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Abstract: The reaction of the bis(imidazoliumyl)-substituted
P! cation [(2-ImP"??) P(4-ImP"?P)]* (10") (2-Im = imidazolium-
2-yl;  4-Im=imidazolium-4-yl;  Dipp =2,6-di-isopropyl-
phenyl) with trifluoromethanesulfonic acid (HOTf) or
methyl trifluoromethylsulfonate (MeOTf) yields the corre-
sponding protonated [(2-Im”"?)PH(4-ImP?)*" (11*) and
methylated  [(2-ImP??)PMe(4-Im""?)**  (12?%) dications,
respectively. EPR/UV/Vis-NIR spectroelectrochemical inves-
tigation of the low-coordinated P' cation 10" predicted a stable
and “bottleable” P-centered radical dication [(2-ImP"?P)P(4-
ImPP?) [t (13*"). The reaction of 10" with the nitrosyl salt
NOJ[OT(] yields the persistent phosphanyl radical dication
13%" as triflate salt in crystalline form. Quantum chemical
investigation revealed an exceptional high spin density at the
P atom.

Among several bonding motifs possible for charged and
uncharged P,-centered radicals, phosphanyl radicals are
particularly intriguing."! Such radicals feature a two-coordi-
nate P atom in the + II oxidation state in combination with
either C- (I) or N-based (II)—or a combination of both
(IIT)—substituents L. or Ly (Scheme 1). Especially low-
coordinate P-radical species require stabilization by either
bulky substituents (kinetic stabilization), and/or spin deloc-
alization (thermodynamic stabilization).”’ However, only
a few examples are known that are stable enough to be
isolated in the solid state. Representative examples of isolated
and structurally characterized neutral (15, anionic
(67, and cationic (7", 8™)®? derivatives are depicted in
Scheme 1. The stability of the radical cations is also explained
by the positive charge leading to electrostatic repulsive
effects. Surprisingly, and to the best of our knowledge, no
example of a phosphanyl radical dication has been reported
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Scheme 1. Structurally characterized phosphanyl radicals.

so far, although with the isolation of radical cations of type 7**
and 8" those species should be feasible. Thus, a dicationic
radical species might be accessible by a formal exchange of
the Ly substituent in cations of type 7™ or 8™ by an
imidazoliumyl substituent. Recently, we reported on the
high-yielding synthesis of the cationic phosphanide 107,
bearing two lone pairs of electrons at the P atom, which we
obtained from the reduction of dication 9°* (Scheme 2).1""
Cation 10" is supposed to react with electrophiles such as
trifluoromethanesulfonic acid (HOTf) or methyl trifluoro-
methylsulfonate (MeOTf) to give the respective protonated
(11*") and methylated dications (12*") as triflate salts,
respectively (Scheme 2). The unique combination of the C-
bonded N-heterocyclic substituents (L) on the two-coordi-
nate phosphorus atom in cation 10" makes it an excellent
substrate for the synthesis of the hitherto unknown phos-
phanyl radical dication 13*"* (Scheme 2).

Reacting 10" with HOTf or MeOTf in CH,Cl, gives the
expected dications 11*" (88 %) and 12*" (83 %) as triflate salts
in very good vyield (Scheme 2).""! Both compounds are
obtained as colorless, moisture-sensitive crystalline material.
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Scheme 2. Reaction of cation 10" with electrophiles (HOTf, MeOTf) to
dications 11?" and 12" and oxidation to radical dication 13*".

The *PNMR spectrum of the purified compound
11[{OTf], displays a doublet resonance at 6 =—117.9 ppm
exhibiting an expected 'Jpy; coupling constant of 251 Hz.[*?
For compound 12[OTf], a quartet resonance is observed at
0= —54.4 ppm with a %Jpy coupling constant of 9 Hz consis-
tent with a methyl group attached to the three-coordinate
P atom. Suitable crystals for X-ray investigation were
obtained for compound 11[OTf], and the molecular arrange-
ment of cation 11*" is depicted in Figure 1a. As expected,

Figure 1. a) Molecular structure of dication 11**. Selected bond
lengths (A) and angles (°): P1—C1 1.813(3), P1-C29 1.821(2); C1—P1—
€29 101.82(10), C1—P1—H1 94.5(14), C25—P1—H1 102.1(14); torsion
angle: C29—P1—-C1—N1 113.5(2). b) Molecular structure of radical
dication 132", P1-C1 1.808(4), P1—C29 1.800(4); C1—P1-C29
102.15(16); torsion angle: C29—P1—C1—N1 114.8(3). Solvent mole-
cules anions and carbon bonded hydrogen atoms are omitted for
clarity, and thermal ellipsoids are displayed at 50% probability (153 K).

