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Sequential radical and cationic reactivity at
separated sites within one molecule in solutiont
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Distonic radical cations (DRCs) with spatially separated charge and radical sites are expected to show both
radical and cationic reactivity at different sites within one molecule. However, such “dual” reactivity has
rarely been observed in the condensed phase. Herein we report the isolation of crystalline 122,332-1-
phosphonia-3-phosphinyl-cyclohex-4-enes 2a,b’*, which can be considered delocalized DRCs and

were completely characterized by crystallographic, spectroscopic, and computational methods. These
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DRCs contain a radical and cationic site with seven and six valence electrons, respectively, which are

both stabilized via conjugation, yet remain spatially separated. They exhibit reactivity that differs from
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Introduction

Stable organic radicals, such as the triphenylmethyl radical,
already discovered in 1900," or Thiele's hydrocarbon - the first
well-characterized hydrocarbon diradicaloid discovered shortly
thereafter,” have found numerous applications ranging from
synthetic chemistry to materials sciences.® In classical radical
cations, the charge and spin density are localized on one atom
or delocalized across a group of atoms. These radicals are
classified as conventional radical cations (CRCs). The octet rule
predicts that a neutral radical R3E", or cationic radical RzE™
with seven valence electrons will react with a second radical R;",
under the formation of a shared two electron bond to give
neutral R;E-R; or cationic [RzE-R,]".* The same holds true
when a six-valence electron cation R;E' reacts with a nucleo-
phile Nu™ as a two electron donor. In contrast, a reaction
between a CRC and Nu~ will result in a high-energy radical with
nine valence electrons, which is difficult to achieve when E is an
element from the second and/or third period (Fig. 1a).

“LIFM, IGCME, School of Chemistry, Sun Yat-Sen University, Guangzhou 510006,
China. E-mail: lizhsh6@mail.sysu.edu.cn

*School of Materials Science and Engineering, Sun Yat-Sen University, 510006
Guangzhou, China

‘Department of Chemistry and Applied Biosciences, ETH Ziirich, Vliadimir-Prelog-Weg
1, Ziirich 8093, Switzerland

T Electronic supplementary (ESI) available: Synthesis
characterization of compounds, NMR spectra, and crystallographic and
computational details. CCDC 2215136-2215138, 2215140-2215143 and 2314776.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d4s5c00201f

i These authors contributed equally to this work.

information and

5376 | Chem. Sci, 2024, 15, 5376-5384

that of conventional radical cations (CRCs);
reactivity at separated sites within one molecule in solution.

specifically they show sequential radical and cationic

Distonic radical cations (DRCs) are a special class of radical
cations with spatially separated charge and radical sites.” A
large number of DRCs have been studied in the gas phase,® and
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Fig. 1 Octet rule in controlling the reactivity of (a) neutral radicals,
cations, and conventional radical cations, and (b) distonic radical
cations. Dipp, 2,6-diisopropylphenyl; Mes, 2,4,6-trimethylphenyl; L,
1,3-bis(2,6-diisopropylphenyllimidazoline-2-ylidene.
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so called “dual reactivity” has been observed with distonic
acylium radicals. Specifically, radical coupling reactivity at the
radical site and cycloaddition reactivity at the acylium cation
site were demonstrated.” But most DRCs are fleeting reactive
intermediates in solution,® or in crystalline or rigid matrices,’
and only a very limited number of crystallographically charac-
terized DRCs are known.' The group of Bertrand (A, Fig. 1b),
Wang, and Schulz independently disclosed DRCs with
a cationic carbene moiety and a radical center localized mainly
on a phosphorus atom.'**>¢ Johnson reported a DRC with again
a cationic imidazolium unit and a radical site delocalized over
a carbodiimide moiety (B, Fig. 1b).'* Recently, we described the
heterocyclic DRC C (Fig. 1b) with a two-coordinated radical
22,6>P-center and four-coordinated cationic A*c’-P-
phosphonium center within a central C,P, ring.'” But these
DRCs show only radical reactivity.'**"

