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Formation of Oxaphosphacarbenes by Reaction of [RuTpCl(PPh3)(thp)] with
Terminal Alkynes and a Propargylic Alcohol
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The reaction of [TpRuCl(PPh3)2] [Tp = hydrotris(pyrazolyl)-
borate] with P(CH2OH)3 (thp) afforded [TpRuCl(PPh3)(thp)]
(1). Compound 1 heated at reflux in NCMe yielded the cat-
ionic compound [TpRu(NCMe)(PPh3)(thp)]Cl (2). The reac-
tion of 1 with terminal alkynes R–C�CH [R = Ph, p-C6H4Me,
Si(Me)3, EtC(O)O] and with the propargylic alcohol [Ph2-
(OH)C–C�CH] in methanol gave the new metallacyclic cat-
ionic carbenes [TpRu{κ2-(C,P)=C(CH2R�)OCH2P(CH2OH)2}-
(PPh3)]Cl [R� = Ph (3a), p-C6H4Me (4a), H (5a), MeC(O)O
(6a)] and [TpRu{κ2-(C,P)=C(CH=CPh2)OCH2P(CH2OH)2}-
(PPh3)]Cl (7a), respectively. When methanolic solutions of
compounds 3a–5a were heated at reflux for several hours,
the compounds eliminate formaldehyde to afford the new
carbene complexes [RuTp{κ2-(C,P)=C(R��)OCH2PH(CH2-

Introduction

The interest in vinylidene- and allenylidene-metal com-
plexes has enormously increased in recent decades, mostly
because of their role in many catalytic and stoichiometric
transformations of organic molecules. A recently edited
book by C. Bruneau and P. H. Dixneuf[1] nicely gathers all
aspects of these complexes, with emphasis on their applica-
tions in selective transformations of functional terminal al-
kynes.

A key characteristic of vinylidene- and allenylidene-metal
complexes is the electrophilicity of the α-carbon atom,
which allows the simple production of heteroatom-stabi-
lised carbene complexes by the addition of different nucleo-
philes as phosphanes, amines, alcohols, etc.[2] The use of
bifunctional ligands in the precursor complex (as diamine,
amidoamine, phosphanylamine, etc.) may induce intramo-
lecular attack on the unsaturated carbon chain to afford
new series of metal complexes in which the carbene moiety
is part of a chelate ligand[3] (Scheme 1).

Continuing our studies on {TpRu} moieties,[4] we report
on the reactions of TpRu complexes [Tp = hydrotris(pyr-
azolyl)borate], containing the tris(hydroxymethyl)phosphane
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OH)}(PPh3)]Cl [R�� = CH2Ph (3b), CH2C6H4Me (4b), CH3 (5b),
respectively]. Compound 7a showed a very high tendency to
eliminate formaldehyde. As a result, the carbene [RuTp{κ2-
(C,P)=C(HC=CPh2)OCH2PH(CH2OH)}(PPh3)]Cl (7b) formed
is always present during the synthesis of 7a. When heating
at reflux in methanol was sufficiently prolonged, pure 7b was
obtained. When the reaction of 1 with R–C�CH [R = Ph, p-
C6H4Me, (Me)3Si] and with Ph2(OH)CC�CH was performed
in refluxing toluene, the neutral oxaphosphacarbene com-
plexes [TpRuCl{κ2-(C,P)=C(CH2R)OCH2P(CH2OH)2}] [R = Ph
(8), p-C6H4Me (9), (Me)3Si (10)] and [TpRuCl{κ2-
(C,P)=C(CH=CPh2)OCH2P(CH2OH)2}] (11) were obtained.
Compound 9 was structurally characterised by X-ray diffrac-
tion analysis.

Scheme 1. Intramolecular nucleophilic attack of a bifunctional li-
gand on the α-carbon atom of a vinylidene or allenylidene ligand.

(thp) ligand, with terminal alkynes and 1,1-diphenyl-2-pro-
pyn-1-ol. This yields cyclic oxaphosphacarbenes presum-
ably by intramolecular addition of one of the thp hydroxy
groups to the corresponding intermediate vinylidene or al-
lenylidene complexes.

Results and Discussion

Synthesis of [TpRuCl(PPh3)(thp)] (1) and [TpRu(NCCH3)-
(PPh3)(thp)]Cl (2)

When a thf solution of [TpRuCl(PPh3)2] is heated at re-
flux for 1 h with 1 equiv. P(CH2OH)3 (thp), [TpRuCl-
(PPh3)(thp)] (1) is obtained in high yield (Scheme 2). Com-
plex 1 is a yellow solid, stable under inert atmosphere, and
it was characterised by elemental analysis and NMR spec-
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Scheme 2. Syntheses of 1 and 2.

troscopy. In the 1H NMR spectrum in CD2Cl2, the hydroxy
groups of the thp ligand display a broad singlet at δ =
3.58 ppm, whereas the CH2 resonance appears as a mul-
tiplet (the AB part of an ABX system, X = P) at δ =
4.10 ppm. In the 13C{1H} NMR spectrum, the CH2 reso-
nance is observed as a doublet at δ = 59.9 ppm with a C–P
coupling constant of 23.9 Hz, which indicates the magnetic
equivalence of the three hydroxymethyl groups of the thp
ligand. The 31P{1H} NMR spectrum contains two doublets
at 45.3 (thp) and 37.8 ppm (PPh3) with a P–P coupling con-
stant of 30.9 Hz. It is worth noting that the HRMS(ESI)
spectrum shows a peak at 701 amu, in agreement with the
loss of the chlorido ligand, which is probably assisted by the
conditions of the ionisation chamber of the spectrometer
(samples dissolved in polar solvents).

In accordance with this behaviour (and supporting the
labilisation of the chlorido ligand in 1 after its dissolution
in polar solvents), it has been observed that when 1 is
heated at reflux for 30 min. in CH3CN, [TpRu-
(NCCH3)(PPh3)(thp)]Cl (2) is obtained in a 92% yield by
the replacement of the chlorido ligand by the CH3CN
group (Scheme 2). Compound 2 is a yellow solid, stable in
air, and it was also characterised by the usual techniques.
The signal for the hydroxy groups of the thp ligand is not
observed in its 1H NMR spectrum in CD2Cl2, and the
methyl group of the CH3CN ligand appears as a singlet at
δ = 2.10 ppm. Analogous to the observation in the spec-
trum of compound 1, the CH2 resonance appears as a mul-
tiplet at δ = 3.95 ppm, which indicates the magnetic equiva-
lence of the three hydroxymethyl groups of the thp ligand.
In the 13C{1H} NMR spectrum in CDCl3, the CH3 reso-
nance of the CH3CN ligand appears as a singlet at 4.6 ppm
and the CH2 resonance is observed as a doublet at δ =
56.9 ppm with a C–P coupling constant of 26.0 Hz. The

Scheme 3. Syntheses of 3a–6a.
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31P{1H} NMR spectrum contains two doublets at 43.2
(thp) and 26.6 ppm (PPh3) with a P–P coupling constant of
29.1 Hz.

Reactions of 1 with Terminal Alkynes in MeOH

The easy substitution of the chlorido ligand of 1, when
dissolved in polar solvents, prompted us to explore the reac-
tions of 1 with terminal alkynes and 1,1-diphenyl-2-propyn-
1-ol in methanol with the aim of obtaining new vinylidene
and allenylidene complexes, respectively.

Instead, the reaction of a suspension of 1 in methanol
with an excess of the terminal alkynes R–C�CH [R = Ph,
p-C6H4Me, Si(Me)3, EtC(O)O] gave the new metallacyclic
cationic carbenes [TpRu{κ2-(C,P)=C(CH2R�)OCH2P-
(CH2OH)2}(PPh3)]Cl [R� = Ph (3a), p-C6H4Me (4a), H
(5a), and MeC(O)O (6a)] in high yields (Scheme 3).

In the case of 5a, the reaction is accompanied by a desi-
lylation process. On the other hand, the synthesis of 6a indi-
cates a transesterification process with the solvent (MeOH).

As far as we know, five-membered oxaphosphacarbene
complexes have not been described in the literature before.
Despite the fact that no vinylidene intermediates could be
observed, such species are most likely to be key intermedi-
ates during the process of transformation into oxaphos-
phacyclic carbene complexes.[3,5] The reaction probably pro-
ceeds by nucleophilic addition of one of the thp hydroxy
groups to the α-carbon atom of the cationic intermediates,
as sketched in Scheme 3. A cyclation reaction is probably
favoured by the proximity of the nucleophilic OH group to
the vinylidene moiety and the chelate effect of the linked
thp ligand. It should be noted that deprotonation of the
thp ligand to give metal alkoxide complexes have already
been reported.[6]



Ruthenium Oxaphosphacarbenes

The compounds are yellow solids, stable if stored under
inert atmosphere (a sample exposed to air for 5–6 d displays
new signals of unidentified products in its 31P{1H} NMR
spectrum in CD2Cl2), and they have been characterised by
microanalysis and IR and NMR spectroscopy. The 31P{1H}
NMR spectra in CD2Cl2 show two pairs of doublets corre-
sponding to the two different phosphorus atoms present in
the molecule in all cases. A careful examination of the 1H,
13C{1H}, 1H,1H-COSY and 1H,13C-HSQC NMR spectra
in CD2Cl2 allows us to assign all signals, which are in agree-
ment with the proposed structures. The 1H NMR spectra
of 3a–6a confirm the presence of the Tp ligand, as the char-
acteristic signals of the pyrazolyl protons in the range δ =
5.99–8.41 ppm are present. Similarly, the 13C{1H} NMR
spectra indicates the presence of PPh3 and Tp ligands (sig-
nals in the range 106.3–149.7 ppm). In addition, resonances
corresponding to four different methylenic groups can be
observed for 3a, 4a and 6a: three doublets for each com-
pound between 50.5 and 70.6 ppm with coupling constants
between 22 and 41 Hz, which correspond to the three dif-
ferent PCH2 groups, and a singlet for each compound be-
tween δ = 59.3 and 59.8 ppm for the CH2R group. In the
case of 5a, a singlet at δ = 40.9 ppm corresponds to the
resonance of the CH3 group. The three doublets corre-
sponding to the three different methylenic PCH2 groups ap-
pear at δ = 51.4, 34.9 and 69.8 ppm with coupling constants
between 23 and 40 Hz. In the 1H NMR spectra of the com-
plexes, most of the resonances of each proton from each
CH2P group appear far apart and constitute the AM part
of an AMX (X = P) spin system (with 2JHP values spanning
from close to zero to 10.6 Hz) (See Experimental Section).
This behaviour is illustrated in Figure 1, which shows the
methylenic region of the 1H,13C-HSQC spectrum of 4a and
the molecule with the methylenic groups highlighted. Dou-
blets at 52.0 (1JCP = 38.6 Hz), 54.8 (1JCP = 24.5 Hz) and
70.4 ppm (1JCP = 23.2 Hz) in the vertical axis correspond
to the methylenic carbon atoms directly bonded to the
phosphorus atom, and the singlet at δ = 59.3 ppm corre-
sponds to the methylenic carbon atoms bonded to the R�
(p-tolyl) group. The quartet at about 3.4 ppm corresponds
to ethyl ether, which is used for the isolation of the product.

The formation of a carbene ligand in 3a–6a is indicated
by a downfield doublet of doublets in the 13C{1H} NMR
spectra[7] [3a: 327.1 ppm (2JC,P = 11.7, 7.8 Hz), 4a:
327.6 ppm (2JC,P = 11.6, 7.7 Hz), 5a: 331.9 ppm (2JC,P =
12.9, 7.6 Hz) and 6a: 319.4 ppm (2JC,P = 12.9, 7.7 Hz)].

