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The advent of 1,3-dipolar cycloadditions in organic chemistry has introduced a powerful tool for con-
structing novel ring systems. However, methods for synthesizing inorganic, phosphorus-containing rings
via 1,3-dipolar cycloadditions have remained scarce and are largely limited to the functionalization of
phosphaalkynes. In this contribution, we describe the synthesis of 1,3-dipolar triflatophosphanes, demon-
strating their ability to engage in (3 + 2)-cycloadditions with a variety of dipolarophiles. In addition to
nitriles, (thio)-cyanates, iso-(thio)-cyanates, and (thio)-ketones, phosphaalkenes also exhibit reactivity,
yielding a wide range of heteroatom-functionalized di- and triazaphospholium compounds. Density
Functional Theory (DFT) calculations provide insight into the likely stepwise mechanism. Furthermore, the
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to this class of compounds. Importantly, we explored the photophysical properties of selected diaza-
phospholes that exhibit strong fluorescence with photoluminescence quantum yields of up to 37%,

rsc.li/frontiers-inorganic making them attractive candidates for applications in optoelectronics.
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Introduction

1,3-Dipolar cycloaddition reactions are versatile and powerful
tools in organic chemistry for the construction of heterocyclic
ring systems with diverse structural motifs. These reactions
involve the combination of a 1,3-dipolar compound with a
suitable dipolarophile, resulting in the formation of novel ring
structures. Among these, the (3 + 2)-cycloaddition, popularized
by Huisgen' and extensively explored by many others, has
gathered significant attention.”> Two prominent variants of
these “click” reactions are those of nitriles or alkynes with
azides, leading to the formation of tri- or tetrazole derivatives.®
Beyond azides, numerous other dipolarophiles, such as nitrile
oxides' and diazoalkanes,* have been studied, resulting in a
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wide array of heterocyclic ring systems. A specific subfield of
interest is the synthesis of heterocyclic compounds containing
phosphorus atoms, which has attracted considerable attention
due to their wide-ranging applications in fields such as
materials science® and coordination chemistry.® However, only
a limited number of (3 + 2)-cycloaddition reactions have been
reported for the synthesis of phosphorus-containing hetero-
cycles (see Scheme 1). In line with the classical click reactions
of nitriles and azides (Scheme 1, I), Regitz first described the
functionalization of phosphaalkynes 1 with azides to afford
triazaphospholes 2 - a method that has been further explored
by Miiller and colleagues (Scheme 1, II).” Similarly, reactions
with diazomethane derivatives yield diazaphospholes 3.% Later,
the same group demonstrated that diazaphospholes 4 could
be obtained through analogue cycloadditions with azomethine
ylides.® Nishibayashi described a copper-catalyzed variation of
these cycloadditions, where phosphaalkynes 1 react with iso-
cyanoacetates to form azaphospholes 5.'° Recently, Wolf and
Hansmann showed that diazaphospholes and diazadiphosp-
holes could be obtained from the reaction of diazoalkenes
with either phosphaalkynes 1 or P,.""

In a remarkable reaction, the Cummins group demon-
strated that in situ-formed phosphaethyne (H-C=P) reacts
with sodium azide to form the unsubstituted [HCPN;]|~
anion.'” In contrast to these results, few examples have been

This journal is © the Partner Organisations 2025
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Scheme 1 Synthetic approaches towards various heterocyclic ring
systems; dipolar compounds are marked in red, dipolarophiles in blue.
() Classical click reactions of alkynes or nitriles with azides; (ll) diverse
reactions of phosphaalkynes 1 to P/N-containing ring systems; (lll) our
previous work: dipolar imidazoliumyl-substituted triflatophosphanes
reacting with alkynes to form azaphospholium salts, followed by sub-
sequent reduction to 1,3-azaphospholes; (IV) the present work: expan-
sion of our dipolar cycloaddition methodology with different com-
pounds featuring carbon—heteroatom multiple bonds.

reported where the 1,3-dipolar compound, rather than the
dipolarophile, features the phosphorus atom. One such
example was recently described by our group, wherein 1,3-
dipolar fluorophosphonium compounds react with small
molecules to form novel ring systems."® Additionally, Streubel
reported on the in situ preparation of nitrilium phosphaney-
lide tungsten complexes, which react with alkynes to afford
1,2-azaphosphole tungsten complexes.™*

Recently, our group has reported on dipolar cycloadditions
involving imidazoliumyl-substituted triflatophosphanes 6[OTf],
which react with alkynes to form azaphospholium salts 7
[OTf],. These salts can be readily reduced to yield neutral aza-
phospholes 8 (Scheme 1, III), providing a novel approach for
accessing this class of compounds.'® With this background in
mind, we sought to explore the potential of our cycloaddition
method with other dipolarophiles.

In this study, we expand our methodology to construct novel
phosphorus-containing ring systems: triflatophosphanes, like
6[OTf], were found to react with nitriles and various other
dipolarophiles, resulting in the formation of (poly)-aza-
phospholium salts of the type 9[OTf],. These compounds hold
great potential for reduction to their neutral phosphole

This journal is © the Partner Organisations 2025
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counterparts, as demonstrated by the reduction of a model
compound. Additionally, reactions involving compounds with
carbon-heteroatom double bonds were found to yield partially
saturated heterophospholium salts 10[OTf],.