To the best of our knowledge, dual reactivity within one
molecule, including CRCs, DRCs, and charged nitroxide radi-
cals,"” has not been reported in the condensed phase.”> We
report here the synthesis and characterization of crystalline,
room-temperature  (RT)  stable  1X*3\>-1-phosphonia-3-
phosphinyl-cyclohex-4-enes  2a,b”"(BArf) (BAr" = [B(3,5-
(CF3),CeH3)s] ). They contain formally a neutral two-
coordinated phosphanyl P(u) radical site with seven and
a two-coordinated phosphenium P(m) cation center with six
valence electrons (Scheme 1). Hence both sites are electronically
and coordinatively unsaturated. These features allow the study
of the unique sequential radical and cationic reactivity at
separated sites within one molecule (Fig. 1b).

Results and discussion
Synthesis of DRCs 2a,b"™*

We recently reported the reaction of imidazolium-stabilized
diphosphete-diide IDP (ref. 13) with one equivalent of a phos-
phaalkyne yielding tricyclic neutral L,(Ph;C)C;P; derivatives (L =
IPr = 1,3-bis(2,6-diisopropylphenyl)imidazolium-2-ylidene),
which upon oxidation rearranged cleanly into a radical cation
[L,(Ph;C)C;P;] " with an almost planar C;P; cycle over which the
spin density is more or less evenly delocalized.** We now reacted
IDP with alkynes, such as tert-butyl phenylpropiolate (PTP) or
diethyl acetylenedicarboxylate,”® which led to yellow powders
1a,b in 90-95% yield, respectively (Scheme 1). Multinuclear NMR
spectroscopy and single-crystal X-ray diffraction analyses
unambiguously identify these compounds as [2 + 2] cycloaddi-
tion products [(L),C,P,C(R;)C(R,)] (1a,b, L = SIPr = 1,3-bis(2,6-
diisopropylphenyl)imidazoline-2-ylidene). Monitoring the reac-
tion process by *'P NMR spectroscopy indicated the formation of
1a as a sole new product with the appearance of two doublets at
158.8 and 153.8 ppm (*Jpp = 6.5 Hz). The solid-state structure of
1a, obtained by X-ray diffraction (XRD) methods using single
crystals, confirms the [2.1.1] bicyclic skeleton (Fig. 1a). The
synthesis and characterization of 1b were reported by us.'®
Similar reactivity between (RN),P, biradicaloids and alkynes has
been observed previously by Schulz et al.*

No decomposition or rearrangement was observed after
heating toluene solutions of 1a,b at 100 °C for more than 4

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Synthesis of compounds 1 and 2'*(BArF); (b) selected
resonance structures of DRC 2" in order to indicate delocalization of

the positive charge in the red part of the molecule and delocalization
of the spin in the blue area.

hours. The cyclic voltammogram of 1a, selected as an example,
shows an irreversible one electron oxidation at Ep = +0.07 V vs.
Fc'/Fc (Fig. 2b). Adding 0.8 equivalent of the ferrocenium salt
Fc'(BAr"), dissolved in diethyl ether to a diethyl ether solution
of 1a,b at —30 °C, led to highly air sensitive, paramagnetic,
green compounds 2a,b"*(BArF) in high yield (Scheme 1). Excess
Fc'(BArF) was found to react further with 2a,b"*(BArF). Of note,
the reactions between IDP and diphenylacetylene or methyl(-
phenyl)acetylene also gave the expected cycloaddition products
but they show no clean redox chemistry. XRD methods and EPR
spectroscopy confirm the structure of these compounds as
122,3)%-1-phosphonia-3-phosphinyl-cyclohex-4-ene radical
cation salts 2a,b™*(BAr") (Scheme 1). Note that no apparent
decomposition was observed after heating the tetrahydrofuran
solution of 2a,b"*(BAr") at 60 °C for more than 48 hours, and the
reaction of the stable radical cation IDP"*(BAr")® with alkynes
does not allow the synthesis of 2a,b""(BArF).

