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Quinoid compounds have attracted considerable interest
for a long time owing to their unique structure, properties, and
large potential for application.[1] Thus, a variety of quinoid
compounds such as quinones, quinodimethanes, and quino-
diimines has played an important role in a wide range of
research areas. On the other hand, stable quinoid compounds
which contain heavier main group elements had not been
known until recently, in spite of progress in the chemistry of
heavier main group elements, where double bonds between
the most of the typical elements and carbon become available.
There have been several reports of matrix isolation[2] of the
reactive quinoid molecules and isomeric structures such as
tetrathiotetracene,[3] but p-diphosphaquinone, characterized
and reported by Märkl et al.,[4] is the only example of a stable
quinoid molecule containing heavier main group elements.
However, it has not been obtained in pure form, since not only
the quinoid structure but also the double bond between
carbon and a heavier element make the species inherently
unstable. Here we report the synthesis, structure, redox
properties, and generation of the radical anion of the first
stable p-phosphaquinone 1. Employment of the 3,5-di-tert-
butyl-4-oxocyclohexa-2,5-dien-1-ylidene moiety, which has
been one of the most frequently utilized structures in the
chemistry of the quinoid molecules, was essential for the
synthesis as well as the effective kinetic protection of 1.

To construct the quinoid skeleton of 1, we used the 2,6-di-
tert-butyl-4-lithiophenoxide ion 2 as a key synthetic inter-
mediate [Eg. (1)], since we expected the extremely high
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nucleophilicity[5] to be sufficient for the attack at the
phosphorus atom of the starting phosphane, assistance of
the oxide ion in the elimination of chloride ion to afford the
quinoid system 1, and effective steric protection of the
resultant p-phosphaquinone structure by the two tert-butyl
groups. Thus, 2,6-di-tert-butyl-4-iodophenol[6] was lithiated
with two equivalents of n-butyllithium and added to a solution
of dichloro(2,4,6-tri-tert-butylphenyl)phosphane in THF.[7]

Although the mechanism is not clear, the reaction proceeded
as expected and formation of a 10:3 mixture of 1 and bis(2,4,6-
tri-tert-butylphenyl)diphosphene[7] was confirmed by 31P
NMR spectroscopy. Repeated extraction with n-pentane,
chromatographic separation on silica gel, and purification by
gel permeation chromatography (GPC) afforded almost pure
phosphaquinone 1. Further recrystallization from benzene
gave analytically pure 1 in 30 % yield as air-stable orange
plates suitable for an X-ray crystallographic analysis.

The proton-coupled 31P NMR spectrum of 1 (81 MHz)
shows a doublet at d� 327.4 with J(P,H)� 12.0 Hz. The
significant deshielding suggests a low-lying excited state due
to the quinoid structure of 1, and the large coupling of the
phosphorus atom with the proton in the position cis to the
lone pair is consistent with the structure and an empirical rule
that the 31P nucleus of phosphaalkenes has a larger coupling
with nuclei cis to its lone pair than those trans to it.[8] In the
1H NMR spectrum of 1, the signals at d� 7.41 (J(H,H)� 2.3,
J(P,H)� 12.5 Hz) and 5.74 (J(H,H)� 2.3,J(P,H)� 4.1 Hz)
were easily assigned based on the coupling pattern to the
vinyl protons cis and trans to the phosphorus lone pair,
respectively. The vinyl and tert-butyl protons cis to the 2,4,6-
tri-tert-butylphenyl group are strongly shielded, probably due
to the ring current of the aromatic ring. The 13C NMR signal
of the P�C carbon atom appears as a doublet; its chemical
shift (d� 167.61) and coupling constant (J(P,C)� 40.0 Hz) are
within the range of typical phosphaalkenes.[9] The signal at
d� 185.90 (J(P,C)� 6.7 Hz) as well as the IR band (nÄCO�
1598 cmÿ1) of the carbonyl group are typical for the 3,5-di-
tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene system.[10] The
UV/Vis spectrum of 1 in hexanes shows one broad peak at
lmax� 372 (e� 22 100, p!p*), which is responsible for the
orange color of 1.

