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Main-group-element compounds with one or more unpaired
electrons have emerged as a fascinating research topic in
recent years.[1, 2] The fundamental breakthrough in the area of
phosphorus-based radicals with low-coordinate phosphorus
centers[3] was achieved by M. F. Lappert et al. with the
synthesis of the first stable derivative of type I (R =

CH(SiMe3)2),[4] which dimerizes (reversibly) upon crystalli-
zation.[5] This compound has been used as a ligand in cobalt
and iron carbonyl complexes.[6] More recently, heteroatom-
substituted derivatives of II[7] and III[8] have been synthesized
(Scheme 1). Interesting follow-up reactions involving rear-
rangement and decomposition processes of III have been
observed. In contrast, knowledge about derivatives IV,[9,10]

which have potential leaving groups, is extremely scarce and,
to the best of our knowledge, its coordination chemistry is
unknown. The latter is of special interest, as open-shell
complexes have been recognized as highly interesting targets,
for example as contrast agents for molecular imaging.[11]

Our current investigations of Li/Cl-phosphinidenoid com-
plex chemistry[12–16] has led us to the discovery of transient P-
chlorophosphanyl complexes formed by one-electron oxida-
tion. These transient complexes undergo combined cross-

coupling/rearrangement and cross-coupling/elimination reac-
tions, which in the latter case yielded the first structurally
characterized derivative of a phosphaquinomethane complex.

P-Chlorophosphane complexes 1a[17] and 1b[18] were
transformed into the P-chlorophosphinidenoid complexes
2a,b using LDA/[12]crown-4,[12,14] and then treated with
tritylium tetrafluoroborate at low temperature. Slow warm-
up yielded the complexes 5 and 6, which were isolated using
column chromatography. The proposed reaction pathway is
shown in Scheme 2 and involves the formation of a radical
pair consisting of the tritylium radical and the P-chlorophos-
phanyl complexes 3 a,b upon oxidation. After a C,P coupling
reaction leading to complexes 4a,b, either a subsequent
H-translocation occurs to form complex 5 or HCl elimination
takes place to give complex 6. The presence of the open-shell
intermediates 3a,b was confirmed by ESR spectroscopic and
DFT investigations (see below).

Scheme 1. Low-coordinate phosphorus radicals without (I) and with P-
functional groups such as -NR2 (II), -PR2 (III), and -X (IV). X denotes
OR or halogen.

Scheme 2. Proposed pathway for the reaction of phosphinidenoid
complexes 2a,b with tritylium tetrafluoroborate to yield transient P-
chlorophosphanyl complexes 3a,b and subsequently complexes 5 and
6.
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We also examined whether the reaction pathway is
dependent on the stoichiometry. Using complex 1b, we
observed that upon increasing the amount of the tritylium
salt from 1.24 to 3.20 equivalents, two new complexes 8 and 9
(in ratio 1:4) were formed. Whereas 8 was easily identified by
31P NMR spectroscopy because of its chemical shift (d =

213.0 ppm) and the phosphorus–tungsten and phosphorus–
fluorine coupling constants (1JW,P = 347.0 Hz, 1JP,F =

1015.8 Hz), the structure of complex 9 (128.3 ppm, 1JW,P =

270.8 Hz) could not be identified.[19] We assume that oxida-
tion of complex 3 b took place leading to the formation of
transient P-chlorophosphenium complex 7 and finally to
complex 8 (Scheme 3).

The 1H NMR spectrum of complex 5 revealed a signal at
d = 5.66 ppm, next to the two signals in the aromatic region,
which was assigned to the proton at the aliphatic carbon
center of the former trityl group. In contrast, two signals at
6.80 ppm (3JP,H = 6.60 Hz, 3JH,H = 9.78 Hz, 4JH,H = 1.71 Hz) and
7.02 ppm (3JP,H = 9.88 Hz, 3JH,H = 9.74 Hz, 4JH,H = 1.84 Hz)
were observed for complex 6, which were assigned to the
quinone-type protons in the b position to phosphorus. Inter-
estingly, complex 6 showed an intense purple color (lmax =

525 nm), which is in strong contrast to the color of non-
coordinated phosphaquinomethane derivatives,[20] which have
yellow to orange colors with lmax values between 372 and
440 nm.

The molecular structures of complexes 5 and 6 were
unambiguously established by single-crystal X-ray diffraction
studies (Figure 1 and Figure 2).

