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Complex [RuCl{j3(N,N,N)-Tp}(PPh3)(PTA)] (j3(N,N,N)-Tp = hydridotris(pyrazolyl)borate) containing the
water-soluble phosphane 1,3,5-triaza-7-phosphatricyclo[3.3.1.13,7]decane (PTA) reacts with terminal
alkynes producing to the corresponding neutral alkynyl complexes [Ru(C„CR){j3(N,N,N)-Tp}(PPh3)(PTA)]
(R = Ph (1a), nBu (1b), 1-cyclopentenyl (1c), p-methoxyphenyl (1d), 6-methoxynaft-2-yl (1e)). When
halide is extracted from complex [RuCl{j3(N,N,N)-Tp}(PPh3)(PTA)] followed by treatment with propargyl
alcohols, the corresponding allenylidene complexes [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)(C@C@CPh2)][X]
(X = PF6 (2a), CF3SO3 (2b)) and [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)(C@C@CC12H8)][PF6] (3) result. Electrophilic
attack on the complexes thus obtained leads chemoselectively to the alkynyl complexes
[Ru(C„CR){j3(N,N,N)-Tp}(PPh3)(1-CH3-PTA)][CF3SO3] (R = Ph (4a), nBu (4b), and 1-cyclopentenyl (4c))
and to the dicationic allenylidene complexes [Ru{j3(N,N,N)-Tp}(PPh3)(1-H-PTA)(C@C@CC12H8)][PF6]2

(5) and [Ru{j3(N,N,N)-Tp}(PPh3)(1-CH3-PTA)(C@C@CPh2)][CF3SO3]2 (6).
� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, environmental concerns have prompted a new
approach to chemical technology in search of sustainable chemical
processes. The replacement of organic solvents for water has at-
tracted interest over the last few decades due to a large extent to
the aqueous-biphasic technology in catalysis [1,2]. Moreover, the
use of transition metal complexes as antitumoral drugs [3,4] has
heightened interest in this type of chemistry, since the complexes
must be stable at physiological pH.

One of the most common approaches to obtaining water-solu-
ble organometallic compounds is by means of ligands with hydro-
philic properties. Among water-soluble phosphanes, particular
attention is recently being paid to the cage-like tertiary phosphane
1,3,5-triaza-7-phosphatricyclo[3.3.1.13,7]decane (PTA) (Fig. 1) [5]
whose high solubility in water has been ascribed to the extensive
participation of its three nitrogen atoms in hydrogen interactions
with water molecules.

Thus, water-soluble ruthenium(II) complexes, particularly those
containing the PTA ligand have been used in stoichiometric pro-
cesses [6], catalysis [7,8] and in biological assays [9–14].

In a previous work, we reported the synthesis, and biological
interest of a series of ruthenium(II) complexes containing the
phosphane PTA ligand [RuX{j3(N,N,N)-Tp}(PPh3)(PTA)] [15]. Elec-
All rights reserved.
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trophilic attacks on one of the nitrogen atoms of the PTA phos-
phane as well as unprecedented formal C–H activation processes
on the former ligands have been also reported [16].

Continuing with our interest in the chemistry of ruthenium(II)
complexes containing PTA ligand, we describe the reactivity of
complex [RuCl{j3(N,N,N)-Tp}(PPh3)(PTA)] towards terminal al-
kynes yielding the first alkynyl, and allenylidene complexes of
ruthenium(II) containing the PTA phosphane as well as their reac-
tion with electrophiles.
2. Experimental

2.1. General procedures

All manipulations were performed under an atmosphere of dry
nitrogen using vacuum-line and standard Schlenk techniques. All
reagents were obtained from commercial suppliers and used with-
out further purification. Solvents were dried following standard
methods and distilled under nitrogen before use. The compound
[RuCl{j3(N,N,N)-Tp}(PPh3)(PTA)] was prepared by a previously
reported method [15]. Infrared spectra were recorded on a
Perkin–Elmer FT-IR Paragon 1000 spectrometer. The C, H, and N
analyses were carried out with a C, N, H, S Perkin–Elmer 2400 mic-
roanalyzer. NMR spectra were recorded on a Bruker AC-400 instru-
ment at 400.1 MHz (1H), 161.9 (31P) or 100.6 MHz (13C) using
SiMe4 or 85% H3PO4 as standards. DEPT experiments were carried
out for all the compounds. Coupling constants J are given in hertzs.

http://dx.doi.org/10.1016/j.jorganchem.2009.10.017
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Fig. 1. 1,3,5-triaza-7-phosphatricyclo[3.3.1.13,7]decane (PTA).
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Resonances due to the Tp ligand are reported by chemical shift and
multiplicity only, since all 3JHH values for pyrazolyl rings are 2 Hz.
Abbreviations used: br, broad signal; s, singlet; d, doublet; dd, dou-
blet of doublets; m, multiplet; q, quartet; quin, quintuplet; sext,
sextuplet; t, triplet. The following atom labels have been used for
the 1H and 13C{1H} spectroscopic data of the hydridotris(pyrazol-
yl)borate(Tp) ligand:
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2.2. Synthesis of complexes [Ru(C„CR){j3(N,N,N)-Tp}(PPh3)(PTA)]
(R = Ph (1a), nBu (1b), 1-cyclopentenyl (1c), p-methoxyphenyl (1d),
6-methoxynaft-2-yl (1e))

To a solution of complex [RuCl{j3(N,N,N)-Tp}(PPh3)(PTA)]
(0.13 mmol, 100 mg) in methanol (10 mL), triethylamine
(1.3 mmol, 227 lL) and the corresponding alkyne (1.3 mmol) were
added. The reaction mixture was refluxed for 6 h. After cooling to
room temperature, the solvents were decanted and the yellow so-
lid residue was washed with hexane (5 � 5 mL) and dried under re-
duced pressure.

For complex 1c chromatographic purification, using methanol
as eluent was required.

2.2.1. Complex 1a
Yield: 75 mg (69%). IR (KBr): 2487 (BH), 2082 (C„C). 1H NMR

(300.1 MHz, dichloromethane-d2): 8.30 (d, 1H, H3,5 (pz)), 7.85–
7.60 (m, 9H, H3,5 (pz) and Ph), 7.39–7.25 (m, 13H, Ph), 7.10–7.05
(m, 1H, Ph), 6.69 (d, 1H, H3,5 (pz)), 6.27–6.25 (m, 2H, H3,5 y H4

(pz)), 5.86 (t, 1H, H4 (pz)), 5.79 (t, 1H, H4 (pz)), 4.37 (AB spin sys-
tem, JHAHB = 13 Hz, 3H, NCH2N), 4.19 (AB spin system,
JHAHB = 13 Hz, 3H, NCH2N), 3.84 (s, 6H, NCH2P). 13C{1H} NMR
(75.4 MHz, dichloromethane-d2): 144.5 (s, C-3 (pz)), 144.2 (s, C-3
(pz)), 137.2 (d, JCP = 39 Hz, C-1 PPh3), 135.7 (s, C-5 (pz)), 135.4 (s,
C-5 (pz)), 135.0 (s, C-5 (pz)), 134.5 (d, 2JCP = 9 Hz, C-2,6 PPh3),
130.8 (s, C-4 PPh3),130.7 (s, C-1 Ph), 129.5 (s, C-2 and C-6 Ph),
128.2 (m, C-3,5 PPh3, C-3 and C-5 Ph), 126.7 (t, 2JCP = 2JCP’ = 16 Hz,
Ca), 123.6 (s, C-4 Ph), 111.2 (s, Cb), 105.6 (s, C-4 (pz)),105.4 (s,
C-4 (pz)), 104.8 (s, C-4 (pz)), 73.5 (d, 3JCP = 6 Hz, NCH2N), 52.8 (d,
JCP = 14 Hz, NCH2P). 31P{1H} NMR (121.5 MHz, dichloromethane-
d2): 53.9 (d, 2JPP = 34 Hz, PPh3), �31.5 (d, 2JPP = 34 Hz, PTA). Anal.
Calc. for C41H42BN9P2Ru: C, 59.00; H, 5.07; N, 15.10. Found: C,
58.98; H, 5.21; N, 15.26%.

