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In hydrocarbon chemistry, carbon-centered radicals are
rather short-lived intermediates and usually dimerize to give
classical two-electron bonds.'! If main group elements are
involved, however, the situation is more diverse;? as
predicted as early as 1931 by Pauling,” odd-electron bonds
are sometimes formed. For Group 16 elements, the intensely
studied radical cations of type I'! are a good illustration of
compounds that feature a two-center, three-electron bond, in
which two electrons occupy a o bonding orbital, and one
electron occupies a 6* antibonding orbital (Scheme 1). Three-
center, one-electron bonds have also been evoked to ration-
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Scheme 1. Some examples of compounds that feature odd-electron
bonds, and the synthetic route from IV to VI.
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alize the formation of radical cation II;® in this case, the
singly occupied m* orbital of O, interacts with an electron
lone-pair orbital on water.

In phosphorus chemistry, only two examples of com-
pounds that feature odd-electron bonds are known. Le Floch
and co-workers'® prepared the macrocyclic derivative III,
which features a two-center, one-electron P—P bond in which
the single electron is mainly located in a P—P o bonding
orbital. In 1998, we isolated derivative VI, which features a P,
framework, which is best described as a four-center, six-7-
electron system. Four melectrons are present in the
mt orbitals of the two P=P bonds within each CP, ring, and
the remaining two m electrons are used to join the two CP,
units by two two-center, one-electron bonds. This description
is consistent with the observation that the intra-ring P—P
bonds are quite short (2.205 A), whereas the inter-ring P—P
bonds are very long (2.634 A). Derivative VI resulted from
the w*-m* dimerization® of diphosphirenyl radical V. Indeed,
according to calculations, the unpaired electron of V is
equally distributed over both phosphorus atoms and is
localized in the mt* orbital of the P=P bond.

In an attempt to prepare radical 2, in which the unpaired
electron would be distributed over a more extended -
conjugated framework, cyclic bis(methylene)phosphorane 1"
was treated with BF;-OEt, in a method used to homolytically
cleave the P-N bond of diphosphirene IV. After removal of
all the volatiles under vacuum and extraction with pentane, a
new compound 4 was obtained in 40 % yield as an air-sensitive
purple solid (Scheme 2). Surprisingly, the *'P NMR spectrum
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Scheme 2. The synthesis of derivative 4. cHex=cyclohexyl.

showed a doublet of triplets at d =89 ppm (J/pr =938 Hz and
Jpp=18 Hz), characteristic of tetracoordinate phosphorus
bearing a fluorine atom. It also had a very broad signal
around 300 ppm in the region of phosphaalkene moieties.
YFNMR spectroscopy gave a signal at 0=23ppm as a
doublet of triplets (Jgp =938 Hz and Jgp = 7 Hz). The large P—
F coupling constant confirms the direct P—F bond, and the
triplet multiplicity of the signal is in good agreement with the
presence of a P—P fragment. In solution at room temperature,
no trace of paramagnetic species was detected by ESR
spectroscopy.
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Dissolving 4 in hot toluene (~60°C) followed by slow
cooling of the solution gave deep-red crystals suitable for a
single-crystal X-ray diffraction study (Figure 1).""! Com-
pound 4 is organized around an inversion center located in
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Figure 1. Simplified molecular views of 4 in the solid state. Selected
bond lengths [A] and angles [°]: P2-P3A 2.427(3), P1-C1 1.700(7), P1-
€2 1.693(7), C1-P2 1.698(7), C2-P3 1.700(7), P2-P3 2.157(3), P1-N1
1.656(6), P1-F1 1.562(4), C1-Si1 1.851(7), C2-Si2 1.864(3); X C1-P1-
C2107.7(3), ¥P1-C1-P2 115.1(4), XP1-C2-P3 116.4(4), ¥ C1-P2-P3
100.8(3), ¥ C2-P3-P2 98.9(3), X P1-C1-Si1 128.6(4), ¥ P2-C1-Sil
116.2(4), X P2-P3-P2A 82.7(11), XP3-P2-P3A 97.2(11), ¥,,,.C1-P2-P3-
P2A 109.1, ¥,C2-P3-P2-P3A 112.4.

the middle of the parallelogram described by four phosphorus
atoms (P—P—P angles: 97.2° and 82.7°). The plane of the
parallelogram is almost perpendicular (109 and 112°) to the
two planar five-membered rings. All C—P bond lengths in the
latter are equal (1.70 A) and only slightly longer than C=P
double bonds. The distance between the two five-membered
rings of 41is 2.427 A, which is much longer than a classical P—P
single bond,"" but almost 0.2 A shorter than that of the
diphosphirenyl radical dimer VI (2.635 A). In contrast, the
P2-P3 bond length is short (2.157 A), in fact even shorter
than the analogous bond in VI (2.205 A).