Results and discussion
1,3-Dipolar cycloaddition reactions with CN triple bonds

The formation of dipolar triflatophosphane 6[OTf] was
achieved by reacting chlorophosphane 11[OTf] with silver tri-
flate (AgOTf)." Due to the limited stability of 6[OTf], we
employed our in situ generation approach for this salt in the
presence of the dipolarophile. Upon the addition of AgOTf to
11[OTf] in acetonitrile, a new signal emerged in the *'P NMR
spectrum of the reaction solution at §(P) = 21.6 ppm, indicat-
ing a clean cyclization reaction to diazaphospholium salt
9a[OTf], (see Scheme 2).

After filtration and removal of the solvent, 9a[OTf], was iso-
lated in good yield of 81% as an analytically pure, colourless
solid. Single crystals obtained from a saturated solution of
9a[OTf],, were analyzed by single-crystal X-ray diffraction
(SC-XRD). The molecular structure of 9a[OTf], is depicted in
Fig. 1, confirming the structural connectivity. The molecular
structure of 9a[OTf], reveals the expected distorted pyramidal
bonding environment at the phosphorus atom. The P-C bond
(1.8145(13) A) is comparable to other known examples of imi-
dazoliumyl-substituted phosphanes.'® While the imidazoliu-
myl fragment remains planar, the diazaphospholium moiety
exhibits slight distortion, as evidenced by a torsion angle N2-
C2-P1-N1 of 13.20(9)°. A limited m-electron delocalization in
the diazaphospholium moiety is furthermore indicated by the
N1=C3 bond length (1.2689(19) A), characteristic of a C=N

<// \) o <// yler O 0Tl
—N _+AgOTf =N =
® 2A00, © — > 0 N®
Lc—R LR Lo—P.

C i - AgCl ¢ - MeCN, rt. Lc \N/)\

11[0Tf] 6[OTf] 9a[0Tf],

Scheme 2 Reaction of in situ prepared 6[OTf] with acetonitrile to
afford diazaphospholium salt 9a[OTf],.

Fig. 1 Molecular structure of 9a%* in 9a[OTfl, (hydrogen atoms and
counter ions are omitted for clarity; thermal ellipsoids are displayed at
50% probability). Selected bond lengths in A and angles in (°): P1-C1
1.8145(13), P1-N1 1.7122(12), P1-C2 1.8199(14), N1-C3 1.2689(19), C3-
N2 1.4606(18), N1-P1-C1 105.27(6), N1-P1-C2 91.72(6), C1-P1-C2
107.50(6), N2—C2-P1-N113.20(9).
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double bond. In subsequent experiments, selected nitriles
with different functional groups were used as substrates for
the formation of diazaphospholium compounds 9a—f{OTf],.
The reaction yields and *'P NMR shifts are summarized in
Scheme 3.

By elevating the reaction temperature to 40 °C, the reaction
time for derivatives 9a—f[OTf] was significantly reduced. After
workup, 9a-flOTf], were obtained as colourless or red
(9€[OTf],) powders in moderate to excellent yields. Notably,
the reactions afforded not only the simple methyl-substituted
compound 9a[OTf], but also electron-deficient (9¢[OTf],) and
electron-rich (9e¢[OTf],) derivatives, with no significant
changes in yields. However, in the reaction with propionitrile
(yielding 9b[OTf],), no increase in the yield could be achieved,
likely due to the limited reactivity of propionitrile.
Furthermore, when 1,4-phenyldiacetonitrile was used, the
bridged derivative 9f{OTf], was obtained. The diazaphospho-
lium compounds show *'P NMR chemical shifts between 5(P)
= 21.6 to 27.7 ppm. Single crystals of most derivatives were
obtained by the slow diffusion of Et,O into saturated MeCN
solutions 9a-f{OTf],. The molecular structures are given in the
ESI (section 2.37).

The bonding parameters were found to be comparable to
those observed for 9a®", regardless of the steric or electronic
properties of the substituents.

To further expand the scope of the cycloadditions, 6[OTf]
was reacted with phenylcyanate. The *'P NMR spectrum of the
reaction solution revealed the formation of a new compound
with a resonance at §(P) = 14.5 ppm, slightly upfield-shifted
compared to that of 9[OTf],. Filtration and solvent evaporation
yielded 12[OTf], in an excellent yield of 87%. When the same
reaction was conducted using ethylthiocyanate, 13[OTf],
was obtained in 85% yield (see Scheme 4). The *'P
chemical shift of 13[OTf], (6(P) = 27.9 ppm) is similar to those
of diazaphospholium salts 9[OTf], (vide supra).
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Scheme 3 Syntheses of 9a—e[OTf], and 9f[OTf], through reactions of
in situ prepared 6[OTf] with various nitriles; *P NMR chemical shift in
ppm and yield in %.
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Scheme 4 Syntheses of 12[OTfl, and 13[OTf], through the cyclo-
addition of in situ formed 6[OTfl, with ethylthiocyanate or
phenylcyanate.

