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Diels—Alder-reactions of a thiazol-2-thione-based,
showing that the central aromatic n-system can react with various dienophiles. The reaction with

tricyclic 1,4-di-phosphinine were investigated,
4-phenyl-1,2,4-triazoline-3,5-dione was special as the product revealed a remarkable sensitivity towards

rsc.li/dalton light, thus enabling the photochemical deprotection of the tricyclic 1,4-diphosphinine.
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Introduction

An interesting aspect of phosphinine chemistry is to enable
access to phosphabarrelenes using the somewhat dienic
nature of the phosphinine n-system.’ The first synthesis of
phosphabarrelenes was achieved by Mérkl in 1968 using reac-
tions of a phosphinine with different alkynes® and, later on,
also with arynes.® Phosphabarrelenes are considered impor-
tant ligands and, besides several other applications,” they were
used in the hydrogenation*® of alkenes and rhodium-catalyzed
hydroformylation.” An interesting addition to this field, was
the one-pot tandem reaction sequence under hydroformylation
conditions using phosphabarrelene rhodium complexes,
reported by Miiller and co-workers.®

Interestingly, Krespan reported the first 1,4-diphos-
phabarrelene 17 (Fig. 1) even before the phosphabarrelene.
Compound I was obtained via thermolysis of hexafluoro-2-
butyne in the presence of red phosphorus, using iodine as
catalyst. This methodology needs a long reaction time at elev-
ated temperatures (200 °C) under autogenous pressure, and
yet the maximum yield was only 43%. A more efficient syn-
thetic protocol to diphosphabarrelene would be from 1,4-
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diphosphinines using reactions with alkynes. However, until
very recently only one example of a 1,4-diphosphinine was
known. Kobayashi and co-workers synthesized the same com-
pound (I) via reaction of tetrakis(trifluoromethyl)-1,4-dipho-
sphabenzene with hexafluoro-2-butyne.® The aforementioned
1,4-diphosphinine of Kobayashi appeared to be a rather
unstable compound and its synthesis is somewhat laborious,
thus hampering further studies on complexes of I.

Other synthetic approaches to 1,4-diphosphabarrelenes
(Fig. 1) have been reported. Weinberg and co-workers
described the synthesis of II in 1971 via thermolysis of ortho-
dichlorobenzene and white phosphorus in the presence of
catalytic amounts of FeCl; (20% yield).” Further attempts by
Yosuke et al.'® to optimize the synthetic protocol were unsuc-
cessful, i.e., the yields were even lower (9%). Synthesis of 4,8-
diphospha[3,4-a:7,8-aJthiophenotriptycene III was reported by
Nakayama and co-workers using the reaction of tris(thiophen-
2-yl)phosphane P-oxide with tris(phenoxy)phosphane using
"BulLi as base;"" but again the yield was low (11%).
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Fig. 1 Examples of 1,4-diphosphabarrelenes 1-1V.
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Very recently, we investigated the reactivity of an imidazole-
based tricyclic 1,4-diphosphinine'® towards some C,C-based
dienophiles in [4 + 2]-cycloaddition reactions. The corres-
ponding 1,4-diphosphabarrelenes such as IV were obtained in
very good yields (up to 95%)."** The first examples of [4 + 1]-
cycloadditions were also reported recently using, somewhat
exotic, group 13 element(r) compounds (Al, Ga);"*” these pro-
ducts showed a thermal retro-reaction.

As facile access to a thiazole-based tricyclic 1,4-diphosphi-
nine was recently described'* revealing differences in product
stabilities, Ze. it allowed for the isolation of a stable mono
anion,"* whereas in case of the imidazole-based 1,4-diphosphi-
nine only intermediates were obtained,"® we became interested
to investigate [4 + 2]-cycloaddition reactions and the stability
of the products obtained.

Results and discussion

The dienic nature of tricyclic 1,4-diphosphinine 1'* was first

probed with dimethyl acetylenedicarboxylate (DMAD)
(Scheme 1). At 50 °C in toluene the red color of the 1,4-diphos-
phinine 1 started to disappear and a yellow-orange turbid solu-
tion was formed, from which compound 2 was isolated in 73%
yield. The *'P{'"H} NMR spectrum of 2 (CD,Cl,) showed one
signal at —75.4 ppm, comparable to literature-known com-
pounds (—87.1 and —93.4 ppm for Il ** and —87.3 ppm for IV %)
and, therefore, was assigned to the 1,4-diphosphabarrelene 2.
The "H NMR spectrum of compound 2 showed a characteristic
signal at 3.82 ppm for the protons of the two OCH; groups.

