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Universitätsstraße 25, 33615 Bielefeld, Germ
dDepartment of Chemistry, University of

Helsinki, Finland
eParis Lodron Universität Salzburg, Chem

Salzburg, Austria

† We dedicate this manuscript to the mem

‡ Electronic supplementary information (
For ESI and crystallographic data in CI
https://doi.org/10.1039/d4sc00936c

§ Present address: Julius-Maximilians-
Anorganische Chemie, Am Hubland, 9707

{ Present address: Technische Universität
Chemie mit Schwerpunkt neue Materialie
bei München, Germany.

Cite this: Chem. Sci., 2024, 15, 5596

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 8th February 2024
Accepted 8th March 2024

DOI: 10.1039/d4sc00936c

rsc.li/chemical-science

5596 | Chem. Sci., 2024, 15, 5596–5
otochemistry of di-tert-
butyldiphosphatetrahedrane†‡

Gabriele Hierlmeier, §*a Roger Jan Kutta, b Peter Coburger, {a

Hans-Georg Stammler, c Jan Schwabedissen,c Norbert W. Mitzel, *c

Maria Dimitrova, de Raphael J. F. Berger, e Patrick Nuernberger *b

and Robert Wolf *a

Di-tert-butyldiphosphatetrahedrane (tBuCP)2 (1) is a mixed carbon- and phosphorus-based tetrahedral

molecule, isolobal to white phosphorus (P4). However, despite the fundamental significance and well-

explored reactivity of the latter molecule, the precise structure of the free (tBuCP)2 molecule (1) and

a detailed analysis of its electronic properties have remained elusive. Here, single-crystal X-ray structure

determination of 1 at low temperature confirms the tetrahedral structure. Furthermore, quantum

chemical calculations confirm that 1 is isolobal to P4 and shows a strong largely isotropic diamagnetic

response in the magnetic field and thus pronounced spherical aromaticity. A spectroscopic and

computational study on the photochemical reactivity reveals that diphosphatetrahedrane 1 readily

dimerises to the ladderane-type phosphaalkyne tetramer (tBuCP)4 (2) under irradiation with UV light.

With sufficient thermal activation energy, the dimerisation proceeds also in the dark. In both cases, an

isomerisation to a 1,2-diphosphacyclobutadiene 10 is the first step. This intermediate subsequently

undergoes a [2 + 2] cycloaddition with a second 1,2-diphosphacyclobutadiene molecule to form 2. The

1,2-diphosphacyclobutadiene intermediate 10 can be trapped chemically by N-methylmaleimide as an

alternative [2 + 2] cycloaddition partner.
Introduction

The tetrahedron is a fundamental structure motif in chemistry.
Tetrahedral molecules can incorporate various elements of the
periodic table, including s-, p- and d-block elements. Among the
most prominent examples are the rst “organic” tetrahedrane,
(tBuC)4,1 and the prototype of “inorganic” tetrahedrane, P4.2,3
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While the chemical properties and reactivity patterns of P4 and
(tBuC)4 have been studied for a long time, the physical prop-
erties, in particular the thermal stability and photochemistry, of
both molecules have also attracted considerable attention.4