As already mentioned, in the case of 5a, the reaction is
accompanied by a desilylation process. In the 1H NMR
spectrum, the methyl group directly bonded to the carbenic
carbon atom displays a singlet resonance at δ = 1.98 ppm.
There are precedents for the cleavage of the Si–C bond in
related processes,[8] which supports the participation of a
vinylidene species as the key intermediate.[9] Compounds
3a–6a are not very stable in methanolic solution, slowly de-
composing when they are left aside for several days at room
temperature. In the mixture of different products that were
obtained for 3–5, we were only able to identify the product
that appears in greater proportion (3b–5b). Therefore, when
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Figure 1. 1H,13C-HSQC spectrum of 4a (methylenic region).

methanol solutions of these compounds were heated at re-
flux for several hours (see Experimental Section for details)
and monitored by 31P{1H} NMR spectroscopy, a progress-
ive substitution of the initial pair of doublets by a new pair
was observed [3b: 43.0 (PPh3), 71.3 ppm (cyclic P) (2JP,P =
32.0 Hz); 4b: 43.2 (PPh3), 71.6 ppm (cyclic P) (2JP,P =
32.0 Hz); 5b: 43.4 (PPh3), 71.5 ppm (cyclic P) (2JP,P =
32.4 Hz)].

Unfortunately, when this conversion approaches 60–
80%, new signals for the unidentified products begin to
emerge, thus preventing us from obtaining the new product
as a pure substance. Further attempts to separate both
products by means of crystallisation and column
chromatography on silica, as well as on neutral or basic
Al2O3 failed. Nevertheless, a careful perusal of the 1H,
13C{1H}, 1H,1H-COSY and HSQC NMR experiments of
the final mixture allowed us to characterise the new com-
pounds. Thus, compounds [RuTp{κ2-(C,P)=C(R��)
OCH2PH(CH2OH)}(PPh3)]Cl [R�� = CH2Ph (3b),
CH2C6H4Me (4b), CH3 (5b)] were obtained from 3a–5a,
respectively, by elimination of formaldehyde from one of
the two hydroxymethyl groups bonded to the phosphorus
atom (Scheme 4). Elimination of a formaldehyde unit from
coordinated hydroxymethyl ligands has already been re-
ported.[10] This reaction is, in fact, the reverse of the synthe-
sis of thp from PH3 and formaldehyde.[11]

The corresponding compound obtained by elimination
of formaldehyde from 6a could not be identified, although
it is probably present in the complex mixture of unidentified
products obtained on heating at reflux for a sufficiently pro-
longed period.

Besides the expected resonances corresponding to the
Tp, PPh3 and R�� groups, the 1H and 13C{1H} NMR spec-
tra of 3b–5b display other resonances, in agreement with
the proposed structures. Therefore, in the 1H NMR spectra,
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Scheme 4. Syntheses of 3b–5b.

a doublet centred at δ = 4.87 ppm for 3b, at δ = 4.85 ppm
for 4b and at δ = 4.87 ppm for 5b, with coupling constants
1JH,P of 389.9, 391.3 and 386.0 Hz, respectively, account for
the proton directly bonded to the phosphorus atom. The
signals for the protons of the two remaining PCH2 groups
appear in the region 3.51–6.23 ppm. In the 13C{1H} NMR
spectra of the compounds, the characteristic low field reso-
nance of the carbenic carbon atom[7] appears as a multiplet
at 326.9, 327.3 and 331.7 for 3b–5b, respectively.

Reaction of 1 with 1,1-Diphenyl-2-propyn-1-ol in MeOH

When the reaction of a suspension of 1 in methanol was
carried out with 1,1-diphenyl-2-propyn-1-ol at room tem-
perature for 24 h, a mixture of the cyclic vinyl carbenes
[TpRu{κ2-(C,P)=C(CH=CPh2)OCH2P(CH2OH)2}(PPh3)]-
Cl (7a) and [TpRu{κ2-(C,P)=C(CH=CPh2)OCH2PH(CH2-
OH)}(PPh3)]Cl (7b) was obtained (Scheme 5).

Similarly as mentioned in the previous paragraph, the
reaction probably proceeds by nucleophilic addition of one
of the thp hydroxy groups to the α-carbon atom of the cat-
ionic allenylidene intermediate to give 7a. Other nucleo-

Scheme 5. Syntheses of 7a and 7b.
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philic additions as a result of the presence in the reaction
media of MeOH (solvent) or H2O (eliminated in Selegue’s
reaction to give the allenylidene group[12]) were not ob-
served.[13] Compound 7a easily eliminates a formaldehyde
unit from one of the two hydroxymethyl groups bonded to
the phosphorus atom to yield 7b. When the reaction mix-
ture was heated at reflux for 6 h, the conversion of 7a to 7b
is total, which allows us to completely characterise both
compounds by means of an in-depth NMR study of both
the final product and the reaction mixture.

The 31P{1H} NMR spectrum of the mixture in CD2Cl2
displays two sets of two doublets each at δ = 38.4 (2JP,P =
31.6 Hz) and 69.9 (2JP,P = 31.6 Hz) ppm, which can be as-
signed to 7a, and at δ = 43.3 (2JP,P = 33.2 Hz) and 71.0
(2JP,P = 33.2 Hz) ppm, assigned to 7b.

The presence of the Tp ligand in 7a is confirmed by the
characteristic signals of the pyrazolyl protons in the 1H
NMR spectrum in the range δ = 6.09–8.29 ppm. Similarly,
the 13C{1H} NMR spectrum indicates the presence of PPh3

and Tp ligands (signals in the range δ = 106.4–149.4 ppm).
The signal corresponding to the vinyl α-carbon atom
(HC=CPh2) for 7a could not be detected as it is probably
masked by the signals of the Ph groups at about 130 ppm.
The PCH2 methylenic groups are observed at δ = 50.6, 54.7
and 68.6 ppm with coupling constants between 39 and
25 Hz. The formation of a carbene ligand in 7a is indicated
by a downfield doublet of doublets at δ = 307.8 ppm (2JC,P

= 13.0, 9.1 Hz) in the 13C{1H} NMR spectrum.[7]

On the other hand, 7b is a red solid, stable if stored un-
der inert atmosphere. Besides the expected resonances cor-
responding to the Tp, PPh3 and the vinyl groups, 7b shows
other resonances, in accordance with the proposed struc-
ture. Thus, the 1H NMR spectrum displays a doublet at
δ = 5.08 ppm, with a coupling constant 1JH,P = 387.3 Hz,
assignable to the proton directly bonded to the phosphorus
atom. In the 13C{1H} NMR spectrum, a low field multiplet
at δ = 307.4 ppm accounts for the carbenic carbon atom.[7]



Ruthenium Oxaphosphacarbenes

Reaction of 1 with Terminal Alkynes and 1,1-Diphenyl-2-
propyn-1-ol in Toluene

With the aim of comparing the reactivity of complex 1
with that of the same compounds described in the previous
paragraph but in a nonpolar media, we have used toluene
as the reaction medium. Thus, the reaction of 1 with
HC�CR [R = Ph, p-C6H4Me, (Me)3Si] in refluxing toluene
for 1–4 h results in the formation of the neutral oxaphos-
phacarbene complexes [TpRuCl{κ2-(C,P)=C(CH2R)OCH2-
P(CH2OH)2}] [R = Ph (8), p-C6H4Me (9), (Me)3Si (10)] in
high yields (Scheme 6).[14] Substitution of the PPh3 ligand
is confirmed by the presence of a singlet at δ = –5.30 ppm
in the 31P{1H} NMR spectra of the reaction mixture and
also by the 31P{1H} NMR spectra of the complexes in
CD2Cl2, all of which present only one singlet at 81.5 (8),
81.6 (9) and 85.5 ppm (10) attributable to the cyclic oxapho-
sphacarbene ligand. Complexes 8–10 are yellow solids,
stable under argon atmosphere, which slowly decompose in
solution (alcoholic, chlorinated and toluene solvents). A
careful inspection of the 1H, 13C{1H}, 1H,1H-COSY and
1H,13C-HSQC NMR spectra in CD2Cl2 confirms the pres-
ence of the five-membered oxaphosphacarbene cyclic li-
gand. In the 1H NMR spectra of the complexes 8–10, each
PCH2 group displays a distinct multiplet resonance corre-
sponding to the AB part of an ABX (X = P) spin system,
as the simulation[15] performed for 8 demonstrates (see Ex-
perimental Section). The fourth methylenic group, the one
directly bonded to the carbenic carbon atom, displays a sin-
glet resonance at δ = 4.33 ppm for 8 and multiplets at δ =
4.28 and 3.14 ppm for 9 and 10, respectively.

In the 13C{1H} NMR spectra in CD2Cl2, 8–10 show
three doublets each between δ = 57.4 and 68.9 ppm with
coupling constants between 22 and 32 Hz, which corre-
spond to the three different CH2P groups. In contrast, the
fourth CH2R group appears as a singlet at δ = 58.5 ppm

Scheme 6. Syntheses of 8–11.
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for 8, at δ = 58.2 ppm for 9 and at δ = 49.9 ppm for 10. The
carbenic carbon atom[7] appears as a doublet at low field at
δ = 323.3 ppm (2JC,P = 10.3 Hz) for 8, at 323.7 ppm (2JC,P

= 11.6 Hz) for 9 and at δ = 327.6 ppm (2JC,P = 10.4 Hz) for
10.

In the case of complex 9, we were able to obtain X-ray
quality crystals. A structural view of 9 is shown in Figure 2
with selected bond lengths and angles given in Table 1. As
expected from the spectroscopic studies, the crystallo-
graphic analysis reveals that one of the hydroxymethyl
groups of the thp ligand is implicated in the formation of a
five-membered oxaphosphacyclic carbene ligand, presum-
ably by intramolecular nucleophilic addition to the α-car-
bon atom of an intermediate vinylidene ligand. The com-
pound consists of a ruthenium(II) atom coordinated by a
κ3-N,N�,N�� tris(pyrazolyl)borate ligand, one chlorido li-
gand, together with a phosphorus and a carbon atom from
a five-membered oxaphosphacyclic bidentate carbene li-
gand.

The environment around the ruthenium metal centre cor-
responds to a slightly distorted octahedron, and the bite
angle of the Tp ligand produces N–Ru–N angles of 83.4(6),
84.2(6) and 86.6(5)°, only slightly distorted from 90°. The
three Ru–N(Tp) bond lengths span from 2.052(14) Å (trans
to the chlorido ligand) to 2.204(12) Å (trans to the carbene
carbon atom, which reflects its strong trans influence) and
are similar to those found in other TpRu carbene com-
plexes.[16] The Ru–P bond length 2.226(4) Å is shorter than
that found in other ruthenium complexes with the thp li-
gand,[10c] and the Ru–C bond length 1.92(2) Å is similar to
those found in other TpRuClP carbene complexes.[17]

The supramolecular structure contains one H bond be-
tween one of the hydroxy groups of the ligand and the chlo-
rine atom of a neighbouring molecule, which results in a
zig-zag chain along the b axis. This is in contrast with the
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Figure 2. Structural view of [RuTpCl{κ2-(C,P)=C(CH2C6H4CH3)-
OCH2P(CH2OH)2}] (9), showing 30% thermal ellipsoids.

Table 1. Selected bond lengths [Å] and angles [°] for 9.[a]

Bonds

Ru–N11 2.152(14) Ru–N21 2.204(12)
Ru–N31 2.052(14) Ru–C1 1.918(19)
Ru–P 2.226(4) Ru–Cl 2.406(4)

Angles

N31–Ru–N11 86.6(5) N11–Ru–N21 83.4(6)
N31–Ru–N21 84.2(6) C1–Ru–N21 177.1(7)
C1–Ru–N31 93.0(6) C1–Ru–N11 95.5(6)
C1–Ru–P 83.9(5) N31–Ru–P 96.0(4)
N11–Ru–P 177.3(4) N21–Ru–P 97.3(4)
C1–Ru–Cl 93.1(5) N31–Ru–Cl 172.6(5)
N11–Ru–Cl 88.6(4) N21–Ru–Cl 89.6(4)
P–Ru–Cl 88.75(17)

[a] Symmetry transformations used to generate equivalent atoms:
(i) –x, y + 0.5, 1 –z.

general observation for complexes bearing the thp ligand,
which usually present an extensive H-bond network.[10c,18]

The second hydroxy group is implicated in an intramolecu-
lar H-bond between both hydroxy groups (Figure 3).
Furthermore, the p-tolyl group is situated in such a way
that it allows a π–π stacking interaction[19] between the
phenyl ring and one of the pyrazolic rings (containing N31
and N32 atoms) of the Tp ligand, with a distance between
the centroids of 3.770(1) Å and dihedral angles between the
best planes of 15.1(8)°.

