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Introduction

Quinone methides are an important class of compounds
with relevance to several fields. For example, they play a
central role in biologically relevant processes such as DNA
cross-linking[1] or antitumoral activity,[2] and are also widely
used as synthons in organic synthesis.[3] The o- and p-qui-
none methides can be thought of as formally neutral benzyl-
ic carbocations stabilized by electron donation from the
oxygen anion substituent to the cationic benzylic carbon:

this explains their high reactivity towards nucleophiles, and
the elusiveness of simple quinone methides to isolation.[4]

Within the framework of our work on the activation of
strong bonds,[5] we became interested in the field of metal-
stabilized quinonoid compounds,[6] thus achieving, among
others, coordination of a p-quinone methide fragment,
either as “free” ligand onto Pd0[7] or as a part of a chelating
diphosphinic moiety onto RhI.[8] The latter approach also al-
lowed the isolation of methylene arenium derivatives, upon
reaction with strong electrophiles.[8b,9] Examples of o-qui-
none methides complexed onto IrI[10] and OsII[11] and of their
reactivity have been described.

In our studies on osmium-mediated C�C and C�H bond
activation of nonstrained, diphosphinic substrates, we have
shown that the osmium precursor [OsCl2ACHTUNGTRENNUNG(PPh3)3] reacts
under hydrogen pressure with 2,4,6-(CH3)3-3,5-
(iPr2PCH2)2C6H to afford a PCP pincer complex by C�C
bond cleavage.[12] We then became interested in the compa-
rative study of the reactivity of the phenolic derivative 2,4,6-
(CH3)3-3,5-(iPr2PCH2)2C6OH (1). While this substrate is
amenable to C�C bond activation, it also constitutes a suita-
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ACHTUNGTRENNUNG(PPh3)] (6), a PCP pincer complex re-
sulting formally from C ACHTUNGTRENNUNG(sp2)�C ACHTUNGTRENNUNG(sp3)
cleavage of the C�CH3 group in 1. C�
C hydrogenolysis resulting in the same
complex is achieved by heating 2 under
H2 pressure. Reaction of the diphos-

phine substrate with [OsCl2 ACHTUNGTRENNUNG(PPh3)3]
under H2 at lower temperature allows
the observation of a methylene areni-
um derivative resulting from C�H acti-
vation, [Os{4- ACHTUNGTRENNUNG(CH2)-1-(OH)-2,6-
(CH3)2-3,5-(iPr2PCH2)2C6}(Cl)2(H)] (7).
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X-ray diffraction studies have been car-
ried out on compounds 2, 3, 4, 5b, 6,
and 7, which allows the study of the
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derivatives.
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ble precursor for the formation of quinone methide deriva-
tives upon coordination and C�H bond activation. We pres-
ent here our results on quinone methide and methylene are-
nium osmium derivatives obtained from reaction of 1 with
[OsCl2ACHTUNGTRENNUNG(PPh3)3], as well as on osmium-mediated C�C bond
activation.

Results

Formation of quinone methide complexes : Room tempera-
ture reaction of the OsII precursor [OsCl2ACHTUNGTRENNUNG(PPh3)3] with the
diphosphine 1 in benzene in presence of an excess of tri-
ACHTUNGTRENNUNGethylamine affords the bright orange isomeric quinone
methide complexes [Os{4- ACHTUNGTRENNUNG(CH2)-1-(O)-2,6-(CH3)2-3,5-
(iPr2PCH2)2C6}(Cl)(H) ACHTUNGTRENNUNG(PPh3)] 2 and 3 in a 2:1 ratio
(Scheme 1). Following the reaction course by NMR spectros-
ACHTUNGTRENNUNGcopy indicated that the ratio between the regioisomers re-
mains constant.

The two isomers can be separated by fractional crystalli-
zation and their solid-state structures were determined by
X-ray diffraction studies (Figures 1 and 2). These are the

first examples of structurally characterized osmium-com-
plexed p-quinone methides. For the sake of clarity of the
discussions regarding the solid-state structures, the cyclic
system carbon atoms are labeled as shown here.

Both compounds adopt a dis-
torted octahedral geometry,
with the bis-chelating quinone
methide diphosphine ligand
bound through the two phos-
phorus atoms and the exocyclic
double bond in a meridional ar-
rangement. The triphenylphosphine ligand is located trans
to the quinone methide double bound, while the chloride
and hydride are located in the remaining two cis positions.
The difference between the two isomers 2 and 3 lies in the
arrangement of the mutually trans H and Cl ligands; in
isomer 2, the hydride is cis to the =CH2, while in 3 this posi-
tion is occupied by the chloride.

In the solid-state structure of 2, the quinone methide
structural type is confirmed by the expected features (se-
lected bond lengths and angles are given in Table 1): the
short C14�O14 distance of 1.254(7) P is within the range of
the C=O bond lengths, and the intracyclic C�C distances are

characteristic of a 1,4-unsaturat-
ed ring, as shown by the alter-
nation of long, short and long
C�C bonds: the average Ci�Co

(C6�C11 and C6�C17), Co�Cm

(C11�C12 and C15�C17) and
Cm�Cp (C12�C14 and C14�
C15) bond lengths are 1.472(6),

1.344(7), and 1.466(7) P, respectively. The C6�C7 bond
length of 1.453(7) P is in the expected range for coordinated
double bonds. The hydride was located, the Os�H bond
length being within the expected range (Os1�H1=
1.688(57) P). It is relevant to note the short distance of
1.880 P between H1 and H71, an ortho-proton of the coor-
dinated triphenylphosphine. The corresponding phenyl ring
is almost in the Os-P5-C70 plane (dihedral angle of 22.28),
probably in order to optimize a weak H�H interaction.

Scheme 1. Formation of quinone methides 2 and 3.

Figure 1. ORTEP view of 2 with the thermal ellipsoids at 30% of proba-
bility.

Figure 2. ORTEP view of one of the two independent molecules of 3
with the thermal ellipsoids at 30% of probability.

Chem. Eur. J. 2007, 13, 1382 – 1393 K 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1383

FULL PAPER

www.chemeurj.org


In the solid-state structure of 3, the quinone methide
structural type is evidenced by the short C14�O1 distance of
1.245(9) P, as well as by the expected bond length alterna-
tion within the ring (selected bond lengths and angles are
given in Table 2): the average Ci�Co (C11�C12 and C11�

C16), Co�Cm (C12�C13 and C15�C16) and Cm�Cp (C13�
C14 and C14�C15) bond lengths are 1.473(11), 1.354(11),
and 1.462(11) P, respectively. The exocyclic double bond in-
teraction with the metallic center is affected by the proximi-
ty of the bulky halide: this is noticeable through the longer
Os1�C10 bond length of 2.155(7) P compared to 2.117(5) P
in 2. However, the shorter Os1�C11 distance (2.237(7) P in
3 and 2.255(5) P in 2) and the comparable C10�C11 dis-
tance within the double bond (1.457(10) P in 3 and
1.453(7) P in 2) seems to indicate that the bonding between
the double bond and the metal in the two isomers is compa-
rable. Although the hydride could not be located, it seems
that an interaction between the hydride and an ortho-proton
of the coordinated triphenylphosphine is present, as in 2 :
the related phenyl ring is almost in the Os1-P4-C61 plane,
as shown by the Os1-P4-C61-C6 dihedral angles of 10.98.

The structural features of the quinone methide moiety
within 2 and 3 are similar to those of the structurally charac-
terized RhI complexes QM1 and QM2.[8] In these com-

pounds, the average Co�Cm bond has a clear double-bond
character (1.351(8) P in QM1 and 1.359(12) P in QM2),
while the Ci-Co (1.448(8) P in QM1 and 1.488(11) P in
QM2) and Cm-Cp (1.470(8) P in QM1 and 1.482(12) P in
QM2) bond lengths are closer to single bond type. The h2-
exocyclic double bond is significantly shorter in QM1 and
QM2 (1.441(8) and 1.402(11) P, respectively) than in 2 and
3 (1.453(7) and 1.457(10) P, respectively), which may indi-
cate a stronger interaction in the case of the osmium com-
plexes. The C=O bond is also slightly longer in 2
(1.254(7) P) and 3 (1.245(9) P), than in QM1 (1.239(6) P)
and QM2 (1.241(10) P).