Characterization of DRCs 2a,b™"

The EPR spectra at RT show a doublet of doublets due to a large
and a very small isotropic *'P hyperfine coupling constant

Chem. Sci., 2024, 15, 5376-5384 | 5377
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Fig. 2 (a) Plots of the molecular structure of 1a (ellipsoids are set to
50% probability; H atoms and solvents are omitted for clarity). Selected
distances (A): P1-C11.838(2), P1-C3 1.838(2), C3-P2 1.850(2), P2-C1
1.843(2), C1-C2 1.352(3), C3-C4 1.349(3), P1-C6 1.917(2), P2-C5
1.900(2), and C5-C6 1.353(3); (b) cyclic voltammogram for 10~> M THF
solution of 1a containing 0.1 M n-BusN(BAr") as electrolyte (potential
versus Fc*/Fc) at scan rate 100 mV s~* with platinum as the working
and counter electrode and Ag/Ag* as the reference electrode.

(HFC) (av. ajso(P1) = 108.0 MHz and a;5,(P2) = 11.5 MHz) for
2a"*(BArF) (Fig. 3a). For 2b"*(BArF), only a doublet is observed
due to a large isotropic *'P hyperfine interaction [av. ajs,(P1) =
85.7 MHz and gis, = 2.008] (Fig. S241). The HFC with the P1
nucleus is smaller than the ones observed for comparable
phosphorus centered radicals where the spin is predominantly
localized on the P center (spin density > 0.5¢, a5, > 150
MHz).***#*3'7 This indicates delocalization of the spin density
but very little is localized on P2. In frozen solution at 100 K,
a strongly anisotropic EPR spectrum is recorded (Fig. 3b). The
simulation of the spectrum yielded the principal g values and
3P HFCs for 2a"(BAr®) (g = [2.0042, 2.0091, 2.0130], A(*'P1) =

340 345 350 355 360 310 320
Field (mT)

330 340 350
Field (mT)

Fig. 3 (a) Continuous wave EPR spectra at RT and (b) at 100 K; (c)
calculated spin density (density = 0.004); and (d) plots of the molecular
structure of 2a"*(BAr") (ellipsoids are set to 50% probability; H atoms
and anions are omitted for clarity). Selected distances (A): 2a**: P1-C1
1.785(5), P1-C6 1.725(5), C6-C5 1.412(6), C5-C3 1.455(6), C3-P2
1.719(4), P2—C1 1.735(4), C1-C2 1.444(6), and C3-C4 1.470(5).
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[-23.1, 5.05, 342.1] MHz, A(*'P2) = [-25.3, 10.6, 49.2] MHz).
The large anisotropic *"P HFC tensor confirms that the majority
of spin density is indeed localized in a p-type orbital at P1
(Fig. 3c). The EPR spectrum of the frozen solution of 2b"*(BAr")
is too broad to be simulated (Fig. S257).

Slow evaporation of a saturated diethyl ether/hexane solu-
tion (1:1) at RT yielded green single crystals of 2a,b ™ (BAr")
suitable for X-ray diffraction studies. Both compounds have very
similar structures with a central six-membered C,P, heterocycle
with two A>-phosphorus atoms in the 1,3-position as a result of
a skeletal rearrangement (Fig. 3d and S247). The exocyclic C-L
bonds in 2a’* (av. 1.457 A) and in 2b"* (av. 1.452 A) are longer
than those of 1a (av. 1.351 A) and 1b (av. 1.356 A)," but rather
similar to the ones observed in IDP'* (av. 1.41 A), indicating
a strong electron-donation from the SIPr to the C,P, heterocycle
but little back-donation.**“** On one hand, the lengths of the
P1-C6 (av. 1.736 A) and C6-C5 (av. 1.393 A) bonds in 2a,b™*
indicate a conjugated P1-C6-C5 unit over which the unpaired
electrons are mainly delocalized. On the other hand, the P2-C1
(av. 1.751 A) and P2-C3 (av. 1.722 A) bonds are within the range
observed in cyclic phosphenium cations (1.716-1.763 A) and
indicate delocalization of the positive charge in these units.*”**°
Both the P1-C6-C5 and C1-P2-C3 parts are connected via P1-
C1 (av. 1.789 A) and C3-C5 (av. 1.457), which are significantly
longer. These structure parameters, in conjunction with the
EPR analyses and theoretical calculations (vide infra), are in
accord with the resonance structures shown in Scheme 1b,
which indicate that the spin is mainly delocalized in the blue
part and the positive charge is mainly in the red part of the
molecule. Both halves are connected by elongated P1-C1 and
C3-C5 bonds, respectively.