2.2.2. Complex 1b
Yield: 42 mg (40%). IR (KBr): 2486 (BH), 2095 (C„C). 1H NMR

(300.1 MHz, dichloromethane-d2): 8.26 (s, 1H, H3,5 (pz)), 7.83–
7.77 (m, 5H, PPh3), 7.65–7.63 (m, 2H, H3,5 (pz)), 7.59 (d,
1H3,5(pz)), 7.36–7.26 (m, 10H, PPh3), 6.70 (d, 1H, H3,5 (pz)), 6.22
(t, 1H, H4 (pz)), 6.19 (d, 1H, H3,5 (pz)), 5.81 (t, 1H, H4 (pz)), 5.76
(t, 1H, H4 (pz)), 4.36 (AB spin system, JHAHB = 13 Hz, 3H, NCH2N),
4.18 (AB spin system, JHAHB = 13 Hz, 3H, NCH2N), 3.78 (s, 6H,
NCH2P), 2.56 (t, JHH = 7 Hz, 2H, CH2CH2CH2), 1.69 (quin, JHH = 7 Hz,
2H, CH2CH2CH2), 1.59 (sext, JHH = 7 Hz, 2H, CH2CH3), 1.02 (t,
3JHH = 7 Hz, 3H, CH3). 13C{1H} NMR (75.4 MHz, dichloromethane-
d2): 144.5 (s, C-3 (pz)), 144.4 (s, C-3 (pz)), 144.3 (s, C-3 (pz)),
137.8 (d, JCP = 38 Hz, C-1 PPh3), 135.5 (s, C-5 (pz)), 135. 1 (s, C-5
(pz)), 134.8 (s, C-5 (pz), 134.4 (d, 2JCP = 10 Hz, C-2,6 PPh3)), 129.3
(s, 3C, C-4 PPh3), 128.0 (d, 3JCP= 9 Hz, C-3,5 PPh3), 107.7 (s, Cb),
105.3 (s, C-4 (pz)), 105.2 (s, C-4 (pz)), 104.6 (s, C-4 (pz)), 101.6 (t,
2JCP = 2JCP’ = 20 Hz, Ca), 73.5 (d, 3JCP = 7 Hz, NCH2N), 52.9 (d,
JCP = 15 Hz, NCH2P), 34.5 (s, CH2CH2CH2), 23.1 (s, CH2CH2CH2),
22.7 (s, CH2CH3), 14.3 (s, CH3). 31P{1H} NMR (161.9 MHz, dichloro-
methane-d2): 54.2 (d, 2JPP = 34 Hz, PPh3), �30.7 (d, 2JPP = 34 Hz,
PTA). Anal. Calc. for C39H46BN9P2Ru: C, 57.50; H, 5.69; N, 15.47.
Found: C, 57.47; H, 5.94; N, 15.51%.

2.2.3. Complex 1c
Yield: 49 mg (46%). IR (KBr): 2464 (BH), 2066 (C„C). 1H NMR

(300.1 MHz, dichloromethane-d2): 8.22 (d, 1H, H3,5 (pz)), 7.76–
7.71 (m, 5H, PPh3), 7.66 (d, 1H, H3,5 (pz)), 7.62 (d, 1H, H3,5 (pz)),
7.58 (d, 1H, H3,5 (pz)), 7.35–7.27 (m, 10H, PPh3), 6.62 (d, 1H, H3,5

(pz)), 6.22 (m, 2H, H3.5 (pz) and C@CH), 5.82 (t, 1H, H4 (pz)), 5.72
(t, 1H, H4 (pz)), 5.55 (t, 1H, H4 (pz)), 4.35 (AB spin system,
JHAHB = 10 Hz, 3H, NCH2N), 4.17 (AB spin system, JHAHB = 10 Hz,
3H, NCH2N), 3.78 (s, 6H, NCH2P), 2.53–2.45 (m, 4H, CH2CH2CH2),
1.93 (quin, 2H, 3JHH = 6 Hz, CH2CH2CH2). 13C{1H} NMR
(100.6 MHz, dichloromethane-d2): 144.1 (s, C-3 (pz)), 144.0 (s,
C-3 (pz)), 143.8 (s, C-3 (pz)), 137.0 (d, JCP = 41 Hz, C-1 PPh3),
135.2 (s, C-5 (pz)), 134.9 (s, C-5 (pz)), 134.6 (s, C-5 (pz), 134.0 (d,
2JCP = 11 Hz, C-2,6 PPh3)), 130.3 (s, C@CH), 129.0 (s, C-4 PPh3),
127.7 (d, 3JCP = 9 Hz, C-3,5 PPh3), 125.2 (s, C@CH), 124.7 (t,
2JCP = 2JCP’ = 22 Hz, Ca), 107.8 (s, Cb), 105.1 (s, C-4 (pz)), 104.9 (s,
C-4 (pz)), 104.4 (s, C-4 (pz)), 73.1 (d, 3JCP = 6 Hz, NCH2N), 52.4 (d,
JCP = 15 Hz, NCH2P), 38.0 (s, CCH2), 32.5 (s, CHCH2), 23.5 (s,
CH2CH2CH2). 31P{1H} NMR (161.9 MHz, dichloromethane-d2):
53.3 (d, 2JPP = 34 Hz, PPh3), �32.2 (d, 2JPP = 34 Hz, PTA). Anal. Calc.
for C40H44BN9P2Ru�0.5CH2Cl2: C, 56.10; H, 5.23; N, 14.54. Found:
C, 55.92; H, 5.68; N, 14.54%.

2.2.4. Complex 1d
Yield: 74 mg (66%). IR (KBr): 2481 (BH), 2082 (C„C). 1H NMR

(400.1 MHz, dichloromethane-d2): 8.32 (d, 1H, H3,5 (pz)), 7.81–
7.77 (m, 5H, PPh3), 7.70–7.63 (m, 3H, H3,5 (pz), H-2 and H-6 Ph),
7.34–7.31 (m, 12H, H3,5 (pz) and PPh3), 6.85–6.83 (m, 2H, H-3
and H-5 Ph), 6.70 (d, 1H, H3,5 (pz)), 6.27 (sa, 2H, H3,5 and H4

(pz)), 5.86 (t, 1H, H4 (pz)), 5.79 (t, 1H, H4 (pz)), 4.37 (AB spin sys-
tem, JHAHB = 13 Hz, 3H, NCH2N), 4.19 (AB spin system,
JHAHB = 13 Hz, 3H, NCH2N), 3.84 (s, 9H, OCH3 and NCH2P). 13C{1H}
NMR (100.6 MHz, dichloromethane-d2): 156.2 (s, COCH3), 144.1
(s, C-3 (pz)), 144.06 (s, C-3 (pz)), 143.8 (s, C-3 (pz)), 136.9 (d,
JCP = 39 Hz, C-1 PPh3), 135.3 (s, C-5 (pz)), 134.6 (s, C-5 (pz)),
134.5 (s, C-5 (pz)), 134.0 (d, 2JCP = 9 Hz, C-2,6 PPh3), 131.3 (s,
C-2,6 Ph), 129.1 (s, C-4 PPh3), 127.8 (d, 3JCP = 9 Hz, C-3,5 PPh3),
123.3 (s, C-1 Ph), 121.8 (t, 2JCP = 2JCP’ = 19 Hz, Ca), 113.5 (s, C-3,5
Ph), 109.8 (s, Cb), 105.2 (s, C-4 (pz)),105.0 (s, C-4 (pz)), 104.4
(s, C-4 (pz)), 73.1 (d, 3JCP = 6 Hz, NCH2N), 55.2 (s, OCH3), 52.5
(d, JCP = 15 Hz, NCH2P). 31P{1H} NMR (161.9 MHz, dichlorometh-
ane-d2): 53.5 (d, 2JPP = 34 Hz, PPh3), �31.6 (d, 2JPP = 34 Hz, PTA).
Anal. Calc. for C42H44BN9OP2Ru: C, 58.34; H, 5.13; N, 14.58. Found:
C, 57.81; H, 5.41; N, 14.36%.

