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The Ru(ll) cis-dihydride [(PPs)RuH.] (1) is a catalyst precursor for the regio- and
stereoselective dimerization of HC=CPh to (Z)-PhC=CCH=C(H)Ph in toluene solution [PP;
= P(CH;CH3PPhs);]. The real catalyst of the 1-alkyne coupling reaction is the bis(alkynyl)
complex [(PP3;)Ru(C=CPh).] (6), which is formed by treatment of 1 with 4 equiv of HC=CPh.
A study under various experimental conditions, the detection of some intermediates, and
the use of isolated complexes in independent reactions, taken altogether, permit mechanistic
conclusions which account for both the conversion of 1 to 6 and the catalysis cycle. In
particular, the transformation of 1 into 6, which is accompanied by production of 2 equiv of
styrene, is traversed by a number of intermediates among which are Ru(H)XCH=CHPh),
Ru(n-CH;=CHPh), Ru(H)(C=CPh), and Ru(CH=CHPh)(C=CPh). It is proposed that key
steps in the catalytic cycle of HC=CPh dimerization are the protonation of a terminal
phenylethynyl ligand in 6 by external HC=CPh and the subsequent C—C bond-forming
reaction between cis vinylidene and alkynyl groups. X-ray diffraction analyses have been
carried out on [(PP3)RuH(C=CPh)}C¢Hs (5CsHs), 6, and (E)-{(PP3)RuH{n!—(MeO,C)C=CH(CO,-
Me)}FEtOH (10-EtOH). Crystal data for 5C¢Hg: orthorhombic, Pbca with a = 27.285(7) A,
b = 19.087(6) A, ¢ = 18.310(9) A, V = 9536 A3, Z = 8, R = 0.0562. Crystal data for 6:
monoclinic, P2:/a with a = 10.660(2) A, b = 40.342(9) A, ¢ = 11.082(4) A, B=9327(8)°, V=
4758 A3, Z = 4, R = 0.059. Crystal data for 10-EtOH: triclinic, P1 with a = 11.611(2) A, b
= 22.377(2) A, ¢ = 9.490(3) A, o = 93.87(2)°, B = 109.08(2)°, y = 76.26(1)°, V = 2263 A3, Z

=2, R = 0.047.
Introduction

Enynes are organic molecules of both practical and
fundamental interest. Practical motivations arise from
their use as precursors for the synthesis of natural
products as well as building blocks for further structural
elaborations.! On the other hand, enynes are the
simplest oligomerization products of alkynes.? Thus,
understanding the mechanism of their formation is of
key importance for developing selective C—C bond-
forming processes involving alkynes.

Until a few years ago, the direct coupling of two
l-alkynes, while attractive since economy of mass is
optimized, has failed to be useful for the synthesis of
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enynes due to the lack of regio- and stereocontrol, and
the preference for trimerization. Recently, however, a
number of homogeneous catalysts containing either
d-block metalsl® or lanthanides* have been designed
which combine efficiency with selectivity. Among the
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Phenylacetylene Dimerization by Ru(Il) Catalysis

group of transition metal catalysts, Ru(II) compounds
play a prominent role due to their general capability of
inducing high regio- and stereoselectivity.32-8

The literature contains convincing data for a mecha-
nism at ruthenium in which enyne formation occurs via
C—C coupling between g-alkynyl and vinylidene ligands,
followed by formal o-bond metathesis between o-buten-
ynyl and 1-alkyne.a—¢h5-12 The relevant step in all
catalytic cycles is, however, the generation of a vi-
nylidene unit at an unsaturated metal center.!?> As a
matter of fact, all of the known Ru(II) catalysts for
alkyne dimerization contain a free coordination site
where the 1-alkyne can tautomerize to vinylidene.

In the present paper, we wish to describe a case of
regio- and stereocontrolled catalytic dimerization of
HC=CPh in which the 1-alkyne substrate acts also as
a protic acid for the conversion of Ru—C=CPh to
Ru=C=CHPh.

Experimental Section

General Data. Tetrahydrofuran, toluene, and n-hexane
were purified by distillation over LiAlH,, P;0Os;, and Na,
respectively. Lithium phenylacetylide, LiC=CPh (1.0 M THF
solution), and phenylacetylene were purchased from Aldrich;
the latter reagent was checked by 'H NMR spectroscopy and,
when necessary, was distilled prior to use. All the other
reagents and chemicals were reagent grade and, unless
otherwise stated, were used as received from commercial
suppliers. All reactions and manipulations were routinely
performed under a dry argon or nitrogen atmosphere by using
Schlenk tube techniques. The solid complexes were collected
on sintered-glass frits and washed with ethanol and petroleum
ether (bp 40—70 °C) before being dried in a stream of nitrogen.
Literature methods were used for the preparation of [(PP3)-
RuH;] (1),'* [(PP3)RuD¢] (1-d»),** [(PP3)Ru(H)C1] (2),* [(PP3)-
RuH(N3)]BPh, (3),14 and [(PP3)Ru(C=CPh)]BPh, (4)* [(PP; =
P(CH;CH2Ph)s].

Deuterated solvents for NMR measurements (Janssen and
Merck) were dried over molecular sieves. Proton NMR spectra
were recorded on Varian VXR 300 and Bruker AC 200P
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instruments operating at 299.94 and 200.13 MHz, respectively.
Peak positions are relative to tetramethylsilane as the external
reference. 3'P{!H} NMR spectra were recorded on the same
instruments operating at 121.42 and 81.01 MHz, respectively.
Chemical shifts are relative to external 85% H3PO, with
downfield values reported as positive. 13C{'H} NMR spectra
and DEPT experiments were performed on the Bruker instru-
ment operating at 50.32 MHz. Peak positions are relative to
tetramethylsilane and were calibrated against the solvent
resonance. 2D-HETCOR NMR experiments were recorded on
the Bruker spectrometer using Bruker's XHCORR pulse
program. The 90° 13C pulse was 5.5 us, the 90° 'H pulse from
the decoupler was 9.3 us, and the acquisition time was 0.15—
0.20 s. The number of incremental spectra was determined
according to the concentration of the sample and spectral width
used for collection of the FIDs. Zero-filling and a 2D Fourier
transformation resulted in a spectrum with resolution of ca.
5 and 10 Hz in the proton and carbon dimensions, respectively.
Spectra with adequate signal-to-noise ratio were obtained in
ca. 12’ h, 2D-COSY NMR experiments were performed with
either Varian or Bruker pulse sequences on the two instru-
ments, respectively. A delay period of 1.0 s was used between
acquisitions. The 2D Fourier transformation gave 2D spectra
with adequate signal-to-noise ratios after 4—8 h of data
collection, depending on sample concentration and spectral
width. Proton NMR spectra with broad-band phosphorus
decoupling were recorded on the Bruker instrument equipped
with a 5 mm inverse probe and a BFX-5 amplifier device using
the wide-band phosphorus decoupling sequence GARP. The
infrared spectra were recorded on a Perkin-Elmer 1600 Series
FTIR spectrophotometer using samples mulled in Nujol be-
tween KBr plates. A Shimadzu GC-14A/GCMS-QP2000 in-
strument was employed for all GC—MS investigations.

Preparation of DC=CPh. n-Butyllithium (10.0 mL, 13.5
mmol, 1.35 M solution in n-hexane) was added dropwise to a
stirred solution of phenylacetylene (1.40 g, 13.5 mmol) in THF
(10 mL) at 0 °C under nitrogen. After 10 min of stirring at 0
°C, D20 (1.0 mL, 55.3 mmol) was added dropwise. Distillation
under reduced pressure gave DC=CPh in approximatively
quantitative yield. The isotopic purity was higher than 95%,
as confirmed by proton NMR spectroscopy.

Synthesis of the Complexes. Preparation of [(PPy)-
RuH(C=CPh)] (5). Method A. Neat phenylacetylene (0.50
mL, 4.50 mmol) was pipetted into a toluene solution (30 mL)
of 1 (0.35 g, 0.45 mmol). Stirring for 1 h at 70 °C produced a
light yellow solution. By addition of ethanol (20 mL) and slow
evaporation of the solvent under a stream of nitrogen, pale
yellow crystals precipitated. GC analysis of the solution before
addition of ethanol showed the formation of styrene (ca. 1
equiv). Analysis of the solid product by $*P{!H} NMR spec-
troscopy showed it to contain the hydride alkynyl complex
[(PP3)RuH(C=CPh)] (5) together with a minor amount (2—5%)
of 6 (see below). Recrystallization of the crude material from
CH:Cl/EtOH (2:1 v/v) gave pure crystals of 5. Yield: 85%.

Method B. Compound 5 was selectively obtained, though
in lower yield, by reacting [(PP3)Ru(H)Cl1] (2) (0.41 g, 0.50
mmol) dissolved in THF (30 mL) with a slight excess of
LiC=CPh (1.0 M THF solution, 0.55 mmol). The resulting
solution was stirred for 30 min at room temperature. Addition
of ethanol (20 mL) and concentration under nitrogen gave pale
vellow crystals of 5. Yield: 78%. IR: »(C=C) 2060 cm™! (s);
v(Ru—H) 1941 em™! (m); phenyl-reinforced vibration 1590
em~l., Anal. Caled for CsHuisPRu: C, 68.72, H, 5.54.
Found: C, 68.61; H, 5.60. 3'P{'H} NMR (20 °C, 121.42 MHz,
benzene-ds), AM,Q system: 6(Pa) 149.09, 6(Py) 58.84, 6(Pg)
50.95; J(PaPy) 13.1 Hz, J(PaPgq) 9.0 Hz, J(PyPq) 14.3 Hz. H
NMR (20 °C, 299.94 MHz, benzene-ds): 6 —8.81 [dtd, 1H,
J(HPq) 78.9 Hz, J(HP,) 16.7 Hz, J(HPy) 26.7 Hz, Ru—H]. 13C-
{'H} NMR (25 °C, 50.32 MHz, dichloromethane-ds): 6 117.46
[dq, J(CPiuns) 22.3 Hz, J(CPy) 2.0 Hz, Ru—C=CPh}; the
resonance due to the Cs carbon of the phenylethynyl ligand
could not be assigned, as it is masked by the resonances of
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the aromatic carbon atoms. Compound § is stable in both the
solid state and deareated solutions in which it behaves as a
nonelectrolyte.

Preparation of [(PP;)RuD(C=CPh)] (5-d;). The isoto-
pomer 5-d; was prepared by substituting DC=CPh and C,Hs-
OD for HC=CPh and C,H;OH in the above procedure. IR:
»(Ru—D) 1417 cm™L.

Reaction of [(PP3)RuD;] with HC=CPh. A sample of
1-d; (ca. 0.03 mmol) was dissolved in toluene-ds (0.7 mL) in a
5 mm NMR tube under nitrogen. After two freeze/pump/thaw
cycles at —196 °C, the solution was frozen and pumped on at
—196 °C. After phenylacetylene (5 equiv) was added, the tube
was sealed and then introduced into a NMR probe preheated
at 70 °C. Analysis of the time evolution of the NMR spectra
showed that all 1 transformed into 5 after ca. 1.5 h and that
ca. 1 equiv of styrene-d, was produced. 'H NMR (70 °C,
toluene-ds, 200.13 MHz), écp=cup: u 5.86 (m, 1H). MS, m/z:
Mt = 106 (100), M — C.HD)* = 79 (10), (M — C3Dy)* = 78
(10), M — C.HDg)* = 77 (15), C4Hs* = 51 (15).

Preparation of [(PP3)Ru(C=CPh);] (6). Method A. A
large excess of phenylacetylene (1.11 mL, 10.0 mmol) was
pipetted into a toluene solution (50 mL) of 1 (1.17 g, 1.50
mmol). The resulting solution was refluxed for 12 h during
which time the color changed from yellow to light yellow. The
solution was cooled to room temperature, and n-heptane (20
mL) was added. Concentration of the resulting pale yellow
solution under a brisk current of nitrogen gave pale cream-
colored crystals of [(PP3)Ru(C=CPh);] (6). Yield: 78%.

Method B. Neat phenylacetylene (0.37 mL, 3.32 mmol) was
added to a stirred toluene solution (20 mL) of § (0.98 g, 1.12
mmol). The resulting yellow solution was refluxed for 3 h and
then cooled to room temperature. Addition of ethanol (20 mL)
and concentration of the pale yellow solution gave 6 in ca. 90%
yield.