Whereas the C�C bond lengths in complex 5 for the ring
system bound to the pyramidal phosphorus center indicate a
typical aromatic system (1.389(5)–1.411(6) �), the alternating
bond lengths in complex 6 confirm a quinone-type character
and a planar coordination geometry at phosphorus (bond
angle sum at phosphorus: 358.88).[21] The P�C8 bond length
(1.716(4) �) is in the range of a long P�C double bond (1.61–
1.71 �)[22] and is typical for phosphaquinomethane com-
pounds.[20b,c] Whereas C13�C12 (1.358(5) �) and C9�C10
(1.350(5) �) have rather typical C�C double-bond values, the
lengths of C8�C9, C8�C13, C12�11, and C10�C11 are in
accordance with those expected for C�C single bonds.

Interestingly, the length of the C11�C14 bond (1.407(5) �)
indicates an elongated double bond.

Using ESR spectroscopy, we were able to obtain further
information about the transient radical species. We observed
hyperfine phosphorus couplings that were attributed to
complex 3 a (aiso = 280 MHz, adip,?=�280 MHz, adip,k=

560 MHz, g = 2.001(2)) and 3b (aiso = 137 MHz, adip,?=

�314 MHz, adip, k= 629 MHz, g = 2.002(2)). An ESR spectrum
of 3b in liquid solution is shown in Figure 3. The average
g values of the liquid-solution spectra are typical for organic
radicals. Their exact value is determined by the amount of
spin population at phosphorus and its ligand field, in analogy
to ligand-field splitting in the case of transition metals. They
agree well with typical g values of 31P radicals, which range

Scheme 3. Proposed reaction of transient P-chlorophosphanyl complex
3b with tritylium tetrafluoroborate to yield transient complex 7 and
subsequently complexes 8 and 9.

Figure 1. Structure of complex 5 (ellipsoids set at 50% probability;
hydrogen atoms except H17a omitted for clarity). Selected bond
lengths [�] and angles [8]: W–P 2.520(1), P–Cl 2.073(1), P–C1 1.864(4),
P–C11 1.829(4), C11–C12 1.411(6), C11–C16 1.395(5), C12–C13
1.389(5), C13–C14 1.391(5), C14–C15 1.394(6), C14–C17 1.521(5),
C15–C16 1.396(5); C1-P-C(11) 105.32(19), C1-P-Cl 102.23(14), C11-P-
Cl 99.10(13), C1-P-W 119.88(14), C11-P-W 115.47(13), Cl-P-W
112.13(5).

Figure 2. Structure of complex 6 (ellipsoids set at 50 % probability;
hydrogen atoms omitted for clarity). Selected bond lengths [�] and
angles [8]: W–P 2.4929(9), P–C1 1.828(4), P–C8 1.716(4), C8–C9
1.430(5), C8–C13 1.440(5), C9–C10 1.350(5), C10–C11 1.460(5), C11–
C12 1.434(5), C12–C13 1.358(5), C11–C14 1.407(5), C14–C15 1.482(5),
C14–C21 1.475(5); C1-P-W 121.32(13), C1-P-C8 112.00(18), W-P-C8
125.49(13).
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from 1.999 up to 2.01 depending on the coordination number
of 31P.[9]

At 165 K, a correlation (R factor = 87 %) is observed in
the time evolution of the ESR spectra (Figure 4a), in which
the decrease of signal of the P-centered radical correlates with
the increase of the signal of the trityl radical. This indicates
that P-centered radicals are present initially, but then convert
into the trityl radical during the course of the reaction; the
spectrum of the trityl radical is shown in Figure 4b.

Analysis of the hyperfine coupling constants is best
performed in combination with density functional theory
(DFT).[23] Spin-density distributions[24] resulting from DFT
calculations for 3a and 3b are shown in Figure 5 (the data for
the Ph3CC radical are given in the Supporting Information).
The experimentally observed 31P hyperfine coupling constants
indicate an electron spin population of 86% for 3b and
essentially planar local environments of the phosphorus

center with a sp2 hybridization and the unpaired electron in
a pure 3p orbital. This observation is in good agreement with
the DFT calculations, where 82% spin population is found.
For 3 a, DFT calculations indicate that the unpaired electron
is partially delocalized over the C5Me5 moiety, with the exact
amount of delocalization depending on whether the phos-
phorus coordinates to one or two carbon atoms of the C5Me5

ring. From analysis using the model described in the
experimental section, the electron spin population amounts
to 76% for 3a and DFT calculations give rise to 87% spin
population. The coordination geometry of P in 3a is slightly
more bent than in 3 b.

