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The activation of 1-phenyl-2-propyn-1-ol, 1-(4-methoxyphenyl)-2-propyn-1-ol, and 1-(4-fluorophenyl)-
prop-2-yn-1-ol by [Cp*RuCl(dippe)] (dippe 1,2-bis(diisopropylphosphine)ethane) provides a series of
allenylidene derivatives, [Cp*Ru(dippeC=C=CHAN][BF 4] (Ar = CgHs (1), p-CsHs(OMe) 2), p-CeH4-

(F) (3)), and the corresponding alkenylcarbyne complexes [Cp*Ru(digfie{CH=CHAI)][BF 4] (Ar

= C¢Hs (4), p-CsHa(OMe) (5), p-CeH4(F) (6)) by allenylidene protonation. The dicationic alkenylcarbyne
complexes behave as a carbocationic species able to cause the aromatic electrophilic substitution of 1,3-
dimethoxybenzene, furnishingsubstituted vinylidene complexes [Cp*RaC=CHCHAr(CsHz(OMe))} -
(dippe)][BR] (Ar = CgHs (7), p-CsHa(OMe) (8), p-CsHa(F) (9)). A series of bicyclic carbene complexes
[Cp*Ru(L)(dippe)][BR] (L = 7-hydroxy-4-phenylchroman-2-ylidenel(), 4-(4-methoxyphenyl)-7-
hydroxychroman-2-ylidenel(), 4-(4-fluorophenyl)-7-hydroxychroman-2-yliden®2}) are obtained by

the direct reaction of resorcinol with alkenylcarbyne complexes. The X-ray structur2 sfiows the
formation of a chroman-2-ylidene ligand. The reaction of allenylidene complexes requires the presence
of a weak acid (NHBF,) to perform the electrophilic aromatic substitution (step 1) and a strong acid
(HBF,) to induce the intramolecular cyclization (step 2). Thsubstituted vinylidene [Cp*Ru=C=
CHCHPh(GH3(OH),)} (dippe)][BF4] (13) has been isolated as the intermediate between steps 1 and 2.
Similar bicyclic carbon skeletons (hexahydrochromen-2-ylidene, compleXes16b) are obtained by
reaction of the allenylidene complexes with cyclohexanedione. In this case, the carbene complexes are
in equilibrium with the isomerig-substituted vinylidene$4a—16a The effect of the presence of electron-
donor and electron-withdrawing groups on the allenylidene/alkenylcarbyne substituents is analyzed.

Introduction

y-carbons. This behavior is easily rationalized by the contribu-
tion of the propargyl and allenyl resonance forms (Scheme 1).

The organometallic chemistry of allenylidene complexes,  The electronic and steric properties of the metal fragment
[M]=C=C=CRR, has been rapidly developed since Selegue’s haye a strong effect on the regioselectivity of the addition. The
discovery of a general synthetic methodology to allenylidene yost electrophilic allenylidenes are very reactive toward weak
complexes by activation of propargyl alcohél&.large amount nucleophiles, giving rise to alkoxycarbene complexes, {Ru]
of these cumulene complexes have been characterized with & (OR)CH=CRR, by addition of alcohols to the allenylidene

variety of metallic fragments, showing a remarkable rich co—C8 double bond.As the steric hindrance and the electron-

double bonds, allenylidenes are excellent substrates f6€ C  gjlenylidenea carbon becomes less reactive.

and C-heteroatom couplings, giving access to a variety of 5 the other hand, neutral and some cationic allenylidene
polycyclic carbon skeletons by cycloaddition reactiéfs. complexes bearing bulky electron-donating auxiliary ligands are
Ruthenium allenylidenes constitute the largest group, and theyinert against weak nucleophiles, but they can be protonated at
have been studied in depth, particularly those showing anthe g carbon to give alkenylcarbyne compouridButhenium
electrophilic reactivity’. Electrophilic allenylidenes are cationic  alkenylcarbyne species are still very scarce, and the allenylidene

complexes that react with nucleophiles through theand
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reactivity via alkenylcarbyne intermediates remains relatively
unknown compared to that of electrophilic allenylidenes.

Remarkably, the participation of allenylidene complexes as
intermediates in catalytic processes involves electron-rich metal-
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Scheme 1 withdrawing groups on the allenylidene substituents. New
55 5 allenylidene/alkenylcarbyne reactions are reported for the first
[RUT=C=C=CR2 > [Ru] _CEC_ERZ > [Ru] —<+:=C=CR2 time: (a) the electrophilic aromatic substitution of 1,3-
o Y dimethoxybenzene to obtaip-substituted vinylidene com-
pounds; (b) the double addition of resorcinol and 1,3-
Scheme 2 cyclohexanedione to the /2-Cy and Gx—Cp allenylidene
OH [Ru] Nu double bonds, furnishing a series of chroman-2-ylidene and
H%éph +  NuH > H%éPh hexahydrochromen-2-ylidene derivatives as cycloaddition prod-
H -H,0 H ucts. The X-ray structure of a chroman-2-ylidene complex is
, provided. The isolation and characterization of vinylidene
[Ru] v -H,0 A:-[Ru] intermediates support the proposed mechanism.
Nu Ph Results and Discussion
Ph N . .
[Ru]=C=C=Ci + NuH .. > [Ru=C=C “H . Allgnyhdene synthe5|s. by the stgndard Selegge methodolqu
\H is limited by the electronic properties of the particular metallic

fragment. Electrophilic precursors tend to directly give alkoxy-
carbene species without isolation of any intermediate, whereas

. e + 8
lic fragments such as #¢-p-cymene)RUCI(PCY] and dehydration is disfavored in the case of electron-rich com-

