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Introduction

The allyl radical A is a fundamental organic radical that is
prominent in both experimental and theoretical organic
chemistry.[1–4] As an anion it is an important ligand, just as
the amidinato ligand is, which, with bulky substituents at the
N atoms, is broadly used to stabilize molecules in unusual
bonding situations.[5–10] In contrast, radicals containing group
15 elements formally obtained by an isolobal replacement of
CR’ or CR2 moieties by E and ER, respectively, are rare.
An isolable 1,3-diphosphaallyl radical B has been synthe-
sized by Bertrand�s group,[11a] and another has been ob-
served as a stable side product of a P�C cage rearrangement
reaction.[11b] The 2-phosphaallyl radical C has only been syn-
thesized in situ by electrochemical reduction of 2-phos-
phaallyl cations,[12] and its structural parameters have been
calculated by quantum chemical methods.[13] Recently, we
reported a straightforward synthesis of a novel air-stable

Abstract: Photolysis of
[Cp*As{W(CO)5}2] (1 a) in the pres-
ence of Mes*P=PMes* (Mes*=2,4,6-
tri-tert-butylphenyl) leads to the novel
1,3-diphospha-2-arsaallyl radical
[(CO)5W(m,h2:h1-P2AsMes*2)W(CO)4]
(2 a). The frontier orbitals of the radi-
cal 2 a are indicative of a stable p-allyl-
ic system that is only marginally influ-
enced by the d orbitals of the two tung-
sten atoms. The SOMO and the corre-
sponding spin density distribution of
the radical 2 a show that the unpaired
electron is preferentially located at the
two equivalent terminal phosphorus
atoms, which has been confirmed by
EPR spectroscopy. The protonated de-
rivative of 2 a, the complex [(CO)5W-

ACHTUNGTRENNUNG(m,h2 :h1-P2As(H)Mes*2)W(CO)4] (6 a)
is formed during chromatographic
workup, whereas the additional prod-
ucts [Mes*P=PMes*{W(CO)5}] as the
Z-isomer (3) and the E-isomer (4), and
[As2{W(CO)5}3] (5) are produced as a
result of a decomposition reaction of
radical 2 a. Reduction of radical 2 a
yields the stable anion
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in 7 a, whereas upon oxidation the cor-
responding cationic complex
[(CO)5W(m,h2 :h1-P2AsMes*2)W(CO)4]-ACHTUNGTRENNUNG[SbF6] (8 a) is formed, which is only

stable at low temperatures in solution.
Compounds 2 a, 7 a, and 8 a represent
the hitherto elusive complexed redox
congeners of the diphospha-arsa-allyl
system. The analogous oxidation of the
triphosphaallyl radical [(CO)5W(m,h2:h1-
P3Mes*2)W(CO)4] (2 b) also leads to
an allyl cation, which decomposes
under CH activation to the phos-
phine derivative [(CO)5W{m,h2 :h1-P3-ACHTUNGTRENNUNG(Mes*)(C5H2tBu2CACHTUNGTRENNUNG(CH3)2CH2)}W(CO)4]
(9), in which a CH bond of a methyl
group of the Mes* substituent has been
activated. All new products have been
characterized by NMR spectrometry
and IR spectroscopy, and compounds
2 a, 3, 6 a, 7 a, and 9 by X-ray diffrac-
tion analysis.
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complexed triphosphaallyl radical D by photolysis of the
Cp*-containing phosphinidene complex [Cp*P{W(CO)5}2]
(1 b)[14] with a diphosphene and its transformation into
anionic and cationic derivatives.[15]

This reactivity pattern of 1 b is unusual, since thermal acti-
vation usually leads to a tungsten–phosphorus triple-bond
intermediate F[16] (Scheme 1), which can be trapped with or-

ganometallic compounds containing transition metal multi-
ple bonds,[17] alkynes,[18] and phosphaalkynes[19] to give novel
clusters, metal-containing heterocycles, and cage com-
pounds, respectively. Photolysis of 1 b leads to F and, addi-
tionally, to a radical intermediate G by the elimination of a
Cp*· moiety.[20] In contrast, for the As homologue
[Cp*As{W(CO)5}2] (1 a) thermolysis yields the triply-bound
intermediate F along with the radical intermediate G, the
latter of which is formed exclusively upon photolysis.[21] In
continuation of this work, we have turned our attention to
investigating how this intermediate acts as an As radical-
transfer reagent to a diphosphene to yield an unprecedented
type E complex. The redox chemistry of the complexed de-
rivative E leads to ionic derivatives, and the results of our
studies are reported herein.

