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Diradicals may be defined as molecules having an even
number of electrons and a narrow separation between their
highest occupied and lowest unoccupied molecular orbitals
(HOMO and LUMO, respectively).[1±4] Degeneracy of these
orbitals is also a possibility. Diradicals share a number of
characteristic features associated with having frontier MO
energies that are similar. They tend, for instance, to exhibit
relatively small energy splittings between their lowest energy
singlet and triplet states (DES�T) and between their lowest
energy and first excited singlet states, where the latter splitting
is associated with a long-wavelength absorption in the ultra-
violet/visible (UV/Vis) spectrum of the lower energy state.
A large number of organic diradicals are known, although

they are almost exclusively characterized as reactive inter-
mediates. Typical single-center diradicals include carbenes,[5±9]

nitrenes,[5,10±13] and nitrenium ions,[14±16] and well known
multicenter diradicals include didehydroarenes[5,17±20] (e.g.,
benzynes) and non-Kekulÿ hydrocarbons like trimethylene-
methane[21±24] and tetramethyleneethane.[21,25±27] An example
of a diradical system that has been known since the pioneering
work of Huckel in the 1930s is a high-symmetry ™antiaro-
matic∫ cycloarene having 4n electrons and 4n ring atoms. All-
carbon examples such as cyclobutadiene and cyclooctate-
traene, however, are well known to lift the degeneracy of their
frontier orbitals by distorting from Dnh structures to geo-
metries belonging to lower symmetry point groups (although
this by no means precludes their possible continuing descrip-
tion as diradicals).[1,28,29] A key to success, then, in the design
of any diradical, is to engineer the molecular and electronic
structure in such a way that the frontier orbital separation
remains as small as possible.[30±32]

Recently, Scheschkewitz et al.[33] reported that the reaction
of lithium diisopropylphosphide with 1,2-di-tert-butyl-1,2-
dichlorodiborane provided an isolable 1,3-diphospha-2,4-
diboretane product 1d (Scheme 1) having a long-wavelength
UV absorption (446 nm) consistent with it having substantial
diradical character, in spite of its thermal stability. Such
character is easily inferred from consideration of the simplest
resonance structure that may be drawn for 1d, which places
positive charges on the P atoms and a negative charge and one
formally unpaired electron on each of the B atoms
(Scheme 1).
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However, other resonance structures, also illustrated in
Scheme 1, might also be reasonably expected to contribute
strongly to the overall character of 1. Clearly, if s bonding
between the B atoms can be achieved, the resulting diphos-
phadiborabicyclo[1.1.0]butane structure would not be expect-
ed to deviate much from normal closed-shell character.
However, the ring puckering required in such a bicyclo
structure is strongly disfavored when the ring is substituted
with large substituents, and an X-ray crystal structure analysis
of 1d indicates the four-membered ring to be perfectly planar.
Another alternative, however, is that mixing of the out-of-
plane boron p orbitals with appropriate sPR and s*PR orbitals
may create the equivalent of an aromatic p system, and that
spin-pairing in such delocalized hybrid orbitals will contribute
to closed-shell character. This orbital picture is illustrated in
Figure 1 where, in D2h symmetry, the 1,3-diphospha-2,4-
diborete ring contributes four electrons and four p orbitals
and the P substituents contribute two electrons and two
symmetry-adapted orbitals of p-like symmetry (two other
symmetry-adapted combinations carrying the remaining two
substituent electrons are not shown as they belong to a-type
irreducible representations that do not mix with the p system).
Note that the HOMO is dominated by a cross-ring B�B p

bonding interaction, while the LUMO, which by symmetry
cannot mix with the sPR and s*PR combination orbitals, is B�B
p* antibonding.
This frontier orbital picture receives support from calcu-

lations reported by Scheschkewitz et al. ,[33] who reported a
HOMO for 1d from density functional theory (DFT) that was
in perfect agreement with that illustrated in Figure 1. These
same calculations predicted DES�T for 1a to be
�17.2 kcalmol�1. This value is fairly close to the known S±T
splitting of m-benzyne,[34] suggesting that the appellation
diradical may be as warranted for 1d as it is for themeta aryne.
With Figure 1 as a guide, however, one may ask how one

might engineer still more diradical character into the 1,3-
diphospha-2,4-diboretane framework, to optimize its utility as
a component in molecular electronic or magnetic devices, for

instance. Clearly, accomplishing this goal requires that either
the HOMO energy be raised relative to the LUMO or that the
LUMO energy be lowered relative to the HOMO. With
respect to the latter option, Figure 1 shows as an inset an
orbital of appropriate symmetry to mix with the LUMO and
reduce the frontier gap were the phosphorus atoms to be
replaced by early transition metals so that the necessary
empty d orbitals would be available for hybridization. While
this option would appear to merit future consideration, we
focus our attention here on what would appear to be a simpler
endeavor from a synthetic perspective, namely raising the
HOMO energy by employing phosphorus substituents having
more electropositive character than alkyl groups; the most
obvious alternative is a silyl group.
To predict whether such an approach has merit, we have

carried out calculations at several levels of electronic struc-
ture theory for 1a±f (Table 1).[35] In addition to DES�T, we
evaluate as a diagnostic HOMO and LUMO occupation
numbers from two-electron-in-two-orbital generalized va-
lence bond (GVB(2,2)) calculations[36]–perfect diradicals
are characterized by occupation numbers of 1.0 in each
orbital, while perfectly closed-shell systems have HOMO and
LUMO occupation numbers of 2.0 and 0.0, respectively.[2]

