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Abstract

The first ruthenium-propargyl complexes CpL,RuCH,C=CPh (L =CO (1) and PPh, (2)) were
synthesized by reaction of [Cp(CO),Ru]~ with PhC=CCH,Cl or PhC=CCH ,08(0),C;H ;Me-p and of
Cp(PPh),RuCl with PhC=CCH,MgCl, respectively. In contrast, treatment of [Cp(CO),Ru]~ with
HC=CCH,CI affords the ruthenium-n'-allenyl complex Cp(CO),RuCH=C=CH, (3). Complex 1 is
protonated by HBF, OEt, to [syn-Cp(CO),Ru(n2-CH ,=C=CHPh)|BF, (4a), which isomerizes within 2
h 1 acetone solution at room temperature to [anti-Cp(CO),Ru(72-CH ,=C=CHPh)]BF, (4b). Com-
pound 4b reacts with Pt(PPh;),(C,H,) to give the ruthenium-substituted platinum(I)-n>-allyl complex
[(n*-CH ,0(Ru(CO),Cp)CHPh)Pt(PPh,),]BF, as the anti isomer quantitatively. Compound 1 under-
goes facile [3+2] cycloaddition reactions with tetracyanoethylene (TCNE) and p-toluenesulfonyl
isocyanate (TSD); the latter reaction m CH,Cl, solution at 25°C proceeds slightly more rapidly (1.3
times) than the corresponding reaction of Cp(CO),FeCH,C=CPh. With Co,(CO)g, 1 vyields the
trinuclear (CO);Colu-n2-PhC=CCH , Ru(CO),Cp)Co(CO);, which undergoes very slow cleavage of the
Ru-CH, bond with CF;CO,H, and replacement of CO (at Co) with PPh,. The foregoing reactions are
compared and contrasted with the corresponding reactions of Cp(CO),FeCH,C=CPh. Where a
comparison has been made, 2 was found to react faster than 1; however, its chemistry tends to be
complicated by the lower stability of products and a facile PPh;-CO ligand exchange. With TSI and
Co,(CO);, the products are analogous to those of 1, but with Fe,(CO)y, Cp(COXPPh 3)RuCH ,C=CPh
and Fe(CO),PPh, are obtained instead of heteronuclear metal complexes.

Introduction

A variety of transition-metal propargyl complexes, L, MCH ,C=CR, have been
prepared and their chemistry examined [1]. Earlier investigations of the chemistry
focused on the reactions with protic acids to afford the metal-allene cations
[L, M(n*-CH,=C=CHR)]"* and with uncharged electrophiles E = Nu to yield [3 + 2]
cycloaddition products, 1 (E = electrophilic part, Nu = nucleophilic part) [2,3].
Recently, it has been shown that these complexes are useful reagents in the
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synthesis of heteronuclear metal compounds, including clusters [4-8). While one
of the most-studied metal-propargyl complexes has been that of iron,
Cp(CO),FeCH ,C=CPh [1-3], the congeneric ruthenium propargyl had, until now,
been unknown. Such a complex is of interest, since ruthenium compounds gener-
ally are more stable than their iron counterparts, and ruthenium tends to form
clusters more readily than does iron [9,10]. Moreover, many ruthenium-containing
compounds are catalytically active [11].

In this paper we report the preparation of the ruthenium propargyls
CpL,RuCH,C=CPh (L = CO (1) and PPh, (2)) and investigations of their chem-
istry, with a particular focus on a comparison of 1 and Cp(CO),FeCH ,C=CPh.
Also reported is the synthesis of the allenyl complex Cp(CO),RuCH=C=CH, (3),
an analogue of the known Cp(CO),FeCH=C=CH, [12]. The preparation and some
aspects of the chemistry of 1 were presented earlier in a communication [7].

Experimental

General procedures

All reactions and manipulations of air-sensitive compounds were conducted by
use of standard Schlenk techniques [13] under an atmosphere of Ar unless
otherwise noted. Elemental analyses were performed by M-H-W Laboratories,
Phoenix, AZ. Melting points were measured in capillary tubes and are uncor-
rected.

Instrumentation

Infrared spectra (IR) were collected on a Perkin-Elmer Model 337 spectropho-
tometer and were calibrated with polystyrene. 'H and *C NMR spectra were
obtained on a Bruker AM-250 spectrometer, and the chemical shifts are given in
ppm downfield from Me,Si. P NMR spectra were recorded on the Bruker
AM-250, with the chemical shifts being referenced to 85% H,PO,. In all cases,
deuterated solvents were used to lock the instrument. Electron impact (EI) and
fast atom bombardment (FAB) mass spectra were recorded on Kratos MS-30 and
VG70-250S8 spectrometers by Mr. C.R. Weisenberger and Mr. David C. Chang.

Materials

All solvents were dried and distilled under an Ar atmosphere prior to use:
Na/K alloy was used for diethyl ether and hexane, sodium for toluene, potassium
benzophenone ketyl for THF and benzene, CaH, for CH,Cl,, and Mg(OMe), for
methanol.

Reagents were obtained from various commercial sources and used as received,
except as noted below. Tetracyanoethylene (TCNE), from Aldrich, was sublimed,
p-toluenesuifonyl isocyanate (TSI), also from Aldrich, was distilied at 115°C (2
torr), and Co,(CO)g, from Strem, was recrystallized from CH,Cl, under CO.
Literature procedures were used to synthesize PhC=CCH ,Cl [14], [Cp(CO),Ru],
[15], Cp(PPh,),RuCl [16], Cp(CO),FeCH,C=CPh [12a], and Pt(PPh,),(C,H,)
[17].

The tosylate PhC=CCH ,08(0),C H ,Me-p was obtained from PhC=CCH,OH,
p-MeC H ,S(0),Cl, and KOH by an adaptation of a general literature procedure
[18] as a fluffy colorless solid, 74% yield: '"H NMR (CDCl,) 6 7.85 (m, Ph),
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7.28-7.05 (m, C4H,), 4.96 (s, CH,), 2.39 (s, Me) ppm. Mass spectrum (EI), m/z
(exact mass): 286.0667 (M*), C,(H,,0;S calc. 286.0664 (M™*).