The structure of 1 was unambiguously confirmed by an
X-ray crystallographic analysis (Figure 1). The P�C bond
length of 1.705(2) � is within the range of known phosphaal-
kenes, though slightly longer than the average.[9] The bond
lengths and angles within the 3,5-di-tert-butyl-4-oxocyclo-
hexa-2,5-dien-1-ylidene moiety show values similar to those
for the known 3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-yli-
dene structures.[11] Thus, the six-membered ring is composed
of two double bonds (C2�C3 1.347(2), C5�C6 1.350(2) �) and
four single bonds (C1-C2 1.446(2), C3-C4 1.497(2), C4-C5
1.482(2), C6-C1 1.444(2) �). Interestingly, the C�P bond
points slightly in the less crowded direction with bond angles
of 126.5(1)8 and 115.9(1)8 for P1-C1-C2 and P1-C1-C6,
respectively, probably due to the bulkiness of the 2,4,6-tri-tert-
butylphenyl moiety. All the spectroscopic as well as crystallo-
graphic data are consistent with the quinoid structure of 1.

Since benzoquinones are known to undergo a two-step
reversible reduction,[1, 12] and some sterically protected phos-

Figure 1. ORTEP drawing of the molecular structure of 1 with 50%
probability ellipsoids. Selected bond lengths [�] and angles [8]: P1ÿC1
1.705(2), P1ÿC15 1.847(2), C1ÿC2 1.446(2), C2ÿC3 1.347(2), C3ÿC4
1.497(2), C4ÿC5 1.482(2), C5ÿC6 1.350(2), C1ÿC6 1.444(2), O1ÿC4
1.238(2); C1-P1-C15 101.58(7), P1-C1-C2 126.5(1), P1-C1-C6 115.9(1),
C2-C1-C6 117.5(1), C1-C2-C3 122.8(1), C2-C3-C4 118.7(1), O1-C4-C3
120.5(2), O1-C4-C5 120.7(1), C3-C4-C5 118.8(1), C4-C5-C6 118.4(1), C1-
C6-C5 123.4(2).

phaalkenes are also reported to give redox systems stable
enough to allow observation of the corresponding radical
anion,[13] we became interested in the redox properties of 1
and measured its cyclic voltammogram (Figure 2). The first

Figure 2. Cyclic voltammogram of 1 (10ÿ4m in THF; supporting electro-
lyte: 0.1m nBu4NClO4; working electrode: glassy carbon; counter elec-
trode: Pt wire; reference electrode: Ag/0.01n AgNO3 in acetonitrile with
0.1m nBu4NClO4 (E1/2(ferrocene/ferrocenium)� 0.180 V); scan rate:
100 mV sÿ1; 22 8C). I� current, E�potential.

redox wave appearing at ÿ1.43 V vs. Ag/Ag� is reversible.
However, the second reduction at ÿ2.45 V is irreversible, and
scanning to this second reduction makes the first one also
irreversible. The first reduction potential is intermediate in
value of those of quinones[12] and phosphaalkenes.[13] The
difference of the first and second reduction peak potentials
(DE� 0.90 V) is larger than that of p-benzoquinones and
quinone methides (DE� 0.6 ± 0.8 V).[12]

Although 1 did not afford a two-step reversible redox
system like the p-benzoquinones, the first reversible wave
suggested considerable stability of the phosphasemiquinone
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radical anion 1.ÿ . Thus, the reduction of 1 with sodium metal
was carried out [Eg. (2)] and monitored by EPR spectroscopy.
The orange color of a solution of 1 in THF became green upon

P O1
Na / THF

1• –

(2)

contact with the sodium mirror, and an EPR signal consisting
of a doublet due to hyperfine coupling with one 31P nucleus
(a(P)� 9.3 mT at g� 2.0069) was observed at room temper-
ature (Figure 3 a). The appearance of the spectrum, where the

Figure 3. EPR spectra of 1.ÿ generated by the reduction of 1 with sodium
metal in THF a) at 295 K and b) at 77 K.

upfield peak is broader due to large anisotropy of the
hyperfine coupling, is typical of radical anions of low-
coordinated phosphorus compounds. The EPR spectrum of
the frozen solution of 1.ÿ at 77 K (Figure 3 b) was also
characterized by large anisotropy of hyperfine coupling with
the 31P nucleus. The spectrum was approximately reproduced
by assigning gxx� 2.0094, gyy� 2.0094, gzz� 2.0022, axx(P)�
0.25, ayy(P)� 1.7, and azz(P)� 26.1 mT. From these principal
values of the hyperfine coupling tensor, isotropic (contact)
and anisotropic (dipolar) coupling constants of 9.35 and
8.38 mT were obtained. Comparison of the isotropic and
anisotropic coupling constants of 1.ÿ with those of the
phosphorus atom[14] suggests that about 2 and 64 % of the
unpaired electron is localized on the 3s and 3p orbitals of
phosphorus, respectively. The appearance of the spectra of
both solution and frozen solution originating from large
anisotropy of hyperfine coupling is similar to those for the
known radical anions of low-coordinated phosphorus com-
pounds such as phosphaalkenes[13] and diphosphenes.[15]