Method C. Complex 6 can also be prepared by reacting
the phenylacetylide complex [(PP3)Ru(C=CPh)]BPh, (4) with
excess LiC=CPh (1.0 M THF solution) in THF. Addition of
ethanol and slow concentration under nitrogen gave 6 in ca.
80% yield. IR: w(C=C) 2087, 2073 cm™! (s); phenyl-reinforced
vibration 1590 cm~!. Anal. Caled for CssHs:PsRu: C, 71.52;
H, 5.38. Found: C, 71.39; H, 5.27. 3P{'H} NMR (20 °C, 81.01
MHz, benzene-ds), AMQ system: 6(Ps) 145.35, 6(Py) 52.27,
o(Pq) 48.24; J(PsPy) 7.1 Hz, J(PaPq) 7.6 Hz, J(PyPq) 21.7 Hz.
13C{H} NMR (23 °C, 50.32 MHz, dichloromethane-d;): 126.81
[d, J(CPrirans) 15.8 Hz, Ru—C=CPh]}, 125.15 [d, J(CPips,s) 14.3
Hz, Ru—C=CPh], 117.85 [dq, J(CPirsns) 23.4 Hz, J(CP.;,) 1.4
Hz, Ru—C=CPh], 114.86 [dq, J(CPqns) 21.7 Hz, J(CP,;,) 2.6
Hz, Ru—C=CPh).

Compund 6 is air stable in both the solid state and solutions
of common organic solvents in which it behaves as a nonelec-
trolyte.

Reactions of 5 and 5-d; with HC=CPh in NMR Tubes.
Solid 5 (35 mg, 0.04 mmol) was dissolved in toluene-ds
degassed under nitrogen (0.8 mL) and then transferred into a
5 mm NMR tube which was then cooled to —78 °C. Four
equivalents of HC=CPh (22 uL, 0.20 mmol) and 5 uL of
hexamethyldisiloxane as the 'H internal standard were added
via syringe, and the tube was flame sealed under nitrogen and
checked by 3!P{!H} and 'H NMR spectroscopy. The sample
was then heated at 110 °C in a thermostated oil bath and
periodically analyzed by NMR spectroscopy. Complete trans-
formation of & to 6 occurred in 24 h with no formation of other
phosphorus-containing species. Proton NMR spectroscopy
showed the formation of 1 equiv of styrene [!H NMR (21 °C,
toluene-ds, 200.13 MHz), 6(cu,~cHgHe): Ong 5.80, 0n, 5.29, Jap
17.6 Hz, Jac 11.0 Hz, Jac 1.0 Hz; the resonance due to Hy is
masked by the aromatic protons of the phenyl groups. MS,
m/z: M* = 104 (100), M — CHp)* = 78 (20), M —~ CH3)t =
77 (15), C4Hs* = 51 (15)] and of 1 equiv of (Z)-1,4-diphenylbut-
3-en-1-yne [*H NMR (21 °C, toluene-ds, 200.13 MHz), dcn,=cHg:
6.61, 5.99, 3Jum 11.9 Hz. 13C{!H} NMR (21 °C, toluene-ds,
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50.32 MHz): 6 138.76 (s, PhCH=CH), 131.40 (s, PhCH=CH),
96.27 (PhC=C), 87.15 (s, PhC=C). MS, m/z: M* = 204
(100)].3e15

The analogous reaction with 5-d; gave 1 equiv of both
CH;=CDPh ['H NMR (21 °C, toluene-ds, 200.13 MHz),
Ocp=cHgHy: Onp 5.89 (m, 1H), du, 5.40 (m, 1H). MS, m/z: M*
=105 (100), M ~ C.HD)* = 78 (15), (M — CH:D)* = 77 (15),
CHs* = 51 (15)] and (2)-PhC=CCH=C(H)Ph.

Reaction of 6 with EtOH or (NH,)PF,. Stirring a sample
of 6 (0.50 g, 0.51 mmol) in a toluene/EtOH mixture (5:1, v/v)
at reflux temperature for 2 h resulted in formation of a bright
yellow solution. Addition of NaBPhy in ethanol (20 mL)
precipitated canary yellow crystals which were identified by
comparison with an authetic sample as the 1,4-diphenyl-
butenynyl complex (E)-[(PP3)Ru{#*-PhC;=C(H)Ph}IBPh, (7).
Actually, this compound is a 3:1 mixture of two stereoisomers
(7a,b) differing from each other only in the anchoring mode
of the butenynyl ligand.®* Yield: 90%.

The reaction of 8 with (NH,)PFs was performed in THF at
room temperature and gave quantitatively 7a,b after meta-
thetical reaction with NaBPh,.

Preparation of [(PP3;)Ru{n*-CH;=CH(CO.Me)}] (8).
Method A. A stirred mixture of 1 (0.78 g, 1.00 mmol) and
methyl acrylate (0.18 mL, 2.00 mmol) in THF (35 mL) was
heated at reflux temperature for 30 min and then cooled to
room temperature. Addition of ethanol (30 mL) and concen-
tration of the resulting solution gave orange crystals of
[(PP3)Ru{n?-CHy=CH(CO:;Me)}] (8). Yield: 92%. GC analysis
of the solution showed the formation of ca. 1.0 equiv of methyl
propionate.

Method B. A slight excess of methyl propiolate (0.11 mmol,
1.24 mmol) was syringed into a stirred THF solution (25 mL)
of 1 (0.78 g, 1.00 mmol) at room temperature. Immediately
the solution become light orange, and after 5 min, ethanol (15
mL) was added to the light orange solution. Slow concentra-
tion gave crystals of 8. Yield: 87%. IR: »(C=0) 1671 cm™!
(s); COC) 1144 cm™ (8). Anal. Caled for C4Hy30,PRu: C,
64.41; H, 5.64. Found: C, 64.27; H, 5.55. 3'P{'H} NMR, fast
exchange spectrum (17 °C, 81.01 MHz, dichloromethane-dy),
AM; system: 6(Pa) 149.47, 6(Py) 68.62; J(PaPy) 25.0 Hz. 3P
NMR, slow exchange spectrum (—83 °C, 81.01 MHz, dichlo-
romethane-dy), AMNQ system: S(P4) 149.45, 6(Py) 73.36, &-
(Pn) 66.06, 6(Pg) 67.71; J(PaPy) 29.1 Hz, J(PsPy) 29.1 Hz,
J(PAPq) 14.2 Hz, J(PuPy) 254.8 Hz, J(PyPq) 11.4 Hz, J(PxPq)
4.9 Hz. 'H NMR (23 °C, 200.13 MHz, dichloromethane-dy): &
3.33 (s, 3H, OCHy), 3.08 [m, 1H, J(HaHp) 7.5 Hz, J(HaH.) 9.7
Hz, J(HsP,) 6.3 Hz, J(HaPw) 3.2 Hz, CH4,~CH3zHc], 1.56 [m,
1H, J(HgHc) 3.7 Hz, J(HePs) ~ 0 Hz, J(HgPy) 5.3 Hz,
CHs=CHpgHc], 1.64 [m, 1H, J(HcP4) ~ 0 Hz, J(HcPg) ~ 0 Hz,
J(HcPw) 5.2 Hz, CHa,=CHgH¢]. *C{*H} NMR (20 °C, 50.32
MHz, dichloromethane-d;): 6 181.19 (s, COOMe), 50.28 [s,
OCHj;], 42.73 [s, CH,=CH, assigned by a DEPT experiment],
31.99 [d, J(CP) 14.0 Hz, CH;=CH, assigned by a DEPT
experiment].

Preparation of [(PP;)Ru{n2-CH;=CH(CO;Et)}] (9). This
compound was obtained as light orange crystals following the
synthetic procedures described for 8, with the use of ethyl
acrylate (method A, 0.22 mL, 2.03 mmol) or ethyl propiolate
(method B, 0.12 mL, 1.18 mmol) in the place of methyl acrylate
and methyl propiolate. The yield was 88% (method A) and
83% (method B). Ethyl propionate (ca. 1.0 equiv) was produced
in the reaction with ethyl acrylate. IR: »(C=0) 1673 cm™!
(m); v(COC) 1252 em™1 (s). Anal. Caled for C47HseOsPRu: C,
64.75; H, 5.78. Found: C, 64.66; H, 5.83. 3'P{IH} NMR, fast
exchange spectrum (21 °C, 81.01 MHz, dichloromethane-ds),
AMj; system: 6(Pa) 149.55, 6(Py) 68.84; J(PaPy) 24.9 Hz. 3P
NMR, slow exchange spectrum (—80 °C, 81.01 MHz, CD,Cls,
H;PO4 85% reference), AMNQ system: 6(Ps) 149.12, 6(Py)
74.53, 0(Pq) 66.49, 6(Py) 65.98; J(PaPy) 29.3 Hz, J(PAPy) 29.3
Hz, J(PAPq) 14.0 Hz, J(PuPx) 241.0 Hz, J(PuPq) 10.7 Hz,
J(PxPq) 8.8 Hz. 'H NMR (21 °C, 299.45 MHz, benzene-ds): ¢
4.10, 3.91 [ABM; system, 2H, J(HsHg) 10.9 Hz, J(HaHy) 7.1
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Hz, J(HgHwm) 7.1 Hz, OCH HpCHs], 2.98 [m, 1H, J(HaHg) 7.7
Hz, J(HsHc) 9.8 Hz, CH,=CHgHc], 1.60 [m, 1H, J(HgH¢) 3.6
Hz, CH,=CHgHc], 1.55 [m, 1H, CH,=CHgH¢], 1.09 (t, 3H,
J(HH) 7.1 Hz, OCH:CH3). *C{!H} NMR (25 °C, 50.32 MHz,
dichloromethane-ds): & 181.00 (s, COzEt), 58.62 (s, OCH>CH3),
42.90 [s, CHy=CH, assigned by a DEPT experiment], 32.48
[d, J(CP) 15.3 Hz, CH,=CH, assigned by a DEPT experiment},
15.07 (s, OCHCHy).

Compounds 8 and 9 are stable in both the solid state and
solution in which they behave as nonelectrolytes.

Preparation of (E)-[(PPs)RuH{7-(Me0;C)C=CH(CO,-
ME)}1)-C:H;0H (10-C:H50H). Dimethyl acetylenedicarboxy-
late (0.06 mL, 0.49 mmol) was syringed into a THF solution
(20 mL) of 1 (0.31 g, 0.40 mmol). After 20 min of stirring,
addition of ethanol and slow concentration gave pale yellow
crystals of 10:C:HsOH. Yield: 85%. IR: »(O—H)mwom 3518
em™! (w); Y(Ru—H) 2039 cm™! (m); »(C=0) 1686, 1664 cm™!
(8); ¥(C=C) 1530 cm™! (w); »(COC) 1195, 1140 cm™! (s). Anal.
Caled for CsoHs605PsRu: C, 62.43; H, 5.87. Found: C, 62.37;
H, 5.73 . 3'P{'H} NMR, fast exchange spectrum (21 °C, 121.4
MHz, dichloromethane-d;), AM.Q system: 6(Py) 142.72, 6(Pw)
59.17, 6(Pq) 49.76; J(PaPy) 15.2 Hz; J(PaPg) 5.9 Hz, J(PuPq)
11.2 Hz. 3'P NMR, slow exchange spectrum (—50 °C, 121.4
MHz, dichloromethane-dz), AMNQ system: 6(Pa) 142.28, -
(Pw) 61.15, 6(Pn) 57.37, 6(Pg) 51.34; J(PsPw) 16.1 Hz, J(PAPN)
16.1 Hz, J(PaPg) 5.6 Hz, J(PuPn) 241.0 Hz, J(PyPq) 11.0 Hz,
J(PxPq) 11.0 Hz. 'H NMR (21 °C, 200.13 MHz, dichlo-
romethane-dy): 6 —9.04 [dtd, 1H, J(HPg) 80.9 Hz, J(HPy) 23.9
Hz, J(HP,) 15.7 Hz, Ru—H]; 3.50, 3.03 (s, 3H each, CO;CHj3);
6.08 [dt, 1H, J(HP,) 6.2 Hz, J(HPy) 1.4 Hz, RuC(CO,-
Me)=CH(CO;Me)]. *C{'H} NMR (21 °C, 50.32 MHz, dichlo-
romethane-dy): 8 200.27 [dq, J(CP4) 54.3 Hz, J(CPy) ~ J(CPg)
~ 11.8 Hz, Ru—C], 182.88 [s, RuC—C(0O)OCHs; gatedec spec-
trum, d, 3J(CH) 14.7 Hz], 163.04 [d, CH—C(O)OCHs, J(CP,)
7.6 Hz], 126.50 [dt, J(CP,) 12.1 Hz, J(CPw) 3.8 Hz; RuC=CH;
gatedec spectrum, d, 1J(CH) 164.3 Hz; assigned by a DEPT
and 2D-HETCOR NMR experiments], 50.50 [s, OCHj; gatedec
spectrum, d, JJ(CH) 145.0 Hz; correlated by a 2D-NMR
experiment with the 'H resonance at 3.03 ppm], 49.72 [s,
OCHyg; gatedec spectrum, d, 'JJ(CH) 144.8 Hz; correlated by a
2D-NMR experiment with the 'H resonance at 3.50 ppm].