The molecular structures of 2a,b’* were further examined
using density functional theory (DFT) calculations optimized at
the level of (U)M06-2X/def2-SVP*® and natural bond orbital
(NBO) analysis at the level of (U)MO06-2X/def2-TZVP.>* The
composition of molecular orbitals (MOs) and natural localized
MOs (NLMOs) evolving from an NBO analysis supports the
description of 2a,b’* as DRCs (Fig. 4 and S267). In the case of
2a"*, MO analysis revealed no apparent difference between the
¢-LUMO and B-LUMO+1 and between «-SOMO and B-LUMO,
where the former two empty MOs comprise mainly a -type lone
pair at P2 with contributions from adjacent m-type bonding
orbitals of the CL fragments (CL = C-SIPr, Fig. 4a). The latter
involves mainly singly occupied and empty allyl-type MOs with
a small contribution from adjacent 7-type bonding orbitals of
the CL fragments (Fig. 4b). These results imply the partial
separation of charge and spin density in 2a’". The NLMOs
disclose an a-electron at the m-type bonding orbital on
P1(65%)-C6(31%), an o-electron delocalized over P1(6%)-
C6(13%)-C5(68%), and an B-electron at the w-type bonding
orbital P1(9%)-C6(51%)-C5(32%). These results indicate the
presence of a delocalized allyl-type endocyclic P1-C6=C5
radical fragment where two a-electrons and one B-electron are
delocalized over the 7-type bonding orbital. Natural population
analysis (NPA) reveals that the spin density in 2a"" is localized
mainly at P1 (0.41¢), C6 (—0.11e), and C5 (0.30¢), with very small
contributions from C1 (0.10e) and C3 (0.07¢), and virtually no

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Selected (a) a-LUMO; (b) B-SOMO, and NLMOs resulting from
an NBO analysis of 2a'*: (c) a m-bond a-electron; (d) a w-bond a-
electron; (e) a mw-bond B-electron; (f) selected NPA charges and spin
populations.

spin density on P2 (—0.01e), which agrees with the analysis of
EPR spectra. Additional spin density is delocalized over CL
fragments (Fig. 3c). In addition, the P2 center within the
phosphenium unit carries the highest positive charge (2a™":
+0.69¢ for P1 and +0.88e for P2). An inspection of the Wiberg
bond indices (WBIs) shows that the P1-C1 (1.00) and C5-C3
(1.13) connecting the two subunits P1-C6-C5 and C1-P2-C3 are
nearly single bonds, and their bond orders are substantially
smaller than the rest of the endocyclic bonds, such as P1-C6
(1.26), C6-C5 (1.40), C3-P2 (1.35), and P2-C1 (1.17). The WBISs of
bonds linking the P2C4 cycle to the L substituents, C1-C2 (1.22)
and C3-C4 (1.11), further support the strong electron-donation
from SIPr. The presence of the two carboxylic ester units COOEt
as stronger electron-withdrawing substituents renders the two
phosphorus centers (+0.75¢ for P1 and +0.90e for P2) in 2b"*
slightly more positively charged than those in 2a"*, but other-
wise the electronic structures of 2a’ and 2b'" are very similar
(Fig. S261).