2.2.5. Complex 1e
Yield: 74 mg (62%). IR (KBr): 2491 (BH), 2065 (C„C). 1H NMR

(300.1 MHz, dichloromethane-d2): 8.36 (s, 1H, H3,5 (pz)), 7.80–
7.64 (m, 14H, PPh3 and 6-methoxynaft-2-yl), 7.50 (s, 1H, H3,5

(pz)), 7.35–7.31 (m, 10H, PPh3 and 6-methoxynaft-2-yl), 7.13 (sa,
2H, H3,5 (pz)), 6.72 (d, 1H, H3,5 (pz)), 6.29 (d, 1H, H3,5 (pz)), 6.27
(t, 1H, H4 (pz)), 5.86 (t, 1H, H4 (pz)), 5.80 (t, 1H, H4 (pz)), 4.39
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(AB spin system, JHAHB = 13 Hz, 3H, NCH2N), 4.22 (AB spin system,
JHAHB = 13 Hz, 3H, NCH2N), 3.94 (s, 3H, OCH3), 3.87 (s, 6H, NCH2P).
13C{1H} NMR (100.6 MHz, dichloromethane-d2): 156.6 (s, C–OCH3),
144.2 (s, C-3 (pz)), 144.1 (s, C-3 (pz)), 143.8 (s, C-3 (pz)), 136.8 (d,
JCP = 39 Hz, C-1 PPh3), 135.4 (s, C-5 (pz)), 135.0 (s, C-5 (pz)), 134.7
(s, C-5 (pz)), 134.1 (s, C-7a 6-methoxynaft-2-yl), 134.0 (d,
2JCP = 9 Hz, C-2,6 PPh3), 131.6 (s, C-3 6-methoxynaft-2-yl), 130.5
(s, C-1 and C-3 6-methoxynaft-2-yl), 129.4 (s, C-3a 6-meth-
oxynaft-2-yl), 129.1 (s, C-4 PPh3), 128.3 (s, C-4 6-methoxynaft-2-yl),
127.8 (d, 3JCP = 9 Hz, C-3,5 PPh3), 127.6 (s, C-3 6-methoxynaft-2-
yl), 126.0 (s, C-8 6-methoxynaft-2-yl), 125.7 (br, Ca), 118.3 (s,
C-5 6-methoxynaft-2-yl), 111.1 (s, Cb), 105.8 (s, C-7 6-meth-
oxynaft-2-yl), 105.2 (s, C-4 (pz)), 105.0 (s, C-4 (pz)), 104.5 (s, C-4
(pz)), 73.1 (d, 3JCP = 6 Hz, NCH2N), 55.2 (s, OCH3), 52.4 (d,
JCP = 14 Hz, NCH2P). 31P{1H} NMR (161.9 MHz, dichloromethane-
d2): 53.5 (d, 2JPP = 34 Hz, PPh3), �32.2 (d, 2JPP = 34 Hz, PTA). Anal.
Calc. for C46H46BN9OP2Ru: C, 60.40; H, 5.07; N, 13.78. Found: C,
59.97; H, 5.13; N, 13.96%.

2.3. Synthesis of complexes [Ru{j3(N,N,N)-
Tp}(PPh3)(PTA)(C@C@CPh2)][X] (X = PF6 (2a), CF3SO3 (2b))

To a solution of complex [RuCl{j3(N,N,N)-Tp}(PPh3)(PTA)]
(0.13 mmol, 100 mg) in methanol (15 mL) the corresponding salt,
NaPF6 (0.26 mmol, 44 mg) (2a) or NaCF3SO3 (0.26 mmol, 45 mg)
(2b) and 1,1-diphenyl-2-propyn-1-ol (0.26 mmol, 54 mg) were
added. The reaction mixture was refluxed for 6 h. After cooling to
room temperature, the solvent was evaporated and the solid resi-
due was extracted with dichloromethane and the resulting solu-
tion filtered through kieselguhr and concentrated under vacuum
to ca. 1 mL. The addition of hexane rendered a violet-colored pre-
cipitate. The solvents were decanted and the solid residue was
washed with hexane (3 � 5 mL) and dried under reduced pressure.

2.3.1. Complex 2a
Yield: 118 mg (85%). Molar conductivity (acetone, 20 �C) KM:

81 X�1 cm2 mol�1. IR (KBr): 2488 (BH), 1941 (@C@C@C), 840
(PF6). 1H NMR (300.1 MHz, dichloromethane-d2): 7.98 (d, 1H, H3,5

(pz)), 7.80–7.77 (m, 7H, 2H3,5 (pz) and 5H Ph), 7.61 (d, 1H, H3,5

(pz)), 7.48–7.29 (m, 20H, Ph), 6.73 (d, 1H, H3,5 (pz)), 6.25 (t, 1H,
H4 (pz)), 6.21 (t, 1H, H4 (pz)), 6.03 (d, 1H, H3,5 (pz)), 5.86 (t, 1H,
H4 (pz)), 4.42 (AB spin system, JHAHB = 16 Hz, 3H, NCH2N), 4.22
(AB spin system, JHAHB = 16 Hz, 3H, NCH2N), 3.86–3.71 (m, 6H,
NCH2P). 13C{1H} NMR (100.6 MHz, dichloromethane-d2): 308.9 (t,
2JCP = 2JCP’ = 18 Hz, Ca), 202.7 (s, Cb), 163.4 (s, Cc), 144.8 (s, C-3
(pz)), 144.3 (s, C-3 (pz)), 144.1 (s, C-3 (pz)), 143.7 (s, C-1 Ph),
137.1 (s, C-5 (pz)), 136.9 (s, C-5 (pz)), 136.7 (s, C-5 (pz)), 133.6
(d, 2JCP = 9 Hz, C-2,6 PPh3), 132.8 (s, C-4 Ph), 132.4 (d, JCP = 45 Hz,
C-1 PPh3), 131.3 (s, C-3,5 Ph), 131.0 (s, C-4 PPh3), 129.4 (s, C-3,5
Ph), 128.8 (d, 3JCP = 9 Hz, C-3,5 PPh3), 128.3 (s, C-2,6 Ph), 127.8 (s,
C-4 Ph), 125.8 (s, C-2,6 Ph), 107.4 (s, C-4 (pz)), 106.5 (s, C-4 (pz)),
105.7 (s, C-4 (pz)), 72.7 (d, 3JCP = 5 Hz, NCH2N), 51.9 (d, JCP

=15 Hz, NCH2P). 31P{1H} NMR (161.9 MHz, dichloromethane-d2):
39.6 (d, 2JPP = 31 Hz, PPh3), �5.1 (d, 2JPP = 31 Hz, PTA), �144.4 (sept,
JPF = 709 Hz, PF6). MS (ESI, m/z): 924 [M]+. Anal. Calc. for
C48H47BF6N9P3Ru�2.5CH2Cl2: C, 47.35; H, 4.09; N, 9.84. Found: C,
47.51; H, 4.67; N, 9.11%.

