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Abstract: Phosphorus-centered disbiradicals, in which
the radical sites exist as individual spin doublets with
weak spin-spin interaction have not been known so far.
Starting  from  monoradicals of the  type
[*P(u-NTer),P-R], we have now succeeded in linking
two such monoradical phosphorus centers by appropri-
ate choice of a linker. To this end, biradical [*P(u-
NTer),P*] (1) was treated with 1,6-dibromohexane,
affording the brominated species {Br[P(u-NTer)],},C¢H;,
(3). Subsequent reduction with KCg led to the formation
of the disbiradical {*[P(u-NTer)],},CsH;, (4) featuring a
large distance between the radical phosphorus sites in
the solid state and formally the highest biradical
character observed in a P-centered biradical so far,
approaching 100 %. EPR spectroscopy revealed a three-
line signal in solution with a considerably larger
exchange interaction than would be expected from the
molecular structure of the single crystal. Quantum
chemical calculations revealed a highly dynamic con-
formational space; thus, the two radical sites can
approach each other with a much smaller distance in
solution. Further reduction of 4 resulted in the forma-
tion of a potassium salt featuring the first structurally
characterized P-centered distonic radical anion (57).
Moreover, 4 could be used in small molecule activation.

J

Biradicals are molecular entities with two unpaired elec-
trons that can be classified by the interaction between the
two electron spins (Figures1 and 2),!' which can be
described by the electron exchange coupling constant J
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Figure 1. Left: Selected examples of O-, N-, and C-centered disbirad-
icals. Top: nitroxide™-, middle: trityl”- and bottom: verdazyl®-based
disbiradicals. Right: Bis-cyclo-diphospha-diazene-diyl (4) featuring two
phosphorus radical sites.

(note that throughout the paper the convention
H = —2J8,8, will be used for the description of the isotropic
exchange interaction). In case of J~0, the interaction is
negligible, the biradical is a two-doublet species, and has
recently been termed a disbiradical.' Selected examples are
shown in Figure 1. If J # 0 the species can be called a
biradical(oid) and is either a singlet species (J <0, antiferro-
magnetic coupling) or a triplet species (J/ >0, ferromagnetic
coupling, Figure 2). These different types of biradicals
feature a different behavior in EPR experiments. While
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Figure 2. Classification of biradicals (E=any arbitrary atom containing
an unpaired electron).

open-shell singlet biradicals like [*P(u-NTer),P°] (1, Ter=
2,6-dimesitylphenyl) are EPR silent as their spin density is
zero, triplet biradicals and disbiradicals show distinct EPR
spectra. The form of an EPR signal associated with a
disbiradical depends on the ratio between the electron-
electron exchange interaction J and the hyperfine coupling
A as illustrated in Figure 3.
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Figure 3. Comparison of simulated EPR signals arising from a
symmetric P-centered disbiradical depending on the || /A ratio

(o =2.0023, A (*'P) =165 MHz, S=1/2, lw=2 mT (100% LorenT-
ziAN, FWHM), ww:9.48 GHz).
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Figure 3 showcases the EPR signal form depending on
various J/A ratios for a *'P-centered biradical, with J varied
and A held constant at 165 MHz. In the limiting case of a
large J/A ratio, a three-line signal is visible. In case of a very
small J/A ratio a two-line signal expected from a P-centered
monoradical can be observed. Note that from a ratio
|J|/A>~3 no clear statement can be made about the
strength of the J coupling. In this case (|J|>A), such a
system can better be described by an effective spin S=1,
coupling with A/2 to two, in this specific case, equivalent
nuclei without specification of the value of the J-coupling.
This phenomenon was first described in copper acetate and
also in other systems such as TSCHITSCHIBABIN type
biradicals.[*”!

Various classes of biradicals have been built up by
combining two persistent monoradical units (nitroxides,
verdazyls, triphenylmethyl (trityl) etc., Figure 1) with diverse
conjugated and non-conjugated organic bridges.! The
structural and electronic nature of the bridge results in a
varying degree of interaction between the two unpaired
electrons relevant for the usage as polarizing agents in DNP
(Dynamic Nuclear Polarization) NMR spectroscopy.**'!
Here we want to report on a novel phosphorus-centered
disbiradical and its electronic and chemical properties.

