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Isolating an elusive phosphatetrahedrane

April 3 2020, by Thamarasee Jeewandara
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Chart of compounds relevant to the present study. Credit: Science Advances, doi:
10.1126/sciadv.aaz3168

A research team in the Department of Chemistry at the Massachusetts
Institute of Technology (MIT), Cambridge U.S., explored a synthetic
pathway to generate a phosphatetrahedrane framework. During the
synthetic route, the team replaced a single carbon vertex with another p-
block element within a highly strained tetrahedrane molecule. Highly
strained molecules possess unusually acute bond angles at carbon and are
species of high energy. In order to replace a single carbon vertex for less
strain in this work, Martin-Louis Y. Riu and colleagues selected
phosphorous due to its stable, tetrahedral molecular form. They
accomplished the task through dehydrofluorination of fluorophosphine
[H(F)P(C'Bu);] generated during the synthetic route. The team isolated a
19 percent yield of the Tri-tert-butyl phosphatetrahedrane [P(C'Bu);]
product of interest as a low-melting, volatile and colorless solid. They
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characterized the product spectroscopically and with single-crystal X-ray
diffraction to confirm the tetrahedral nature of the molecule's PC; core
and noted the unexpected thermal stability of the molecule.

Strained cages such as tetrahedrane are interesting structural components
used to design new high-energy density materials. Although the parent
tetrahedrane molecule has remained elusive, it is a viable target and
chemists aim to successfully isolate molecules containing the
tetrahedrane core with four carbon atoms and encage it with substituents
to synthesize new materials. In a complementary approach, researchers
can substitute other elements into the tetrahedral core including
phosphorous, known as "the carbon copy" due to its approximation to
carbon—based on electronegativity and the ability to form multiple
bonds—which forms the basis of phospha-organic chemistry. In highly
strained organic systems where molecules contain unusually acute bond
angles at carbon, Riu et al. replaced a carbon atom of tetrahedrane with
phosphorous to yield a stable molecular entity. The potential to create a
phosphatetrahedrane is logical due to the tetrahedral nature of the P,
molecule—the only stable molecular form of elemental phosphorous.
For instance, theoretical work has predicted that phosphatetrahedrane
will behave similarly to carbon bases after gas-phase protonation
(addition of a proton or hydrogen).
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Synthesis of phosphaketene 2, diphosphene 5, and phosphorus analogs of
tricyclopentanone 4 and housene 6. r.t., room temperature. Credit: Science
Advances, doi: 10.1126/sciadv.aaz3168

Since substituting bulky groups is key to stabilize (CR), tetrahedranes, in
this work Riu et al. selected P(C'Bu); as their target molecule. Based on
their experience with phosphinidene transfer activity, the team prepared
a compound, AP(C'Bu); where A was anthracene or C;,H,, and
analogous to phosphaketene. During the process, the team deprotonated
a secondary phosphine HPA and collected the product by filtration after
precipitating the crude reaction mixture, to eventually produce
cyclopropenyl phosphine as a ninth product in the synthetic route. They
characterized compound nine with single-crystal X-ray diffraction to
reveal its molecular structure. The cyclopropenyl phosphine product was
thermally stable at least to its melting point of 130°C and Riu et al.
conducted photochemical experiments to induce anthracene elimination.

After brief periods of irradiation, they produced a species containing a
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31P nuclear magnetic resonance (NMR) signal, which they identified as
one component of the desired phosphatetrahedrane molecule (named as
compound 1) within a complex mixture. Extended periods of irradiation
led to a loss of the intriguing high-field NMR signal that represented the
product, while showing increased complexity of the reaction mixture.
Since halides (chloride, bromide, fluoride) can also induce elimination
of anthracene, the team studied an alternative strategy to generate
HXP(C'Bu); cyclopropenyl halophosphines from compound nine, as a
potential precursor to form the phosphinidenoid of interest. The team
treated compound nine to eliminate the anthracene molecule and formed
HXP(CtBu);;, where X could either be fluoride to form compound 10, or
chloride to form compound 11, which they identified using NMR.
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Synthesis of tri-tert-butyl phosphatetrahedrane 1. TBA, tetra-n-butyl ammonium;
TMA, tetramethylammonium; TMP, tetramethylpiperidide; TMPH,
tetramethylpiperidine. Credit: Science Advances, doi: 10.1126/sciadv.aaz3168