Possible mechanism for the formation of DRCs 2°*

The mechanism leading to 2a"* from the putative intermediate
radical cation 1a’" - as a product of the one-electron oxidation
of 1a - was investigated using DFT calculations ((U)SMD-M06-
2X/def2-TZVP//(U)MO06-2X/def2-SVP) for 2a’" as a selected
example. A possible minimum energy reaction pathway (MERP)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Free energy profile for the formation of 2a"* or IDP** and PTP
from the transient radical cation intermediate 2a"*.

is shown in Fig. 5.*° The intramolecular rearrangement starts
from the [2.1.1] bicyclic radical cation 1a"*, which is at AG =
0.0 keal mol ™" on the relative energy scale. The 1,2-shift of the
CR; group from a P center to the adjacent carbon center of the
CL unit only requires 9.8 kecal mol " to reach the activated
complex at TS1. Intermediate IN1 is formed in an exergonic
reaction (AG = —12.5 kcal mol ™). This further rearranges again
via an activated complex at an energetically low-lying transition
state TS2 (10.4 kcal mol ) to give the six-membered DRC 2a"" in
an exergonic reaction (—12.8 kcal mol ™). We also investigated
the alkyne dissociation from 2a"*, which is the microscopically
reverse reaction of the addition of an alkyne to the radical cation
IDP"". As the left branch of the MERP shows, this dissociation is
indeed a thermodynamically preferred process (AG =
—23.1 keal mol™") but requires the formation of activated
complexes at energetically higher lying transition states TS3
(19.1 keal mol ™) and TS4 (19.2 kcal mol ™), respectively, which
disfavours this process kinetically. Thus, the calculations are in
good agreement with the experimental results, which show that
(i) one-electron oxidation of 1a exclusively leads to 2a"* and (ii)
that the reaction between IDP'* and PTP will not give 2a’".
Treatment of 2a”"(BAr") with an excess of Mg powder as
areducing agent at RT under vigorous stirring overnight did not
regenerate the neutral tricyclic species 1a, but yielded a red
powder 3 with excellent yield 91% (Scheme 2). Attempts to
reduce 2b"*(BAr") under the same reaction conditions led to
a mixture of unidentified products. The *'P spectrum of 3 shows
two doublets at —154.1 ppm and —197.1 ppm (/pp = 64.8 Hz),
which is in the range of diphosphiranes (—117 - —176 ppm).*
Indeed, XRD analysis of a single crystal of 3 unambiguously
confirms the formation of a [3.1.0] bicyclic skeleton and a CP,

L
Il
.C.,
M P—P
2a"* (BAr) El |
Fe'(BAT) | Z°~F " pn
COOBu
3

Scheme 2 Synthesis of compound 3.
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Fig. 6 (a) Plots of the molecular structure of 3 (ellipsoids are set to
50% probability; H atoms and solvents are omitted for clarity). Selected
distances (A): P1-P2 2.2685(6), P1-C1 1.8075(19), P1-C6 1.8408(17),
C6-C51.376(2), C5-C3 1.468(2), C3-P2 1.8387(17), P2-C1 1.7911(19),
C1-C2 1.365(3), and C3-C4 1.383(2); (b) cyclic voltammogram for
10° M THF solution of 3 containing 0.1 M n-BusN(BAr") as electrolyte
(potential versus Fc*/Fc) at scan rate 100 mVs~t with platinum as the
working and counter electrode and Ag/Ag* as the reference electrode.