Single crystals of 12[OTf], were obtained by the slow
diffusion of Et,O into a solution of 12[OTf], in CH,Cl,. The
molecular structure of 12>" is depicted in Fig. 2, and in com-
parison with 9a*, the C1-P1 (12>": 1.8263(14) A; 92®": 1.8145
(13) A) and the P1-N1 (12%": 1.7125(13) A; 9a*": 1.7122(12) A)
bond lengths are similar. However, an elongation of the P1-C2
(12°": 1.8402(14) A; 92": 1.8199(14) A) and a contraction of the
N2-C3 (12%': 1.4444(18) A; 9a>": 1.4606(18) A) bond lengths are
observed. The C3-0O1 (1.3212(18) A) bond length in 12** is con-
siderably shorter than the O1-C4 (1.4167(17) A) bond length,
indicating delocalization involving the free lone pairs of the
oxygen atom, consistent with the high-field shift observed in
the *'P NMR spectrum.

Chemical reductions of the diazaphospholium salts

In our previous work, we demonstrated the reduction of
related azaphospholium salts to neutral azaphospholes under
elimination of the parent NHC (see Scheme 1).'> Building
on this, we investigated the reduction of diazaphospholium
salt 9a[OTf], as a model compound, aiming to establish a
convenient pathway for synthesizing a wide range of
diazaphospholes.

In order to gain a deeper understanding of its electro-
chemical reactivity, 9a[OTf], was subjected to electrochemical
studies, including cyclic voltammetry (CV) and square wave
voltammetry (SWV). The CV of 9a[OTf], in CH,Cl, revealed a
non-reversible reduction with a peak potential (CV) of E, =
—0.86 V and a SWV formal potential of E = —0.80 V (vs
E1/,(Cp,Fe/Cp,Fe")). Further details are provided in the ESLf
Subsequently, we investigated the chemical reduction of

e

Fig. 2 Molecular structure of 122* in 12[OTfl, (hydrogen atoms and
counter ions are omitted for clarity; thermal ellipsoids are displayed at
50% probability). Selected bond lengths in A and angles in (°): P1-C1
1.8263(14), P1-N1 1.7125(13), P1-C2 1.8402(14), N1-C3 1.2643(19), C3—-
N2 1.4444(18), C3-0O1 1.3212(18), O1-C4 1.4167(17), Ni-P1-C1
104.00(6), N1-P1-C2 91.73(6), C1-P1-C2 107.69(6), N2—-C2-P1-N1
12.16(10).

This journal is © the Partner Organisations 2025
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9a[OTf],, using potassium graphite (KCg) as a reducing agent.
Upon suspending a mixture of two equivalents of KCg and
9a[OTf], in THF at —78 °C, the clean formation of the neutral
diazaphosphole 14 was observed, indicated by a new resonance
in the *'P NMR spectrum of the reaction mixture with a chemi-
cal shift of §(P) = 150.4 ppm. After the removal of K[OTf] and
NHC 15, 14 was isolated in 62% yield as a yellow crystalline
solid (see Scheme 5). In order to gain further understanding of
the influence that annulation and substitution have on the
properties of these phospholes, we synthesized compounds 16
and 17 from the respective crude diazaphospholium salts
9g[OTf], and 31[OTf], (see Scheme 5). This demonstrates that,
using our synthetic method, a similar range of derivatives is
accessible as for the previously described 1,3-azaphospholes 8.

It should be noted, however, that the reductions of 12[OTf],
and 13[OTf], only resulted in the formation of trace amounts
of the respective diazaphospholes (>10%); thus, we concluded
that the bulk synthesis might not be suitable for this study.
Single crystals of 16 were analysed with X-ray diffraction, and
the molecular structure is depicted in Fig. 3. As expected, the
overall bond lengths in the five-membered diazaphosphole
ring are shortened (P1-N1 1.6883(18) A, P1-C1 1.735(2) A)
compared to 9a®" (P1-N1 1.7122(12) A, P1-C2 1.8199(14) A),
reflecting an increased aromatic character. Additionally, the
structural parameters of 16 are similar to those observed for
the corresponding azaphosphole 8 (R = Ph and R’ = H)."®

O
Substitution of R 7N 16,45%

P\ —
= Jo, N
7 7\
© )No _t2KG| .
Lc—P, /)\ - 2 K[OTf] PC_| 14,62%
N R N
Annulation 7
/N
R 17,43%
N

Scheme 5 Reduction of diazaphospholium salts 9a[OTfl,, 9g[OTf],
and 18[OTf], to neutral diazaphosphole 14, with the elimination of NHC
15.

