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Molecular-strain induced phosphinidene
reactivity of a phosphanorcaradiene

Yizhen Chen1,2,4, Peifeng Su3,4, Dongmin Wang1,2, Zhuofeng Ke 3 &
Gengwen Tan 1,2

Phosphanorcaradienes are an appealing class of phosphorus compounds that
can serve as synthons of transient phosphinidenes. However, the synthesis of
such species is a formidable task owing to their intrinsic high reactivity. Herein
we report straightforward synthesis, characterization and reactivity studies of a
phosphanorcaradiene, in which one of the benzene rings in the flanking
fluorenyl substituents is intramolecularly dearomatized through attachment to
the phosphorus atom. It is facilely obtained by the reduction of phosphorus(III)
dichloride precursor with potassium graphite. Despite being thermally robust,
it acts as a synthetic equivalent of a transient phosphinidene. It reacts with
trimethylphosphine and isonitrile to yield phosphanylidene-phosphorane and
1-phospha-3-azaallene, respectively. When it is treated with one and two molar
equivalents of azide, iminophosphane and bis(imino)phosphane are isolated,
respectively. Moreover, it is capable of activating ethylene and alkyne to afford
[1 + 2] cycloaddition products, as well as oxidative cleavage of Si–H and N–H
bonds to yield secondary phosphines. All the reactions proceed smoothly at
room temperature without the presence of transition metals. The driving force
for these reactions is most likely the high ring-constraint of the three-
membered PC2 ring and recovery of the aromaticity of the benzene ring.

Carbene insertion into aromatic rings to produce cycloheptatrienes
(CHTs) and norcaradienes (NCDs) developed by Büchner and Curtius
in 1885 is a powerful method for the conversion of stable aromatic
compounds tomore reactive systems (Fig. 1a)1. The equilibria between
CHTs and NCDs have been well-established2. Recent reports have
shown that CHTs and NCDs can serve as carbene precursors via retro-
Büchner reactions3,4. Phosphorus is viewed as carbon copy5. Phosphi-
nidenes are neutral monocoordinate and monovalent phosphorus
species possessing six valence electrons. Such species are isoelec-
tronic to well-explored carbenes6–14 and tetrylenes15–17. In contrast,
most phosphinidenes are transient species because of their excep-
tionally high reactivity18–21. The sole isolable example of phosphinidene

was synthesized by Bertrand and coworkers22. The chemical properties
of phosphinidenes have been mainly demonstrated by generating
transient species with suitable precursors.

Phosphepines, phosphorus analogs of CHTs, were first synthe-
sized by Märkl et al. in the 1980s23,24, followed by the groups of
Tsuchiya25,26 and Lammertsma27. The Lammertsma group showed that
phosphepine transition metal (TM) complex I could act as a versatile
metallo-phosphinidene precursor to activate a variety of substrates
(Fig. 1b)28–31. In addition, several P(III) precursors, including phospha-
tetrahdrane II32, 7-phosphanorbornadiene III33, dibenzo derivatives
IV34–36 and phosphirane-TM complexes37–41, have been utilized for
phosphinidene reactivity studies. Notably, phosphinidene transfer
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with these materials must be promoted through heating or via TM
catalysts.

In contrast to phosphepines, phosphanorcaradienes, which are
phosphorus analogs of NCDs, have higher molecular-constraints
and thereby exhibit inherent high reactivity, making their isolation in
the condensed state a formidable task. On this basis, such compounds
may be ideal synthons for accessing transient phosphinidenes
via phosphorus-type retro-Büchner reactions. However, only one
free phosphanorcaradiene has been reported by Stephan and cow-
orkers. It was synthesized through demetalation of a phosphepine-
gold complex, while its reactivity as a phosphinidene precursor
for small molecule activation has not been fully disclosed42. Very
recently, a ruthenophosphanorcaradiene acting as a synthon for an
ambiphilic metallophosphinidene was reported by Scheer, Tilley and
coworkers43.

Our group has continuous research interests in synthesizing low-
coordinate main-group species, and has successfully isolated and
structurally characterized several heavier analogs of free carbynes44–47,
triplet stibinidene and bismuthinidenes (Fig. 2a)48–50 supported by
sterically encumbered hydrindacene ligands51. Encouraged by these
results, we continued our research to pursue isolable phosphinidenes.
In this contribution, we report straightforward synthesis, character-
ization and reactivity studies of a phosphanorcaradiene 1 (Fig. 2b).
Reactivity studies reveal that it can serve as an elegant synthon of
phosphinidene due to the release of molecular-strain52,53.

