown-4) was attempted. Indeed, in the presence of 18-

& 372 nm, Figure S5b in

max
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Table 1. 3'P{"H} NMR Data of M[2a—2c] in Et,0-d,, (with and without the Presence

of Crown Ethers), CH;CN, and THF

(R-P and Anionic P Notations Are in Accordance with Scheme 1)

5 3'P/ppm
R-P anionic P
compound Et,0 CH,CN THEF Et,0'" Et,0 CH,CN THE Et,0'“
K[2a] —12.1 -11.3 —28.1 —11.8 —76.1 —78.2 =72.1 =75.7
Li[2b] -30.8 -318 -322 —30.6 ~78.0 794 -79.5 —-77.6
K[2c] 18.1 11.6 —-28 18.3 —-74.1 —70.1 =72.1 —74.3

“Et,O’ indicates the ethereal solutions in the presence of crown ethers, 18-C-6 ([K(18-C-6)]2a and [K(18-C-6)]2c) or 12-C-4 ([Li(12-C-4)]2b).

2b’ 2¢

2a'

Figure 2. Kohn—Sham frontier orbitals, their energies (top), and
electrostatic potential map (bottom; color code of electrostatic
potential: red, <—0.1; yellow, —0.1 to —0.0S; green, —0.05 to 0.0S;
light blue, 0.05—0.1; blue, >1.0).

crown-6 and 12-crown-4, compounds [K(18-C-6)]2a and
[K(18-C-6)]2¢ could be isolated from Et,O as orange solids,
but [Li(12-C-4)]2b remained purple and apparently show-
cased insignificant *'P NMR chemical shift changes in the
cases of CH;CN and Et,O (Table 1).

Reactions of salts M[2a—2c] with iodomethane at low
temperatures yielded products 3a—3c as clearly revealed by
their *'P{"H} NMR spectra. All products were isolated as
white powders (see the Supporting Information), and their
constitutions were confirmed by NMR experiments (selected
data are given in Table 3). While, for 3b and 3c, mixtures of
cis/trans isomers (Scheme 1) were obtained, in the case of 3a
(see Table 3; for the structure of trans-3a, see Figure 3), only
the trans product was detected. While it was surmised that the
steric demand of the bis(trimethylsilyl)amino group leads to
the selective formation of trans-3a, DFT calculations reveal the
energy difference between the cis and trans isomers, AE (cis/
trans values are 0.2, 1.1, and 0.9 kcal/mol for 3a’, 3b’, and 3¢/,
respectively). In addition, very high and similar inversion
barriers were determined (Figure S38 and Table S20 in the
Supporting Information).

Since all of these energy differences are small, it is possible
that the selective formation of the trans isomer in the case of
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Table 2. Important TD-DFT Results at the B3LYP/6-
311G**//M06-2X/6-311+G** Level of Theory Calculated
for 2a’—2¢’~ and the CAM-B3LYP/6-31G*//M06-2X/6-
311+G** Level of Theory Calculated for the Contact Ion
Pair M[2a’—2c’]

excited oscillator
model state  wavelength  strength transition  contribution
2a’"” 1 354 nm 0.1137 HOMO- 0.69524
LUMO
2 326 nm 0.1735 HOMO-1- 0.10945
LUMO
HOMO- 0.22399
LUMO+1
HOMO- 0.65285
LUMO+2
K[2a’] 1 523 nm 00171  HOMO- 0.68460
LUMO
HOMO- 0.13519
LUMO+3
2b’~ 1 366 nm 0.1501 HOMO- 0.69593
LUMO
4 319 nm 0.0774 HOMO- 0.69343
LUMO+3
Li[2b'] 1 393 nm 0.0231 HOMO-4- 0.1518S
LUMO
HOMO- 0.68258
LUMO
2c'” 1 354 nm 0.1235 HOMO- 0.69214
LUMO
4 294 nm 0.4978 HOMO-1- 0.65771
LUMO
HOMO- 0.17021
LUMO+1
HOMO- 0.12292
LUMO+2
K[2¢'] 1 419 nm 00178  HOMO- 0.67546
LUMO
HOMO- —0.14105
LUMO+4

Table 3. 3P{'"H} NMR Data (CsD) of 3a—3c

5 3'P/ppm
*Joip/. cis and AE(cis-trans)/
R-P CH;-P Hz trans ratio kcal-mol ™
3a  —47 -72.3 16.6 only trans 0.2
isomer