Solution NMR data for 2 is consistent with the solid-state
structure. The 31P{1H} spectrum consists of a triplet (1P) and
a doublet (2P), respectively centered at d=�5.58 and
�7.83 ppm, with 2J ACHTUNGTRENNUNG(P,P)=16.1 Hz. In the 1H NMR spectrum,
the =CH2 protons resonate at d=3.76 ppm as a doublet of
triplets due to coupling with the two different phosphorus
nuclei. For comparison, these protons resonate as multiplets
centered at d=3.13 and 5.23 ppm in QM1 and QM2, respec-
tively. The phosphinomethylene groups give rise to two sets
of doublets of virtual triplets at d=2.87 and 2.41 ppm. The
OsH gives rise to a doublet of triplets signal centered at d=
�12.95 ppm. 13C{1H} NMR also indicates that the quinonic
structure observed in the crystalline state is retained in solu-
tion, as shown by the characteristic C=O singlet at d=

185.77 ppm, a value similar to those observed in QM1 and
QM2, that is, d=186.51 and 184.93 ppm, respectively. The
exocyclic double bond fragment signals consist of a doublet
of triplets at d=68.38 ppm for the quaternary carbon atom
and a broad singlet at d=29.16 ppm for the methylenic
carbon atom. The analogous carbons resonate at d=66.97
and 41.91 ppm in QM1, while the corresponding signals
appear at d=100.36 and 76.44 ppm, respectively, in the less
electron-rich QM2. The assignments have been confirmed
by DEPT and C�H correlation 2D NMR spectroscopy. The
isomeric compound 3 displays spectroscopic features close
to those of 2 : its 31P{1H} spectrum consists of a doublet at
d=�4.61 ppm and a triplet at d=�8.59 ppm, with a cou-
pling constant of 15.0 Hz. The coordinated double bond
methylene protons appear in the 1H NMR spectrum as a
doublet of triplets centered at d=3.49 ppm, while the hy-
dride resonates at d=�13.60 ppm as a doublet of triplets.
The 13C NMR spectrum exhibit a singlet at d=184.87 ppm
for the carbonyl group, and two signals at d=38.78 and
65.69 ppm for the methylene and quaternary carbon atoms
of the exocyclic double bond, respectively. The infrared
spectra of 2 and 3 exhibit the characteristic strong n(C=O) ab-
sorption band at 1629 and 1615 cm�1, respectively.

A spin saturation transfer experiment carried out on a
mixture of 2 and 3 at room temperature in deuterated
chloroform does not exhibit exchange between the two iso-
mers on the NMR timescale. This NMR experiment con-
firmed the assignment of the signals and structures of both 2
and 3 : irradiation of the hydride signal in both isomers re-
vealed the proximity of the OsH and the ortho-PPh3 pro-
tons, and between the OsH and the quinone methide meth-

Table 1. Selected bond lengths [P] and angles [8] of complex 2.

Os1�C7 2.117(5) C6�C11 1.480(6)
Os1�C6 2.255 (5) C11�C12 1.348(8)
C6�C7 1.453(7) C12�C14 1.460(8)
C14�O14 1.254(7) C14�C15 1.472(7)
Os1�P3 2.400(2) C15�C17 1.340(7)
Os1�P4 2.374(1) C6�C17 1.464(7)
Os1�H1 1.688(57) Os1�P5 2.391(2)
Os1�Cl2 2.471(1)

P3-Os1-P4 162.77(4) P5-Os1-H1 74.03(19)
Os1-C7-C6 75.8(3) P5-Os1-Cl2 86.95(5)
C7-Os1-H1 70.60(15)

Table 2. Selected bond lengths [P] and angles [8] of complex 3.

Os1�C10 2.155(7) C14�O1 1.245(9)
Os1�C11 2.237(7) C11�C12 1.476(11)
C10�C11 1.457(10) C11�C16 1.470(10)
Os1�P2 2.356(2) C12�C13 1.349(11)
Os1�P3 2.365(2) C13�C14 1.456(10)
Os1�P4 2.419(2) C14�C15 1.467(11)
Os1�Cl1 2.514(2) C15�C16 1.360(10)

P2-Os1-P3 163.82(7) C11-Os1-P4 155.30(19)
Os1-C10-C11 73.7(4) P4-Os1-Cl1 81.50(7)
C10-Os1-P4 165.6(2)
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ylenic protons only in the case of 2, in which case an NOE
signal was observed (Scheme 2)

Solutions of pure 2 or 3 are stable at room temperature
for days in deuterated benzene or chloroform. However, in
the presence of a weak acid such as NH4Cl at room temper-
ature, isomerization is observed. The mechanism of this pro-
cess has not been clarified. Higher temperatures increase
the isomerization rate. It is worth noting that these species
are stable in ethanol, as already observed for h2-Pd coordi-
nated quinone methide,[7] which is an indication of the metal
influence on the taming of the quinone methide fragment
reactivity. The nucleophilic attack on the methylenic carbon
atom does not proceed, contrary to what is observed for
free quinone methides.

Exposure of a solution of 2 in CDCl3 to excess D2O leads
to H-D exchange involving the hydride, quinone methide
methylene protons and one of the diastereotopic phosphino
methylenic positions (75, 45, and 30%, respectively) after
14 h. 2H NMR measurements of the resulting species in
CHCl3 confirmed these observations and indicated some in-
corporation in the osmium-bound PPh3 ortho-position. The
observed H-D exchanges proceed most probably through
OsH–D2O exchange, followed by various intramolecular ex-
change processes. Reversible insertion of the coordinated
double-bond into the Os�H bond[13] accounts for deuterium
incorporation into the QM methylenic position, thus gener-
ating a transient s-bound cyclohexadienonyl intermediate
(Scheme 2). The phosphinomethylenic protons in pincer
complexes are known to undergo exchange processes with
hydride moieties,[14] presumably through deprotonation to
generate the ylide form.[15] The observed stereospecificity of
this D-incorporation tends to indicate the implication of an
intramolecular pathway. Exchange of the ortho-PPh3 protons
relates to the well-documented ortho-metalation reac-
tion.[16]

As mentioned, the reversible hydride insertion into the
quinone methide double bond would generate a coordina-
tively unsaturated intermediate, which may be trapped by a
donor ligand. Indeed, reaction of 2 with CO under moderate
heating affords quantitatively [Os{1-(O)-2,4,6-(CH3)3-3,5-
(iPr2PCH2)2C6}(Cl)(CO)2] (4) as a pale yellow solid. Forma-
tion of 4 results formally from the cis-hydride insertion in
the exocyclic quinonic double bond accompanied by intro-
duction of two molecules of CO within the coordination
sphere while the PPh3 ligand is lost. This reaction generates
a 4-methyl 2,5-cyclohexadienonyl (Scheme 3). A limiting
form of this compound, the contribution of which is negligi-

ble in the solid state, is a deprotonated form of a s-arenium
species.

An X-ray diffraction study was carried out on colorless
single crystals of 4 grown from a �30 8C cooled solution of
the sample in pentane (Figure 3; selected bond lengths and

angles are given in Table 3). The geometry around the
osmium is distorted octahedral. The tridentate PCP frag-
ment is coordinated in a meridional fashion. The chloride
and the osmium carbon occupy mutual cis-positions, the
halide lying on the same side of the Os-PCP plane as the
Os-C-CH3 group. This shows that ligand scrambling occur-
red under the reaction conditions (namely, migration of the
chloride atom in the position trans to its original coordina-
tion site). The two carbonyl ligands occupy the remaining
positions, which are trans and cis relatively to the Os�C
bond. The carbon bound to the osmium atom is sp3 hybri-

Scheme 2. Postulated dynamic processes in 2 (hydride insertion and b-H
elimination).

Scheme 3. Formation of 4.

Figure 3. ORTEP view of complex 4 with the thermal ellipsoids at 30%
of probability.

Table 3. Selected bond lengths [P] and angles [8] of complex 4.

Os1�C7 2.281(3) C14�O14 1.243(3)
Os1�C8 3.211(3) C7�C11 1.491(4)
Os1�C3 1.925(3) C7�C17 1.495(4)
Os1�C4 1.864(3) C11�C12 1.354(4)
C3�O3 1.141(4) C12�C14 1.477(4)
C4�04 1.153(4) C14�C15 1.471(4)
Os1�Cl2 2.459(1) C15�C17 1.355(4)
C7�C8 1.546(4)

P5-Os1-P6 163.67(3) C7-Os1-C3 177.98(12)
Os1-C7-C8 112.68(19) C7-Os1-Cl2 92.61(8)
C7-Os1-C4 88.51(12)
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dized (see for example the value of 112.68(19)8 for the Os1-
C7-C8). The a-methyl group points away from the metal,
the large Os1�C8 distance (3.211 P) excluding the existence
of an interaction with the metal center. The Os�Calkyl bond
length (Os1�C7=2.281(3) P) is comparable to the analo-
gous distance in the structurally related [Os{(o-
PPh2C6H4)2(CH)}(Cl)(CO)2] (2.215(8) P).[17] The osmium–
carbonyl bond lengths are very similar: 1.925(3) and
1.864(3) for 4, and 1.918(10) and 1.878(10) for [Os{(o-
PPh2C6H4)2(CH)}(Cl)(CO)2], for the CO ligands trans and
cis to the Os�CPCP bond, respectively. Bond lengths within
the six-membered ring confirm its cyclohexadienonic nature.
The average values of the Ci�Co (C7�C11 and C7�C17) and
Cm�Cp (C12�C14 and C14�C15) of 1.493(4) and 1.474(4) P,
respectively, are within the range of single C�C bonds, while
the much shorter average Co�Cm distance (C11�C12 and
C17�C15) of 1.354(4) P) indicates a double bond character.
Moreover, the C14�O14 distance of 1.243(3) P is a typical
value for a C=O double bond, comparable to the value ob-
served in 2 and 3.