_ 9
[CP*RUCI(u-SRRRUCP*]*. plexest3

y-Substituted vinylidene complexes are key intermediates for = 1,4 good electron-releasing capability of the [Cp*Ru(dipbe)]

the ruthenium-catalyzed propargylic substitution reaction of ,gment has already provided an alternative pathway for the
propargyl alcohols with heteroatom- and carbon-centered nu- initial alkyne C—H activation, yielding 3-hydroxyalkynyl hy-

cleophilest® The proposed catalytic cycle involves a nucleophilic dride derivatives, which spontaneously isomerize into 3-hy-

addition to thle @—Cy double bond 0';_ an aIIenyIiIdene droxyvinylidene complexe¥: The subsequent dehydration to
intermediate, leading tg-substituted vinylidene complexes, 5 jenviidene strongly depends on the allenylidene substituents.
[Ru]=.(?=CHC(Nu.)RR. This |ntermed|ate.was not isolated, and The complex prepared from 1,1-diphenyl-2-propyn-1-ol
surprisingly there is no precedent for a direct and general accesgyepy grates fast and spontaneously, but the resulting allenylidene
to tE'S family of compounds from electrophilic allenylidenes y,ineaq out to be inert against most neutral nucleophilic reagents.
(Scheme 2). _ _ With secondary propargyl alcohols such as 1-phenyl-2-propyn-
We have recent!y d.escrlbed anew and alternative approachl_oL a complete dehydration can only be achieved by passing
to y-substituted vinylidenes via allenylidene/alkenylcarbyne e solution through an acidic alumina column, yielding [Cp*Ru-
complexes. At difference with electrophilic allenylidenes, the (=C=C=CHPh)(dippe)][BR] (1) in pure form. This complex
electron-rich [Cp*Rut-C=C~=CHPh)(dippe)] (dippe= 1,2- reacts with protic nucleophiles through an alternative pathway
bis(diisopropylphosphine)ethane) does not react with weak jnylying the initial protonation and the subsequent nucleophilic
nucleophiles, except those containing acidic protons such asgiiackit
thiophenol, pyrazole, acetylacetone, and related 1,3-dicarbonyl - hjs opservation encouraged us to test the effect of donor
compounds, to give-substituted vinylidene complexes. Fur- - 54 electron-withdrawing groups at tipara-position of the
thermore, in acidic conditions or by direct reaction with the 4jenylidene phenyl substituent, thus modifying and controlling
alkenylcarbyne complex, it is possible to prepare analogous i allenylidene reactivity (Scheme 4).
y-substituted vinylidenes with aprotic nucleophiles such as — 1_4.Methoxyphenyl)-2-propyn-1-ol reacts smoothly with the
pyrrole, 2-methylfuran, 2-m?£hylth|ophene, acetone, and other giaing complex [Cp*RuCl(dippe)] in the presence of J8if
simple ketones (Scheme 3)! o in CH.Cl, to give a dark orange-brown solid in almost
In this paper, we extend our results on the activation of qyantitative yield. The strong IR absorption at 1920 éxdearly
1-phenyl-2-propyn-1-ol by [Cp*RuCl(dippe)] to the synthesis jngicates the presence of an allenylidene ligand. Signads at
of new allenylidene and alkenylcarbyne complexes from 1-(4- 287 6. 208.1, and 139.2 ppm in tARC{H} NMR spectrum
methoxyphenyl)-2-propyn-1-ol and 1-(4-fluiorophenyl)prop-2-  and atg 8.91 ppm in theH NMR spectrum are characteristic
yn-1-ol, analyzing the effect of electron-donor and electron- for the three allenylidene carbon atoms and the proton at the

(7) (a) d h carbon, respectively.
7) (a) Jung, S.; Brandt, C. D.; Werner, New J. Chem2001, 25, 1101. L . m P
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A.: Fogg, D. EAdv. Synth. Catal2002 344, 757. (¢) Rigaut, S.; Touchard,  [CP*RUCI(dippe)] give rise to a mixture of 3-hydroxyvinylidene

D.; Dixneuf, P. H.Organometallic2003 22, 3980. (d) Cadierno, V.; Rz, and the corresponding allenylidene complexes even after stirring

J-?(g‘)""g;gﬁgw;sv s E; Gimeno, Drganometallic2005 24 8111, for 5 h atroom temperature. The solution must be passed

Am.Chem. So@006 128 4079. T ' 77" through an acidic alumina column and eluted with methanol to
(9) (a) Matsuzaka, H.; Takagi, Y.; Hidai, MDrganometallics1994 13, obtain a dark greenish-brown solid after solvent removal. Both

13. (b) Nishibayashi, Y.; Wakiji, I.; Hidai, MJ. Am. Chem. So&00Q the IR band at 1941 cm and NMR signals ab 9.23 ppm, and

122 11019 0 292.9, 218.6, and 137.4 ppm in thig and*3C{'H} spectra,

(10) (a) Nishibayashi, Y.; Wakiji, I.; Ishii, Y.; Uemura, S.; Hidai, M. . . .
Am. Chem. So@001, 123 3393. (b) Nishibayashi, Y.; Milton, M. D.; Inada, ~ respectively, support the complete generation of an allenylidene

Y.; Yoshikawa, M.; Wakiji, |.; Hidai, M.; Uemura, SChem—Eur. J.2005 complex.
11, 1433. (c) Ammal, S. C.; Yoshikai, N.; Inada, Y.; Nishibayashi, Y.; i * =C= i -
Nakamura, EJ. Am. Chem. So2005 127, 9428. (d) Inada, Y.; Yoshikawa, A"eny“d_ene complexes [Cp*RE{C=C=CHA)(dippe)]
M.; Milton, M. D.; Nishibayashi, Y. Uemura, Sur. J. Org. Chem2006 [BF4] (Ar = CeHs (1), p-CeHa(OMe) (2), p-CeHa(F) (3)) are
881.

(11) Bustelo, E.; Jirmez-Tenorio, M.; Puerta, M. C.; Valerga, P. (13) Touchard, D.; Dixneuf, P. HCoord. Chem. Re 1998 178-180,
Organometallic2002 21, 1903. 4009.