As can be seen in Scheme 6, the reaction of 1 with the
propargylic alcohol Ph2(OH)CC�CH under the same con-
ditions gives the α,β-unsaturated oxaphosphacarbene
[TpRuCl{κ2-(C,P)=C(CH=CPh2)OCH2P(CH2OH)2}] (11)
as a red solid. This reaction probably occurs through a neu-
tral allenylidene intermediate formed by Selegue’s reac-
tion[12] with concomitant water elimination. The α-carbon
atom of this intermediate is susceptible to nucleophilic at-
tack by one of the hydroxy groups of thp, and hence the
cyclic carbene 11 is produced. Although the allenylidene in-
termediate was not observed, a small singlet appearing at δ
= 84.1 ppm in the 31P{1H} NMR spectrum when the reac-
tion is performed in the absence of any drying agent (molec-
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Figure 3. Hydrogen-bond network of complex 9.

ular sieves, etc) can be considered as evidence for this hy-
pothesis. Such a small singlet may be attributable to the
carbonyl compound [RuTpCl(CO)(thp)],[20] presumably
produced by reaction of the allenylidene with water released
from Selegue’s reaction. Similar addition reactions of water
have already been described for other cationic[21] and neu-
tral[22] ruthenium(II) allenylidene complexes.

Compound 11 was characterised by NMR spectroscopy.
Analogously to the spectra of 8–10, the 13C{1H} NMR
spectrum of 11 displays three different doublets at δ = 57.7,
58.1 and 67.5 ppm (1JC,P = 23–31 Hz), which can be attrib-
uted to the three CH2P groups. The vinyl α- and β-carbon
atoms display singlets at δ = 136.9 and 106.6 ppm, and the
signal for the carbenic carbon atom appears as a doublet at
lower field (δ =310.9 ppm, 2JC,P = 12.9 Hz).

Conclusions

Compound [TpRuCl(PPh3)(thp)] (1), obtained through
substitution of one PPh3 ligand by thp in [TpRuCl-
(PPh3)2], reacted with terminal alkynes and with 1,1-di-
phenyl-2-propyn-1-ol to yield five-membered cyclic oxapho-
sphacarbenes. The type of compounds obtained depends on
the polarity of the solvent employed in the reaction. When
methanol was used, the chlorido ligand was labilised, and
cationic carbenes were obtained. When the less polar tolu-
ene was employed, the triphenylphosphane ligand was dis-
placed to afford neutral carbenes. In the case of compounds
[TpRu{κ2-(C,P)=C(CH2R�)OCH2P(CH2OH)2}(PPh3)]Cl
[R� = Ph (3a), p-C6H4Me (4a), H (5a), MeC(O)O (6a)] and
[TpRuCl{κ2-(C,P)=C(CH2R)OCH2P(CH2OH)2}] [R = Ph
(8), p-C6H4Me (9), (Me)3Si (10)], which were obtained by
reaction of 1 with terminal alkynes, the mechanism proba-
bly includes a vinylidene intermediate that undergoes intra-
molecular nucleophilic addition to the α-carbon atom by
one of the hydroxymethyl groups of the thp ligand. A sim-
ilar mechanism could be proposed for the synthesis of com-
pounds [TpRu{κ2-(C,P)=C(CH=CPh2)OCH2P(CH2OH)2}-
(PPh3)]Cl (7a) and [TpRuCl{κ2-(C,P)=C(CH=CPh2)-
OCH2P(CH2OH)2}] (11), which were obtained by means of
reaction of 1 with Ph2(OH)CC�CH, but, in these cases, an
allenylidene intermediate must be responsible for the pro-
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cess. Compounds 3a–5a and 7a undergo elimination of
formaldehyde from one of the hydroxymethyl groups to
yield the new cyclic oxaphosphacarbenes [TpRu{κ2-
(C,P)=C(R��)OCH2PH(CH2OH)}(PPh3)]Cl [R�� = CH2Ph
(3b), CH2C6H4Me (4b), CH3 (5b)] and [TpRu{κ2-
(C,P)=C(CH=CPh2)OCH2PH(CH2OH)}(PPh3)]Cl (7b).

Experimental Section
General Methods: All synthetic operations were performed under a
dry argon atmosphere by following conventional Schlenk tech-
niques. Solvents were purified through distillation from the appro-
priate drying agents[23] and degassed before use. The ligands thp[24]

and KTp[25] and the complex [TpRuCl(PPh3)2][26] were prepared
according to published methods. Other reagents were purchased
from commercial sources in the highest purity available and used
as received. IR spectra were recorded in KBr pellets on a Jasco FT/
IR-6100 spectrophotometer. Mass spectrometry was performed on
a microTOF(focus) mass spectrometer (Bruker Daltonics, Bremen,
Germany). Ions were generated by using an Apollo (ESI) source.
Ionization was achieved by electrospray, with a voltage of 4500 V
applied to the needle and a counter voltage between 100 and 150 V
applied to the capillary. Data acquisition was performed with the
microTOF Control software, version 2.1, and data processing was
carried out with the Data Analysis software, version 3.4, both from
Bruker Daltonics. NMR spectra were taken on a Bruker AMX
400 instrument. Chemical shifts are given in parts per million with
reference to SiMe4 [1H and 13C(1H)] or 85% H3PO4 [31P(1H)]. The
1H and 13C{1H} NMR signal assignments were confirmed by 1H-
COSY and HSQC(1H-13C) experiments. Elemental analyses were
performed on a Fisons EA-1108 apparatus.

Synthesis of [TpRuCl(PPh3)(thp)] (1): The ligand thp (71.0 mg,
0.57 mmol) was added to a yellow solution of [TpRuCl(PPh3)2]
(500 mg, 0.57 mmol) in thf (40 mL). The mixture was stirred and
heated at reflux for 1 h. The resultant yellow solution was filtered
through Celite to remove the decomposition products. The yellow
filtrate was reduced under vacuum to about 3 mL, and a yellow
solid precipitated upon addition of a mixture of hexane (5 mL) and
diethyl ether (1 mL). This precipitate was vacuum filtered, washed
with hexane and diethyl ether and dried in vacuo. Yield: 364.4 mg
(86.9%). C30H34BClN6O3P2Ru (735.92 g/mol): calcd. C 48.91, H
4.66, N 11.41; found C 48.96, H 4.17, N 11.67. MS: 701 [M+ –
Cl]. IR (KBr pellet): νBH(Tp) = 2478 (m) cm–1. 1H NMR (CD2Cl2,
400 MHz): δ = 3.58 (br. s, 3 H, OH), 3.95–4.28 (m, 6 H, CH2P),
5.66 [t, 3JH,H = 2.3 Hz, 1 H, HB(C3H3N2)3], 5.81 [br. td, 3JH,H =
2.3, 5JH,P = 0.7 Hz, 1 H, HB(C3H3N2)3], 6.19 [br. td, 3JH,H = 2.1,
5JH,P = 0.9 Hz, 1 H, HB(C3H3N2)3], 6.26 [d, 3JH,H = 1.9 Hz, 1 H,
HB(C3H3N2)3], 6.63 [d, 3JH,H = 2.0 Hz, 1 H, HB(C3H3N2)3], 7.21–
7.28 (m, 6 H, Ph), 7.29–7.33 (m, 3 H, Ph), 7.47–7.53 (m, 6 H, Ph),
7.61 [br. d, 3JH,H = 2.2 Hz, 1 H, HB(C3H3N2)3], 7.64 [br. d, 3JH,H

= 2.3 Hz, 1 H, HB(C3H3N2)3], 7.68 [br. d 3JH,H = 2.3 Hz, 1 H,
HB(C3H3N2)3], 8.32 [br. d, 3JH,H = 2.0 Hz, 1 H, HB(C3H3N2)3]
ppm. 13C{1H} NMR (CD2Cl2, 100 MHz): δ = 59.9 (d, 1JC,P =
23.9 Hz, PCH2), 105.2 [br. d, 4JC,P = 2.6 Hz, HB(C3H3N2)3], 105.8
[d, 4JC,P = 2.4 Hz, HB(C3H3N2)3], 106.3 [s, HB(C3H3N2)3], 128.1
(d, 2JC,P = 8.7 Hz, Cmeta PPh3), 129.5 (d, 4JC,P = 2.6 Hz, Cpara

PPh3), 134.4 (d, 3JC,P = 9.1 Hz, Cortho PPh3), 135.2 (d, 1JC,P =
43.2 Hz, Cipso PPh3), 135.7 [s, HB(C3H3N2)3], 136.1 [s,
HB(C3H3N2)3], 136.3 [s, HB(C3H3N2)3], 144.4 [br. s, HB-
(C3H3N2)3], 145.0 [s, HB(C3H3N2)3], 148.1 [s, HB(C3H3N2)3] ppm.
31P{1H} NMR (CD2Cl2, 161 MHz): δ = 45.3 (d, 2JP,P = 30.9 Hz,
Pthp), 37.8 (d, 2JP,P = 30.9 Hz, PPh3) ppm.
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Synthesis of [TpRu(NCCH3)(PPh3)(thp)]Cl (2): A yellow suspen-
sion of 1 (200 mg, 0.27 mmol) in acetonitrile (15 mL) was heated
at reflux for 30 min. The resultant yellow solution was filtered
through Celite to remove the decomposition products. The yellow
filtrate was concentrated under vacuum, and the residue obtained
was treated with diethyl ether (5 mL). The yellow precipitate ob-
tained was washed with hexane and diethyl ether and dried in
vacuo. Yield: 192.5 mg (91.8%). C32H37BClN7O3P2Ru (776.97 g/
mol): calcd. C 49.47, H 4.80, N 12.62; found C 49.12, H 5.02, N
12.95. MS: 742 [M+], 712 [M+ – CH2O]. IR (KBr pellet): νBH(Tp)

= 2530 (w), νCN = 2279 (w) cm–1. 1H NMR (CD2Cl2, 400 MHz):
δ = 2.10 (s, 3 H, CH3), 3.89–4.01 (m, 6 H, CH2P), 5.97 [br. t, 3JH,H

= 2.1 Hz, 1 H, HB(C3H3N2)3], 6.22 [br. t, 3JH,H = 2.3 Hz, 1 H,
HB(C3H3N2)3], 6.28 [br. t, 3JH,H = 2.2 Hz, 1 H, HB(C3H3N2)3],
6.78 [br. d, 3JH,H = 1.7 Hz, 1 H, HB(C3H3N2)3], 7.15–7.24 (m, 6
H, Ph), 7.27–7.34 (m, 6 H, Ph), 7.36–7.43 (m, 3 H, Ph), 7.57 [br.
d, 3JH,H = 1.76 Hz, 1 H, HB(C3H3N2)3], 7.74 [br. d, 3JH,H =
2.20 Hz, 1 H, HB(C3H3N2)3], 7.81 [br. d, 3JH,H = 2.4 Hz, 1 H,
HB(C3H3N2)3], 7.95 [d, 3JH,H = 2.4 Hz, 1 H, HB(C3H3N2)3], 8.13
[br., 1 H, HB(C3H3N2)3] ppm. 13C{1H} NMR (CDCl3, 100 MHz):
δ = 4.6 (s, CH3), 56.9 (d, 1JC,P = 26.0 Hz, PCH2), 106.6 [br. d, 4JC,P

= 2.6 Hz, HB(C3H3N2)3], 106.7 [br. d, 4JC,P = 2.6 Hz, HB-
(C3H3N2)3], 107.0 [br. s, HB(C3H3N2)3], 124.6 (s, N�C), 128.5 (d,
2JC,P = 9.1 Hz, Cmeta PPh3), 130.2 (s, Cpara PPh3), 134.5 (d, 3JC,P

= 10.4 Hz, Cortho PPh3), 134.9 (d, 1JC,P = 40.6 Hz, Cipso PPh3),
136.3 [br. s, HB(C3H3N2)3], 136.5 [s, HB(C3H3N2)3], 138.0 [s,
HB(C3H3N2)3], 143.1 [s, HB(C3H3N2)3], 144.7 [s, HB(C3H3N2)3],
148.4 [s, HB(C3H3N2)3] ppm. 31P{1H} NMR (CD2Cl2, 161 MHz):
δ = 43.2 (d, 2JP,P = 29.1 Hz, Pthp), 26.6 (d, 2JP,P = 29.1 Hz, PPh3)
ppm.