Preparation of Cp(CO),RuCH,C=CPh (1)

In a Vacuum Atmospheres drybox under nitrogen, [Cp(CO),Rul, (5.3 g, 12
mmol) was dissolved in 250 ml of THF to give a dark yellow-brown solution.
Sodium-potassium alloy (2-fold excess) was added to this solution by pipet, and the
resulting suspension was vigorously stirred for 24 h. A mixture of a fine black
precipitate and a light yellow-green solution was obtained. The mixture was
filtered first through filter paper on a Buchner funnel and then through a fine
glass frit to separate the black precipitate. (Caution: when removed from the
drybox, the filter paper and black precipitate may ignite spontancously; used filter

paper and unreacted Na/K alloy should be treated with methanol.) The solution

containing [Cp(CO),Ru]~ was removed from the drybox, cooled to —78°C, and
PhC=CCH,CI (2.5 ml, 3.6 g, 24 mmol) was added dropwise via syringe over 10 min
with stirring. The solution darkened, and a white precipitate formed within 15 min.
After warming to room temperature, the solvent was removed under reduced
pressure, and the dark yellow-brown residue was extracted with hexane (2 x 100
ml). The light yellow extracts were combined and filtered through a D-frit.
Concentration of the solution induced the precipitation of a light yellow, crys-
talline product. The remaining solution (~ 10 ml) was removed by cannula, and
the solid was dried under vacuum to give 1 (5.7 g) in 70% vyield: m.p. 72-75°C. IR
(THF) »(C=C) 2182 (w), v(CO) 2014 (s), 1959 (s) em~!. 'TH NMR (CDCl,) &
7.34-7.16 (m, Ph), 5.33 (s, Cp), 2.17 (s, CH,) ppm. *C NMR (CDCl,) § 200.7 (s,
CO), 130.9 (dt, J(CH) = 161.1 Hz, 2J(CH)=6.7 Hz, p-C of Ph), 128.1 (dd,
1J(CH) = 160.3 Hz, *J(CH) = 7.4 Hz, 0-C of Ph), 126.4 (dt, 'J(CH) = 161.1 Hz,
2J(CH) = 7.5 Hz, m-C of Ph), 125.8 (t, 2J(CH) = 7.9 Hz, ipso-C of Ph), 101.2 (t,
3J(CH) = 8.0 Hz, =CPh), 89.0 (d of quintets, 'J(CH) = 178.9 Hz, >*J(CH) = 6.9 Hz,
Cp), 81.6 (t, 2J(CH) = 5.0 Hz, =CCH,), —26.4 (t, 'J(CH) = 142.6 Hz, CH,) ppm.
Mass spectrum (EI), '%?Ru isotope, m/z: 338 (M%), 310 (M*— CO), 282 (M*—
2C0), 167 (M*—2CO — C;H,Ph). Anal. Found: C, 56.99; H, 3.21. C,,H,,0,Ru
calc.: C, 56.97; H, 3.59%.

Complex 1 was also obtained by reaction of [Cp(CO),Ru]™ with PhC=C-
CH,0S(0),C¢H ,Me-p. A THF solution (200 ml) of [Cp(CO),Ru]~ (6.3 mmol) at
~78°C was treated dropwise, with vigorous stirring over 30 min, with 1 equiv. of
the tosylate (1.8 g, 6.3 mmol) in 30 ml of THF. The mixture was allowed to warm
to room temperature over 2 h, and solvent was removed under vacuum to leave a
brown gummy residue. The residue was extracted with hexane (2 X 100 ml, 2 X 50
ml), and the combined extracts were filtered and concentrated to 10 ml to yield 1.2
g (57%) of 1 after decantation and drying.

Preparation of Cp(PPh;),RuCH,C=CPh (2)

Sublimed Mg (1.0 g, 41 mmol) in 100 m! of diethy! ether was treated with a trace
amount of solid HgCl, (~ S mg), and the clear mixture was gently warmed with a
heat gun until it became cloudy (~ 10 s). It was then cooled to 0°C and treated
dropwise, via syringe, with PhC=CCH,Cl (1.0 ml, 10 mmol) over 5 min. The
resulting solution was allowed to warm (1 h) and was stirred at room temperature
for 10 h. After settling, it was added dropwise, by cannula, over 15 min to 100 mi
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of a toluene solution of Cp(PPh,),RuCl (1.0 g, 1.4 mmol) at — 78 ° C. The mixture
was allowed to warm to room temperature in 6 h, and solvent was removed from
the orange solution under vacuum to leave an orange-red gummy residue. The
residue was extracted with toluene (2 X 50 ml), and the extracts were filtered and
concentrated to approx. 10 ml. Addition of 50 ml of hexane induced the precipita-
tion of a light orange solid. The solid was collected on a frit and washed with
hexane (10 ml) to yield 0.96 g (87%) of Cp(PPh,),RuCH,C=CPh (2): m.p. 150°C
dec. 'H NMR (CDCl,) & 7.7-7.1 (m, 7Ph), 4.31 (s, Cp), 1.95 (t, >J(PH) = 12.1 Hz,
CH,) ppm. ¥C NMR (CDCl,) § 139.7, 135.1, 133.6, 131.9, 130.1, 129.0, 126.5,
125.9 (8m, Ph), 1235 (t, *J(CH) = 7.6 Hz, =CPh), 109.1 (t, 2/(CH) ~ 2 Hz,=CCH ),
84.9 (dm, Cp), —22.5 (tt, V(CH) = 135 Hz, 2J(PC) = 11.8 Hz, CH,) ppm. *'P('H)
NMR (CDCl;) 6 50.09 (s) ppm. Anal. Found: C, 74.29; H, 5.34. Cs,H ,,P,Ru calc.:
C, 74.52; H, 5.25%.