Preparation of (E)-[(PPs)RuD{n!-(Me0;C)C=CD(CO.-
Me)}1‘C:Hs0D (10-d>C2H;0D). The deuterated complex 10-
d2 was prepared by substituting 1-ds and C;H;OD for 1 and
C3H50H in the above procedure. IR: v(Ru—D) 1456 cm™2.

Thermal Rearrangement of 10 to [(PP3)Ru{n2-(MeO;-
C)CH=CH(CO:Me)}] (11). A pale yellow solution of 0.20 g
(0.22 mmol) of 10 in THF (20 mL) was gently heated to reflux
temperature and then stirred for 1 h. Addition of n-hexane
(25 mL) to the resulting orange solution and slow concentration
under nitrogen gave 11 as pale orange microcrystals. Yield:
90%. IR: v(C=0) 1667 cm™! (s); ¥(COC) 1180 cm~! (m). Anal.
Caled for C4sHs0O4PRu: C, 62.95; H, 5.50. Found: C, 62.68;
H, 5.37. ¥'P{'H} NMR, fast exchange spectrum (21 °C, 81.01
MHz, dichloromethane-dz), AM; system: 3(Pa) 139.65, 6(Pm)
64.34; J(PyPw) 22.3 Hz. 3'P NMR slow exchange spectrum
(—90 °C, 81.01 MHz, dichloromethane-d;), AMNQ system: o-
(Pa) 139.61, 6(Py) 59.42, 6(Pn) 58.42, 6(Pg) 74.04; J(PaPwn) 30.5
Hz, J(PAPN) 20.5 HZ, J(PAPQ) 1.5 HZ, J(PMPN) 79.6 HZ, J(PMPQ)
< 1 Hz, J(PxPg) < 1 Hz. 'H NMR (21 °C, 200.13 MHz,
dichloromethane-ds): 6 3.12 [dq, 2H, J(HP,) 5.2 Hz, J(HPy)
3.4 Hz, CH=CH], 2.84 (s, 6H, CO.CH3). *C{*H} NMR (21 °C,
50.32 MHz, dichloromethane-dz): ¢ 181.28 [s, CO.CHj3], 50.16
[s, OCH3], 37.06 [dq, J(CP) 8.7 Hz, J(CP) 2.9 Hzl.

The isomeric compounds 10 and 11 are stable in both the
solid state and solution in which they behave as nonelectro-
Iytes.

Reaction of 11 with HC=CPh. A mixture of 11 (0.20 g,
0.22 mmol) and HC=CPh (0.25 mL, 2.25 mmol) in THF was
heated at reflux temperature for 2 h. After cooling to room
temperature, GC—MS analysis showed the formation of di-
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methyl maleate. Upon addition of ethanol (20 mL) crystals of
5 precipitated in almost quantitative yield.

In Situ Reactions between 5 or 6 and HC=CCO:;Me.
A sample of 5 (ca. 0.03 mmol) was dissolved in toluene-ds (0.7
mL) in 2 5 mm NMR tube under nitrogen. After two freeze/
pump/thaw cycles at —196 °C, the solution was frozen and
pumped on at —196 °C. After 4 equiv of HC=CCO;Me and 5
uL of hexamethyldisiloxane as the 'H internal standard were
added, the tube was sealed and then introduced into a NMR
probe at 20 °C. The reaction between 5 and methyl propiolate
occurred above 100 °C. At 110 °C, all HC=CCO:Me was
consumed in 4 h to give, first, 1 equiv of methyl acrylate ['H
NMR (21 °C, toluene-ds, 200.13 MHz), dcny=cHpHe: On, 6.13,
Onyp 6.44, O, 5.54, Jas 17.4 Hz, Jsc 10.3 Hz, Jpc 1.8 Hz; dome
3.61 (s, 3H). MS, m/z: M — H)* =85 (10), M — OMe)* =55
(100), C:Hs* = 27 (70)] and then 1 equiv of (Z)-PhC=CCH=
C(H)CO;Me ['H NMR (21 °C, toluene-ds, 200.13 MHz),
Ocma=cHpcoMe: 5.30 (d, 1H, 3Juy 12.2 Hz, Hp); the resonance
due to the other vinyl proton was not observed as it is buried
under the aromatic protons; nevertheless, its position was
unequivocally confirmed at ca. 7.8 ppm by 2D homonuclear
correlation spectroscopy; dome 3.56 (s, 3H)]. MS, m/z: M* =
186 (100), (M — Me)* = 171 (60), (M — OMe)* = 155 (50), (M
— COsMe)t = 127 (45), (M — HCO.Me)* = 126 (30), CsH;+ =
115 (50), PhC=C* = 101 (20), C:Hs* = 89 (35), Ph* = 77 (40)].
When the reaction was carried out using 2 equiv of HC=CCO»-
Me, methyl acrylate was the largely predominant (ca. 0.8
equiv) organic product.

Under analogous conditions and workup, the reaction
between 6 and methyl propiolate occurred already at 40 °C to
produce selectively (Z)-PhC=CCH=C(H)Ph. At 110 °C, the
reaction was complete in 1 h and gave 1 equiv of (Z)-
PhC=CCH=C(H)Ph plus traces of dimers and trimers of
methyl propiolate (detected only by GC—MS).

Catalytic Reactions. Catalytic experiments were all
carried out using 0.1 mmol of the ruthenium catalysts with
10 mmol of HC=CPh (substrate:catalyst ratio = 100). The
metal complexes were introduced into a round bottom flask
in a reflux setup already purged of air, and then 20 mL of
freshly distilled anhydrous toluene (or THF) was added as
solvent. Under N, the required volume of substrate was
added by syringe. The temperature of the flask was main-
tained at 110 °C (or at 70 °C in THF) for 6 h by means of a
thermostatically controlled oil bath while constantly being
stirred. After each experiment, the reaction mixture was
quenched by cooling to 0 °C. The organic product compositions
were determined by GC—MS. When necessary, multinuclear
NMR spectroscopy was used to distinguish the ruthenium
complexes present at the end of the catalysis cycle. The results
of all catalytic runs are summarized in Table 6. A reaction
using 6 as catalyst was carried out in a NMR tube (substrate:
catalyst ratio = 10 in order to obtain spectra with an accept-
able signal-to-noise ratio) in toluene-ds at 110 °C. Analysis
of the time evolution of the 3P NMR spectra showed that 6 is
both the termination metal complex and the only phosphorus-
containing species detectable in the course of the catalytic
cycle.

X-ray Diffraction Studies. A summary of crystal and
intensity data for the compounds 5:CsHs, 6, and 10-CoH;OH,
is presented in Table 1 (5‘C¢Hs) and Table 2 (6 and 10-CyHs-
OH). Experimental data were recorded at room temperature
on an Enraf-Nonius CAD4 diffractometer (5-C¢Hg and 10-CoHs-
OH) or a Philips-PW1100 diffractometer (6) with an upgraded
computer control (FEBO system) using graphite-monochro-
mated Mo Ko radiation (5C¢Hs and 10-C.HsOH) and graphite-
monochromated Cu Ko radiation (6). A set of 25 carefully
centered reflections in the range 6.0° < 6 < 7.0° (5-CsHp), 8.0°
< 6 <12.0°(8),and 7.0° < 6 < 10.0° (10-C:H;OH), respectively,
was used for determining the lattice constants. As a general
procedure, the intensities of three standard reflections were
measured periodically every 2 h for orientation and intensity
control. This procedure did not reveal an appreciable decay
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Table 1. Summary of Crystal Data for
[(PP3)RuH(C=CPh)]-CsHs
formula CseHsaP4Ruy
fw 951.94
cryst size, mm 0.55 x 0.28 x 0.2
temp, K 293(2)
cryst syst orthorhombic
space group Pbca (No. 61)
a, 27.285(7)
b A 19.087(6)
c, 18.310(9)
a, deg 90
B, deg 90
y, deg 90
v, A3 9536(6)
Z 8
o(caled), g cm™3 1.326

radiation; 4, A

graphite-monochromated
Mo Ka; 0.710 69

abs coeff, mm™! 0.500

F(000) 3952

scan type w—260

6 range, deg 2.52—-22.48
scan width, deg 0.8 +0.35tan @

index ranges

scan speed, deg min~!
no. of reflns colled
no. of ind reflns
refinement method
data/restraints/params
goodness-of-fit on F?

final R indices [/ > 20(])]

R indices (all data)

largest diff peak and hole, e A3

0=h=29,0=<k=<200=<1=19

5.49
6848

6215 [R(int) = 0.0000]
Full-matrix least-squares on F?

6170/0/274

1.166

0.0562, wR2 = 0.1477

R1=0.1294, wR2 = 0.2413

+0.715 and —0.500

Table 2. Summary of Crystal Data for [(PP;)Ru(C=CPh),]
(6) and [(PP3)Ru(H){n!-(Me0,C)C=CH(CO;Me)}]

(10-C,Hs0H)

6 10-C;HsOH
formula C53H52P4RU1 C50H5605P4RU1
fw 974.02 961.96
cryst size, mm 0.18 x 0.15 x 0.03 0.50 x 0.30 x 0.27
cryst syst monoclinic triclinic
space group P2i/a (No 14) P1 (No. 2)

a, 10.660(2) 11.611(2)
b A 40.342(9) 22.377(2)
6 A 11.082(4) 9.490(3)
a, deg 90 93.87(2)
B, deg 93.27(3) 109.08(2)
y, deg 90 76.26(1)
v, A3 4758.01 2263.41
zZ 4 2
o(caled), gem™? 1.36 141
radiation; 4, A graphite-mono- graphite-mono-
chromated chromated
CuKa; 1.5418 Mo Ka, 0.710 69
scan type w=26 w—26
20 range, deg 5-120 5-50
scan width, deg 12+ 034tan @ 08+ 0.35tan 0
scan speed, deg min~!  1.80-3.60 8.24
no. of reflns collcd 7609 8426
no. of unique data, 2929 6457
I> 3a0(])
no. of refined 185 283
parameters
R 0.059 0.047
Ry 0.059 0.052

of intensities.

The data were corrected for Lorentz and

polarization effects. Atomic scattering factors were those
tabulated by Cromer and Waber'¢ with anomalous dispersion
corrections taken from ref 17. . An empirical absorption cor-
rection was applied using the program DIFABS!® with trans-

(16) Cromer, D. T.; Waber, J. T. Acta Crystallogr. 1965, 18, 104.

(17) International Tables of Crystallography; Kynoch Press: Bir-
mingham, UK., 1974.

(18) Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158.
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mission factors in the range 0.79—1.80 and the ¥ scan
procedure with transmission factors in the range 88.88—99.97.
The computational work was performed with a Digital Dec
5000/200 workstation using the programs SIR92,'° SHELX-
76,20 and SHELX-93.2! The programs PARST?2 and ORTEP?
were also used. Final atomic coordinates of all atoms and
structure factors are available as supplementary material.

[(PP3)RuH(C=CPh)}-C¢Hg (5CsHs). Crystals suitable for
an X-ray diffraction analysis were grown by slow evaporation
from a diluted benzene solution of 5CsHg (1:1 v/v). A yellow
parallelepiped crystal with dimensions of 0.55 x 0.28 x 0.25
mm was used for the data collection. The structure was solved
by direct methods, and all of the non-hydrogen atoms were
found through a series of F, Fourier maps. Refinement was
done by full-matrix least squares calculations, initially with
isotropic thermal parameters, and then with anisotropic
thermal parameters for Ru and P atoms. The phenyl rings
were treated as rigid bodies with Dg» symmetry and C—C
distances fixed at 1.39 A. Hydrogen atoms bonded to the
carbon atoms were introduced in calculated positions using
C—H bond values of 0.97 and 0.93 A for the sp®-hybridized
carbons and the phenyl rings, respectively. At an advanced
stage of the refinement an intensity of 0.7 e/A3, near the metal
atom, was located in the difference map and successfully
refined in the least squares cycles as the hydride ligand, with
free positional and isotropic thermal parameters. In the final
stage of the refinement a disordered molecule of benzene
solvent was found and refined as two rigid groups with a
population factor of 0.5 for each one.

[(PP3s)Ru(C=CPh);] (8). Crystals suitable for an X-ray
diffraction analysis were directly obtained from a concentrated
sample dissolved in benzene-dg in a 5 mm NMR tube. A yellow
parallelepiped crystal with dimensions of 0.18 x 0.15 x 0.03
mm was used for the data collection. The structure was solved
by direct methods using the program SIR92, and all of the non-
hydrogen atoms were found through a series of F, Fourier
maps. Refinement was done by full-matrix least squares
calculations, initially with isotropic thermal parameters, and
then, during the least squares refinement, Ru and P were
allotted anisotropic thermal parameters. The phenyl rings
were treated as rigid bodies with D¢, symmetry, C—C distances
fixed Kt 1.395 A, and calculated hydrogen atom positions (C—H
1.08 A).