Synthesis of [TpRu{κ2-(C,P)=C(CH2Ph)OCH2P(CH2OH)2}-
(PPh3)]Cl (3a): A yellow suspension of complex 1 (100 mg,
0.14 mmol) and phenylacetylene (30.5 µL, 0.27 mmol) in methanol
(15 mL) was heated at 60 °C for 2 h to give a yellow solution. The
resulting solution was filtered through Celite to remove the decom-
position products. The solvent was vacuum removed, and the resi-
due obtained was treated with hexane to yield a yellow solid. This
solid was washed with a mixture of hexane/diethyl ether (5:1 v/v,
3�10 mL) and dried in vacuo. Yield: 85.3 mg (74.8%).
C38H40BClN6O3P2Ru (838.05 g/mol): calcd. C 54.46, H 4.81, N
10.03; found C 54.51, H 4.87, N 10.11. IR (KBr pellet): νBH(Tp) =
2483 (w) cm–1. 1H NMR (CD2Cl2, 400 MHz): δ = 2.63 (collapsed
dd, 2JH,H = 11.9 Hz, 1 H, CH2P), 3.02 (d, 2JH,H = 16.7 Hz, 1 H,
CH2Ph), 3.63–3.83 (m, 2 H, CH2P), 3.86 (dd, 2JH,H = 13.1, 2JH,P

= 6.6 Hz, 1 H, CH2P), 4.13 (d, 2JH,H = 16.7 Hz, 1 H, CH2Ph), 4.59
(d, 2JH,H = 14.9 Hz, 1 H, CH2P), 5.44 (dd, 2JH,H = 14.8, 2JH,P =
6.3 Hz, 1 H, CH2P), 5.99 [br. t, 3JH,H = 2.2 Hz, 1 H, HB-
(C3H3N2)3], 6.13 [br. t, 3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)3], 6.31
[br. t, 3JH,H = 2.2 Hz, 1 H, HB(C3H3N2)3], 6.49–6.54 (m, 2 H, Ph),
6.72 [br. d, 3JH,H = 1.8 Hz, 1 H, HB(C3H3N2)3], 6.93–7.05 (m, 6
H, Ph), 7.06–7.14 (m, 3 H, Ph), 7.28–7.38 (m, 6 H, Ph), 7.39–7.47
(m, 3 H, Ph), 7.31 [br. s, 1 H, HB(C3H3N2)3], 7.66 [br. d, 3JH,H =
1.7 Hz, HB(C3H3N2)3], 7.99 [br. t, 3JH,H = 2.4 Hz, 2 H,
HB(C3H3N2)3], 8.38 [d, 3JH,H = 2.0 Hz, 1 H, HB(C3H3N2)3] ppm.
13C{1H} NMR (CD2Cl2, 100 MHz): δ = 51.9 (d, 1JC,P = 39.0 Hz,
PCH2), 54.7 (d, 1JC,P = 24.7 Hz, PCH2), 59.6 (s, CH2), 70.4 (d,
1JC,P = 22.1 Hz, PCH2), 106.3 [br. s, HB(C3H3N2)3], 106.8 [br. s,
HB(C3H3N2)3], 107.4 [br. s, HB(C3H3N2)3], 126.9 (s, C Ph), 128.5
(s, C Ph), 129.0 (d, 2JC,P = 10.4 Hz, C Ph), 129.7 (s, C Ph), 130.9
(s, C Ph), 134.0 (d, 3JC,P = 9.1 Hz, C Ph), 134.0 (d, 1JC,P = 32.5 Hz,
C Ph), 134.4 (d, 1JC,P = 42.9 Hz, C Ph), 136.8 [s, HB(C3H3N2)3],
137.2 [s, HB(C3H3N2)3], 137.3 [s, HB(C3H3N2)3], 144.1 [s,
HB(C3H3N2)3], 145.0 [s, HB(C3H3N2)3], 149.3 [s, HB(C3H3N2)3],
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327.1 (dd, 2JC,P = 11.7, 2JC,P = 7.80 Hz, Ru=C) ppm. 31P{1H}
NMR (CD2Cl2, 161 MHz): δ = 36.3 (d, 2JP,P = 31.2 Hz, PPh3), 69.8
(d, 2JP,P = 31.2 Hz, Pthp) ppm.

Synthesis of [TpRu{κ2-(C,P)=C(CH2Ph)OCH2PH(CH2OH)}-
(PPh3)]Cl (3b): Complex 3a (50 mg) was heated at reflux in meth-
anol (15 mL) for 3 h to give a yellow solution. This solution was
filtered through Celite to remove the decomposition products. The
solvent was vacuum removed, and the oily yellowish-green residue
obtained was treated with a mixture of diethyl ether/hexane to yield
a yellowish-green solid. This solid was washed with a mixture of
hexane/diethyl ether (5:1 v/v, 3�10 mL) and dried in vacuo. Yield:
24.10 mg. A mixture of 3a/3b (1:4 molar ratio, estimated by
31P{1H} NMR) was obtained. C37H38BO2N6P2ClRu (808.03 g/
mol). 1H NMR (CD2Cl2, 400 MHz): δ = 3.51–3.63 (m, 1 H, CH2P),
3.98–4.07 (m, 1 H, CH2P), 3.94–4.19 (m, 2 H, CH2Ph), 4.45 (br. d,
2JH,H = 15.0 Hz, 1 H, CH2P), 4.87 (d, 1JH,P = 389.9 Hz, 1 H, PH),
6.00 [br. s, 1 H, HB(C3H3N2)3], 6.10 [br. s, 1 H, HB(C3H3N2)3],
6.11 (br., 1 H, CH2P), 6.17 [br. s, 1 H, HB(C3H3N2)3], 6.78 [br.
s, 1 H, HB(C3H3N2)3], 6.79–6.90 (m, 5 H, Ph), 6.97 [br. s, 1 H,
HB(C3H3N2)3], 7.15–7.50 (m, 15 H, Ph), 7.57 [br. s, 1 H,
HB(C3H3N2)3], 7.64 [br. s, 1 H, HB(C3H3N2)3], 7.89 [br. s, 1 H,
HB(C3H3N2)3], 8.02 [br. s, 1 H HB(C3H3N2)3] ppm. 13C{1H} NMR
(CD2Cl2, 100 MHz): δ = 55.6 (d, 1JC,P = 27.3 Hz, PCH2), 60.1 (s,
CH2Ph), 70.1 (d, 1JC,P = 28.6 Hz, PCH2), 106.5 [br. s, HB-
(C3H3N2)3], 106.8 [br. s, HB(C3H3N2)3], 107.1 [br. s, HB-
(C3H3N2)3], 127.1 (s, C Ph), 128.7 (s, C Ph), 129.0 (d, 2JC,P =
10.4 Hz, C Ph), 129.8 (s, C Ph), 131.3 (s, C Ph), 134.9 (d, 3JC,P =
9.1 Hz, C Ph), 134.4 (d, 1JC,P = 42.9 Hz, C Ph), 134.0 (d, 1JC,P =
32.5 Hz, C Ph), 133.8 [two overlapped doublets, J ≈ 40 Hz, C Ph],
136.3 [s, HB(C3H3N2)3], 136.8 [s, HB(C3H3N2)3], 137.1 [s,
HB(C3H3N2)3], 144.4 [s, 2 HB(C3H3N2)3], 146.9 [s, HB(C3H3N2)3],
326.9 (m, Ru=C) ppm. 31P{1H} NMR (CD2Cl2, 161 MHz): δ =
43.0 (d, 2JP,P = 32.0 Hz, PPh3), 71.33 (d, 2JP,P = 32.0 Hz, Pthp) ppm.

Synthesis of [TpRu{κ2-(C,P)=C(CH2C6H4Me)OCH2P(CH2OH)2}-
(PPh3)]Cl (4a): A yellow suspension of complex 1 (100 mg,
0.14 mmol) and p-tolylacetylene (35.3 µL, 0.27 mmol) in methanol
(15 mL) was heated at 60 °C for 3 h to give a yellow solution. The
resultant solution was filtered through Celite to remove the decom-
position products. The yellow filtrate was reduced to dryness under
vacuum and then treated with hexane/diethyl ether (5:1,
3� 10 mL). The yellow solid was dried in vacuo. Yield: 87.0 mg
(75.1%). C39H42BClN6O3P2Ru (852.08 g/mol): calcd. C 54.97, H
4.97, N 9.86; found C 55.03, H 5.13, N 9.92. IR (KBr pellet):
νBH(Tp) = 2484 (w) cm–1. 1H NMR (CD2Cl2, 400 MHz): δ = 2.24
(s, 3 H, CH3), 2.62 (collapsed dd, 2JH,H = 11.9 Hz, 1 H, CH2P),
2.99 (d, 2JH,H = 16.7 Hz, 1 H, CH2), 3.62–3.84 (m, 2 H, CH2P),
3.85 (dd, 2JH,H = 13.0, 2JH,P = 6.5 Hz, 1 H, CH2P), 4.08 (d, 2JH,H

= 16.8 Hz, 1 H, CH2), 4.59 (d, 2JH,H = 14.8 Hz, 1 H, CH2P), 5.43
(dd, 2JH,H = 14.8, 2JH,P = 6.4 Hz, 1 H, CH2P), 5.99 [br. t, 3JH,H

= 2.3 Hz, 1 H, HB(C3H3N2)3], 6.12 [br. t, 3JH,H = 2.3 Hz, 1 H,
HB(C3H3N2)3], 6.31 [br. t, 3JH,H = 2.2 Hz, 1 H, HB(C3H3N2)3],
6.39 (d, 3JH,H = 7.7 Hz, 2 H, C6H4), 6.71 [br. d, 3JH,H = 1.8 Hz, 1
H, HB(C3H3N2)3], 6.91 (d, 3JH,H = 7.8 Hz, 2 H, C6H4), 6.95–7.04
(m, 6 H, Ph), 7.28–7.36 (m, 6 H, Ph), 7.31 [br. s, 1 H, HB(C3H3N2)
3],7.40–7.47 (m, 3 H, Ph), 7.66 [br. d, HB(C3H3N2)3, 3JH,H =
2.3 Hz, 1 H], 7.97–8.01 [m, 2 H, HB(C3H3N2)3], 8.38 [d, 3JH,H =
1.9 Hz, 1 H, HB(C3H3N2)3] ppm. 13C{1H} NMR (CD2Cl2,
100 MHz): δ = 21.0 (s, CH3), 52.0 (d, 1JC,P = 38.6 Hz, PCH2), 54.8
(d, 1JC,P = 24.5 Hz, PCH2), 59.3 (s, CH2), 70.4 (d, 1JC,P = 23.2 Hz,
PCH2), 106.3 [br. s, HB(C3H3N2)3], 106.8 [br. s, HB(C3H3N2)3],
107.4 [br. s, HB(C3H3N2)3], 129.2 (s, C C6H4), 129.6 (s, C C6H4),
129.0 (d, 2JC,P = 10.3 Hz, C Ph), 130.9 (s, C Ph), 131.1 (s, C Ph),
134.0 (d, 3JC,P = 9.0 Hz, C Ph), 134.5 (d, 1JC,P = 43.8 Hz, C Ph),
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136.7 [br. s, HB(C3H3N2)3], 136.8 (s, C Ph), 137.2 [br. s,
HB(C3H3N2)3], 137.2 [s, HB(C3H3N2)3], 144.1 [s, HB(C3H3N2)3],
145.1 [s, HB(C3H3N2)3], 149.3 [s, HB(C3H3N2)3], 327.6 (dd, 2JC,P

= 11.6, 2JC,P = 7.73 Hz, Ru=C) ppm. 31P{1H} NMR (CD2Cl2,
161 MHz): δ = 36.8 (d, 2JP,P = 31.2 Hz, PPh3), 70.1 (d, 2JP,P =
31.2 Hz, Pthp) ppm.