Before performing a detailed investigation of the elec-
tronic structure of 4, we studied the reaction leading to this
unexpected compound. *'P and F NMR spectroscopy indi-
cated that a small amount of cyclic ylide 6 was formed
(Scheme 2). This compound was isolated by crystallization in
THEF, and its structure was unambiguously established by a
single-crystal X-ray diffraction study (Figure 2).'") Hence, it is
reasonable to postulate that instead of the expected homo-
Iytic cleavage of a P—N bond, which would have led to 2,
heterolytic cleavage occurs to generate a cyclic methylene-
phosphonium salt 5, as already observed by Griitzmacher and
Pritzkow in their work with analogous acyclic compounds.?
The highly electrophilic cation 5 then abstracts a fluorine
anion from the R,NBF; counteranion to give the isolated
cyclic ylide 6. Finally, BF;-catalyzed homolytic cleavage of the
remaining o°-P—N bond leads to the transient cyclotriphos-
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Figure 2. Molecular view of 6 in the solid state. Selected bond lengths
[A] and angles [°]: P1-C1 1.686(4), P1-C2 1.764(4), P2-C1 1.772(4),
P3-C2 1.708(4), P2-P3 2.159(2), P1-N1 1.657(3), P1-F1 1.508(2), P2—
N2 1.685(3), C1-Si1 1.854(4); XC1-P1-C2 109.0(2), ¥ P1-C1-P2
111.5(2), ¥ P2-P3-C2 97.2(1), ¥ P1-C2-P3 116.0(2).

phapentadienyl radical 3, which dimerizes to give 4. There-
fore, although we have not generated the desired radical 2, we
have, by serendipity, formed the radical 3 in which the
unpaired electron is distributed over an extended m-conju-
gated framework, which was our primary aim.

The single occupied molecular orbital (SOMO) of radicals
of type 3 is, upon first estimate, the ;t; molecular orbital of a
cis-oriented pentadiene unit with small contributions from the
PR, fragment (Figure 3). Among the three symmetry-allowed

[4+4] head-to-tail [4+4] head-to-head

Figure 3. Representation of the SOMO for radical 3 and possible
SOMO-SOMO interactions.

dimerization processes that could occur from SOMO-SOMO
(m5—m;) interactions, the [2+42] pathway clearly leads to the
least sterically hindered and minimally strained product,
namely 4. In terms of canonical structures, radicals 3 can be
represented as follows: the unpaired electron can reside at the
carbon positions, as in A, or at the phosphorus atoms, as
indicated in B (Scheme 3). As a consequence, a double bond
is present between either the two phosphorus atoms (in A), or
a phosphorus and a carbon atom (in B). From A, dimerization
refers to a [n*+m?] reaction of two P=P double bonds and
would result in a cyclotetraphosphane ring system with four

Angew. Chem. 2005, 117, 5633 5636
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Scheme 3. Canonical structures A and B for radical 3 and the respec-
tive canonical structures for the product dimer 4.

P—P single bonds.'®! However, for the dimerization from B,
only one unpaired electron is supplied from each radical unit.
This results in an electron deficit for the resulting inter-ring
P—P bonds, as only two electrons are available for forming
two P—P bonds. The presence of the resonance form A in
competition with B easily explains the differences observed in
the P—P bond lengths between the four-membered-ring
framework of dimers VI and 4, and especially why the
“long” P—P bond is shorter in 4.

Another consequence of these two alternative resonance
structures would be the ability to vary the P—P bond lengths in
dimers of type 4 by changing the substituents attached to the
carbon atoms. To substantiate these qualitative considera-
tions, we performed quantum chemical calculations (Table 1).
Various computational levels!'!! were tested for the parent
compound (R'=R*=H). Given the same DFT level (BP86)
and increasing the quality of the basis set in the order SVP,

Table 1: Substituent effects on P—P bond lengths and P-P-P bond angles
for dimers of type 4 at the RI-BP86/SVP level.