(E)-[(PP3)RuH{7n'-(Me0:C)C=CH(CO;Me)}-C:Hs;OH (10-
C:H;OH). Crystals suitable for an X-ray diffraction analysis
were grown by slow evaporation from a diluted CH;Cly/CoHj-
OH solution. A yellow parallelepiped crystal with dimensions
0.50 x 0.30 x 0.27 mm was used for the data collection. The
structure was solved by using the heavy atom technique, and
all of the non-hydrogen atoms were found through a series of
F, Fourier maps. Refinement was done by full-matrix least
squares calculations, initially with isotropic thermal param-
eters, and then with anisotropic thermal parameters for Ru,
P, O, and all C atoms but phenyl rings. These were treated
as rigid bodies with D¢, symmetry and C—C distances fixed
at 1.39 A. Hydrogen atoms bonded to the carbon atoms were
introduced in calculated positions. At the last stage of the
refinement an intensity of 0.66 /A3, near the metal atom, was
located in the difference map and successfully refined in the
least squares cycles as the hydride ligand, with free positional
and isotropic thermal parameters. A solvation molecule of
ethanol was found disordered over a center of symmetry. All
non-hydrogen atoms of the solvent molecule were treated as
carbon atoms.

(19) Altomare, A.; Burla, M. C.; Camalli, G.; Cascarano, G.; Giaco-
vazzo, C.; Guagliandi, A.; Polidori, G. J. Appl. Crystallogr., in press.

(20) Sheldrick, G. M. SHELX-76. A program for crystal structure
determination. University of Cambridge, 1976.

(21) Sheldrick, G. M. J. Appl. Crystallogr., to be submitted for
publication.

(22) Nardelli, M. Comput. Chem. 1988, 7, 95.

(23) Johnson, C. K. Rep ORNL-5138; Oak Ridge National Labora-
tory: Oak Ridge, TN, 1976.
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Table 3. 3'P{'H} NMR Spectral Data for the Complexes
temp chem shift (ppnm)® coupling const (Hz)
compd solvent? (K) pattern® O(Pa) S(Py) (PN) 6(Pq) Jam Jan Jaq JMN Jvo Jng
5 A 293 AMQ 149.09 58.84 50.95 13.1 9.0 14.3
6 A 293 AM>Q 145.35 52.27 48.24 7.1 7.6 21.7
8 B 290 AM; 149.47 68.62 25.0
190 AMNQ 149.45 73.36 66.06 67.71 29.1 29.1 14.2 254.8 11.4 49
9 B 294 AM; 149.55 68.84 249
193 AMNQ 149.12 74.53 65.98 66.49 29.3 29.3 14.0 241.0 10.7 8.8
10 B 294 AMQ 142.72 59.17 49.76 15.2 5.9 11.2
223 AMNQ 142.28 61.15 57.37 51.34 16.1 16.1 5.6 241.0 11.0 11.0
11 B 294 AM; 139.65 64.34 22.3
183 AMNQ 143.61 59.42 58.42 74.04 30.5 30.5 1.5 79.6 <1 =1

9 A, benzene-ds; B, dichloromethane-d,. ® P4 denotes the bridgehead phosphorus atom of PP;, whereas Py, Py, and Pq refer to the terminal phosphorus

donors. ¢ The chemical shifts (&°s) are relative to 85% H3PQOs; downfield values

Results

The preparations and the principal reactions of the
compounds described in this paper are summarized in
Schemes 1, 3, and 4. Selected IR and NMR spectral
data are reported in the Experimental Section and in
Tables 3 (31P{'H} NMR) and 4 (*H and 3*C{*H} NMR).
1H{31p}, 13C-DEPT, 13C—-1H 2D-HETCOR, and 'H-'H
2D-COSY NMR spectra allowed the total and unequivo-
cal assignment of all 'H and 13C resonances for all
compounds as labeled in Table 4.

Reactivity of [(PP3)RuH;] with HC=CPh. (A) At
70 °C. Independently of the reaction time, stirring 1
in toluene with a 10-fold excess of phenylacetylene at
70 °C results in the formation of a light yellow solution
from which crystals of the cis alkynyl hydride [(PP3)-
RuH(C=CPh)] (5) separate by addition of ethanol. No
appreciable reaction occurs below this temperature. The
complete conversion of 1 to § is accompanied by sto-
ichiometric production of styrene (\H NMR, GC—MS)

are assumed as positive.

due to incorporation of the terminal hydride ligands of
the starting organometallic complex into the alkyne
reagent. As a matter of fact, treatment of [(PP3)RuD;]
(1-ds) in THF-ds with HC=CPh (1 h, 70 °C) leads to
selective formation of styrene-dz, with no deuterium
incorporation into the ruthenium product 5. The IR
spectrum of the latter compound contains a medium
intensity bands at 1941 cm™! and a more intense
absorption at 2060 cm™!, which are assigned to ¥(Ru—H)
and »(C=C), respectively. In keeping with this assign-
ment, the lower energy vibration is not present in the
IR spectrum of the isotopomer [(PP3)RuD(C=CPh)] (5-
d1), which, in fact, shows a medium intensity absorption
at 1417 em™! due to the v(Ru—D) bond (kyp = 1.37).
The presence of a terminal hydride ligand is confirmed
by the TH NMR spectrum which contains a well-resolved
multiplet (dtd pattern) at —8.81 ppm. The S!P{1H}
NMR spectrum consists of a temperature-invariant
AM,Q spin system. This pattern is typical of octahedral
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Table 4. Selected 'H and 1*C{{H} NMR Spectral Data for the Complexes®

IH NMR 1BC{!H} NMR
complex assignt 8 (multiplicity)? Je assignt 4 (multiplicity)® Je
Ru—H¢ -8.81 (dtd) 2J(HPg) 78.9 Ca 117.46 (dq) 2J(CP4) 22.3
(\pM 2J(HP,) 16.7 2J(CPq) 2.0
2J(HPy;) 26.7 2J(CPwm) 2.0
@ "
B‘Ph
5
_Ph CoCu 117.85 (dq) 2J(CPrgans) 234
(\p" 45 2J(CPeis) 1.4
Pa | Ca 114.86 (dq) 2J(CPyans) 21.7
E/ SRd 2J(CPai) 2.6
po/ | SCag CsCy 126.81 (d) 3J(CPyrans) 15.8
\_—Pu LN 125.15 (d) 3J(CPras) 143
6
OCH; 3.33(s) CO:Me 181.19 (s)
(\TM Hs HY 3.08 (m) 3J(HoHp) 7.5 OCH; 50.28 (s)
Pa [ 3J(HoHg) 9.7 gt 42.73 (s)
E( >Ru\//H;HB. 3J(HoPy) 6.3 Cof 31.99 (d) 2J(CP,) 14.0
ra | ez *J(HoPy) 3.2
\_——Pu \ ~OMe Hy! 1.64 (m) 2)(HpHp) 3.7
y: 3J(HgPyp) 5.2
o HY 1.56 (m) 3J(HgPw) 7.5
8
H,H,4 4.10 (dg) 2JHH,) 109  COEt 181.00 (s)
Y YRy
Pw B SJ(HyHy) 7.2 OCH;CH 58.82 (s)
Pa| G5, 3.91 (dq) 3J(H,Hy) 7.0 C 42.90 (s)
E( Py / Hp H/ 2.98 (m) 3J(HoHp) 7.7 Caf 32.48 (d) 2J(CP,) 15.3
P et W, Hs 3J(H.Hp) 9.8 OCH,CH; 15.07 (s)
[ L 0—C—C—H; 1y 1,60 (m) 2(HyHp) 3.6
P H Hy' 1.55 (m)
o Py Hs H, 1.09 (1)
9
Ru-H ~9.04 (dtd) 2J(HPg) 80.9 Ca 200.27 (dq) 2J(CP,) 54.3
Pu 2J(HP,) 15.7 2J(CPg) 11.8
Pa_| M Q 2J(HPy;) 23.9 2J(CPy) 11.8
Spu gy OCH; 3.03 (s) fo¥. 182.88 (s)
2 | ~cZ "“ome OCH; 3.50 (s) Cs 163.04 (d) 2J(CPA) 7.6
V2 _p. Hp 6.08 (dt) 4J(HP,) 6.2 o 126.50 (dt) 3J(CPa) 12.1
M Cs _OMe 2(HPy,) 1.4 2J(CPyw) 3.8
Hy Cs OCHy 50.50 (s) 2J(CPq) 3.8
3 OCHy* 49.72 (s)
10
OCH; 2.84 (s) COMe 181.28 (s)
(\p" e HHo/»  3.12(dg) 3J(HPy) 5.2 OCH; 50.16 (s)
E( / 3J(HPyy) 3.4 CaCo® 37.06 (dq) 2J(CP) 8.7
3J(HPy) 3.4 2J(CP) 2.9
P..,/ P "“/’ 3J(HP) 3.4
L]
#c-oua
o
11

@ All spectra were recorded at room temperature in CD,Cl; solutions unless otherwise stated. The resonances due to the hydrogen and carbon atoms of
the PP; ligand and the phenyl group on the phenylethynyl ligand are not reported. » Chemical shifts are given in ppm and are relative to either residual 'H
resonances in the deuterated solvents (\H NMR) or the deuterated solvent resonances (1*C{!H} NMR). Key: s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; b, broad. < Coupling constants (J) are in hertz. ¢ The 'H NMR spectrum was recorded in benzene-ds. ¢ Masked by the aromatic carbons of the PP3
and phenylethynyl ligands. f The coupling constants were determined from selective and broad-band 'H{3'P} NMR spectra. & Assigned by a DEPT-135
experiment. * Gatedec experiment: >J(C,Hp) 14.7 Hz. { Gatedec experiment: 1J(CgHp) 164.3 Hz. / Gatedec experiment: 'J(CH) 145.0 Hz. * Gatedec experiment:
1J(CH) 144.8 Hz. ! Slow exchange spectrum (173 K): 6 OMe 3.42 (s), 2.25 (s). ™ Slow exchange spectrum (173 K); Oy, on,, 3.06 (b) 2.76 (b).

metal complexes of PP3 with a mirror plane defined by
the metal, the terminal phosphorus Pg, and the bridge-

head phosphorus P,.301424 The latter nucleus reso-
nates at lowest field relative to the other phosphorus
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Figure 1. ORTEP drawing of [(PP;)RuH(C=CPh)] (5-C¢Hs).
Except for the terminal hydride ligand, all of the hydrogen
atoms are omitted for clarity. Thermal ellipsoids (30%
probability) are shown only for the ruthenium and phos-
phorus atoms.

atoms, as expected for a phosphine common to three
five-membered metallorings.2425 A proton-coupled 31P
NMR spectrum unequivocally locates the hydride ligand
trans to the terminal phosphorus atom Pq, which, in
fact, appears at highest field as compared to the other
phosphorus nuclei. Accordingly, the phenylethynyl
ligand is located trans to the bridging phosphorus Py
(0C, 117.46, Jcp, = 22.3 Hz, JCPQ = Jcpy = 2.0 Hz). It
is therefore reasonable to conclude that 5§ exists in
solution as neutral molecules in which the metal center
is coordinated by the four phosphorus donors of PP; and
by mutually cis hydride and o-phenylethynyl ligands.
An identical structure is adopted by 5 in the solid state,
as shown by an X-ray analysis after the compound was
recrystallized from C¢gH¢/EtOH (1:1 v/v) to give 5CeHs.

An ORTEP drawing of the molecule is shown in
Figure 1, and a list of selected bond lenghts and angles
is reported in Table 5. The crystal structure consists
of discrete mononuclear [(PP3;)RuH(C=CPh)] molecules
with benzene solvent molecules interspersed in the
lattice. The coordination geometry around the ruthe-
nium center is a distorted octahedron. Distortions from
the idealized geometry are invariably encountered in
metal complexes with tripodal tetradentate ligands and
are generally caused by the steric restrictions imposed
by this type of ligand 322426

The largest deviation from the octahedral geometry
in 5 is represented by the Po—Ru—P; angle [152.58(8)°]
which is significantly reduced with respect to the ideal
value of 180°. The Ru—P distances [2.228(2)—2.335(2)

(24) (a) Bianchini, C.; Masi, D.; Meli, A.; Peruzzini, M.; Zanobini,
F. J. Am. Chem. Soc. 1988, 110, 6411. (b) Bianchini, C.; Meli, A.;
Peruzzini, M.; Ramirez, J. A.; Vacca, A.; Vizza, F.; Zanobini, F.
Organometallics 1989, 8, 337. (c) Bianchini, C.; Masi, D.; Meli, A,;
Peruzzini, M.; Ramirez, J. A.; Vacca, A.; Zanobini, F. Organometallics
1989, 8, 2179. (d) Di Vaira, M.; Peruzzini, M.; Stoppioni, P. Inorg.
Chem. 1991, 30, 1001. (e) Bianchini, C.; Peruzzini, M.; Vacca, A.;
Zanobini, F. Organometallics 1991, 10, 3697. (f) Bianchini, C.; Linn,
K.; Masi, D.; Peruzzini, M.; Polo, A.; Vacca, A.; Zanobini, F. Inorg.
Chem. 1993, 32, 2366. (g) Osman, R.; Pattison, D. L; Perutz, R. N;
Bianchini, C.; Peruzzini, M. J. Chem. Soc., Chem. Commun. 1994, 513.