2.3.2. Complex 2b
Yield: 84 mg (60%). Molar conductivity (acetone, 20 �C) KM:

80 X�1 cm2 mol�1. IR (KBr): 2486 (BH), 1940 (@C@C@C), 1278,
1154, 1031 (OTf). 1H NMR (400.1 MHz, dichloromethane-d2):
7.98 (d, 1H, H3,5 (pz)), 7.87–7.75 (m, 6H, Ph), 7.68–7.59 (m, 3H,
H3,5 (pz)), 7.56–7.25 (m, 19H, Ph), 6.69 (d, 1H, H3,5 (pz)), 6.27 (t,
1H, H4 (pz)), 6.21 (t, 1H, H4 (pz)), 6.01 (d, 1H, H3,5 (pz)), 5.86 (t,
1H, H4 (pz)), 4.37 (AB spin system, JHAHB = 13 Hz, 3H, NCH2N),
4.18 (AB spin system, JHAHB = 13 Hz, 3H, NCH2N), 3.84–3.72 (m,
6H, NCH2P). 13C{1H} NMR (100.6 MHz, dichloromethane-d2):
309.0 (t, 2JCP = 2JCP’ = 17 Hz, Ca), 203.7 (s, Cb), 162.8 (s, Cc), 145.0
(s, C-1 Ph), 144.7 (s, C-3 (pz)), 144.3 (s, C-1 Ph), 144.1 (s, C-3
(pz)), 143.6 (s, C-3 (pz)), 137.1 (s, C-5 (pz)), 136.9 (s, C-5 (pz)),
136.7 (s, C-5 (pz)), 133.6 (d, 2JCP = 9 Hz, C-2,6 PPh3), 132.7 (s, C-4
Ph), 132.4 (d, JCP = 45 Hz, C-1 PPh3), 131.2 (s, C-3,5 Ph),131.0 (s,
C-4 PPh3), 129.4 (s, C-3,5 Ph), 128.8 (d, 3JCP = 10 Hz, C-3,5 PPh3),
128.2 (s, C-2,6 Ph), 127.7 (s, C-4 Ph), 125.8 (s, C-2,6 Ph), 121.1 (q,
JCF = 323 Hz, CF3SO3), 107.3 (s, C-4 (pz)), 106.5 (s, C-4 (pz)), 105.6
(s, C-4 (pz)), 72.7 (d, 3JCP = 7 Hz, NCH2N), 52.2 (d, JCP = 15 Hz,
NCH2P). 31P{1H} NMR (161.9 MHz, dichloromethane-d2): 40.2 (d,
2JPP = 32 Hz, PPh3), �46.5 (d, 2JPP = 32 Hz, PTA). Anal. Calc. for
C49H47BF3N9O3P2RuS: C, 54.86; H, 4.42; N, 11.75; S, 2.99. Found:
C, 54.77; H, 4.38; N, 11.70; S, 2.95%.
2.4. Synthesis of complex [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)-
(C@C@CC12H8)][PF6] (3)

To a solution of complex [RuCl{j3(N,N,N)-Tp}(PPh3)(PTA)]
(0.13 mmol, 100 mg) in dichloromethane (2 mL) at �30 �C, TlPF6

(0.26 mmol, 93 mg) was added. The reaction mixture was stirred
at low temperature for 1 h. After warming to room temperature,
a solution of 9-ethynyl-9H-fluoren-9-ol (0.98 mmol, 202 mg) in
dichloromethane (5 mL) was added. The reaction mixture was stir-
red at room temperature for 2.5 days. The solution was then fil-
tered through kieselguhr and concentrated under vacuum to ca.
0.5 mL. The addition of hexane produced a violet-colored precipi-
tate. The solvents were decanted and the solid residue was washed
with hexane (4 � 5 mL) and dried under reduced pressure.

Yield: 111 mg (80%). Conductivity (acetone, 20 �C): 81 X�1 cm2

mol�1. IR (KBr): 2490 (BH), 1941 (@C@C@C), 841 (PF6). 1H NMR
(300.1 MHz, dichloromethane-d2): 7.96 (d, 1H, H3,5 (pz)), 7.82 (d,
1H, H3,5 (pz)), 7.76 (sa, 2H, H3,5 (pz)), 7.70–7.10 (m, 23H, Ph), 6.65
(d, 1H, H3,5 (pz)), 6.38 (t, 1H, H4 (pz)), 6.19 (t, 1H, H4 (pz)), 6.09 (d,
1H, H3,5 (pz)), 5.86 (t, 1H, H4 (pz)), 4.35 (AB spin system,
JHAHB = 13 Hz, 3H, NCH2N), 4.17 (AB spin system, JHAHB = 13 Hz, 3H,
NCH2N), 3.86–3.83 (m, 6H, NCH2P). 13C{1H} NMR (100.6 MHz,
dichloromethane-d2): 309.4 (t, 2JCP = 2JCP’ = 20 Hz, Ca), 210.6 (s, Cb),
156.2 (s, Cc), 146.8 (s, C 9H-fluorene), 146.2 (s, C-3 (pz)), 144.6 (s,
C-3 (pz)), 144.0 (s, C-3 (pz)), 142.9 (s, C 9H-fluorene), 142.5 (s, C
9H-fluorene), 139.0 (s, C 9H-fluorene), 137.2 (s, C-5 (pz)), 137.1 (s,
C-5 (pz)), 136.8 (s, C-5 (pz)), 134.0 (s, CH 9H-fluorene), 133.5 (d,
2JCP = 10 Hz, C-2,6 PPh3), 132.2 (d, JCP = 46 Hz, C-1 PPh3), 131.3 (s,
C-4 PPh3), 129.9 (s, CH 9H-fluorene), 129.8 (s, CH 9H-fluorene),
129.1 (d, 3JCP = 10 Hz, C-3,5 PPh3), 128.6 (s, CH 9H-fluorene), 124.1
(s, CH 9H-fluorene), 124.0 (s, CH 9H-fluorene), 121.9 (s, CH 9H-flu-
orene), 120.3 (s, CH 9H-fluorene), 107.5 (s, C-4 (pz)), 106.7 (s, C-4
(pz)), 105.8 (s, C-4 (pz)), 72.7 (d, 3JCP = 6 Hz, NCH2N), 52.0 (d,
JCP = 15 Hz, NCH2P). 31P{1H} NMR (161.9 MHz, dichloromethane-
d2): 37.9 (d, 2JPP = 33 Hz, PPh3), �48.3 (d, 2JPP = 33 Hz, PTA), �144.4
(sept, JPF = 709 Hz, PF6). MS (ESI, m/z): 922 [M]+. Anal. Calc. for
C48H45BF6N9P3Ru: C, 54.05; H, 4.25; N, 11.82. Found: C, 53.96; H,
4.20; N, 11.75%.
2.5. Synthesis of complexes [Ru(C„CR){j3(N,N,N)-Tp}(PPh3)(1-CH3-
PTA)][CF3SO3] (R = Ph (4a), nBu (4b), 1-cyclopentenyl (4c))

To a solution of the corresponding complex [Ru{j3(N,N,N)-
Tp}(C„CR)(PPh3)(PTA)] (0.13 mmol) in dichloromethane (2 mL)
at �30 �C, MeOTf (16 lL, 0.13 mmol) was added. The reaction mix-
ture was stirred at �30 �C for 40 min. The addition of hexane
(60 mL) produced a pale yellow precipitate. The solvents were
decanted and the solid residue was washed with hexane
(2 � 5 mL) and dried under reduced pressure.
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2.5.1. Complex 4a
Yield: 60 mg (46%). Molar conductivity (acetone, 20 �C):