In the 1H NMR spectrum, the methyl group in the a-posi-
tion to the metal resonates as a singlet at d=1.51 ppm,
while the CH2P groups appear as a multiplet centered at d=
3.36 ppm. The 13C{1H} NMR spectrum comprises notably a
singlet at d=26.61 ppm for the Os-C-CH3 moiety, and three
low-field resonances: a singlet at d=184.22 ppm for the ke-
tonic carbon, and two triplets centered at d=183.04 (2J-
ACHTUNGTRENNUNG(P,C)=6.5 Hz) and 177.24 ppm (2J ACHTUNGTRENNUNG(P,C)=8.0 Hz), for the
two carbon monoxide ligands. The infrared spectrum exhib-
its the expected bands, namely two strong bands of equal in-
tensities at 2006 and 1932 cm�1, corresponding to the nCO ab-
sorptions, as well as a medium intensity absorption at
1600 cm�1, accounting for the ketonic C=O.

Addition of 1.05 equivalents of triflic acid to a solution of
2 causes an immediate color change from orange to deep
green and quantitative formation of the cationic methylene
arenium species 5a [Os{4- ACHTUNGTRENNUNG(CH2)-1-(OH)-2,6-(CH3)2-3,5-
(iPr2PCH2)2C6}(Cl)(H) ACHTUNGTRENNUNG(PPh3)] ACHTUNGTRENNUNG[OTf] (Scheme 4, X�=OTf�),
as indicated by NMR spectroscopy. Addition of NEt3 to 5a
regenerates quantitatively (by NMR spectroscopy) the qui-
none methide 2. Most surprisingly, protonation of 3 also af-
fords 5a as the only spectroscopically detected complex.
Moreover, mixtures of isomeric quinone methides 2 and 3
react with sub-stoichiometric quantities of triflic acid to
afford the methylene arenium 5a as the single detectable
species, along with unreacted 3. The reason for the marked
difference in reactivity between 2 and 3 toward protonation
is not clear.

The solid-state structure of 5b, the chloride derivative of
5a, obtained following hydrogenolysis of 1 by [OsCl2-
ACHTUNGTRENNUNG(PPh3)3] is described below. The geometry of the complex is
of distorted octahedral type, and is closely related to 2, with
the Os�H lying in the cis position from the exocyclic
double-bond methylene group. Solution NMR features in
CDCl3 of 5b are consistent with a methylene arenium type
structure. The 31P{1H} spectrum consists of a triplet and a
doublet (intensities 1:2), respectively, centered at d=�8.03
and �21.67 ppm, linked by a 2J ACHTUNGTRENNUNG(P,P) coupling constant of
15.6 Hz. The C=CH2 protons resonate at d=5.28 ppm as a
broad triplet (3JACHTUNGTRENNUNG(H,P)=6.9 Hz), at higher field than the cor-
responding signal in 2 (d=3.76 ppm). In the related com-
pounds MA1 and MA2,[8] the exocyclic double bond methyl-

enic protons resonate at d=4.90 and 5.20 ppm, respectively.
The diastereotopic CH2P protons give rise to two multiplets,
a broad doublet centered at d=3.40 ppm and a doublet of
virtual triplets at d=2.58 ppm, both linked by a geminal
coupling constant of 15.8 Hz. The hydride appears at d=

�10.59 ppm as a doublet of triplets due to the coupling with
the two types of phosphorus atoms. A confirmation of the
geometry of 5a is found in the large value of the coupling
constant with the PPh3 phosphorus atom, of 46.9 Hz, similar
to the value of 43.1 Hz observed in 2, while the analogous
coupling constant is of 27.7 Hz in 3.

Regarding the 1H NMR characteristics, the formal proto-
nation of 2 to yield 5a,b is followed by an approximate
1.5 ppm down-field shift of the C=CH2 signal (d=3.76 ppm
in 2, d=5.28 ppm in 5a,b, which compares well with the
1.77 ppm shift to lower fields when going from QM1 to
MA1), and by an approximate 2.5 ppm downfield shift for
the hydride (d=�12.95 ppm in 2, d=�10.59 ppm in 5a,b)
(data in the same deuterated solvent). The 31P{1H} NMR
spectra are also affected by the structural changes: the
chemical shift of the phosphorus atoms in cis-position from
the coordinated double bond is dramatically affected by the
structural changes resulting from the protonation, since the
diphosphine ligand gives rise to a doublet at d=�7.83 ppm
in 2 and d=�21.67 ppm in 5a,b, and the PPh3, to a triplet at
d=�5.58 ppm in 2 and d=�8.03 ppm in 5a,b.
The same variations on the chelating diphosphine 31P NMR
chemical shifts were observed when comparing QM1 to
MA1 and QM2 to MA2, with respective deshielding of d=

14.12 and 17.01 ppm. The 13C{1H} NMR signals of the coor-
dinated double bond show a downfield shift accompanying
the protonation: the Ci atoms resonate at d=68.38 and
86.42 ppm in 2 and 5a,b, respectively, and the methylenic
carbon atom resonates at d=29.16 and 38.91 ppm in 2 and
5a,b, respectively. These two signals follow the same trendScheme 4. Interconversion of 2 and 5a,b.
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on going from QM1 to MA1. The Co peak is downfield shift-
ed from d=152.77 ppm in 2 to d=162.52 ppm in 5a,b while
the Cm chemical shift is only slightly affected (d=
128.23 ppm in 2 and d=126.34 ppm in 5a,b). This is consis-
tent with the partial delocalization of the methylene areni-
um positive charge in the ortho-position. The signal of the
C�O carbon atom appears at d=169.70 ppm, being shifted
upfield by d=15.84 ppm, as observed in the case of MA1
and MA2. The effect of the positive charge is also apparent
in comparison with the phenolic CO chemical shift in 1 (d=
150.13 ppm).

Activation of 1 under hydrogen pressure : Under mild hy-
drogen pressure, [OsCl2ACHTUNGTRENNUNG(PPh3)3] reacts with 1 at 100 8C in
THF to cleanly afford the P-Caryl-P pincer complex 6, [Os{1-
(OH)-2,6-(CH3)2-3,5-(iPr2PCH2)2C6}(Cl)(H2) ACHTUNGTRENNUNG(PPh3)]
(Scheme 5): cleavage of the C�C bond between the aryl ring

and the methyl in the 4-position occurs as reported in the
related work on the diphosphinic substrate devoid of hy-
droxyl group.[12] Interestingly, compound 6 can also be pre-
pared from the reaction of 2 with H2 in toluene at 110 8C.

The formulation of 6 was confirmed by an X-ray diffrac-
tion study performed on single crystals of 6 grown from a
concentrated benzene solution (Figure 4; selected bond
lengths and angles are given in Table 4). The metal-bound
hydrogen atoms were located. The geometry of this complex
is of a distorted seven-coordinated pentagonal bipyramidal
type, with the basal plane formed by the two hydrogen
atoms, the chloride, the PPh3 ligand and the ipso carbon of

the PCP framework, while the apical positions are occupied
by the PCP phosphinic moieties. This structure is very close
to the one described by Jia and co-workers containing a
phenyl-substituted PCP ligand.[18] The H1a�H1b distance of
1.336(31) P classifies complex 6 as a stretched dihydrogen
complex.[19] The Os1�C11 distance of 2.169(5) P is slightly
longer than the corresponding distances in the phenyl-sub-
stituted compound (2.142(5), 2.146(5) and 2.149(5) P in the

three independent molecules in
the unit cell), while the bite
angle of the PCP ligand (P2-
Os1-P3) of 156.21(4)8 is within
the range observed in its parent
phenyl-substituted compound
(155.79(5), 156.89(5) and
158.40(5)8). The C14�O1 dis-
tance of 1.382(6) P is character-
istic of a phenolic type bond.