cation 11*" displays a distorted trigonal pyramidal bonding
environment around the P atom. The P—C bond lengths (P1—
C11.813(3) A, P1-C29 1.821(2) A) are in the expected range
and comparable to those observed for dication 9*" (P1—C1
1.838(3) A, P1-C29 1.820(2) A)."") In particular, the elonga-
tion of the P1—C1 bond length compared to that of 10" (P1—
C11.773(3) A) is consistent with a lesser degree of mt-bonding
between C1 and P1. The C1-P1—C29 angle (101.82(10)°) is
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slightly narrower compared to C1-P1—C29 (109.2(1)°) of 10",
but there is a dramatic difference in the torsion angles for the
two cations (11*": C29—P1—CI1-N1 113.5(2)°; 10": C29-P1—
C1-N1 170.80(16)°), showing that the imidazoliumyl sub-
stituents are substantially twisted in the dicationic structure of
117",

Anticipating an interesting reduction/oxidation behavior
of cation 10" (see Scheme 3) we performed an EPR/UV/Vis-
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Scheme 3. Electrochemical reduction of cation 10 to unstable neutral
radical 14' and oxidation to radical dication 13*".

NIR spectroelectrochemical™ investigation to elucidate the
possibility for the preparation of stable radicals. The cyclic
voltammogram of a solution of 10[OTf] in THF/nBu,N[OT{]
(0.1m) shows one reversible oxidation at E;,=0.22 V (vs. E,,
(Fc/Fc®)) and one irreversible reduction peak at £, = —3.06 V
(vs. E,»(Fc/Fc"); Figure 3a). Peak parameters of the oxida-
tion (10" —13*") to radical dication 13*"* at given scan rate
and their behavior at higher scan rates indicate a reversible
electrochemical oxidation.

In contrast to the oxidation the peak shape of the
reduction to neutral radical 14" is assigned to an electro-
chemical irreversible reaction or a follow-up reaction (see
Figure S3 in the Supporting Information).' The in situ
reflective measurement™ (Figure S5) of the UV/Vis-NIR
spectra of the electrode surface during a cyclic voltammetry
(CV) measurement (Figure2, Vis-CV Figure S6) reveal
further insights into the formation of red-colored radical
species. The Vis part of the UV/Vis-NIR spectra (x axis)
during three cycles of CV measurements of 10 is shown and
correlated to the time (left y axis) and the potential (right
y axis; Figure2). When the oxidation potential reaches
a value of E >0.22 V, radical dication 13*** is formed and its
characteristic band at 487 nm can be observed (spectrum at
this potential: orange curve, top). Afterwards, radical dication
13*" is reduced back to cation 10" (negative peak, right
y axis). At comparably strong negative potentials (E <
—3.06 V) 10" is reduced to neutral radical 14' (spectrum at
this potential: green curve, top). An appearance of the
assigned band at 451 nm (see Figure S6) and the disappear-
ance without a peak at the corresponding potential in the
current curve of the CV measurement (Figure 3a) can be
attributed to a low stability of neutral radical 14. A differ-
entiation between an irreversible electrochemical process and
a follow-up reaction is given by CV measurement at high scan
rates, where the oxidation peak of 14' is observed (see
Figure S4)."! A more preparative evidence on the stability of
radical dication 13*"* and instability of 14 is given by EPR/
UV/Vis-NIR spectro-electrochemistry in thin-layer cells!"”'*!
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Figure 2. In situ reflective UV/Vis-NIR spectroelectrochemical measurement of a Pt disc
electrode surface of a CH,Cl,/nBu,N[OTf] (0.1 m) solution of 10[OTf] (1.3x10*m) during
a cyclic voltammogram (v=15 mVs™"). Corresponding Vis spectra of formed 13*** (orange
curve, top), radical 14" (green curve, top) and current time—potential curve (right).
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Figure 3. a) Cyclic voltammorgram of a THF/nBu,N[OTf] solution of
10[OTf] at a glassy carbon disc electrode. b) EPR spectrum of 13[OTf],
in 0-C¢H,F, at ambient temperature.