3b —17.2 and —75.2 and 9.1, 1:3.1 1.1
-19.7 —69.3 11.1

3¢ 25.6 and —79.6 and 7.2, 1:4.1 0.9
26.5 —69.4 134

3a is due to kinetic control. This supposition is supported also
by the calculated structures as salts K[2a'], K[2b'], and
K[2c'], which are presented in the Supporting Information.
Clearly, the bulky N(SiMe;), group occupies much more space

https://doi.org/10.1021/acs.inorgchem.1c03620
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Figure 3. Molecular structure of trans-3a; hydrogen atoms are
omitted for clarity (50% probability level). Selected bond lengths [A]
and angles [°]: P1-NS, 1.7161(16); P2-C29, 1.846(3); P1-Cl,
1.8240(19); P1-C12, 1.816(2); P2-C3, 1.803(2); P2-Cl4,
1.8033(19); = < °P1 307.86 and T < °P2 297.08.

below the central ring than the other two substituents, raising a
barrier for the formation of the cis isomer. Single crystals of
compound 3a, suitable for X-ray diffraction analysis, were
grown from a saturated diethyl ether solution.The structure
confirmed the trans position of the amino and methyl groups at
the central ring (Figure 3) having sums of angles at P1 and P2
of 307.9° and 297.1°, respectively. The endocyclic angle at C1-
P2-C12 of 95.19(9)° and that at C3-P1-C14 of 96.11(9)° are
rather acute.

Compound K[2a] was then selected for further chemical
redox reactions because it has shown promising robustness
under various reaction conditions. When an Et,O solution of I,
was added dropwise at —80 °C to a freshly prepared solution
of K[2a] in Et,0 (Scheme 2), a dark green color appeared and
rapidly disappeared (within a few seconds) to finally give an
orange solution containing product 4a (42% yield).

Scheme 2. Oxidation of K[2a] to 4a and Subsequent
Reduction

AN
SI\N _Si
/'Bu
‘ 2
121, "By ngy
s=< I I /Es " "Bu ' PBu
n
Bu s| Bu -80°Ctor. t s= I I FS
A Et,0 nBu
Ki2a] i’ ‘/Si\\
4a
K (excess)
Et,O, r. t

The attribution of the transient green color to an
intermediate free radical is supported by TD-DFT calculations
on 2a’* (Table S14 in the Supporting Information; lowest
transition calculated at 1005 nm), while the orange color of 4
fits with calculations on 4a’ (computed as 509 nm).

The formation of 4a’ from two radicals was calculated to be
exergonic (298 K, 1 bar), and the rather high reaction Gibbs
free energy (28.7 kcal/mol) is in good agreement with the
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rapid changes in color. The reaction mixture was filtered via
cannula to remove the KI salt and product 4a isolated as an
orange powder. The *'P{'"H} NMR spectrum of 4a (CDCl;)
displays a pseudo-triplet signal at —0.4 (¥, = 25.6 Hz, P-
N(SiMe;),) and —50.9 (**Jpp = 25.6 Hz, P—P) ppm.

Clear orange crystals of compound 4a, suitable for X-ray
diffraction analysis, were grown from a saturated diethyl ether
solution (Figure 4). The analysis revealed a2 monoclinic crystal

Figure 4. Molecular structure of compound 4a; hydrogen atoms are
omitted for clarity (50% probability level). Selected bond lengths [A]
and angles [°]: P1-C1, 1.807(4); P1-C12, 1.817(4); P2-C3, 1.791(4);
P2-Cl14, 1.806(4); C12-Cl14, 1.360(5); C1-C3, 1.376(5); P1-NS,
1.718(3); P2-P2’, 2.303(2); C1-P1-C12, 94.43(18); C3-P2-Cl4,
96.40(18); = < °P1 304.48 and X < °P2 300.79.

system with the space group C2/c. The structure shows a
twisted arrangement along the P—P single bond. The C2-P2-
P2'-C3’ torsion angle of 96.3° between the two tricyclic units
is greater than the torsion angle observed previously for the
sterically less demanding thiazol-2-thione-based tricycle.”!
Most probably, also in this case, dispersion force-induced
orientation of the two tricyclic units is present, which may also
help in the aggregation and preorganization during the
formation of the P—P bond.

