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Abstract:
Phosphatetrahedranes (tBuCP)2 and (tBuC)3P were re-

cently reported and represent the first tetrahedranes contain-
ing a mixed carbon/phosphorus core. Herein, we report that
tetrahydrofuran (THF) solutions of the parent triphosphatetra-
hedrane HCP3 may be generated in 31% yield (NMR inter-
nal standard yield) by combining [Na(THF)3][P3Nb(ODipp)3]
(Dipp = 2,6-diisopropylphenyl), INb(ODipp)3(THF), and bro-
modichloromethane in thawing THF. While HCP3 was found
to be stable in dilute THF solutions for extended periods of
time, concentration of the solution at −40 ◦C led to the forma-
tion of a black precipitate, which has been tentatively assigned
as a polymerized form of HCP3. HCP3 reacts readily with
(dppe)Fe(Cp*)Cl (dppe = 1,2-bis(diphenylphosphino)ethane,
Cp* = η5-C5Me5) in the presence of Na[BPh4] to form a purple
cationic iron complex of triphosphatetrahedrane (50% yield),
which was structurally characterized in a single-crystal X-ray
diffraction experiment. Additionally, we present a series of ho-
modesmotic equations analyzed via quantum chemical calcula-
tions that suggest triphosphatetrahedrane is the least strained
of the mixed C/P phosphatetrahedranes.

Following our recent synthesis of tri-tert-butylphosphatetra-
hedrane (tBuC)3P,1 with the present work we turn our at-
tention to the assembly of a triphosphatetrahedrane, HCP3
(1), the parent molecule containing a tetrahedral core with
three phosphorus atoms and a single carbon. 2 We recog-
nized that this target molecule would likely require the de-
velopment of a new approach to knitting together the four
core atoms, as no analog of the cyclopropenium ion, which
was key in the phosphatetrahedrane synthesis as the source
of the central triangle of carbon atoms, 1 exists for an all-
phosphorus triangle. Seeking to adapt the [P3]3− transfer
methodology originally employed for the synthesis of AsP3,3

we began by investigating treatment of anionic niobatriphos-
phatetrahedrane [Na(THF)3][P3Nb(ODipp)3] (2, Dipp =
2,6-diisopropylphenyl) with chloroform, to be the source of a
core carbon atom, but found no evidence of reaction between
these partners. This then stimulated the development of a
new radical pathway for the key initial P–C bond-forming
step, as detailed below, in what became a successful ap-
proach to triphosphatetrahedrane, HCP3. The molecule has
been shown in a theoretical study to be the lowest energy of
all possible HCP3 isomers.4

Considering that P4 is an excellent radical trap, 5–7 we
speculated that P−C bond formation might be achieved by
combining 2 with a carbon-centered radical. Indeed, treat-
ment of 2 with the Nb(IV) complex INb(ODipp)3(THF) (3),
intended to function as a halogen-atom abstractor, and ex-
cess chloroform (ca. 10 equiv) generated 1 (Fig. 1), which
exhibits a 31P NMR resonance centered at δ −540 ppm that

couples to a single hydrogen atom (d, 2JPH = 17.5 Hz).
The chemical shift of 1 is in good agreement with other
reported phosphatetrahedranes (cf. (tBuC)3P, −488 ppm;
(tBuCP)2, −468 ppm; P4, −520 ppm).1,8,9 Additionally,
gas chromatography-mass spectrometry (GC-MS) analysis
of the crude reaction mixture revealed a band correspond-
ing to the molecular weight of HCP3 (105.9 m/z). Improved
conversion was observed when bromodichloromethane (1.05
equiv) was substituted for excess chloroform, delivering 1
as the major product in 31% yield (NMR internal stan-
dard yield) according to 31P NMR spectroscopy (Fig. 1).
The enhanced reactivity may be attributed to the labile
C−Br bond of bromodichloromethane, resulting in more
facile halogen-atom abstraction by 3. Note that HCP3 was
not generated when the reaction was repeated with various
trihalomethanes in the absence of complex 3 (S.1.5).
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Figure 1. Synthesis of triphosphatetrahedrane (1), proposed to
proceed through an carbon-centered radical intermediate that is
trapped by [Na(THF)3][P3Nb(ODipp)3] (2). The radical inter-
mediate is generated by the abstraction of bromine from bro-
modichloromethane by INb(ODipp)3(THF) (3). A polymerized
form of HCP3 was obtained upon concentrating a THF solution
of 1 at −40 ◦C (photograph of black solids).