4/9


https://pubmed.ncbi.nlm.nih.gov/2936903/
https://pubs.acs.org/doi/abs/10.1021/ic302786v
https://pubs.acs.org/doi/abs/10.1021/ic302786v
https://www.publish.csiro.au/CH/CH11325

PHYS 19X

Dehydrohalogenation of compound 10 —fluorophosphine was efficient
and reproducible to produce phosphatetrahedrane (compound 1) — the
structure of interest. The team optimized the protocol to deliver
compound 1 as the major product and characterized the result with
NMR signals to confirm its purity/identity. Riu et al. first obtained crude
samples of the phosphatetrahedrane product as a pale yellow oil, which
they purified through a silica plug to deliver colorless solid samples.
They then credited the low yield of the isolated compound to volatility
during isolation and purification.
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Molecular structures of key intermediates obtained from single-crystal x-ray
diffraction experiments. (A) Drawing of Na[8] with thermal ellipsoids shown at
the 50% probability level. Hydrogen atoms have been omitted. (B) Drawing of
compound 9 with thermal ellipsoids shown at the 50% probability level.
Hydrogen atoms have been omitted. Science Advances, doi:
10.1126/sciadv.aaz3168

The scientists ultimately grew crystals of the product of
interest—phosphatetrahedrane for X-ray diffraction investigations and
used sublimation to overcome volatility for smoother product
development. Using the data, they determined the structure of
phosphatetrahedrane, which agreed well with those predicted using
quantum chemical calculations. The final compound showed
considerable thermal stability and stability in air (at room temperature)
for half hour, although they were unstable under 254 nm ultraviolet
irradiation. Riu et al. used quantum chemical calculations to illuminate
the bonding and explained the stability of the molecular framework,
while illustrating how three bulky substitutions were sufficient to
produce an isolated tetrahedrane.

7/9


https://www.sciencedirect.com/topics/chemistry/sublimation
https://pubs.acs.org/doi/abs/10.1021/ja030476t

PHYS {@40RG

c8

c10
o]

AH°(298):  128.92 15.56 101.06

% B
Y

100.58

LEFT: Structural drawing of tri-tert-butyl phosphatetrahedrane 1 from a single-
crystal x-ray diffraction experiment. Thermal ellipsoids are shown at the 50%
probability level, and hydrogen atoms have been omitted. RIGHT: Analysis of
bonding in compound 1 using quantum chemical calculations. (A) Molecular
graph of P(CtBu)3 (1) showing paths linking pairs of bonded atoms, bond
critical points as small orange spheres, the phosphorus atom as a large orange
sphere, carbon atoms as beige spheres, and hydrogen atoms as white spheres. (B)
Standard heats of formation in kcal/mol at 298.15 K for tetrahedrane, P4, and
phosphatetrahedrane from G3(MP2, CCSD(T)) calculations performed using
GAMESS quantum chemistry package. The phosphatetrahedrane AHef value can
be approximated as the sum of three-quarters the value for tetrahedrane and one-
quarter the value for the P4 molecule. Science Advances, doi:
10.1126/sciadv.aaz3168

In this way, Martin-Louis Y. Riu and colleagues synthesized tri-tert-butyl
phosphatetrahedrane to produce proof of existence of a molecule with
the smallest sum of bond angles conceivable for a trivalent phosphorous
atom. To successfully synthesize phosphatetrahedrane, the team relied
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on novel phosphinidenoid reaction chemistry that remains to be
explained in mechanistic detail. The strategy described in this work will
be applicable to other strained synthetic targets.
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