Fig. 3 Molecular structure of 16 (hydrogen atoms are omitted for
clarity; thermal ellipsoids are displayed at 50% probability). Selected
bond lengths in A and angles in (°): P1-C1 1.735(2), P1-N1 1.6883(18),
C1-N2 1.404(2), N1-C2 1.310(3), C2-N2 1.387(3), N1-P1-C1 91.68(10),
N1-C2-N2 115.21(16), C2-N1-P1-C1 0.91(19).
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Characterization of diazaphospholes 14, 16, and 17

To gain further insights into the electronic structures and
photophysical properties of diazaphospholes 14, 16, and 17,
we conducted quantum chemical simulations and spectro-
scopic measurements, similar to our recent studies of aza-
phospholes 8. The key characteristics are summarized in
Table S1.7 Both molecules 8 (R = Me, R’ = H) and 14 exhibit
similar characteristics regarding their frontier molecular orbi-
tals, aromaticity, and absorption/emission properties. Notably,
the second nitrogen atom in the diazaphospholes stabilizes
both the HOMO and LUMO by approximately 300 meV
(Fig. 4a). Both HOMO and LUMO can be slightly shifted
towards the gap through pronounced delocalization, as
observed for 16, where the substitution of a phenyl group at
the C2 position enhances this effect. For 17, benzannulation
further increases this delocalization. This latter strategy results
in the strongest modification of the aromaticity, as depicted in
Fig. S114 in the ESIL.} In general, both rings within 14 exhibit
substantial aromatic character, as indicated by low nucleus-
independent chemical shifts (NICS(1),,) values of —36.4 for the
five-membered ring and —15.6 for the six-membered ring,
respectively. These values are similar to those observed for 1,3-
azaphospholes 8 and also correlate with the observations
made by Dostil et al. for 1,2-azaphospholes.”>'” The high
degree of aromaticity in 14 is further supported by the an-
isotropy of the induced current density (ACID) plot, which
reveals the delocalization of electron density across the bicyclic

8 14
“ & [ ~
HOMO

(a)

LUMO

EA =-0.6eV EA =-03eV EA =-0.1eV EA =0.1eV
IP =7.0eV IP =7.3eV IP =7.2eV IP =7.3eV
AE =7.6eV AE =7.6eV AE =7.3eV AE =7.2eV
(b) 11 (c) 11 14
3 < e
805 So05
it £
3 5
o =z
P4
O T T T T o T T T T
300 350 400 450 500 400 500 600 700

Wavelength / nm Wavelength / nm

Fig. 4 Electronic structure and photophysical properties of 14, 16, and
17 (5 wt% in a PMMA film). (a) Frontier molecular orbitals and the corres-
ponding energies in a vacuum (CAM-B3LYP/6-311G**). (b) Normalized
absorption spectra relative to the absorption maximum of 17. (c)
Normalized emission spectra (leyc = 340 nm).
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system. Although 16 shows a light decrease in aromaticity due
to a pronounced delocalization of the electron density, benzan-
nulation in 17 introduces another aromatic ring (NICS(1),, =
—27.5), though this reduces the aromaticity of the central ring
(NICS(1),, = =7.0).

Regarding their photophysical properties, the absorption
and emission spectra of 14, 16, and 17 were recorded in
chloroform (see Fig. S261) and PMMA films at room tempera-
ture (Fig. 4b and c). In PMMA, diazaphosphole 14 shows two
absorption peaks at 310 nm and 360 nm. In chloroform, the
high-energy absorption peak splits into two absorption fea-
tures. However, time-dependent density functional theory
(TD-DFT, CAM-B3LYP/6-311G**) calculations show that this
results from the electronic transition S, — S,. The simulated
spectra depicted in Fig. S1151 support the experimental obser-
vations well. While the absorption spectra of 16 show strong
similarities in both chloroform and PMMA film compared to
14, 17 reveals a pronounced absorption coefficient for the S, —
S, transition around 350 nm.

In our previous study on 1,3-azaphospholes 8, room temp-
erature phosphorescence (RTP) was observed for several deriva-
tives.' However, no such features were obtained for diaza-
phospholes 14, 16, and 17. These compounds show fluo-
rescence with peaks in the range of 450 and 480 nm in PMMA
(see Fig. 4c) similar to the fluorescence observed for previous
1,3-azaphospholes 8. The photoluminescence quantum yield
(@) is significantly increased for diazaphospholes. Compound
14 shows superior results, with a quantum yield of 33.1% in
chloroform and 37.0% in PMMA film (see ESI section 47).

1,3-Dipolar cycloaddition reactions with carbon-heteroatom
double bonds

Next, we aimed to explore the potential of reacting triflatopho-
sphane 6[OTf] with various compounds containing carbon-
heteroatom or carbon-carbon double bonds (Scheme 6).
Initially, we tested reactions of 6[OTf] with alkenes and
imines, similar to the other cycloaddition reactions described

/ \—|[0Tt]
=N
®
Lc—R
o 1ot
[OT, S + AgOTf
4 \>_| ’ PS - AgCl
= Ph” “Ph
c—R [OTH]
" pn /AT o {\;‘ ?
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I LR '—c*F’\O/\<R
—|[0Tﬂ2 Mes orf R
7\ i 6[OTf] 18a,b[OTf],
=~ a:R=Ph
O /N\? Ph” Ph b:R=Me
P
Més
20[0Tf],

Scheme 6 Reactions of in situ prepared 6[OTf] with dipolarophiles
containing carbon—heteroatom double bonds.
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herein, but no reactions were observed. A comprehensive list
of investigated dipolarophiles is provided in ESI section 2.7.7}

Upon addition of one equivalent of benzophenone to a
solution of in situ prepared 6[OTf], the clean formation of the
unusual oxazaphospholium salt 18a[OTf], was observed, marked
by a broad resonance in the *'P NMR spectrum of the reaction
mixture at §(P) = 65.8 ppm. After filtration and solvent removal,
18a[OTf], was isolated in 76% yield as a colourless solid.