The 31P{1H} NMR spectrum of 6 in deuterated benzene
consists of a doublet (d=27.36 ppm, 2P) and a triplet (d=
�7.10 ppm, 1P) with J ACHTUNGTRENNUNG(P,P)=10.3 Hz. The osmium H2 ligand
resonates at d=�12.10 ppm as a multiplet, which does not
resolve upon cooling. The ground state observed in the X-
ray structure, which should give rise to two different signals,
is not reached. The spectroscopic and structural features
similarity to the analogous complex described by Jia, as well
as the X-ray diffraction data, allow us to assign the structure
of 6 as an elongated dihydrogen complex. As a consequence
of the lack of planar symmetry within the (PCP)Os frame-
work, the pincer ligand methylenic protons are diastereotop-
ic and resonate as two doublets of virtual triplets at d=3.90
and 3.01 ppm with a geminal coupling constant 2JACHTUNGTRENNUNG(H,H) of
15.4 Hz, and a vJ ACHTUNGTRENNUNG(H,P) of 3.2 Hz. No coupling with the tri-
phenylphosphine phosphorus atom is observed. The PCP
ipso carbon resonates at d=149.24 ppm as a doublet of mul-
tiplets, with a coupling constant of 62.2 Hz, characteristic of
coupling with a phosphine ligand trans to it. The C�O
moiety resonates at d=149.54 ppm, a chemical shift similar
to the one of the analogous signal in 1 (d=150.13 ppm).

Lowering the temperature of the reaction between
[OsCl2ACHTUNGTRENNUNG(PPh3)3] and 1 under hydrogen to 80 8C leads to the
observation of another com-
pound along with 6, namely the
methylene arenium [Os{4- ACHTUNG-
TRENNUNG(CH2)-1-(OH)-2,6-(CH3)2-3,5-
(iPr2PCH2)2C6}(Cl)2(H)] (7), in
a ratio of 2:1, respectively, as
shown by 31P NMR spectrosco-

Scheme 5. Formation of the pincer complex 6.

Figure 4. ORTEP view of 6 with the thermal ellipsoids at 30% of proba-
bility.

Table 4. Selected bond lengths [P] and angles [8] of complex 6.

Os1�P2 2.361(1) Os1�H1a 1.41(10)
Os1�P3 2.383(2) Os1�H1b 1.58(6)
Os1�P4 2.422(2) H1a�H1b 1.336(31)
Os1�Cl1 2.492(2) C14�O1 1.382(6)
Os1�C11 2.169(5)

P2-Os1-P3 156.21(4) H1a-Os1-H1b 53(4)
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py. Formation of complex 7 results formally from the activa-
tion of the ArCH2�H bond by the OsCl2 fragment. X-ray
data as well as 1H, 1HACHTUNGTRENNUNG{31P}, and 31P{1H} NMR data unequivo-
cally confirm its formulation as a zwitterionic methylene
arenium type complex, with a positive charge on the C6 ring
and a negative charge on the metal. Compound 7 is not ob-
served when OsCl2ACHTUNGTRENNUNG(PPh3)3 and 1 react without H2.

X-ray diffraction studies performed on single crystals of 7
exhibit a distorted octahedral geometry around Os, with the
coordinated double bond considered as one ligand
(Figure 5; selected bond lengths and angles are given in
Table 5). The diphosphine containing ligand is bound to the

osmium in a tetrahapto fashion, with a strong interaction
with the coordinated double bond. The hydride ligand,
which could not be located, lies in the position cis to both
the CH2 group and one of the two chlorides, and trans to
the other chloride. The C14�O1 distance (1.327(13) P) is

typical of C�O single bonds in aromatic and delocalized sys-
tems. The interatomic distances within the ring are charac-
teristic of the methylene arenium structure. Namely, the
average Ci�Co (C11�C12 and C11�C16) bond length
(1.457(15) P) is longer than the average Co�Cm distance
(1.368(14) P for C12�C13 and C15�C16) and Cm�Cp dis-
tance (1.438(14) for C13�C14 and C14�C15). The longer
Cm�Cp bond lengths originate from the delocalization of the
oxygen electrons pairs, which decreases the double-bond
character for the Cm�Cp bonds (Scheme 6). The structural
features of the ring system in 7 are similar to those of struc-
turally characterized MA1, which bears a similar methylene
arenium framework. In this species, alternation between
longer Ci�Co and Cm�Cp average bond lengths (1.444(6) and
1.415(6) P, respectively) and shorter Co�Cm average bond
length (1.378(6) P) was also observed, as well as elongated
C�O distance (1.338(5) P).

NMR data indicate that the methylene arenium structure
is retained in solution. In deuterated benzene, 7 gives rise to
a high field singlet at d=�29.25 ppm in the 31P{1H} NMR
spectrum. The osmium-bound methylenic protons resonate
at very low field (d=6.24 ppm) as a doublet of triplets,
while the hydride appears at d=�6.06 ppm as a triplet of
triplets. Both signals are split by the two phosphorus nuclei
(respective coupling constants: 3J ACHTUNGTRENNUNG(H,P)=6.1 Hz and 2J-
ACHTUNGTRENNUNG(H,P)=11.5 Hz) and are coupled together (3J ACHTUNGTRENNUNG(H,H)=
2.4 Hz).

Stirring a solution of 7 in toluene or benzene in the pres-
ence of excess PPh3 leads to the precipitation of the cationic
methylene arenium complex [Os{4- ACHTUNGTRENNUNG(CH2)-1-(OH)-2,6-
(CH3)2-3,5-(iPr2PCH2)2C6}(Cl)(H) ACHTUNGTRENNUNG(PPh3)]Cl (5b), as a green
solid insoluble in low polarity solvents, moderately soluble
in chloroform and THF, and highly soluble in polar solvents.
Compound 5b is the chloride analogue of 5a presented
above (Scheme 4). Single crystals were grown from a con-
centrated chloroform solution of 5b, and were submitted to
X-rays diffraction studies (Figure 6; selected bond lengths
and angles are given in Table 6). The compound is present
in the unit cell as discrete cationic and anionic entities. The
structure of the osmium cationic complex is similar to that
of 2, regarding the arrangement of the ligands around the
metal center. The hydride could not be located.

Several parameters suggest that in the solid-state, 5b
tends to adopt a structural type implying a significant contri-
bution of the benzylic form (Scheme 7) as compared to the
zwitterionic methylene arenium 7.

Indeed, the lengthening of both Os�C distances (Os1�
C10=2.13(10) P and Os1�C11=2.314(9) P in 5b (as com-
pared to 2.103(10) and 2.261(9) in 7, respectively) indicates
a weaker three-center interaction. This is also reflected by

Figure 5. ORTEP view of 7·CHCl3 with the thermal ellipsoids at 30% of
probability.

Table 5. Selected bond lengths [P] and angles [8] of complex 7.

Os1�P2 2.358(3) C14�O1 1.327(13)
Os1�P3 2.353(3) C11�C12 1.438 (15)
Os1�Cl4 2.485(3) C11�C16 1.476(15)
Os1�Cl5 2.416(2) C12�C13 1.380(14)
Os1�C10 2.103(10) C13�C14 1.443(14)
Os1�C11 2.260(9) C14�C15 1.433(15)
C10�C11 1.469(15) C15�C16 1.357(15)

P2-Os1-P3 168.72(9) Os1-C10-C11 76.2(6)
Cl4-Os1-Cl5 85.02(9) C10-Os1-Cl5 147.5(3)

Scheme 6. Resonance forms of 7.
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the opening of the Os1-C10-C11 angle from 76.2(6)8 in 7 to
77.2(5)8 in 5b. The increase of the C10�C11 distance
(1.490(14) P in 5b compared to 1.469(15) P in 7) may indi-
cate that the methylene arenium form plays a smaller part
in the actual solid-state structure of 5b compared with 7.
Along the same line, the intracyclic bond lengths variations
are indicative of a comparative re-aromatization of the
cyclic delocalized system, as shown in the averaged homolo-
gous C�C distances in 5b : 1.433(15) P for the Ci�Co distan-
ces (C11�C12 and C11�C16), 1.387(14) P for the Co�Cm

distances (C12�C13 and C15�C16), and 1.410(14) P for the
Cm�Cp distances (C13�C14 and C14�C15), to be compared
to 1.457(15), 1.368(14) and 1.438(14) P, respectively, in 7.
Accordingly, the longer C14�O1 distance of 1.341(13) P
(1.327(13) P in 7) is indicative of less pronounced delocali-
zation of the oxygen electrons into the delocalized cyclic

system in 7 compared to 5a. The decreased participation of
the methylene arenium character in going from 7 to 5b may
be due to the steric pressure exerted by the rather bulky tri-
phenylphosphine ligand, which pushes away the isopropyl
substituents on the chelating ligand (see the bite angles of
168.72(9) and 163.49(9)8 in 7 and 5b, respectively), thus
moving away the aromatic system from the metal, and
thereby reducing the interaction with the double bond.

The structural changes accompanying the protonation of 2
into 5b are similar to that observed when switching from
QM1 to MA1. Indeed, in these closely related pairs the
CH2�Ci bond length increases from 1.453(7) P in 2 to
1.490(14) P in 5b, to be compared to 1.441(8) P in QM1
and 1.452(6) P in MA1. A similar tendency is observed for
the C�O distance, which increases upon protonation from
1.254(7) P in 2 to 1.341(13) P in 5b, while it rises from
1.239(6) in QM1 to 1.338(5) P in MA1.