Monoradicals of the type [*P(u-NTer),P—R] can be
prepared by addition of a bromoalkane, R—Br, to the well-
known biradical [*P(u-NTer),P’] (1) and subsequent
reduction.” We now ask whether an analogous reaction
with a dibromo-alkane would then lead to the desired
disbiradical 4 (Schemes 1-3). For a sufficiently large distance
between the radical centers to minimize their interaction,
the alkane chain had to consist of at least a hexyl unit.
Utilizing this bromoalkane route, it was indeed possible to
add 1,6-dibromohexane to [*P(u-NTer),P*] (1) in a 1:1
stoichiometry forming dibromo-precursor 2 in 52 % isolated
yield (Scheme 1). When 2 was reacted with another equiv-
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Scheme 1. Reaction between 1 and 1,6-dibromohexane forming 2 and
bridged dibromo-precursor 3 depending on the used stoichiometry.
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Scheme 2. Reduction of 3 with KC; yields disbiradical 4. Overreduction leads to the formation of the potassium salt K5 exhibiting a distonic radical

anion 5.
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Scheme 3. Mono- and biradicals with a cyclo-diphospha-diaza-ring.

alent of 1 the desired bridged dibromo-substituted species 3
could be isolated. Compound 3 was also directly accessible
on a gram scale when a 2:1 stoichiometry of 1 to 1,6-
dibromohexane was applied from the beginning (yield=
68 %). Due to the large steric demand of the Ter
substituents the reaction required high temperatures and
long reaction times (111°C over 4 d) compared to
bromoalkanes with a smaller alkyl chain (minutes to days at
RT).'" Products 2 and 3 were fully characterized (see ESI,
Figures S3-S6). Reduction of 3 with KCy in THF led to the
formation of the desired disbiradical 4 in good yields (59 %,
Scheme 2), which was immediately indicated by a color
change to dark red.

It is important to know that the product distribution
(purity) and yields depend strongly on the reaction control,
especially on the stoichiometry. For example, when 3 and
two equivalents of KC; were combined in the solid and then
the solvent was added, over-reduction occurred due to the
low solubility of 3 in THF, resulting in the partial formation
of potassium salt K5 bearing the distonic radical anion 5~
(Scheme 2). However, when the KC; was added to a
suspension of 3 in several small portions over a period of
15 min and the reaction mixture was then filtered over
celite®, pure single-crystalline 4 could be obtained in
moderate yields (50-60 %, Figures 4 and 5). The oxygen-
and moisture-sensitive disbiradical 4 was long term stable
when stored in a sealed ampoule under inert gas. Thermally,
it decomposed at 200 °C while loss of solvent from the single
crystals was already observed at 109°C (for DSC data see
Figure S7). As species 4 is paramagnetic, when crystals were
dissolved in C¢D4 and *'P NMR spectra were recorded, no
signals for 4 were detected, while in the 'H NMR spectrum
only signals of the co-crystallized THF molecules were
visible. Dark red crystals of 4 crystallized from THF in the
orthorhombic space group Fddd with eight formula units
and six co-crystallized solvent molecules per cell. There are
no close intermolecular contacts between molecules of 4 in
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Figure 4. Molecular structure of the disbiradical 4 in the crystal.
Thermal ellipsoids at 50% probability (123 K). Ter substituents and
alkyl bridge depicted as wireframe for clarity. Selected bond lengths (A)
and torsion angles [°]: N1—P1 1.749(4), N1'—P1 1.673(4), N1-P2
1.805(4), N1'—P2 1.683(4), P1—C25' 1.85(1), P2--P2' 10.913(6);
P1-N1-N1—P2 178.0(2), N1-P1-N1'—C25 101.2(4), N1'-P1-N1-C25
102.4(4).

2.06 2.04 2.02 2.00 1.98 1.96 1.94

—— experiment
---' simulation

—0.2 A

—0.4 A

amplitude normalized intensity [ a.u.