Preparation of Cp(CO),RuCH=C=CH, (3)

By use of the procedure described for 1, with HC=CCH,Cl replacing
PhC=CCH,Cl, 3 was obtained in 70% vyield as an amber liquid. As hexane was
removed under reduced pressure, two liquid layers formed, the upper one being
hexane and the lower one being 3. IR (hexane) »(CO) 2031 (s), 1984 (s), v,(C=C=C)
1917 (w) cm 1. '"H NMR (CDCl,) 8 5.37 (t, *J = 6.4 Hz, CH), 5.28 (s, Cp), 3.99 (d,
“J=6.4 Hz, CH,) ppm. 3*C NMR (CDCl,) § 206.1 (t, 2J(CH) = 3.2 Hz, =C=),
199.5 (s, CO), 88.7 (d of quintets, 'J(CH) = 179 Hz, >*J(CH) = 6-~7 Hz, Cp), 63.1
(dt, 'J(CH) = 166 Hz, *J(CH) = 7-8 Hz, =CH,), 58.4 (dt, }J(CH) = 167 Hz, *J(CH)
= 9-10 Hz, =CH) ppm. Mass spectrum (EI), '®?Ru isotope, m /z: 262 (M*), 234
(M* - CO), 206 (M*—2CO), 167 (M*—2CO — C,H,).

Protonation of Cp(CO),RuCH,C=CPh (1) with HBF, - OEt,

To a light yellow solution of 1 (0.135 g, 0.40 mmol) in 30 ml of diethyl ether,
HBEF, - OEt, (85%, 100 wl, 0.60 mmol) was added dropwise at room temperature.
Immediately a light cream colored precipitate formed. After 30 min, the colorless
solution was removed by cannula, and the solid was washed with diethyl ether
(2 X 15 ml) and dried under vacuum to give an essentially quantitative yield (0.165
g) of [syn-Cp(CO),Ru(n?-CH,=C=CHPh)IBF, (4a). IR (Nujol) »(CO) 2090 (s),
2059 (s) cm™'. '"H NMR (acetone-d¢) & 7.96 (t, J = 4.0 Hz, CH), 7.60-7.50 (m,
Ph), 6.19 (s, Cp), 3.70 (d, *J = 4.0 Hz, CH,) ppm. BC{'H} NMR (CDCl;) 8 193.6
(CO), 149.0 (=C=), 135.7 (ipso-C of Ph), 129.6 (o-C of Ph), 129.0 ( p-C of Ph), 128.8
(m-C of Ph), 116.7 (=CH), 94.1 (Cp), 14.4 (=CH,) ppm. Mass spectrum (EI), '’ Ru
isotope, m /z: 338 (M*— HBE,), 282 (M*— HBF, — 2CO). Anal. Found: C, 45.29;
H, 3.17. C,H3BF,O,Ru calc.: C, 45.20; H, 3.08%.

Conversion of [syn- (4a) to [anti-Cp(CO), Ru(n?-CH,=C=CHPh)]BF, (4b)
Complex 4a in acetone-dg solution at room temperature was monitored by 'H
NMR spectroscopy. Within 2 h, resonances of 4a were completely replaced by
those of another complex, 4b. Removal of the solvent afforded pure 4b as a light
cream colored solid: IR (CH,Cl,) »(CO) 2096 (s), 2053 (s) cm~'. '"H NMR
(acetone-dy) 8 7.56-7.52, 7.45-7.30 (2m, Ph), 7.27 (t, *J = 3.9 Hz, CH), 6.22 (s,
Cp), 4.02 (d, *J = 3.9 Hz, CH,) ppm. *C NMR (CDCl,) & 194.5 (s, CO), 149.7 (d,
2J(CH) = 5.4 Hz, =C=), 135.7 (m, ipso-C of Ph), 129.4 (dd, 'J(CH) = 161 Hz,



189

2J(CH) = 7.5 Hz, o-C of Ph), 128.5 (dt, 'J(CH) = 162 Hz, 2J(CH) = 7.2 Hz, p-C of
Ph), 127.7 (d of quartets, 1J(CH) = 160 Hz, 2J(CH) = 7.0 Hz, m-C of Ph), 120.5 (dt,
1J(CH) = 168 Hz, *J(CH) <5 Hz, =CH), 93.7 (d of quintets, 'J(CH) = 187 Hz,
23J(CH) = 6.8 Hz, Cp), 19.3 (td, 'J(CH) = 173 Hz, *J(CH) = 6.5 Hz, =CH,) ppm.

Reaction of [anti-Cp(CO),Ru(n?-CH,=C=CHPh)|BF, (4b) with Pt(PPh;),(C,H,)

A suspension of 4b (0.43 g, 1.0 mmol) in 60 ml of THF was cooled to —78°C
and treated with solid Pt(PPh;),(C,H,) (0.75 g, 1.0 mmol). The reaction mixture
was stirred for 16 h, over which time it was allowed slowly to warm to room
temperature. Solvent was removed from a clear yellow solution to give [(n°-
CH,C(Ru(CO),Cp)CHPh)Pt(PPh ), ]BF, (5) as a yellow semi-crystalline solid (1.1
g, 96% yield): IR (THF) »(CO) 2027 (m-s), 1976 (s) cm~'. '"H NMR (acetone-d,) &
7.53-7.44, 7.39-7.30, 7.28-7.17, 6.66—6.64 (4m, 7Ph), 5.91 (m, br, 2J(PtH) = 15 Hz,
CH), 5.69 (s, Cp), 4.29 (m, 2J(PtH) = 10 Hz, syn H of CH,), 3.48 (dt, *J(PH) =%J =
2.5 Hz, *J(PH) = 9.3 Hz, 2J(PtH) = 39 Hz, anti H of CH,) ppm. "C{'H} NMR
(acetone-dg) & 200.7 (s, *J(PtC) = 8.8 Hz, CO), 200.5 (s, *J(PtC) = 9.3 Hz, CO),
149.2 (s, ipso-C of allyl Ph), 139.5 (d, 2J(PC) = 5.5 Hz, 'J(PtC) = 38.7 Hz, CCRu),
135.5-126.5 (m, other C of Ph), 104.7 (d, 2J(PC) = 28.4 Hz, 'J(PtC) = 123.2 Hz,
CH), 909 (s, Cp), 784 (d, J(PC) =29.7 Hz, 'J(PtC) = 106.1 Hz, CH,) ppm.
3P{'H} NMR (acetone-d,) 6 17.0 (d, 2J(PP) = 9.3 Hz, 'J(PtP) = 3850 Hz), 16.4 (d,
2J(PP)=9.3 Hz, 'J(PtP)=3590 Hz) ppm. Anal. Found: C, 55.54; H, 4.11.
Cs,H ;3BF,0,P,PtRu calc.: C, 54.56; H, 3.79%.

