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The understanding of chemical transformations has been
considerably improved by the direct observation of short-
lived intermediates or through the synthesis of stable versions
of these species.[1–5] However, since chemical bonds form,
break, and change geometrically with awesome rapidity, only
femtosecond spectroscopic techniques[6] can give a “motion
picture” of chemical transformations by “freezing” molecular
structures as reactions unfold and pass through their tran-
sition states. Herein, we demonstrate that it is possible to
mimic the dynamic process corresponding to one of the
simplest chemical reaction: the stretching and eventual
rupture of a s bond to afford two single-electron species,
together with the reverse bond-forming process.

One of the archetypal examples of this type of reaction is
the inversion of bicyclo[1.1.0]butanes A,[7] which occurs via
singlet cyclobutane-1,3-diyls B in the transition state
(Figure 1).[8] Two different types of 1,3-diradicals, related to
A, have been recently isolated by taking advantages of the
unique properties of the heteroelements.[9] The groups of
Niecke and Yoshifuji have reported the synthesis of 2,4-
diphosphacyclobutane-1,3-diyls D,[10,11] confined by a trans-
annular antibonding p overlap, which makes the thermal ring
closure into C forbidden. In marked contrast, 1,3-dibora-2,4-
diphosphoniocyclobutane-1,3-diyls F[12,13] feature a transan-
nular bonding p overlap, which allows for the thermal ring
closure into E (Figure 2). Therefore, a variation of the
phosphorus and boron substituents was expected to strongly

influence the ground-state structure of compounds E and F
and thus offered an opportunity not only to isolate the
structural extremes, as reported for C and D,[14] but also to
mimic the whole reaction profile for the inversion of E.

Compounds 2–4 were obtained by the synthetic route
used previously for the preparation of 1[12]: the reaction of the
appropriate lithium phosphide (two equiv) with 1,2-dichlor-
odiborane. As the 1,2-diphenyl-1,2-dichlorodiborane is
known to be highly unstable,[15] derivative 5 was synthesized
by the reduction of the corresponding 1,3-dichloro-1,3-
diborata-2,4-diphosphoniocyclobutane[16] with two equiva-
lents of lithium naphthalenide in toluene solution. The
compounds 2–5 were isolated in moderate to good yields as
very air-sensitive, but thermally highly stable crystalline
materials (Scheme 1).

Figure 1. Schematic representation for the reaction profile between
bicyclo[1.1.0]butanes A, and cyclobutane-1,3-diyls B.

Figure 2. Structure of the heteroatom-containing analogues C, D, E,
and F and schematic representations of the HOMO orbitals for D and
F.

Scheme 1. Synthesis and physical properties of derivatives 1–5.
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The impact of the substituents on the boron atoms upon
structure was first investigated by replacing the tert-butyl
groups of 1 by duryl rings (duryl= 2,3,5,6-tetramethylphenyl),
while retaining the iso-propyl groups on the phosphorus
atoms. Single-crystal X-ray diffraction analysis[17] (Figure 3)
revealed that 2 adopts a very different structure to that
observed for 1. The BPBP core deviates from planarity
(interplanar angle between the two PBB units 1308), the B�B
distance is significantly shortened (2.24 =). Steric hindrance

probably does not favor a coplanar arrangement of the duryl
rings and BPBP core of 2, thereby preventing efficient
stabilization of the radical centers through p delocalization.[18]

The influence of the substituents on the phosphorus atoms
was then studied by replacing the iso-propyl substituents of 1
by phenyl rings. The B�B distance of 3 is noticeably shortened
again (1.99 =), while the BPBP core deviates further from
planarity (interplanar angle 1188) (Figure 4). This result
suggests that the less sterically demanding substituents on
the phosphorus atoms favor the folded structure by decreas-
ing the 1,3-diaxial interactions. This hypothesis was confirmed
by comparing the solid-state structures of compounds 4
(B�B= 1.89 =; interplanar angle 1158) and 2, both featuring
duryl groups on the boron atoms, but ethyl (4) and iso-propyl
(2) substituents on the phosphorus atoms.