Molecular geometries for all species were optimized at the
DFT level using the B3LYP functional[37,38] and the 6-31G*
basis set.[39] Energetic and geometric results with this rela-
tively small basis set were found to be very close to those from
calculations employing the much larger 6-311þG(d,p) basis
set for 1a, 1b, and 1e, validating the use of the more efficient
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Figure 1. MO diagram of the mixing of diphosphadiborete p orbitals with
symmetry-adapted substituent orbitals on P (e.g., 1s orbitals for R¼H or
sp3 orbitals for R¼ alkyl or silyl). Inset at upper right is a b3g combination of
d orbitals that could hybridize with and lower the energy of the LUMO if P
were to be replaced by an early transition metal.
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Scheme 1. Synthesis and resonance structures of 1,3-diphospha-2,4-dibor-
etanes 1a±f.



level for the larger structures. As for the functional, we note
that time-dependent B3LYP/6-311þG(d,p) calculations for
1b predict a UV/Vis absorption of 451 nm, in excellent
agreement with experiment for 1d, and moreover that DES�T
values from all DFT calculations are in excellent agreement
with predictions from multireference second-order perturba-
tion theory (CASPT2) using as reference either the GVB(2,2)
wave functions or multiconfiguration wave functions spanning
the full (6,6) active space illustrated in Figure 1, as well as
CCSD(T)/6-311þG(d,p) calculations for 1a (Table 1).
As expected, replacement of alkyl groups on P with silyl

groups substantially increases the diradical character of 1 by
raising the energy of the hybrid HOMO relative to the
LUMO. The predicted DES�T value of �8.7 for 1 f is closer to
that of p-benzyne than m-benzyne,[34,40] the former being an
extremely reactive diradical. Its orbital occupation numbers
of 1.70 and 0.30, on the other hand, are less close than the
values of 1.23 and 0.77 for p-benzyne;[34,40] nevertheless, the 1 f
values represent a substantial increase in diradical character
compared to 1d. In addition, time-dependent B3LYP/6-311þ
G(d,p) calculations for 1e predict a UV/Vis absorption of
704 nm, that is, at much longer wavelength than measured for
1d. As a final point of interest, we note that the ring geometry
changes substantially upon silyl substitution; in particular, the
P�B bonds lengthen. This derives from two phenomena. As
the HOMO is net P�B bonding while the LUMO is not,
enhanced occupation of the latter at the expense of the former
increases P�B distances. As well, however, P devotes more s
character to its bonds with Si than to those with C, thus
placing more p character in its bonds to B, and this too extends
P�B bond lengths.[41] Interestingly, it also reduces B-P-B bond
angles,[41] so that the B�B distances are actually shorter in 1e
and 1 f than in any of the other compounds considered (by
from 0.01 to 0.05 ä). This offers the mildly amusing paradox
of increased diradical character for the species with minimum
separation between the centers formally assigned as carrying
the unpaired spins in the simple resonance picture of
Scheme 1.
Realization of the synthesis of 1 f from the appropriate

lithium bis(trimethylsilyl)phosphide would be expected to be
straightforward (at least to a blithe theorist). Irrespective of
that point, the design principles implicit in Figure 1 should

prove useful in future synthetic efforts founded on this
exciting heterocyclic system and its analogues.
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Table 1. Computed properties of ground-state singlet diphosphadibore-
tanes 1 at DFT-optimized planar geometries.

Compound[a] rPB DES�T
[b] HOMO occ. LUMO occ.

[ä] [kcalmol�1] no.[c] no.[c]

1a 1.888 �18.7 (�20.0) [�19.8][d] 1.79 0.21
1b 1.887 �20.1 (�22.0) 1.79 0.21
1c 1.892 �20.7 1.80 0.20
1d 1.907 �23.4 1.81 0.19
1e 1.905 �5.8 (�5.1) 1.61 0.39
1 f 1.932 �8.7 1.70 0.30

[a] Based on analytic frequency analysis, 1d and 1 f are true minima; all
other compounds are transition-state structures for inversion of puckered
minima. [b] Computed as 0 K enthalpy at the B3LYP/6-31G(d) and
CASPT2/GVB(2,2)/6-31G(d)//B3LYP/6-31G(d) levels (the latter in paren-
theses, where computed). [c] From GVB(2,2)/6-31G(d) wave functions.
[d] From calculations at the CCSD(T)/6-311þG(d,p)//B3LYP/6-311þ
G(d,p) level.