In conclusion, the formation of transient P-substituted
phosphanyl complexes with a trigonal-planar coordination
environment and with an unpaired electron in a 3p(P) orbital
was demonstrated by a combination of synthetic and spec-
troscopic approaches. DFT calculations reveal that the spin
distribution of the radical complexes is strictly depending on
the nature of the substituent at phosphorus. Currently, we are
working on a fine-tuning of the system Li/Cl phosphinidenoid
complex/single-electron-transfer oxidant for various applica-
tions.

Experimental Section
All operations were performed in an atmosphere of purified and
dried argon. Solvents were distilled from sodium. NMR data were
recorded on a Bruker Avance 300 spectrometer at 25 8C using CDCl3

(5) or CD2Cl2 (6) as solvent and internal standard; chemical shifts d

are given relative to tetramethylsilane (13C: 75.5 MHz) and 85%
H3PO4 (31P: 121.5 MHz). ESR spectroscopy : X-band (9 GHz) con-
tinuous wave (cw) ESR spectra were recorded either in liquid or in
frozen solution on a Bruker ESP300E ESR spectrometer with a
rectangular 4102ST cavity and an Oxford ESR910 flow cryostat.
Isotropic and dipolar 31P hyperfine coupling constants and average
g values (in liquid solution) were extracted directly from the spectra.
Infrared spectra were collected on FT-IR Nicolet 380. Mass spectra
were recorded on a Kratos Concept 1H spectrometer. Elemental
analyses were performed using an Elementa (Vario EL) analytical gas
chromatograph.

5 and 6 : Lithium diisopropylamide (LDA, 1.1 mmol), freshly
synthesized using n-butyllithium 1.6 molL�1 solution in n-hexane;
0.7 mL, 1.1 mmol) and diisopropylamine (160 mL, 1.1 mmol) in
diethyl ether (1 mL) were dissolved in THF (8 mL) and cooled to
�90 8C. A solution of of 1a (527 mg, 1.0 mmol) or of 1b (551 mg,
1.0 mmol) and (162 mL, 1.0 mmol) [12]crown-4 in THF (8 mL) was
then added to the LDA solution. After adding tritylium tetrafluor-

Figure 3. ESR spectrum of 3b in THF at 150 K. Parameters:
nmw = 9.456 GHz, Pmw = 2 mW, modulation amplitude = 1 mT. The
carbon-centered radical corresponds to a trityl radical (see Scheme 2
and Supporting Information). The signal marked with an asterisk
corresponds to a paramagnetic impurity present in the solution.

Figure 5. Calculated spin-density distribution for complexes 3a and
3b. The Mulliken spin populations from DFT calculations at 31P
amount to 87% and 82 %, respectively. C green, H white, W,Si cyan,
O red, P,Cl magenta; spin density is given in orange.

Figure 4. a) ESR spectra of the reaction solution of 3b recorded after
addition of excess of tritylium tetrafluoroborate and at time intervals
t =31.5 min and t = 73 min. The intensity of the signal due to the trityl
radical increases with time whereas those of the phosphorus-centered
radicals decrease. Parameters: T = 165 K, nmw = 9.456 GHz,
Pmw = 2 mW, modulation amplitude =1 mT. b) ESR signal of the trityl
radical recorded at 165 K and with a modulation amplitude of 0.1 mT.
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oborate ([Ph3C]BF4; 410 mg, 1.24 mmol) to the solution of 2a or 2b at
�80 8C, an immediate color change from orange to red to dark
Bordeaux red/violet was observed. The reaction mixtures were
allowed to stir while gently warming to ambient temperature to
yield a light red (for 5) or dark purple solution (for 6). After
evaporation and low-temperature column chromatography (5 :
�20 8C; Al2O3 using the following eluents: 1) petroleum ether,
2) petroleum ether/diethyl ether 95:5, and 3) 90:10; 6 : �20 8C; SiO2

using pure petroleum ether), complexes 5 and 6 were obtained as
solids after removal of solvent in vacuo.