phosphirane ring annealed to an unsaturated five-membered
C,P, ring (Fig. 6a). The P1-P2 bond [2.2685(6) A] is slightly
longer than standard P-P single bonds (2.214 A vs. 3.124 A in
2a’*)* and comparable with the P-P bonds (2.167-2.223 A) in
similar housane-type NP, fragment reported by the group of
Schulz.***»>* The P-C bonds in the phosphirane moiety [P1-C1
1.8075(19); P2-C1 1.7911(19) A] are notably shorter than the
ones in the five-membered C;P, ring [P1-C6 1.8408(17); P2-C1
1.7911(19) A]. The C5=C6 bond [1.376(2) A] corresponds to
a double bond, while the adjacent C5-C3 bond [1.468(2) A] is
significantly longer. The fold angle between the three- and five-
membered rings amounts to 100°. The cyclic voltammogram of
3 shows a quasi-reversible redox wave at Ep = +0.42 V vs. Fc'/Fc
(Fig. 6b). Indeed, one-electron oxidation of 3 with Fc'(BAr") led
cleanly to 2a""(BAr") suggesting that the conversion 2a’* +e < 3
is fully reversible.

Note that the reaction of IDP with trityl phosphaalkyne
resulted in a bicyclic product similar to that of 3 (Scheme 2), and
the subsequent one electron oxidation afforded a delocalized
cyclic C;P; radical cation instead of a DRC." Wang and co-
workers recently demonstrated that electron-withdrawing
groups in indeno[2,1-b]fluorenes favor a triplet ground state
over a singlet ground state.”® This observation suggests that
electron-withdrawing groups can impede electron delocaliza-
tion to some extent and we therefore assume that the DRC
character of 2a,b™" is caused by the carboxylate residues as
electron withdrawing groups.

Reactivity of DRCs 2a,b""

To probe chemically the sequential radical and cationic reac-
tivity of 2a,b"" as delocalized DRCs, 2a"*(BAr") was selected to
react with half an equivalent of diphenyl disulfide. The reaction
between phosphorus radicals and disulfides to give compounds
with a P-S bond is well documented,'¥**>*® and we expected that
the radical center P1 would add to PhS" to give product 4 (BAr")
as an EPR silent but an NMR active product. This is indeed the
case and 4'(BAr") is obtained as red powder in 90% yield
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(Scheme 3). The *'P NMR spectrum of 4*(BAr*) displays reso-
nance signals at 309.2 ppm for the two-coordinated phosphe-
nium center P2 and at 6.3 ppm for the three-coordinated A%, >
P1 nucleus. The solid-state structure of 4"(BAr") is shown in
Fig. 7a. The formation of a new P1-S1 bond [2.2123(16) A;
S reov(P-S) = 2.14 AJ® interrupts the electron delocalization
mainly within the endocyclic P1-C6-C5 skeleton where the spin
was delocalized in 2a’". For instance, a significantly shortened
C5=C6 bond [1.363(4) A, vs. 1.412(6) A in 2a’"] and elongated
P1-C6 bond [1.818(3) A, vs. 1.725(5) A in 2a""] are observed.
Other structural changes are noticeable but smaller. On the
other side, the C4-C3-P2-C1-C2 unit in 4" has similar struc-
tural parameters to the one observed in the 2a"* underlining
that this part is still best described as a delocalized phosphe-
nium cation (Table S27).

The cation 4" reacted cleanly with fluoride, but did not react
with other halogen anions, azide, or cyanate. The treatment of
4"(BAr") with three equivalents of potassium fluoride in the
presence of equimolar 18-crown-6 gave a yellow powder 5 in
73% yield (Scheme 3). In the *'P NMR spectrum, 5 shows only
one doublet at 146.7 ppm (“Jpr = 918.1 Hz) and one singlet at
13.5 ppm, while in the '°F NMR spectrum, one major isomer at
—124.2 ppm (Ypr = 919.3 Hz) and a second minor isomer at
—127.6 ppm (YJpr = 926.4 Hz) were observed. This agrees well
with the result from an XRD study (Fig. 7b), which shows two
isomers, which co-crystallized in one single crystal with a major
trans-isomer [P2-F1 1.622(2) A, 78%)] and a cis-isomer (P2-F1A
1.574(6) A, 22%) (trans- and cis-indicate the mutual position of
the P-F and P-S bonds with respect to the ring plane). There is
rather little structural change between 4" and 5 and only the P2-
C1 [1.801(3) A] and P2-C3 [1.798(3) A] bonds in 5 are evidently
elongated.