Results
Synthesis and characterization of 1
With the aim of synthesizing a stable phosphinidene, we carried out
the reduction of the phosphorus(III) dichloride MsFluidtBu-PCl2

54 with
two molar equivalents of potassium graphite in THF; however, phos-
phanorcaradiene 1 was obtained in 75% yield as a yellow solid instead

of the expected product (Fig. 3a). One of the benzene rings in the
flanking fluorenyl moieties is intramolecularly dearomatized through
attachment to the phosphorus atom. Contrastingly, similar reduction
reactions with less sterically hindered ligands afforded diphosphenes
or other higher oligomers55–57. The formation of the PC2 three-
membered ring leads to a decrease in the symmetry and complex 1H
and 13C{1H} NMR spectra. The proton signal in the PC2 ring was shown
atδ 2.54ppm. A sharp singlet signal at δ–155.1 ppmwasobserved in the
31P{1H} NMR spectrum in C6D6 solution, similar to that of
phosphiranes22,58. Interestingly, 1 can be heated to 100 oC in C6D6

solution for one hour without noticeable decomposition under an
inert atmosphere, but it is highly air- andmoisture-sensitive and yields
intractable mixtures when exposed to air or dry oxygen. The synthesis
of 1 is more straightforward in comparison to that of the phospha-
norcaradiene reported by Stephan and coworkers.[18]

Single crystals of 1 suitable for X-ray diffraction analysis were
obtained by layering n-hexane in a toluene solution at 4 oC59. It
crystallizes in the triclinic space group P1. There are two independent
enantiomers present in one crystal unit cell due to the chirality of the
P atom.Oneof themolecules is shown in Fig. 3b,whichunambiguously
reveals the connection of the P atom to two C atoms of the flanking
fluorenyl group. The distances of P1–C27 (1.973(5) Å) and P1–C28
(1.985(5) Å) are substantially longer than those of P1–C1 (1.847(4) Å)
and the P–Cdistances of the PC2 ring in phosphiranes22,58. Consistently,
the C27-P1-C28 angle (43.78(19)o) is more acute. Moreover, the P atom
deviates from the position expected for atoms attached to a phenyl
group as evidenced by the large difference between the bond angles of
C2-C1-P1 (111.7(3)o) andC6-C1-P1 (131.7(4)o). Thesedata suggest that the
PC2 ring in 1 bears a greater ring-strain than phosphiranes.
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Fig. 1 | Büchner ring expansion and selected P(III) compounds that act as
synthons of transient phosphinidenes. a Schematic depiction of Büchner ring
expansion and the equilibria between cycloheptatriene (CHT) and norcaradiene
(NCD); R is organic substituent. b Selected examples of P(III) precursors as syn-
thons of transient phosphinidenes; R is organic substituent, and L is coordinating
ligand.

Fig. 2 | Triplet pnictinidenes and phosphanorcaradiene supported by hydrin-
dacene ligands. a Triplet stibinidene and bismuthinidenes; (b) phosphanorcar-
adiene in this work.

Fig. 3 | Synthesis, molecular structure and selected frontier molecular orbitals
of phosphanorcaradiene 1. a Reduction of phosphorus(III) dichloride precursor
with twomolar equivalents of potassium graphite. b Thermal ellipsoid drawings of
the molecular structure of 1 at 50% probability. All hydrogen atoms are omitted,
and the fluorenyl moieties are shown in a wireframe style for clarity. Selected bond
lengths (Å) and angles (o): P1–C1 1.847(4), P1–C27 1.973(5), P1–C28 1.985(5),
C27–C28 1.476(6); C1–P1–C27 96.4(2), C1–P1–C28 88.06(19), C27–P1–C28
43.78(19), C27–C28–P1 67.7(3). c HOMO. d HOMO-4; (e) LUMO.
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Theoretical calculations of 1
The electronic structure of 1 was further elucidated by density func-
tional theory (DFT) calculations at the BP86 +D3BJ/def2-SVP level. The
HOMO represents the bonding orbitals of the C2P ring and the C–C π-
orbitals of the linked C6 ring (Fig. 3c–e). The lone pair of P atom is
shown in the HOMO-4, and the LUMO contains the π*-antibonding
orbitals of the fluorenyl moiety linked to the P atom. Additionally,
natural bond orbital (NBO) and intrinsic bond orbital (IBO)60 analyses
were conducted to gain insight into the bonding character of 1. The
Wiberg bond indices (WBIs) of the P1–C27 (0.74) and P1–C28 (0.72)
bonds are substantially smaller than that of the P1–C1 bond (0.96),
suggesting that they are relatively weaker than the P1–C1 bond.
Moreover, they are smaller than those of the phosphanorcaradiene
reported by Stephan and coworkers (0.79 and 0.76), implying a more
fragile PC2 ring in 1. IBO analysis shows that P1–C27(C28) σ-bonds are
formed by the overlap of the 3p orbitals at P1 and the 2p orbitals at
C27(C28) (Supplementary Fig. 1). The 3p orbitals at the P atom and the
2p orbitals at the C atoms provided more than 90% of the bonding
electrons in the P1–C27(C28) bonds. These orbitals are significantly
different from the P1–C1σ-bond,which is formedby the 3porbitalwith
the partial s character of P1 and the sp2 hybrid orbital of C1.