(12) Bustelo, E.; Jirmez-Tenorio, M.; Puerta, M. C.; Valerga, P. (14) Bustelo, E.; Jifmez-Tenorio, M.; Puerta, M. C.; Valerga, Bur.

Organometallic2006 25, 4019. J. Inorg. Chem2001, 2391.



4302 Organometallics, Vol. 26, No. 17, 2007

Scheme 3

+

N p* \thk;:‘
(P H
It N’H I+
R Ly /a N
P\\RTQC:C:C""H P“'R\TQC:C/’LH
L %h Lp P
0O 0
_\ +
R)J\/U\R R OO
—_— Rus HT R
p ‘ Cs, H
k/P ‘H Ph
Protic Nucleophiles
Scheme 4
1) NH4BF, c: :H20I2 —+ [BFT
\ = \
~Ru< Ar Ruxq
p* ‘ Cl —_— P\\' ‘ QCQC”“H
k/P 2) weakly acidic k/ P \A
alumina column r
MeOH
- )—— (only for 1 and 3) C6H5 @
Cp= Tpc =dppe Ar = p-CgHy(OMe) (2)
= P-CeHy(F) (3)
Scheme 5
I+ [BFaT 1 Ry
\ HBF4/ CH,Cl, \R ITI
Ru=, REAS
P\\‘ il CQCQCMIH — > E/A \C\C//C\Ar
k/P \Ar }|-|
@) CeHs (4)
@ Ar = p-CeHy(OMe) (5)
3) DP-CeHy(F) (6)

rapidly protonated at thg-carbon atom when treated with an
excess of HBEin CH,Cl, solution at room temperature, yielding
the corresponding alkenylcarbyne complexes [Cp*ROCH=
CHAn(dippe)][BR]. (Ar = CeHs (4), p-CeHa(OMe) (),
p-CeH4(F) (6)) as dark red solids, which have been character-
ized by elemental analysis and IR and NMR spectroscopy
(Scheme 5).

The IR spectra of#i—6 lack the characteristic allenylidene
band. The!H NMR spectra display a pair of doubletsé6.5—

6.9 and 8.18.4 ppm, attributable to the hydrogens @andy
carbons. The coupling constants of-18 Hz are consistent
with a trans arrangement around the double bond. TPe-
{H} NMR spectra show the resonance corresponding to the
o-carbon atom of the carbyne ligand at around33 ppm, as

a triplet with coupling constants of 2.3 Hz.

These spectroscopic data are in agreement with those showi
by [Cp*RuEC—CH=CPhy)(dippe)][B(Are)4]2(Arr= (CFs)2CeHs),
whose X-ray structure was report€dlt is worth mentioning
here that the €C distances within the alkenylcarbyne moiety
were identical @cacsg = dcgc, = 1.38 A), showing the
high contribution of the vinylidene canonical form and the
partial carbocation character of the alkenylcarbynearbon
(Scheme 6).

This feature makes the alkenylcarbyne compleXess
suitable for promoting the electrophilic aromatic substitution

Bustelo et al.
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H H

of 1,3-dimethoxybenzerss the activated aromatic compound.
In agreement with our previous results, no reaction is observed
when allenylidene complexeks-3 are treated with an excess
of 1,3-dimethoxybenzene, as expected for an aprotic reagent.
However, the corresponding alkenylcarbydes slowly change
color from dark red to light brown when stirred overnight at 40
°C. The reaction of compleX (p-methoxy-substituted) requires
heating at 60°C during 24 h in order to consume completely
the starting alkenylcarbyne complex. After workgipsubstituted
vinylidene complexes [Cp*Ru=C=CHCHAr(CsH3(OMe),)} -
(dippe)][BF] (Ar = CeHs (7), p-CeHa(OMe) @), p-CeHa(F) (9))

are isolated as brown solids.

NMR spectra for complexes—9 are quite distinctive for the
family of substituted vinylidene complexes obtained in our
laboratory (see Scheme 3). THe¢ NMR spectrum shows a pair
of coupled doublets corresponding to hydrogenssatand
y-carbon atoms, ab 4.69-5.31 ppm. The most characteristic
signal in the'3C{H} NMR spectra is the low-shielded triplet
corresponding to the carbenic carbon atom, observé 37—

339 ppm. The 1,3-dimethoxyphenyl group is regiospecifically
attached to the vinylidene carbon through its 4-position, which

is the most activated to aromatic electrophilic substitutions with
a lesser steric hindrance, as confirmedtdyand3C{H} NMR.

The 3'1P{1H} NMR spectra show an AB system due to the
chiral center at the vinylideng carbon, which renders the
phosphine groups diastereotopic. Both the chemical shift (at
aroundo 87—90 ppm) and théJpp coupling constant (19 Hz)
are characteristic fop-substituted vinylidene complexes with
the [Cp*Ru(dippe)l moiety. This effect is also observed for
other vinylidene compounds with different metal fragméfits.

The aryl substituent effect is evidenced in the case of the

-methoxy group by the higher thermal activation barrier and
onger reaction time required to complete the reaction. This
observation matches well with an increased delocalization and
stabilization of the alkenylcarbyng-carbon partial positive
charge along the most electron-rich aryl ring, making the
complex less electrophilic (Scheme 8). The rate-determining step

(15) (a) Le Lagadec, R.; RomaE.; Toupet, L.; Miler, U.; Dixneuf, P.
H. Organometallics1994 13, 5030. (b) Cadierno, V.; Gamasa, M. P.;
Gimeno, J.; GonZaz-Cueva, M.; Lastra, E.; Borge, J.; Gardbranda, S.;
Paez-Carrén, E. Organometallics1996 15, 2137.
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P Se £ I SN i - ; .
_p C \©\ (1 T Figure 1. ORTE_P view of the cation of the complex [Cp*Re
My _ O, _ C(C14H110-F)} (dippe)][BFy] (12). Selected bond lengths (A) and
° 0 angles (deg): Ru(BHP(1) 2.3215(17), Ru(h)P(2) 2.324(2), Ru-
¢ (1)—C(11) 1.911(7), C(1HC(12a) 1.575(10), C(12&)C(13a)