The transformation of white phosphorus into its red allotrope
by irradiation is well known (Fig. 1A).5 It was proposed that this
reaction takes place via photoinduced dissociation of P4 into P2
molecules, which then recombine to form polymeric red phos-
phorus.6 The same equilibrium P4 # P2 can also be reached
Fig. 1 Thermal and photochemical reactions of group 14/group 15
tetrahedranes.
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Fig. 2 Molecular structure of 1 in the solid state. Thermal ellipsoids are
set at the 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths [Å] and angles [°]: P1–P2 2.205(1), P1–C1
1.845(2), P1–C2 1.847(2), P2–C1 1.849(2), P2–C2 1.846(2), C1–C2
1.458(2), C1–P1–P2 53.4(1), C2–P1–P2 53.3(1), C2–P1–C1 46.5(1), C1–
P2–P1 53.3(1), C1–P2–C2 46.5(1), C2–P2–P1 53.3(1), P2–C1–P1
73.3(1), C2–C1–P1 66.8(1), C2–C1–P2 66.7(1), P1–C2–P2 73.3(1), C1–
C2–P1 66.7(1), C1–C2–P2 66.9(1).
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thermally in the gas phase at temperatures above 1000 °C.7 A
solvent-dependent radical mechanism has also been proposed for
the polymerisation of P4 to red phosphorus under irradiation with
ionising g-rays.8 The photochemistry of P4 can be exploited for the
synthesis of new diphosphenes via [2 + 4] cycloadditions of P2 with
dienes.9

A photochemical pathway was pursued to access the purely
carbon-based tetrahedrane tetra-tert-butyltetrahedrane (tBuC)4
which can be generated by irradiation of its cyclobutadiene isomer
tetra-tert-butylcyclobutadiene (l > 300 nm; Fig. 1B).1 Above 130 °C,
(tBuC)4 undergoes back-isomerisation to the tetra-tert-
butylcyclobutadiene.

Recently, the synthesis and reactivity of di-tert-butyldiphos-
phatetrahedrane (1), the “hybrid” of P4 and (tBuC)4,3,10,11 as well as
the related tri-tert-butylphosphatetrahedrane (tBu3C3P)12 and tri-
phosphatetrahedrane (HCP3)12 have been described. Diphospha-
tetrahedrane 1 is readily prepared by a nickel-catalysed
dimerisation reaction of tert-butylphosphaalkyne tBuCP and is
isolated as a metastable liquid with a melting point of −32 °C.
Above its melting point, 1 slowly dimerises to give the known
ladderane-type phosphaalkyne tetramer (tBuCP)4 (2).13 As a result,
attempts to grow single crystals of 1 by standard techniques were
unsuccessful previously, while the structure of the silver(I) complex
[(h2-1)Ag(2)]2[Al(OR

F)4] [1-Ag, R
F = C(CF3)3] could be determined.

1-Ag shows an intact P2C2 tetrahedron side-on coordinated to an
Ag+ cation.

Here, the structure of 1 in the solid state by single-crystal X-ray
diffraction is determined and, according to quantum-chemical
calculations, its electronic structure reveals a pronounced spher-
ical aromaticity comparable to that in P4 and (tBuC)4. Furthermore,
the temperature and light sensitivity of 1 is presented in more
detail and the remarkable photochemistry of 1 is reported. Irra-
diation of 1 with UV light affords 2 via [2 + 2] cycloaddition of two
intermediate 1,2-diphosphacyclobutadienes (Fig. 1C). The photo-
chemistry of 1 reveals notable differences in comparison with the
photochemistry of P4, (tBuCP)4 and tBuCP (the monomer of 1).
Moreover, the present study complements recent results on the
related tri-tert-butylphosphatetrahedrane (tBu3C3P), which was
shown by Cummins and co-workers to isomerise to a planar
phosphacyclobutadiene upon addition of the Lewis acid BPh3.14