When 6[OTf] was reacted with acetone, the oxazaphosphole
18b[OTf], was obtained in 25% yield. The relatively low yield
of 18b[OTf], can be attributed to the formation of side
products, which were removed by several recrystallizations.
However, when a thioketone such as thiobenzophenone is
used, the thiazaphospholium salt 19[OTf], was obtained in
87% yield. Notably, reactions with carbonyl and thiocarbonyl
compounds proved much faster than cycloadditions with
nitriles, reaching full conversion in a matter of minutes. In
comparison with 18a,b[OTf], (18a[OTf],: 6(P) = 65.8 ppmy;
18b[OTf],: §(P) = 71.8 ppm), 19[OTf], exhibits a considerably
high-field shifted resonance in the *'P NMR spectrum at §(P) =
—15.1 ppm, likely due to the presence of a neighbouring sulfur
atom. Using the MesP=CPh, phosphaalkene'? as the dipolaro-
phile, we successfully obtained the unusual azadiphospholium
salt 20[OTf], in an excellent yield of 88%. The *'P NMR spec-
trum of 20[OTf], shows two resonances as an AM spin system,
with chemical shifts of §(P,) = —51.0 ppm and §(Py) =
29.7 ppm. The moderate ‘Jpp coupling constant of —170 Hz is
attributed to the trans-orientation of the two neighbouring
phosphorus atoms, leading to minimal interaction between
their free electron pairs — a phenomenon well-documented in
polyphosphanes."®

Surprisingly, we found that 20[OTf], is unstable in MeCN
solutions, slowly converting into compound 9a[OTf] with the
release of MesP=—CPh,. This slow reaction reached approxi-
mately 50% conversion after 10 days, with a reaction rate con-
stant (k') of 9.29 x 1077 s™* (see ESI section 2.71).

We obtained X-ray quality crystals of compounds 18a[OTf],,
19[OTf],, and 20[OTf], for SC-XRD analysis. The molecular
structures are depicted in Fig. 5. As expected, all three com-
pounds exhibited a distorted pyramidal bonding environment
around the central phosphorus atom. The P1-C1 bond lengths
(18a*": 1.8835(15) A, 19%": 1.8245(12) A, 20*": 1.8300(18) A) are
within the expected range for imidazoliumyl-substituted phos-
phanes, similar to those observed for 9a*>". However, 18a>"
shows a slight elongation of the P1-C1 bond, indicative of
higher electron density at the phosphorus atom, likely due to a
+M effect of the oxygen atom influencing the phosphole ring.
The overall planarity of the azaphospholium moiety varied sig-
nificantly between the compounds. While 18a>" is near planar
(torsion angle N1-C2-P1-O1 10.14(10)°), 19** (N1-C2-P1-S1
27.41(8)°) and 20*" (N1-C2-P1-P2 30.00(9)) display substantial
distortions. The elongation of the P2-C3 bond in 20*" (1.9610
(17) A) is likely due to steric repulsion between the mesityl sub-
stituent and the two phenyl groups. For comparison with the
diazaphospholium salt 9a[OTf],, we have also investigated the
reduction of 18a[OTf],, 19[OTf], and 20[OTf], with two equiva-
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202+

Fig. 5 Molecular structures of 18a%* in 18a[OTfl,-CH,Cl,, 19%* in
19[OTf], and 202* in 20[OTf],-2C,H4Cl, (hydrogen atoms, solvent mole-
cules, and counter ions are omitted for clarity; thermal ellipsoids are dis-
played at 50% probability). Selected bond lengths in A and angles in (°):
18a%*: C1-P1 1.8835(15), P1-O1 1.6651(11), P1-C2 1.8413(14), C2-N1
1.3555(19), N1-C3 1.5230(17), O1-C3 1.4246(16), C1-P1-01 102.49(6),
C1-P1-C2 104.48(6), C2-P1-0O1 88.43(6), N1-C2-P1-0O1 10.14(10);
192*: C1-P1 1.8245(12), P1-S1 2.1328(5), P1-C2 1.8391(13), C2-N1
1.3553(16), N1-C3 1.5300(15), S1-C3 1.8393(13), C1-P1-S1 104.29(4),
C1-P1-C2 98.44(5), C2—P1-S1 90.20(4), N1-C2-P1-S1 27.41(8); 20%*:
C1-P1 1.8300(18), P1-P2 2.2137(6), P1-C2 1.8322(18), C2—-N1 1.358(2),
N1-C3 1.514(2), P2-C3 1.9610(17), C1-P1-P2 106.01(6), C1-P1-C2
97.98(8), P2—-P1-C2 88.98(6), N1-C2-P1-P2 30.00(9).

lents of KCg, all resulting in the decomposition of the starting
material.