To further explore the electronic structure of the C2P ring of 1, the
quantum theory of atoms in molecules (QTAIM) and electron locali-
zation function (ELF) analyses were carried out61,62. The QTAIM calcu-
lations indicate that there are three bond critical points (BCPs) among
the P1, C27 and C28 atoms (Supplementary Fig. 2). In addition, the
bond paths between P1 and C27(C28) slightly deviate away from the
P1–C27(C28) axes. Furthermore, the ELF plots exhibit a twisted region
with highly localized electron density between each C and P in the C2P
ring (Supplementary Fig. 3).

The formation of 1 can be simplified to [2 + 1] cycloaddition of a
transient phosphinidene with a C =C double of the flanking fluorenyl
group.We previously reported the isolation of triplet stibinidene48 and
bismuthinidenes49, which are heavy congeners of the proposed phos-
phinidene. A comparison of the calculated energies between triplet
phosphinidene and 1 showed that 1 is 5.7 kcal/mol lower in energy than
that of triplet phosphinidene (Supplementary Fig. 4). The conversion
of triplet phosphinidene to 1 is facile with a predicted barrier no more
than 5 kcal/mol.

To provide further understanding of 1, electronic and steric
properties were theoretically studied. The proton affinity was analyzed
to evaluate the electronic property, and meanwhile related calcula-
tions on PPh3 and Mes-P(CH2CH2) were also performed for compar-
ison. As shown in Supplementary Fig. 5, the proton affinity of 1 is
–156.8 kcal/mol, which is lower than those of PPh3 (–152.8 kcal/mol)
and Mes-P(CH2CH2) (–141.8 kcal/mol). Compared with PPh3 and the
analogous three-membered ring phosphirane Mes-P(CH2CH2), 1 has a
better capability of electron donating. In addition, the steric property
of 1 were studied with percent buried volume (%Vbur) analysis. The %
Vbur of 1 is 76.6%, higher than those of PPh3 (65.0%) and Mes-
P(CH2CH2) (54.3%). The results of percent buried volumes suggest that
the steric hindrance around the phosphorus atom of 1 is greater than
those of PPh3 and Mes-P(CH2CH2). Besides, steric maps shown in
Supplementary Fig. 5 also display a larger steric hindrance of 1 than
PPh3 and Mes-P(CH2CH2). Owing to the steric effect, this active pho-
phanorcaradiene species 1 can be stabilized.

Reactions of 1 with nucleophiles and electrophiles
With understanding of the electronic structure, it is anticipated that 1
may act as a phosphinidene synthon through the dissociation of rela-
tively weak P1–C27(C28) bonds and the release of molecular-strain.
Accordingly, the reactivity of 1 toward nucleophiles and electrophile
was tested (Fig. 4). It reacted smoothly at room temperature with tri-
methylphosphine to afford phosphanylidene-phosphorane 2, which
was isolated in 87%yield. 2 exhibits 31PNMRresonance signals atδ –0.9
and –157.8 ppm with a coupling constant of 1JP-P = 603Hz. The high-
field signal is comparable to those of reported phosphanylidene-
phosphoranes63,64, which have been utilized as phospha-Wittig
reagents65–67. Moreover, treatment of 1 with 2,6-dimethylphenylisoni-
trile and trimethylsilylnitrile both afforded 1-phospha-3-azaallenes 3
and 4 in high yields, respectively. 31P resonances were observed at δ
–152.3 and –190.5 ppm in the 31P{1H} NMR spectra. The formation of 4
canbe interpreted by the equilibriumbetween trimethylsilylnitrile and
trimethylsilylisonitrile68, and the latter species has a greater propensity
to react with 1. A similar reaction pattern between disilyne and tri-
methylsilylnitrile has been reported by Sekiguchi and coworkers69.
Additionally, 1 reacted with one and two molar equivalents of
4-tertbutylphenylazide yielded iminophosphorane 5 and bis(imino)