115 X�1 cm2 mol�1. IR (KBr): 2504 (BH), 2024 (C„C), 1258,
1161, 1032 (OTf). 1H NMR (400.1 MHz, dichloromethane-d2):
8.17 (d, 1H, H3,5 (pz)), 7.82 (d, 1H, H3,5 (pz)),7.71 (br, 2H, H3,5

(pz)), 7.52–7.10 (m, 20H, Ph and PPh3), 6.86 (d, 1H, H3,5 (pz)),
6.69 (d, 1H, H3,5 (pz)), 6.25 (t, 1H, H4 (pz)), 6.04 (t, 1H, H4 (pz)),
5.84 (t, 1H, H4 (pz)), 5.06 (br, 2H, 1-CH3-PTA), 4.46–4.32 (m, 3H,
1-CH3-PTA), 4.05–3.96 (m, 2H, 1-CH3-PTA), 3.82–3.75 (m, 4H, 1-
CH3-PTA), 3.35 (d, JHH = 14 Hz, 1H, 1-CH3-PTA), 2.58 (s, 3H,
CH3N). 13C{1H} NMR (100.6 MHz, dichloromethane-d2): 145.3 (s,
C-3 (pz)), 144.4 (s, C-3 (pz)), 136.1 (s, C-5 (pz)), 135.9 (s, C-5
(pz)), 135.7 (d, JCP = 40 Hz, C-1 PPh3), 135.6 (s, C-5 (pz)), 134.0 (d,
2JCP = 9 Hz, C-2,6 PPh3), 130.5 (s, C-2 and C-6 Ph), 129.8 (s, C-4
PPh3), 129.5 (s, C-1 Ph), 128.3 (d, 3JCP = 9 Hz, C-3,5 PPh3), 128.2
(s, C-3 and C-5 Ph), 124.1 (s, C-4 Ph), 123.1 (dd, 2JCP = 2JCP’ = 22 Hz,
Ca), 120.7 (q, JCF = 320 Hz, CF3SO3), 110.8 (s, Cb), 106.2 (s, C-4 (pz)),
105.6 (s, C-4 (pz)), 105.1 (s, C-4 (pz)), 81.0 (d, 3JCP = 3 Hz,
CH3NCH2N), 80.7 (d, 3JCP = 3 Hz, CH3NCH2N), 69.3 (d, 3JCP = 5 Hz,
NCH2N), 58.3 (d, JCP = 7 Hz, CH3NCH2P), 49.9 (d, JCP = 16 Hz, NCH2P),
49.8 (s, CH3N), 49.3 (d, JCP = 15 Hz, NCH2P). 31P{1H} NMR
(161.9 MHz, dichloromethane-d2): 47.3 (d, 2JPP = 32 Hz, PPh3),
�10.3 (d, 2JPP = 32 Hz, 1-CH3-PTA). Anal. Calc. for C43H45BF3N9O3-

P2RuS: C, 51.71; H, 4.54; N, 12.62; S, 3.21. Found: C, 51.99; H,
4.53; N, 12.38; S, 3.13%.

2.5.2. Complex 4b
Yield: 59 mg (46%). Molar conductivity (acetone, 20 �C):

111 X�1 cm2 mol�1. IR (KBr): 2504 (BH), 2035 (C„C), 1258,
1160, 1030 (OTf). 1H NMR (400.1 MHz, acetonitrile-d3): 8.17 (d,
1H, H3,5 (pz)), 7.80 (d, 1H, H3,5 (pz)), 7.72 (d, 2H, H3,5 (pz)), 7.53–
7.21 (m, 15H, PPh3), 6.92 (d, 1H, H3,5 (pz)), 6.69 (d, 1H, H3,5 (pz)),
6.22 (t, 1H, H4 (pz)), 5.97 (t, 1H, H4 (pz)), 5.79 (t, 1H, H4 (pz)),
4.71–4.66 (m, 2H, 1-CH3-PTA), 4.47–4.44 (m, 2H, 1-CH3-PTA),
4.25–4.21 (m, 1H, 1-CH3-PTA), 4.08–4.05 (m, 1H, 1-CH3-PTA),
3.96 (d, JHH = 14 Hz, 1H, 1-CH3-PTA), 3.79–3.59 (m, 4H, 1-CH3-
PTA), 3.50–3.46 (m, 1H, 1-CH3-PTA), 2.58 (s, 3H, CH3N), 2.50 (t,
3JHH = 7 H, 2H, CH2CH2CH2CH3), 1.61 (quin, 3JHH = 7 Hz, 2H,
CH2CH2CH2CH3), 1.54 (sext, 3JHH = 7 Hz, 2H, CH2CH2CH2CH3), 1.00
(t, 3JHH = 7 Hz, 3H, CH2CH3). 13C{1H} NMR (100.6 MHz, acetoni-
trile-d3): 145.8 (s, C-3 (pz)), 145.0 (s, C-3 (pz)), 144.1 (s, C-3
(pz)), 136.4 (d, JCP = 39 Hz, C-1 PPh3), 135.8 (s, C-5 (pz)), 135.4 (s,
C-5 (pz)), 134.0 (d, 2JCP = 9 Hz, C-2,6 PPh3), 129.6 (s, C-4 PPh3),
128.0 (d, 3JCP = 9 Hz, C-3,5 PPh3), 121.1 (q, JCF = 321 Hz, CF3SO3),
106.0 (s, Cb), 105.7 (s, C-4 (pz)), 105.2 (s, C-4 (pz)), 104.7 (s, C-4
(pz)), 100.0 (dd, 2JCP = 22 Hz, 2JCP’ = 17 Hz Ca), 80.5 (d, 3JCP = 3 Hz,
CH3NCH2N), 80.4 (d, 3JCP = 3 Hz, CH3NCH2N), 68.9 (d, 3JCP = 5 Hz,
NCH2N), 58.2 (d, JCP = 7 Hz, CH3NCH2P), 49.3 (s, CH3N), 48.8 (d,
JCP = 17 Hz, NCH2P), 48.7 (d, JCP = 16 Hz, NCH2P), 33.5 (s,
CH2CH2CH2), 22.3 (s, CH2CH2CH2), 21.8 (s, CH2CH2CH2), 13.3 (s,
CH2CH3). 31P{1H} NMR (161.9 MHz, acetonitrile-d3): 48.5 (d,
2JPP = 33 Hz, PPh3), �10.0 (d, 2JPP = 33 Hz, 1-CH3-PTA). Anal. Calc.
for C41H49BF3N9O3P2RuS: C, 50.31; H, 5.05; N, 12.88; S, 3.28. Found:
C, 50.23; H, 4.98; N, 12.81; S, 3.22%.