Results and Discussion

Photolysis of [Cp*As{W(CO)5}2] in the presence of Mes*P=

PMes* (Mes*= 2,4,6-tri-tert-butylphenyl): Photolysis of 1 a
in toluene in the presence of Mes*P=PMes* resulted in a
color change from deep-blue to greenish-brown after 12 h,
which indicated complete transformation of the starting ma-
terial (Scheme 2). After thin-layer chromatographic workup,
the radical [(CO)5W(m,h2:h1-P2AsMes*2)W(CO)4] (2 a) and
the complexes [(CO)5W(m,h2 :h1-P2As(H)Mes*2)W(CO)4]
(6 a), [Mes*P=PMes*{W(CO)5}] as the Z-isomer (3) and E-

isomer (4), and [{W(CO)5}3ACHTUNGTRENNUNG(m,h2-As2)] (5) were isolated.
Since no thermal reaction takes place between the starting
materials (toluene, 110 8C, 2 h), a nucleophilic attack of the
diphosphene at the electrophilic arsinidene arsenic atom can
be ruled out. Therefore, 2 a is most likely formed by addi-
tion of the photogenerated arsenic radical to the P=P
double bond followed by a rearrangement. Complex 2 a was
isolated as a blackish-green compound in yields of up to
25 %, provided that the formation of 6 a (Scheme 3) was
avoided by using specially dried TLC plates. Under these
conditions, the 31P NMR spectrum of the reaction mixture
showed no signals attributable to 6 a.

Interestingly, of the isomers 3 and 4, only the energetically
favored E-isomer 4 is known.[22] An unusual stereochemistry
for bulky Mes* substituents in a Z-isomer about a P=P
double bond[23] is obtained if the two substituents are cou-
pled in the cyclic carbon core of [{W(CO)5P}2(tBu2C6H2-

Scheme 1. Different transformation pathways in the photolysis and the
thermolysis of the pentelidene complexes 1 a,b.

Scheme 2. Reaction pathway for the photolysis of 1 a.

Scheme 3. Oxidation and reduction of the complexed tripentelaallyl radi-
cals.
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C2H4-C6H2tBu2)]. In contrast, if a diphosphene is asymmetri-
cally substituted by Mes* and Mes units, the Z-diphosphene
complexes [(CO)5M(h1-Mes*P=PMes)] (M= Cr, Mo, W)
can be synthesized photochemically from the corresponding
E-diphosphene complexes. Of these, the Cr derivative has
been characterized by X-ray structural analysis.[24] The rela-
tively good yields of the novel symmetrically substituted Z-
isomer 3 obtained in the present study can most likely be at-
tributed to stereoselective decomposition of the radical 2 a,
which leads to initial formation of the Z-isomer 3. Monitor-
ing by 31P NMR spectroscopy revealed that it rearranges
over time into the E-isomer 4. Hence, we do not favor the
alternative formation pathway of 3 and 4 as W(CO)5-trap-
ping products derived from the decomposition of radical in-
termediate G-As to the As2 derivative 5. If this were the
case, the initial yield of the E-isomer 4 would be much
higher.

Compounds 2 a and 6 a were found to be readily soluble
in n-hexane, toluene, and CH2Cl2. The IR spectra of both
compounds feature the characteristic absorption pattern of
[W(CO)5] groups, and the spectrum of 6 a additionally fea-
tures a band due to the P�H vibration. The mass spectra
feature the corresponding molecular ion peaks. The 31P{H}
NMR spectrum of 6 a shows an AX spin system at d=�71.1
and 423.5 ppm (2JP,P =122 Hz), with each of the signals dis-
playing a pair of tungsten satellites (1JP,W =203 Hz, 1JP,W =

254 Hz). The signal of the hydrogen-bearing phosphorus
atom is shifted upfield, in contrast to that of the phosphorus
atom involved in the P=As bond. Both 31P signals appear as
doublets of doublets, which may be attributed to P�H cou-
pling (1JP,H = 340 Hz). No NMR signals could be detected for
the radical 2 a due to its paramagnetism.

X-band EPR spectroscopy of 2 a revealed characteristic
data for a symmetrical 1,3-diphospha-2-arsaallyl radical
(Figure 1). The isotropic <g> and <a> (31P) data are in
very close agreement with those reported for the two known
type B PCP allyl radicals, and the observed <a> (75As)
value (100 %, I=3/2) conforms to the general trends of the
theoretical analysis, with smaller and negative spin density
at the central allyl nucleus.[11] No trace of a 183W hyperfine
interaction could be identified in the spectra. Similar obser-
vations have been made for the related P3 allyl complex rad-
ical [(CO)5W(m,h2:h1-P3Mes*2)W(CO)4] (2 b).[15]

The remarkable line-broadening of the low-field part of
the room temperature spectrum may be attributed to a
strong anisotropy of the P and As hyperfine tensors, which
were extracted from the glassy frozen solution low-tempera-
ture spectrum (Figure 1b). Low-temperature EPR investiga-
tions of 2 b resulted in almost identical parameters of g1 =