Results and discussion
X-ray crystallography

Crystallographic structure determination of the title compound
1 by X-ray-diffraction (XRD) was challenging because 1 is
a liquid at ambient temperature, which is simultaneously
sensitive to air, light and temperature. Numerous attempts to
grow a single crystal from the liquid phase were unsuccessful,
because the decomposition of 1 started immediately aer
melting, producing crystal seeds that led to polycrystalline
specimens. Moreover, the crystallisation process is difficult to
monitor and control, because the observation with polarised
light also leads to decomposition. In one of the crystallisation
experiments, a crystalline region in the capillary was observed,
which turned out to be di-tert-butylacetylene (the structure of
which had already been determined earlier).15
© 2024 The Author(s). Published by the Royal Society of Chemistry
To overcome these problems, mixing 1 with n-pentane low-
ered the melting point, allowing crystal growth at a lower
temperature, where the sample is sufficiently stable for the time
needed to grow a crystalline sample. For this, a freshly prepared
mixture of 1 and n-pentane was transferred to a capillary and
using the cryo-stream of the diffractometer immediately cooled
in the dark from 240 K with 5 K h−1 to 180 K and subsequently
to 94 K with a max. cooling rate. A colourless crystal was ob-
tained, which was twinned with ratio of 1 : 1. The second
domain was rotated by −169.1° around [010] (reciprocal). Both
domains were taken into account for data integration and only
the non- or minor-overlapping reections of the rst domain
were used for renement. 1 crystallised in the monoclinic space
group P21 with one molecule per asymmetric unit (Fig. 2).
Important bond lengths are summarised in Table 1 and
compared with those calculated by coupled cluster theory or
found in the molecular structure of the silver(I) complex 1-Ag
(Fig. 3 and Table 1).

The P1–P2 bond length of 2.205(1) Å in 1 compares well to
the bond length in P4 determined by gas phase electron diffraction
(rg = 2.1994(3) Å).2 Moreover, the P–C bond lengths range from
1.845(2) to 1.849(2) Å and the C1–C2 bond length of 1.458(2) Å is
very similar to that found in (tBuC)4 (average: 1.485 Å).16

Overall, the bond lengths compare very well to the calcula-
tions at the DLPNO-CCSD(T)/def2-QZVPP level of theory
(Table 1). Moreover, comparison of the bond metrics with the
previously reported Ag(I) complex 1-Ag reveals the expected
extension of the P–P bond by ca. 0.1 Å to 2.308(3) Å upon
coordination. The differences in C1–C2 and P–C bond lengths
were less pronounced.

It should be noted that despite numerous attempts to deter-
mine the structure of 1 by gas electron diffraction, suitable
conditions could not be found to record consistent diffraction
patterns.
Electronic structure

Previously, an analogy in the reactivity of 1 and P4 had been
noticed, which may be attributed to the isolobal analogy. In this
concept, the frontier orbitals of two molecules are compared with
respect to their energies, shape, occupation and symmetry.17
Chem. Sci., 2024, 15, 5596–5603 | 5597
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Table 1 Comparison of bond lengths in solid state structures of 1 with calculated values obtained using DLPNO CCSD(T)/def2-QZVPP of the
single molecule10

Bond Bond length [Å] XRD (1) Bond length [Å] DLPNO CCSD(T) (1) Bond length [Å] XRD (1-Ag)

P1–P2 2.205(1) 2.203 2.308(3)
C1–C2 1.458(2) 1.458 1.462(12)
P–C 1.849(2)–1.845(2) 1.852 1.820(8)–1.836(9)

Fig. 3 Structure of 1-Ag (see Table 1 for selected structural data).
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DFT calculations on the TPSS-D3BJ/def2-TZVP level of theory
have shown that the frontier orbitals of both molecules are
related in energy and shape (Fig. 4). As expected, the degeneracy
of t- and e-orbitals in P4 is not preserved in 1. The HOMO (−5.3
eV) of 1 has mainly P–C bond character, whereas the HOMO-1
(−5.7 eV) has large contributions of the P–P and C–C bonds
(for a comparison of all occupied orbitals see the ESI‡).