(25) (a) Garrou, P. E. Chem. Rev. 1981, 81, 229. (b) Bianchini, C;
Meli, A.; Peruzzini, M.; Zanobini, F.; Zanello, P. Organometallics 1990,
9, 241.

(26) Mealli, C.; Ghilardi, C. A.; Orlandini, A. Coord. Chem. Rev.
1992, 120, 361.
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Table 5. Selected Bond Distances (A) and Angles (deg)
for [(PP3;)RuH(C=CPh)]-C¢H; (5-CsH¢) and
[(PP3)Ru(C=CPh),] (6)

5 6 5 6

Ru—P, 2.335(2) 2.347(4) P1—Ru-P; 98.67(8)  96.9(1)
Ru—P, 2.298(2) 2.336(4) P1—Ru—Ps 104.67(8)  99.8(1)
Ru—Ps 2.298(2) 2.342(4) P;—Ru-P, 84.72(9)  85.1(1)
Ru—P4 2.228(2) 2.242(4) P~Ru—P; 152.58(8) 158.3(2)

Ru—H 1.57(8) P;~Ru—P4 84.29(8) 83.9(1)
Ru—C; 2.078(8) 2.05(1) P:—Ru—P, 83.70(8) 83.8(1)
Ru—Cy 2.08(1) P;—Ru—-H 173(3)
C3—Cs 1.16(1) 1212 P;—Ru—H 75(3)
Co—Cio 1.192) Ps;~Ru—H 81(3)
Ce—Ci7  1.47(1) 1.45(2) Ps~Ru—H 92(3)
CIQ—CLB 1.48(2) C7‘RU—H 87(3)

P1-C 1.846(8) 1.87(1)
P3—Cs 1.845(9) 1.86(1)
Ps—C4 1.827(8) 1.87(1)

C;—Ru—P; 96.8(2) 172.1(4)
Cs—Ru—P; 97.6(2) 79.5(4)
C;—Ru—P3 93.9(2) 82.2(4)

P,—C; 1.834(8) 1.86(1) C;—Ru—P, 177.4(2) 87.5(4)
P,—C; 1.828(8) 1.84(1) C7;—Ru—-GCy 90.7(5)
Ps—Cs 1.823(8) 1.82(1) Cy—Ru—P, 96.8(4)
Cy—Ru—P; 97.1(4)
Co—Ru—P3 94.5(4)
Co—Ru—Py 177.7(4)
Ru—C;—Cs 177.3(1) 173(1)
Ru—Cs—Cyp 176(1)
Cr—Cs—Cy7  178.1(9)  177(1)
Co—Cio—Crg 177(1)

A}, though inequivalent, fall within the range of values
reported in the literature.2’28 In particular, the largest
separation is between Ru and the terminal phosphorus,
Py, trans to the hydride which, in fact, is known to exert
a strong trans influence.?® The Ru—H bond distance,
1.57(8) A, correlates with analogous separations in
several Ru(Il) hydrido complexes;28:3% see for example
the series of arylruthenium complexes [RuH(Ar)(pps)]
[Ar = aryl; pps = P(CHoCHoCHoPMey)s] which exhibit
Ru—H distances ranging from 1.42(2) A (Ar = m-xylyl)
to 1.65(3) A (Ar = phenyl).3!

The Ru—C separation, 2.078(8) A, is shorter than is
expected for a Ru—C(sp) single bond (2.127 A).32 This
difference [|[Ru—Cfounda — Ru—Cocaical = 0.049(8) A] is
statistically significant and may reflect a scarce dz-
(metal) — n*(alkynyl) back-donation.® The high-energy
IR stretching of the C—C triple bond [»(C=C) 2060 ¢cm™1]
is consistent with this conclusion as is the C7;—Cg bond
length [1.16(1) A] which does not significantly differ
from the analogous separation in either disubstituted
organic alkynes (ca. 1.20 A)3* or organometallic alkynyls
(1.14—1.24 A)5224.283536 The five-atom sequence P,—

(27) Seddon, E. A.; Seddon, K. R. The Chemistry of Ruthenium,;
Elsevier: Amsterdam, The Netherlands, 1984; Chapter 9.

(28) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson,
D. G.; Taylor, R. J. Chem. Soc., Dalton Trans. 1989, S1.

(29) (a) Strauss, S. H.; Diamond, S. E.; Mares, F.; Shriver, D. F.
Inorg. Chem. 1978, 17, 3064. (b) Teller, R. G.; Bau, R. Struct. Bonding
(Berlin) 1981, 44, 1.

(30) Bianchini, C.; Innocenti, P.; Masi, D.; Peruzzini, M.; Zanobini,
F. Gazz. Chim. Ital. 1992, 122, 461 and references therein.

(31) (a) Antberg, M.; Dahlenburg, L.; Frosin, K.-M.; Héck, N. Chem.
Ber. 1988, 121, 859. (b) Dahlenburg, L.; Frosin, K.-M. Chem. Ber. 1988,
121, 865.

(32) (a) Sun, Y.; Taylor, N. J.; Carty, A. J. J. Organomet. Chem.
1992, 423, C43. (b) Chakravarty, A. R.; Cotton, F. A. Inorg. Chim.
Acta 1986, 113, 19,

(33) On the problem of d.{metal)—n*(alkynyl) back-bonding, see for
example: (a) Bianchini, C.; Meli, A.; Peruzzini, M.; Vacca, A.; Laschi,
F.; Zanello, P.; Ottaviani, M. F. Organometallics 1990, 9, 360. (b)
Adams, J. S.; Bitcon, C.; Brown, J. R.; Collison, D.; Cunningham, M.;
Whiteley, M. W. J. Chem. Soc., Dalton Trans. 1987, 3049. (c)
Lichtenberger, D. L.; Renshaw, S. K.; Bullock, R. M. J. Am. Chem.
Soc. 1998, 115, 3276.

(34) (a) March, J. W. Advanced Organic Chemistry; Wiley: New
York, 1985. (b) Gordon, A. J.; Ford, R. A. The Chemist’s Companion;
Wiley: New York, 1972; p 108.
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Ru—C7—Cs—Cy 7 is virtually linear with angles 177.4-
(2)° (P4—Ru—Cy), 177.3(7)° (Ru—C7—Cs), and 178.1(9)°
(Cr—Cs—Cy1n).

(B) At 110 °C. Increasing the temperature from 70
to 110 °C of the reaction between 1 and a 10-fold excess
of HC=CPh results in quantitative conversion of the
starting organometallic complex to the bis(alkynyl)
complex [(PP3)Ru(C=CPh);] (6) and formation of 2 equiv
of styrene and of some (Z)-PhC=CCH=C(H)Ph (vide
infra). For reaction times shorter than 12 h or at lower
temperature (80—100 °C), mixtures of 6 and 5§ are
invariably obtained, while the concentration of 6 in-
creases with time and temperature. In accord with this
finding, treatment of isolated 5 with an excess of
phenylacetylene in refluxing toluene gives 6 and pro-
duces 1 equiv of sytrene plus some (Z)-PhC=CCH=C-
(H)Ph. Analysis of the time evolution of NMR spectra
of the reaction between 5 (or 5-d;) and a 4-fold excess
of HC=CPh in toluene-ds in a sealed tube at 110 °C
(Scheme 2) provides the following evidence: (i) All
HC=CPh is consumed in 24 h to give equivalent
amounts of styrene and (Z)-PhC=CCH=C(H)Ph. (ii)
The formation of styrene precedes the formation of the
butenyne. (iii) Deuterium from 5-d; is selectively
incorporated into styrene. (iv) No other phosphorus-
containing species is observable by 3P NMR during the
transformation of 5 into 6 and during the total con-
sumption of the 1-alkyne. (v) Compound 8 is stable in
toluene at 110 °C for several days. (vi) Further phen-
ylacetylene syringed into the NMR tube (opened and
resealed) after complete transformation of 5 into 6 is
slowly consumed to give (Z)-PhC=CCH=C(H)Ph. Only
traces of (E)-PhC=CCH=C(H)Ph are formed.3"

(35) (a) Nast, R. Coord. Chem. Rev. 1982, 47, 89. (b) Akita, M.;
Terada, M.; Oyama, S.; Moro-oka, Y. Organometallics 1990, 9, 816.
(¢) Wisrger, J. M.; Bartezak, T. J.; Ibers, J. A. Inorg. Chim. Acta 1988,
100, 115.

(36) Bianchini, C.; Laschi, F.; Masi, D.; Ottaviani, M. F.; Pastor,
A.; Peruzzini, M.; Zanello, P.; Zanobini, F. J. Am. Chem. Soc. 1993,
115, 2723,

(37) 'H NMR (21 °C, toluene-ds, 299.94 MHz): dcn,—cup 7.12, 6.53
(d, 3Juu 16.5 Hz). 13C{'H} NMR (21 °C, toluene-ds, 75.43 MHz): &
142.64 (s, PhCH=CH); 109.16 (s, PhCH==CH); 92.80, 90.71 (s, PhC=().

Like the alkynyl hydride precursor, the bis(alkynyl)
complex 6 is stereochemically rigid on the NMR time
scale (AM;Q pattern in the temperature range from +30
to —85 °C). The presence of two inequivalent g-phen-
ylethynyl ligands is shown by both IR [»(C=C) at 2087
and 2073 cm~!] and multinuclear NMR spectroscopy,
particularly by the 13C{lH} NMR spectrum which
contains two multiplets in the region of C, quaternary
carbon atoms of o-alkynyl ligands.3»102 Both these
resonances disappear in the DEPT spectrum and exhibit
chemical shifts and coupling constants in good correla-
tion with those reported for a variety of ¢-alkynyl metal
complexes. As expected, complexation to ruthenium-
(IT) causes the terminal sp carbons of the alkynyl ligands
to experience a strong downfield shift as compared to
the free alkyne [Ad = drucwcPh,, — OHC=cPh = (116.4 —
78.5) ppm = 37.9 ppml].

On the basis of all these spectroscopic data as well
as the independent synthesis of 6 illustrated in Scheme
3, a structure is assigned to the latter compound in
which the ruthenium center is octahedrally coordinated
by PP3 and by two mutually cis g-phenylethynyl ligands.
Indeed, this structure is adopted by 6 in the solid state,
as shown by a single crystal X-ray analysis. Selected
bond distances and angles are given in Table 5; an
ORTEP view of the molecule is shown in Figure 2 along
with the labeling scheme. To the best of our knowledge,
8 is the first cis-dialkynylruthenium complex authen-
ticated by an X-ray structural determination.38:3?

The structure consists of discrete molecules of [(PPs)-
Ru(C=CPh);] with no clathrated solvent molecules in
the lattice.

The overall structure of 6 is essentially analogous to
that of the alkynyl hydride precursor, the only difference
being a phenylethynyl group in the place of hydride.
Interestingly, the Py—Ru bond length [2.347(4) A} si
quite similar to the analogous distance in 5CsHs [2.335-
(2) Al, thus suggesting that the hydride and phenyl-
ethynyl ligands exert a comparable ¢trans influence. The
Ru—C separations of 2.05(1) and 2.08(1) A along with
v(C=C) at 2087 and 2073 cm~! indicate a possible weak
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Table 6. Dimerization of HC=CPh Catalyzed by (PP3)Ru Complexes

products (%)
catalyst (Z)-1,4-Diphenylbut-3-en-1-yne (E)-1,4-Diphenylbut-3-en-1-yne styrene phenylacetylene other
[(PP3)RuH;)? 29(1) traces 1(0.5) 70(2)
[(PP3)RuH(C=CPh)]* 58(2) 1(0.5) 2(0.5) 37(1) 2¢
[(PP3)Ru(C==2CPh);)* 78(2) 2(0.5) 20(1) 1¢
[(PP3)Ru(*-PhC3;CHPh)]* ¢ 84(2) 5D 11(1)
[(PP3)Ru(C=CPh)]* * 83(2) 5(1) 12(1)
[(PP3)Ru(C=CPh);]/NH4PFs 84(2) 5(1) 11(1)

2 Catalyst, 0.1 mmol; substrate/catalyst ratio = 100; toluene, 20 mL; T = 100 °C; reaction time, 6 h. ¢ See ref 3a,c. © 1,3,5-Triphenylbenzene and 1,2,4-

triphenylbenzene in a ca. 2:1 ratio.