Synthesis of [TpRu{κ2-(C,P)=C(CH2C6H4Me)OCH2PH(CH2-
OH)}(PPh3)]Cl (4b): Complex 4a (50 mg) was heated at reflux in
methanol (15 mL) for 24 h to give a yellow solution. The solution
was filtered through Celite to remove the decomposition products.
The filtrate was reduced to dryness under vacuum to obtain an
oil, which was treated with a mixture of hexane/diethyl ether (5:1,
3�10 mL). The yellowish-green solid formed was filtered and
dried in vacuo. Yield: 36.7 mg. A mixture of 4a/4b (1:4 molar ratio,
estimated by 31P{1H} NMR) was obtained. C38H40BClN6O2P2Ru
(822.06 g/mol). 1H NMR (CD2Cl2, 400 MHz): δ = 2.28 (s, 3 H,
CH3), 3.51–3.61 (m, 1 H, CH2P), 3.91–3.98 (m, 1 H, CH2), 3.98–
4.04 (m, 1 H, CH2P), 4.06–4.13 (m, 1 H, CH2), 4.44 (br. dd, 2JH,H

= 14.5, 2JH,P = 3.6 Hz, 1 H, CH2P), 4.85 (d, 1JH,P = 391.3 Hz, 1
H, PH), 6.01 [br. s, 1 H, HB(C3H3N2)3], 6.11 [br. t, 3JH,H = 2.1 Hz,
1 H, HB(C3H3N2)3], 6.12 [br. t, 3JH,H = 2.2 Hz, 1 H, HB-
(C3H3N2)3], 6.13 (br., 1 H, CH2P), 6.66 (d, 3JH,H = 8.1 Hz, 2 H,
C6H4), 6.77 [br. d, 3JH,H = 1.8 Hz, 1 H, HB(C3H3N2)3], 6.81–6.89
(m, 6 H, Ph), 6.95 [br. s, 1 H, HB(C3H3N2)3], 7.00 (d, 3JH,H =
8.1 Hz, 2 H, C6H4), 7.28–7.37 (m, 4 H, Ph), 7.47 (br., 2 H, Ph),
7.56 [br. d, HB(C3H3N2)3, 3JH,H = 1.7 Hz, 1 H], 7.63 [br. s, 1 H,
HB(C3H3N2)3], 7.67–7.71 (m, 2 H, Ph), 7.69 (s, 1 H, Ph), 7.88 [d,
3JH,H = 2.5 Hz, 1 H, HB(C3H3N2)3], 8.00 [d, 3JH,H = 2.4 Hz, 1 H,
HB(C3H3N2)3] ppm. 13C{1H} NMR (CD2Cl2, 100 MHz): δ = 21.1
(s, CH3), 55.9 (d, 1JC,P = 26.0 Hz, PCH2), 59.8 (s, CH2), 70.8 (d,
1JC,P = 28.1 Hz, PCH2), 106.5 [br. s, HB(C3H3N2)3], 106.8 [br. s,
HB(C3H3N2)3], 107.1 [br. s, HB(C3H3N2)3], 129.1 (d, 2JC,P =
9.1 Hz, C Ph), 129.4 (s, C C6H4), 129.6 (s, C C6H4), 131.0 (s, C
C6H4), 136.9 (s, C C6H4), 129.0–134.2 (C Ph), 136.3 [br. s,
HB(C3H3N2)3], 136.9 [br. s, HB(C3H3N2)3], 137.1 [br. s,
HB(C3H3N2)3], 144.4 [br. s, HB(C3H3N2)3], 144.5 [br. s,
HB(C3H3N2)3], 146.9 [br. s, HB(C3H3N2)3], 327.3 (m, Ru=C) ppm.
31P{1H} NMR (CD2Cl2, 161 MHz): δ = 43.2 (d, 2JP,P = 32.0 Hz,
PPh3), 71.6 (d, 2JP,P = 32.0 Hz, Pthp) ppm.

Synthesis of [TpRu{κ2-(C,P)=C(CH3)OCH2P(CH2OH)2}(PPh3)]Cl
(5a): A yellow suspension of complex 1 (100 mg, 0.14 mmol) and
(trimethylsilyl)acetylene (92.1 µL, 0.68 mmol) in methanol (15 mL)
was stirred at room temperature for 24 h to give a yellow solution,
which was filtered through Celite to remove the decomposition
products. The yellow filtrate was reduced to dryness under vacuum
and then treated with a mixture of hexane/diethyl ether (5:1,
3�10 mL). The yellow solid obtained was dried in vacuo. Yield:
60.1 mg (58.0%). C32H36BClN6O3P2Ru (761.96 g/mol): calcd. C
50.44, H 4.76, N 11.03; found C 50.36, H 4.71, N 11.11. IR (KBr
pellet): νBH(Tp) = 2465 (w) cm–1. 1H NMR (CD2Cl2, 400 MHz): δ
= 1.98 (s, 3 H, CH3), 2.53 (dd, 2JH,H = 12.8, 2JH,P = 10.6 Hz, 1 H,
CH2P), 3.70–3.84 (m, 2 H, CH2P), 3.88 (dd, 2JH,H = 13.0, 2JH,P =
6.7 Hz, 1 H, CH2), 4.52 (br. d, 2JH,H = 14.5 Hz, 1 H, CH2), 5.57
(dd, 2JH,H = 14.3, 2JH,P = 7.1 Hz, 1 H, CH2P), 6.04 [br. t, 3JH,H

= 2.2 Hz, 1 H, HB(C3H3N2)3], 6.15 [br. t, 3JH,H = 2.1 Hz, 1 H,
HB(C3H3N2)3], 6.30 [br. t, 3JH,H = 2.2 Hz, 1 H, HB(C3H3N2)3],
6.88–6.98 (m, 6 H, Ph), 7.00 [br. d, 3JH,H = 1.8 Hz, 1 H,
HB(C3H3N2)3], 7.02 [br. d, 3JH,H = 1.8 Hz, 1 H, HB(C3H3N2)3],
7.24–7.32 (m, 6 H, Ph), 7.37–7.45 (m, 3 H, Ph), 7.69 [br. d, 3JH,H

= 2.6 Hz, 1 H, HB(C3H3N2)3], 7.91 [br. d, 3JH,H = 2.3 Hz, 1 H,
HB(C3H3N2)3], 7.99 [br. d, 3JH,H = 2.5 Hz, 1 H, HB(C3H3N2)3],
8.38 [br. d, 3JH,H = 1.8 Hz, 1 H, HB(C3H3N2)3] ppm. 13C{1H}
NMR (CD2Cl2, 100 MHz): δ = 40.9 (s, CH3), 51.4 (d, 1JC,P =
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39.9 Hz, PCH2), 54.9 (d, 1JC,P = 23.6 Hz, PCH2), 69.8 (d, 1JC,P =
22.8 Hz, PCH2), 106.5 [br. s, HB(C3H3N2)3], 106.6 [br. s,
HB(C3H3N2)3], 107.4 [br. s, HB(C3H3N2)3], 128.9 (d, 3JC,P =
9.3 Hz, C Ph), 130.9 (s, C Ph), 134.0 (d, 2JC,P = 9.6 Hz, C Ph),
134.3 (d, 1JC,P = 46.1 Hz, C Ph), 137.0 [br. s, HB(C3H3N2)3], 137.1
(s, C Ph), 137.2 [br. s, HB(C3H3N2)3], 143.7 [s, HB(C3H3N2)3],
144.8 [s, HB(C3H3N2)3], 149.4 [s, HB(C3H3N2)3], 331.9 (dd, 2JC,P

= 12.9, 2JC,P = 7.60 Hz, Ru=C) ppm. 31P{1H} NMR (CD2Cl2,
161 MHz): δ = 37.2 (d, 2JP,P = 31.1 Hz, PPh3), 70.0 (d, 2JP,P =
31.1 Hz, Pthp) ppm.

Synthesis of [TpRu{κ2-(C,P)=C(CH3)OCH2PH(CH2OH)}-
(PPh3)]Cl (5b): Complex 5a (50 mg) was heated at reflux in meth-
anol (15 mL) for 5 h to give a yellow solution, which was filtered
through Celite to remove the decomposition products. The yellow
filtrate was reduced to dryness under vacuum and then treated with
a mixture of hexane/diethyl ether (5:1, 3�10 mL). The pale yellow
solid was dried in vacuo. Yield: 25.2 mg. A mixture of 5a/5b (2:5
molar ratio, estimated by 31P{1H} NMR) was obtained.
C31H34BClN6O2P2Ru (731.93 g/mol). 1H NMR (CD2Cl2,
400 MHz): δ = 2.39 (s, 3 H, CH3), 3.57 (dd, 2JH,H = 15.0, 2JH,P =
7.8 Hz, 1 H, CH2P), 4.05–4.15 (m, 1 H, CH2P), 4.28–4.37 (m, 1 H,
CH2P), 4.87 (d, 1JH,P = 386.0 Hz, 1 H, PH), 6.16–6.23 (m, 1 H,
CH2P), 6.06 [br. t, 3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)3], 6.11 [br. t,
3JH,H = 2.2 Hz, 1 H, HB(C3H3N2)3], 6.16 [br., 1 H, HB-
(C3H3N2)3], 6.47 [br. d, 3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)3], 6.77–
6.85 (m, 6 H, Ph), 7.25 [br. d, 3JH,H = 1.9 Hz, 1 H, HB-
(C3H3N2)3], 7.31–7.36 (m, 6 H, Ph), 7.45–7.49 (m, 3 H, Ph), 7.56
[br. d, 3JH,H = 1.9 Hz, 1 H, HB(C3H3N2)3], 7.67 [br. s, 1 H,
HB(C3H3N2)3], 7.88 [d, 3JH,H = 2.3 Hz, 1 H, HB(C3H3N2)3], 7.93
[br. d, 3JH,H = 2.3 Hz, 1 H, HB(C3H3N2)3] ppm. 13C{1H} NMR
(CD2Cl2, 100 MHz): δ = 41.2 (s, CH3), 55.9 (d, 1JC,P = 27.0 Hz,
PCH2), 70.0 (d, 1JC,P = 29.6 Hz, PCH2), 106.6 [br. s, HB-
(C3H3N2)3], 106.6 [br. s, HB(C3H3N2)3], 107.2 [br. s, HB-
(C3H3N2)3], 129.0 (d, 3JC,P = 9.0 Hz, C Ph), 133.8 (d, 2JC,P =
9.0 Hz, C Ph), 136.6 [br. s, HB(C3H3N2)3], 137.0 [br. s,
HB(C3H3N2)3], 136.9 [br. s, HB(C3H3N2)3], 144.4 [s, HB-
(C3H3N2)3], 144.4 [s, HB(C3H3N2)3], 331.7 (m, Ru=C) ppm.
31P{1H} NMR (CD2Cl2, 161 MHz): δ = 43.4 (d, 2JP,P = 32.4 Hz,
PPh3), 71.5 (d, 2JP,P = 32.4 Hz, Pthp) ppm.