However, both azz(P) and aiso(P) are considerably larger than
those for the radical anions of other low-coordinate phos-
phorus compounds, but very similar to those of diarylphos-
phanyl radicals Ar2P

. .[16] This indicates significant contribu-
tion of the canonical structure shown in Equation (2).

Experimental Section

1: 2,6-Di-tert-butyl-4-iodophenol (1.06 g, 3.18 mmol) dissolved in THF
(10 mL) was treated with n-butyllithium (6.44 mmol, 1.61 mol Lÿ1 in n-
hexane) at ÿ78 8C and allowed to warm to room temperature. The
resultant colorless solution was added to dichloro(2,4,6-tri-tert-butylphe-
nyl)phosphane (1.09 g, 3.13 mmol) in THF (10 mL) at ÿ78 8C. After being
stirred for 15 min at ÿ78 8C, the dark yellow-green solution was warmed to
room temperature and stirred for 2 h to afford a dark purple solution.
Disappearance of the starting material and formation of 1 and bis(2,4,6-tri-
tert-butylphenyl)diphosphene (10:3 ratio) were monitored by 31P NMR
spectroscopy. The solution was diluted with n-pentane (20 mL), and
insoluble salts were removed by filtration. The filtrate was concentrated
and purified by repeated extraction with n-pentane, column chromatog-
raphy (SiO2, n-hexane/CH2Cl2/Et3N), and GPC (Jaigel 1H� 2H, chloro-
form). Recrystallization from benzene afforded orange plates of 1 (30 %).
M.p. 172.0 8C (decomp); 1H NMR (200 MHz, CDCl3, 22 8C, TMS): d� 7.48
(d, J(P,H)� 1.1 Hz, 2H; Harom.), 7.41 (dd, J(H,H)� 2.3 Hz, J(P,H)�
12.5 Hz, 1H; vinyl H trans to Ar), 5.74 (dd, J(H,H)� 2.3 Hz, J(P,H)�
4.1 Hz, 1H; vinyl H cis to Ar), 1.41 (s, 18 H; o-C(CH3)3), 1.36 (s, 9H; p-
C(CH3)3), 1.33 (s, 9 H; C(CH3)3 trans to Ar), 0.96 (s, 9H; C(CH3)3 cis to Ar);
13C{1H} NMR (151 MHz, CDCl3, 22 8C, TMS): d� 185.90 (d, J(P,C)�
6.7 Hz; C�O), 167.61 (d, J(P,C)� 40.0 Hz; C�P), 155.13 (s; o-Carom.),
151.46 (s; p-Carom.), 145.02 (d, J(P,C)� 33.3 Hz; �CC(CH3)3 trans to Ar),
143.86 (d, J(P,C)� 23.2 Hz; �CC(CH3)3 cis to Ar), 134.46 (d, J(P,C)�
57.3 Hz; ipso-Carom.), 133.93 (d, J(P,C)� 41.1 Hz;�CH trans to Ar), 128.00
(d, J(P,C)� 13.1 Hz; �CH cis to Ar), 121.71 (s; m-Carom.), 38.03 (s;
o-C(CH3)3), 35.14 (s; C(CH3)3 trans to Ar), 35.05 (s; p-C(CH3)3), 34.84
(s; C(CH3)3 cis to Ar), 33.58 (d, J(P,C)� 6.0 Hz; o-C(CH3)3), 31.26 (s;
p-C(CH3)3), 29.67 (s; C(CH3)3 trans to Ar), 29.32 (s; C(CH3)3 cis to Ar); 31P
NMR (81 MHz, CDCl3, 22 8C, ext. 85% H3PO4): d� 327.4 (d, J(P,H)�
12.0 Hz); IR (KBr): nÄ � 2954, 2908, 2868, 1631, 1598, 1556, 1475, 1456, 1394,
1365, 1250, 1207, 1128, 1018, 930, 885, 820, 752, 648, 600, 490 cmÿ1; UV/Vis
(hexanes): lmax (e)� 372 nm (22 100); MS (low resolution, 70 eV, EI): m/z
(%): 480 (100) [M]� , 465 (61) [MÿMe]� , 423 (20) [Mÿ tBu]� , 57 (25)
[tBu]� ; C,H analysis calcd for C32H49OP: C 79.95, H 10.27; found: C 79.89,
H 10.27.