Reaction of Cp(CO),RuCH,C=CPh (1) with tetracyanoethylene (TCNE)

Solid TCNE (0.032 g, 0.25 mmol) was added with stirring to a solution of 1
(0.085 g, 0.25 mmol) in 30 ml of benzene at room temperature. The reaction was
complete within minutes as ascertained by IR spectroscopy in the »(CO) region.
Solvent was removed under reduced pressure to leave the cycloaddition product 6
as a light yellow powder in virtually quantitative yield (0.11 g ): m.p. 150°C dec. IR
(C4H{) v(CO) 2037 (s), 1989 (s) cm~'. '"H NMR (CDCl,) & 7.51~-7.44, 7.39-7.31
(2m, Ph), 5.18 (s, Cp), 3.65 (s, CH,) ppm. *C{'H} NMR (CDCl;) 6 197.5 (s, CO),
151.3 (=CRu), 134.7 (ipso-C of Ph), 131.6, 130.2, 128.3 (other C of Ph), 119.9, 110.5
(CN), 88.2 (Cp), 58.9 (CH,), 53.9, 45.2 (C(CN),) ppm. Mass spectrum (EI), '“Ru
isotope, m/z: 466 (M*), 438 (M*— CO), 410 (M*—-2CO), 282 (M*—-2CO —
TCNE).

Reaction of Cp(CO),RuCH,C=CPh (1) with p-toluenesulfonyl isocyanate (TSI)

A deficiency of TSI (0.13 ml, 0.80 mmol) was added via syringe to a solution of 1
(0.337 g, 1.00 mmol in 50 ml of CH,Cl, at room temperature. The resulting light
yellow solution was stirred for 16 h, solvent was removed under vacuum, and the
residue was washed with hexane (3 X 20 ml) to remove excess 1. After drying under
vacuum, a light yellow powder of the cycloaddition product 7 was obtained (0.22 g,
51% yield). IR (CH,Cl,) »(CO) 2035 (s), 1987 (s), 1699 (m) cm~'. '"H NMR
(CDCl,) 6 8.01-7.98, 7.34-7.18 (2m, Ph, C¢H,), 5.08 (s, Cp), 4.57 (s, CH,), 2.38 (s,
Me) ppm. Anal. Found: C, 53.76; H, 3.77. C,,H,(NO,RuS calc.: C, 53.93; H,
3.58%.

The reaction of 1 with TSI in CH,Cl, solution was also studied to determine
the rate constant at 25 + 1°C. The IR procedure used was that described in some
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detail earlier [19]. Additionally, relative rate constants at 25 ° C for the reactions of
1 and Cp(CO),FeCH,C=CPh (used as a mixture) with excess TSI in CDCl,
solution were measured over 4 h by "H NMR spectroscopy. The ratios of the two
metal-propargyl reactants and the two cycloaddition products were determined by
integration of the appropriate Cp proton signals.

Reaction of Cp(CO),RuCH,C=CPh (1) with Co,(CO)g

Recrystallized Co,(CO); (0.20 g, 0.58 mmol) was added with stirring to a hexane
solution (40 ml) of 1 (0.20 g, 0.59 mmol) at 0°C, and the mixture was allowed to
warm to room temperature. The reaction was monitored by IR spectroscopy by
following the disappearance of the »(CQ) absorption of Co,(CO), at 1858 cm ™!
and reached completion in 2 h. During this time, the color of the solution changed
from light yellow to black. Solvent was removed under vacuum to give black
crystalline (CO),Co(u-n*-PhC=CCH ,Ru(CO),Cp)Co(CO), (8) (0.35 g, 96% yield):
m.p. 136°C dec. IR (hexane) »(CO) 2082 (s), 2041 (s), 2024 (vs), 2018 (sh), 2006 (s),
1973 (s) cm~'. 'TH NMR (CDCl,) § 7.55-7.51, 7.41-7.29 (2m, Ph), 5.24 (s, Cp),
3.55 (s, CH,) ppm. BC{'H} NMR (CDCl,) § 201.3 (RuCO), 200.7 (br, CoCO),
139.6 (ipso-C of Ph), 129.1, 128.6, 127.0 (other C of Ph), 114.7, 92.8 (C=0), 88.3
(Cp), —0.89 (CH,) ppm. Mass spectrum (EI), '"*Ru 1sotope, m/z: 623 (M*— H).
Anal. Found: C, 42.53; H, 2.06. C,,H,,Co,04Ru calc.: C, 42.40; H, 1.94%.

Protonation of (CO),Co(u-n?-PhC=CCH,Ru(CO),Cp)Co(CO); (8) with CF;CO,H

This reaction was conducted similarly to that of the corresponding Co,Fe
complex [4]. After 5 days of stirring at room temperature, a pink precipitate and a
brown CH ,Cl, solution were obtained. The brown solution contained (CO);Co(u-
17*-PhC=CMe)Co(CO), [20] and unreacted 8, as shown by '"H NMR spectroscopy
(8 7.55-7.29 (m, Ph), 5.24 (s, Cp), 3.55 (s, CH,), 2.88 (s, Me) ppm). The pink
precipitate revealed a '"H NMR signal at § 5.46 (s, Cp) ppm in CH,Cl, solution.