2.069 and a1ACHTUNGTRENNUNG(1,3-P2)= 19.67 mT,[25] but no low-field hyperfine
structure line-broadening effect or significant g- or a-aniso-
tropy has been reported for free radicals B.[11] The anisotro-
py can thus be related to the contributions of the W 5d orbi-
tals to the SOMOs of ditungsten complexes 2. On the other
hand, the close match with the isotropic EPR data of free
type B radicals and the absence of observable 183W hyper-
fine interactions points to preferential delocalization of the

SOMO predominantly over the central PAsP or PPP allyl
units of 2 a and 2 b, respectively.

Figure 2 shows isosurface plots of the natural p orbitals of
the central W2-(h1)AsP2(h2)-W1 unit in 2 a. Not only does
the orbital picture closely resemble the classical p system of
the C3 allyl radical, but it is also virtually indistinguishable
from that of the triphosphaallyl radical D in 2 b.[15] The
shape of the SOMO (4a in Figure 2) and the corresponding
spin density account for the high spin densities at the termi-
nal P atoms and are consistent with the experimental EPR
data. Additionally, the orbital picture also reveals an incor-
poration of d orbitals of both W atoms within the central
AsP2 allyl moiety. Similar to the situation in the triphos-
phaallyl radical, the 1b orbital in Figure 2 is a p(As)–d(W2)
p-bonding combination. The 2a orbital and SOMO 4a are
bonding and antibonding combinations, respectively, of the
pACHTUNGTRENNUNG(P1/1’) and d(W1) orbitals. The SOMO-1 and LUMO are
bonding and antibonding p orbitals of the AsP2 allyl frag-
ment.

Electrochemical analysis of 2 b showed a reversible one-
electron oxidation to the corresponding cation at 0.17 V and

Figure 1. X-band EPR spectra of AsP2 radical 2 a. a) Liquid solution,
300 K, toluene, 8.988 GHz. b) Glassy frozen solution, 90 K, toluene,
8.988 GHz. Anisotropic EPR data: g1 =2.068, g2,3�2.01; a1ACHTUNGTRENNUNG(1,3-P2)=

19.43 mT, a2,3 ACHTUNGTRENNUNG(1,3-P2)�4.3 mT; a1(As) =3.78 mT, a2,3(As)�0.65 mT.
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a reversible one-electron reduction to the corresponding
anion at �0.81 V.[15] Since 2 a readily decomposed into 3 and
5 at ambient temperature, no cyclovoltammetric measure-
ment could be carried out. Therefore, the same reagents as
used for 2 b (AgSbF6 and CoCp2)

[26] were applied for the ox-
idation and reduction of 2 a (Scheme 3). The reaction of 2 a
with AgSbF6 in CH2Cl2 at �78 8C resulted in a rapid color
change from greenish-brown to purple, indicating the forma-
tion of the cationic compound 8 a. The detected A2 spin
system in the 31P{H} NMR spectrum shows a singlet at d=

376.2 ppm (1JP,W = 286 Hz), revealing the equivalence of the
two phosphorus atoms.[27] In solution, this cation is only
stable up to 0 8C and monitoring of the decomposition indi-
cated increases in the amounts of [Mes*PH2{W(CO)5}]

[28]

and unidentified products. Due to the absence of a proton
source, the decomposition product could only have originat-
ed from the reaction of 8 a with the solvent CH2Cl2. In con-
trast to the slightly better stability of the oxidation product
8 b,[15] we were unable to isolate 8 a from the reaction mix-
ture due to its rapid decomposition upon warming to room
temperature.

Interestingly, when the triphosphaallyl cation 8 b[15,29] was
generated from 2 b with AgSbF6 in a similar way as 8 a, only
a trace of [Mes*PH2{W(CO)5}] was observed as a decompo-
sition product, whereas 9 could be isolated as the main
product of this degradation reaction. The formation of 9 can
be regarded as originating from an intramolecular electro-
philic attack of one of the terminal phosphorus atoms at one
of the ortho-tert-butyl groups with subsequent elimination of
HSbF6. Similar intramolecular CH activations of tert-butyl
groups of supermesityl substituents have been reported in

the literature.[16,30] The 31P{1H} NMR spectrum of 9 features
three doublets of doublets of an AMX spin system, with
each peak showing a pair of tungsten satellites. The signal of
the carbon-bearing phosphorus atom is shifted upfield
(4.4 ppm) from those of the phosphorus atoms of the P=P
double bond (d= 394.8 and 469.4 ppm). The EI mass spec-
trum of 9 shows the molecular ion peak at m/z 1202.