Changes within the cyclic system are comparable between
the two pairs: a switch to the methylene arenium structure
induces shortening of the average Ci�Co and Cm�Cp bond
lengths within the 2/5b pair (from 1.457(15) to 1.444(6) P,
and from 1.438 (14) to 1.415(16) P, respectively), as within
the QM1/MA1 pair (from 1.472(6) to 1.433(15) P, and from
1.466(7) to 1.410(14) P, respectively). This is accompanied
by the lengthening of the average Co�Cm distance, which in-
creases from 1.344(7) P in 2 to 1.387(14) P in 5b, to be
compared to 1.351(8) P in QM1 and 1.378(6) P in MA1.

Thus, introduction of PPh3 onto the metal leads to partial
rearomatization and to a slight metal slippage toward the
methylene group, consistent with a stronger participation of
the benzylic form. This contrasts with the absence of such a
phenomenon when comparing MA1 and MA2.[8b]

The 1H and 31P NMR spectroscopic features of 5b and 5a
are identical. When comparing 7 and 5a,b, the hydride
signal in the 1H NMR spectrum is dramatically affected by
the change of one of its cis ligands from Cl� to PPh3, exhib-
iting a 4.5 ppm downfield shift (d=�10.59 ppm in 5b, com-
pared to d=�6.06 ppm in 7). This could be due to the exis-
tence of an interaction between the hydride and an ortho-
proton of the triphenylphosphine, as observed in the solid-
state structure of 2 and 5b.

Compounds 5a,b can be viewed as cationic derivatives of
7. Their formation formally results from the displacement of
the chloride trans to the coordinated double bound in 7 by a
triphenylphosphine ligand. The existence of an equilibrium
between the neutral species 7 and the corresponding charge-
separated ion pair would account for the formation of the
cationic derivative 7. The ionic intermediate being trapped
by free PPh3, the balance would be shifted towards the for-
mation of 7 with the precipitation as a driving force
(Scheme 8).

Discussion

The various reactivity patterns allow us to propose a reac-
tion scheme accounting for the formation of quinone me-

Figure 6. ORTEP view of the cationic fragment of 5b with the thermal
ellipsoids at 30% of probability.

Table 6. Selected bond lengths [P] and angles [8] of complex 5b.

Os1�P2 2.371(2) C14�O1 1.341(13)
Os1�P3 2.393(3) C11�C12 1.426(14)
Os1�P4 2.397(3) C11�C16 1.440(14)
Os1�Cl5 2.438(3) C12�C13 1.387(14)
Os1�C10 2.130(10) C13�C14 1.420(14)
Os1�C11 2.314(9) C14�C15 1.400(14)
C10�C11 1.490(14) C15�C16 1.388(14)

P3-Os1-P4 163.49(9) Os1-C10-C11 77.2(5)
P2-Os1-Cl5 85.83(9) C10-Os1-P2 141.2(3)

Scheme 7. Limit forms of 5a,b.
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thide derivatives 2 and 3 from [OsCl2 ACHTUNGTRENNUNG(PPh3)3] and 1 in the
presence of NEt3, in which the various intermediates have
been isolated and the reactions connecting them have been
elucidated (Scheme 9). Coordination of 1 to osmium fol-

lowed by C�H activation generates the zwitterionic methyl-
ene arenium 7 after PPh3 elimination. Subsequent chloride
substitution by a triphenylphosphine ligand affords the cat-
ionic methylene arenium 5b, which is deprotonated to form
the quinone methide 2. The thus generated triethylammoni-
um chloride catalyzes the isomerization of 2 into a mixture
of 2 and 3.

The observation of 7 in the hydrogenolysis reaction mix-
ture obtained at 80 8C is an indication that in this complex
the C�C bond cleavage is not favored. The fact that no
other species besides 7 and the C�C cleaved 6 is observed
under conditions suitable for the formation of quinone me-
thides 2 and 3 (from which 6 can be formed under H2 pres-
sure) or methylene arenium 5b, is an indication that these
species can rapidly evolve to the C�C cleaved compound.
This may imply that in this system, chloride substitution by
triphenylphosphine assists C�C activation. This is also re-
flected in the comparison of the solid-state structures of 7
and 5b : in 5b, a higher benzylic contribution is observed rel-
ative to 7. This may imply that the species resulting from hy-
dride insertion into the double bond of 7 would be of the
methyl arenium type, while in the case of 5b, this would
result in an unsaturated system which may form an agostic
C�C bond, thus allowing metal insertion (Scheme 10).[20,21]

The formation of 6 from both 2 and 1/ ACHTUNGTRENNUNG[OsCl2 ACHTUNGTRENNUNG(PPh3)3] in
the presence of hydrogen may be related to these observa-
tions. Starting from 2, the plausible first step is the above-
mentioned OsH insertion into the exocyclic double bond af-
fording intermediate A, with a PCP framework analogous to
the one observed in the bis-carbonyl derivative 4
(Scheme 11).

Different hypotheses may
then be proposed regarding the
mechanistic pathway leading to
6 : 1) electron transfer from the
osmium center to the cyclohex-
adienonic p system, thus re-ar-
omatized to a phenate system
with the CAr�CH3 bond poten-

tially involved in an agostic interaction, and consecutive C�
C bond activation to afford a (PCP) phenate–methyl species
which undergoes hydrogenolysis of the Os�CH3 bond; or 2)
a-methyl transfer to the metal preceded or followed by H2

addition and subsequent meth-
ane elimination. The formally
obtained species are the zwit-
terionic hydridochlorophenate
in the case of 1), or the meso-
meric hydridochloro osmaqui-
none[22] in the case of 2). These
may tautomerically rearrange
into [Os ACHTUNGTRENNUNG(PCP)(Cl) ACHTUNGTRENNUNG(PPh3)]. This
species reacts in turn with H2 to
afford complex 6, as observed
in the reported chemistry of the
non-hydroxyl-substituted com-

plex.[12] These features contrast with the rhodium quinone
methides chemistry, in which facile C�C cleavage and
methyl group migration are involved.[8]

Conclusion

In summary, isomeric quinone methides were obtained by
the reaction of [OsCl2ACHTUNGTRENNUNG(PPh3)3] with a phenolic diphosphine
ligand under mild conditions. These complexes proved to be
stable in alcoholic medium, in marked contrast to the free
quinone methides, but in accordance to the related chemis-
try of rhodium and palladium derivatives. Intermediates in
their formation were isolated, namely neutral and cationic
methylene arenium species, thus shedding light on the mech-
anistic pathway leading to the quinone methides. While the
origin of these species stems from osmium-mediated C�H
bond activation of the methyl group located between the
phosphinic arms, C�C bond activation was achieved under
mild H2 pressure both by direct activation of the phenolic
substrate, and from the quinone methides, resulting in the

Scheme 8. Proposed formation mechanism for 5b.

Scheme 9. Reaction pathway leading to the formation of the quinone methides 2 and 3.

Scheme 10. Hydride insertion in the methylene arenium and benzylic
structures.
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formation of a PCP pincer-type dihydrogen adduct. These
results complement those obtained in our group on the in-
teresting family of h2-quinonoid compounds, and contribute
to the development of the field of metal-induced aromatic
system pertubation.

Experimental Section

General procedures : All reactions were carried out under an inert atmos-
phere in a glove box or using standard Schlenk techniques. Solvents were
dried, distilled, and degassed before use. [OsCl2 ACHTUNGTRENNUNG(PPh3)3] was prepared fol-
lowing literature procedures.[23] 1H, 31P{1H} and 13C{1H} NMR spectra
were recorded on a Bruker AMX400 spectrometer at 400, 162 and
100 MHz, respectively, or on a Bruker DPX250 spectrometer at 250, 101
and 62 MHz, respectively. 1H and 13C chemical shifts are reported in ppm
downfield from TMS and referenced to the residual proton impurities in
the solvent and all-[D] solvent peaks, respectively. 31P NMR chemical
shifts are in ppm downfield from H3PO4 and referenced to an external
85% H3PO4 sample. All measurements were performed at 20 8C. Assign-
ments of 1H and 13C{1H} NMR signals were done with 1H-{31P} and 13C-
DEPT-135 NMR, respectively. Infrared spectra were collected on a Nico-
let ProtFgF 460 spectrometer. Elemental analyses were carried out by H.
Kolbe, MTlheim an der Ruhr, Germany. ORTEP drawings were generat-
ed by Ortep-3 1.074.[24]