Consistent with the formation of 1, integration of the
natural abundance 13C satellites (1JPC = 61.9 Hz) associ-
ated with the high-field 31P NMR signal suggests that three
equivalent phosphorus atoms are bound to a single carbon
atom. Similar to those of (tBuC)3P, the 13C satellites are
isotope shifted higher field by ca. 0.03 ppm. 1 Additionally, a
quartet centered at 2.94 ppm (THF-d8) was observed in the
1H NMR spectrum and exhibits a matching 2JPH coupling
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constant of 17.5 Hz. A notably large 1JCH coupling constant
of 242.2 Hz was observed for 1, reflecting the high s char-
acter of the ring C−H bond, and is comparable to that of
acetylene (1JCH = 249.0 Hz) 10 and the hydrogen-substituted
tetrahedrane (Me3SiC)3CH (1JCH = 255.6 Hz) reported by
Sekiguchi and co-workers. 11 Using the empirical correlation
1JCH = 5.70(s%) − 18.4 Hz,12 the s character of the C−H
bond of 1 is estimated to be 46% (sp1.22). Natural bond or-
bital (NBO) analysis 13 of the optimized structure of HCP3
(B3LYP-D3/def2-TZVPP) suggest that the C−H bond re-
sults from overlap of an sp1.52 hybrid on carbon and an s
orbital on hydrogen, in agreement with the value derived
from the empirical correlation.

Compound 1 is volatile and may be separated from the
crude mixture by vacuum distillation (200 mTorr) at 22 ◦C,
in addition to THF and halocarbon byproducts. Upon con-
centration of the distillate at −40 ◦C under reduced pres-
sure (100 mTorr), a black precipitate forms and loss of
the triphosphatetrahedrane 31P NMR resonance is observed
(Fig. 1). Note that when the distillate was concentrated,
it was protected from ambient light using aluminum foil,
suggesting that decomposition of HCP3 is thermally driven.
The black precipitate is insoluble in common organic sol-
vents and elemental analysis reveals that the material is low
in carbon and hydrogen (C, 9.19%; H, 0.87%). Powder X-ray
diffraction suggests that the black material is amorphous,
exhibiting three broad signals between 2θ = 10-25, 30-40,
and 55-65◦, and broad bands at 2832, 1011, and 657 cm−1

are observed in the IR spectrum. It should be noted that
the X-ray diffractogram closely resembles that of commer-
cially available amorphous red phosphorus. 14 Interestingly,
when a sealed glass capillary containing the black material
was placed in a gas flame, a yellow liquid, presumably white
phosphorus, condensed on the sides of the capillary and a
black solid remained at the bottom of the tube. NMR anal-
ysis of the capillary’s contents in benzene-d6 showed clean
formation of white phosphorus. Taking these observations
into consideration, we have tentatively assigned the black
precipitate as a polymer of 1. Due to its poor stability, we
are unable to isolate 1 as a pure substance.

A

B

Fe

Cp*

ClPh2P

PPh2

+

Na[BPh4], THF, 
45 min, 22 oC

–NaCl

BPh4

14 5

P P
P

H

Fe

Cp*

Ph2P

PPh2

P P
P

H

Figure 2. A) Synthesis of [(dppe)Fe(Cp*)(HCP3)][BPh4] (5).
B) Molecular structure of 5 shown with 30% probability ther-
mal ellipsoids. Hydrogen atoms, solvent molecules, and the
tetraphenylborate counterion are omitted for clarity.

Complex (dppe)Fe(Cp*)Cl (4, dppe = 1,2-bis(diphenyl-
phosphino)ethane, Cp* = η5-C5Me5), which has been shown
to form a stable adduct of P4,15 reacts readily with con-
centrated solutions of HCP3 (ca. 1.7 equiv) in the presence
of Na[BPh4] (1.0 equiv) to form the purple, cationic com-
plex [(dppe)Fe(Cp*)(HCP3)][BPh4] (5) (Fig. 2A). Complex
5 was isolated as purple crystals in 50% yield by concentrat-
ing the reaction mixture under reduced pressure, filtering
the solution through Celite, layering the filtrate with di-
ethyl ether, cooling the resulting solution to −30 ◦C, and
collecting the crystals via vacuum filtration. Attempts to
further purify the isolated material by recrystallization were
unsuccessful due to the poor stability of 5 in solution. Upon
redissolving 5 in THF or ortho-difluorobenzene, the solution
darkens and forms significant amounts of black precipitate,
and 31P NMR analysis of the mixture reveals partial decom-
position of 5 and formation trace HCP3. After 12 h at 22 ◦C
in THF, complete decomposition of complex 5 is observed.