330 335 340 345 350
magnetic field | mT

Figure 5. X-band (9.48 GHz) EPR spectrum of 4 in THF, T=293 K
(5=1, g.,=2.001, A,('P)/2=A,('P) /2= —40 MHz, A;(*'P)/

2=324 MHz, Iw=1.713 mT (100% LorentziaN, FWHM), 7,=0.035 ns)
(for details on simulation see below).

the crystal. The molecular structure is determined by its C,
symmetry with an intersection of three C,-axes resulting in a
disorder over two molecule layers (overall D, symmetry, cf.
Figure S1). Both radical phosphorus centers (P2/P2'), sepa-
rated by 10.913(5) A, sit in pockets that are well protected
by the four bulky Ter substituents, as depicted in Figure 4.
The most prominent structural feature of 4 is the two nearly
planar P,N, four-membered heterocycles bridged by a hexyl
group (deviation from planarity <2°). All four P-N dis-
tances are different (1.673(4)-1.805(4) A) and are in the
range of polar PN single bonds (cf. Zr,,,(P-N)=1.82 A).l”

As expected, computations of 4 confirm that it is a
phosphorus-centered disbiradical (a two-doublet species).

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

35UBD17 SUOWIWOD dAIEaID 3|gedt|dde ayy Aq pausenob afe sajolte YO ‘ash JO Sa|nJ 10} Akeld 1T auljuQ AS|IM UO (SUOIPUOI-PUe-SWLBY WO A3 1M Aleld 1 pUlUo//:Sd1y) SUORIPUOD pue S | 3Yl 89S *[7202/20/90] Uo AriqiautiuQ A1 ‘Ueieyasuass IminieN aJeul(dizsIpiIniAl Ny INisu |-youe|d-Xe |\ AQ 0TZ8TEZ0Z @1Ue/200T OT/I0p/wod A3 Im Afelq 1 puljuo//sdny woly papeojumoq ‘0 ‘€LLETEST



GDCh
=

The MULLIKEN spin density is mainly localized at the divalent
P2 (=0.75, cf. 0.70 [*P(u-N-Ter),P-Et] (6), Scheme 3);!**
while only small values are computed for N1 (0.03) and N1’
(0.03), respectively (Figure S23). The large distance of
10.913(6) A (caled. 10.39 A) between the two P atoms
containing the unpaired electrons does not allow for any
significant dipole-dipole interaction in the solid state (Fig-
ure 4 and Figure 6), and, additionally, the unconjugated
hexyl linker leads to vanishing electron-electron exchange
interaction by conjugation. It was all the more surprising
that solution EPR experiments (Figure5) with pure 4
yielded a spectrum with a 1:2:1 triplet (See Supporting
Information section 5.1.4), typical of a biradical with a
sizeable interaction between the two electrons. The line
shape of the experimental spectra clearly indicates a J-
coupling of >1 GHz when compared to simulations (Fig-
ure 3) and thus comes to the limit of what can be sensibly
detected in X-band. From this observation, it was clear that
the structure in solution must be subject to dynamics that
cause the two radical P-atoms to approach each other.

Therefore, a conformer search using CREST!'*"! and
CENSO!! together with GFN-FF force field!'” and GFN2-
xTBI'®//GFN-FF composite methods was performed. The
screening of more than 60000 structures (500 conformers)
revealed that in solution the most favorable structures are
the ones with a much shorter P2--P2" distance. The most
energetically favorable and therefore dominant conformer
in solution (T1, x=47 %, Figure 6; cf. Figure S21 for more
details and other conformers) has a P2--P2’ distance of only
731 A and is energetically stabilized with respect to the
conformer observed in the solid state (TS5, d(P2--P2")=
10.39 A) by 17 kJ/mol. Hence, the peculiar EPR signal of 4
in solution can be explained by exchange coupling of the
two electrons not through the unconjugated CH,-chain but
“through space” in accord with computed EPR data
(Table S6).

The EPR signal of 4 in solution was investigated at
different temperatures (Figure 7) and with different micro-
wave frequencies (X-band/Q-band). At higher temperatures,
an increase in the amplitude of the outer transitions
occurred which allows an investigation of dynamic effects
within the system caused by partial averaging of the g- and
A-anisotropies by rotational diffusion of the molecule.'”*"
A deviation of the spin system from the isotropic limit seems
conceivable considering the high molar mass of
M =1517 g/mol. To get access to the g- and A-tensors a
spectrum of the Et-substituted monoradical 6 was recorded
in frozen solution (See Supporting Information section
5.1.2) and evaluated. With this data, simulations were
performed taking into account the isotropic rotation-
correlation time 7z which varies between 0.005ns and
0.152 ns depending on the measurement temperature. These
correlation times are at least an order of magnitude shorter
than what is expected from the STOKES-EINSTEIN-DEBYE
equation for a rigid spherical particle. Therefore, we
conclude that internal conformational dynamics are allowing
the radical moieties to reorient on a much faster timescale
than the molecule as whole. The fact that all spectra can
easily be reproduced considering a S=1 system coupling to
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Figure 6. Comparison of the optimized molecular structures originating
from the solid state data (T5, top) and most favorable conformer in
toluene solution (T1, bottom; conformer search using CREST/CENSO,
GFN2-xTBI"®//GFN-FF, optimization at B97-3c, solvent correction for
toluene)