Reaction of (CO);Co(p-n°-PhC=CCH,Ru(CO),Cp)Co(CO); (8) with PPh;

Solid PPh;, (0.042 g, 0.16 mmol) was added to 8 (0.050 g, 0.080 mmol) dissolved
in 20 ml of hexane, and the resulting solution was stirred for 15 h at room
temperature. The solution was removed by cannula from a brown-black precipi-
tate, which was then washed with hexane (2 X 10 ml) and dried under vacuum to
give (CO);Co(u-n%-PhC=CCH ,Ru(CO),Cp)Co(CO), PPh; (9) in 44% yield (0.030
g). IR (THF) v(CO) 2059 (s), 2012 (s), 1995 (vs), 1957 (s) cm~'. "H NMR (CD,Cl,)
& 7.27-7.14 (m, br, 4Ph), 5.14 (s, Cp), 2.93, 2.68 (2d, 2] =109 Hz, CH,) ppm.
3IP{'H} NMR (CDCl;) 6 49.8 (s, br) ppm.

Reaction of Cp(PPh;),RuCH,C=CPh (2) with p-toluenesulfonyl 1socyanate (TSI)
A CH,Cl, solution (10 ml) of 2 (0.10 g, 0.12 mmol) was treated with an excess
of TSI (0.22 ml, 1.5 mmol) dropwise over 5 min at room temperature. The solution
changed color from orange to green during the addition. Solvent and excess TSI
were then removed under vacuum to give a green solid, which was purified by
chromatography on alumina (6% H,0) with CH,Cl, as eluent, yield 0.085 g (69%)
of the cycloaddition product 10. IR (CH,Cl,) »(CO) 1740 (m) cm~'. '"H NMR
(CDCl,) 6 8.0-6.9 (m, 7Ph, C;H,), 4.12 (s, Cp), 3.48 (s, br, CH,), 2.42 (s, Me)
ppm. PC{'"H} NMR (CDCl,) 6 194.2 (m, CO), 167.6 (d, 2J(PC) = 3.5 Hz, CRu),
142.7 (s, CPh), 136-126 (m, Ph, C;H,), 84.4 (s, Cp), 38.7 (s, CH,), 21.5 (s, Me)
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ppm. 3'P{('H} NMR (CDCl,) & 47.5 (s) ppm. Mass spectrum (FAB), '®?Ru isotope,
m/z: 1004 (M*+H), 741 (M*— PPh;), 691 (Cp(PPh3)2Ru+), 429 (Cp(PPh3)Ru+).

Reaction of Cp(PPh;), RuCH,C=CPh (2) with Co,(CO)y

Freshly recrystallized Co,(CO) (0.11 g, 0.32 mmol) was added with stirring to a
THEF solution (40 ml) of 2 (0.25 g, 0.31 mmol) at room temperature as the solution
darkened immediately. A 2-ml aliquot was withdrawn and evaporated to dryness,
and the residue was examined by NMR spectroscopy as a CDCl; solution ('H
NMR 8 7.7-6.7 (m, Ph), 4.88 (s, br, Cp), 3.46 (br, CH,) ppm. *'P{'"H) NMR § 41.0
(s) ppm). Chromatography of the reaction mixture on a 20 X 3-cm column of
alumina (6% H,0) with hexanes as eluent afforded (CO);Co(u-n?-
PhC=CMe)Co(CO), (0.061 g, 49% yield) after solvent removal from a red band.

Results and discussion

Preparation and charactenization of Cp(CO),RuCH,C=CPh (1), Cp(PPh),RuCH ,-
C=CPh (2), and Cp(CO),RuCH=C=CH, (3)

The ruthenium-propargyl complex 1 was obtained in good yield (70%) as a
yellow crystalline solid by treatment of a THF solution of [Cp(CO),Ru]~ with
PhC=CCH,CI at —78°C followed by warming to room temperature. Alternatively,
the tosylate PhC=CCH ,08(0),C,H ,Me-p can be used instead of PhC=CCH ,Cl,
with a somewhat lower isolated yield (57%) of product 1. The former (and
probably also the latter) reaction proceeds substantially, if not completely, at
—78°C as evidenced by the formation of a white precipitate, presumably NaCl
and /or KCI. Success of this general procedure depends largely on the preparation
of a clear solution of the anion [Cp(CO),Ru]~, which is accomphished by reacting
[Cp(CO),Rul, with Na/K alloy under a rigorously air-free atmosphere, as de-
scribed in the Experimental section. The ruthenium-n'-allenyl complex 3 was
obtained similarly from [Cp(CO),Ru}~ and HC=CCH,Cl as an amber liquid, also
in 70% yield. Complex 1 decomposes into several unidentified products during
attempts at chromatography on alumina (6% H,0) or Florisil; complex 3 also
undergoes decomposition under these conditions but can be purified, albeit in low
yield, by use of a short column. Both 1 and 3 are obtained analytically pure by the
procedures detailed in the Experimental section. The two complexes have good
solubility in common organic solvents, except in saturated hydrocarbons, in which
they are sparingly soluble. Their solutions are sensitive to air, showing signs of
decomposition after several minutes of exposure. Compound 1 shows instability
toward light and is best stored in the dark under Ar.

e > S

| l Ru

Au Ru AN
oc” | ~co phap/ | “SPPh, oc | CcO
CH, CH, CH
\C \C \\C
\
\\C \\C\ 3 \CHz
1 \ph 2 Ph

The triphenylphosphine-substituted derivative of 1, 2, was prepared in high
yield (87%) as a light orange solid by reaction of Cp(PPh;),RuCl with
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PhC=CCH ,Mg(l at 0°C followed by warming to room temperature. Care needs to
be exercised in the preparation of the Grignard reagent (cf. Experimental section),
which shows considerable propensity to coupling of the propargyl groups [21]. Solid
2 is stable to air and soluble in benzene, toluene, THF, and CH,Cl,. Solutions of 2
decompose In air; the compound is also unstable to chromatography on alumina
(6% H,0) or Florisil, and it could not be purified in this manner.