Both P4 and (tBuC)4 have been demonstrated to possess
spherical aromaticity.2,18 As a probe for such aromatic ring
currents the nucleus independent chemical shis (NICS) have
been an effective tool in previous studies.19 For comparison, the
NICS values were calculated on the TPSS/pcSseg-2 level of theory
Fig. 4 Frontier orbitals of 1 (left) and P4 (right) calculated at the TPSS-D

5598 | Chem. Sci., 2024, 15, 5596–5603
at the centre of the cages of P4, (tBuC)4 and 1, affording strongly
negative values of −60.1, −48.2 and −50.3 ppm, respectively.
Notably, the value for P4 compares well with a recent calculation
(−61.9).20,21 The value for 1 (−50.3) is in between the values for
P4 and (tBuC)4, which suggests large induced diatropic ring
currents. A calculation of the magnetically induced total ring
current ux in P4, 1 and (tBuC)4 yielded 24, 15 (and 16 in one
orthogonal direction) and 16 nA T−1, respectively (Fig. 5, B3LYP/
def2-TZVP; see the ESI‡ for details).22 The strong diamagnetic
response of P4 underlines its aromatic nature, while the direc-
tional independence (isotropy) of the ux in 1 suggests the
presence of spherical aromaticity (as it is already imposed by
symmetry upon P4 and (tBuC)4). Moreover, the high ux values
demonstrate a signicant amount of aromatic cluster current in
1 and (tBuC)4 (for comparison, benzene shows a total ring
current of approx. 12 nA T−1).23
Photochemistry

As evidenced by monitoring the characteristic 31P NMR signal at
−468.2 ppm (see Fig. S21, ESI‡) the concentration of 1 stays
constant over 15 hours in the dark at ambient temperature in
3BJ/def2-TZVP level of theory. Energies are given in eV.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Spaghetti plots of selected current density streamlines induced by an external magnetic field (B) showing the main cluster current
contributions for P4, 1 and (tBuC)4, respectively. For details on the calculations, see the ESI.‡
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solution. However, at temperatures above 40 °C, the formation
of the ladderane (tBuCP)4 (2) (i.e. a dimer of 1, see Fig. 1) was
observed by a singlet resonance at −22.2 ppm (Fig. S19 in the
ESI‡).13 Correspondingly, conversion of 1 to 2 increases with
higher temperatures. For instance, keeping the solution at 80 °C
for ca. 2.5 hours results in ca. 8% conversion (based on inte-
gration) of 1 to 2 (Fig. S21‡). This thermal instability of 1 is in
agreement with a previous report.10

Upon exposure to ambient light, 1 showed a signicantly
lower stability as demonstrated by preparing two identical
samples containing 1 (with a concentration of 0.44 mol L−1) and
an internal standard (PPh3) in C6D6 and monitoring the corre-
sponding characteristic 31P NMR signals quantitatively in the
dark and in the light, respectively (Fig. S9 and S10‡). While the
sample kept in the dark did not degrade notably over time, the
sample kept under ambient light was partly converted into 2
aer 17 hours. Note that the conversion was not complete with
a nal concentration of 0.04 mol L−1 (corresponding to 90%
conversion) for 1 and 0.15 mol L−1 (corresponding to 68% yield)
for 2, which is presumably explained by the formation of
a precipitate in the NMR tube (vide infra).

The photochemical instability of 1 allowed the development
of a convenient protocol for the synthesis of 2 from 1. Irradia-
tion of solutions of 1 in THF for three hours using a UV lamp
and subsequent extraction with benzene results in pure 2 in
77% isolated yield (Scheme 1). No side products were detected
when following the reaction by 31P NMR spectroscopy.

It is important to note that tri-tert-butylphosphatetrahedrane
(tBu3C3P) undergoes a very similar reaction with sub-
stoichiometric amounts of a Lewis acid such as
Scheme 1 Synthesis of 2 by irradiating 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
triphenylborane, affording a planar phosphacyclobutadiene.14

In the absence of other reagents, this species undergoes head-
to-head dimerisation to form a ladderane-type dimer similar
to 2. In the presence of alkenes or a transition metal complex,
however, it could be trapped as cycloaddition product or as
a ligand. The photochemistry (when exciting at 254 nm) of
(tBu3C3P) is rather unselective, affording a mixture of products
including the dicyclopropenyl substituted diphosphene. In
contrast, the dimerisation of 1 to 2 is driven photochemically
and does not require the addition of further reagents.