To check if compound 4a can be used to reform 2 equiv of
K[2a] in a clean fashion, i.e., to formally reverse the oxidation
with I,, compound 4a was treated with an excess of potassium
in Et,O at room temperature to avoid desulfurization of the
thione functionality, which usually takes place at higher
temperatures (Scheme 2). After 10 min of stirring, the color
of the solution turned dark blue, indicating that the anionic
species K[2a] was formed, which was additionally confirmed
by the *'P{'H} NMR spectrum of the reaction mixture
showing two singlets at —13 and —78 ppm.

The redox chemistry of K[2a] and 4a was subsequently
investigated electrochemically via interfacial voltammetry at
ceramic screen-printed Pt composite electrodes (also incorpo-
rating counter and Ag/AgCl solid-dot reference electrodes;
details in the Supporting Information). Cyclic voltammetry
(CV) on K[2a] in CH;CN/["Bu,N][PF4] identifies a
chemically irreversible (IRR) oxidation process Epal = —0.90
V and a similarly chemically irreversible reduction process EIIIC
—1.63 V (Figure S, blue trace) vs the ferrocene/ferrocemum
redox couple (Fc*’?). But, when the initial scan direction was
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Figure S. Cyclic voltammograms of K[2a] (2.59 mM) at a Pt
electrode in a 0.1 M "Bu,NPF,/CH;CN solution; red solid line,
cathodic initial scan direction; black solid line, anodic initial scan
direction; scan rates = 200 mV/s.

cathodic, no reduction signal occurs on the first cycle (Figure
S, red trace). Thus, the species responsible for E;Hc appears to
be an electrolysis product of the process Ej.

The repeatability of the cyclic voltammograms was examined
by carrying out multicycle experiments. Even after 50 cycles,
the oxidation peak and reduction peak positions remain
invariant and hardly any attenuation in peak intensities is
observed (Figure S31a in the Supporting Information). The
scan rate dependence was examined from 0.05 to 2.5 V/s with
the expected current increase with scan rate and incremental
increases in the potential peak positions as expected for IRR
processes (Figure S31b in the Supporting Information and
Table 4). The current ratios, moreover, remain quite similar
over all the scan rates.

Table 4. Peak Potentials and Currents for Cyclic
Voltammograms of K[2a] at Different Scan Rates”

scan rate (mV/s)  EJ° (V) EF (V) L' (uA) IF (uA)  IL/I
2500 —-1.81 -0.92 —19.52 57.28 0.34
1000 -1.79 —0.94 -10.37 30.17 0.34
500 -1.77 —-0.95 —6.65 20.46 0.32
200 -1.63 —0.90 —5.20 16.20 0.32
50 -1.62 -0.91 -1.70 6.65 025

“Potentials are in V vs the Fc*/® redox couple.

CV experiments (Figure 6) were also conducted on
solutions of 4a under similar experimental conditions to
K[2a]. The results appear as almost an inverse of the latter
trace: a large, IRR reduction peak labeled E;HC is found at
—1.80 V and an equally IRR oxidation process labeled E;a
occurs at —1.08 V (Figure 6, blue trace) when the initial scan
direction is cathodic. Scans starting in the anodic direction do
not display EJ' in the first cycle (Figure 6, red trace). Notably,
however, the current ratios of the two processes are distinctly
different, with the relative size of Iglc compared to the anodic
peak appearing much larger in Figure 6 compared to Figure 5.
Here too, the multicycle experiments corroborated the robust
repeatability of the CV processes (Figure S32a in the
Supporting Information), while variable scan rate experiments
from 0.05 to 2.5 V/s also fit expectations for increased currents
with scan rates and incrementing of the potentials with faster
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Potential (V) vs. Fc*°

Figure 6. Cyclic voltammograms of 4a (2.59 mM) at a Pt electrode in
a 0.1 M "Bu,NPF,/CH;CN solution; red solid line, anodic initial scan
direction; black solid line, cathodic initial scan direction; scan rates =
200 mV/s.

scans (Figure S32b in the Supporting Information and Table
5).