Figure 2. ORTEP drawing (30% thermal elliposoids
probability) of [(PP3)Ru(C=CPh);] (6). All of the hydrogen
atoms are omitted for clarity.

dn(metal) — n*(alkynyl) transfer.?® Consistently, the
C7,—Cg and Cy—Cy separations [1.21(2) and 1.19(2) A,
respectively] are typical of C—C triple bonds,52.24¢:28,35,38

Of the two five-atom arrays Ps4—Ru—Cg—C1p—C1 g and
P;—Ru—C7—Cg—Cj 7 only the former is virtually linear
[P4—'Ru—Cg = 177.7(4)°; Ru—Cg—Clo = 176(1)°; Cg—'
C10—Ci1,s = 177(1)°], while the latter slightly deviates
from linearity [P;—Ru—C; = 172.1(4)°; Ru—C7—Cg =
173(1)°%; C7—Cg—Cy7 = 177(1)°]. A possible reason for
this observation is that the face of the complex opposite
to the terminal phosphorus P; is more sterically crowded
by the phenyl substituents on the trans phosphines than
the face opposite the bridging phosphine.40

(38) For a comparison with related structural types see: (cis-[Pt-
{C=CC(OH)Me2}2(PPh;3);}H;0) Furlani, A.; Licoccia, S.; Russe, M. V.;
Chiesi-Villa, A.; Guastini, C. J. Chem. Soc., Dalton Trans. 1984, 2197.
(Cp2Zr(C=CMe),) Erker, G.; Fromberg, W.; Benn, R.; Mynott, R.;
Augermund, K., Kruger, C. Organometallics 1989, 8, 911. ([Co-
(C=CCN)qo(55-CsH;s X PPhy)]) Kergoat, R.; Gomes de Lima, L. C.; Jégat,
C.; Le Berre, N.; Kubicki, M. M.; Guerchais, J. E.; L'Haridon, P. J.
Organomet. Chem. 1990, 387, 71. ((5°-CsH.SiMes).Ti(C=CSiMej3)s)
Lang, H.; Herres, M.; Zsolnai, L.; Imhof, W. J. Organomet. Chem. 1991,
409, C17.

(39) Other dialkynyl complexes have been reported: (a) Spafford,
W. A,; Carfagna, P. D.; Amma, E. L. Inorg. Chem. 1967, 6, 1553. (b)
Sebald, A.; Stader, C.; Wrackmeyer, B.; Bensch, W. J. Organomet.
Chem. 1986, 311, 233. (c) Buang, N. A.; Hughes, D. L.; Kashef, N.;
Richards, R. L.; Pombeiro, A. J. L. J. Organomet. Chem. 1987, 323,
C47. (d) Hills, A.; Hughes, D. L.; Kashef, N,; Richards, R. L.; Lemos,
M. A N.D. A;; Pombeiro, A. J. L. J. Organomet. Chem. 1988, 350, C4.
(e) Carr, S. W.; Gringle, P. G.; Shaw, B. L. J. Organomet. Chem. 1988,
341, 543. (f) Chow, P.; Zargarian, D.; Taylor, N. J.; Marder, T. B. J.
Chem. Soc., Chem. Commun. 1989, 1545, (g) Field, L. D.; George, A.
V.; Hambley, T. W.; Malouf, E. Y.; Young, D. J. J. Chem. Soc., Chem.
Commun. 1990, 931. (h) Hills, A.; Hughes, D. L.; Kashef, N.; Lemos,
M. A.N.D. A,; Pombeiro, A. J. L.; Richards, R. L. J. Chem. Soc., Dalton
Trans. 1992, 1775. (i) Field, L. D.; George, A. V.; Laschi, F.; Malouf,
E. Y.; Zanello, P. J. Organomet. Chem. 1992, 435, 347. (j) Stouer, T.
C.; Geib, S. J.; Hopkins, M. D. J. Am. Chem. Soc. 1992, 114, 4201. See
also ref 10a and 32a.

(40) Di Vaira, M.; Peruzzini, M.; Rovai, D.; Stoppioni, P. J. Orga-
nomet. Chem. 1991, 420, 135.

Finally, the interatomic contact between the two
ruthenium bonded C(sp) carbons [dc-c;, = 2.94(2) A]
excludes any interaction between the two alkynyl
ligands.

Besides being thermally stable, 6 is also air-stable in
the solid state, whereas it slowly decomposes in solu-
tions exposed to air. Interestingly, compound 6 reacts
with protic acids, even very weak ones such as NH,*
(pKa. 9) or EtOH (pK; 18), converting to a ca. 3:1 mixture
of the known butenynyl complexes (E)-[(PP3)Ru{zn®-
PhC;C(H)Ph}IBPhy (7a,b).3¢ These differ from each
other only in the anchoring mode of the 7%-butenynyl
ligands, as shown in Scheme. 1.

Regio- and Stereoselective Dimerization Reac-
tions of Phenylacetylene to (Z)-1,4-Diphenylbut-
3-enl-yne. From the observation that toluene solutions
of 6 at 110 °C consume HC=CPh, one may readily infer
that the bis(alkynyl) complex is a catalyst or catalyst
precursor for the oligomerization of 1-alkynes. Catalytic
experiments do confirm this hypothesis. The results
obtained are shown in Table 6, which summarizes also
the activities exhibited by the precursors 1 and 5, the
n3-butenynyl complexes 7a,b,? the s-alkynyl complex
[(PP3)Ru(C=CPh)]BPh4,% and a 1:1 mixture of 6 and
NH,PFs.

Reaction of 6 with an excess of phenylacetylene (100:
1) in refluxing toluene for 6 h results in conversion (ca.
80%) of the alkyne to (Z)-1,4-diphenylbut-3-en-1-yne
(95%) and (E)-1,4-diphenylbut-3-en-1-yne (5%). In the
catalytic reaction, phenylacetylene is thus regio- and
stereoselectively dimerized. No trace of the 1,3-disub-
stituted regioisomer was detected by either NMR or
GC—MS. After the reaction was quenched and the
solvent was removed under reduced pressure, 31P NMR
spectroscopy showed the solid residue to contain 6 as
the only phosphorus-containing product. The reaction
was also followed by 'H and 3!P{'H} NMR spectroscopy
in a sealed tube at a constant temperature of 110 °C in
toluene-ds. A higher catalyst to substrate ratio (1:10)
was used in order to obtain proton spectra with a
reasonable signal-to-noise ratio. The spectra, recorded
every 30 min, showed that 6 is both the termination
metal complex and the only phosphorus-containing
species observable on the NMR time scale in the course
of the catalytic reaction. This suggests the participation
of the bis(alkynyl) complex in the rate-determining step
of phenylacetylene dimerization.

The Ru catalyst is very robust; a number of subse-
quent reactions can be performed using the same
catalyst with no appreciable decay of activity.

As is evident from a perusal of Table 6, compound 6
is more efficient than 5 which, in turn, is more efficient
than 1. Conversely, all of these systems show identical,
excellent selectivity in the Z stereoisomer. The experi-
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mental observation that 1 is precursor to 5 and 5 is
precursor to 6 (see Schemes 1 and 2) accounts for the
trend in activity and selectivity summarized in Table
6. In other words, the minor efficiency of the dihydride
and alkynyl hydride complexes can be ascribed to
induction periods necessary for converting both com-
pounds to 6, which is the termination metal product of
all catalytic runs.

The isomeric Ru(Il) n%-butenynyl complexes (E)-
[(PP3)Ru{73-PhC3sC(H)Ph}]* and their g-alkynyl precur-
sor [(PP3)Ru(C=CPh)]* are slightly more efficient than
the neutral bis(alkynyl) complex 6 (84 vs 78%), while
exhibiting a comparable selectivity.3 It is worth
noticing, however, that the catalytic reactions with these
cationic complexes were performed in refluxing THF due
to their poor solubity in toluene. In keeping with the
facile protonation of the bis(alkynyl) 8 to the cationic
7°-butenynyl complexes, a catalytic run performed in
THF using a 1:1 mixture of 6 and NH4PF as catalyst
system, gave results identical with those from the
mixture catalyzed by isolated 7a,b.

Model Reactions. In an attempt to gather as much
information as possible about the mechanism of forma-
tion of 5 from 1 and of 6 from 5 as well as the catalysis
cycle of phenylacetylene dimerization, the following
independent reactions have been performed.

Reaction of [(PP3)RuH;] with HC=CCO:R (R =
Me, Et). The #2-alkene complexes [(PP3)Ru{n2-CHo=
CH(COsMe)}] (8) and [(PP3)Ru{#2-CHy=CH(CO:Et)}]
(9) are obtained as yellow orange crystals by reacting 1
at room temperature in THF with a slight excess of
either methyl propiolate or ethyl propiolate. Identical
products are obtained when 1 is reacted in refluxing
THF with a double proportion of methyl or ethyl
acrylate. In this case, however, 1 equiv of alkene is

ol

\l / H _ .
E(/P R = Me (8); Et (9)
\c/on
//

(o]

hydrogenated to the corresponding alkane (methyl or
ethyl propionate).

The IR spectra of 8 and 9 contain v(C=0) and
W C—0—C) bands which are readily attributable to
uncoordinated ester groups (1673/1671 cm™! and 1144/
1252 em™~!, respectively). The 31P{'H} NMR spectra in
CD5Cl; show 8 and 9 to be fluxional on the NMR time
scale. In both compounds, the fluxionality apparently
involves only the phosphorus donors and not the alkene
ligands which, in fact, show no temperature variation
of the chemical shifts of their hydrogen and carbon
nuclei. With the help of homo- and heteronuclear
selective decoupling experiments, it has been possible
to locate unambiguously the substituted carbon of
acrylate trans to the bridgehead phosphorus. Variable-
temperature 31P{1H} NMR spectra of 9 are presented
in Figure 3.

In the fast exchange regime (>20 °C), the spectrum
consists of an AMj spin system which shows the three
terminal PPhy groups to be magnetically equivalent.
Thus, due to a rapid site-exchange process involving all
terminal phosphorus atoms, the signal of the bridgehead
phosphorus atom appears as a narrow quartet in the
high-field region of the spectrum (6 149.55 ppm, Jpp =
24.9 Hz), while a doublet at 68.64 ppm features the
three terminal PPhy groups. On decreasing the tem-
perature to —80 °C, at which temperature the molecule
is stereochemically rigid, the low-field resonance pro-
gressively transforms into a triplet of doublets indicat-
ing that the terminal P atoms have become magnetically
inequivalent. This process involves neither coalescence
of the low-field resonance nor a change of its chemical
shift. In contrast, the high-field doublet broadens as
the temperature is decreased, merges into the baseline
at ca. —40 °C, and then decoalesces to give a set of three
resonances. In the slow exchange regime at —80 °C,
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Figure 3. Variable-temperature 3!P{'H} NMR spectra of [(PP3)Ru{#2-CH;=CH(CO;Et)}] (9) (CD,Cl,, 81.15 MHz, H;PO,

reference).

these signals are well-resolved and unequivocally con-
stitute the MNQ part of an AMNQ pattern. The
terminal phosphorus Pq (6 66.49), which is located trans
to the CHjy group of the ethyl acrylate ligand (vide infra),
appears as a triplet of doublets, while the Py and P,
nuclei give rise to a strongly perturbed second-order
system with resonances centered at 74.53 and 65.98
ppm and coupled by 241.0 Hz, as is expected for
inequivalent phosphorus atoms trans to each other 2924142
Inequivalence of the axial phosphorus nuclei in octa-
hedral metal complexes of both PP; and related tripodal
tetradentate ligands bearing identical substituents on
the phosphorus atoms is observed whenever there is no
mirror plane in the complex molecule.# This may occur
as a consequence of restricted rotation of bulky sub-
stituents on either the phosphorus donors or the coli-
gands. In the case at hand, we believe that only the
orientation of the ester group with respect to the plane
defined by the bridging phosphine and the two olefin
carbons can differentiate Py and Py in the slow ex-
change regime. In the fast exchange regime, rapid
rotation of the alkene makes the three terminal phos-
phorus atoms equivalent. Alternative mechanisms
involving dissociation of a phosphine arm can be ruled
out in light of the retention of all Jpp along the entire
dynamic process.