two equivalent phosphorous atoms with A(*'P)/2 demon-
strates that the resulting dynamically averaged J must still
be much larger than the isotropic A(*'P) and that isotropic
(exchange) J is dominating over dipolar e—e interaction.

An EPR spectrum of a single crystal of 4 in the solid
state was also measured. However, the intramolecular
electron-electron interaction was not visible due to the high
spin concentration causing a loss of all information about
the (hyper—)fine structure and only one broad transition
was observed (Figure S16). A Q-band EPR spectrum of 4 in
solution could be simulated® " using the parameters from
the X-band series of Figure 7 (see Supporting Information
section 5.1.5 for Q-band EPR spectrum and simulation),
showing the consistency of our set of anisotropy parameters
and correlation time at different field strengths.

In light of the definition of the term disbiradical (/ = 0,
vide infra), one could assume that a disbiradical is indeed
present in the single crystal of species 4, considering the
expectedly small electron-electron interaction and the rela-
tively larger A—anisotropy. In contrast, in solution a dynamic
conformational change occurs which gives rise to clear
experimental evidence of an EPR spectroscopically signifi-
cant electron-electron coupling dominating over the iso-
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Figure 7. X-band (9.48 GHz) EPR spectra of 4 dissolved in THF at
different temperatures. The hyperfine interaction tensor A determined
from simulation of the experimental EPR spectrum of 6 at 100 K was
kept constant for the different temperatures, varying only the rotational
correlation time 7y (See Supporting Information section 5.1.3 for
further information and simulation parameters).

tropic EPR parameters. But the question now arises whether
such a species can generally still be considered a disbiradical.
This ultimately leads us to the dilemma to define at what
magnitude of interaction the transition from a disbiradical to
a biradical(oid) occurs, and it is worth noting that this
transition is continuous, and also depends on the external
conditions of the experiment (i.e., can the two doublet
centers be spectroscopically distinguished with respect to
their interaction). Equally interesting is the differing
perspective from molecular chemists and spectroscopists
about what is considered to be a significant interaction
between the two unpaired electrons in a biradical. For
example, the coupling constant J of >500 MHz as observed
in the solution EPR spectrum equals a singlet-triplet energy
gap (AEsy) of >4.0x107*kJ/mol which from a chemical
reactivity point of view indicates virtually degenerate singlet
and triplet states. Therefore, we refer to 4 as a disbiradical
despite the observed three-line signal in the solution EPR
spectrum.

The singlet-triplet energy gap was additionally estimated
using magnetic susceptibility measurements on a SQUID
magnetometer. Experimental data were modelled with the
julX program® using a fitting procedure to the spin

Hamiltonian H = —2J§1S2 + guzB (§1 + §2) The coupling

constant J amounted to —0.19 cm™' equaling to a AEg 1 of
—0.38 cm™! or about —4.5x10° kJ/mol indicating a singlet
ground state with a biradical character of virtually 100 %
(see Figure S24). As intermolecular interactions also play a
role in the solid compared to a low-concentrated sample in
solution, this is to be considered as a maximum value and is
thus in good agreement with the data obtained by EPR

Angew. Chem. Int. Ed. 2024, €202318210 (5 of 7)
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spectroscopy and computations (AEsy=—3.2x10"°kJ/mol,
see Supporting Information section 6.2 for details).