1.540(13), C(13a}C(14) 1.493(12), C(13a)C(20) 1.492(11),

o B Yo TBR, C(14)-C(19) 1.387(9), C(1HO(1) 1.358(8), O(1}C(19) 1.390-
é(\ /@i (7); P(1-Ru(1)-P(2) 82.41(7), Ru(HC(11)-O(1) 124.8(5), Ru-
R QO/ - HBF, TR Ny (1)-C(11)-C(12a) 126.5(5), C(1BO(1)—C(19) 124.3(4), O(H
(P c—¢ ~ NN C(19)-C(14) 122.1(5).

complexesl—3 do not react directly with resorcinol. However,

for this reaction would be the nucleophilic attack of the aromatic z|kenylcarbyne complexet-6 undergo a fast transformation,
compound to the alkenylcarbynecarbon atom. _ giving rise to a family of bicyclic carbene derivatives with a

We have tested whether the presence of a weak acid such ageofla,onoid skeleton derived from 4-phenylcoumarin. It con-
NH4BF, is able to promote the direct reaction between the sjsts of a chromane ring bearing a second aromatic ring in
allenylidene comple® and 1,3-dimethoxybenzene. The reaction position 4 and the carbene at position 2 (Scheme 9). Again the
was monitored by'P{*H} NMR. After stirring the mixture at  p.methoxy-substituted complex requires more drastic conditions
80 °C for 6 days in the presence of NBFs, 100% of the  to complete the reaction, probably due to the increased stability
allenylidene complex was converted into the corresponding of the alkenylcarbyne intermediate.
}/-Substltuted V|nyl|den9 Itis nOteWOFthy that no reaction is The resulting 7_hydroxy_4_pheny|chroman_z_y"dene com-
observed in the absence of hiF, under the same conditions.  plexes10-12 have been characterized by elemental analysis,
This experiment confirms that even weakly acidic conditions py |R and NMR spectroscopy, and particularly by the X-ray
activate the allenylidene complex. The allenylidene protonation gjffraction structure of compoun#2. An ORTEP view of the
becomes slower due to the lower proton concentration generatectomplex catiorl.2 is depicted in Figure 1. Selected bond lengths
by NH4BF4, compared to HBE Small amounts of alkenylcar-  and angles are listed in the Figure 1 caption.The three-legged
byne (not observed by NMR) would react with 1,3-dimethoxy- piano stool geometry around ruthenium is determined by two
benzene, which finally releases one proton to the medium, thusphosphorus atoms of the chelating diphosphine and the bicyclic
allowing more alkenylcarbyne formation. The result is an overall -grbene ligand. The Ru@)X(11) bond length of 1.911(7) A is
slower reaction rate. slightly longer than the R&C distance of a vinylidene complex
~ This reaction represents, to the best of our knowledge, the yith the same metal fragment (1.862 Rjput somewhat shorter
first example of an intermolecular electrophilic aromatic than that of similar six-membered cyclic oxacarbene complexes
substitution with allenylidene complexXésind describes forthe  gych as [CpREECsH:0)(dppe)][PR] (1.938 A)1718The chro-
first time a new type of a”enylidene reaCtiVity, which resembles mane ring appears in vertical orientation with the oxygen
the mechanistic proposal for the catalytic propargylation of girected away from the Cp* ligand. The two rings are almost
aromatic compounds with propargyl alcoh&lsand it is planar, with carbons 11 and 12 twisted out of the plane, in a
compatible with the catalytic conditions. similar way to the conformation observed in the X-ray structure

Resorcinol (benzene-1,3-diol) is another arene compound of 7-hydroxy-4-(4-methoxyphenyl)-3,4-dihydrocoumainyhich
activated towgrd electrophilic aromatic substitu_tion. The pres- shows analogous bond lengths and angles and slightly different
ence of reactive €H and O-H bonds makes this compound  torsion angles (C(19)0(1)C(11)C(12a)16.5(9¥/—22.28,

appropriate for a double addition to the unsaturated allenylidene c(19)Cc(14)C(13a)C(12a) 42.8(233.32, O(1)C(11)C(12a)C-
carbon chain. Similarly to 1,3-dimethoxybenzene, allenylidene

(17) Beddoes, R. L.; Grime, R. W.; Hussain, Z. |.; Whiteley, M. W.
(16) The formation of RuG(PPh)2(3-phenylindenylidene) has been  Organomet. Chenil996 526 371.
reported to occur by intramolecular electrophilic aromatic substitution from (18) (a) Hansen, H. D.; Nelson, J. Brganometallic200Q 19, 4740.

allenylidene/vinylcarbyne complexes: (ajrBtner, A.; Hill, A. F.; Liebl, (b) Pavlik, S.; Mereiter, K.; Puchberger, M.; Kirchner, K. Organomet.
M.; Wilton-Ely, J. D. E. T.Chem. Commurl999 601. (b) Schanz, H. J.; Chem.2005 690, 5497-5507. (c) Kopf, H.; Pietraszuk, C.; Huer, E.;
Jafarpour, L.; Stevens, E. D.; Nolan, S@tganometallicsL999 18, 5187. Burzlaff, N. Organometallic2006 25, 2533.