The carbon nuclei of the latter were assigned to the signal
at 53.4 ppm in the "*C{’H} NMR spectrum, and the carbon
resonance at 157.6 ppm (dd, 1JP,C = 15.1 Hz, ij,c =14.0 Hz) to
the sp>-hybridized carbon atoms of the C, bridge. The EI-MS
spectrum showed the molecular ion peak of 2 (m/z 518.0), but
also one fragment revealing the loss of the alkyne moiety to
give the cation of 1 (m/z 376.0). According to our B3LYP-D3/6-
311+G** calculations the fragmentation of 2°* to 1" and the
alkyne moiety is endothermic by 40.0 kcal mol™", but this
energy is easily provided by the ionizing electron, giving the
explanation for the observation of both 2°" and 1°". The single
crystal X-ray diffraction analysis confirmed the molecular
structure of 2 (Fig. 2); selected bond lengths and angles are
given in the figure caption. The 1.336(4) A C13-C14 bond dis-
tance is in the expected range (¢cf with the 1.329(9) A for the
related molecule IV)."? This also holds for the distance P1-C1
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Fig. 2 Diamond plot of molecular structure of 2 in solid state. Thermal
ellipsoids are drawn at a 50% probability level. Hydrogen atoms have
been omitted for clarity. Selected bond lengths (A) and angles (°) P1-C1
1.846(3), P1-C7 1.818(3), C1-C3 1.348(4), P1-C13 1.870(3), C13-C14
1.336(4), C1-P1-C7 95.63(13).

of 1.846(3) A being within the range of phosphabarrelenes
(1.87 to 1.82 A), e.g., the value in IV is 1.820(6) A.*?

To have more insight into the formation of 2, B3LYP-D3/6-
311+G** level DFT calculations were performed (Gibbs free
energies were calculated at 25 °C and atmospheric pressure—
for details see ESIf). The reaction Gibbs free energy is
—13.7 keal mol™" and the corresponding batrier amounts to
17.0 kecal mol™, in accordance with the relative mild reaction
conditions.

To test a heterocyclic electron-deficient 2z system, the reac-
tion of 1 with 1-phenyl-pyrole-2,5-dione, having a C=C bond,
was investigated. A very selective reaction occurred at ambient
temperature forming 3 as the single product (Scheme 1) as the
3'p{'"H} NMR spectrum of the reaction solution revealed, and
two doublets at —74.3 ppm and —74.7 ppm (*/pp = 28.8 Hz) of
3 were observed. In the *'P NMR spectrum (Fig. 3) the signals
show a further splitting derived from the > and */py coup-
lings. This spectrum was simulated as an ABXY spin system (A,
B =?'P, X, Y = 'H) using the program gNMR.'®'” Compound 3
was isolated as white powder in excellent yields (94%) and
fully characterized including MS and elemental analysis.

The "H and “C{'H} NMR spectra of 3 showed two sets of
signals for each group of the different structural subunits, con-
firming the lower symmetry in 3 compared to 2. The consti-
tution of 3 was unequivocally confirmed by single crystal X-ray
diffraction analysis, but the quality wasn’t sufficient to allow
for a detailed discussion.
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Fig. 3 *'P NMR spectrum of 3 in CD,Cl,.

According to our calculations, the formation of 3 is an exer-
gonic reaction (AG = —2.6 kcal mol™" under ambient con-
ditions) and the reaction barrier 15.6 kcal mol™", being some-
what lower than in case of 2, thus being also in agreement
with a product formation at lower temperature.