The formation of the allenyl 3 instead of a propargyl complex from
[Cp(CO),Ru]™ and HC=CCH,Cl can be rationalized by one of two pathways. The
first entails nucleophilic attack of [Cp(CO),Ru]~ at the CH carbon of HC=CCH,Cl
in an Sy 2’ displacement reaction to give the »'-allenyl ligand directly. The second
pathway involves initial formation of Cp(CO),RuCH,C=CH followed by its iso-
merization to 3. Recently, reaction of [Cp(CO),W]~ with HC=CCH,Cl at room
temperature was shown to give Cp(CO);WCH,C=CH, which then underwent
rearrangement to Cp(CO);WCH=C=CH, [8]. The anion [Cp(CO),Ru]~ employed
in this study, a much stronger nucleophile than [Cp(CO),W]~ [22], reacts with
HC=CCH,Cl within minutes at —78°C. No spectroscopic evidence was obtained
for a ruthenium-propargyl precursor in the formation of 3. The synthesis of 1 and 3
by reaction of [Cp(CO),Ru]~ with the respective propargyl chlorides parallels the
corresponding chemistry of [Cp(CO),Fe]~, which affords the analogous complexes
Cp(CO),FeCH ,C=CPh and Cp(CO),FeCH=C=CH, [12].

Complexes 1-3 were characterized by a combination of elemental analysis, IR
and NMR spectroscopy, and mass spectrometry. The IR and 'H and '>*C NMR
spectra clearly distinguish between the respective propargyl and allenyl structures
of 1 and 3. Whereas the IR spectrum of 1 shows a weak v(C=C) band at 2182
cm ™!, that of 3 exhibits a weak v,(C=C=C) absorption at 1917 cm~'; each band
occurs along with two strong »(CO) absorptions. In the 'H NMR spectrum of 1,
the resonance of the CH, protons is observed at § 2.17 ppm; for 3, the CH, group
shows a signal farther downfield, at 6 3.99 ppm, as a doublet while the CH group
exhibits a resonance at 8 5.37 ppm as a triplet. The four-bond coupling constant,
47, of 6.5 Hz agrees well with that reported for Cp(CO),FeCH=C=CH, (6.5 Hz)
[12a,c] and Cp(CO);WCH=C=CH, (6.7 Hz) [8]. In the "C NMR spectra, the
resonance of the CH, carbon of 3 (8 63.1 ppm) also occurs considerably downfield
from that of the corresponding carbon of 1 (8§ —26.4 ppm), as observed recently
for Cp(CO);WCH=C=CH , and Cp(CO);WCH ,C=CH [8]. The values of 'J(CH) for
the CH, group of 1 and 3 (142.6 and 166 Hz, respectively) are compatible with the
expected different hybridization at that carbon in the two complexes. The signal of
the central carbon of the allenyl ligand of 3 is observed considerably downfield at &
206.1 ppm, close to the corresponding signal of Cp(CO);WCH=C=CH, (5 209.1
ppm).

Interestingly, the EI mass spectra of 1 and 3 show similar fragmentation
patterns, i.e. stepwise loss of CO and then of the o-hydrocarbon group. This may
be contrasted with the different fragmentation patterns of Cp(CO),WCH,C=CH
and Cp(CO),WCH=C=CH,, the former showing that the primary cleavage occurs
at the W—propargyl bond and the latter that it occurs at the W—-CO bond [8]. 1t is
possible that the Ru-propargyl and Ru-allenyl bonds are closer in energy than the
corresponding bonds of the tungsten complexes.

The 'H and *C{'H} NMR spectra of 2 exhibit features similar to those noted
for the unsubstituted propargyl complex 1. Thus, the 'H and '*C resonances of the
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Scheme 1

CH, group are observed, now as triplets, at 8 1.95 ppm (*J(PH) = 12.1 Hz) and §
—22.5 ppm (CJ(PC) = 11.8 Hz), respectively. The signals of the C=C carbons of 2
at § 123.5 and 109.1 ppm may be compared with the corresponding signals of 1 at
6 101.2 and 81.6 ppm. No '*C NMR signals are discernible downfield from those of
the phenyl carbons (6 > 140 ppm). A signal at § ~ 200 ppm would be expected for
a Ru-n'-allenyl complex.

Reactions of Cp(CO),RuCH,C=CPh (1)

Reactions of 1 and of some of its products are set out in Scheme 1. Addition of
HBE, - OEt, to a diethyl ether solution of 1 at room temperature results in the
immediate precipitation of a light cream colored solid, which is formulated as the
BF, ™ salt of the ruthenium-n2-allene cationic complex, 4a. 'H and *C{'H} NMR
measurements on a freshly prepared acetone-d, solution of this complex reveal a
mixture of two isomers; however, within 2 h only one isomer, 4b, remains. Isomer
4a is assigned a syn structure, in which the ruthenium and the Ph group are on the
same side of the n2-allene ligand. The thermodynamically more stable isomer, 4b,
is thought to adopt an anti structure, with the metal and the Ph group on the
opposite sides of the n?-allene ligand. The situation is analogous to that reported
for the protonation of Cp(CO),FeCH,C=CMe, which initially affords [syn-
Cp(CO),Fe(n*-CH,=C=CHMe]*; on warming to 50°C in nitromethane, this com-
plex attains equilibrium with its anti isomer [23). Similar protonation of
Cp(CO),FeCH ,C=CPh gave only one isomer of the corresponding iron-n?-allene
cation, but it has not been established whether this isomer is syn or rearranged
anti [24,25].
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Complexes 4a and 4b show similar IR and 'H and *C NMR spectra, which
closely resemble those of [Cp(CO),Fe(n2-CH,=C=CHPh)]* [25]. The proton sig-
nals of the CH and CH, groups are observed at § 7.96 and 3.70 (syn) ppm and &
7.27 and 4.02 (ant1) ppm, respectively, with a coupling constant, *J, of 4.0 (syn) and
3.9 Hz (ann). These values of *J are appreciably lower than those for free allenes
(6-7 Hz) [26] owing to nonlnearity of the n>-allene fragment [27]. The values of
1J(CH), obtained from the '*C NMR spectrum of 4b, are 168 (CH) and 173 Hz
(CH,), indicative of sp* hybridization at these carbon atoms.