R] (C) R2 (P) PiPinterring PTPinlraring %: P-P-P
(Al [A] [l
H H 2.702 2.220 87.8
2.676% 2.2218 86.81%
2.6140 2.215M 80.2"!
2.5921 2.209 77.81
2.538 2.2221 77.49
NH, H 2.754 2218 89.9
CH, H 2.718 2.214 89.8
SiH, H 2.635 2.226 82.3
phenyl H 2.576 2.213 89.4
H NH, 2.655 2.241 88.7
H F 2.588 2.255 89.9
NH, F 2.641 2.256 89.9
SiH, F 2.535 2.256 89.9
NO, F 2.484 2.258 83.2
SiH, FII/NH,® 2.520 2.256 84.2
2.4730 2.258" 79.181
SiH, NH,/Fel 2.550 2.252 84.9
2.4810 2.254M 80.201
TMSH FI1/N (cHex),® 2.599 2.229 87.1
TMSH N (cHex),"/Fe 2.601 2.247 88.0

[a] RI-BP86/TZVP; [b] RI-MP2(fc)/SVP; [c] CBS-Q (complete basis set
method)"; [d] RI-MP2(fc)/TZVP; [e] TMS=trimethylsilyl; [f] exo with
respect to the central four-membered-ring system; [g] endo with respect
to the central four-membered-ring system.
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TZVP causes only a slight shortening of the long P—P bonds.
On the other hand, changing the electron correlation level
from BP86 to MP2 exerts a stronger shrinking of the P—P
bonds. The CBS-Q method (complete basis set method),
considered to be a much better computational level,*"! yields,
for the parent dimer, a long inter-ring P—P distance of 2.592 A
and a concomitant dimerization energy of —19.6 kcalmol™
(0K). The effects of the different substituents were inves-
tigated with the less costly computational level (RI-BP86/
SVP). Not surprisingly, the substituents at the carbon atoms
which stabilize the canonical structure A and the electro-
negative substituents at phosphorus, shorten the inter-ring P—
P distance. A drastic shortening is observed with an added
exchange of substituents that can simultaneously stabilize a
negative charge and an unpaired electron (R'=NO,, SiH;;
R*=F). In contrast, strong electron-donating substituents at
the carbon atoms, such as amino groups, elongate the inter-
ring P—P distance. In all cases, a rhombic distortion of the
central P, ring is observed. For the experimentally observed
derivative (R'=TMS; R*=F or N(cHex),), the calculated
inter-ring P—P distance (2.599 A) is still too large to agree well
with the experimentally determined value of 2.427 A; this
probably means that DFT methods are not able to take weak
bonds into account properly.!”!

A series of radical dimers of type 4 that feature different
substituents at phosphorus and carbon positions are under
current investigation. The possibility of finely tuning the
interaction between such radicals might have implications in
material sciences.!'"]

Experimental Section

All manipulations were performed under an inert atmosphere of
argon by using standard Schlenk techniques. Dry, oxygen-free
solvents were employed. 'H, ®C, '’F and *P NMR spectra were
recorded on Bruker AC80, AC200, WM250 or AMX400 spectrom-
eters.

4: BF;-Et,0 (0.24 g, 1.30 mmol) was added at room temperature
to a solution of 1 (0.45 g, 0.62 mmol) in toluene. The solution was
heated at 30°C for 2 days in the absence of light, and the reaction
monitored by multinuclear NMR spectroscopy. When the starting
materials were consumed, the volatiles were removed under vacuum
and the product was extracted with toluene. After evaporation of
toluene, the residue was recrystallized from hot toluene as deep-red
crystals (0.12 g, 42 % ); m.p. = 115°C (decomp); *'P{'H} NMR (C¢Dy):
0=288.9 (dt, 2J(P,P) =15.3 Hz, 'J(P,F) =939.8 Hz, 1P), 280 ppm (br,
2P); 'HNMR (C4Dg): 6=0.78 (s, 36 H, SiCH,), 1.2-2.2 (m, 20H,
CH,), 3.04 (br, 4H, CHN), 3.65 ppm (broad d, 2J(PH) = 13.8 Hz, 4H,
CHN); “C{'H} NMR (C,Dy): 6 =3.9 (s, SiCH3), 25.5, 25.8, 26.7, 27.1
(s, CH,), 34.3 (br, CH,), 35.1 (d, /(C,P) = 1.3 Hz, CH,), 57.4 (broad,
NCH), 58.2 ppm (d, 2J(C,P)=5.1 Hz, NCH), PCP (not observed);
YF{'H} NMR (C¢Dy): 6 =20.1 ppm (dt, *J(F,P)=60.0 Hz, 'J(F,P) =
939.8 Hz). Computational procedures: quantum chemical calcula-
tions were performed with the Gaussian suite!"*! of programs as well
as the Turbomole!"*"! program systems. Various computational levels
were studied. In general, RHF and B3LYP calculations yielded
intermolecular bond lengths that were too large, whereas the BP86
density functional level yielded more satisfactory geometries, albeit
with some P—P bond lengths too large for intermolecular bond
formation between two radicals. At the MP2 level, shorter P—P bonds
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were observed, but this methodology is restricted to the study of the
parent compound.
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