Synthesis of [TpRu{κ2-(C,P)=C(CH2OOCMe)OCH2P(CH2OH)2}-
(PPh3)]Cl (6a): A yellow suspension of complex 1 (100 mg,
0.14 mmol) and ethyl propiolate (55.7 µL, 0.54 mmol) in methanol
(15 mL) was heated at reflux for 4 h to give an orange solution,
which was filtered through Celite to remove the decomposition
products. The filtrate was reduced to dryness under vacuum and
then was treated with a mixture of hexane/diethyl ether (5:1,
3�10 mL). The orange solid was dried in vacuo. Yield: 40.3 mg.
(35.1%). C34H38BClN6O5P2Ru (819.99 g/mol): calcd. C 49.80, H
4.67, N 10.25; found C 49.58, H 4.73, N 10.11. IR (KBr pellet):
νBH(Tp) = 2484 (w) cm–1. 1H NMR (CD2Cl2, 400 MHz): δ = 2.37
(br. collapsed dd, 2JH,H = 13.5 Hz, 1 H, CH2P), 2.88 (d, 2JH,H =
18.0 Hz, 1 H, CH2), 3.57 (d, 2JH,H = 17.8 Hz, 1 H, CH2), 3.63 (s,
3 H, CH3), 3.78 (br., 2 H, CH2P), 3.94 (br., 1 H, CH2P), 4.50 (d,
3JH,H = 14.1 Hz, 1 H, CH2P), 5.57 (dd, 2JH,H = 14.1, 2JH,P =
7.4 Hz, 1 H, CH2P), 6.03 [br. t, 3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)
3], 6.20 [br. t, 3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)3], 6.29 [br. t, 3JH,H

= 2.1 Hz, 1 H, HB(C3H3N2)3], 6.80 [br. d, 3JH,H = 2.0 Hz, 1 H,
HB(C3H3N2)3], 6.88–6.97 (m, 6 H, Ph), 7.19 [br. d, 3JH,H = 2.0 Hz,
1 H, HB(C3H3N2)3], 7.28–7.36 (m, 6 H, Ph), 7.41–7.47 (m, 3 H,
Ph), 7.72 [br. d, 3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)3], 7.92 [br. d,
3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)3], 8.00 [br. d, 3JH,H = 2.3 Hz, 1
H, HB(C3H3N2)3], 8.41 [d, 3JH,H = 2.0 Hz, 1 H, HB(C3H3N2)3]
ppm. 13C{1H} NMR (CD2Cl2, 100 MHz): δ = 50.5 (d, 1JC,P =
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41.2 Hz, PCH2), 52.38 (s, CH3), 54.5 (d, partially obscured by the
solvent signal, PCH2), 59.8 (s, CH2), 70.6 (d, 1JC,P = 23.2 Hz,
PCH2), 106.6 [br. s, HB(C3H3N2)3], 106.8 [br. s, HB(C3H3N2)3],
107.5 [br. s, HB(C3H3N2)3], 129.1 (d, 2JC,P = 9.01 Hz, C Ph), 131.2
(s, C Ph), 135.5 (d, 1JC,P = 43.8 Hz, C Ph), 134.0 (d, 2JC,P =
9.10 Hz, C Ph), 137.3 [br. s, 2 HB(C3H3N2)3], 137.4 [br. s,
HB(C3H3N2)3], 144.4 [s, HB(C3H3N2)3], 144.7 [s, HB(C3H3N2)3],
149.7 [s, HB(C3H3N2)3], 167.6 [s, C(O)O–], 319.4 (dd, 2JC,P = 12.9,
2JC,P = 7.73 Hz, Ru=C) ppm. 31P{1H} NMR (CD2Cl2, 161 MHz):
δ = 36.4 (d, 2JP,P = 30.5 Hz, PPh3), 60.4 (d, 2JP,P = 30.5 Hz, Pthp)
ppm.

NMR Characterisation of [TpRu{κ2-(C,P)=C(CH=CPh2)-
OCH2P(CH2OH)2}(PPh3)]Cl (7a): A yellow suspension of complex
1 (100 mg, 0.14 mmol) and 1,1-diphenyl-2-propyn-1-ol (56.80 µL,
0.27 mmol) in methanol (15 mL) was stirred for 4 d at room tem-
perature to give a red solution, which was filtered through Celite
to remove the decomposition products. The red filtrate was reduced
to dryness under vacuum, and the oil obtained was then treated
with hexane/diethyl ether (5:1, 3 �10 mL). The red solid obtained
was filtered out and dried in vacuo. A mixture of 7a/7b (1:1 molar
ratio estimated by 31P{1H} NMR spectroscopy) was obtained. A
careful perusal of the 1H, 13C{1H}, 1H,1H-COSY, and 1H,13C-
HSQC NMR spectra of the mixture allowed us to assign all signals
for 7a: 1H NMR (CD2Cl2, 400 MHz): δ = 2.31–2.42 (m, 1 H,
CH2P), 3.64–3.77 (m, 2 H, CH2P), 3.78–3.86 (m, 1 H, CH2P), 4.10
(br. d, 2JH,H = 14.3 Hz, 1 H, CH2P), 4.93 (dd, 2JH,H = 14.5, 2JH,P

= 6.7 Hz, 1 H, CH2P), 6.09 [br. t, 3JH,H = 2.1 Hz, 1 H,
HB(C3H3N2)3], 6.16 [br. t, 3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)3],
6.24 [br. t, 3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)3], 6.62–6.68 (m, 2 H,
Ph), 6.93–7.00 (m, 6 H, Ph), 7.05–7.12 (m, 2 H, Ph), 7.09 [br. s, 1
H, HB(C3H3N2)3], 7.13 [br. s, 1 H, HB(C3H3N2)3], 7.17–7.37 (m,
15 H, Ph), 7.71 [br. s, 1 H, HB(C3H3N2)3], 7.94 [br. d, 3JH,H =
2.5 Hz, 1 H, HB(C3H3N2)3], 7.99 [br. d, 3JH,H = 2.7 Hz, 1 H,
HB(C3H3N2)3], 8.29 [d, 3JH,H = 2.0 Hz, 1 H, HB(C3H3N2)3] ppm,
the signal for CH is masked by other signals. 13C{1H} NMR
(CD2Cl2, 100 MHz): δ = 50.6 (d, 1JC,P = 39.0 Hz, PCH2), 54.7 (d,
1JC,P = 24.7 Hz, PCH2), 68.6 (d, 1JC,P = 22.1 Hz, PCH2), 106.4 [br.
s, HB(C3H3N2)3], 106.6 [br. s, HB(C3H3N2)3], 107.3 [br. s,
HB(C3H3N2)3], 128.1–134.8 (C Ph + CH), 137.0 [br. s,
HB(C3H3N2)3], 137.1 [br. s, 2 HB(C3H3N2)3], 144.2 [s,
HB(C3H3N2)3], 144.3 [s, HB(C3H3N2)3], 149.4 [s, HB(C3H3N2)3],
307.8 (dd, 2JC,P = 13.0, 2JC,P = 9.10 Hz, Ru=C) ppm. 31P{1H}
NMR (CD2Cl2, 161 MHz): δ = 38.4 (d, 2JP,P = 31.6 Hz, PPh3), 69.9
(d, 2JP,P = 31.6 Hz, Pthp) ppm.

Synthesis of [TpRu{κ2-(C,P)=C(CH=CPh2)OCH2PH(CH2OH)}-
(PPh3)]Cl (7b): A yellow suspension of complex 1 (100 mg,
0.14 mmol) and 1,1-diphenyl-2-propyn-1-ol (56.80 µL, 0.27 mmol)
in methanol (15 mL) was heated at reflux for 6 h to give a red
solution, which was filtered through Celite to remove the decompo-
sition products. The red filtrate was reduced to dryness under vac-
uum and then treated with hexane/diethyl ether (5:1, 3�10 mL).
The red solid obtained was filtered out and dried in vacuo. Yield:
45.9 mg. (36.6%). C44H42BClN6O2P2Ru (896.14 g/mol): calcd. C
58.97, H 4.72, N 9.38; found C 59.10, H 4.65, N 9.26. IR (KBr
pellet): νBH(Tp) = 2482 cm–1. (w) 1H NMR (CD2Cl2, 400 MHz): δ
= 3.55 (br. dd, 2JH,H = 13.9, 2JH,P = 6.7 Hz, 1 H, CH2P), 3.92–4.00
(m, 1 H, CH2P), 3.89 (dd, 2JH,H = 13.8, 2JH,P = 3.4 Hz, 1 H, CH2P),
5.36 (dd, 2JH,H = 14.1, 2JH,P = 7.2 Hz, 1 H, CH2P), 5.08 (d, 1JH,P

= 387.3 Hz, 1 H, PH), 6.10 [br. t, 3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)
3], 6.12 [br. t, 3JH,H = 2.5 Hz, 1 H, HB(C3H3N2)3], 6.14 [br. t, 3JH,H

= 2.5 Hz, 1 H, HB(C3H3N2)3], 6.70 [br. d, 3JH,H = 2.0 Hz, 1 H,
HB(C3H3N2)3], 6.79–6.87 (m, 6 H, Ph), 7.10–7.35 (m, 15 H, Ph),
7.28 [br. s, 1 H, HB(C3H3N2)3], 7.56 [br. s, 1 H, HB(C3H3N2)3],
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7.60–7.65 (m, 4 H, Ph), 7.68 [br. d, 3JH,H = 2.1 Hz, 1 H,
HB(C3H3N2)3], 7.89 [br. d, 3JH,H = 2.4 Hz, 1 H, HB(C3H3N2)3],
7.97 [d, 3JH,H = 2.2 Hz, 1 H, HB(C3H3N2)3] ppm, the signal for CH
is masked by phenyl signals. 13C{1H} NMR (CD2Cl2, 100 MHz): δ
= 55.9 (d, 1JC,P = 24.7 Hz, PCH2), 68.9 (d, 1JC,P = 28.6 Hz, PCH2),
106.5 [br. s, 2 HB(C3H3N2)3], 106.6 (s, =CPh2), 107.2 [br. s,
HB(C3H3N2)3], 126.1–134.0 (C Ph + CH), 136.6 [br. s,
HB(C3H3N2)3], 136.8 [br. s, HB(C3H3N2)3], 137.1 [br. s,
HB(C3H3N2)3], 144.3 [s, HB(C3H3N2)3], 144.2 [s, HB(C3H3N2)3],
149.4 [s, HB(C3H3N2)3], 307.4 (dd, 2JC,P = 12.0, 2JC,P = 8.9 Hz,
Ru=C) ppm. 31P{1H} NMR (CD2Cl2, 161 MHz): δ = 43.3 (d, 2JP,P

= 33.2 Hz, PPh3), 71.0 (d, 2JP,P = 33.2 Hz, Pthp) ppm.