The reaction of 2 a with a stoichiometric amount of
CoCp2 in CH2Cl2 resulted in a color change from greenish-
brown to green and the diamagnetic product 7 a could be
isolated in 42 % yield. The signal of the A2 spin system at
d= 376.2 ppm in the 31P NMR spectrum of 7 a is shifted up-
field with respect to that of the cation 8 a (d= 148.2 ppm).
In comparison to that of 8 a (1JP,W =286 Hz), the lower value
of the 1JP,W coupling constant (160 Hz) indicates a lower s
character of the bonds to the tungsten atoms in 7 a. Interest-
ingly, Jutzi et al. have reported spectroscopic evidence for
the existence of such an uncomplexed anion.[31]

Crystal structure analysis : Crystallographic data are listed in
Table 1. The molecular structure of the greenish-black radi-
cal [(CO)5W(m,h2 :h1-P2AsMes*2)W(CO)4] (2 a) (Figure 3) re-
veals a Mes*-substituted diphospha-arsa-allylic system,
which is coordinated to a W(CO)4 unit through the two “ter-
minal” phosphorus atoms P1 and P1’. The central arsenic
atom is coordinated to a W(CO)5 group. The atoms P1, P1’,
As1, W1, W2, C6, and C6’ are coplanar. The solid-state
structure of 2 a possesses a mirror plane along the atoms
W1, As1, and W2, which is orthogonal to the allylic system.
The P1�As1 bond length (2.2156(12) �) is between those of
a single bond and a double bond (for the calculated mole-
cule HP=AsH: 2.181 �).[32] The conjugation of the radical is
limited to the P1/P1’/As1/W1/W2 core since the phenyl rings
of the Mes* substituents are perpendicular to the allylic
system (dihedral angle: 85.068). At 81.12(5)8, the P1’-As1-P1
angle is in the same range as observed for 2 b (P1’-P2-P1:
83.7(3)8). The W1–P1 and W2–As1 distances (2.463(1) �
and 2.558(1) �) are in the typical ranges for phosphine and
arsine W(CO)5 complexes, respectively.[33]

The molecular structure of 6 a (Figure 4) reveals that pro-
tonation of 2 a at P1 distorts the coplanar arrangement of P
and W atoms in comparison with the unprotonated 2 a. Sub-
sequently, the P1�As1 bond (2.2981(14) �) represents a
single bond,[34] whereas the As1�P2 bond (2.1787(13) �)
corresponds to a double bond.[35]

X-ray structure analysis of the cobaltocenium salt 7 a
(Figure 5) showed the molecule to be only slightly distorted
from ideal C2 symmetry. Deviations from ideal symmetry
are most likely due to packing effects in the presence of its
counterion in the crystal lattice. In comparison to those in
the radical 2 a, the P�As bond lengths are shortened (P1�
As1 2.1866(13) �, As1�P2 2.1907(13) �) in the anion 7 a,
whereas the W<C�P (W1�P1 2.5491(12) �, W1�P2
2.5644(13) �, W2�As1 2.5827(4) �) bond lengths are elon-
gated. Additionally, the coplanar arrangement of the atoms
C6, C6’, P1, P1’, P2, W1, and W2 observed in 2 a is distorted
in 7 a.

Figure 2. Isosurface plots of a) spin density and b) natural p orbital sys-
tems in the ditungsten 1,3-diphospha-2-arsaallyl unit in radical 2 a. The
natural orbitals are labeled with their numerical order and symmetry.
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The molecular structure of 9 revealed a P3W2 frame, in
which one of the terminal phosphorus atoms is bound to a C
atom of a former methyl group of an ortho tBu group
(Figure 6). The P1�P2 distance (2.085(27) �) is in the range
for a double bond, whereas at 2.256(6) � the P2�P3 bond
length is in the range for a single bond. The newly formed
P3�C35 bond (1.845(10) �) is comparable to the P�C bonds
of the Mes* substituent (P1�C10 1.842(4) �, P3�C28
1.823(6) �). The W�P (W1�P1 2.4624(16) �, W1�P3

2.565(6) �, W2�P2 2.4505(14) �) bond lengths are in the
same range as in the radical 2 b.

The molecular structure of 3 (Figure 7) shows a Mes*-sub-
stituted diphosphene (Figure 5) in the unusual Z-configura-
tion. The P�C bond lengths (P1�C6 1.864(3) �, P2�C24
1.850(3) �), the P-P-C angles (P2-P1-C6 118.94(10)8, P1-P2-
C24 115.05(11)8), and the P�P distance are in the typical
ranges for diphosphenes.[23] The torsion angle C6-P1-P2-C24

Table 1. Crystallographic data and details of X-ray experiments for 2 a, 3, 6 a, 7 a, and 9.