Fig. 4 | Reactions of 1 with nucleophiles and electrophiles. Treatment of 1 with
trimethylphosphine afforded phosphanylidene-phosphorane 2. Reactions of 1with
2,6-dimethylphenylisonitrile and trimethylsilylnitrile yielded 1-phospha-3-

azaallenes 3 and 4, respectively. 1 reacted with one and two molar equivalents of
4-tertbutylphenylazide afforded iminophosphorane 5 and bis(imino)phosphorane
6, respectively.
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phosphorane 6, respectively. Their 31P{1H} NMR spectra show singlet
signals at δ 424.2 and 45.1 ppm, respectively.

The dicoordinate phosphorus atoms in 2-4 were revealed by SC-
XRD analysis (Fig. 5). The P–P distance of 2.1306(15) Å and the C1-P1-P2
bond angle of 102.03(11)o in 2 are comparable to those in DmpP=PMe3
(Dmp = 2,6-Mes2C6H3; 2.084(2) Å and 106.79(13)o, respectively)70. The
P = C =N fragments in 3 and 4 are almost linearwith P-C-N bond angles
of 168.82(18)o and 168.0(3)o, respectively. Moreover, the P1–C57
(1.668(2) and 1.651(4) Å) and C57–N1 (1.200(3) and 1.212(5) Å) bonds
feature double bond characteristics. These geometric parameters are

reminiscent of (phosphino)phosphinidene-isonitriles reported by
Bertrand and coworkers71, and are consistent with their cumulene-like
properties. SC-XRD analysis shows that the phosphorus atom in 6
exhibits a trigonal planar geometry with a sum of angles around the P1
atom of 360o. Moreover, the distances of P1–N1 (1.5408(11) Å) and
P1–N2 (1.5420(11) Å) suggest their double bond characters.

Reactions of 1 with alkene and alkyne
The ability of 1 to activate alkene and alkyne was further investigated
(Fig. 6). Exposure of 1 to 1 atm. of ethylene atmosphere at room

Fig. 5 | Molecular structures of 2-4 and 6. Thermal ellipsoid drawings of themolecular structures of 2 (a), 3 (b),4 (c) and 6 (d) at 50% probability. All hydrogen atoms are
omitted, and the fluorenyl moieties and the 4-tBuC6H4 groups are shown in a wireframe style for clarity.

Fig. 6 | Activations of unactivated alkene, alkyne, silane and amine with 1. The reaction of 1 with ethylene gave phosphirane 7; 1 reacted with
4-tertbutylphenylacetylene to afford phosphirene 8; 1 activated Si–H and N–H bonds to yield phosphines 9 and 10, respectively.
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temperature led to the formation of phosphirane 7 in moderate yield.
The 31P{1H} NMR resonance was shown at δ –229.2 ppm, similar to that
of 1-mesitylphosphirane (δ –238.9 ppm)72. Complete consumption of 1
with an excess amount of 4-tertbutylphenylacetylene at room tem-
perature was observed after 12 h, and phosphirene 8 was isolated in
65% yield. A single resonance signal was observed at δ –171.3 ppm in
the 31P{1H} NMR spectrum of 8. The formation of 7 and 8 under mild
conditions is most likely attributed to the decrease in the ring-strain
and recovery of aromaticity at the six-membered ring in 1, which is
striking since phosphinidene transfer to alkenes with II and IV devel-
oped by the Cummins group has to be promoted by heating or cata-
lyzed by TM catalysts32,34,35. It is noteworthy that 7 and 8 do not react
with 4-tertbutylphenylazide, most probably attributed to high steric
hindrance around the phosphorus atoms.