Finally, the reactivity of 2a,b’" toward various nucleophiles
was probed. The reactions of 2a,b"*(BAr") with KF, CsF, Et;NHF,
potassium triethylborohydride, phenylmagnesium chloride,
1,3,4,5-tetramethylimidazol-2-ylidene or 4-dimethylaminopyr-
idine afforded mixtures of compounds, which are NMR active
but remained unidentified. Treatment of 2a"*(BAr") with excess
sodium azide (NaNj,) afforded mainly compound 6'(BAr) along
with minor amounts of 3 and other unidentified products
(Scheme 4 and Fig. S217). Recrystallization of the crude product
led to 15% yield of crystalline reddish materials of 6*(BAr"),
which are still contaminated with minor impurities. We assume
that the formation of 6'(BAr") is the result of the reaction of
2a""(BAr") with a transient azidyl radical (N;°), which is gener-
ated via the oxidation of N;~ by 2a™*(BAr"). Single electron
reduction of 2a""(BAr") would lead to 3 in accordance with its
observation. Note, in this context, that the generation of N5 by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Plots of the molecular structures of 4*(BAr") and 5 (ellipsoids
are set to 50% probability; H atoms, anions, and solvents are omitted
for clarity). Selected distances (A): (a) 4*: P1-S1 2.2123(16), P1-C1
1.808(4), P1-C6 1.818(3), C6-C5 1.363(4), C5-C3 1.487(4), C3-P2
1.723(3), P2—-C1 1.752(3), C1-C2 1.432(5), and C3-C4 1.473(4); (b) 5
(only the trans-isomer of 5 is shown): P1-S1 2.1241(10), P1-C1
1.798(3), P1-C6 1.825(3), C6-C5 1.361(4), C5-C3 1.489(3), C3-P2
1.798(3), P2-C1 1.801(3), P2-F1 1.622(2), C1-C2 1.393(4), and C3-C4
1.395(3).

electrochemical or chemical oxidation of azide with 2,2,6,6-
tetramethyl-1-oxopiperidinium (TEMPO') has been studied
extensively in synthetic chemistry.?” In the *'P NMR spectra,
singlets at 305.7 and 42.7 ppm for 6'(BAr") were observed. And
XRD studies confirmed the molecular structure of 6'(BAr")
(Fig. 8). The azidyl group is bound to the radical site P1 leaving
the cationic P2 site unreacted. The newly formed P1-N1 bond
[1.775(3) A] corresponds to a single bond. The other structural
parameters of 6'(BAr") are comparable to the ones observed in
4*(BAr").

Treatment of 2b"*(BAr®) with one equivalent of (trime-
thylsilyl)diazomethane at RT led to a spontaneous colour
change from green to blue. After stirring the solution for 1 hour,
we observed the formation of an EPR active paramagnetic
species 7"*(BAr") resulting from a [2 + 1] cycloaddition reaction
under the elimination of dinitrogen (Scheme 4). The EPR
spectra of diethyl ether solutions of 7"*(BAr") at RT and 100 K
show HFC tensors to which clearly only one *'P nucleus
contributes with a relatively large *'P hyperfine interaction g =
[2.0041, 2.0165, 2.0081], giso = 2.010, A(*'P1) = [-1.9, —2.8,
317.7] Mz, and a;s,(P1) = 104.4 MHz (Fig. 9a and b), which is

F oBarf

C
NaN; pZ- > p-N3 o
|1+ + 3 + unidentified products
L//’C = Ph
COOBu

6*(BAIF)

2a™ (BAr")

T BAF
c
N=CHSIMe;  pZ">p_  SiMey
.
KGR COOEt
COOEt
7"t (BAIF)

2b"+ (BAIF)