2 a 3 6a 7 a 9

formula C45H58AsO9P2W2 C41H58O5P2W C45H59AsO9P2W2 C58H74AsCl6CoO9P2W2 C46H59Cl2O9P3W2

Mr 1247.45 876.65 1248.46 1691.34 1287.43
crystal size [mm] 0.12 � 0.06 � 0.04 0.19 � 0.15 � 0.12 0.24 � 0.16 � 0.05 0.45 � 0.35 � 0.11 0.19 � 0.07 � 0.05
T [K] 123(1) 123(1) 123(1) 123(1) 123(1)
space group C2/c P1̄ P1̄ P21 P21/n
crystal system monoclinic triclinic triclinic monoclinic monoclinic
a [�] 15.251(3) 9.5873(2) 9.7503(3) 11.5340(1) 18.542(5)
b [�] 20.732(4) 10.8710(4) 10.9078(4) 15.6993(2) 11.015(5)
c [�] 15.836(3) 20.0443(6) 24.5253(8) 18.5095(2) 25.183(5)
a [8] 90 80.744(3) 80.752(3) 90 90
b [8] 94.95(3) 83.601(2) 80.828(3) 90.422(1) 99.614(5)
g [8] 90 84.600(2) 78.210(3) 90 90
V [�3] 4988.4(17) 2042.85(11) 2498.44(15) 3351.53(6) 5071(3)
Z 4 2 2 2 4
1calcd [gcm�3] 1.661 1.425 1.660 1.676 1.686
m [mm�1] 10.141 6.296 10.124 4.495 10.541
radiation ([�]) CuKa (1.54178) CuKa (1.54178) CuKa (1.54178) MoKa (0.71073) CuKa (1.54178)
diffractometer Gemini R Ultra Gemini R Ultra Gemini R Ultra Gemini R Ultra Gemini R Ultra
2q range [8] 7.22–125.52 4.48–102.90 8.36–130.16 6.20–61.08 5.50–133.30
index range �17 � h � 17 �9 � h � 9 �10 � h � 11 �15 � h � 16 �21 � h � 15

�23 � k � 16 �10 � k � 10 �12 � k � 12 �22 � k � 22 �13 � k � 12
�17 � l � 18 �20 � l � 20 �28 � l � 28 �26 � l � 26 �29 � l � 29

data/restraints/parameters 3954/0/278 4384/0/442 8498/15/563 18026/33/728 8634/7/585
independent reflections 3954 4384 8498 18 026 8634
with I>2s(I) (Rint=0.0636) (Rint=0.0282) (Rint=0.0178) (Rint=0.0293) (Rint=0.0242)
GOF in F2 0.942 1.071 1.068 1.002 1.036
R1/wR2 (I> 2s(I)) 0.0316, 0.0742 0.0232, 0.0619 0.0314, 0.0718 0.0303, 0.0665 0.0274, 0.0671
R1/wR2 (all data) 0.0394, 0.0759 0.0248, 0.0625 0.0344, 0.0734 0.0356, 0.0679 0.0330, 0.0693
largest diff. [e��3] 1.159, �0.949 0.755, �0.535 2.957, �1.699 1.500, �1.288 1.954, �0.854

Figure 3. Molecular structure of 2a in the crystal (50 % probability ellip-
soids; hydrogen atoms omitted for clarity). Selected bond lengths [�]
and angles [8]: W1�P1 2.4628(12), W2�As1 2.5581(9), As1�P1
2.2156(12), P1�C6 1.833(5); P1’-As1-P1 81.12(5), P1-W1-P1’ 71.60(5),
As1-P1-W1 103.64(5), C6-P1-As1 107.86(14), C6-P1-W1 148.34(15).

Figure 4. Molecular structure of 6a in the crystal (50 % probability ellip-
soids; C-bound hydrogen atoms are omitted for clarity). Selected bond
lengths [�] and angles [8]: W1�P1 2.5179(14), W1�P2 2.4831(12), W2�
As1 2.5476(6), As1�P1 2.2981(14), As1�P2 2.1787(13), P1�C10 1.849(5),
P2�C28 1.837(5); P1-As1-P2 81.69(5), P1-W1-P2 71.71(4), W1-P1-As1
100.78(5), W1-P2-As1 105.40(5), As1-P1-C10 106.80(16), W1-P1-C10
145.43(15), As1-P2-C28 105.82(15), W1-P2-C28 148.66(16).
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is 13.38 due to the high steric requirement of the Mes*
groups.