The molecular structures of 7 and 8 determined by SC-XRD ana-
lysis are shown in Fig. 7. New three-membered PC2 rings are shown in
the structures. The C57–C58 distances are 1.513(4) and 1.308(5) Å,
respectively, in accordance with their single and double bond nature.
Moreover, the P–Cbond lengths (1.847(3) and 1.848(3) Å for 7; 1.779(4)
and 1.808(4) Å for 8) inside the PC2 ring are shortened in comparison
to those in 1. In contrast to that of 1, the P atoms in 7 and 8 are in the
expected positions for atoms attached to a phenyl ring.

Activation of Si–H and N–H bonds with 1
Recently, geometrically constrained phosphines have shown to be
capable of σ-bond activation73–76, prompting us to study the ability of 1

in σ-bond activation. Interestingly, we found that 1 could activate the
Si–H and N–H bonds. The reactions of 1 with diethylsilane and phe-
nylamine occurred smoothly at room temperature, and silylphosphine
9 and aminophosphine 10 were obtained in 70% and 74% yields,
respectively (Fig. 6). Their structures were unambiguously determined
by SC-XRD analysis (Fig. 7). The activation of Si–H and N–H bonds
represents rare examples of intermolecular inert bond activation with
metal-free transient phosphinidenes. Oxidation cleavage of Si–H
bonds with electrophilic metallo-phosphinidene complexes was
reported by Sterenberg et al.77,78. Stephan and coworkers showed
hydrosilylation of low-valent P5Ph5 mediated by the Lewis acid
B(C6F5)3

79. Hering-Junghans and coworkers recently revealed the first
example of N–H activation at a metal-free P(I) center with phospha-
Wittig reagents66. Additionally, the reactions of 1 with dioxygen and
dihydrogen led to intractable mixtures.

Theoretical studies of the reaction mechanisms
Themechanisms for the activation of alkene, alkyne, silane, and amine
with 1were studied by DFT calculations. For alkene, alkyne, and silane,
as shown in Fig. 8a–c, respectively, the breakage of the PC2 three-
membered ring structures and activations of the C =C bond, the C ≡C
bond, and the Si–H bond occur concertedly in respective transition
states (7-TS, 8-TS, and 9-TS, respectively). Through respective transi-
tion states, the addition products 7, 8, and 9 are formed. While for the
activation of amine, the phosphorus atom interactswith amine to form
10-RCfirstly, inwhich the three-membered ring structure in 1 is broken

Fig. 7 | Molecular structures of 7-10. Thermal ellipsoid drawings of themolecular structures of 7 (a), 8 (b), 9 (c) and 10 (d) at 50% probability. All hydrogen atoms except
those at the P, Si and N atoms in 7 and 8 are omitted, and the fluorenyl moieties, the 4-tBuC6H4 and phenyl groups are shown in a wireframe style for clarity.
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(Fig. 8d). TheN–Hbond is activated through 10-TS to formproduct 10.
The energy barriers for activations of alkene, alkyne, silane, and amine
are 15.1, 11.4, 7.4, and 21.1 kcal/mol, respectively, which are in line with
the reaction conditions of room temperature. As shown in Fig. 8, these
transformations are exothermic processes through early transition
states, and thus the activations of alkene, alkyne, silane, and amine are
facile by the active phophanorcaradiene 1.

In addition, the structures of 7-TS, 8-TS, 9-TS, and 10-TS were
analysed. As Fig. 9 shows, P–C1 and P–C2 distances in these transition
states are all larger than those in 1 (1.980 and 2.002Å for P-C1 and P-C2

respectively), indicating the breakage of the three-membered ring
structure. The C3–C4 distance in 7-TS is 1.367 Å, and the C3–C4 distance
in 8-TS is 1.259Å. These C3–C4 distances respectively suggest that the
C =Cbondand theC ≡Cbondare activated. Besides,7-TS and8-TS are

� �

� �

Fig. 8 | Studies of the reactionmechanisms throughDFT calculations.Gibbs free energy profiles of activations of (a) alkene, (b) alkyne, (c) silane, and (d) amine with 1
(Ar’ = 4-tBuC6H4, Gibbs free energies are shown in kcal/mol). Calculations were performed at the BP86-D3/def2-TZVPP//BP86-D3/def2-SVP level of theory.
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Fig. 9 | Theoretical investigationof the structures of the transition states. Structures of transition states in activations of alkene, alkyne, silane, and amine (distance are
shown in Å). Calculations were performed at the BP86-D3/def2-TZVPP//BP86-D3/def2-SVP level of theory.
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typical concerted asynchronous transition states. For 7-TS, the P–C3