2.5.3. Complex 4c
Yield: 59 mg (46%). Molar conductivity (acetone, 20 �C):

109 X�1 cm2 mol�1. IR (KBr): 2481 (BH), 2008 (C„C), 1258, 1160,
1031 (OTf). 1H NMR (600.2 MHz, dichloromethane-d2): 8.05 (d,
1H, H3,5 (pz)), 7.80 (d, 1H, H3,5 (pz)), 7.69 (br, 2H, H3,5 (pz)),
7.39–7.33 (m, 15H, PPh3), 6.88 (d, 1H, H3,5 (pz)), 6.51 (d, 1H, H3,5

(pz)), 6.21 (t, 1H, H4 (pz)), 6.00 (t, 1H, H4 (pz)), 5.80 (t, 1H, H4

(pz)), 5.62 (sa, 1H, CCH), 5.15–5.11 (m, 2H, 1-CH3-PTA), 4.45 (AB
spin system, JHAHB = 12 Hz, 1H, 1-CH3-PTA), 4.37 (AB spin system,
JHAHB = 12 Hz, 1H, 1-CH3-PTA), 4.21–4.20 (m, 1H, 1-CH3-PTA),
4.03–3.96 (m, 3H, 1-CH3-PTA), 3.85–3.75 (m, 3H, 1-CH3-PTA),
3.02–3.00 (m, 1H, 1-CH3-PTA), 2.95 (s, 3H, CH3N), 2.54–2.44 (m,
4H, CH2CH2CH2), 1.98–1.91 (m, 2H, CH2CH2CH2). 13C{1H} NMR
(150.9 MHz, dichloromethane-d2): 145.3 (s, C-3 (pz)), 144.4 (s, C-
3 (pz)), 144.2 (s, C-3 (pz)), 136.2 (s, C-5 (pz)), 136.0 (s, C-5 (pz)),
135.7 (s, C-5 (pz)), 135.6 (d, JCP = 39 Hz, C-1 PPh3), 134.1 (d,
2JCP = 9 Hz, C-2,6 PPh3), 129.9 (s, C-4 PPh3), 129.5 (s, C@CH),
128.3 (d, 3JCP = 9 Hz, C-3,5 PPh3), 125.2 (s, C@CH), 121.9 (dd,
2JCP = 24 Hz, 2JCP’ = 18 Hz, Ca), 120.6 (q, JCF = 320 Hz, CF3SO3),
107.8 (s, Cb), 106.1 (s, C-4 (pz)), 105.5 (s, C-4 (pz)), 105.2 (s, C-4
(pz)), 80.9 (s, CH3NCH2N), 80.4 (s, CH3NCH2N), 69.1 (s, NCH2N),
58.1 (d, JCP = 9 Hz, CH3NCH2P), 50.0 (s, CH3N), 49.9 (d, JCP = 17 Hz,
NCH2P), 49.0 (d, JCP = 12 Hz, NCH2P), 38.0 (s, CCH2), 32.5 (s, CHCH2),
23.4 (s, CH2CH2CH2). 31P{1H} NMR (242.9 MHz, dichloromethane-
d2): 46.8 (d, 2JPP = 32 Hz, PPh3), �11.3 (d, 2J PP = 32 Hz, 1-CH3-
PTA). MS (ESI, m/z): 840 [M]+. Anal. Calc. for C42H47BF3N9O3P2RuS:
C, 51.02; H, 4.79; N, 12.75; S, 3.24. Found: C, 50.85; H, 4.75; N,
12.71; S, 3.18%.
2.6. Synthesis of complex [Ru{j3(N,N,N)-Tp}(PPh3)(1-H-PTA)-
(C@C@CPh2)][PF6]2 (5)

To a solution of the complex [Ru{j3(N,N,N)-Tp}(C@C@CPh2)-
(PPh3)(PTA)][PF6] (2a) (0.05 mmol, 54 mg) in dichloromethane
(2 mL) at �30 �C, 1.0 equiv. of HPF6 (0.05 mmol, 7 lL) was added.
The reaction mixture was stirred at�30 �C for 30 min. The addition
of hexane (70 mL) resulted in the formation of a violet-colored pre-
cipitate. The solvents were decanted and the solid residue was
washed with hexane (2 � 5 mL) and dried under reduced pressure.

Yield: 36 mg (60%). Molar conductivity (acetone, 20 �C):
298 X�1 cm2 mol�1. IR (KBr): 2488 (BH), 1941 (@C@C@C), 839
(PF6). 1H NMR (300.1 MHz, dichloromethane-d2): 8.07 (d, 1H, H3,5

(pz)), 7.88–7.65 (m, 9H, H3,5 (pz) and Ph), 7.60–7.22 (m, 20H, H3,5

(pz) and Ph), 6.37 (t, 1H, H4 (pz)), 6.24 (d, 1H, H3,5 (pz)), 6.21 (t,
1H, H4 (pz)), 5.91 (t, 1H, H4 (pz)), 4.74 (AB spin system,
JHAHB = 9 Hz, 3H, NCH2N), 4.50 (AB spin system, JHAHB = 9 Hz, 3H,
NCH2N), 3.88 (CD spin system, JHCHD = 16 Hz, 3H, NCH2P), 3.73
(CD spin system, JHCHD = 16 Hz, 3H, NCH2P). 13C{1H} NMR
(100.6 MHz, dichloromethane-d2): 308.0 (t, 2JCP = 2JCP’ = 18 Hz,
Ca), 194.1 (s, Cb), 168.3 (s, Cc), 145.9 (s, C-3 (pz)), 144.4 (s, C-3
(pz)), 144.1 (s, C-3 (pz)), 143.8 (s, C-1 Ph), 137.5 (s, C-5 (pz)),
137.2 (s, C-5 (pz)), 133.6 (s, C-3,5 Ph), 133.5 (d, 2JCP = 9 Hz, C-2,6
PPh3), 132.3 (d, JCP = 46 Hz, C-1 PPh3), 132.0 (s, C-4 Ph), 131.3 (s,
C-4 PPh3), 129.4 (s, C-2,6 Ph), 128.9 (d, 3JCP = 10 Hz, C-3,5 PPh3),
108.3 (s, C-4 (pz)), 107.2 (s, C-4 (pz)), 106.1 (s, C-4 (pz)), 71.8 (s,
NCH2N), 49.1 (s, JCP = 16 Hz, NCH2P). 31P{1H} NMR (161.9 MHz,
dichloromethane-d2): 36.1 (d, 2JPP = 31 Hz, PPh3), �29.1 (d,
2JPP = 31 Hz, 1-H-PTA), �144.1 (sept, JPF = 703 Hz, PF6). Anal. Calc.
for C48H48BF12N9P4Ru�3CH2Cl2: C, 41.68; H, 3.70; N, 8.58. Found:
C, 41.49; H, 4.06; N, 8.28%.
2.7. Synthesis of complex [Ru{j3(N,N,N)-Tp}(PPh3)(1-CH3-PTA)-
(C@C@CPh2)][CF3SO3]2 (6)

To a solution of complex [Ru{j3(N,N,N)-Tp}(C@C@CPh2)(PPh3)-
(PTA)][CF3SO3] (2b) (0.05 mmol, 54 mg) in dichloromethane
(2 mL) at �30 �C, MeCF3SO3 (6.2 lL, 0.05 mmol) was added. The
reaction mixture was stirred at �30 �C for 30 min. The addition
of hexane (70 mL) led to the formation of a violet precipitate.
The solvents were decanted and the solid residue was washed with
hexane (2 � 5 mL) and dried under reduced pressure.

