
Dimerization and Cycloaddition Reactions of Transient
Tri-tert-butylphosphacyclobutadiene Generated by Lewis-acid Induced

Isomerization of Tri-tert-butylphosphatetrahedrane
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Abstract: Tri-tert-butylphosphatetrahedrane (1) is shown
here to act as a synthon of isomeric tri-tert-butylphospha-
cyclobutadiene in the presence of a Lewis acid or transition
metal complex. When combined with a substoichiometric
amount of triphenylborane, compound 1 forms a ladderane-
type dimer of tri-tert-butylphosphacyclobutadiene in 72% iso-
lated yield. Trapping of a generated intermediate was achieved
by repeating the experiment in the presence of excess styrene
(20 equiv) or ethylene (1 atm) and the corresponding [4 + 2]
cycloadducts of tri-tert-butylphosphacyclobutadiene were iso-
lated in 88% and 74% yield, respectively. The platinum com-
plex (Ph3P)2Pt(C2H4) also reacts with 1 to form an orange, di-
haptic complex of tri-tert-butylphosphacyclobutadiene in 80%
isolated yield. Additionally, we report a novel method for gener-
ating a phosphinidenoid species via fluoride-induced trimethylsi-
lylfluoride elimination, leading to an improved preparative pro-
cedure for 1 (182 mg, 33% isolated yield).

Organic tetrahedranes have long captivated the chemistry
community because of their unusual bonding properties and
reactivity,1 as well as their potential applications as or-
ganic superbases2,3 and components in high-energy den-
sity materials. 4,5 While tetrahedrane is considered the most
strained saturated hydrocarbons in terms of Baeyer’s strain
theory that was first postulated in 1885, 6–8 it was not un-
til 1978 when the first tetrahedrane derivative tetra-tert-
butyltetrahedrane was successfully isolated. 9 In this semi-
nal study, Maier and co-workers also unveiled the close rela-
tionship between tetra-tert-butyltetrahedrane and isomeric
tetra-tert-butylcyclobutadiene, by showing their intercon-
version through thermolysis and photolysis experiments. 9

While tetrahedrane-cyclobutadiene isomerization has
been shown for a number of tetrahedrane derivatives con-
taining an all-carbon core, 10–15 few examples of the analo-
gous transformation for tetrahedranes containing a mixed-
element core exist. Given the recently reported syntheses
of tert-butyl-substituted mono- and diphosphatetrahedrane
derivatives16–18 and the well known diagonal relationship of
carbon and phosphorus, 19 it is conceivable that an uncom-
plexed phosphacyclobutadiene (pCBD; also known as λ3-
phosphete) ring structure may be accessed. The structures
and bonding properties of mono- and diphosphacyclobutadi-
enes have been computationally investigated previously and
noted as interesting targets for matrix isolation. 20,21 Here
we report that the combination of tri-tert-butylphospha-
tetrahedrane (1) and substoichiometric triphenylborane
leads to tri-tert-butyl-pCBD transfer reactivity. Addition-
ally, we show that treatment of 1 with the reducing transi-
tion metal complex (Ph3P)2Pt(C2H4) produces a dihaptic

pCBD complex of platinum under mild conditions.
Our group recently reported the synthesis of 1 via

the generation of a cyclopropenyl-substituted phosphinide-
noid by dehydrohalogenation of hydro(fluoro)phosphine
(tBuC)3P(F)H (Scheme 1A)). 16 However, reactivity stud-
ies were hampered by the low isolated yield of 1 (33 mg,
19% yield). Taking into account that anthracene merely
acted as a leaving group in the preparation of the hy-
dro(fluoro)phosphine phosphinidenoid precursor, we won-
dered whether we could obviate the use of (tBuC)3PA (A =
anthracene, C14H10) by preparing 1 from (tBuC)3P(SiMe3)2
(2), which can be prepared on a large scale from P(SiMe3)3
and [tBu3C3][BF4] (Scheme 1B).22 Additionally, Niecke and
coworkers previously demonstrated that P–SiMe3 bonds
may be cleaved using hexachloroethane to form a P–Cl
bond, trimethylsilyl chloride, and tetrachloroethylene. 23

Therefore, we targeted for synthesis (tBuC)3P(SiMe3)Cl (3,
Scheme 1), which is analogous to (tBuC)3PA but with
trimethylsilyl chloride in place of anthracene as a neutral
leaving group, from 2 using existing methodology.