Attempts to protonate 1 with CF;CO,H and an ethereal solution of HCI under
the conditions similar to those for HBF, - OEt, proved unsuccessful. Trifluoro-
acetic acid showed no apparent reaction, and HCl yielded a yellow precipitate of
Cp(CO),RuCl [28].

In an effort to synthesize a bimetallic RuPt complex, we carried out a reaction
of 4b with Pt(PPh,),(C,H,) at —78°C with warming to room temperature. This
experiment 1s predicated on Powell’s synthesis of [(1°-CH,C(Fe(COXPR ,)-
Cp)CH,)Pt(PPh,),]* from [Cp(COXPR ;)Fe(n*-CH,=C=CH,)]* (PR, = PPh,H,
PPhMe,) and Pt(PPh;),(C,H,) [29]. An essentially quantitative yield was obtained
of a yellow solid, formulated as 5 on the basis of analytical data and a comparison
of spectroscopic data with those of Powell’s products, the structure of one of which
(PR, = PPhMe,) was elucidated by X-ray crystallography. It is noteworthy that the
conversion of 4b by Pt(PPh,),(C,H,) to 5 may be regarded as a redox reaction in
which the allene is formally reduced to a ruthenium-substituted allyl anion while
platinum(0) is oxidized to platinum(Il). The positive charge of 5 is largely localized
on the platinum part of the complex, as reflected by the much lower values of
v(CO) for 5 (2027, 1976 cm ') than of the precursor 4b (2096, 2053 cm™'). The
former numbers are only slightly higher than those for the neutral 1 (2014, 1959
cm™ ).

The 'H and “C{'H} NMR spectra of 5 demonstrate that only one isomer is
present. The allylic carbon resonances occur at § 139.5 (CRu), 104.7 (CH), and
78.4 (CH,) ppm with the respective platinum-carbon coupling constants, 'J(PtC),
of 38.7, 123.3, and 106.1 Hz, in agreement with the proposed structure [29]. The
'H NMR signals of the allyl group at § 5.91, 4.29, and 3.48 ppm are assigned to the
CH, syn H of CH,, and anti H of CH,, respectively. These assignments are based
on a comparison with the corresponding data for the related FePt complexes [29],
on the generally observed more upfield chemical shifts of the allyl anti than syn
protons [29,30], and on the values of the coupling constants 2J(PtH): 15 (CH), 10
(syn H of CH,), and 39 Hz (antt H of CH,). Since allylic ant: hydrogens show a
considerably larger 2J(PtH) than do the syn hydrogens [31], we assign the signal at
5 5.91 ppm to the CHPh proton n a syn position. Accordingly, § is formulated as
the ant1 isomer. This assignment implies that the conversion of 4b to § occurred
with retention of configuration about the =CHPh carbon with respect to the bent
C; fragment.

The reaction in point could proceed by replacement of the ethylene in
Pt(PPh,),(C,H,) with the C=CHPh double bond of 4b [29]. Alternatively, how-
ever, it can be initiated by nucleophilic attack of platinum(0) at the CH, carbon of
4b in a process that is analogous to the known addition reactions of nucleophiles to
coordinated nZ%-allene {25].

Like other metal-propargyl complexes {2,19,32], 1 undergoes facile [3 + 2] cy-
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Table 1

Bimolecular rate constants (k,) for the reaction of Cp(CO),MCH,C=CPh with TSI in CH,Cl, at
25+1°C

Complex 103k, “(M~'s™h Reference
M x

Ru 2 2.7 This work
Fe 2 21 19

Mo 3 070 19

w 3 0.27 19

? +10% or better

cloaddition reactions with TCNE and TSI. The products 6 and 7, respectively,
were isolated as yellow solids that are stable to air. They were characterized by a
combination of elemental analysis, IR and 'H and *C{'H} spectroscopy, and mass
spectrometry. The spectroscopic data for 6 and 7 — especially *C{'H} NMR data
for 6 — show close similarities to those of analogous [3 + 2] cycloadducts [19,32,33].

To ascertain how reactivity of the ruthenium complex 1 toward these elec-
trophilic reagents compares with that of other metal propargyls, the reaction of 1
with TSI was carefully monitored by IR spectroscopy at 25 + 1°C. In Table 1, the
bimolecular rate constant (2.7 X 107* M~! s™1), k,, obtained from the IR data is
compared with that for the reactions of other Cp(CO), MCH ,C=CPh complexes
with TSI under similar conditions [19]. Complex 1 is only slightly more reactive (1.3
times) than its iron counterpart, Cp(CO),FeCH,C=CPh. This ratio of the rate
constants was confirmed by ‘H NMR spectroscopy. By following the reaction of a
mixture of 1 and Cp(CO),FeCH,C=CPh with an excess of TSI at 25°C, an
approximate ratio of the rate constants, k,(Ru)/k,(Fe) ~ 1.4, was obtained.

Another common reaction of transition-metal propargyls is that with Co,(CO),
[4,5]. This reaction, an extension of the chemistry of acetylenes and Co,(CO), [34],
results in the replacement of the bridging carbonyls with the propargylic C=C.
Complex 1, like the congeneric iron propargyl Cp(CO),FeCH ,C=CPh [4], readily
reacts with Co,(CO); to give a trinuclear metal product, 8, as a black, air-stable
solid in virtually quantitative yield.