Under prolonged irradiation of 2 in THF with either 365 nm
or 450 nm a reactionmixture consisting of an orange precipitate
and a colourless solution is obtained (see Fig. S5 in the ESI‡).
Analysis of the solution by 1H NMR spectroscopy revealed clean
conversion to di-tert-butylacetylene as evidenced by a singlet
resonance at a chemical shi of 1.34 ppm and the absence of
starting material (see Fig. S15 in the ESI;‡ as described above,
this formation of di-tert-butylacetylene was already observed in
attempts to crystallise pure 1 in situ on the diffractometer). The
13C{1H} NMR spectrum also showed the three signals corre-
sponding to the alkyne at chemical shis of 27.4, 31.7 and
87.5 ppm (Fig. S16‡). The 31P{1H} NMR spectrum showed
a small amount of P4 at −520.7 ppm (see Fig. S17 in the ESI‡).
Thus, the orange precipitate is assigned to red phosphorus (or
a related phosphorus containing polymer), which has been
observed to form upon polymerisation of white phosphorus in
other reactions induced by ionising g-radiation (Scheme 2).8

Notably, this is reminiscent of the reactivity of tetrahedral
Co2(CO)6(h

2-alkyne) complexes, where the Co2(CO)6 can act as
protecting group.24
Scheme 2 Photochemistry of 2.

Chem. Sci., 2024, 15, 5596–5603 | 5599
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Scheme 3 Proposed mechanism for the dimerisation of 1 to 2.
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At signicantly lower concentrations of 1, the photo-
conversion of 1 to 2 proceeds via a further intermediate, which
can be monitored as a complete step prior to further degrada-
tion, as evidenced by recording the electronic absorption
spectra in the UV/vis aer stepwise illumination at 340 nm of
a 500 mM solution of 1 in n-hexane (Fig. 6). Within the rst 5 s of
illumination, the absorption spectrum of 1 with two charac-
teristic bands at ca. 230 and 280 nm decreases while an
absorption spectrum with two distinct bands peaking at ca. 350,
300 and 210 nm is formed. On prolonged illumination the
formed absorption spectrum becomes particularly more
dened in the spectral range from 260 to 380 nm and resembles
the absorption spectrum of puried 2 (Fig. 6).

With even longer illumination, the additional formation of
elemental phosphorus and di-tert-butylacetylene is evidenced
by scatter contributions in the UV/vis absorption signal (data
not shown). Based on the structure of 2, it can be assumed that
this ladderane compound is formed by cycloaddition of two
P]P bonds of two planar 1,2-diphosphacyclobutadienes 10

(Scheme 3).25 To investigate this possibility, molecular
dynamics simulations of 1 were performed starting in the
electronic ground state and switching into the rst excited
singlet state aer 1 ps of propagation. These simulations
provide striking evidence for a formation of planar 1,2-diphos-
phacyclobutadienes upon illumination (Fig. 7 and S24 and ESI
Fig. 6 Sequence of absorption spectra of 1 (2 mM) in n-hexane after
stepwise illumination at 340 nm with rectangular pulses of 1 s pulse
width (top) and the corresponding decomposition into species spectra
and concentration time profiles showing clearly an intermediate I prior
to the final formation of 2 (bottom).

5600 | Chem. Sci., 2024, 15, 5596–5603
movie‡). Directly aer changing to the rst excited singlet state
the P–P bond length increases instantaneously (Fig. 7a). Within
a time-window of 2 ps of propagation, the molecular framework
ips into a rather planar trapezoid shape (10). Notably, the
formation of 10 from 1 in the absence of light has a computed
activation barrier of 55.3 kcal mol−1 according to DFT calcula-
tions on the uB97X-D3/def2-SVP level of theory using the NEB
method.