Synthesis of [TpRuCl{κ2-(C,P)=C(CH2Ph)OCH2P(CH2OH)2}] (8):
A yellow suspension of complex 1 (100 mg, 0.14 mmol) and phenyl-
acetylene (30.5 µL, 0.27 mmol) in toluene (20 mL) was heated at
reflux for 4 h to give a yellow solution, which was filtered through
Celite to remove the decomposition products. The solvent was re-
moved by vacuum to a volume of about 1 mL, and the residue was
treated with hexane to yield a yellow solid. This solid was washed
with a mixture of hexane/diethyl ether (5:1, 3�10 mL) and dried
in vacuo. Yield: 65.0 mg (83.0%). C20H25BClN6O3PRu (575.76 g/
mol): calcd. C 41.72, H 4.38, N 14.60; found C 41.37, H 4.22, N
14.94. IR (KBr pellet): νBH(Tp) = 2478 (m) cm–1. 1H NMR (CD2Cl2,
400 MHz): δ = 3.63 (br., 2 H, OH), 3.83, 3.88 (ABX system, JA,B

= 13.6, JA,X = 2.9, JB,X = –0.2 Hz, 2 H, CH2P), 4.33 (s, 2 H,
CH2Ph), 4.66, 4.74 (ABX system, JA,B = 13.1, JA,X = 5.0, JB,X =
4.2 Hz, 2 H, CH2P), 5.10, 5.16 (ABX system, JA,B = 13.4, JA,X =
4.9, JB,X = –2.4 Hz, 2 H, CH2P), 5.94 [br. t, 3JH,H = 2.3 Hz, 1 H,
HB(C3H3N2)3], 6.28 [br. t, 3JH,H = 2.1 Hz, 1 H, HB(C3H3N2)3],
6.32 [br. td, 3JH,H = 2.1, 5JH,P = 1.0 Hz, 1 H, HB(C3H3N2)3], 6.48
[d, 3JH,H = 2.0 Hz, 1 H, HB(C3H3N2)3], 6.80–6.86 (m, 2 H, Ph),
7.09–7.17 (m, 3 H, Ph), 7.68 [br. d, 3JH,H = 2.5, 4JH,H = 0.6 Hz, 1
H, HB(C3H3N2)3], 7.77 [br. d, 3JH,H = 2.2, 4JH,H = 0.6 Hz,
HB(C3H3N2)3], 7.82 [br., 1 H, HB(C3H3N2)3], 7.89 [d, 3JH,H =
1.8 Hz, 1 H, HB(C3H3N2)3], 7.96 [d, 3JH,H = 2.0 Hz, 1 H,
HB(C3H3N2)3] ppm. 13C{1H} NMR (CD2Cl2, 100 MHz): δ = 57.8
(d, 1JC,P = 23.2 Hz, PCH2), 58.3 (d, 1JC,P = 30.9 Hz, PCH2), 58.5
(s, CH2Ph), 68.7 (d, 1JC,P = 25.7 Hz, PCH2), 106.0 [s, HB-
(C3H3N2)3], 106.1 [br. d, 3JC,P = 2.6 Hz, HB(C3H3N2)3], 106.4 [s,
HB(C3H3N2)3], 126.4 (s, C Ph), 128.6 (s, 2 C Ph), 129.8 (s, 2 C Ph),
135.8 (s, C Ph), 135.2 [s, HB(C3H3N2)3], 135.3 [s, HB(C3H3N2)3],
137.0 [s, HB(C3H3N2)3], 143.0 [br. s, HB(C3H3N2)3], 144.0 [s,
HB(C3H3N2)3], 144.9 [s, HB(C3H3N2)3], 323.3 (d, 2JC,P = 10.3 Hz,
Ru=C) ppm. 31P{1H} NMR (CD2Cl2, 161 MHz): δ = 81.5 (s, Pthp)
ppm.

Synthesis of [TpRuCl{κ2-(C,P)=C(CH2C6H4Me)OCH2P(CH2-
OH)2}] (9): A yellow suspension of complex 1 (100 mg, 0.14 mmol)
and p-tolylacetylene (34.0 mg, 0.27 mmol) in toluene (20 mL) was
heated at reflux for 1 h to give a yellow solution, which was filtered
through Celite to remove the decomposition products. The solvent
was removed by vacuum to a volume of about 1 mL, and the resi-
due was then treated with hexane to yield a yellow solid. This solid
was washed with hexane/diethyl ether (5:1 v/v, 3�10 mL) after it
was dried in vacuo. Yield: 65.0 mg (81.0%). C21H27BClN6O3PRu
(589.79 g/mol): calcd. C 42.77, H 4.61, N 14.25; found C 42.95, H
4.89, N 12.79. IR (KBr pellet): νBH(Tp) = 2468 (m) cm–1. 1H NMR
(CD2Cl2, 400 MHz): δ = 2.26 (s, 3 H, CH3), 3.67–3.76 (m, 1 H,
CH2P), 3.76–3.85 (m, 1 H, CH2P), 4.22–4.34 [m, 2 H, CH2(C6H4)],
4.59–4.77 (m, 2 H, CH2P), 5.07–5.14 (m, 2 H, CH2P), 5.94 [t, 3JH,H

= 2.2 Hz, 1 H, HB(C3H3N2)3], 6.26 [t, 3JH,H = 2.08 Hz, 1 H,
HB(C3H3N2)3], 6.28 [br. t, 3JH,H = 2.2 Hz, 1 H, HB(C3H3N2)3],
6.47 [d, 3JH,H = 1.9 Hz, 1 H, HB(C3H3N2)3], 6.72 (d, 3JH,H =
8.0 Hz, 2 H, C6H4), 6.95 (d, 3JH,H = 7.9 Hz, 2 H, C6H4), 7.68 [br.
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d, 3JH,H = 2.5 Hz, 1 H, HB(C3H3N2)3], 7.76 [br. d, 3JH,H = 2.2 Hz,
HB(C3H3N2)3], 7.80 [br., 1 H, HB(C3H3N2)3], 7.86 [br. d, 3JH,H

= 1.6 Hz, 1 H, HB(C3H3N2)3], 7.93 [br. d, 3JH,H = 1.6 Hz, 1 H,
HB(C3H3N2)3] ppm. 13C{1H} NMR (CD2Cl2, 100 MHz): δ = 21.1
(s, CH3), 57.6 (d, 1JC,P = 21.9 Hz, PCH2), 58.2 (d, 1JC,P = 30.9 Hz,
PCH2), 58.2 [s, CH2(C6H4)], 68.9 (d, 1JC,P = 25.7 Hz, PCH2), 106.1
[s, 2 HB(C3H3N2)3], 106.3 [br., HB(C3H3N2)3], 129.2 [s, Cmeta

C6H4], 129.6 [s, Cortho C6H4], 132.6 (s, Cipso C6H4), 135.1 [s,
HB(C3H3N2)3], 135.3 [s, HB(C3H3N2)3], 136.08 (s, Cipso C6H4),
136.9 [s, HB(C3H3N2)3], 143.1 [s, HB(C3H3N2)3], 144.0 [s,
HB(C3H3N2)3], 145.0 [s, HB(C3H3N2)3], 323.7 (d, 2JC,P = 11.6 Hz,
Ru=C) ppm. 31P{1H} NMR (CD2Cl2, 161 MHz): δ = 81.6 (s) ppm.

Synthesis of [TpRuCl{κ2-(C,P)=C(CH2SiMe3)OCH2P(CH2OH)2}]
(10): A yellow suspension of complex 1 (100 mg, 0.14 mmol) and
(trimethylsilyl)acetylene (36.5 µL, 0.27 mmol) in toluene (20 mL)
was heated at reflux for 4 h to give a yellow solution, which was
filtered through Celite to remove the decomposition products. The
solvent was removed by vacuum to a volume of about 1 mL, and
the residue was treated with hexane to afford a yellow solid. This
solid was washed with a mixture of hexane/diethyl ether (5:1 v/v,
3�10 mL) and dried in vacuo. Yield: 65.2 mg (83.8 %).
C17H29BClN6O3PRuSi (571.85 g/mol): calcd. C 35.71, H 5.11, N
14.70; found C 35.81, H 5.06, N 14.38. IR (KBr pellet): νBH(Tp) =
2474 (m) cm–1. 1H NMR (CD2Cl2, 400 MHz): δ = –0.14 (s, 9 H,
CH3), 1.73 (br., 1 H, OH), 3.01–3.27 (m, 2 H, CH2Si), 3.88 (s, 2
H, CH2P), 4.30 (br., 1 H, OH), 4.48–4.69 (m, 2 H, CH2P), 4.96–
5.09 (m, 2 H, CH2P), 6.08 [t, 3JH,H = 2.2 Hz, 1 H, HB(C3H3N2)3],
6.25 [t, 3JH,H = 2.0 Hz, 1 H, HB(C3H3N2)3], 6.34 [br. t, 3JH,H =
2.2 Hz, 1 H, HB(C3H3N2)3], 6.79 [d, 3JH,H = 2.1 Hz, 1 H,
HB(C3H3N2)3], 7.69 (d, 3JH,H = 2.5 Hz, 1 H, HB(C3H3N2)3), 7.74
[br. d, 3JH,H = 2.2 Hz, 1 H, HB(C3H3N2)3], 7.77 [br., 1 H,
HB(C3H3N2)3], 7.87 [d, 3JH,H = 1.7 Hz, 1 H, HB(C3H3N2)3], 8.01
[br. s, 1 H, HB(C3H3N2)3] ppm. 13C{1H} NMR (CD2Cl2,
100 MHz): δ = –0.24 (s, CH3), 49.9 (s, CH2Si), 57.4 (d, 1JC,P =
23.0 Hz, PCH2), 58.6 (d, 1JC,P = 32.4 Hz, PCH2), 67.3 (d, 1JC,P =
24.5 Hz, PCH2), 105.9 [s, HB(C3H3N2)3], 106.0 [s, HB(C3H3N2)3],
106.4 [s, HB(C3H3N2)3], 135.2 [s, 2 HB(C3H3N2)3], 137.2 [s,
HB(C3H3N2)3], 142.9 [s, HB(C3H3N2)3], 143.7 [s, HB(C3H3N2)3],
144.7 [s, HB(C3H3N2)3], 327.6 (d, 2JC,P = 10.4 Hz, Ru=C) ppm.
31P{1H} NMR (CD2Cl2, 161 MHz): δ = 85.5 (s) ppm.

Synthesis of [TpRuCl{κ2-(C,P)=C(CH=CPh2)OCH2P(CH2OH)2}]
(11): A yellow suspension of complex 1 (100 mg, 0.14 mmol) and
1,1-diphenyl-2-propyn-1-ol (56.8 mg, 0.27 mmol) in toluene
(20 mL) was heated at reflux for 2 h with molecular sieves; a red
solution, which was filtered through Celite to remove the decompo-
sition products and the molecular sieves, was obtained. The solvent
was removed by vacuum to a volume of about 1 mL, and the resi-
due was treated with hexane to yield a red solid. This solid was
vacuum filtered, washed with a mixture of hexane/diethyl ether (5:1
v/v, 3�5 mL) and dried in vacuo. Yield: 45.2 mg (50.1%).
C27H29BClN6O3PRu (663.87 g/mol): calcd. C 48.85, H 4.40, N
12.66; found C 49.12, H 4.64, N 12.91. IR (KBr pellet): νBH(Tp) =
2474 (w) cm–1. 1H NMR (CD2Cl2, 400 MHz): δ = 3.74–3.92 (m, 2
H, CH2P), 4.53–4.76 (m, 3 H, CH2P), 4.82–4.92 (m, 1 H, CH2P),
6.12 [br., 2 H, HB(C3H3N2)3], 6.31 [s, 1 H, HB(C3H3N2)3], 6.76 [s,
1 H, CH=], 6.87 [s, 1 H, HB(C3H3N2)3], 7.08–7.42 (m, 10 H, Ph),
7.71 [s, 1 H, HB(C3H3N2)3], 7.73 (s, 1 H, HB(C3H3N2)3), 7.76 [s, 1
H, HB(C3H3N2)3], 7.80 [s, 1 H, HB(C3H3N2)3], 8.00 [s, 1 H,
HB(C3H3N2)3] ppm. 13C{1H} NMR (CD2Cl2, 100 MHz): δ = 57.7
(d, 1JC,P = 23.2 Hz, PCH2), 58.1 (d, 1JC,P = 30.9 Hz, PCH2), 67.5
(d, 1JC,P = 25.7 Hz, PCH2), 105.7 [s, 2 HB(C3H3N2)3], 106.2 [s,
HB(C3H3N2)3], 106.6 (s, =CPh2), 125.9–134.6 (C Ph), 135.0 [s,
HB(C3H3N2)3], 135.3 [s, HB(C3H3N2)3], 136.9 (s, C(H)=), 137.4 [s,
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HB(C3H3N2)3], 143.2 [s, HB(C3H3N2)3], 144.2 [s, HB(C3H3N2)3],
144.5 [s, HB(C3H3N2)3], 310.9 (d, 2JC,P = 12.9 Hz, Ru=C) ppm.
31P{1H} NMR (CD2Cl2, 161 MHz): δ = 79.9 (s) ppm.