Crystal data for 1 (C32H49OP): Mr� 480.71, orange plates grown from
benzene, crystal dimensions 0.50� 0.50� 0.30 mm3, monoclinic, space
group P21/c (no. 14), a� 13.887(2), b� 11.094(2), c� 20.087(9) �, b�
102.620(3)8, V� 3019(1) �3, Z� 4, 1calcd� 1.057 gcmÿ3, m� 0.111 mmÿ1,
T� 100(1) K, F(000)� 1056.00. A Rigaku RAXIS-IV imaging plate area
detector with graphite-monochromated MoKa radiation (l� 0.71070 �)
was used. Of 4860 reflections measured (2qmax� 50.18), 4213 were observed
[I> 3.00s(I)]. The structure was solved by direct methods (SIR92),[17]

expanded using Fourier techniques (DIRDIF94),[18] and refined by full-
matrix least squares on F for 504 variable parameters. The non-hydrogen
atoms were refined anisotropically, and hydrogen atoms isotropically. R�
0.038, Rw� 0.056, Goodness of fit S� 1.10 for observed reflections, and
R� 0.046, Rw� 0.064 for all reflections. The maximum and minimum
peaks on the final difference Fourier map corresponded to 0.26 and
ÿ0.23 e�ÿ3, respectively. Structure solution, refinement, and graphical
representation were carried out using the teXsan package.[19]

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publication no. CCDC-102095.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).

Received: July 7, 1998 [Z 12108 IE]
German version: Angew. Chem. 1999, 111, 351 ± 354

Keywords: EPR spectroscopy ´ phosphaalkenes ´ quinones
´ radical ions ´ redox chemistry

[1] The Chemistry of the Quinoid Compounds, Parts 1 and 2 (Ed.: S.
Patai), Wiley, London, 1974 ; The Chemistry of the Quinoid Com-
pounds, Vol. 2, Parts 1 and 2 (Eds.: S. Patai, Z. Rappoport), Wiley,
Chichester, 1988.



COMMUNICATIONS

Angew. Chem. Int. Ed. 1999, 38, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 1433-7851/99/3803-0343 $ 17.50+.50/0 343

Kinetics and Mechanisms of the
Reactions of p-Allylpalladium Complexes
with Nucleophiles**
Oliver Kuhn and Herbert Mayr*

Dedicated to Professor Wolfgang Steglich
on the occasion of his 65th birthday

Palladium(00)-catalyzed allylations of nucleophiles proceed
under mild conditions, often with high regio- and stereo-
selectivity.[1] Detailed mechanistic investigations revealed that
these reactions generally involve the intermediacy of cationic
allylpalladium complexes which have been isolated and
characterized by X-ray crystallography.[2] In the course of
our program to quanitify the reactivities of cationic electro-
philes[3] we have now turned to palladium-stabilized allyl
cations. Herein we report on the kinetics of the reactions of
the allylpalladium complexes 1 a and 1 b with noncharged
nucleophiles, and we demonstrate how to employ the electro-
philicity parameters derived therefrom for analyzing the
reactivities of these cationic complexes.

The allylpalladium complexes 1 a, b[4] were synthesized
from 2[5] using known procedures[6, 7] (Scheme 1). The reaction
products 4 a ± f were obtained from the nucleophiles 3 a ± f and

Scheme 1. Synthesis of the complexes 1 a-BF4 and 1b-BF4 from 2.

the allyl complexes 1 a and 1 b, either by employing stoichio-
metric quantities of the allylpalladium tetrafluoroborates 1 a-
BF4 or 1 b-BF4 or by generating 1 a and 1 b in situ in the
presence of the nucleophiles 3 from [Pd(PPh3)4] or
[Pd2(dba)3 ´ CHCl3]/P(OPh)3 (10 mol%) and 3-phenylallyl
acetate, as specified in Table 1 (Scheme 2; dba� dibenzyli-
deneacetone).

To determine the reaction kinetics, the allyl complexes 1 a-
BF4 and 1 b-BF4 were prepared and combined with 10 ± 50
equivalents of the nucleophiles 3 a ± f, and the decay of the
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