Yield: 52 mg (84%). Molar conductivity (acetone, 20 �C):
217 X�1 cm2 mol�1. IR (KBr): 2488 (BH), 1948 (@C@C@C), 1257,
1160, 1031 (OTf). 1H NMR (600.1 MHz, dichloromethane-d2):
8.17 (d, 1H, H3,5 (pz)), 8.11 (d, 1H, H3,5 (pz)), 7.91 (d, 1H, H3,5

(pz)), 7.77 (d, 1H, H3,5 (pz)), 7.74–7.72 (m, 3H, Ph), 37.63–7.61
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(m, 4H, Ph), 7.55 (d, 1H, H3,5 (pz)), 7.52–7.18 (m, 18H, Ph), 6.62 (t,
1H, H4 (pz)), 6.61 (d, 1H, H3,5 (pz)), 6.21 (t, 1H, H4 (pz)), 5.95 (t, 1H,
H4 (pz)), 5.23 (AB spin system, JHAHB = 12 Hz, 1H, CH3NCH2N), 5.18
(AB spin system, JHAHB = 12 Hz, 1H, CH3NCH2N), 4.73 (CD spin sys-
tem, JHCHD = 12 Hz, 1H, CH3NCH2N), 4.69 (CD spin system,
JHCHD = 12 Hz, 1H, CH3NCH2N), 4.38–4.29 (m, 2H, NCH2N), 4.22
(EF spin system, JHEHF = 14 Hz, 1H, CH3NCH2P), 4.09 (EF spin sys-
tem, JHEHF = 14 Hz, 1H, CH3NCH2P), 3.79–3.69 (m, 2H, NCH2P),
3.35 (GH spin system, JHGHH = 15 Hz, 1H, NCH2P), 3.28 (GH spin
system, JHGHH = 15 Hz, 1H, NCH2P), 2.61 (s, 3H, CH3N). 13C{1H}
NMR (150.9 MHz, dichloromethane-d2): 312.3 (t, 2JCP = 2JCP’ =
! 18 Hz, Ca), 194.4 (s, Cb), 167.4 (s, Cc), 147.2 (s, C-3 (pz)), 144.4
(s, C-3 (pz)), 144.3 (s, C-3 (pz)), 143.6 (s, C-1 Ph), 137.8 (s, C-5
(pz)), 137.0 (s, C-5 (pz)), 136.9 (s, C-5 (pz)), 134.0 (d, 2JCP = 9 Hz,
C-2,6 PPh3), 133.4 (d, JCP = 45 Hz, C-1 PPh3), 133.3 (s, C-4 Ph),
132.1 (s, C-3,5 Ph), 130.8 (s, C-4 PPh3), 129.3 (s, C-2,6 Ph), 128.7
(d, 3JCP = 9 Hz, C-3,5 PPh3), 120.6 (q, JCF = 320 Hz, CF3SO3), 108.8
(s, C-4 (pz)), 107.3 (s, C-4 (pz)), 106.3 (s, C-4 (pz)), 79.9 (s,
CH3NCH2N), 79.6 (s, CH3NCH2N), 69.2 (s, NCH2N), 55.5 (d,
JCP = 9 Hz, CH3NCH2P), 48.9 (s, CH3N), 48.4 (d, JCP = 18 Hz, NCH2P),
47.0 (d, JCP = 15 Hz, NCH2P). 31P{1H} NMR (161.9 MHz, dichloro-
methane-d2): 31.8 (d, 2JPP = 29 Hz, PPh3), �23.7 (d, 2JPP = 29 Hz,
1-CH3-PTA). MS (ESI, m/z): 840 [M]+. Anal. Calc. for C51H50BF6N9O6-
P2RuS2�1.5CH2Cl2: C, 46.22; H, 3.92; N, 9.24; S, 4.70. Found: C,
46.54; H, 3.53; N, 9.15; S, 4.63%.
3. Results and discussion

3.1. Synthesis of [Ru(C„CR){j3(N,N,N)-Tp}(PPh3)(PTA)] (R = Ph (1a),
nBu (1b), 1-cyclopentenyl (1c), p-methoxyphenyl (1d), 6-
methoxynaft-2-yl (1e))

The reaction of complex [RuCl{j3(N,N,N)-Tp}(PPh3)(PTA)] with
terminal alkynes in the presence of NEt3 in refluxing methanol pro-
duces the alkynyl complexes [Ru(C„CR){j3(N,N,N)-Tp}(PPh3)(PTA)]
(1a–e) which are isolated as air-stable, yellow solids in 40–69% yield
[17] (see Scheme 1).

Complexes 1a–e are soluble in acetone and dichloromethane
and are insoluble in methanol, diethyl ether, and hexane. They
have been analytically and spectroscopically characterized (see
Section 2 for details). Particular note must be taken of the fact that:
(i) IR spectra (KBr) show the characteristic m(C„C) absorption at
2082 (1a), 2095 (1b), 2066 (1c), 2082 (1d), and 2065 (1d) cm�1

and the m(BH) absorption of the Tp ligand in the range 2464–
2491 cm�1; (ii) 31P{1H} NMR spectra show two doublets
(2JPP = 32–34 Hz) in the range d = 53.3–54.2 (PPh3) and �32.2–
30.7 (PTA) ppm; (iii) the a-carbon appears in the 13C{1H} NMR
Scheme
spectra as a triplet (JC,P = JC, P’ = 16–22 Hz) at d = 126.7 (1a), 101.6
(1b), 124.7 (1c), 121.8 (1d), and 125.7 (1e) ppm and the b-carbon
as a singlet in the range of 107.7–111.2 ppm; (iv) for all the com-
plexes, 1H NMR spectra concur with the proposed stoichiometry.
3.2. Synthesis of [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)(C@C@CPh2)][X]
(X = PF6 (2a), CF3SO3 (2b)), and [Ru{j3(N,N,N)-
Tp}(PPh3)(PTA)(C@C@CC12H8)][PF6] (3)

The reaction of complex [RuCl{j3(N,N,N)-Tp}(PPh3)(PTA)]
with 1,1-diphenyl-2-propyn-1-ol in the presence of an halide
extractor such as NaPF6 or NaCF3SO3 in refluxing methanol pro-
duces the allenylidene complexes [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)-
(C@C@CPh2)][X] (X = PF6 (2a), CF3SO3 (2b)) which are isolated as
air-stable violet-colored solids in 85% (2a) and 60% (2b) yield
(Scheme 2).

Complexes 2a, b have been analytically and spectroscopically
characterized (IR and 1H, 31P{1H} and 13C{1H}NMR; see Section 2
for details). Both complexes present similar spectroscopic features
except for those corresponding to the PF6 (IR 840 cm�1 and 31P{1H}
�144.4 ppm) and CF3SO3 (IR 1278, 1154, and 1031 cm�1) count-
eranions. Thus, the IR spectra (KBr) show bands for the m(BH) at
2488 cm�1 (2a) and 2486 (2b) cm�1 and for m(@C@C@C) at 1941
(2a) and 1940 (2b) cm�1. The signal for the phosphorous atom of
the PTA ligand appears as a doublet at d = �45.1 (2a) and �46.5
(2b) due to the coupling with the PPh3 (39.6 (2a), 40.2 (2b)
ppm). The 13C{1H} NMR spectra show the signals due to the Ca
(d = 308.9 (2a), 309.0 (2b)), Cb (d = 202.7 (2a), 203.7 (2b)) and Cc
(d = 163.4 (2a), 162.8 (2b)) of the allenylidene group. All these
spectroscopic data agree with the reported data for ruthenium
allenylidene complexes with the Tp ring [18].

When the same reaction is carried out using 9-ethynyl-9H-flu-
oren-9-ol, a complex mixture of products is obtained. However,
when a solution of complex [RuCl{j3(N,N,N)-Tp}(PPh3)(PTA)] in
dichloromethane is treated with TlPF6 at low temperature, a white
solid precipitates. Posterior addition of the propargyl alcohol 9-
ethynyl-9H-fluoren-9-ol to this suspension, and stirring over a
48 h period leads to the formation of the allenylidene complex
[Ru{j3(N,N,N)-Tp}(PPh3)(PTA)(C@C@CC12H8)][PF6] (3) as a violet-
colored solid in 80% yield.