Alteration of the N-donor substituent

Given the favourable applicability of our methodology, we
sought to synthesize phospholium salts featuring a P-N bond
in the nucleophilic moiety, based on previously reported pyra-
zolyl-substituted derivatives,”®?" enabling post-functionali-
zation. Initially, we encountered challenges in the synthesis of
21[OTf], primarily due to rapid scrambling reactions, which
led to the formation of dichloro-substituted compound
22[OTf] and dipyrazolyl-substituted compound 23[OTf], as out-
lined in Scheme 7. It was observed that an equilibrium
between these three compounds rapidly formed in solution
(see Fig. S1t). Additional details regarding the proposed
mechanism and experiments are provided in the ESLT
Consequently, for the synthesis of the reactive species for 1,3-
dipolar cycloaddition reactions, we employed a comproportio-
nation approach. The addition of two equivalents of AgOTf to
a mixture of 22[OTf] and 23[OTf] in CH,CI, led to the for-
mation of two new resonances in the *'P NMR spectrum at
5(P) = 86.4 ppm and 34.7 ppm, corresponding to a dynamic
equilibrium between triflatophosphane 24[OTf] and its dimer,
the cyclic compound 25[OTf], (Scheme 7).
Variable-temperature *'P NMR experiments revealed a
reversible increase in the integration of the low-field resonance

This journal is © the Partner Organisations 2025

View Article Online

Research Article

“ioTa o~ o]

1
N N
® + 2 AgOTf ®
2 Lc-R 22 AgCl 2 LR
\c| 9 OTf
21[0m1] 24(0T]
l (ot _ o,
M ~N
o 0T NN ©®N-N o
|_<27p< + Lo LR P-Lc
cl N-N N- '\\‘ ®
A\ | X
22[0Tf] 23[0Tf] 250071,

Scheme 7 Synthesis of 21[OTf] through a comproportionation reaction
of 22[OTf] and 23[OTf], followed by the addition of AgOTf, resulting in
an equilibrium between 24[OTf] and its dimeric form, 25[OTfl,.

at 5(P) = 86.4 ppm, attributed to triflatophosphane 24[OTf]
(see ESI section 27). This finding suggests that the dimeriza-
tion of 24>" in solution stabilizes the highly electrophilic phos-
phorus atom, resulting in the formation of dimer 25*", similar
to previous observations.'® The equilibrium was confirmed
by two correlation peaks observed in the corresponding
#1p-31p-EXSY NMR experiment (Fig. S47).

Single crystals suitable for X-ray analysis were obtained by
the slow diffusion of n-pentane into a saturated CH,Cl, solu-
tion of 24[OTf] at —30 °C. The molecular structure of 24"
shows the coordination of one triflate anion to the electrophi-
lic phosphorus atom, confirming the formation of triflatopho-
sphane 24" (see Fig. 6). A pyramidal bonding environment
around the phosphorus atom is observed, with the P-O bond
length (P1-O1: 1.7250(11) A) being significantly shorter than
those in other triflatophosphanes, indicating a strong covalent
character.>® This is supported by the elongation of the O-S
bond (1.5540(11) A) compared to the free triflate anion (av.
1.4314 A). The P-C bond (24": 1.8229(6) A; 23": 1.8438(13) A
(ref. 20)) and the P-N bond (24": 1.6927(13) A; 23": 1.7171(11)
A (ref. 20)) are both shortened, indicating the high electrophili-
city of the phosphorus atom.

Upon dissolving 24[OTf] in acetonitrile, a new resonance of
the cycloaddition product, triazaphospholium salt 26a[OTf],,
appeared in the *'P NMR spectrum at §(P) = 62.7 ppm. After fil-
tration and drying in vacuo, 26a[OTf], was isolated in a good

Fig. 6 Molecular structure of cation 24" in 24[OTf]-CH,Cl, (hydrogen
atoms, solvate molecules, and anions are omitted for clarity; thermal
ellipsoids are displayed at 50% probability). Selected bond lengths in A
and angles in (°): P1-C1 1.8229(15), P1-O1 1.7250 (11), P1-N1 1.6927
(13), C1-P1-N1 99.73(6), C1-P1-01 96.81(6), O1-P1-N1 100.52(6).
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yield of 82%. The key to this successful synthesis was to first
achieve the in situ formation of 24[OTf] in a three-component
reaction from 22[OTf], 23[OTf], and AgOTf, followed by
removal of the AgCl by-product and the subsequent addition
of acetonitrile. Using this optimized method, we isolated the
same range of derivatives previously described for 9[OTf],
(Scheme 8). The yields were consistent, with most derivatives
being isolated in approximately 80% yield. The reaction with
propionitrile gave 26b[OTf], in lower amounts, due to lower
reactivity, as observed previously for 9b[OTf],. Additionally,
both electron-rich (26e[OTf],) and electron-poor (26¢,d[OTf],)
derivatives are accessible.