(c) Jafarpour, L.; Schanz, H. J.; Stevens, E. D.; Nolan, ®rBanometallics (19) Rajalakshmi, K.; Jain, N.; Deepthi, S.; Krishnamurthy, H. G.;
1999 18, 5416. (d) Harlow, K. J.; Hill, A. F.; Wilton-Ely, J. D. E. TJ. Pattabhi, V.Acta Crystallogr., Sect. C: Cryst. Struct. Comm@i899 55,

Chem. Soc., Dalton Tran4999 285. 813.
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Scheme 9
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(13a) 57.7(9/34.89), attributable to the steric effect of the As a conclusion, the reaction proceeds in two steps: first
[Cp*Ru(dippe)} fragment. the electrophilic aromatic substitution to givyesubstituted

The most characteristic spectroscopic feature of complexesVinylidene species, which requires the presence of a weak acid
1012 is the resonance of the carbenic carbon atom, which to generate the electrophilic alkenylcarbyne speiciestu, and
appears ab 287—289 ppm in thé*C{H} NMR spectra, shifted second, the ©H addition to the @—Cp vinylidene double
to higher field compared to vinylidene-carbon atoms (337 bond under stronger acidic conditions. A hypothetical carbyne
339 ppm). The adjacent GHyroup is diastereotopic and shows formation by vinylidene protonation would explain this require-
two signals for the two protons connected to the carbon atom ment and the exceptional reactivity of the vinylidenearbon,

appearing at around 60 ppm in the3C{1H} NMR (HSQC which had never been observed before in similar complexes
bidimensional correlation). THEP{H} NMR consists of two  With the [Cp*Ru(dippe)} fragment.
doublet signals ad 98—104 ppm. This reaction resembles the catalytic cycloaddition of prop-

As mentioned above, the direct reaction between the alle- argyl alcohols with phenol derivatives, the reaction mechanism
nylidene complext and resorcinol failed in the absence of a Of which has not yet been elucidatédThe formation of
proton source. In the presence of M., the reaction takes cycloaddition products fronelectrophilic aIIenyhdenecsom-
place by heating at 8%C during 6 h. Unexpectedly, the isolated ~P/exes such as [CpRum3)(CO)(=CTC=CPW)][BF4] or
brown solid does not correspond to the bicyclic carbgge  [(triphos)Re(COY=C=C=CPh)][OTf]* requires organic mol-

but to the vinylidene complex [Cp*Re=C=CHCHPh(GHs- ecules containing two nucleophilic heteroatoms. Pyrazole,
(OH))} (dippe)][BF] (13). This compound is stable in solution, ~aminopyridine, mercaptopyridine, thioisonicotinamide, and re-
and it was characterized by NMR spectroscopy. THeand lated species undergo 1,2,3-diheterocyclization reactions involv-

13C{1H} NMR spectra show the characteristic signals for a Ing nucleophilic attack to the allenylideneandy carbons and
y-substituted vinylidene: two doublets@#.87 and 5.23 ppm  transfer of a proton to th@ carbon, through alleny! or alkynyl
for protons ai andy positions, and a low-shielded triplet at  intermediates. By contrast, the reaction of the allenylidene

339 ppm for thea-carbon atom, comparing well with NMR ~ complex1 with pyrazole is finished after the firstNH addition,
data from vinylidene complexes—9. without ulterior cyclizatiort! Other polycyclic ligands are

accessible from electrophilic allenylidenes by deprotonation of
the corresponding,3-unsaturated alkoxycarbene after the initial
O—H addition to the @—Cg allenylidene double bond.

Complex13would be the result of the electrophilic aromatic
substitution of resorcinol with allenyliderfevia generation of
alkenylcarbyne4, as described for the reaction with 1,3- . ; T )
dimethoxybenzene. To check whether this is the actual inter- CYclohexanedione is a nonaromatic six-membered-ring re-
mediate in the synthesis of the chromen-2-ylidene species,29€nt structurally related to resorcinol and 1,3-dimethoxyben-
a CDNO; solution of complexi3 in a NMR tube has been zene, which exists in solution almost exclusively in its tauto-
treated with an excess of HBFat room temperature. An — . —
immediate reaction takes place, giving rise to the expected sgf;z%yz's'f'zﬂa%soh& Y.; Inada, Y., Hidai, M.; Uemura, 5.Am. Chem.
bicyclic carbend 0, as confirmed by théH and3'P{1H} NMR (21) Esteruelas, M. A.; Guez, A. V.; Lpez, A. M.; Olivan, M.; Ofate,
spectra (Scheme 10). E.; Ruiz, N.Organometallics200Q 19, 4.
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complex 6 and cyclohexanedione gave the highest carbene/
vinylidene ratio (Scheme 11), obtaining the carbene form in
more than 90% ratio. Thus, more accurate NMR data for the
bicyclic carbene complex [Cp*Ru(L)(dippe)][BF(L = 4-(4-

1+ BRI /c\A, fluorophenyl)-5-oxo-hexahydrochromen-2-yliderigb) were
< CH,Cly recorqled.
P“‘RTQCQC\ As in the case of complexe®—12, the'H NMR spectrum
P =cH |+ BT shows diastereotopic GHorotons at the position. The3!P-
Ar {H} NMR exhibits doublets aty 98.3 and 101.1 ppm. Six
(1)  Ar=Cgls (14a+14b) ‘\Ru\ signals for quaternary carbons are observed in 8@ H}
@) p-CeH,(OMe) (15a+15b) Z‘/ A e E:~ NMR, corresponding to the aryl (138.9 and 162.9 ppm), alkenyl
# \\A o] (117.5 and 167.4 ppm), carbonyl (199.1 ppm), and carbene
H (287.6 ppm) groups, in addition to the Cp* ring carbon atom
signal (104.2 ppm).
_|[28+Fd_ T+ [BFY A similar cyclic carbene complex has been reported by
Z H 2 Esteruelas et al., obtained from [CpRRB)(CO)E=C=C=
Ruse @ CHzclg Ru\ CPh)][BF4] and acetone in two stefgg? At difference with
Z/}: QH’ Ar k/P H-C\ compoundsl—3, this electrophilic allenylidene requires first
. HBF4 # \ CArO the generation of the acetonate in the presence of a strong base
and then the protonation of the resulting alkynyl intermediate.
(6) Ar = p-C¢H(F) (16b) The reverse mechanism (first protonation then nucleophilic

meric enol form 3-hydroxycyclohex-2-enone. Similarly to other

attack), operative for nucleophilic allenylidenes, involves the
conjugated pair allenylidene/alkenylcarbyne instead of the