Dimerisation of 10 should generally be allowed to form either
the endo- or exo-congured ladderane 2. In both cases no
noticeable activation barrier is expected (Fig. 8). Since the
observed intermediate shows a spectrum rather similar to the
nal spectrum of 2 and the fact that the exo-isomer is more
stable by 0.5 eV (12 kcal mol−1), it is tempting to speculate that
the intermediate represents the endo-form of 2, which can be
photochemically converted into the more stable exo-form.26 The
Fig. 7 Structural analysis of the molecular dynamics trajectories
showing the average of the P–P bond length (a), the carbon–carbon–
phosphorus angle (b) and the P–C–C–P dihedral angle (c) as defined
in (d) of Fig. S24.‡ The colour shaded temporal ranges indicate prop-
agation in different electronic state as indicated in (d). Corresponding
representative structures during this temporal range are also shown in
(d). The blue lines in (a–c) correspond to a global monoexponential fit
to the data with a lifetime of ca. 960 fs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 [2 + 2]-Cycloadditions of in situ generated 1,2-diphos-
phacyclobutadiene 10 with N-methylmaleimide.

Fig. 9 Molecular structures of 3-endo and 3-exo in the solid state.
Thermal ellipsoids are set at 50% probability level. H-atoms (except for
those binding to C11, C12, C41 and C42) are omitted for clarity.
Selected bond lengths [Å] and angles [°]: P1–P2 2.242(1), P1–C1
1.844(2), P1–C11 1.916(2), P2–C2 1.852(2), P2–C12 1.910(2), C1–C2
1.362(3), C11–C12 1.524(2), P5–P6 2.233(1), P5–C31 1.841(2), P5–C41
1.928(2), P6–C32 1.841(2), P6–C42 1.923(2), C32–C31 1.367(3), C41–
C42 1.523(2), C1–P1–P2 76.4(1), C2–P2–P1 75.9(1), C1–C2–P2
103.8(1), C2–C1–P1 103.7(1), C11–P1–P2 79.5(1), C12–P2–P1 78.7(1),
C12–C11–P1 100.0(1), C11–C12–P2 101.5(1), C2–P2–C12 97.8(1), C1–
P1–C11 95.5(1), C31–P5–P6 76.2(1), C32–P6–P5 76.5(1), C32–C31–P5
103.8(1), C31–C32–P6 103.3(1), C41–P5–P6 79.1(1), C42–P6–P5
79.5(1), C41–C42–P6 100.4(1), C42–C41–P5 100.7(1), C31–P5–C41
100.8(1), C32–P6–C42 100.7(1).

Fig. 8 Potential energy surfaces along the dimerisation coordinates of
two molecules of 10 to 2 in either the endo- (a) or the exo-configu-
ration (b). Calculations were performed at the B3LYP-D4/def2-TZVP
level of theory.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
/2

7/
20

26
 5

:2
8:

59
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
calculated absorption spectrum of the exo-congured isomer
shows a rather dened absorption band peaking at ca. 300 nm
with a shoulder at around 350 nm as observed in the experiment
for the nal product 2-exo. Importantly, the calculated spec-
trum of the endo-isomer shows a higher absorptivity red and
blue shied compared to the main absorption band of the exo-
isomer peaking at ca. 270 and 350 nm, respectively, which is
also observed in the experiment. This provides evidence for the
assignment of a photoinduced endo to exo isomerisation of 2.
Alternatively, a photoinduced retro-[2 + 2] cycloaddition from 2-
endo to 10 and subsequent [2 + 2] to 2-exo could take place.27