The molecular structures of most of the derivatives were
determined via SC-XRD analysis. However, due to similarities
in the core unit, we focus here on the discussion of 26a[OTf],.
The molecular structure of 26a®" (Fig. 7) reveals the expected
distorted pyramidal bonding environment around the central
phosphorus atom.

The P-C bond (1.8306(16) A) is comparable to other imida-
zoliumyl-substituted phosphanes.'® While the pyrazolium frag-

Y>1|[om2

22[0Tf|

/
+2 AgOTf ® NN _+2RN _ , @ N-Ne
* 2 LR Le—R _
-2 AgCl c— R\ N
23[0T] OTf
24{0Tf| 26[0TT],

et _§ Lo—F @
C \N/)\ Lc P\N/J\/ ¢ \NJ\Q\ Lc P\N/
26a[OTf], (82%)  26b[OTf], (34%) Br  26d[OTf] (78%)

62.7 ppm 64.4 ppm 26¢[OTf]; (81%) 64.3 ppm
64.3 ppm
[OTf]2 OT:!

2 1 Sy— " JioTa,
N~ N~ N @

®_ Ne ®_ N& P-L,

Lc—R _ Lc—R _ ON- ¢
' " —A

—
26e[OTf], (93%) N7 26f{0Tf], (56%)
69.9 ppm | 64.0 ppm

Scheme 8 Syntheses of triazaphospholes 26a—f[OTf], through the
cycloaddition of 23[OTf] with various nitriles; 3'P NMR chemical shift in
ppm, yield in %.

N2

Fig. 7 Molecular structure of cation 26a%* in 26a[OTf1,-CH,Cl, (hydro-
gen atoms, solvate molecules, and anions are omitted for clarity;
thermal ellipsoids are displayed at 50% probability). Selected bond
lengths in A and angles in (°): P1-C1 1.8306(16), P1-N1 1.7002(14), P1—
N2 1.7757(14), N1-C2 1.277(2), C2—-N3 1.427(2), N1-P1-N2 90.10(7), N1-
P1-C1102.66(7), C1-P1-N2 102.60(7), N2—P1-N1-C2 8.46(12).
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ment is planar, the five-membered triazaphosphole ring shows
slight distortion (torsion angles in (°): N2-P1-N1-C2 8.46(12)),
as is typical for such compounds.>® The low degree of
n-electron delocalization in the triazaphosphole moiety is
further highlighted by the bond lengths within the ring frag-
ments. The P1-N2 bond (1.7757(14) A) is elongated compared
to 23" (1.7171(11) A (ref. 20)), while the pyrazolylium fragment
appears aromatic. The N1=C2 bond (1.277(2) A) is consistent
with a typical N=C double bond. It should be noted that
reductions, similar to that of 9a[OTf], were unfortunately
unsuccessful for 26a[OTf],.

Mechanistic insights

Given the significant polarization of the C=N triple bond in
nitriles, we aimed to revisit and broaden our understanding of
the reaction mechanism involved in the (3 + 2)-cycloadditions
of triflatophosphanes. In a previous study, we proposed that
the dipolar cycloaddition reactions with alkynes (¢f. Scheme 1,
1II) leading to compound 8 likely proceed via a concerted
pathway.'> However, due to the distinct nucleophilicity of
nitriles, attributed to the free electron pair on the terminal
nitrogen atom, a step-wise mechanism may be more appropri-
ate. To investigate the energy barriers for the reaction of
24[OTf] with acetonitrile, DFT calculations were performed at
the PBE0O-D3(COSMO)/def2-TZVP level of theory (Fig. 8). The
results showed an overall Gibbs free energy of AG* =
—17.0 kecal mol™" for the formation of 26a[OTf],. Notably, the
calculations reveal that the previously proposed concerted
transition state pathway involves a high energy barrier through
TS' (P-N 1.88 A, C-N 2.05 A). Alternatively, a stepwise mecha-
nism appears more favourable, starting with the formation of
an intermediate (INT) via TS1 through nucleophilic substi-
tution, with a low activation barrier of 2.7 kcal mol™*. This
initial step is exergonic by 13.6 kcal mol~". The subsequent
ring closure proceeds through a second transition state (TS2)

AG* 200)
kcal/mol a8

‘\ ) \\
v INT \ \\\\
-13.6 ‘.Iz_zz\ 26a% + OTf -
—
N -17.0

Fig. 8 Gibbs free energies (in kcal mol™ at 298.15 K) of intermediates
and transition states predicted for the (3 + 2)-cycloaddition of 24* with
acetonitrile; PBEO-D3/def2-TZVP optimized geometries and energies;
distances in A.
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with a moderate activation barrier of 14.6 kcal mol™, culmi-
nating in the formation of 26[OTf],. Overall, these compu-
tational studies suggest that a stepwise reaction mechanism is
energetically preferred when the dipolarophile features a
nucleophilic moiety.