1,3-diketonic compounds, cyclohexanedione is acidic enough classic alkynyl/vinylidene, thus allowing a direct reaction with

to react directly with the allenylidene complexes3. However,
at difference with linear 1,3-dicarbonyl compounds (acetylac-

carbon nucleophiles without the need of a strong base.
The allenylidene+ cyclohexanedione reaction rate is not

etone, diethylmalonate, and malononitrile), this cyclic diketone affected by the substituent of the allenylidene aryl group. In all
does not afforg,-substituted vinylidene complexes as the only cases the reaction proceeds smoothly at room temperature,
product. Instead, a mixture of two compounds is obtained when suggesting that the carbyne stabilization is not involved in the
reacting with allenylidene complexdsand?2 at room temper-  rate-determining step. Therefore, the allenylidene protonation
ature. These compounds are not separable and they seem to bgy the acidic cyclohexanedione generates the alkenylcarbyne/
in equilibrium. Attempts to obtain only one product by control  cyclohexanedione enolate pair, which reacts immediately to give
of the reaction parameters (temperature, reaction time, acidicthe substituted vinylidene complex. The higher nucleophilic
medium) did not succeed. character of the enolate species compared to that of activated
The outcome of this novel reactivity can be further rational- arenes overcomes the electron density variations induced by the

ized by comparison with our previous results. The NMR spectra aryl substituents at the electrophilic alkenylcarbynearbon.

have been recorded for the reaction of compleand cyclo-
hexanedione. Th&P{1H} NMR shows two pairs of AB systems
(four doublets) at) 86.9 and 87.6%0pp = 19.3 Hz) and 97.6
and 100.2 ppm30ep = 15.4 Hz) in 40:60 ratio, respectively.
Two triplet resonances at 286.5 and 339.7 ppm in th&C-

As mentioned earliery-substituted vinylidenes are proposed
as intermediates in the catalytic propargylic substitution of
propargyl alcohols with heterocycles, ketonic compounds, and
other C-, N-, P-, and O-nucleophil&sHowever, these reactions
involving allenylidene intermediates had no precedent within

{*H} NMR spectrum are assigned to carbene and vinylidene the known reactivity of electrophilic allenylidenes. Our recent
a-carbon atoms, respectively, which is in good agreement with results provided the first stoichiometric approach to this catalytic

the NMR data of vinylidenelO (287.0 ppm) and carbert3
(338.9 ppm). The assignment of signals with the help of COSY
andH—13C bidimensional correlation (HSQC) is consistent with
the existence of @-substituted vinylidene [Cp*Ru=C=CH—
CH(CsH70,)PH (dippe)][BF] (148 and a bicyclic carbene
[Cp*Ru(L)(dippe)][BR] (L = 4-phenyl-5-oxo-hexahydrochromen-
2-ylidene,14b). Analogous results were obtained fr@ngiving
15a+ 15b (see Scheme 11).

The enol arrangement of thebonded 2,6-dioxocyclohexyl
group in vinylidene complexe&4a and 15a is supported by
their 'TH NMR spectra, which clearly show an AB system (two
doublet signals) for protons @- and y-carbon atoms of the

reaction, in spite of the obvious differences between the [Cp*Ru-
(dippe)I complexes and the [Cp*RUGKSRLRuUCp*]" cata-
lyst.

The correlation between the stoichiometric and catalytic
reactivity is further evidenced by the particular behavior of
cyclohexanedione (Scheme 12). Whereas lingaliketones
providedy-substituted vinylidene complexes, cyclohexanedione
also yields cyclic carbene compounds. Similarly, the catalytic
reaction of propargylic alcohols with 1,3-dicarbonyl compounds
affords y-alkylated products when acyclig-diketones are
employed, whereas 1,3-cyclohexanedione leads to cycloaddition
products via initial propargylic alkylation and ulterior intramo-

vinylidene group, whereas a keto tautomer would exhibit three |ecular cyclizatior?3

coupled signals (ABC system) for the three neighboring protons.

Thus, the isomeric complexédal14band15a15b can undergo

Concluding Remarks

a reversible rearrangement from carbene to vinylidene, estab-

lishing the proposed isomerization equilibrium illustrated in
Scheme 11.
Acidic medium favors the carbene form. An increase of the

amount of the carbene isomer is also observed when startlngE

from allenylidene3 (p-fluoro-substituted). In agreement with

In this paper we have reported a novel reactivity based on
the basic character of electron-rich allenylidene complexes and

(22) Esteruelas, M. A.; Guez, A. V.; Lpez, A. M.; Modrego, J.; Cate,
Organometallics1997, 16, 5826.

(23) Nishibayashi, Y.; Yoshikawa, M.; Inada, Y.; Hidai, M.; Uemura,

these two observations, the reaction between the carbynes.J. Org. Chem2004 69, 3408.
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the electrophilic alkenylcarbyne conjugated pair. In contrast to use. Propargylic alcohols were prepared by the reaction of the
the classical reactivity of electrophilic allenylidene compledes,  corresponding-substituted benzaldehyde with ethynylmagnesium
compoundsl—3 do not react with nucleophiles unless they bromide, except 1-phenyl-2-propyn-1-ol, which is commercially
contain acidic protons or in the presence of an external proton available.
source. In both cases, the generation of an electrophilic IR spectra were recorded in Nujol mulls on a Perkin-Elmer FTIR
alkenylcarbyne complex seems to be the key step. Spectrum 1000 spectrophotometer. NMR spectra were taken on a
X-ray structural data and the chemical behavior of alkenyl- Varian Inova 400 MHz or Varian Gemini 300 MHz equipment.
carbyne complexes account for the existence of a partial positive Chemical shifts are given in parts per million from SiMéH and
charge localized at the position, thus generating a stabilized *C{*H}) or 85% HPQ, (*P{*H}). *H and*3C{*H} NMR signal
carbocation, which acts as electrophile for the electrophilic @ssignments were confirmed bjH-gCOSY, 135-DEPT, and
aromatic substitution of electron-rich arenes. The presence of dHSQCLH—C) experiments. Microanalysis was performed on a