Accordingly, the combination of 2 and hexachloroethane
in thawing diethyl ether led to two new resonance in
the 31P NMR spectrum at δ = 100.47 and 100.42 ppm,
chemical shifts that are consistent with other reported
chloro(trimethylsilyl)phosphines (Scheme 1B). 23,24 Addi-
tionally, the signals both exhibit 29Si satellites (1JPSi = 64
Hz) and integration of the satellites is consistent with a sin-
gle Si–P bond for each species (Fig. S.4). Given that the two
signals are present in an approximate 3:1 ratio, the upfield
31P NMR resonance is attributed to the 37Cl isotopomer of
3.25,26 While we are unable to isolate 3 by crystallization,
the crude material obtained from this reaction is fairly clean,
as assessed by NMR spectroscopy, and contains only trace
amounts of [tBu3C3] cation, its counterion, and 2.

Thermolysis (85 ◦C, 12 h) of 3 in benzene resulted in
a complex mixture of phosphorus-containing products, as
assessed by 31P NMR spectroscopy (Fig. S.5). Conse-
quently, we turned our attention to an alternative method
of trimethylsilyl chloride extrusion from 3. Hiyashi, Watan-
abe, and co-workers previously reported the activation of
a P–SiMe3 group by the addition of fluoride to generate
a phosphide anion;27 however, such examples are rare, de-
spite the extensive application of fluoride anion activation
of organosilicon compounds. 28,29 Based on this precedent,
we wondered whether treatment of compound 3 with flu-
oride would produce the desired cyclopropenyl-substituted
halophosphide anion that could close to form phosphate-
trahedrane 1. This reaction would resemble our dehydro-
halogenation route to 1,16 in addition to our recent report
on organoiron- and fluoride-catalyzed phosphiranation of
styrenic olefins, for which a possible intermediate is the iron-
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Scheme 1. (A) Previously reported synthesis of phosphatetrahe-
drane 1 starting from (tBuC)3PA. 16 (B) Improved synthesis of 1
starting from (tBuC)3P(SiMe3)2 (2). Abbreviations: TMA, tetram-
ethylammonium; OTf, triflate; TMP, 2,2,6,6-tetramethylpiperidide.
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phosphido species FpP(F)(tBu) (Fp = Fe(η5-C5H5)(CO)2))
as suggested by our mechanistic investigation. 30

Indeed, addition of [TMA][F] to a thawing solution of
3 in dichloromethane cleanly forms 1 upon elimination of
trimethylsilyl fluoride and tetramethylammonium chloride
(Scheme 1). Consistent with formation of Me3SiF, a singlet
was observed at δ = −157.7 ppm in the 19F NMR spectrum
and a doublet centered at 34.7 ppm (1JSiF = 274 Hz) was
observed in the 29Si NMR spectrum. Crude samples of 1,
obtained as a pale brown oil, were purified by passing a pen-
tane solution of the sample through a plug of acidic alumina,
carefully removing volatile materials under reduced pressure
from the filtrate, and sublimation of the resulting residue un-
der vacuum (50 mTorr) at 40 ◦C, allowing for the isolation
of 1 as a colorless solid in 33% yield (182 mg). To our knowl-
edge, this is the first example of fluoride-induced generation
of a phosphinidenoid from a halo(silyl)phosphine, comple-
menting existing pathways to phosphinidenoids, which are
often prepared from dichlorophosphines. 25,26,31–33