with complete conversion of the substrate 10*. The UV/Vis-
NIR-CV measurements show UV/Vis absorptions at 248, 287,
323, 395, and 487 nm for radical dication 13*™ accompanied
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by the disappearance of the absorption at
418 nm for 10" (see Figures S7 and S8). The
potential dependencies of the emerging
absorption bands and that of the EPR
signal are in good agreement (see Fig-
ure S9). Contrariwise, no absorptions in
the UV/Vis spectra can be observed for
the reductive reaction, even at low poten-
tials, indicating the aforementioned low
stability of 14". This result in combination
with high-speed CV measurements (see
Figure S4), in which the reduction process
shows a more reversible character, give
evidence for a chemical follow-up reaction
of radical 14. Quantum chemical calcula-
tions of 14' have shown that the spin density
is to a large extend located at the C2-bound
imidazolyl ring (80 %; see section S3.7 in the
Supporting Information). The results of the
spectroelectrochemical investigations fore-
cast the preparative accessibility of stable
radical dication 13*", Thus, reacting 10[OTf]
with one equivalent of nitrosyl triflate (NO-
[OTfY™ in THF at —78 °C leads upon
warming to ambient temperature to a deep-
red suspension. After workup, the
extremely air- and moisture sensitive P-centered radical
dication 13*!* was isolated as red powder in good yield as
triflate salt (73 %, Scheme 4). The room temperature EPR
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Scheme 4. Oxidation of 10[OTf] with NO[OTf] to 13[OTf], in THF from
—78°C to RT.

spectrum of 13[OTf], in o-difluorobenzene displays a doublet
(g=2.006) due to a large hyperfine coupling constant with the
phosphorus nucleus [a(*'P) =86 G] (Figure 3b). This hyper-
fine coupling constant is comparable to those observed for
other phosphanyl radicals®*! with a typical range of a(*'P) =
42-99 G. Interestingly, no hyperfine coupling is observed to
the N atoms, indicating that the singly occupied molecular
orbital (SOMO) is barely delocalized over the m-conjugated
substituents but located primarily at the P atom. Deep-red
single crystals, suitable for X-ray diffraction study, were
obtained by slow diffusion of n-pentane into a o-difluoro-
benzene solution of 13[OTf], at —35°C.

The molecular structure (Figure 1b) of radical dication
13*" reveals a bent bonding environment at the P atom with
a C1-P—C29 angle of 102.15(16)°. Similar to the molecular
structure of dication 11*" the imidazoliumyl substituents are
strongly twisted (13°™: C29-P1-C1-N1 114.8(3)°). The P1—
C1 and P1—C29 bond lengths (1.808(4) A, 1.800(4) A) are
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elongated, compared to 10", also showing a lesser degree of
nt bonding between P1 and Cl. However, compared to
dication 11*" the P—C bond lengths in 13*'* are slightly
shorter, indicating a partial delocalization of the single
electron, which is also shown by the quantum chemical
calculations, performed using the Gaussian09 program
suite.""® The density functional theory (DFT) hybrid
models B3LYP?!Y and M06P? were used together with the 6-
31G(d) basis set® for geometry optimizations. The spin
density has been calculated by different methods. Both agree
that it is largely centered on the P atom and also that it is
around 80% (B3LYP: 79 %; M06: 81 %), consistent with the
considerably high spin localization on the P atom observed by
EPR spectroscopy. Single-point calculations with different
methods based on the B3LYP optimized geometry came to
the same results or gave even higher spin densities."!! Figure 4

a)

b)

Figure 4. a) Calculated SOMO and b) spin density distribution of
radical dication 132" (B3LYP/6-31G(d); hydrogen atoms are omitted
for clarity).

shows the calculated SOMO (left) illustrating that it has
primarily p-orbital character and the spin density distribution
from the fully optimized B3LYP/6-31G(d) structure of radical
dication 13** (right). The calculated geometrical parameters
(C1-P1-C29 104.9°; P1—C1 1.853 A, P1—-C29 1.805 A; C29—
P1—C1-N1 107.8°) are in good agreement with the data from
the solid-state structure although there are slight differences
within the two imidazolium ring systems. The NBO analysis
yielded Wiberg bond indices of 1.0252 and 0.9348 for the P1—
C29 and P1—C1 bonds, respectively. The natural bond orbital
(NBO) bond order was calculated as 0.8696 (P1—C29) and
0.8197 (P1—C1). The calculated Mulliken and NPA charges
are given in the supporting information (see S3.11, SI). The
aforementioned results reveal the stability of radical dication
13*"is not only contributed by a thermodynamic stabilization
(conjugated = system) but more by kinetic stabilization
(bulky substituents, charge repulsion).

In summary, we illustrated that the two-coordinate
P! cation (10") readily reacts with HOTf or MeOTf to give
the corresponding protonated (11°") and methylated (12*")
dications, respectively. In-depth EPR/UV/Vis-NIR spectro-
electrochemical investigations of 10" revealed two radical
species 14, by electrochemical reduction, and 13*", by
electrochemical oxidation, whereat the latter was predicted
to be persistent in solution and the solid state. The reaction of
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10* with nitrosyl triflate leads to the formation of the
remarkable and stable phosphanyl radical dication 13*"
showing a high spin density at the P atom. This work shows
the accessibility of a stable phosphanyl radical dication,
namely 13*", and extends the already existing set of intriguing
phosphanyl radical species (Scheme 1).
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