2,4,6-(CH3)3-3,5-(iPr2PCH2)2C6OH (1): In the glove box, a solution of dii-
sopropylphosphine (5.664 g, 48 mmol) in acetone (75 mL) was added to a
solution of 3,5-bis(bromomethyl)-2,4,6 trimethylphenol (6.44 g, 20 mmol,
prepared following the procedure of van der Made[25]) in acetone
(75 mL). After being stirred at room temperature for an hour, during
which time a white precipitate formed, the reaction mixture was taken
out of the dry box, refluxed under argon for 4 h and stirred overnight at
room temperature. Pentane was then added, and the liquid phase was
decanted off. The solid was washed with a fresh portion of pentane, dis-
solved in 100 mL degassed water, and added to a degassed solution of
30 g of sodium acetate in water (100 mL). Three successive extractions
with methylene chloride were carried out, and the combined organic
phase was dried over sodium sulfate and filtered into a dry nitrogen-
flushed flask. Volatiles were evaporated to dryness, washed with diethyl
ether and pentane and dried under vacuum to afford 6.03 g of a colorless
solid. (Yield: 76%). 1H NMR (CDCl3): d=4.58 (br s, 1H; OH), 2.88 (d,
2J ACHTUNGTRENNUNG(H,P)=1.9 Hz, 4H; ArCH2P), 2.41 (s, 3H; Ar-CH3), 2.28 (s, 6H; Ar-
CH3), 1.80 (m, 4H; CH iPr), 1.12 (m, 12H; CH3 iPr), 1.01 ppm (m, 12H;
CH3 iPr); 31P{1H} NMR (CDCl3): d=8.21 ppm; 13C{1H} NMR (CDCl3):
d=150.13 (C-OH), 134.67 (2 CAr), 126.84 (1 CAr), 119.28 (2 CAr), 24.44
(d, 1J ACHTUNGTRENNUNG(C,P)=21.8 Hz, ArCH2P), 23.22 (d, 1J ACHTUNGTRENNUNG(C,P)=15.5 Hz, CH iPr),
19.69 (s, CH3 iPr), 19.49 (d, 2J ACHTUNGTRENNUNG(C,P)=3.05 Hz, CH3 iPr), 18.07 (t, 4J-

ACHTUNGTRENNUNG(C,P)=6.5 Hz, 4-CH3-Ar), 13.41 ppm (d, 4J ACHTUNGTRENNUNG(C,P)=6.0 Hz, 2,6-CH3-Ar);
elemental analysis calcd (%) for C23H42OP2: C 69.67, H 10.68; found: C
69.60, H: 10.74.

Synthesis of the osmium quinone methides 2 and 3 : Compound 1
(160 mg, 0.404 mmol) and NEt3 (0.2 mL, 1.45 mmol) dissolved in benzene
(4 mL) were added to a suspension of [OsCl2 ACHTUNGTRENNUNG(PPh3)3] (420 mg,
0.401 mmol) in benzene (4 mL). The reaction mixture was heated for 4 h
at 60 8C, turning to dark orange. After cooling to room temperature and
filtration on a Celite pad, the filtrate was concentrated to about 2 mL,
and pentane (5 mL) was added. The precipitate was separated by decant-
ation, washed with pentane and dried under vacuum. This procedure af-
forded a mixture of 2 and 3 in 2:1 ratio. Yield: 268 mg (76%). Fractional
crystallization from toluene/pentane (or toluene/diethyl ether) at �30 8C
afforded analytically pure 2. Extraction of the 2–3 mixture with pentane
and standing of the solution for 4 days afforded crystals of 3.

[Os{4- ACHTUNGTRENNUNG(CH2)-1-(O)-2,6-(CH3)2-3,5-(iPr2PCH2)2C6}(Cl)(H) ACHTUNGTRENNUNG(PPh3)] (2):
1H NMR (CDCl3): d=7.96 (m, 6H; Ho PPh3), 7.33 (m, 9H; PPh3), 3.76
(dt, 3J ACHTUNGTRENNUNG(H,P)=1.4 Hz, 3J ACHTUNGTRENNUNG(H,P)=6.70 Hz, 2H; OsCH2), 2.87 (dvt, 2J-
ACHTUNGTRENNUNG(H,H)=15.9 Hz, 2JHP=4.5H; 2H; CHHP), 2.41 (dvt, 2J ACHTUNGTRENNUNG(H,H)=15.7 Hz,
2J ACHTUNGTRENNUNG(H,P)=4.3 Hz, 2H; CHHP), 2.00 (s, 6H; Ar-CH3), 1.98 (m, 2H; CH
iPr), 1.03 (m, 6H; CH3 iPr), 0.97 (m, 20H; 3 CH3 iPr + CH3 iPr),
�12.95 ppm (dt, 2J ACHTUNGTRENNUNG(H,P)=43.1 Hz, 2J ACHTUNGTRENNUNG(H,P)=9.8 Hz, 1H; OsH); 31P{1H}
NMR (CDCl3): d=�5.58 (t, 2J ACHTUNGTRENNUNG(P,P)=16.1 Hz, 1P, PPh3), �7.83 ppm (d,
2J ACHTUNGTRENNUNG(P,P)=16.1 Hz, 2P, PCP); 13C{1H} NMR (CDCl3): d=185.77 (s, C=O),
152.77 (m, Cm PCP), 138.72 (d, 1JPC=44.1 Hz, Ci PPh3), 135.24 (m, PPh3),
129.67 (m, PPh3), 128.23 (t, 1JPC=4.8 Hz, Co PCP), 127.26 (m, PPh3),
68.38 (dt, 2J ACHTUNGTRENNUNG(C,P)=19.5 Hz, 3.6 Hz, C=CH2), 29.16 (br s, C=CH2), 24.56
(vt, vJ ACHTUNGTRENNUNG(C,P)=11.6 Hz, CH iPr), 22.43 (vt, vJ ACHTUNGTRENNUNG(C,P)=10.6 Hz, CH iPr),
21.41 (s, CH3), 20.91 (s, CH3), 19.81 (br s, CH3), 18.17 (s, CH3), 17.46 (td,
J ACHTUNGTRENNUNG(C,P)=11.3 Hz, 1.3 Hz, CH2P), 13.51 ppm (s, CH3); IR (film): ñ=2167
(m, nOs-H), 1629 cm�1 (s, nCO); elemental analysis calcd (%) for
C41H56ClOOsP3: C 55.74, H 6.39; found: C 55.76, H: 6.69.

[Os{4- ACHTUNGTRENNUNG(CH2)-1-(O)-2,6-(CH3)2-3,5-(iPr2PCH2)2C6}(Cl)(H) ACHTUNGTRENNUNG(PPh3)] (3):
1H NMR (C6D6): d=8.13 (m, 6H; Ho PPh3), 6.98 (m, 9H; PPh3), 3.64 (dt,
3J ACHTUNGTRENNUNG(H,P)=2.7 Hz, 3JHP=7.2 Hz, 2H; OsCH2), 2.61 (d, 2J ACHTUNGTRENNUNG(H,H)=16.2 Hz,
2H; CHHP), 2.25 (s, 6H; Ar-CH3), 2.00 (dt, 2J ACHTUNGTRENNUNG(H,H)=16.2 Hz, 2JHP=

4.3 Hz, 2H; CHHP), 1.87 (m, 2H; CH iPr), 1.70 (m, 2H; CH iPr), 1.07
(m, 6H; CH3 iPr), 1.00 (m, 6H; CH3 iPr), 0.87 (m, 6H; CH3 iPr), 0.41
(m, 6H; CH3 iPr), �13.60 ppm (dt, 2J ACHTUNGTRENNUNG(H,P)=27.7 Hz, 2J ACHTUNGTRENNUNG(H,P)=12.0 Hz,
1H; OsH); 1H NMR (CDCl3): d=7.94 (m, 6H; Ho PPh3), 7.33 (m, 9H;
PPh3), 3.49 (dt, 3J ACHTUNGTRENNUNG(H,P)=2.6 Hz, 3J ACHTUNGTRENNUNG(H,P)=7.2 Hz, 2H; OsCH2), 2.91 (d,
2J ACHTUNGTRENNUNG(H,H)=16.2 Hz, 2J ACHTUNGTRENNUNG(H,P)=3.7 Hz, 2H; CHHP), 2.23 (dt, 2J ACHTUNGTRENNUNG(H,H)=
16.1 Hz, 2J ACHTUNGTRENNUNG(H,P)=4.4 Hz, 2H; CHHP), 2.02 (m, 2H; CH iPr), 1.97 (s,
6H; Ar-CH3), 1.70 (m, 2H; CH iPr), 1.05 (m, 6H; CH3 iPr), 0.90 (m,
6H; CH3 iPr), 0.79 (m, 6H; CH3 iPr), 0.61 (m, 6H; CH3 iPr),
�13.69 ppm (dt, 2J ACHTUNGTRENNUNG(H,P)=28.3 Hz, 2J ACHTUNGTRENNUNG(H,P)=12.1 Hz, 1H; OsH); 31P{1H}
NMR (C6D6): d=�5.49 (d, 2P, 2J ACHTUNGTRENNUNG(P,P)=15.3 Hz, PCP), �11.54 ppm (t,
1P, 2J ACHTUNGTRENNUNG(P,P)=15.3 Hz, PPh3);