Next, reactions of 1 with suitable trapping agents for [2 + 2]
cycloadditions, i.e., alkenes or alkynes, were tested as experi-
mental indications for the occurrence of a 1,2-diphosphacy-
clobutadiene as an intermediate in the formation of 2 from 1.
While irradiating 1 at 254 nm in the presence of either bis(-
trimethylsilyl)acetylene or maleic anhydride resulted only in the
formation of 2 as observed for 1 alone,28 the reaction of 1 with
the more electron-decient N-phenylmaleimide gave two singlet
resonances (d = −63.0 and −84.4 ppm) in the 31P{1H} NMR
spectrum aer irradiation for two hours (see Fig. S18 in the
ESI‡). This reaction was more selective (affording less 2) when
excess amounts of the alkene were employed. However, from
a synthetic point of view, the removal of this excess proved
difficult due to similar solubilities and retention factors during
chromatographic separation. Therefore, the smaller N-methyl-
maleimide was chosen for the trapping reaction. The 31P{1H}
NMR spectrum of the product showed two distinct signals at
chemical shis of −62.4 and −84.6 ppm. Removal of the excess
N-methylmaleimide by sublimation and recrystallisation of the
residue from n-hexane afforded single crystals of both of the
isomeric [2 + 2] cycloaddition products 3-endo and 3-exo
(Scheme 4).

Single-crystal XRD diffraction revealed that 3-exo and 3-endo
co-crystallise in the space group P21/c with eight molecules of 3-
exo and four molecules 3-endo in the unit cell. The molecular
structures of 3-exo and 3-endo in the solid state (Fig. 9) strongly
© 2024 The Author(s). Published by the Royal Society of Chemistry
support the formation of diphosphabicyclo[2.2.0]hexene rings
formed upon [2 + 2] cycloaddition of an in situ generated 1,2-
diphosphacyclobutadiene with N-methylmaleimide. This is
consistent with the proposed mechanism for the dimerisation
of 1 to 2 via a 1,2-diphosphacyclobutadiene. In both 3-exo and 3-
endo, the P–P bond lengths [P1–P2 2.242(1) Å, P5–P6 2.233(1) Å]
are indicative of a single bond and the C–C bonds originating
from 1 have bond lengths typical for double bonds [C1–C2
1.362(3) Å, C32–C31 1.367(3) Å].29 The C–C bonds originating
from the maleimide possess typical bond lengths for single
bonds [C11–C12 1.524(2) Å, C41–C42 1.523(2) Å]. The C2–P2–
C12 and C1–P1–C11 angles of 97.8(1)° and 95.5(1)°, respectively,
indicate an almost perpendicular arrangement of the two C2P2
rings in 3-exo. In 3-endo, these angles are larger [C31–P5–C41:
100.8(1)°, C32–P6–C42: 100.7(1)°] possibly resulting from steric
hindrance of the tert-butyl groups and the imide moiety.

According to the 1H and 31P{1H} (single and multinuclear)
NMR spectra as well as mass spectra, 3-exo and 3-endo were
isolated as a mixture containing ca. 53% of the endo- and 47% of
Chem. Sci., 2024, 15, 5596–5603 | 5601
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the exo-isomer. The 31P{1H} NMR spectrum shows two singlet
signals at chemical shis of −85.2 and −63.1 ppm. In the
proton-coupled 31P NMR spectrum the signal at −85.2 ppm
shows coupling to the diphosphacyclobutane protons and has
the shape of a pseudo-triplet, whereas the signal at −63.1 ppm
shows no coupling. DFT calculations at the TPSS pcSseg-2 level
of theory conrm that the high-eld resonance, which is
assigned to 3-endo, shows higher JPH coupling constants than
the low-eld species. This is in agreement with the experimental
values and also conrmed by a study on the effect of the lone
pair conformation on P–H coupling constants.30 Simulation of
the 31P NMR signal of 3-endo reveals a 2JPH coupling constant of
13.1 Hz and a 3JPH coupling constant of −9.7 Hz.