5 : Pale yellow solid; yield: 440 mg (0.57 mmol, 57 %); m.p. 158 8C
(decomp.); selected NMR data: 13C{1H} NMR: d = 10.7 (d, JP,C = 1.9
Cp*-CH3), 10.8 (d, JP,C = 1.6 Hz, Cp*-CH3), 11.3 (d, JP,C = 0.8 Hz, Cp*-
CH3), 12.2 (d, JP,C = 1.6 Hz, Cp*-CH3), 12.9 (d, 3JP,C = 5.0 Hz,
Cp*(C1)-CH3), 55.5 (d, 5JP,C = 1.4 Hz, CHArPh2), 63.6 (d, 1JP,C =
2.3 Hz, Cp*(C1)), 125.6 (s, p-Ph), 127.4 (d, JP,C = 14.7 Hz, Ar), 127.5
(s, o-Ph), 128.4 (s, m-Ph), 132.4 (d, JP,C = 15.8 Hz, Ar), 132.7 (d, 1JP,C =
18.5 Hz, i-Ar), 133.0 (d, JP,C = 6.5 Hz, Cp*), 138.7 (d, JP,C = 4.3 Hz,
Cp*), 141.2 (d, JP,C = 6.8 Hz, Cp*), 142.0 (d, JP,C = 3.6 Hz, i-Ph), 143.7
(d, JP,C = 8.7 Hz, Cp*), 146.9 (d, 4JP,C = 2.6 Hz, p-Ar-CHPh2), 195.2
(dsat,

2JP,C = 7.1 Hz, 1JW,C = 126.7 Hz, cis-CO), 196.8 ppm (d, 2JP,C =

32.9 Hz, trans-CO); 31P{1H} NMR: d = 114.5 ppm (ssat,
1JW,P =

279.7 Hz); MS: m/z (%): 768 (1) [M+]; IR (KBr; n(CO)): ñ = 1931
(s), 1988 (m), 2073 (m) cm�1. Elemental analysis (%) calcd for
C34H30ClPO5W: C 53.11, H 3.93; found: C 52.95, H 3.81.

6 : purple, air-sensitive solid; yield: 475 mg (0.63 mmol, 63%);
m.p. 169 8C (decomp.); selected NMR data: 13C{1H} NMR: d = 2.3 (d,
3JP,C = 2.6 Hz, SiMe3), 34.7 (dd, 1JP,C = 13.9 Hz, PCH), 124.3 (d, 2JP,C =
34.9, CH), 126.2 (d, 3JP,C = 42.1 Hz, CH), 127.5 (m, Ph/CH), 128.0 (m,
Ph/CH), 130.0 (s, Ph), 131.4 (s, Ph), 131.5 (s, Ph), 134.2 (d, 4JP,C =
32.5 Hz, C=C-Ph2), 141.7 (s, i-Ph), 142.6 (d, 5JP,C = 8.9 Hz, C=CPh2),
142.7 (s, i-Ph), 163.9 (d, 1JP,C = 48.5 Hz, P=C), 196.2 (dsat,

1JW,C =
125.5 Hz, 2JP,C = 13.2 Hz, cis-CO), 200.3 ppm (d, 2JP,C = 30.0 Hz,
trans-CO); 31P{1H} NMR: d = 189.6 ppm (ssat,

1JW,P = 269.5 Hz); MS:
m/z (%): 756 (28) [M+]; IR (nujol; n(CO)): ñ = 1941 (s), 1981 (m),
2068 (m) cm�1; elemental analysis (%) calcd for C31H33PO5Si2W:
C 49.21, H 4.40; found: C 48.95, H 4.21.

For X-ray analysis data of complexes 5 and 6 and the synthesis of
complexes 8 and 9, see the Supporting Information.

Analysis of experimental hyperfine coupling constants: The
anisotropic hyperfine coupling constants give direct information
about the amount of 31P(3p) character of the singly occupied
molecular orbital. The constants adip,? and adip,k are related to the 3p
spin density at 31P according to reference [25] [Eq. (1) and (2)]:

adip,k ¼ 4=5ð917 MHzÞ 1ð31Pð3pÞÞ ð1Þ

adip,? ¼ �2=5ð917 MHzÞ 1ð31Pð3pÞÞ ð2Þ

The isotropic hyperfine interaction aiso(
31P), visible in the ESR

spectra of the liquid solution, derives from two origins. First, owing to
spin polarization mechanisms, the 31P(3p) spin population also causes
the presence of a small amount of 31P(3s) spin population. The
amount of 31P(3s) spin population by polarization is estimated by a
McConnell-like relation using a value of 1.13% spin polarization
[Eq. (3)]:[25]

1polð31Pð3pÞÞ � 0:0113 1ð31Pð3pÞÞ ð3Þ

Further 3s spin density may be introduced if the local environ-
ment of phosphorus is not planar. In this case, the sp2 hybridization
scheme is no longer valid and a direct contribution of the 3s orbital in
the wavefunction of the unpaired electron is expected. The total spin
population in the 3s orbital gives rise to an isotropic hyperfine
coupling constant [Eq. (4)]:

aisoð31PÞ ¼ ð13 306 MHzÞ 1totð31Pð3sÞÞ ð4Þ
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