and the P–C4 distances are2.552 and2.871 Å, respectively, and for8-TS,
the P–C3 and the P–C4 distances are 3.137 and 2.239Å respectively. For
9-TS, the Si–H distance is 1.543 Å, and the N–H distance in 10-TS is
1.249 Å, suggesting the activations of the Si–Hbondand theN–Hbond.
Furthermore, distortion analysis was performed on 7-TS, 8-TS, 9-TS,
and 10-TS80,81. In the distortion analysis, these transition states were
divided into the activated molecule moiety and the phophanorcar-
adiene moiety. The total deformation energies (ΔEdist) of 7-TS, 8-TS,
9-TS, and 10-TS are shown in Fig. 9. The deformations of 7-TS, 8-TS,
and 9-TS compared to respectiveRCs are not as large as that of 10-TS,
probably due to the aromatization driving force of the decyclization of
P-ligand three-membered ring structure in the transition state. The
ΔEdist of 7-TS, 8-TS, and 9-TS are 19.0, 17.8, and 18.6 kcal/mol respec-
tively, which are all lower than thatof 10-TS (47.9 kcal/mol). Therefore,
the energy barrier of the activation of amine is relatively higher than
those of activations of alkene, alkyne, and silane. In addition, the
interaction energies (ΔEint) of transition stateswere also analyzed.ΔEint
of 10-TS is –44.5 kcal/mol, which is much higher than those of 7-TS,
8-TS, and 9-TS (–11.1, –19.5, and –22.5 kcal/mol, respectively).
Although the ΔEdist of 10-TS is high, the high ΔEint of 10-TS leads to a
relatively low energy barrier for amine activation.

Discussion
In summary, we have described the synthesis and characterization of
thermally robust phosphanorcaradiene 1with highmolecular-strain. It
could react with nucleophiles and electrophiles. Strikingly, 1 is capable
of activating C =C double and C ≡C triple bonds, as well as Si–H and
N–Hbonds at room temperature. The driving force for these reactions
is most likely the high ring-strain of the three-membered PC2 ring and
recovery of aromaticity of the C6 ring. This work demonstrates the
great potential of phosphanorcaradiene as a synthetic equivalent of
phosphinidene in small molecule activation. The use of 1 to synthesize
more phosphorus compounds including phosphinidene-TM catalysts
is under investigation in our laboratory.

Methods
All experiments were carried out under a dry oxygen-free nitrogen
atmosphere using standard Schlenk techniques or in a N2 filled-glove
box. Solvents were dried by standard methods and stored in activated
4Å molecule sieve in the glovebox. All reagents were purchased from
commercial sources (Energy Chemical and TCI) and used without
further purification unless otherwise noted. MsFluindtBu-PCl2

54, and
KC8

82 were synthesized according to reported procedures. The 1H,
13C{1H} and 31P{1H} NMR spectra were recorded on Bruker spectro-
meters (AV400 and AV600). Chemical shift values for protons are
referenced to the residual proton resonance of CDCl3 (δ: 7.26), C6D6

(δ: 7.16), THF-d8 (δ: 3.62); chemical shift values for carbons are refer-
enced to the carbon resonance of CDCl3 (δ: 77.16), C6D6 (δ: 128.06),
THF-d8 (δ: 67.21); chemical shift values for phosphorus are relative to
85%H3PO4. NMRmultiplicities are abbreviated as follows: s = singlet, d
= doublet, t = triplet, q = quartet, sept = septet, m = multiplet, br =
broad signal. Chemical shifts are quoted in δ (ppm) and coupling
constants in Hz. The samples were dissolved in deuterated solvents,
and were sealed off in J-Young NMR tubes for measurements. For the
single crystal X-ray structure analysis, the crystals were eachmounted
on a glass capillary in perfluorinatedoil andmeasured in a coldN2flow.
The data for all compounds were collected on a Bruker D8 Venture or
XtaLAB Synergy R, DW system, HyPix diffractometer at low
temperatures.

Data availability
All data generated or analyzed during this study are included in the
Supplementary Information. Details about materials and methods,
experimental procedures, characterization data, and theoretical

calculations are available in the Supplementary Information. The
structures of 1–8 in the solid state were determined by single-crystal
Xray diffraction studies and the crystallographic data have been
deposited with the Cambridge Crystallographic Data Center under
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These data can be obtained free of charge from The Cambridge
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cif. All data are also available from corresponding authors upon
request. Source data are present in this paper. Source data are pro-
vided with this paper.
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