Conclusion

Our results have shown that photolysis of
[Cp*As{W(CO)5}2] (1 a) in the presence of Mes*P=PMes*
leads to the novel 1,3-diphospha-2-arsaallyl radical 2 a,
which is transformed into the protonated derivative
[(CO)5W(m,h2:h1-P2As(H)Mes*2)W(CO)4] (6 a) upon thin-
layer chromatographic workup due to traces of water on the
surface of the plates. The radical is less stable than its all-
phosphorus congener 2 b and decomposes stereoselectively
to the complexes [Mes*P=PMes*{W(CO)5}] (3) as the Z-
isomer and [As2{W(CO)5}3] (5). EPR spectroscopy of 2 a has
revealed the characteristic features of a heteroallyl radical.
The majority of the spin density is symmetrically delocalized
over the central PAsP moiety, with dominant contributions
from the two terminal phosphorus atoms. The influence of
the central arsenic atom is documented by its 75As hyperfine
interaction, but the contributions of the two tungsten atoms
can only be deduced indirectly from their influence on the
anisotropy of the 31P and 75As hyperfine tensors. Reduction
of the radical 2 a yields the stable anion in [Cp2Co]
[(CO)5W(m,h2:h1-P2AsMes*2)W(CO)4] (7 a), whereas upon
oxidation with AgSbF6 the corresponding cationic complex
[(CO)5W(m,h2:h1-P2AsMes*2)W(CO)4]ACHTUNGTRENNUNG[SbF6] (8 a) is formed,
which is only stable at low temperatures in solution. Com-
pounds 2 a, 7 a, and 8 a represent the hitherto elusive com-
plexed redox congeners of the diphospha-arsa-allyl system.
Analogous oxidation of [(CO)5W(m,h2:h1-P3Mes*2)W(CO)4]
(2 b) also leads to an allyl cation, which decomposes under
CH activation to a phosphine derivative [(CO)5W{m,h2:h1-P3-ACHTUNGTRENNUNG(Mes*)(C5H2tBu2C ACHTUNGTRENNUNG(CH3)2CH2)}W(CO)4] (9). The photo-
chemical generation of As and P radicals of type G from the
corresponding pentelidene complexes opens up a broad per-
spective for the synthesis of different As- and P-containing
heteroallyl radical systems, making them valuable synthons
in main group chemistry.

Experimental Section

General remarks : All reactions were performed under an atmosphere of
dry nitrogen using standard vacuum, Schlenk, and glove-box techniques.
Solvents were purified and degassed by standard procedures. Commercial
grade chemicals were used without further purification. [Mes*P=

PMes*],[36] [Cp*P{W(CO)5}2],[14,16] and [Cp*As{W(CO)5}2]
[19] were pre-

pared according to literature methods. NMR spectra were recorded at
27 8C on a Bruker Avance 400 spectrometer (1H: 400.132 MHz, standard
tetramethylsilane; 31P: 161.976 MHz; standard 85% H3PO4; 13C:
100.627 MHz, standard tetramethylsilane). IR spectra were obtained on a
Varian FTS 800 spectrometer and mass spectra were recorded on a Ther-
moQuest Finnigan TSQ 7000 (ESI) or on a Finnigan MAT SSQ 710 A
(EI). Variable-temperature X-band EPR spectroscopy was performed on
a JEOL JES-FA 200 apparatus; standard: Mn2+ . Aluminium foil-backed
TLC sheets (silica gel 60 F254; Merck) were dried at 100 8C for 1 h prior
to transferring to a glove box for thin-layer chromatographic workup.

Figure 5. Molecular structure of 7a in the crystal (50 % probability ellip-
soids; hydrogen atoms omitted for clarity). Selected bond lengths [�]
and angles [8]: W1�P1 2.5491(12), W1�P2 2.5644(13), W2�As1 2.5827(4),
As1�P1 2.1866(13), As1�P2 2.1907(13), P1�C10 1.853(4), P2�C28
1.851(5); P1-As1-P2 86.02(5), P1-W1-P2 71.46(5), W1-P1-As1 101.55(5),
W1-P2-As1 100.96(5), As1-P1-C10 110.15(14), W1-P1-C10 140.67(14),
As1-P2-C28 108.13(13), W1-P2-C28 143.03(13).

Figure 6. Molecular structure of 9 in the crystal (50 % probability ellip-
soids; hydrogen atoms omitted for clarity). Selected bond lengths [�]
and angles [8]: W1�P1 2.4624(16), W1�P3 2.565(6), W2�P2 2.4505(14),
P1�P2 2.0850(17), P2�P3 2.256(6), P3�C35 1.845(10), P1�C10 1.842(4),
P3�C28 1.823(6); P1-P2-P3 85.13(14), P1-W1-P3 71.53(12), W1-P1-P2
104.56(5), W1-P3-P2 96.56(19), P2-P1-C10 110.27(12), W1-P1-C10
144.90(12), P2-P3-C28 104.7(3), W1-P3-C28 143.0(3).