Scheme 2. Triphenylborane-Promoted Reactions of 1.
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With synthetically useful quantities of 1 in hand, we
investigated its reactivity with Lewis acids. We previ-
ously showed that 1 is highly susceptible to dimerization
in the presence of Lewis acids and reacts with tungsten-
pentacarbonyl tetrahydrofuran to form uncomplexed diphos-
phahousene.16 However, when 1 is combined with a substo-
ichiometric amount of triphenylborane (0.2 equiv) in ben-
zene, a new signal, corresponding to a ladderane-type head-
to-head dimer of tri-tert-butyl-pCBD (4), was observed at

−47.6 ppm in the 31P NMR spectrum (Scheme 2). Crude
4 was purified by adding pyridine to a pentane solution of
4, filtering away the precipitated triphenylborane adduct of
pyridine, and crystallization at −35 ◦C. Compound 4 was
isolated as colorless crystals in 72% yield and the crystals of
4 were characterized in a X-ray diffraction study (Fig. 1).
Due to the close proximity of the tert-butyl substituents in 4,
restricted rotation of two tert-butyl groups was observed in
the 1H NMR spectrum. Coalescence of the broadened tert-
butyl resonances was observed at elevated temperatures (see
section S.1.3.1). Additionally, in an attempt to cleave the
P−P bond, 4 was treated with C2Cl6 (1 equiv); however, no
reaction was observed.

Interested in trapping a reactive intermediate generated
upon the combination of 1 and triphenylborane, the re-
action was repeated in the presence of excess styrene (20
equiv). A new signal centered at −27.6 ppm was observed
in the 31P NMR spectrum and could be assigned to the cy-
cloadduct 5 (Scheme 2). After removing triphenylborane
and excess styrene, crystals of 5 were grown from diethyl
ether at −35 ◦C and the product was isolated in 88% yield.
Compound 5 was structurally characterized in an X-ray
diffraction study and the molecular structure is depicted in
Fig. 1. Remarkably, when this reaction was repeated with
ethylene (ca. 1 atm) instead of styrene, clean conversion to
the ethylene adduct of tri-tert-butyl-pCBD (6, Scheme 2)
was observed. This [4 + 2] cycloadduct exhibits a reso-
nance centered at 8.3 ppm in the 31P NMR spectrum. Note
that examples of phosphorus-containing heterocycles that
undergo [4 + 2] cycloaddition to ethylene under mild condi-
tions are exceedingly rare. 34 After removing triphenylborane
and filtering a pentane solution of the crude reaction mix-
ture through a plug of silica, compound 6 was isolated as a
colorless oil in 74% yield. The product is contaminated with
a small amount of 4 and trace amounts of unidentified im-
purities. However, attempts to further purify the material
by crystallization and sublimation were unsuccessful. Ad-
ditionally, no reaction was observed between the generated
intermediate and hydrogen when 1 was combined with triph-
enylborane in the presence of hydrogen (ca. 1 atm; S.1.6).

Figure 1. Molecular structure of 4 (left) and 5 (right) shown
with 50% probability thermal ellipsoids. Hydrogen atoms are
omitted for clarity. Orange, phosphorus; gray, carbon.

Extensive literature searching revealed no other exam-
ples of 1-phosphabicyclo[2.2.0]hexenes. However, 1- and
2-phosphabicyclo[2.2.0]hexadienes (1- and 2-Dewar phos-
phinines), classes of heterocycles that are related to 5,
have been prepared by photolysis of phosphinines 35 and
by treating kinetically stabilized cyclobutadienes with phos-
phaalkynes,36,37 respectively. Additionally, the thermal sta-
bility of 5 was investigated by heating a mesitylene solution
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Figure 2. Calculated stationary points and transition states and their relative enthalpies and free energies (298.15 K) involved in the
isomerization 1 by triphenylborane (BPh3) and trapping of tri-tert-butylphosphacyclobutadiene by styrene.

of compound 5 to 150 ◦C, but no changes were observed in
the 31P NMR spectrum after 24 h.