Crystals of 5 grown from a mixture of THF and Et2O at
−30 ◦C were characterized in a single-crystal X-ray diffrac-
tion experiment and the molecular structure is depicted in
Fig. 2B. This experiment shows that the phosphatetrahe-
drane is bound to the iron center at a single phosphorus
vertex at a distance of 2.1563(15) Å. The P1−Fe1 bond
length is notably short, consistent with the high s orbital
character of the P1 lone pair (cf. 2.208(13) Å and 2.245(16)
Å for Fe1−P4 and Fe1−P5, respectively). Additionally, co-
ordination of HCP3 to the iron center results in distortion
of the tetrahedrane, leading to altered C−P bond lengths
(P1−C1 1.788(5), P2−C1 1.823(6), P3−C1 1.841(6)). Re-
flecting this structural perturbation, P1 and P2/P3 exhibit
resonances at −316 ppm and −492 ppm in the 31P NMR
spectrum, respectively.

Additionally, we found that when (bromodichloro-
methyl)trimethylsilane is used in place of bromodichloro-
methane, a high field signal at −520.7 ppm is observed in
the 31P NMR spectrum, corresponding to the trimethylsilyl-
substituted triphosphatetrahedrane, Me3SiCP3. GC-MS
and 2D NMR spectroscopic experiments of the crude reac-
tion mixture confirmed the identity of Me3SiCP3. However,
the conversion for this reaction is only 12%, as assessed by
quantitative 31P NMR spectroscopy (S.1.9).

Given our ability to generate the sterically unencumbered
parent triphosphatetrahedrane, we evaluated the relative
strain enthalpies of P4, HCP3, (HCP)2, (HC)3P, and (HC)4
using a series of homodesmotic reactions carried out at the
G4MP2 level of theory using Gaussian 09 (Fig. 3). 16–18 A
clear trend emerges from this analysis – the incorporation
of phosphorus into the tetrahedrane framework alleviates
the strain energy of the molecular cage (Fig. 4). This is in
agreement with the more diffuse frontier orbitals of heavier
p-block elements and the propensity for lone pairs to accu-
mulate s orbital character. 19 Consequently, HCP3 exhibits
a modest strain energy of 37.3 kcal/mol, making it the least
strained of the mixed C/P phosphatetrahedranes. Addi-
tionally, a strain energy of 13.7 kcal/mol was found for P4,
consistent with P4 being a relatively unstrained molecule.
Note that many have confounded the acute bond angles of
P4 with its strain energy, and as a result, chemistry text-
books have erroneously claimed that P4 is a highly strained
molecule.20–22 Conversely, the parent tetrahedrane (HC)4
exhibits a maximal strain energy of 135.8 kcal/mol; how-
ever, despite its significant strain, it is still considered a vi-
able synthetic target. 23
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Figure 3. Homodesmotic equations analyzed via quantum chem-
istry calculations used to determine the strain energies of P4,
HCP3, (HCP)2, (HC)3P, and (HC)4. All geometries were opti-
mized using the B3LYP-D3(BJ) functional and the 6-311G(d,p)
basis set, and strain energies were obtained at the G4MP2 level
of theory.
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Figure 4. Plot of calculated strain enthalpies of P4, HCP3,
(HCP)2, (HC)3P, and (HC)4 versus number of carbons in the
tetrahedrane core.

In summary, we have described the first synthesis of
a tetrahedrane with a core composed of one carbon and
three phosphorus atoms. The key C−P bond-forming step
is understood in terms of generation and trapping of a
carbon-centered radical, generated upon the combination of
a Nb(IV) complex and bromodichloromethane, by a met-
allaphosphatetrahedrane. Considering the rich activation
chemistry of P4, we anticipate that the use of triphosphate-
trahedranes as starting materials may facilitate new syn-
thetic routes towards novel organophosphorus compounds.
The existence of the new pentaatomic molecule HCP3, and
the metastable black material into which it evolves, pro-
vides a vivid illustration that Chemistry has yet to push the
boundaries of what is possible when mixing and matching
p-block elements and isolobal fragments.
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Rödl, C.; Gschwind, R. M.; Wolf, R. Direct catalytic
transformation of white phosphorus into arylphosphines and
phosphonium salts. Nat. Catal. 2019, 2, 1101–1106, DOI:
10.1038/s41929-019-0378-4.