The 1H NMR spectrum of the mixture of isomers 3-endo and 3-
exo shows singlet resonances for the tert-butyl groups at 1.07 and
1.15 ppm and for the maleimide methyl groups at 2.65 and
2.66 ppm. Moreover, the diphosphacyclobutane proton signals
arise as a singlet at 2.75 for 3-exo and as a multiplet between 2.63
and 2.71 ppm for 3-endo. The 13C{1H} NMR spectrum shows two
singlet resonances for the maleimide methyl groups and pseudo
triplet resonances for the other carbon atoms. Four low-eld-
shied resonances were assigned to the diphosphacyclobutene
carbon atoms at 167.7 (3-endo) and 168.6 ppm (3-exo) and the
carbonyl moieties at 175.2 (3-endo) and 175.9 ppm (3-exo). Anal-
ysis of a mixture of 3-endo and 3-exo by GC-MS revealed two peaks
at retention times of 14.28 and 14.46 min with mass spectra that
show the same, expected molecular ion signal with m/z = 311.0.

It is worth noting that a [2 + 2]-cycloaddition product related to
3-endo/exo was synthesised by Regitz and co-workers by reacting
the same maleimide with the isomeric 1,3-diphosphacyclobuta-
diene (generated by addition of hexachloroethane to a zirconium
complex).31 In Regitz's report, the formation of this isomeric
diphosphabicyclo[2.2.0]hexene was conrmed by multinuclear
(1H, 13C{1H} and 31P{1H}) NMR spectroscopy and mass spectrom-
etry. Only the endo-isomer was observed. Recently, also a different
reaction type was reported, in which nickel complexes catalyse the
phosphinidene transfer from (tBu3C3P) to styrene, ethylene, neo-
hexene and 1,3-cyclohexadiene, affording phosphiranes.14

Conclusions

The tetrahedral molecular structure of di-tert-butyldiphosphate-
trahedrane (1) has been unambiguously determined by single-
crystal X-ray diffraction analysis at low temperature. The struc-
ture is similar to that of tetra-tert-butyltetrahedrane (tBuC)4 and
the P4 molecule. The close analogy between 1 and P4 is also
evident from DFT calculations, which reveal their isolobal elec-
tronic structure. The cluster-type core of 1 shows spherical
aromaticity. The calculated magnetically induced ring currents
are between that of P4 and the tetrahedrane (tBuC)4 inmagnitude
and signicantly greater than those in benzene. Diphosphate-
trahedrane 1 is fairly stable in solution in the dark at ambient
temperature, while it converts to the ladderane (tBuCP)4 (2) upon
irradiation or at elevated temperatures. Under UV irradiation, 2
decomposes to P4 (which, in turn, is transformed into red
phosphorus) and di-tert-butylacetylene. Based on the NMR and
UV/vis spectroscopic monitoring of the photochemical
5602 | Chem. Sci., 2024, 15, 5596–5603
isomerisation of 1 forming 2 together with quantum chemical
calculations, a stepwise mechanism for this reaction is proposed:
rst, photoexcited 1 isomerises to its 1,2-diphosphacyclobuta-
diene isomer 10, which forms in the excited state on a ps time
scale according to molecular dynamics simulations. Subse-
quently, [2 + 2] cycloaddition of two 1,2-diphosphacyclobuta-
dienes forms the endo-isomer 2-endo in a purely thermal step
without any signicant activation barrier. The endo-isomer is
then photochemically converted into the exo-isomer, either
directely or by a photochemically induced retro-[2 + 2]-reaction
via 10. The proposed diphosphacyclobutadiene 10 was trapped as
a [2 + 2] cycloaddition product with N-methylmaleimide. The
photochemical isomerisation appears to be an intrinsic feature of
the reactivity of diphosphatetrahedranes, resulting in diphos-
phacyclobutadienes as transient intermediates. It is anticipated
that this process can be exploited for the generation of various
other bi- and tricyclic organophosphorus compounds by reaction
with a broader scope of alkenes, alkynes and other unsaturated
organic compounds. Such reactions could give rise to a range of
new phosphorus heterocycles with interesting properties.
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