The mechanism for the formation of 5 was investigated
using quantum chemical calculations (Fig. 2). Geometries
were optimized at the B3LYP-D3BJ/def2-TZVP(-f) level
of theory and the Gibbs free enthalpies (T = 298.15 K)
were obtained using single point energies calculated using
the domain-based local pair natural orbital coupled-cluster
method with singles, doubles, and perturbative triples exci-
tation (DLPNO-CCSD(T)) 38 with the cc-pVTZ basis set 39

and TightPNO settings. 40 The calculations suggest that 1
undergoes C−P bond scission by triphenylborane to give a
zwitterionic 2-phosphabicyclo[1.1.0]butane complex (Int1).
Note that a similar intermediate has been proposed in
the valence isomerization of metal carbonyl-complexed cy-
clopropenylphosphinidenes. 41 Elimination of triphenylbo-
rane and concomitant transannular C−C bond cleavage af-
fords free tri-tert-butyl-pCBD, which subsequently under-
goes [4 + 2] cycloaddition to styrene. This elimination reac-
tion comprises the rate-determining step for the formation of
5 with a barrier of +25.8 kcal/mol, consistent with the reac-
tion proceeding readily at room temperature. Attempts to
locate a pathway involving a direct reaction between styrene
and Int1 were unsuccessful. In addition, the formation of
other possible isomers of cycloadduct 5 was also explored
and we found that the computed pathway to the experimen-
tally observed isomer exhibits the smallest barrier (S.3.2).

The reaction of 1 with a reducing transition metal com-
plex was also explored as it would lead to a transition-metal
complex of tri-tert-butyl-pCBD. Indeed, the combination of
(Ph3P)2Pt(C2H4) and 1 in thawing tetrahydrofuran cleanly
produces 7 (Fig. 3A). Crude 7 was purified by filtration of a
diethyl ether solution of the reaction mixture through Celite,
removal of volatiles from the filtrate, and trituration of the
orange solids using pentane. Complex 7 was isolated in 80%
yield and exhibits three inequivalent signals in the 31P NMR
spectrum centered at δ 24.9 (dd, 1JPtP = 2803.2 Hz, 2JPP
= 41.7, 10.2 Hz), 22.2 (dd, 1JPtP = 2564.3 Hz, 2JPP = 10.2
Hz), −35.6 (dd, 1JPtP = 176.7 Hz, 2JPP = 41.7, 10.2 Hz)
ppm.

Crystals of 7 grown from diethyl ether were character-
ized in an X-ray diffraction experiment and the molecular
structure is depicted in Fig. 3B. A notably long bond length
of 1.8171(18) was found for P1−C3 (the sum of the single
and double bond covalent radii are 1.86 and 1.69 Å, respec-
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Figure 3. A) Synthesis of 7 starting from 1 and
(Ph3P)2Pt(C2H4). B) Molecular structure of 7 shown
with 50% probability thermal ellipsoids. Hydrogen atoms
are omitted for clarity. Selected bond lengths (Å): Pt1−C3:
2.1735(17), Pt1−P1: 2.2867(5), P1−C3: 1.8171(18), C3−C2:
1.569(2), C2−C1: 1.365(3), C1−P1: 1.8831(19). Phosphorus,
orange; platinum, fuchsia; carbon, gray.

tively),42 which is consistent with reduction of the pCBD
ligand by the platinum center. Interestingly, the platinum
center coordinates to the pCBD in an η2 fashion in contrast
to other reported pCBD complexes. 41,43,44 Likely, steric re-
pulsion between the tert-butyl substituents of the pCBD
and triphenylphosphine ligands prevents the platinum center
from coordinating to the C=C double bond.

The reactions of 1 with triphenylborane and
(Ph3P)2Pt(C2H4) under mild conditions highlight the sig-
nificant strain energy of 1 and its utility as a synthetic
equivalent of tri-tert-butyl-pCBD. This investigation was
enabled by an improved preparative procedure for 1, which
relied on the generation of a phosphinidenoid by fluoride-
induced elimination of Me3Si−F from chloro(silyl)phosphine
3. This chemistry joins a new and growing body of work on
the use of phosphatetrahedranes as building blocks in the
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synthesis of novel organophosphorus compounds. 45,46
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