31P{1H} NMR (CDCl3): d=�4.61 (d, 2P, 2J-
ACHTUNGTRENNUNG(P,P)=15.0 Hz, PCP), �8.59 ppm (t, 1P, 2J ACHTUNGTRENNUNG(P,P)=15.0 Hz, PPh3);

13C{1H}

Scheme 11. Proposed mechanism for the formation of 6.
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NMR (CDCl3): d=184.87 (s, C=O), 159.48 (m, Cm PCP), 135.58 (d, Co

PPh3), 129.76 (d, Cp, PPh3), 127.26 (m, PPh3), 124.08 (t, 1J ACHTUNGTRENNUNG(C,P)=4.7 Hz,
Co PCP), 65.69 (m, C=CH2), 38.78 (m, C=CH2), 27.55 (vt, vJ ACHTUNGTRENNUNG(C,P)=
12.9 Hz, CH iPr), 26.51 (vt, vJPC=10.6 Hz, CH iPr), 20.36 (t, vJ ACHTUNGTRENNUNG(C,P)=
12.1 Hz, CH2P), 19.12 (s, CH3), 18.65 (s, CH3), 18.48 (s, CH3), 13.60 ppm
(s, CH3); IR (film): ñ=1615, 1583 cm�1 (s, quinone); elemental analysis
calcd (%) for C41H56ClOOsP3: C 55.74, H 6.39; found: C 55.70, H: 6.47.

[Os{1-(O)-2,4,6-(CH3)3-3,5-(iPr2PCH2)2C6}(Cl)(CO)2] (4): In a Fischer–
Porter bottle, an orange solution of 2 (50 mg, 0.057 mmol) in THF
(5 mL) was stirred under 2 bar of CO at 80 8C for 10 h. After cooling to
room temperature, the solution was evaporated to dryness to yield a pale
yellow solid. NMR analysis showed quantitative formation of 4. Redis-
solving the reaction mixture in pentane (2 mL) and cooling this solution
at �30 8C led to the formation of colorless crystals of 4 (15 mg, isolated
yield: 39%). 1H NMR (CDCl3): d=3.36 (m, 4H; CH2P), 3.16 (m, 2H;
CH iPr), 2.16 (m, 2H; CH iPr), 2.02 (s, 6H; cyclohexadienone CH3), 1.51
(s, 3H; Os-CR2-CH3), 1.42 (m, 6H; CH3 iPr), 1.38 (m, 12H; CH3 iPr),
1.29 ppm (m, 6H; CH3 iPr); 31P{1H} NMR (CDCl3): d=13.78 ppm (s,
PCP); 13C{1H} NMR (CDCl3): d=184.87 (R2C=O), 181.61 (t, 2J ACHTUNGTRENNUNG(C,P)=
6.5 Hz, OsCO), 176.08 (t, 2J ACHTUNGTRENNUNG(C,P)=8.0 Hz, OsCO), 164.94 (t, 2J ACHTUNGTRENNUNG(C,P)=
4.0 Hz, C quat. PCP), 123.97 (t, J ACHTUNGTRENNUNG(C,P)=5.5 Hz, , C quat. PCP), 45.61 (s,
Os-C PCP), 29.73 (vt, vJ ACHTUNGTRENNUNG(C,P)=14.7 Hz, CH2P), 26.59 (OsCCH3), 25.49
(vt, vJ ACHTUNGTRENNUNG(C,P)=13.3 Hz, CH iPr), 23.32 (vt, vJ ACHTUNGTRENNUNG(C,P)=12.5 Hz, CH iPr),
20.08 (CH3), 19.61 (CH3), 19.09 (CH3), 17.77 (CH3), 12.59 ppm (CH3); IR
(film): ñ=2006 (s, nCO), 1932 (s, nCO), 1623 (w), 1600 cm�1 (m, C=O); ele-
mental analysis calcd (%) for C25H41ClO3OsP2: C 44.34, H 6.10; found: C
44.40, H: 6.17.

Methylene arenium derivatives [Os{4- ACHTUNGTRENNUNG(CH2)-1-(OH)-2,6-(CH3)2–3,5-
(iPr2PCH2)2C6}(H)(Cl) ACHTUNGTRENNUNG(PPh3)]X (5)

Synthesis of 5a (X�=OTf�): Triflic acid (1.05 equiv, 0.042 mmol) in diox-
ane (0.084 mL) was added to a solution of 2 (35 mg, 0.040 mmol) in ben-
zene (2 mL). A green precipitate immediately formed, which was filtered,
washed with benzene and dried under vacuum. Yield: 39 mg (95%). Ele-
mental analysis calcd (%) for C42H57ClF3O4OsP3S: C 47.87, H 5.31;
found: C 47.78, H: 5.38.

Synthesis of 5b (X�=Cl�): In a Fischer–Porter bottle, [OsCl2 ACHTUNGTRENNUNG(PPh3)3]
(50 mg, 0.047 mmol) and 1 (19 mg, 0.048 mmol) were dissolved in THF
(5 mL). The solution was pressurized with 2.5 bar of hydrogen and
heated at 80 8C for 16 h. The resulting pale green turbid solution was fil-
tered on a Celite pad, evaporated to dryness, redissolved in toluene
(5 mL) and vigorously stirred for 30 min. A green precipitate of 5b
formed, which was separated by filtration, washed with toluene (2U2mL)
and dried under vacuum. Yield: 11 mg (25%). Letting a concentrated so-
lution of 5b in chloroform stand led to the formation of X-ray quality
single crystals. 1H NMR (CDCl3): d=7.90 (m, 6H; Ho PPh3), 7.41 (m,
9H; Hm + Hp PPh3), 5.28 (br t, 3J ACHTUNGTRENNUNG(H,P)=6.9 Hz, 2H; OsCH2), 3.40 (brd,
2J ACHTUNGTRENNUNG(H,H)=15.8 Hz, 2H; CHHP), 2.58 (dvt, 2J ACHTUNGTRENNUNG(H,H)=15.8 Hz, vJHP=

4.3 Hz, 2H; CHHP), 2.43 (s, 6H; Ar-CH3), 1.68 (m, 2H; CH iPr), 1.47
(m, 2H; CH iPr), 1.04 (m, 18H; CH3 iPr), 0.64 (m, 6H; CH3 iPr),
�10.59 ppm (dt, 2J ACHTUNGTRENNUNG(H,P)=46.9 Hz, 2JHP=9.7 Hz, 1H; OsH); 31P{1H}
NMR (CDCl3): d=�8.03 (t, 2J ACHTUNGTRENNUNG(P,P)=15.6 Hz, PPh3), �21.67 ppm (d, 2J-
ACHTUNGTRENNUNG(P,P)=15.6 Hz, PCP); 13C{1H} NMR (CD3OD): d=169.70 (s, C-O),
162.52 (m, Cm PCP), 137.42 (d, 1J ACHTUNGTRENNUNG(C,P)=52.3 Hz, Ci PPh3), 136.64 (d, J-
ACHTUNGTRENNUNG(C,P)=8.4 Hz, PPh3), 132.20 (d, J ACHTUNGTRENNUNG(C,P)=2.3 Hz, PPh3),129.10 (d, J-
ACHTUNGTRENNUNG(C,P)=9.7 Hz, PPh3), 126.34 (t, 2J ACHTUNGTRENNUNG(C,P)=4.7 Hz, Co PCP), 86.42 (dm, 2J-
ACHTUNGTRENNUNG(C,P)=13.9 Hz, C=CH2), 38.91 (br s, C=CH2), 27.29 (vt, vJ ACHTUNGTRENNUNG(C,P)=
12.0 Hz, CH iPr), 23.29 (vt, vJ ACHTUNGTRENNUNG(C,P)=11.0 Hz, CH iPr), 21.66 (s, CH3),
21.61 (s, CH3), 20.38 (s, CH3), 20.09 (vt, vJ ACHTUNGTRENNUNG(C,P)=10.2 Hz, CH2P), 18.84
(s, CH3), 13.43 ppm (s, CH3); elemental analysis calcd (%) for
C42H58Cl5F3OOsP3 (5b.CHCl3): C 48.54, H 5.62; found: C 47.85, H: 5.64.