Figure 7. Molecular structure of 3 in the crystal (50 % probability ellip-
soids; hydrogen atoms omitted for clarity). Selected bond lengths [�]
and angles [8]: P1�P2 2.0502(12), P1�C6 1.864(3), P2�C24 1.850(3), W1�
P1 2.5515(9); W1-P1-P2 108.15(4), W1-P1-C6 132.91(10), P2-P1-C6
118.94(10), P1-P2-C24 115.05(11).
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Photolysis of [Cp*As{W(CO)5}2] (1 a) in the presence of Mes*P=PMes*:
A solution of Mes*P=PMes* (195 mg, 0.35 mmol) in toluene (50 mL)
was added to a solution of [Cp*As{W(CO)5}2] (1 a) (300 mg, 0.35 mmol)
in toluene (50 mL). The mixture was irradiated through quartz glass with
light from a mercury lamp and was stirred for 2 h at 15 8C, during which
time the color of the solution changed from deep-blue to greenish-
brown. After removal of all volatile compounds in vacuum, the residue
was separated by thin-layer chromatography (hexane/dichloromethane,
3:1) in a glove box. The compounds 3/4 (yellow fraction, 115 mg,
0.13 mmol, 40%, main product 3), 2a (blackish-green fraction, 65 mg,
0.05 mmol, 15 %), and 6 a (blue fraction, 103 mg, 0.08 mmol, 23%) were
isolated. Crystals of 2 a, 3, and 6 a suitable for X-ray analysis were ob-
tained from solutions in CH2Cl2 at �25 8C.

2a : IR (toluene): ñ =2074 (m), 2023 (s), 1996 (w), 1958 (vs), 1942 (vs),
1915 cm�1 (m); MS (EI): m/z (%): 1248 (60) [M++H], 1163 (40) [M+

+H�3 CO], 1136 (5) [M++H�4CO]; EPR (300 K, toluene, 8.988 GHz):
g= 2.0328, a ACHTUNGTRENNUNG(31P)=9.34 mT (2 P), a ACHTUNGTRENNUNG(75As)=1.69 mT; (90 K, toluene,
8.988 GHz): g1 = 2.008, g2,3�2.04; a1 ACHTUNGTRENNUNG(2 P)= 19.43 mT, a2,3 ACHTUNGTRENNUNG(2 P)�4.3 mT;
a1(As) =3.78 mT, a2,3(As)�0.65 mT.

3 : 31P{H} NMR (161.976 MHz, CD2Cl2): d=307.6 (d, 1JP,P =569 Hz,
1JP,W =252 Hz), 392.2 ppm (d, 1JP,P =569 Hz).

4 : 31P{H} NMR (161.976 MHz, CD2Cl2): d=375.6 (d, 1JP,P =562 Hz,
1JP,W =250 Hz), 465.3 ppm (d, 1JP,P =562 Hz).

6a : IR (KBr): ñ= 2361 (w), 2074 (m), 2019 (vs), 1998 (w), 1969 (vs), 1940
(s), 1920 (s), 1909 cm�1 (m); 1H NMR (400.13 MHz, CD2Cl2): d=1.30 (s,
9H; p-tBu), 1.32 (s, 9 H; p-tBu), 1.66 (s, 9 H; o-tBu), 1.67 (s, 9 H; o-tBu),
1.67 (s, 9H; o-tBu), 1.68 (s, 9H; o-tBu), 7.23 (dd, 1JH,P = 340 Hz, 3JH,P =

19 Hz, 1H; PH), 7.36–7.48 ppm (m, 4H; Ph-H); 31P{1H} NMR
(161.976 MHz, CD2Cl2): d=�71.1 (d, 2JP,P =122 Hz, 1JP,W =203 Hz),
423.5 ppm (d, 2JP,P =122 Hz, 1JP,W =254 Hz); 31P NMR (161.976 MHz,
CD2Cl2): d =�71.1 (dd, 2JP,P =122 Hz, 1JP,H =340 Hz), 423.5 ppm (dd,
2JP,P =122 Hz, 3JP,H = 19 Hz); MS (EI): m/z (%): 1248 (20) [M+], 1108 (5)
[M+�5CO], 1024 (7) [M+�8CO], 996 (12) [M+�9CO].