To examine an even more reactive electron-deficient 2z
system 4-phenyl-1,2,4-triazoline-3,5-dione (in the following:
triazoline), having a N=N bond, was used. Indeed, the reac-
tion with 1 in toluene started already at —20 °C (Scheme 2),
but 90 °C was needed to achieve full conversion as both reac-
tants as well as the product have rather low solubility. Upon
cooling to ambient temperature, the product 4 precipitated
and was purified by filtration and washing with toluene and
n-pentane (yield 67%). The *'P{'"H} NMR spectrum of 4
showed one signal at —45.8 ppm, indicating a rapid inversion
at the N-centers. The constitution of 4 was further confirmed
by 'H and "*C NMR as well as IR spectra. The HRMS spectrum
of 4 showed the molecular ion peak (m/z 550.9893), being in
good agreement with the calculated value of 550.9897.

In accordance with the reaction at low temperature the acti-
vation barrier of the cycloaddition is very low (AG* = 5.6 kcal
mol™"), and the B3LYP-D3/6-311+G**reaction Gibbs free
energy of -15.6 kcal mol™"' indicates an exergonic reaction.
(Further calculations at other levels predicted even larger reac-
tion energies, see ESL.)

A remarkable instability of 4 (in solution) towards light was
observed as 1 was formed again (after it had been fully con-
sumed) if a sample stood in plain daylight. A photochemical
reaction was confirmed via irradiation of a solution of 4 in di-
chloromethane with UV light for 1.5 h (Hg lamp) as the *'P
{'"H} NMR monitoring revealed the formation of 1 (48% by
NMR integration), while some residual 4 was still present
(52% by NMR integration).
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Scheme 2 [4 + 2]-Cycloaddition of 1,4-diphosphinine 1 to afford 4.
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— 1,4-diphosphinine 1

— 4-phenyl-1,2,4-triazoline-3,5-dione
— [4+2]-cycloaddition product 4

— reaction mixture after irridiation
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Fig. 4 UV/vis studies in CH,Cl, of 1, 4-phenyl-1,2,4-triazole-3,5-dione,
4 and the reaction mixture after irradiation. The curves were individually
normalized to their highest value.

However, we observed that — after the photochemical reac-
tion - 4 was not formed, again. This suggested that instead of
a clean [4 + 2]-cycloreversion a (subsequent?) decomposition
of the triazoline took place under these conditions. Hence,
UV/vis spectroscopic measurements of the starting materials -
1,4-diphosphinine 1 and the triazoline - as well as of the [4 +
2]-cycloaddition product 4 and the reaction mixture after
irradiation were performed (Fig. 4)."®'® A comparison of the
spectrum of pure triazoline,>® showing two absorption bands
at 335 and 545 nm, with the spectrum of the product mixture
(after irradiation) in dichloromethane showed no absorption
band at 545 nm. This was clear evidence that the triazoline
had not been formed from 4 and/or had subsequently reacted
to give a new unknown compound (Scheme 2). Independent
support was obtained by the following experiment, monitored
by *'P{'H} NMR spectroscopy. After irradiation, the reaction
mixture was subjected to the same conditions used before for
the formation of 4 (toluene, 90 °C), now using an additional
amount of triazoline or having no additional reagent. The
NMR spectroscopic monitoring confirmed our conclusion
made beforehand as the addition of triazoline led to a conver-
sion of the 1,4-diphosphinine (to 4), while without addition no
[4 + 2]-cycloaddition took place, and the 1,4-diphosphinine 1
remained in the mixture.

We have attempted to optimize the excited state of 4 by
B3LYP-D3/6-311+G** TD DFT calculations (which describe well
the spectrum of 1, and 4) to see if the excited state shows any
sign of decomposition. Unfortunately, none of the structure of
the lowest four excited states had significantly different geome-
try from the ground state of 4 itself, thus we were not able to
obtain any hint from these calculations on the mechanism of
the photochemical decomposition of 4.

Conclusions

A facile, high-yield access to new polycyclic 1,4-diphosphabar-
relenes and related bicyclic heterocycles via [4 + 2]-cyclo-
addition reaction is presented.

It was shown that reactions with double bond systems
possess lower reaction energy barriers compared to an alkyne

This journal is © The Royal Society of Chemistry 2020
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as supported by DFT calculations, being remarkably low for
4-phenyl-1,2,4-triazoline-3,5-dione. Preliminary results from
photochemical studies showed that a “retro”[4 + 2]-cyclo-
addition is possible, thus yielding the tricyclic 1,4-diphosphine
1. The latter finding represents a new, easier photoremoval
strategy of protection and deprotection of the 1,4-diphosphi-
nine ring.
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