A final comment regards the nature of the metal—
alkene bond in 8 and 9. The mode of formation of these
compounds would imply interaction of the Ru(0) frag-
ment [(PP3)Ru] with a molecule of alkyl acrylate (vide
infra). The maintainment of the formal d® metal
configuration in the resulting alkene complexes thus
depends on the extent of the dr(metal) — x*(alkene)
transfer. In 8 and 9, the metal—alkene bonding seems
to be midway between ruthenacyclopropane and 7-olefin
structures.** In fact, while the fluxionality of the

(41) Hohman, W. H.; Kountz, D. J.; Meek, D. W, Inorg. Chem. 1986,
25, 616.

(42) Pregosin, P. 8.; Kunz, R. W. In 3!P and 13C NMR of Transition
Metal Phosphine Complexes; Diehl, P., Fluck, E., Kosfeld, R., Eds,;
Springer Verlag: Berlin, 1979.

(43) (a) Linn, K.; Masi, D.; Mealli, C.; Bianchini, C.; Peruzzini, M.
Acta Crystallogr. 1992, C48, 2220. (b) Jia, G.; Drouin, S. D.; Jessop,
P. G.; Lough, A. J.; Morris, R. H. Organometallics 1998, 12, 906.

Figure 4. ORTEP drawing (30% thermal elliposoids
probability) of [(PPs)RuH{#1-C(CO;Me)=CH(CO;Me)}] (10
C.H;OH) showing only the ipso carbons of the phenyl rings
of PPs. Except for the terminal hydride ligand, all of the
hydrogen atoms are omitted for clarity.

complexes indicates a scarce z-back-bonding contribu-
tion, both the magnetic shielding of the alkene C, and
C; nuclei in the 13C{*H} NMR spectra (Table 4)* and
the 31P chemical shifts (Table 3),3a14 typical of Ru(Il)
compounds, point to a significant amount of metal-to-
olefin n-bonding.

Reaction of [(PP3g)RuH;] with MeO:CC=CCO,-
Me. Reaction of 1 in THF with a slight excess of MeOs-
CC=CCO:Me (DMAD) at room temperature results in
stereoselective cis insertion of the disubstituted alkyne
into the Ru—H bond trans to the bridging phosphorus.
The structure of the resulting vinyl hydride complex (E)-
[(PP3)RuH{#1-(MeO;C)C=C(H)CO:Me)}] (10) has been
determined by an X-ray analysis after the compound
was recrystallized from CHyClo/EtOH to give 10-CoHs-
OH.

An ORTEP drawing of the complex is shown in Figure
4, while a list of selected bond distances and angles is
presented in Table 7. Like in the alkynyl hydride and

(44) (a) Tolman, C. A,; English, A. D.; Manzer, C. E. Inorg. Chem.
1975, 10, 2353. (b) Jolly, P. W.; Mynott, R. Adv. Organomet. Chem.
1981, 19, 257.
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Table 7. Selected Bond Distances (A) and Angles (deg) for
[(PP;)RuH{7'-(MeQ,C)C=CH(CO;Me)}}C,H;OH

(10-C;Hs0H)
Ru-P; 2.376(1) P;—Ru-P; 101.07(6)
Ru—P; 2.299(1) P,—Ru—P; 103.49(6)
Ru—P; 2.324(1) P,—Ru—P4 83.30(5)
Ru—P4 2.252(1) P,—Ru—P3 149.85(7)
Ru—H 1.48(5) P,—Ru—Py4 83.90(6)
Ru—-C; 2.140(5) P;~Ru—P, 81.89(6)
C:—Cyo 1.349(8) P;—Ru—H 173(1)
C—Cs 1.476(6) P,—Ru—H 77(2)
Clo—Cn 1.455(7) P3—RU—H 77(2)
Cs—0Oy 1.204(6) Ps—~Ru—H 90(2)
C11—0s 1.202(5) C;—Ru—H 88(2)
C;—0, 1.351(6) C;—Ru—P, 98.5(1)
C1—0q4 1.348(7) C;—Ru-P; 97.1(1)
0,—Cy 1.448(6) C;—Ru—P; 96.3(1)
04—C; 1.443(8) C7;—Ru—Py 177.7(1)
P—C, 1.847(5) Ru—C;—C;s 113.0(3)
P;—Cs 1.849(5) Ru—C7—Cyp 130.2(3)
Ps—C, 1.830(5) C—Cs—0Oy 111.94¢)
P—C; 1.857(5) C—Cs—0, 124.9(5)
Ps—C; 1.846(4) 0,-C3—0; 122.9(5)
Ps—Cs 1.821(5) Cs—01—Cy 116.4(4)
C;—Ci1o—Cui 124.8(4)
Cs—C7—Cio 116.8(4)
C10—C11—0s 127.2(5)
C10—C11— 04 110.9(4)
0;—C;—04 122.0(5)
C11—04—Ci2 116.6(4)

bis(alkynyl) derivatives 5 and 6, the coordination ge-
ometry around the metal center can be described as a
distorted octahedron. The main distortion from the
idealized geometry is again due to the angle P.—Ru—
P3 which closes up to 149.85(7)°.

The Ru—P bond distances [2.252(2)—2.376(1) A] are
similar to the analogous separations in 5 and 6 as well
as in other (PP3)Ru complexes.?24% As discussed above
for 5, the lengthening of the Ru—P; distance [2.376(1)
Al is consistent with the presence of a trans hydride
ligand. The Ru—H separation in 10-C;Hs0H [1.48(5)
Alis comparable with the Ru—H bond distances found
in [RuH(H;BH2)(PMe3)3]#6 [1.49(4) A] and [RuHCI(Ph,-
PCH,PPhy), 147 [1.49(8) Al.

In the alkenyl ligand, which bears two cis methyl
carboxylate substituents, the C;—Cio distance [1.349-
(8) Al is typical of C—C double bonds in dimethyl
carboxylate vinyl complexes#® of which there are some
Ru derivatives.®® The Ru—C; distance [2.140(5) A)
compares well with the value reported for the alkenyl
complex [Ru(CO)z{C(CO:Me)=C(COzMe)Cl1}ClL(PMe;,-
Ph),] [2.16(2) AP° but is significantly longer than those
of the majority of ruthenium vinyl complexes [2.034-
(5)-2.082(6) A].28

The equatorial plane of the coordination polyhedron
containing the metal atom is essentially coplanar with
the atoms C;, Cg, Ci0, C11, Os, and O4 but virtually
perpendicular to the plane containing the other ester

(45) Bianchini, C.; Masi, D.; Linn, K.; Mealli, C.; Peruzzini, M.;
Zanobini, F. Inorg. Chem. 1992, 31, 4037.

(46) Statler, J. A.; Wilkinson, G.; Thornton-Pett, M.; Hursthouse,
M. B. J. Chem. Soc., Dalton Trans. 1984, 1731.

(47) Delavaux, B.; Chaudret, B.; Devillers, J.; Dahan, F.; Com-
menges, G.; Poiblanc, R. J. Am. Chem. Soc. 1986, 108, 3703.

(48) Ladipo, F. T.; Merola, J. S. Inorg. Chem. 1998, 32, 5201.

(49) (a) Romero, A.; Santos, A.; Vegas, A. Organometallics 1988, 7,
1988, (b) Lépez, J.; Romero, A.; Santos, A.; Vegas, A.; Echavarren, A.
M.; Noheda, P. J. Organomet, Chem. 1989, 373, 249. (c) Loumrhair,
H.; Ros, J.; Torres, M. R.; Perales, A. Polyhedron 1990, 7, 907.

(50) Holland, P. R.; Howard, B.; Mawby, R. J. J. Chem. Soc., Dalton
Trans, 1983, 231.
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group (torsional angles Ru—C7—Cg—0; and Ru—C7—Cs—
Oy of —88.7(4) and +86.2(5)°, respectively).

The different orientation of the methyl carboxylate
substituents with respect to the plane defined by Py, P,
Ru, and H is of particular interest, as it allows ratio-
nalization of the stereochemical nonrigidity of 10 in
solution where, in the temperature range from —80 to
+60 °C, the Ru center apparently retains the coordina-
tion geometry determined in the solid state (vide infra).
In fact, the 3'P{'H} NMR spectrum of 10 at room
temperature shows an AM2Q pattern analogous to that
of the rigd alkynyl hydride 5 and thus consistent with
the solid-state octahedral geometry. As the temperature
is decreased, the My portion of the spectrum broadens,
coalesces at ca. —30 °C, and then at —50 °C resolves
into a second-order MN system (overall AMNQ pattern).
At this temperature the spectrum is thus fully compa-
rable with that of the #2-alkene complexes 8 and 9 in
the slow motion regime where the trans Py and Py
nuclei are made inequivalent by slowing down the
rotation of the unique ester substituent. In a similar
way, the trans Py and Py phosphorus atoms in 10
appear magnetically equivalent as long as the alkenyl
fragment rotates faster than the nuclear spin transition,
whereas they become inequivalent as such motion is
slowed down or eventually frozen.

In the temperature range investigated, the 1H and
13C NMR spectra of 10 are fully consistent with the solid
state structure (Table 4) and do not exhibit features that
require a detailed account. It may, however, be worth-
while commenting on the coupling constant between the
H and C, nuclei of the g-alkenyl ligand as well as the
chemical shifts of the alkenyl C, and Cs carbons. The
observed 3J¢,u value of 14.7 Hz is for trans H and C
atoms and thus witnesses the reliability of the Herber-
ich and Barlage criterion for determining the stereo-
chemistry of insertion of alkynes into M—H bonds.51-53

Complex 10 is highly thermally stable in solution and
does not undergo the reductive elimination of dimethyl
maleate up to 60 °C. Evidently, a second electron-
withdrawing substituent on the alkyne (see the reaction
between 1 and methyl acrylate) strengthens the Ru—C
bond of the insertion product (10) in such a way that
only at a higher temperature (ca. 70 °C) does 10 convert
in solution to its #2-dimethyl maleate isomer [(PPs)Ru{72-
cis-(MeO2C)CH=CH(CO2Me)}] (11).

The chemico-physical properties of 11 are quite
comparable with those of the 72-acrylate congeners 8
and 9. Thus a detailed description of the IR and NMR
spectral data of 11 is not in order, while it may be
interesting to mention a few relevant chemical features.

Upon reductive elimination of the H and C(COs-
Me)=CH(CO;Me) groups occurring as a thermal step,
the cis stereochemistry of the vinyl ligand in 10 is
maintained in the resulting #2?-alkene complex which,
in fact, contains dimethyl maleate and not dimethyl
fumarate. Indeed, the formation of the cis alkene ligand
is unambiguously demonstrated by NMR spectra as well
as the reaction between 11 and HC=CPh in refluxing
THF that yields 5 and free dimethyl maleate (Scheme
5).

(51) Herberich, G. E.; Barlage, W. Organometallics 1987, 6, 1924.

(52) Bray, J. M.; Mawby, R. J. J. Chem. Soc., Dalton Trans. 1899,
589.

(53) Vessey, J. D.; Mawby, R. J. J. Chem. Soc., Dalton Trans. 1993,
51.
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[Ru} = (PP3)Ru

[Rul* = "(PP;)Ru(C=CCO;Me),"
Currently undefined structure

Compound 11 is stereochemically nonrigid in solution
down to —85 °C with a dynamic process analogous to
that of the n2-acrylate congeners. Like in the latter
compounds, the magnetic inequivalence of the trans P
nuclei in the slow exchange regime is originated by the
lack of a mirror plane in the octahedral structure of 11.

Reactions of [(PPs)RuH(C=CPh)] and [(PP3)Ru-
(C=CPh);] with HC=CCO;Me. In Situ Experi-
ments. The reactions of the alkynyl hydride 5 and of
the bis(alkynyl) 8 with 4 equiv of methyl propiolate have
been carried out in sealed NMR tubes in toluene-ds and
have been followed by 'H NMR spectroscopy (Scheme
6).

Compound 5 reacts with HC=CCO;Me at 110 °C and
consumes all the 1-alkyne in ca. 4 h to give 1 equiv of
both methyl acrylate and the mixed butenyne (Z)-
PhC=CCH=C(H)CO:Me. Notably, the formation of the
acrylate precedes that of the butenyne. The two organic
products were also identified by GC—MS. Purposefully,
no attempt has been made to characterize the ruthe-
nium products, as we were essentially interested in the
interaction between the Ru(H)}C=CPh) moiety and
added 1-alkyne.