Lastly, the most folded structure (interplanar angle 1148)
was obtained for the perphenylated derivative 5, for which the
B�B distance (1.83 =) is in the range typical for B�B single
bonds, and about 40% shorter than in 1. The geometric
parameters observed for 5 are very similar to those calculated
for the parent bicyclic compound E* (hydrogen atom on the
boron and phosphorus and phosphorus atoms), while the data
for 1 are very close to those predicted for the parent diradical
F*, which is the transition state for the inversion of E*.[12]

Therefore, in the solid state, derivatives 2–4 adopt intermedi-
ate structures between those of E and F.

Variable-temperature NMR studies give some informa-
tion on the dynamic behavior of each of the individual
derivatives 2–5 (Figure 4). All of these compounds invert
rapidly at room temperature as shown by the magnetic
equivalence of the axial and equatorial phosphorus substitu-
ents. The shortening of the B�B bond from 2 to 5 was

Figure 3. Molecular view of 2 in the solid state. Selected bond lengths
and angles are as follows: P1-B1, 1.8879�10 G; P1-B1a, 1.8891�11 G;
B1-C1, 1.5984�13 G; B1-P1-B1a, 72.77�58, P1-B1-P1a, 95.35�58, P1-
B1-C1, 132.33�78 ; P1a-B1-C1, 130.83�78.

Figure 4. 11B and 31P NMR chemical shifts at room temperature in solution, X-ray data and molecular structure of compounds 1–5. a) 11B and
31P NMR chemical downfield chemical shifts are expressed with a positive sign, in parts per million, relative to external BF3.OEt2 and 85% H3PO4,
respectively. b) For clarity the substituents are omitted.
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expected to strengthen the inversion barrier of the bicyclic
formE via the diradical F. Indeed, the inversion process could
be frozen at low temperature for 4, but not for the less folded
derivative 2 even at �95 8C. The coalescence temperature
(Tc=�81 8C) observed in solution for the 13C NMR signal of
the CH2 ethyl group of 4 corresponds to an inversion barrier
DG� of about 8.5 kcalmol�1, which is about half of that
predicted for the parent derivative E* (16.4 kcalmol�1).[12]

Snapshots on the reaction profile between E and F are
obtained by varying the substituents around the BPBP
framework. Besides this static approach that makes use of
different derivatives, the characterization of bond-stretch
isomers for a single compound remains a challenging project.

Experimental Section
All reactions and manipulations were carried out under an atmos-
phere of dry argon by using standard Schlenk techniques.

Route a: A solution of R’2PLi, which was prepared by adding
nBuLi (3.75 mL, 1.6m, hexane) to R’2PH (6 mmol) in diethyl ether
(10 mL) at �80 8C and subsequent stirring at room temperature for
2 h, was added dropwise to 3 mmol of the desired 1,2-dichlorodibor-
ane in diethyl ether (20 mL) at �80 8C. The reaction mixture was
warmed to room temperature within 1 h and the solvents were
removed under vacuum. Toluene (20 mL) was added, the salts were
removed by filtration and the remaining product was washed with
toluene (2 D 3mL). Crystals of compounds 2–4 were obtained by
cooling saturated boiling toluene solutions to room temperature.

Route b: A freshly prepared solution of lithium naphthalenide
(6.4 mL, 0.8m, THF) was added dropwise to the desired 1,3-dichloro-
2,4-diphospha-1,3-diboretane (2.5 mmol) in toluene (15 mL) at
�80 8C. The reaction mixture was warmed to room temperature and
stirring was maintained for about 30 minutes. The solvents were
removed in vacuo and the residue was dissolved in pentane (30 mL).
The salts were removed by filtration and the pentane was removed in
vacuo. Naphtalene was sublimed by heating to 80 8C in vacuo for 30
minutes. Crystals of compound 5 were obtained by cooling saturated
pentane solutions to �30 8C.
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