After the synthesis of pure 4, we also tried to reduce it
further selectively to obtain the pure distonic radical anion
5~ as potassium salt K5 (Scheme 2). However, this proved to
be very difficult. Even with long reaction times and a large
excess of KC;, it was impossible to obtain pure K5. Reaction
EPR spectra and NMR data suggest overreduction of §
towards a Ter-phosphide®® while 4 was still detectable
(Figure S12). Hence, only mixed single crystals of 4 and K5
with varying ratios of both compounds could be isolated. As
determined by single crystal XRD they crystallized very
similarly to pure 4 in the orthorhombic space group Fddd.
(See ESI for details). The molecular structure of K5 is
displayed in Figure 8. The mixed single crystals were also
dissolved and an X-band EPR spectrum of the resulting
mixture of 4 and K5 (83% to 17 %) was measured (Fig-
ure 9).

Due to the structural similarities, the g-factors and
coupling constants A of the two compounds are virtually
identical and therefore the two signals are superimposed. As
in 57 only one unpaired electron is present (doublet species),
this results in a two-line signal due to the coupling with one
*'P nucleus. As depicted in Scheme 3, the radical moiety of
5~ is also structurally and electronically similar to the ethyl
substituted monoradical 6 previously synthesized by our
group."

Therefore, it was possible to simulate® ! the EPR
spectrum of a solution of 4/KS mixed crystals by using the
EPR parameters from pure 4 and the pure ethyl substituted
monoradical 6, magnetically virtually equivalent to 57, and
applying the ratios derived from single crystal XRD of the
same sample. By this procedure, it was possible to obtain

Figure 8. Molecular structures of the salt K5 bearing the distonic radical
anion 57 in the crystal. Thermal ellipsoids at 50% probability (123 K).
Ter substituents depicted as wireframe for clarity. Selected bond
lengths (A) and torsion angles [°]: N1-P1 1.70(1), N2—P1 1.771(9),
N2—-P2 1.74(1), N1-P2 1.71(1), P1-C25 1.879(7), K1-P2 2.810(7),
P1—N1-N2—P2 179.1(7), N1-P1-N2—C25 97.6(5).
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Figure 9. X-band (9.48 GHz) EPR spectrum and simulation of a mixture
(83:17) of 4 and K5 in toluene; simulated spectra of pure components
are shown in inserts (magnetic field axis at same scale). EPR
parameters for pure components in toluene: Monoradical: S=1/2,
8o =2.0011, A,,(*'P) =164 MHz, lw=1.1 mT: 1 mT (GAUSSIAN :
LorenTzIaN, FWHM); Biradical: S=1, g, =2.001, A,*'P)/2=A,(*'P)/
2=—40 MHz, A;(*'P)/2=324 MHz, Iw=1.713 mT (100% LoRENTZIAN,
FWHM), 7,=0.044 ns Simulation was done by using ratios obtained
from single crystal XRD and EPR parameters of pure 4 and pure ethyl
substituted monoradical 6. See Supporting Information section 5.1.6.
for details.

the simulated spectrum in Figure 9 despite the lack of a pure
sample of KS, proving that EPR and XRD data are
coherent. Although numerous P-centered monoradicals are
known,”* ! to the best of our knowledge there are no
examples of structurally characterized P-centered distonic
radical anions.!

Finally, first preliminary reactivity studies with 4 showed
that it does not react with H, (1 atm, 60°C, 3 h). However,
when exposed to acetylene several new species were
detected by *'P NMR spectroscopy indicating poly-/oligome-
rization (Figure S18).

In summary, the synthesis of a phosphorus-based disbir-
adical 4 was achieved by introducing an innocent hexyl
ligand (Scheme 3). 4 isomerizes in solution, forming con-
formers with significant shorter distances between the
radical sites which can thereby interact weakly by partial
overlap of the spin-carrying orbitals through space. Starting
from brominated precursor 3, a salt with a distonic
monoradical anion was also synthesized by further reduc-
tion. In preliminary studies, 4 was used in small molecule
activation chemistry and is to be applied as polarization
transfer reagents in DNP NMR spectroscopy.

Supporting Information

The authors have cited additional references within the
Supporting Information.’””! Deposition numbers 2304337
(for 2), 2304336 (for 3), 2304333 (for 4), 2304334 (for 4/KS5),
2304335 (for 7) contain the supplementary crystallographic
data for this paper. These data are provided free of charge
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The first synthesis of a phosphorus-
centered disbiradical that exhibits highly
@ dynamic behavior in solution leading to

A P ®» Q L 4 isomerization is presented. Among the
S~ { various conformers, those that have

- ‘ significantly shorter distances between

3 ‘ s, radical sites and thus can interact weakly

@ ”3 through space dominate.
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