electron-releasing groups on the allenylidene aryl substituent “ECO CHNS-932 elemental analyzer at the Servicio Central de

contributes to a decrease of the carbocation character, thusCienCia y T_ecnolo’gi, Universidad de @hz. ]
Preparation of [Cp*Ru(=C=C=CHAr)(dippe)][BF 4] (Ar =

slowing the reaction witke-nucleophiles such as resorcinol and CeHs (1), p-CoHa(OMe) (2). p-CeHa(F) (3)). A 300 mg sample of
-di “Wi i 615 » PTeeh 4l » MTel14 .
1,3-dimethoxybenzene. Electron-withdrawing groups such as compound [Cp*RUCI(dippe)] (0,56 mmol) was dissolved in 10 mL

fluoride enhance slightly the allenylidene/carbyne reactivity, but
the effect is less marked and essentially equivalent to that of Of CH;Cl,. An excess of N"BF“ (100 mg, 0.91 mmol) and 0'6(_)
mmol of the corresponding propargyl alcohol were added im-

thicomp'exf"‘g?h alr_1 uns%bstltuted plhenyl ﬁrOUpb btai dmediately. After stirring fo 5 h atroom temperature, the solution
Series of bicyclic carbene complexes have been obtained, g passed through an acidic alumina column (activity grade I,

directly by reac“‘?” of resorcmql with alkenylcarbyne gqm- height of column 10 cm). The dark brown band collected by elution
plexes, andstepwisefrom allenylidene complexes, requiring  \ith MeOH was then taken to dryness under vacuum, giving a
weak acids to perform the electrophilic aromatic substitution §ark brown solid. Yields: 345 mg df (89%), 362 mg 0B (90%).
(step 1) and a strong acid to induce the intramolecular The acidic alumina step is not necessary for the synthesis of
cyclization (step 2). The X-ray structure of compleXconfirms allenylidene2, and the CHCI, solution was directly filtered and
the formation of the bicyclic carbon skeleton. Analogous carbene dried under vacuum, giving a dark orange solid in almost quantita-
compounds are obtained by reaction with cyclohexanedione, tive yield (400 mg, 98%). Spectroscopic and analytical datal for
which seem to be in equilibrium with the isomeyiesubstituted were already reported elsewhéfé?
vinylidene bearing the 2,6-dioxocyclohexyl group as the enol  Complex 2.Anal. Calcd for GsHssBF,OPRu: C, 56.0; H, 7.60.
tautomer. Found: C, 56.1; H, 7.63H NMR (400 MHz, CQyCl,, 298 K): 6
These are the first examples @fcarbon reactivity found in 0.94, 1.10, and 1.21 (m, 24 H, dippéd¢}, 1.91 (s, 15 H, §{CHa)s),
the context of vinylidene and allenylidene chemistry with the 2.05 and 2.29 (m, 8 H, dippekg), 3.83 (s, 3 H, OEl3), 6.90 and
fragment [Cp*Ru(dippe)], which has been thoroughly studied 7.70 (both d 2 H eachJyy = 8.3 Hz, GH4OCHg), 8.91 (s, 1 H,
in our group. Thex carbon in this system is usually inaccessible Ru=C=C=CH). 31P{*H} NMR (CD,Cl,, 298 K, 161.9 MHz):¢
because of the steric hindrance and the effective electronic89.0 (s).*C{*H} NMR (75.4 MHz, CDQCl,, 298 K): 6 11.25 (s,
stabilization. The requirement of strong acid activation could Cs(CHs)s), 18.13, 18.43, 19.47, and 19.91 (s, dippis), 21.80
involve the formation of carbyne speciissitu by vinylidene and 26.15 (m, dipp€H), 30.45 (M, dippeH), 56.06 (s, TH),
protonation, which is currently under study. 102.6 (sCs(CHs)s), 115.9, 132.4, 136.9, and 163.2(BH,OCHy),
139.2 (s, R&=C=C=CH), 208.1 (t,3Jcp = 2.2 Hz, R&=C=C),
287.6 (t,2Jcp = 17.4 Hz, R&=C). IR (Nujol): »(C=C=C) 1920
cm L,
All synthetic operations were performed under a dry dinitrogen Complex 3.Anal. Calcd for GgHs,BFsP,Ru: C, 55.2; H, 7.30.
or argon atmosphere by following conventional Schlenk techniques. Found: C, 55.2; H, 7.3H NMR (400 MHz, CD.Cl,, 298 K): ¢
Tetrahydrofuran, diethyl ether, and petroleum ether (boiling point 1.03, 1.21, and 1.32 (m, 24 H, dippé4¢}, 2.03 (s, 15 H, §CHy)s),
range 46-60 °C) were obtained oxygen- and water-free from an 2.15 and 2.39 (m, 8 H, dippets), 7.18 (vt, 2 H,3J4r = 3Jup =
Innovative Technology Inc. solvent purification apparatus. Dichlo- 8.6 Hz, m-C¢H4F), 7.86 (dd, 2 HAJyr = 5.7 Hz,3Jyy = 8.5 Hz
romethane and nitromethane were of anhydrous quality and usedo-CgH4F), 9.23 (s, 1 H, R&ekC=C=CH). 31P{1H} NMR (CD,Cl,,
as received. All solvents were deoxygenated immediately before 298 K, 161.9 MHz): 6 88.8 (s).13C{'H} NMR (75.4 MHz, CD)-

Experimental Section



y-Substituted Vinylidene Complexes

Cl,, 298 K): 0 11.34 (s, G(CHa)s), 18.15, 18.47, 19.54, and 19.93
(s, dippe€Hs), 21.93 and 26.24 (m, dippéHy,), 30.58 (m, dippe-
CH), 103.4 (S,C5(CH3)5), 117.7 (d,sJCF =227 HZ,m—C6H4F),
131.9 (d,2Jck = 8.5 Hz,0-CgH4F), 137.4 (d2Jcr = 1.9 Hz, Ru=
C=C=CH), 139.6 (d,"Jcr = 3.8 Hz,ipso-C¢H4F), 164.6 (d,}Jcr
= 256 Hz,p-CgH4F), 218.6 (s, RewC=C), 292.9 (t,2Jcp = 17.0
Hz, Ru=C). IR (Nujol): »(C=C=C) 1914.1 cm?.