1,3-Dipolar cycloadditions of 24[OTf] with carbonyl
compounds and protic substrates

We found that 24[OTf] did not undergo selective reactions
with various carbonyl compounds such as ketones and alde-
hydes, and attempts with alkynes were also unsuccessful (see
ESI section 2.77).

However, when 24[OTf] was reacted with substrates like
4-bromphenylisocyanate, successful cycloaddition occurred,
leading to the formation of triazaphospholium salt 27[OTf],.
Using naphthylisothiocyanate as the dipolarophile yielded
thiatriazaphosphole 28[OTf], (Scheme 9). Notably, these reac-

y. ~ ot
, |t N
® /C| ® /N/
LR . LF
cl N-N
|
22[0Tf] \
23[0Tf]
+2 AgOTf
-2 AgCl —
[OTfl,
/ ® /o Ne
N-N _.NCs N-N _.Nco Le—P
® NNe 2Rr ® 2R
2 Le—P <= 2 LlcR = L2 N"~o
© \S)%N ‘ot
24[0T1]
OO Br 27[0Tf,
28[0Tf],

Scheme 9 Reactions of in situ prepared 24[OTf] with 4-bromphenyli-
socyanate and naphthylisothiocyanate.

Fig. 9 Molecular structures of 272* in 27[0Tf],-2CH,Cl,, and 282" in
28[OTf],. (hydrogen atoms, solvate molecules, and anions are omitted
for clarity; thermal ellipsoids are displayed at 50% probability). Selected
bond lengths in A and angles in (°): 27%*: P1-C1 1.819(3), P1-N1 1.735(2),
P1-N2 1.765(2), N2—N3 1.363(3), N3-C2 1.433(3), N1-C2 1.370(3), C1-
P1-N1 104.52(12), C1-P1-N2 101.74(12), N1-P1-N2 86.60(11), N3—-N2-
P1-N1 7.85(17); 28%*: P1-C1 1.833(3), P1-S1 2.1212(8), P1-N1 1.786(3),
N1-N2 1.372(3), N2—-C2 1.428(4), C1-S1 1.781(3), C1-P1-N1 101.81(12),
C1-P1-S1106.20(8), N1-P1-S1 90.42(8), N2—-N1-P1-S1 3.53(19).
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tions showed different regioselectivities as displayed in
Scheme 9. In 28>, the isothiocyanate reacted with the C=S
double bond as the dipolarophile, while in 27°*, the C=N
double bond participates in the ring formation. Single crystals
of 27[OTf], and 28[OTf], were analysed by SC-XRD and the
molecular structures of 27°>° and 28" are depicted in Fig. 9.
27" shows a planar diazaphospholium ring with a comparable
P-N bond length (27°*: P1-N1 1.735(2)) as in 26a*" (P1-N1
1.7002(14)). The N1-C2 bond length however is elongated
(27*": N1-C2 1.370(3), 26a®": N1-C2 1.277(2)) due to the
limited electron delocalization in 27>". The molecular struc-
ture of 28°" is closely comparable to that of 19>*, with a similar
P-S bond length (28>: P1-S1 2.1212(8), 19>*: P1-S1 2.1328(5)).

Conclusions

In this study, we successfully expanded our cycloaddition pro-
tocol to various dipolarophiles, demonstrating the versatility of
our methodology. We showed that in situ generated 1,3-dipolar
triflatophosphanes readily react with nitriles, forming dizapho-
spholium salts 9a-f{OTf],. These azaphospholium salts can be
reduced irreversibly to neutral diazaphospholes, as evidenced
by electrochemical examinations. The reduction reactions with
KCg yielded diazaphospholes 14, 16, and 17, offering a novel
synthetic pathway to access diazaphospholes. We also explored
the photophysical properties of these compounds, comparing
them with analogous azaphospholes. Additionally, we demon-
strated the selectivity of our approach by employing (thio)
ketones as dipolarophiles, leading to the formation of oxaza-
phospholium salts 18a,b[OTf], and the thiazaphospholium
salt 19[OTf],. Remarkably, using phosphaalkene MesP=CPh,,
we obtained the unusual azadiphospholium salt 20[OTf,.

Furthermore, by substituting the nucleophilic moiety from
pyridine to pyrazole, triflatophosphane 24[OTf] was synthesized
and structurally characterized by SC-XRD. This compound exhi-
bits similar reactivity towards nitriles, yielding triazaphospho-
lium salts 26a-f{OTf],. Quantum chemical calculations revealed
that the reaction mechanism is step-wise, in contrast to the con-
certed mechanism observed with alkynes. While 24[OTf] was
unreactive towards (thio)ketones, it readily underwent a cyclo-
addition reaction with iso(thio)cyanates, demonstrating different
regioselectivity depending on the chosen dipolarophile.

In summary, the cycloaddition scheme presented here
serves as a strong foundation for further development of 1,3-
dipolar cycloaddition reactions using phosphorus-based
dipoles, a class with few known examples. This work opens
new avenues for the synthesis of diverse heterocyclic ring
systems, expanding the synthetic chemistry toolbox.
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