Scheme 4 Synthesis of compounds 6" (BAr") and 7-*(BAr").
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Fig. 8 Plots of the molecular structure of 6*(BAr") (ellipsoids are set to
50% probability; H atoms, anions, and solvents are omitted for clarity).
Selected distances (A): 6" P1-N1 1.775(3), N1-N2 1.215(5), N2-N3
1.142(6), P1-C1 1.794(3), P1-C6 1.814(4), C6-C5 1.359(5), C5-C3
1.483(4), C3-P2 1.723(4), P2—-C1 1.746(4), C1-C2 1.415(5), and C3-C4
1.470(5).

comparable with that of 2a,b " (BArF). The solid-state structure
of 7"*(BAr") is shown in Fig. 9d. The fold angle between the
three-membered C,P and six-membered C,P, ring within the
[4.1.0] bicyclic skeleton is 104°. The P1-C6 (1.867(2) A), P1-C7
(1.848(2) A), and C6-C7 (1.532(3) A) bonds in the phosphirane
ring are in the range of classical single bonds (3 7¢o(P-C) =
1.86 A, Y7o (P=C) = 1.69 A, 3 r(C-C) = 1.50 A, and
S reol(C=C) = 1.34 A).>® A new double bond is established
between C3=C5 (1.381(3) A) while the adjacent C5-C6 bond is
elongated to 1.487(3) A [vs. C5-C6 1.373(3) A in 2b"*, Fig. S271].

330 340
Field (mT)

Fig. 9 a) Continuous wave EPR spectra at RT and (b) at 100 K; (c) spin
density (density = 0.004) of 7°*; (d) plots of the molecular structure of
7" (BArf) (ellipsoids are set to 50% probability; H atoms except H7 and
anions are omitted for clarity). Selected distances (A): 7°*: P1-C1
1743(2), P1-C6 1.867(2), P1-C7 1.848(2), C7-Sil 1.890(2), C7-C6
1.532(3), C6-C5 1.487(3), C5-C3 1.381(3), C3-P2 1.789(2), P2-C1
1.743(2), C1-C2 1.414(3), and C3-C4 1.498(3).

Chem. Sci., 2024, 15, 5376-5384 | 5381


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00201f

Open Access Article. Published on 01 March 2024. Downloaded on 7/13/2025 8:55:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

The structural metrics within the C2-C1-P2-C3-C4 unit
(C2=C1 1.414(3) A, P2-C1 1.743(2) A, P2-C3 1.789(2) A, and
C3-C4 1.498(3) A) indicate delocalization of both charge and
spin density, which however only involves one phosphorus
center. An NPA analysis shows that the majority of the spin
density is delocalized over an allyl-type endocyclic P2-C3-C5
unit [spin density: P2 (0.39¢), C3 (—0.07¢), and C5 (0.31¢)] with
a very small contribution from C1 (0.08¢) and virtually no spin
density on P1 and C6 (Fig. 9c). The formation of 7'*(BAr")
further supports the presence of an allyl-type delocalized radical
fragment in 2a,b"*(BAr").

Conclusions

The octet rule predicts that CRCs only react with radical sites
forming cations with eight valence electrons. In contrast, DRCs
with spatially separated charge and radical sites are promising
candidates to show both radical and cationic reactivity at
different sites within one molecule. However, such dual reac-
tivity has presently only been reported in the gas phase. In the
condensed phase, a molecule with such dual reactivity has not
been reported yet. In this work, delocalized DRCs 2a,b"*(BAr")
with an unsaturated radical and cationic site have been isolated
and analysed by EPR spectroscopic analysis, XRD determina-
tion and DFT calculations. Indeed, 2a"*(BAr"), as an example,
manifests sequential radical and cationic reactivity in the
condensed phase. Attempts to demonstrate sequential cationic
and radical reactivity of 2a,b”*(BArF) failed, which may be
attributed to the high instability of the resulting neutral radicals
after reaction with a nucleophile. Furthermore, the reaction
between 2a"*(BAr") and azide anions indicates that the former
may behave as a rather strong oxidant eventually generating
transient azidyl radicals, which further complicates the chem-
istry of the DRCs reported here but also offers further applica-
tions in synthetic chemistry.
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