(8) Seitz, A. E.; Hippauf, F.; Kremer, W.; Kaskel, S.;
Scheer, M. Facile storage and release of white phospho-
rus and yellow arsenic. Nat. Commun. 2018, 9, DOI:
10.1038/s41467-017-02735-2.

(9) Hierlmeier, G.; Coburger, P.; Bodensteiner, M.; Wolf, R. Di-tert-
butyldiphosphatetrahedrane: Catalytic Synthesis of the Elusive
Phosphaalkyne Dimer. Angew. Chem. Int. Ed. 2019, 58, 16918–
16922, DOI: 10.1002/anie.201910505.

(10) Maciel, G. E.; McIver, J. W.; Ostlund, N. S.; Pople, J. A.
Approximate Self-Consistent Molecular Orbital Theory of Nu-
clear Spin Coupling. I. Directly Bonded Carbon-Hydrogen Cou-
pling Constants. J. Am. Chem. Soc. 1970, 92, 1–11, DOI:
10.1021/ja00704a001.

(11) Sekiguchi, A.; Tanaka, M. Tetrahedranyllithium: Synthesis,
Characterization, and Reactivity. J. Am. Chem. Soc. 2003, 125,
12684–12685, DOI: 10.1021/ja030476t.

(12) Newton, M. D.; Schulman, J. M.; Manus, M. M. Theoretical
Studies of Benzene and Its Valence Isomers. J. Am. Chem. Soc.
1974, 96, 17–23, DOI: 10.1021/ja00808a003.

(13) Glendening, E. D.; Landis, C. R.; Weinhold, F. NBO 6.0: Natu-
ral bond orbital analysis program. J. Comput. Chem. 2013, 34,
1429–1437, DOI: 10.1002/jcc.23266.

(14) Amaral, P. E. M.; Ji, H.-F. Fundamentals and Applications of
Phosphorus Nanomaterials; American Chemical Society, 2019;
Vol. 1333; pp 27–45, DOI: 10.1021/bk-2019-1333.ch002.

(15) de los Rios, I.; Hamon, J.-R.; Hamon, P.; Lapinte, C.;
Toupet, L.; Romerosa, A.; Peruzzini, M. Synthesis of Exception-
ally Stable Iron and Ruthenium η1-tetrahedro-Tetraphosphorus
Complexes: Evidence for a Strong Temperature Dependence
of M−P4 π Back Donation. Angew. Chem. Int. Ed. 2001, 40,
3910–3912.

(16) Frisch, M. J. et al. Gaussian 09 Revision E.01. Gaussian Inc.
Wallingford CT 2009.

(17) Wheeler, S. E.; Houk, K. N.; Schleyer, P. v. R.; Allen, W. D.
A Hierarchy of Homodesmotic Reactions for Thermochem-
istry. J. Am. Chem. Soc. 2009, 131, 2547–2560, DOI:
10.1021/ja805843n.

(18) Nagase, S.; Nakano, M.; Kudo, T. Strain and Structures in the
Silicon Analogues of Tetrahedrane, Prismane, and Cubane. A
Theoretical Study. J. Chem. Soc., Chem. Commun. 1987, 60–
62, DOI: 10.1039/C39870000060.

(19) Naruse, Y.; Inagaki, S. Relaxation of Ring Strains. Top. Curr.
Chem. 2009, 289, 265–291, DOI: 10.1007/128_2008_42.

(20) Averill, B.; Eldredge, P. General Chemistry: Principles, Pat-
terns, and Applications; Saylor Foundation: Washington, D.C.,
2011; p 2029.

(21) Brown, T. L.; LeMay, J.; Eugene, H.; Bursten, B. E.; Mur-

3



phy, C. J. Chemistry: The Central Science; Pearson Education,
Inc. Upper Saddle River, NJ, 2009; p 957.

(22) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry;
Interscience Publishers, Inc.: New York, 1972; p 370.

(23) Nemirowski, A.; Reisenauer, H. P.; Schreiner, P. R.
Tetrahedrane−Dossier of an Unknown. Chem. Eur. J. 2006,
12, 7411–7420, DOI: 10.1002/chem.200600451.

4



tBu

tBu
tBu

tBu

1978 2020 2019

This Work 

1669

tBu

tBu
tBu

P tBu
tBu P

P

P
P

P

P

Molecular HCP3 Polymerized HCP3

Synthesized Using a
 "Radical" Approach 

to P3 Transfer P
P

P

H

TOC Graphic

5