Table 5. Peak Potentials and Currents for Cyclic
Voltammograms of 4a at Different Scan Rates”

scan rate (mV/s)  EJ° (V)  EF} (V) L' (uA) IF (uA) ILY/LM
2500 -1.82 —-0.85 —65.42 4222 0.64
1000 —-1.88 —-0.90 —-39.71 20.50 0.51
500 -1.85 -0.91 —27.60 13.99 0.50
200 -1.80 -1.08 —-19.55 10.96 0.56
50 -1.73 —-0.99 —8.45 3.69 0.43

“Potentials are in V vs the Fc*/? redox couple.

These CV experiments, as voltammetric monitors, are fully
consistent with the redox interconversion of K[2a] and 4a
already demonstrated in the chemical oxidation with I, and
reduction by elemental potassium. A plausible mechanism for
the electrochemical processes based on the CV results is:

ki
EL: 2a” _ e + 2a° (fast)

ky
CI: 2a° + 2a° = 4a (strongly product — favored)
k_y
ko
EIl: 4a + e _, 4a° (fast)

o
111

EIILl: 4a°” 4+ ¢~ __ 4a’" (fast)

ey
CIIL: 4a”” == 2a~ + 2a~ (strongly product — favored)
k_m
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Here (according to the standard notation), E are electro-
chemical steps and C are (rapid, following) chemical steps.
Process I represents the oxidation of K[2a] to form 4a via
dimerization of a short-lived P-centered radical species 2ae.
The reduction of 4a involves cleavage of a P—P bond and is
almost certainly a two-step process, denoted II and III. There
is some evidence for process II in very fast scan rate cyclic
voltammograms at ~—1.6 V (see the Supporting Information),
but under most CV conditions, II and III appear as a merged
peak of double intensity, which accounts for the larger relative
size of ng when 4a is the bulk analyte at the electrode
interface.

Digital simulations of the cyclic voltammograms were
undertaken using this common mechanism applied to K[2a]
and 4a, modifying only the analyte concentrations and the
starting points and initial scan directions of the cyclic
voltammograms (Figures S34 and S35 in the Supporting
Information). Satisfactory agreement is obtained from such
simulations when the forward rate constants for product
formation, both ky; for the cleavage of 4a®~ and k; for fusing
two 2a° to form the P—P bond, are much (10° times) larger
than the respective reverse reactions, at the relative applied
potentials. Simulation, along with chemical redox cycling,
provides strong support for robust redox shuttling between
K[2a] and 4a.

There is a strong need for new battery technologies to
enable modern culture to address the impacts of energy and
co-related climate challenges.”® The explosive growth of
lithium-ion battery production and the ongoing strong demand
for such devices have placed the sustainability of this
technology under scrutiny.””*® Lithium itself is a relatively
scarce element—relative to the other alkali metals—but of
major concern are the metals (Mn, Fe, Co, and Ni), especially
Co, required for battery cathode construction.’®*' To the best
of our knowledge, organophosphorus materials have not been
considered for battery design. The low theoretical charge
density of the 4a/K[2a] redox shuttle and the rather negative
cathode potential are obvious disadvantages, but further
research in this direction may open the door to other
phosphorus compounds with better properties.

An interesting feature of our system is its compatability with
potassium, an attractive alternative to the current overdemand
on Li.*> Considerable progress has already been reported for
K/Cg (i-e., graphite intercalated) anodes.*”™* A consideration
of cell potentials indicates that such anodes are at
approximately —3.4 V vs Fc*/%, which, coupled with the
average voltage of the 4a/K[2a] redox cycle of —1.3 V,
indicates an attractive nominal cell voltage approaching 2 V for
the proposed cells, albeit that the whole redox cycle would
operate at strongly negative potentials.46 Moreover, secondary
cells based on this technology should be able to operate
efficiently at ambient temperatures, unlike the elevated
temperatures contemplated for sodium/sulfur battery tech-
nologies.”

B CONCLUSIONS

In this study, we have demonstrated the chemical two-electron
switching between the anionic imidazole-2-thione-fused 1,4-
dihydro-1,4-diphosphinine K[2a] and the P—P bonded
oxidized dimeric form 4a. Both K[2a] and 4a show robust
responses in multicycle cyclic voltammetry, which agree well
with digital simulations. Based on the facile synthesis of the
starting material (also in larger batches including tunability of

N- and P-substituents) and the quantitative formation of their
respective anions, these findings prompt us to propose this
organophosphorus system as a potential cathode material for
further research on the suitability of phosphorus compounds
for secondary battery engineering.
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