Elemental analyses corroborate the proposed stoichiometry and
1H, 31P{1H}, and 13C{1H} NMR spectra support the proposed struc-
ture for complex 3. The most remarkable features of this complex
are: (i) 13C{1H} NMR shows one triplet (2JCP = 2JCP’ = 20 Hz) corre-
sponding to the Ca at d = 309.4 ppm and two singlets at d = 210.6
and 156.2 ppm, corresponding to the Cb and Cc, respectively; (ii)
31P{1H} NMR spectrum confirms the existence of the two
1.
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phosphane ligands by two doublets (2JPP = 33 Hz) at 37.9 (PPh3)
and �48.3 (PTA) as well as the PF6 group which appears at d =
�144.4 ppm; (iii) the IR spectrum (KBr) exhibit the characteristic
absorptions for the m(BH) of the Tp ligand at 2490, m(@C@C@C) at
1941 and for the PF6 group at 841 cm�1.

The nature of the white solid obtained by treating [RuCl-
{j3(N,N,N)-Tp}(PPh3)(PTA)] with TlPF6 remains unknown, due to
its high insolubility which prevents its characterization. A poly-
meric species formed by coordination of the electrophilic thalium
cation to one of the nitrogen atoms of the PTA ligand might ac-
count for this insolubility [19].

This polymer would evolve slowly through halide extraction in
the presence of 9-ethynyl-9H-fluoren-9-ol, leading to complex 3.
Also, this white solid reacts with isopropylamine or pyridine, to
produce the cationic complexes [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)(N-
H2iPr][PF6] and [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)(py)][PF6] [20] (see
Supplementary material).
3.3. Electrophilic attacks on the coordinated PTA ligands

It is well known that r-alkynyl complexes undergo electro-
philic additions to the b-carbon of the alkynyl group to yield vinyl-
idene complexes [21]. In the same way, allenylidene complexes
can also react with electrophiles to yield vinylcarbine complexes
[22–25]. These reactions could compete with the electrophilic at-
tack to one of the nitrogen atoms of the PTA phosphane ligand.
The reaction with electrophiles was conducted in order to deter-
mine the selectivity of this reaction in the former complexes.

3.3.1. Synthesis of cationic alkynyl complexes [Ru(C„CR){j3(N,N,N)-
Tp}(PPh3)(1-CH3-PTA)][CF3SO3] (R = Ph (4a), nBu (4b), 1-
cyclopentenyl (4c))

The treatment of complexes 1a–c at �30 �C with MeOTf in
CH2Cl2 leads chemoselectively to the methylation of one of the
nitrogen atoms of the PTA phosphane, resulting in the complexes
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[Ru(C„CR){j3(N,N,N)-Tp}(PPh3)(1-CH3-PTA)][CF3SO3] (R = Ph (4a),
nBu (4b), 1-cyclopentenyl (4c)), which contain a 1-methyl-3,5-dia-
za-1-azonia-7-phosphaadamantane (1-CH3-PTA) ligand (Scheme
3).

The molar conductivities in acetone (109–115 X�1 cm2 mol�1)
are in the range found for electrolytes 1:1 [26]. Elemental analysis
and spectroscopic data agree with the proposed formulations (see
Section 2). Thus, the chemical shift of the phosphorous atom of the
1-CH3-PTA ligand in the 31P{1H} NMR spectra (d = �10.3 (4a),
�10.0 (4b), �11.3 (4c)) appears in all cases at lower fields than
the PTA phosphane in the former complexes (d = �31.5 (1a),
�30.7 (1b), �32.2 (1c)) as observed for previously reported ruthe-
nium(II) complexes [15,16]. The typical AB spin system observed
for the NCH2N groups in the 1H NMR spectra of complexes 1a–c
disappears and a large number of doublets and triplets in the range
of 3.35–5.15 ppm are observed for complexes 4a–c. The methyl
group of the 1-CH3-PTA ligand for these complexes appears as a
singlet in the ranges of 2.58–2.95 and at 49.3–50.0 in the 1H and
13C{1H} NMR spectra, respectively.

All the attempts made to obtain the dicationic vinylidene com-
plexes [Ru{j3(N,N,N)-Tp}(PPh3)(1-CH3-PTA)(C@C(CH3)R)][CF3SO3]2

formed by electrophilic addition of a methyl group to the b-carbon
of the alkynyl failed even when a large excess of reagent was used.

3.3.2. Synthesis of dicationic ruthenium(II) allenylidene complexes
[Ru{j3(N,N,N)-Tp}(PPh3)(1-H-PTA)(C@C@CPh2)][PF6]2 (5) and [Ru{j3

(N,N,N)-Tp}(PPh3)(1-CH3-PTA)(C@C@CPh2)][CF3SO3]2 (6)
The addition of an equimolecular amount of HPF6 acid to a solu-

tion of complex [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)(C@C@CPh2)][PF6]
(2a) in dichloromethane at �30�C chemoselectively produces the
complex [Ru{j3(N,N,N)-Tp}(PPh3)(1-H-PTA)(C@C@CPh2)][PF6]2 (5).
Likewise, the addition of MeCF3SO3 to complex [Ru{j3(N,N,N)-
Tp}(PPh3)(PTA)(C@C@CPh2)][CF3SO3] (2b) results in the complex
[Ru{j3(N,N,N)-Tp}(PPh3)(1-CH3-PTA)(C@C@CPh2)][CF3SO3]2 (6)
(see Scheme 4). The formation of complexes 5 and 6 comes from
the protonation or methylation of one nitrogen atom from the
coordinated PTA ligand in complexes 2a and 2b, respectively. The
molar conductivity values found in acetone (208 (5) 217
(6) X�1 cm2 mol�1) are in the range found for electrolytes 1:2 [26].

Complexes 5 and 6 have been analytically and spectroscopically
characterized (IR and 1H, 13C{1H} and 31P{1H} NMR). In particular, it
must be noted that: (i) the IR spectra (KBr) show the characteristic
m(BH) absorption for the Tp ligand at 2488 cm�1; (ii) 31P{1H} NMR
spectra exhibit two doublets (2JPP = 29–32 Hz) at d = 42.4 (5) and
31.8 (6) for the phosphorous atom of the PPh3 ligand and �18.1
(5) and �23.7 (6) ppm for the phosphorous atoms of the 1-H-
PTA and 1-CH3-PTA phosphanes, respectively; (iii) 13C{1H} NMR
spectra reveal the presence of the allenylidene group as a triplet
(t, 2JCP = 2JCP’ = 18 Hz,) for the Ca at d = 308.0 (5) and 312.3 (6)
ppm, and two singlets for Cb (194.1 (5), 194.4 (6)) and Cc (168.3
(5), 167.4 (6)), respectively. The methyl group bound to the ada-
mantane ring in complex 6 appears in the 13C{1H} NMR spectrum
at d = 48.9 ppm.

4. Summary

In summary, we have reported the synthesis of novel hydri-
dotris(pyrazolyl)borate ruthenium(II) alkynyl complexes [Ru
(C„CR)-{j3(N,N,N)-Tp}(PPh3)(PTA)] containing the water-soluble
1,3,5-triaza-7-phosphatricyclo[3.3.1.13,7]decane (PTA) ligand by
alkyne activation in the presence of NEt3. Furthermore, new
allenylidene [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)(C@C@CR2)][X] deriva-
tives have been isolated and characterized by reaction with the
corresponding propargyl alcohols. For 9-ethynyl-9H-fluoren-9-
ol, the use of TlPF6 was necessary and the reaction probably
occurs through a polymeric species in which the Tl atom is coor-
dinated to the nitrogen of PTA phosphane. The electrophilic
attacks to the former complexes are chemoselectives producing
the alkylation of the PTA ligand and no electrophilic attack on
the alkynyl or allenylidene chain has been detected.
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Appendix A. Supplementary material

The synthesis of the complexes [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)(N-
H2

iPr][PF6] and [Ru{j3(N,N,N)-Tp}(PPh3)(PTA)(py)][PF6] is included
as supplementary data associated with this article and can be found,
in the online version, at doi:10.1016/j.jorganchem.2009.10.017.
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