Reduction of 2a with CoCp2 : A solution of CoCp2 (10 mg, 0.05 mmol) in
CH2Cl2 (5 mL) was added to a solution of 2a (67 mg, 0.05 mmol) in
CH2Cl2 (10 mL) at �78 8C. The color of the solution immediately
changed from blackish-green to green. Crystals of 7a (30 mg, 42 %) suita-
ble for X-ray structure analysis were obtained from the concentrated re-
action mixture at �25 8C. 7 a : IR (KBr): ñ=2067 (m), 2020 (w), 1998 (s),
1931 (vs), 1891 (s), 1858 cm�1 (sh); 1H NMR (400.13 MHz, CD2Cl2): d=

1.30 (s, 18 H; p-tBu), 1.71 (s, 36 H; o-tBu), 5.63 (s, 10H; Cp), 7.29 ppm (s,
4H; Ph-H); 31P{1H} NMR (161.976 MHz, CD2Cl2, 273 K): d= 148.2 ppm
(s, 1JP,W =160 Hz); 31P NMR (161.976 MHz, CD2Cl2, 273 K): d=

148.2 ppm (s, 1JP,W =160 Hz); MS (ESI): m/z (%): 188.9 (100) [KCoCp2
+

], 1247.2 (100) [A(CO)5W(m,h2:h1-P2AsMes*2)W(CO)4
�].

Oxidation of 2a with AgSbF6 : A solution of AgSbF6 (16 mg, 0.04 mmol)
in CH2Cl2 (5 mL) was added to a solution of 2a (56 mg, 0.04 mmol) in
CH2Cl2 (10 mL) at �78 8C. The color of the mixture immediately changed
from blackish-green to purple and a silver mirror was formed. The prod-
uct 8a was found to be stable only at low temperatures, and so was im-
mediately characterized by 31P{H} NMR spectrometry at �40 8C. After
30 min at 25 8C, 8a decomposed to {Mes*PH2[W(CO)5]} and further un-
identified products. 8a : 31P{1H} NMR (161.976 MHz, CD2Cl2): d=

376.2 ppm (s, 1JP,W =286 Hz).

Oxidation of 2 b with AgSbF6 : A solution of AgSbF6 (16 mg, 0.04 mmol)
in CH2Cl2 (5 mL) was added to a solution of 2b (54 mg, 0.04 mmol) in
CH2Cl2 (10 mL) at �78 8C. The color of the mixture immediately changed
from blackish-green to purple and a silver mirror was formed. The prod-
uct 8 b was found to be stable only at low temperatures, and so was im-
mediately characterized by 31P{H} NMR spectrometry at �40 8C. After
30 min at 25 8C, the color changed from purple to green, indicating the
formation of 9. Crystals of 9 (20 mg, 41 %) suitable for X-ray structure
analysis were obtained from the concentrated reaction mixture at �25 8C.

8b : 31P{1H} NMR (161.976 MHz, CD2Cl2): d =586.5 (t, 1JP,P =250 Hz,
1JP,W =272 Hz; PA), 344.5 ppm (d, 1JP,P =250 Hz, 1JP,W = 267 Hz; PM).

9 : IR (CH2Cl2): ñ=2071 (m), 2021 (s), 1959 (vs), 1942 (sh), 1903 cm�1

(sh); 31P{1H} NMR (161.976 MHz, CD2Cl2): d= 4.4 (dd, 1JP,P =130 Hz,

2JP,P =117 Hz, 1JP,W =206 Hz), 394.8 (dd, 1JP,P = 287 Hz, 2JP,P =117 Hz,
1JP,W =217 Hz), 469.4 ppm (dd, 1JP,P =287 Hz, 2JP,P =130 Hz, 1JP,W =

232 Hz); MS (EI): m/z (%): 1202 (32) [M+].

Crystal structure analysis : Machine parameters, crystal data, and data
collection parameters are summarized in Table 1. Crystal structure analy-
ses were performed on an Oxford Diffraction Gemini R Ultra CCD.
Semi-empirical absorption corrections from equivalents (multi-scan)
were applied for 2a and 3.[37] For 6a, 7 a, and 9 analytical absorption cor-
rections from crystal faces were applied.[38] The structures were solved by
direct methods with the program SIR-97,[39] and full-matrix least-squares
refinement on F2 was performed with SHELXL-97[40] with anisotropic
displacements for non-H atoms. Hydrogen atoms were placed in ideal-
ized positions and refined isotropically according to a riding model. In 3,
6a, 7 a, and 9, the trans-tert-butyl groups are disordered over two posi-
tions. Additionally, 7 a has disordered phosphorus positions and 9 repre-
sents a mixed crystal with 50% occupancy of each site, corresponding to
the ionic and covalent forms of the P3(A)-C35(A) contact. Thus, several
constraints and restraints had to been used for the refinement.

CCDC-760727 (2 a), 760728 (3), 760729 (6a), 760730 (7 a), and 760731 (9)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif

Theoretical calculations : All calculations were performed using the
TURBOMOLE program package.[41] The BP86 exchange-correlation
functional[42] was used with the triple-zeta plus polarization (TZVP) basis
sets on all atoms.[43] To speed up the calculations, the Coulomb part was
evaluated using the MARI-J method[44] with optimized auxiliary basis
sets on all atoms.[45] Quasi-relativistic pseudopotentials were used for
W.[46]
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