The reaction between 6 and methyl propiolate occurs
already at 40 °C and consumes 2 equiv of 1-alkyne in 3

h. Formed in its place is 1 equiv of (Z)-PhC=CCH=C-
(H)Ph. At 110 °C, the reaction is complete in 1 h and
produces 1 equiv of the 1,4-diphenylbut-3-en-1-yne plus
traces of oligomers of methyl propiolate (essentially
dimers and trimers).5

Discussion

Formation of the Bis(alkynyl) Complex [(PP3)-
Ru(C=CPh);]. The reaction that converts the dihy-
dride 1 to the bis(phenylethynyl) complex 6 has close
precedents in the transformations of [FeHz(dmpe).] and
[OsH(52-CHyPMe»)(PMe;3)s] into trans-[Fe(C=CPh)e-
(dmpe)2]1%255 and [Os(C=CPh)y(PMes),],%° respectively
[dmpe = 1,2-bis(dimethylphosphino)ethane]. A bis-
(phenylethynyl) complex of the formula [Ru(C=CPh).-
(Cyttp)] was also suggested to play an intermediate role
in the reaction between [RuH4(Cyttp)] and HC=CPh to
give [Ru(C=CPh)(73-PhC3CHPh)(Cyttp)] [Cyttp = Ce-

(54) The trace amount of such ohgomers has prevented their
identification. However, since this point is not relevant to the
chemistry presented in this paper, we have not carried out large-scale
reactions.

(55) Field, L. D.; George, A. V. J. Organomet. Chem. 19988, 454, 217.

(56) Gotng, J.; Wemer, H. J. Organomet. Chem. 19886, 287 247.
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H;P{CH;CH3;CH3P(c-C¢H;11)2}2].5¢ In no case, however,
was the mechanism of these reactions studied in detail,
though Field et al. reported that 2 equiv of styrene was
formed in the reaction of the iron complex with
HC=CPh.102

In light of the experimental evidence accumulated
during this work, it is now possible to look at the
conversion of 1 to 6 as a sequence of well-defined steps
(Scheme 7).

The first step is the insertion of HC=CPh into a
Ru—H bond of 1 (step a).57 Labeling experiments
(formation of cis-CHD=CDPh) as well as a number of
precedents, including the formation of (E)-[(PP3)Ru-
(CH=CHPh)]BPhy4 from the reaction of {(PP3)RuH(N3)I-
BPhy with HC=CPh,? are consistent with a cis insertion
of the l-alkyne.’®8 The mechanism of insertion most
likely involves decoordination of the terminal phospho-
rus trans to H to create a free site at ruthenium for the
incoming HC=CPh molecule. Once the l-alkyne has
inserted, the pendent phosphine arm can return to
saturate the metal. This unfastening/fastening motion
is well-known along several reactivity patterns of PP,
metal complexes, particularly in insertion reactions,24258b
No evidence has ever been provided for the alternative
decoordination of the bridgehead phosphorus.

A limiting temperature of 70 °C is required to promote
a reaction between 1 and HC=CPh in toluene. At this
temperature the cis styryl hydride product A is not
stable and rapidly undergoes the reductive elimination
of styrene (step b) (see the reaction of 1 with HC=CCO3R;

(57) For general aspects of hydrometalation of alkynes see: (a)
Nakamura, A.; Otsuka, S.J. Am. Chem. Soc. 1972, 94, 1886. (b) Clark,
H. C.; Ferguson, G.; Goel, A. B.; Janzen, E. G.; Ruegger, H.; Siew, P.
Y.; Wong, C. S. J. Am. Chem. Soc. 1986, 108, 6961. (c) Andriollo, A.;
Esteruelas, M. A.; Meyer, U.; Oro, L. A.; S4nchez-Delgado, R. A.; Sola,
E.; Valero, C.; Werner, H. J. Am, Chem. Soc. 1989, 111, 7431. (d)
Bianchini, C.; Meli, A.; Peruzzini, M.; Vizza, F.; Frediani, P, Organo-
metallics 1990, 9, 1146.

(58) (a) Bianchini, C.; Meli, A.; Peruzzini, M.; Vizza, F.; Zanobini,
F.; Frediani, P. Organometallics 1989, 8, 2080. (b) Bianchini, C.; Meli,
A.; Peruzzini, M.; Frediani, P.; Bohanna, C.; Esteruelas, M. A,; Oro,
L. A. Organometallics 1992, 11, 138.

R = Me, Et). The alkene is subsequently displaced by
phenylacetylene which is in fact a much better ligand
(step ¢) (see the reaction between 11 and HC=CPh).5
The first equivalent of styrene is thus formed through
the sacrifice of the two hydride ligands of 1 (see labeling
experiment with 1-dy).

At this point, the reaction mixture contains a d® ML,
fragment which is appropriate for the oxidative cleavage
of sp C—H bonds (step e). As a result, the alkynyl
hydride 5 is formed. The precursor of such an oxidative
addition step is most likely a z-alkyne intermediate C
(step d) analogous to that which traverses the formation
of [(PP3)MH(C=CPh)]BPhy from the reactions of the 16-
electron fragments [(PP3)M]*™ (M = Co, Rh) with
1-alkynes.24ce

The cis alkynyl hydride 5 is stable in toluene solution
at the temperature of its formation from 1 (70 °C),
whereas it rather rapidly converts to the bis(alkynyl) 6
at 110 °C in the presence of excess HC=CPh. Along
this transformation a second equivalent of styrene is
liberated in the reaction mixture. The result of the
reaction between isolated 8 and 2 equiv of HC=CCOs,-
Me sheds some light on the mechanism of formation of
this second equivalent of styrene (Scheme 6). Indeed,
only insertion of HC=CCOy;Me into the Ru—H bond of
5, followed by sp C—H bond cleavage/sp? C—H bond
formation (formal o-bond metathesis between Ru—vinyl
and 1l-alkyne) accounts for the selective formation of
methyl acrylate. The cis styryl phenylethynyl species
D (step e in Scheme 7) is thus a probable intermediate
along the conversion of 5 to 6 while its formation
obviously requires the occurrence of a phosphine arm-
off mechanism.80

The reaction conditions, particularly the temperature
at which each single step of the overall mechanism
occurs, as well as the increasing number of electron-

(59) (a) Bianchini, C.; Meli, A.; Peruzzini, M.; Vizza, F.; Albinati,
A. Organometallics 1990, 9, 2283. (b) Yasuda, H.; Yamamoto, H.; Arai,
T.; Nakamura, A.; Chen, J.; Kai, Y.; Kasai, N. Organometallics 1991,
10, 4058.
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withdrawing substituents on the alkyne which are
needed to stabilize a Ru cis vinyl hydride, unequivocally
indicate that the insertion of HC=CPh into the Ru—H
bond in 5§ is the process with the highest activation
energy. Also, from the type of organometallic and
organic compounds produced, one may conclude that in
Ru(Il) complexes with phosphine coligands, both the
insertion of 1-alkynes into Ru—H bonds and the reduc-
tive elimination of H and g-organyl groups are favored
over insertion into Ru—C bonds or reductive C—C bond
formation.

Catalytic Cycle of Phenylacetylene Dimeriza-
tion to (Z)-1,4-Diphenylbut-3-en-1-yne. Incorpora-
tion of all the above experimental evidence leads to the
mechanism shown in Scheme 8 for the Ru(II)-catalyzed
dimerization of HC=CPh. In the scheme, the skeleton
of the tripodal ligand and the phosphorus donors are
omitted for clarity.

The most intriguing point of the proposed mechanism
is the intermolecular protonation by external HC=CPh
of a g-alkynyl is 6 (step a) to give a vinylidene inter-
mediate. Indeed, since 6 is readily protonated by EtOH
(pK. 18) at the alkynyl Cs atom, a similar reaction may
reasonably occur with HC=CPh (pK, 18.5).51 Though
new for (o-alkynyl)metal complexes, the capability of
l-alkynes to act as protic acids toward nucleophilic
ligands, such as terminal hydrides, is well-known.52
Once an alkynyl group in 6 has been protonated, the
consequent coupling reaction between the vinylidene
and o-alkynyl ligands to give #3-butenynyl is a downhill

(60) Arm-off mechanisms are well documented in transition-metal
polyphosphine chemistry. See, for example: (a) Thaler, E. G.; Folting,
K.; Caulton, K. G. J. Am. Chem. Soc. 1990, 112, 2664. (b) Thaler, E.
G.; Caulton, K. G. Organometallics 1990, 9, 1871. See also refs 24a
and 58b.

(61) Hopkinson, A. C. In The Chemistry of the Carbon-Carbon Triple
Bond; Patai, S., Ed.; Wiley: New York, 1978; Vol. 24, Chapter 4.

(62) Tenorio, M. J.; Puerta, M. C.; Valerga, P. J. Chem. Soc., Chem.
Commun. 1998, 1750.

Ph

process that has many precedents in the literature,
particularly for Ru compounds.32~f In the present case,
however, the conjugate base (PhC=C") is itself a good
ligand and thus can saturate the free coordination site
generated following the C—C bond formation reaction.
In the absence of a conjugate base with good ligating
properties, the coordination vacancy is saturated by the
triple bond of the butenynyl ligand. Further to this
point, we have shown that, when 6 is protonated by
NH,/PF¢, n%-butenynyl complexes 7 are obtained.

From the o-alkynyl n!-butenynyl intermediate, the
enyne is then liberated by interaction with a second
molecule of HC=CPh via formal o-bond metathesis
between Ru—vinyl and 1-alkyne, as occurs in the
reaction of § with HC=CCOyMe to give methyl acrylate
(Scheme 6). Along with production of (Z)-PhC=CCH=C-
(H)Ph, this process regenerates the catalyst 6 (step c).

Alternative mechanisms involving 1-alkyne insertion
across Ru—C are ruled out by the independent reaction
between 6 and HC=CCO;Me which leads to selective
formation of the homocoupled enyne. The absence of
the cross-coupled product (Z)-1-phenyl-4-(carbomethoxy)-
but-3-en-1-yne excludes also a mechanism involving
decoordination of a phosphine arm during the incorpo-
ration of phenylacetylene by 8. In fact, were phosphine
decoordination a feasible path, either the cross-coupled
butenyne or a random distribution of homo- and cross-
coupled products would have been obtained. On the
other hand, unlike catalysts with f or early d elements,*
no evidence has been provided so far for the occurrence
of 1-alkyne insertion into Ru—C(alkynyl) bonds in the
catalytic synthesis of enynes.

The mechanism proposed in Scheme 8, based on C—C
bond coupling between o-alkynyl and vinylidene, also
accounts for the regioselectivity of the catalytic reaction.
In contrast, the stereocontrol seems to be a character-
istic of PP3 metal complexes in which the repulsive
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interaction between the six phenyl rings on the tripodal
phosphine and the substituents on the vinylic moiety,
forces 1,4-substituted butenynyl ligands to adopt an E
structure,3ach

A significant contribution of the bulky tripodal ligand
PP; to the stereochemical control of phenylacetylene
dimerization is consistent with the result of the reac-
tions catalyzed by the cationic #3-butenynyl complexes
7a,b and their o-alkynyl precursor [(PP3)Ru(C=CPh)]*
as well.32¢ In fact, these catalytic runs, while proceed-
ing via a different mechanism, display identical selec-
tivity in the (Z)-butenyne (Table 6).

Conclusions

A Ru(Il) bis(alkynyl) complex has been found to
catalyze the regio- and stereoselective dimerization of
phenylacetylene to (Z)-diphenylbut-3-en-1-yne. Several
observations are consistent with a catalytic cycle involv-
ing protonation of a o-phenylethynyl ligand by external
HC=CPh, followed by C—C bond formation between cis
o-alkynyl and vinylidene groups.

A study under various experimental conditions, the
detection of some intermediates, and the use of model
and crossover experiments, taken altogether, show that
the ruthenium bis(alkynyl) catalyst is formed from a
dehydride precursor. The reaction sequence that con-
verts the dihydride to the bis(alkynyl) complex con-
sumes 4 equiv of HC=CPh and comprises a number of
reaction steps: insertion of 1-alkyne into a Ru—H bond,
reductive coupling of hydride and o-vinyl groups, dis-
placement of the resulting alkene by 1-alkyne, hydroru-
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thenation of 1-alkyne, and o-bond metathesis between
(sp)C—H and Ru—C(sp?) moieties. While most of these
elemental reaction steps have precedents in organo-
metallic chemistry, the present system is unique in that
they all occur at the same metal—ligand fragment. This
allows one to draw several mechanistic conclusions.
Among these, the most relevant is the observation that,
under the experimental conditions, the reductive cou-
pling of cis o-organyl ligands is an unaccessible reaction
at Ru(II). The only C—C bond-forming reaction that has
been observed is the one involving c-alkynyl and vi-
nylidene groups which, in fact, may be viewed as a
migratory insertion of the latter group into a rutheni-
um—alkynyl bond.53

Finally, it is worth highlighting the multifunctional
role exerted by the phenylacetylene substrate in the
precatalysis and catalysis systems: hydride scavenger,
hydride producer, o-bond metathesis reagent, and protic
acid.
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