[Os{1-(OH)-2,6-(CH3)2-3,5-(iPr2PCH2)2C6}(Cl)(H2) ACHTUNGTRENNUNG(PPh3)] (6)

Method A : In a Fischer–Porter bottle, a solution of 2 (36 mg,
0.041 mmol) in toluene (6 mL) was stirred under 3.5 bar of H2 at 110 8C.
31P{1H} NMR analysis of the crude mixture showed a conversion of 6%
after 30 min. The reaction mixture was re-pressurised with hydrogen, and
heating was continued for 16 h. After cooling to room temperature, the
pale yellow solution was evaporated to about 0.5 mL and stored at

�30 8C. A white solid precipitated, which was separated by decantation,
and washed with Et2O. Yield: 27 mg (76%).

Method B : In a Fischer–Porter bottle, [OsCl2 ACHTUNGTRENNUNG(PPh3)3] (266 mg,
0.254 mmol) and 1 (150 mg, 0.378 mmol) in THF (10 mL) were stirred
under 2.5 bar of H2 at 100 8C for 14 h. After cooling to room tempera-
ture, the reaction mixture was filtered over a Celite pad. The filtrate was
evaporated to dryness, and the solid residue was vigorously stirred over
ethanol (5 mL) for 30 min. The white solid was separated from the super-
natant by decantation, washed with ethanol (2U2 mL) and dried under
vacuum. Yield: 163 mg (74%). 1H NMR (C6D6): d 8.10 (m, 6H; PPh3),
7.04 (m, 9H; PPh3), 4.09 (br s, 1H; OH), 3.90 (dvt, 2J ACHTUNGTRENNUNG(H,H)=15.4 Hz, vJ-
ACHTUNGTRENNUNG(H,P)=3.2 Hz, 2H; ArCHHP), 3.01 (dvt, 2J ACHTUNGTRENNUNG(H,H)=15.4 Hz, vJ ACHTUNGTRENNUNG(H,P)=
3.4 Hz, 2H; ArCHHP), 2.22 (s, 6H; Ar-CH3), 2.13 (m, 2H; CH iPr), 1.42
(m, 2H; CH iPr), 1.02 (m, 6H; CH3 iPr), 0.79 (m, 6H; CH3 iPr), 0.73 (m,
6H; CH3 iPr), 0.72 (m, 6H; CH3 iPr), �12.10 ppm (m, 2H; Os(H)2);
31P{1H} NMR (C6D6): d=27.36 (d, 2J ACHTUNGTRENNUNG(P,P)=10.3 Hz, PCP), �7.10 ppm (t,
2J ACHTUNGTRENNUNG(P,P)=10.3 Hz, PPh3);

13C{1H} NMR (C6D6): 149.54 (s, C-OH), 149.24
(dm, 2JPC=62.2 Hz, Ci Ar PCP), 142.93 (t, J ACHTUNGTRENNUNG(C,P)=7.4 Hz, Co Ar PCP),
140.60–115.74 (C Ar), 37.30 (dvt, vJ ACHTUNGTRENNUNG(C,P)=16.8 Hz, 3JPC=6.1 Hz,
ArCH2P), 25.27 (vt, vJ ACHTUNGTRENNUNG(C,P)=13.3 Hz, CH iPr), 24.21 (vt, J ACHTUNGTRENNUNG(C,P)=
10.8 Hz, CH iPr), 20.20 (s, CH3), 19.60 (CH3), 19.01 (CH3), 18.53 ppm
(CH3), 14.96 (CH3); elemental analysis calcd (%) for C40H56ClOOsP3: C
55.13, H 6.48; found: C 55.66, H: 6.52.

[Os{4- ACHTUNGTRENNUNG(CH2)-1-(OH)-2,6-(CH3)2-3,5-(iPr2PCH2)2C6}(Cl)2(H)] (7): In a
Fischer–Porter bottle, [OsCl2 ACHTUNGTRENNUNG(PPh3)3] (50 mg, 0.047 mmol) and 1 (19 mg,
0.048 mmol) were dissolved in THF (5 mL). The solution was pressurized
with 2.5 bar of hydrogen and heated at 80 8C for 16 h. The resulting pale
green turbid solution was filtered on a Celite pad. 31P{1H} NMR spectrum
of an aliquot of the solution showed the presence of 6 and 7 in a 2:1
ratio, respectively, along with free triphenylphosphine. The solution was
evaporated to dryness and the residue was washed with pentane (3U
1mL). The remaining solid was dissolved in a 1:1 toluene:pentane solvent
mixture (5 mL) and cooled overnight at �30 8C, leading to precipitation
of a green material. Washing with toluene (0.5 mL) resulted in formation
of 12 mg of a 1:2 mixture of 6 and 7, respectively. Further separation at-
tempts were not successful. Slow evaporation of a solution of the mixture
in chloroform allowed the formation of a single crystal of 7, suitable for
X-ray diffraction studies. 1H NMR (CDCl3): d=8.66 (s, large, 1H; OH),
6.24 (dt, 3J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 3J ACHTUNGTRENNUNG(H,P)=6.1 Hz, 2H; OsCH2), 3.41 (dvt, 2J-
ACHTUNGTRENNUNG(H,H)=14.9 Hz, vJ ACHTUNGTRENNUNG(H,P)=4.6 Hz, 2H; ArCHHP), 2.85 (m, 2H; CH iPr),
2.64 (dvt, 2J ACHTUNGTRENNUNG(H,H)=14.6 Hz, vJ ACHTUNGTRENNUNG(H,P)=3.6 Hz, 2H; ArCHHP), 2.36 (s,
6H; Ar-CH3), 1.80 (m, 2H; CH iPr), 1.76 (m, 6H; CH3 iPr), 1.33 (m,
6H; CH3 iPr), 1.29 (m, 6H; CH3 iPr), 1.00 (m, 6H; CH3 iPr), �6.06 ppm
(tt, 3J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 2J ACHTUNGTRENNUNG(H,P)=11.5 Hz, H, OsH); 31P{1H} NMR (CDCl3):
d=�29.25 ppm (s, PCP).

X-ray structure determination and refinement of complexes 2, 3, 4, 5b, 6,
and 7: The crystals were coated with mineral oil, mounted in a nylon
loop and flash frozen in a cold nitrogen stream (120 K) on a Nonius Kap-
paCCD diffractometer with MoKa radiation (l=0.71071 P). Accurate
unit cell dimensions were obtained from 208 of data. The data were proc-
essed with the Denzo-Scalepack package.[26] The structures were solved
by direct methods (SHELXS-97[27]) and refined by full-matrix least-
squares (SHELXL-97[27]). Idealized hydrogen atoms were placed and re-
fined in the riding mode, with the exception of H1 in compound 2, and
H1a and H1b of compound 6 which were located in the difference elec-
tron density and refined independently. Crystal data for compounds 2, 3,
4, 5b, 6, and 7 are given in Table 7. CCDC-620587 (2), CCDC-620584
(3), CCDC-620585 (4), CCDC-620583 (5b), CCDC-620586 (6) and
CCDC-620582 (7) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Table 7. Experimental crystallographic data for complexes 2, 3, and 4.

2 3 4 5b 6 7

color yellow-orange orange yellow green colorless green
formula C42H57Cl4OOsP3 C82H106Cl2O2Os2P6 C25H41ClO3OsP2 C44H53Cl11O3OsPP3 C46H62ClOOsP3 C24H41Cl5OOsP2

Mr 1002.79 1760.79 677.17 1302.92 949.52 774.96
crystal system triclinic monoclinic monoclinic triclinic triclinic hexagonal
space group P1̄ P21/c P21/c P1̄ P1̄ R3̄
a [P] 11.368(2) 21.717(4) 14.893(3) 12.471(3) 11.521(2) 40.181(6)
b [P] 13.056(3) 12.054(2) 10.429(2) 13.785(3) 14.490(3) 40.181(6)
c [P] 15.300(3) 29.270(6) 17.768(4) 16.508(3) 14.521(3) 11.566(2)
a [8] 88.39(3) 90 90 102.339(3) 64.86(3) 90
b [8] 78.53(3) 95.72(3) 100.93(3) 94.739(3) 80.42(3) 90
g [8] 72.48(3) 90 90 93.456(3) 82.20(3) 120
1calcd [gcm�3] 1.570 1.534 1.660 1.571 1.461 1.432
Z 2 4 4 2 2 18
m ACHTUNGTRENNUNG(MoKa) [mm�1] 3.403 3.572 4.947 2.972 3.161 4.023
crystal size [mm] 0.2U0.05U0.05 0.1U0.1U0.1 0.4U0.4U0.2 0.1U0.1U0.05 0.05U0.05U0.05 0.2U0.2U0.2
total reflns 20168 83308 22814 9370 17449 34733
unique reflns 6499 12515 9809 7888 7043 5428
R1/wR2 0.0347/0.0761 0.0499/0.1338 0.0371/0.0928 0.0569/0.1330 0.0394/0.0721 0.0595/0.1634
residual density [eP�3] 1.208 2.203 2.116 3.014 0.886 2.938
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