X-ray Structure Determination: The crystal was mounted on a glass
fiber and was encapsulated with glue to prevent its damage during
exposure. Crystallographic data were collected on a Bruker Smart
1000 CCD diffractometer at 20 °C by using graphite-monochro-
mated Mo-Kα radiation (λ = 0.71073 Å) and were corrected for
Lorentz and polarisation effects. All crystals of 9 under investiga-
tion were non-merohedral twins, and two components were iden-
tified with the CELL_NOW[27] program. SAINT-PLUS[28] (version
6.29) was used for integration and the data were merged and cor-
rected for absorption by using TWINABS.[29] 5315 data (4073
unique) involve domain 1 only, (mean I/σ 7.4), 5114 data (3876
unique) involve domain 2 only, (mean I/σ 5.0), and 2609 data (2284
unique) involve both domains, (mean I/σ 5.1). By using the Oscail
program,[30] the structure was solved with only the reflections of
component 1 by direct methods and refined by a full-matrix least-
squares based on F2.[31] The Squeeze program was used to correct
the reflection data for the diffuse scattering resulting from disor-
dered CH2Cl2 solvent found in the asymmetric unit.[32] Non-hydro-
gen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were included in idealised positions and refined
with isotropic displacement parameters. Some restraints to the
model were used in order to keep the toluene group within accepted
chemical parameters, which include displacement parameters and
planarity of the group. Details of the crystal data and structural
refinement are presented in Table 2. CCDC-746341 contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Table 2. Crystal data and structure refinement for 9.

Empirical formula C21H27BClN6O3PRu
Formula weight 589.79
Temperature [K] 293(2)
Wavelength [Å] 0.71073
Crystal system Monoclinic
Space group P21

a [Å] 10.403(2)
b [Å] 12.712(3)
c [Å] 10.422(2)
β [°] 93.20(3)
Volume [Å3] 1376.0(5)
Z 2
Density (calculated) [Mg/m3] 1.423
Absorption coefficient [mm–1] 0.757
F(000) 600
Crystal size [mm] 0.30�0.15�0.13
θ range for data collection [°] 1.96–28.28
Index ranges –13 � h � 13;

0 � k � 16;
0 � l � 13

Independent reflections 3259 [R(int) = 0.33]
Reflections observed (�2σ) 2283
Data Completeness 0.915
Absorption correction Semiempirical from equivalents
Max. and min. transmission 0.7459 and 0.5530
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3259/9/293
Goodness-of-fit on F2 1.120
Final R indices [I�2σ(I)] R1 = 0.0908, wR2 = 0.2246
R indices (all data) R1 = 0.1217, wR2 = 0.2432
Absolute structure parameter 0.09(13)
Largest diff. peak and hole [eÅ–3] 1.818 and –1.945

Eur. J. Inorg. Chem. 2010, 685–696 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 695

Acknowledgments

Financial support from the Xunta de Galicia (Project
CITE08PXIB314206PR) and the Spanish MCINN (Project Con-
solider Ingenio CSD2007–00006) is acknowledged. We thank Dr.
Ezequiel Vázquez-López for collecting the X-ray data and the Uni-
versity of Vigo CACTI services for recording the NMR spectra.
S. B. and M. R. thank Xunta de Galicia for funding through the
“Parga Pondal” and “Maria Barbeito” Programs, respectively.

[1] C. Bruneau, P. H. Dixneuf (Eds.), Metal Vinylidenes and Allen-
ylidenes in Catalysis, Wiley-VCH, Weinheim, 2008.

[2] a) M. I. Bruce in Metal Vinylidenes and Allenylidenes in Cataly-
sis (Eds.: C. Bruneau, P. H. Dixneuf), Wiley-VCH, Weinheim,
2008, ch. 1, pp. 20–22; b) V. Cadierno, P. Crochet, J. Gimeno
in Metal Vinylidenes and Allenylidenes in Catalysis (Eds.: C.
Bruneau, P. H. Dixneuf), Wiley-VCH, Weinheim, 2008, ch. 2,
pp. 71–79.

[3] a) S. Pavlik, K. Mereiter, M. Puchberger, K. Kirchner, Organo-
metallics 2005, 24, 3561–3575; b) C. M. Standfest-Hauser, K.
Mereiter, R. Schmid, K. Kirchner, Dalton Trans. 2003, 2329–
2334; c) C. Slugovc, K. Mereiter, R. Schmid, K. Kirchner, Or-
ganometallics 1998, 17, 827–831.

[4] a) S. Bolaño, M. M. Rodríguez-Rocha, J. Bravo, J. Castro, E.
Oñate, M. Peruzzini, Organometallics 2009, 28, 6020–6030; b)
S. Bolaño, J. Bravo, J. Castro, M. M. Rodríguez-Rocha,
M. F. C. Guedes da Silva, A. J. L. Pombeiro, L. Gonsalvi, M.
Peruzzini, Eur. J. Inorg. Chem. 2007, 5523–5532.

[5] E. Rüba, A. Hummel, K. Mereiter, R. Schmid, K. Kirchner,
Organometallics 2002, 21, 4955–4959.

[6] a) P. A. T. Hoye, P. G. Pringle, M. B. Smith, K. Worboys, J.
Chem. Soc., Dalton Trans. 1993, 269–274; b) D. E. Berning,
K. V. Katti, L. J. Barbour, W. A. Volkert, Inorg. Chem. 1998,
37, 334–339.

[7] a) M. P. Gamasa, J. Gimeno, B. M. Martín-Vaca, J. Borge, S.
García-Granda, E. Pérez-Carreño, Organometallics 1994, 13,
4045–4057; b) D. Pilette, K. Ouzzine, H. Le Bozec, P. H.
Dixneuf, C. E. F. Rickard, W. R. Roper, Organometallics 1992,
11, 809–817.

[8] a) W. Knaup, H. Werner, J. Organomet. Chem. 1991, 411, 471–
489; b) A. Hohn, H. Otto, M. Dziallas, H. Werner, J. Chem.
Soc., Chem. Commun. 1987, 852–854; c) A. Hohn, H. Werner,
J. Organomet. Chem. 1990, 382, 255–272; d) D. Zargarian, P.
Chow, N. J. Taylor, T. B. Marder, J. Chem. Soc., Chem. Com-
mun. 1989, 540–544.

[9] It has been suggested that these desilylation processes result
from the presence of slight traces of H2O in the reaction media,
which act as an electrophilic reagent; a) J. Espuelas, M. A. Es-
teruelas, F. J. Lahoz, L. A. Oro, N. Ruiz, J. Am. Chem. Soc.
1993, 115, 4683–4689; b) M. L. Buil, O. Eisenstein, M. A. Es-
teruelas, C. García-Yebra, E. Gutiérrez-Puebla, M. Oliván, E.
Oñate, N. Ruiz, M. A. Tajada, Organometallics 1999, 18, 4949–
4959.

[10] a) Y. Kayaki, Y. Shimokawatoko, T. Ikariya, Inorg. Chem. 2007,
46, 5791–5797; b) L. Higham, M. K. Whittlesey, P. T. Wood,
Dalton Trans. 2004, 4202–4208; c) L. Higham, A. K. Powell,
M. K. Whittlesey, S. Wocadlo, P. T. Wood, Chem. Commun.
1998, 1107–1108; d) P. A. T. Hoye, P. G. Pringle, M. B. Smith,
K. Worboys, J. Chem. Soc., Dalton Trans. 1993, 269–274.

[11] Ger. Pat., 1 035 135, 1958; [M. Reuter, L. Orthner, Chem. Abstr.
1960, 54, 1424i].

[12] J. P. Selegue, Organometallics 1982, 1, 217–218.
[13] We have recently reported a similar behaviour for the closely

related compound [TpRu(C=C=CPh2)(pta)(PPh3)]PF6 (pta =
1,3,5-triaza-7-phosphaadamantane) (see ref.[4a]). Nucleophilic
addition reactions of alcohols or water to allenylidene ligands
are strongly dependent on the nature of the metallic fragment
(see ref.[2b]).



S. Bolaño, J. Bravo, J. Castro, M. Rodríguez-RochaFULL PAPER
[14] When the same reaction has been performed with ethyl pro-

piolate (R = EtCOO), a mixture of unidentified compounds
was obtained.

[15] P. H. M. Budzelaar, gNMR version 5.1, Winnipeg, Canada.
[16] D. Burtscher, B. Perner, K. Mereiter, C. Slugovc, J. Organomet.

Chem. 2006, 691, 5423–5430.
[17] a) S. Pavlik, K. Mereiter, M. Puchberger, K. Kirchner, J. Or-

ganomet. Chem. 2005, 690, 5497–5507; b) V. Cadierno, M. P.
Gamasa, J. Gimeno, L. Iglesias, S. Garcia-Granda, Inorg.
Chem. 1999, 38, 2874–2879; c) M. S. Sanford, M. R. Valdez,
R. H. Grubbs, Organometallics 2001, 20, 5455–5463; d) S. Pav-
lik, C. Gemel, C. Slugovc, K. Mereiter, R. Schmid, K. Kirch-
ner, J. Organomet. Chem. 2001, 617, 301–310; e) M. J. Cowley,
J. M. Lynam, R. S. Moneypenny, A. C. Whitwood, A. J. Wil-
son, Dalton Trans. 2009, 9529–9542.

[18] a) P. Li, M. Wang, L. Chen, N. Wang, T. Zhang, L. Sun, Crys-
tEngComm 2008, 10, 267–269; b) F. Lorenzini, B. O. Patrick,
B. R. James, Inorg. Chem. 2007, 46, 8998–9002; c) L. Higham,
M. K. Whittlesey, P. T. Wood, Dalton Trans. 2004, 4202–4208.

[19] C. Janiak, J. Chem. Soc., Dalton Trans. 2000, 3885–3896.
[20] The same signal was observed when the precursor complex was

heated at reflux in toluene under CO atmosphere. On the other
hand, this reaction was already observed in similar systems
(ref.[4a]).

[21] a) M. A. Esteruelas, A. V. Gómez, F. J. Lahoz, A. M. López,
E. Oñate, L. A. Oro, Organometallics 1996, 15, 3423–3435; b)
E. Bustelo, P. H. Dixneuf, Adv. Synth. Catal. 2007, 349, 933–
942.

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 685–696696

[22] C. Bianchini, M. Peruzzini, F. Zanobini, C. López, I.
de los Rios, A. Romerosa, Chem. Commun. 1999, 443–445.

[23] D. D. Perrin, W. L. F. Armarego (Eds.), Purification of Labora-
tory Chemicals, 3rd ed., Butterworth and Heinemann, Oxford,
1988.

[24] a) K. J. Coskran, J. G. Verkade, Inorg. Chem. 1965, 4, 1655–
1657; b) L. J. Higham, M. K. Whittlesey, P. T. Wood, Dalton
Trans. 2004, 4202–4208; c) J. W. Ellis, K. N. Harrison, P. A. T.
Hoye, A. G. Orpen, P. G. Pringle, M. B. Smith, Inorg. Chem.
1992, 31, 3026–3033.

[25] S. Trofimenko, J. Am. Chem. Soc. 1966, 88, 1842–1844.
[26] N. W. Alcock, I. D. Burns, K. S. Claire, A. F. Hill, Inorg. Chem.

1992, 31, 2906–2908.
[27] G. M. Sheldrick, CELL_NOW, University of Göttingen,

Göttingen, RFA, 2008.
[28] SAINT Version 6.29, Data Integration Software Package,

Bruker Analytical X-ray Systems Inc., Madison, Wisconsin,
USA, 2002.

[29] G. M. Sheldrick: TWINABS, Bruker Nonius Scaling and Cor-
rections for Twinned Crystals, Version 2008/3, Bruker AXS,
Madison, Wisconsin, USA.

[30] P. J. McArdle, Appl. Crystallogr. 1995, 28, 65–65.
[31] G. M. Sheldrick, Acta Crystallogr., Sect. A 2008, 64, 112–122.
[32] A. L. Spek, Acta Crystallogr., Sect. A 1990, 46, C34.

Received: October 8, 2009
Published Online: January 5, 2010