Product 8 was characterized by elemental analysis and by comparison of its
spectroscopic data with those of (CO);Co(u-n%-PhC=CCH ,Fe(CO),Cp)Co(CO),.
The chemical shifts of the C=C and CH, carbons in the *C{'H} NMR spectra of
the two trinuclear products are very similar: § 114.7, 92.8, and —0.89 ppm for 8
and & 114.0, 93.5, and 6.1 ppm for its Co,Fe analogue [4], respectively. These
resonances of 8 are shifted downfield compared to those of the parent propargyl
complex 1.

Like 1ts iron counterpart (but unlike the Cp(CO);Mo and -W analogues) [4], 8
can be chromatographed on alumina with only minor decomposition. It is, how-
ever, much less reactive toward CF;CO,H than the Co,Fe complex. Whereas the
latter undergoes complete cleavage of the Fe—CH, bond within 18 h at room
temperature [4], the former affords only a partial conversion to (CO),(u-n*-
PhC=CMe)Co(CO); and presumably Cp(CO),RuOC(O)CF; (formulated by com-
parison of the '"H NMR spectrum with that of Cp(CO),FeOC(O)CF,; [35]) under
comparable conditions in 5 days. The observed relative reactivities of 8 and its
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Co,Fe analogue are consistent with the more facile electrophilic cleavage of the
Fe-C bonds than of the Ru-C bonds in analogous alkyl complexes Cp(CO), MR
[36].

Complex 8 reacts with PPh; at room temperature to yield a monosubstituted
product, 9. That the substitution occurred at one of the cobalt atoms is evidenced
by the appearance of a broad *' P{'"H} NMR signal at 8 49.8 ppm. This broadening
can be ascribed to quadrupolar coupling with the *Co nucleus [37]. In the 'H
NMR spectrum of 9, the CH, protons are inequivalent, giving rise to two broad
doublets (an AB pattern) at § 2.93 and 2.68 ppm with a geminal proton—proton
coupling constant of 10.9 Hz, characteristic of diastereotopic hydrogens of an sp?
CH, group [38]. In addition, the chemical shift of the Cp protons is only slightly
affected by the substitution (8 5.14 ppm for 8 versus & 5.24 ppm for 9), providing
further evidence that PPh; is bonded to Co rather than Ru.

The propargyl 1 readily reacts with Fe,(CO), to afford a variety of heteronu-
clear iron-ruthenium complexes [7]. The extensive chemistry of this system will be
published separately [39].

Reactions of Cp(PPh;),RuCH,C=CPh (2)

Reactions between 2 and several substrates were investigated to determine what
effect replacement of the two carbonyl groups in 1 with PPh, would have on
reactivity. Not unexpectedly, it was observed that 2 reacts with electrophiles much
more rapidly than does 1; however, its reactions tend to be complicated by
dissociation of PPh;, and products are generally less stable and more difficult to
purify than those derived from 1. As a result, limited success was achieved with
this aspect of our investigation. Only the more definitive findings are included in
this paper.

The propargyl 2 reacts rapidly with TSI to afford the expected [3 + 2] cy-
cloadduct 10. From qualitative observations, this reaction proceeds at least as fast

_S(0),CH Me-p

N
Cp(PPhJ)zRu~§\:é
x
O

Ph
(10)

as that of (CO),(PPh;)MnCH ,C=CMe, which is more than 75 times faster than the
corresponding reaction of 1 [19]. The isolated green solid was characterized as 10
by IR and NMR spectroscopy and mass spectrometry. Thus, the IR spectrum
shows a lactam »(CO) band at 1740 cm™!, and the C{!H} NMR spectrum
displays resonances of the ring carbons at 8 194.2 (CO), 167.6 (CRu), 142.7 (CPh),
and 38.7 (CH,) ppm. These values are in good agreement with those reported for
other [3 + 2] cycloadducts of metal-propargyl complexes and organic isocyanates
[19,34]. The FAB mass spectrum of 10 adds further support to the proposed
formulation. The fragmentation patterns involve ions that derive from loss of PPh,
and the lactam ring by the molecular ion.

Complex 2 also reacts very rapidly with Co,(CO)s. The 'H NMR spectrum of
the reaction solution accords with the presence of a trinuclear Co,Ru complex
that is structurally analogous to 8 but contains a Cp(PPh;),Ru group instead of
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Cp(CO),Ru. The product decomposed during purification by chromatography, and
only (CO);Co(u-12-PhC=CMe)Co(CO), could be isolated after workup.

Reaction of 2 with Fe,(CO), in THF at room temperature proceeds differently
from the corresponding reaction of 1 [7]. No heteronuclear metal complexes were
observed, and only products of exchange of CO and PPh, were apparently
obtained. These products are Cp(COXPPh;)RuCH ,C=CPh and Fe(CO),PPh, [40].
The new ruthenium-propargyl complex was formulated on the basis of spectro-
scopic data, which include an IR »(CO) band at 1916 cm~! (in THF), 'H NMR
signals at & 4.92 (Cp) and 2.55 (br, CH,) ppm, *C{'H} resonances at § 217.8 (CO),
169.2 (=CPh), 150.5 (=CCH,), 90.6 (Cp), and 15.2 (CH,) ppm, and a *'P{'H}
resonance at & 41.0 ppm (all in CDCl;). The same complex was obtained by
reaction of 2 with CO at room temperature. The reaction of 2 with Fe,(CO), is
strictly analogous to that between Cp(PPh;),RuCl and Fe,(CO),, which leads to
the formation of Cp(COXPPh,;)RuCl and Fe(CO),PPh; [16]. Because of the
propensity of 2 to undergo facile CO substitution, no further reactions of this
propargyl complex with metal carbonyls were investigated.
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