Preparation of [Cp*Ru(=C—-CH=CHAr)(dippe)][BF 4]z (Ar
= CgH5s (4), p-CeH4(OMe) (5), p-CsH4(F) (6)). A 133 mg portion
of compound [Cp*RuCl(dippe)] (0.25 mmol) was dissolved in 5
mL of CH,Cl,. A slight excess of NEBF4 (40 mg, 0.36 mmol)

Organometallics, Vol. 26, No. 17, 20807

172 mg of 7 (82%), 184 mg of8 (85%), 180 mg of9 (84%).
Microanalysis and spectral data are as follows.

Complex 7.Anal. Calcd for GiHesBF,O.P;Ru: C, 58.8; H, 7.58.
Found: C, 58.7; H, 7.55H NMR (400 MHz, CDC}, 298 K): 6
0.98-1.28 (m, 24 H, dippe-H3), 1.83 (s, 15 H, @CHa)s), 1.95
and 2.10 (m, 8 H, dipped, and H), 3.77 (s, 6 H, OEl3), 4.69
and 5.17 (both d1 H each2Jyaqp = 11.1 Hz, Re=C=CHaCHb),
6.45 (t, 1 H,4JHH =24 HZ,m-CGH3(OMe)2), 6.50 (dd, 1 H,4JHH
= 2.4 Hz,3Jyy = 8.3 Hz, m-CgH3(OMe),), 7.19 (d, 1 H3)uy =
8.3 Hz,0-CsH3(OMe),), 7.02, 7.14, and 7.23 (m, 5 H¢Bs). 31P-
{*H} NMR (161.9 MHz, CDC}, 298 K): 6 87.4 and 87.7 (both d,

and 0.33 mmol of the corresponding propargyl alcohol were 3Jpp = 18.8 Hz).13C{1H} NMR (75.4 MHz, CDC}, 298 K): ¢
immediately added, and the solution was stirred at room temperature10.78 (s, G(CHs)s), 18.18-21.75 (m, dippezH3), 25.32 and 25.65

for 2 h. Addition of 40uL of HBF, (54 wt % solution in EO,

(m, dippe€H,), 32.38, 32.76, and 33.11 (s, dip#t), 35.71 (s,

0.30 mmol) rapidly produced a clear color change from brown to CHPh), 55.21 and 55.28 (s,d3), 102.5 (s,Cs(CHs)s), 114.4 (s,
dark red. After stirring for 10 min at room temperature the solvent Ru=C=CH), 125.0, 126.7, 128.3, and 144.5C3Hs), 98.50, 104.7,
was evaporated under vacuum, and the residue was washed with 226.1, 127.8, 156.6, and 159.4 GH3(OCH),), 337.5 (t,2Jcp =

x 10 mL of EtO and dried, giving dark red solid. Yields: 160 mg
of 4 (81%), 192 mg ob (94%), 181 mg ob (90%). Spectroscopic
and analytical data fo#t were already reported elsewhété?

Complex 5.Anal. Calcd for GsHseB,FsOP;Ru: C, 50.0; H, 6.91.
Found: C, 49.8; H, 6.90H NMR (400 MHz, CxCl,, 298 K): 6
1.08 and 1.36 (m, 24 H, dippeHz), 2.02 (s, 15 H, @CHs)s),
2.27 and 2.58 (m, 8 H, dippeHs), 3.90 (s, 3 H, OEl3), 6.78 (d,
1 H, 34y =15.1 Hz, Re=C—CH=CH), 7.00 and 7.99 (both d, 2
H each2Jyy = 8.5 Hz, GH,OCHg), 8.18 (d, 1 H3Juy = 15.1 Hz,
RU=C—CH=CH). 31P{1H} NMR (CD,Cl,, 298 K, 161.9 MHz):
0 84.9 (s).13C{H} NMR (75.4 MHz, CBCl,, 298 K): ¢ 11.18
(s, G(CHa)s), 18.33, 18.87, 19.74, and 19.86 (s, dippids), 22.85
and 25.23 (m, dipp€H,), 33.13 (m, dippezH), 56.55 (s, @H3),
108.2 (sCs(CHg)s), 116.4, 125.8, 126.2, and 167.7 GH,OCHg),
166.2 and 170.0 (s, REC—CH=CH), 334.6 (t,2Jcp = 13.0 Hz,
Ru=C). IR (Nujol): »(Ph) 1590 cm™.

Complex 6.Anal. Calcd for GsHs3B,FoP,Ru: C, 49.2; H, 6.63.
Found: C, 49.2; H, 6.60dH NMR (400 MHz, CQ;NO,, 298 K):
0 1.21 and 1.49 (m, 24 H, dippekg), 2.18 (s, 15 H, GCHy)s),
2.31, 2.58, and 2.81 (m, 8 H, dippeHg), 6.91 (d, 1 H3Jyy =15.8
Hz, Ru=EC—CH=CH), 7.33 (vt, 2 H,3Jyr = 3Jyy = 8.8 Hz,
m-CeH4F), 8.01 (dd, 2 HJye = 5.4 Hz,3J4y = 8.5 Hz,0-CsH4F),
8.35 (d, 1 H,2Jyy = 15.8 Hz, Re=C—CH=CH). 3P{*H} NMR
(CD3NO,, 298 K, 161.9 MHz): 6 91.5 (s).13C{'H} NMR (75.4
MHz, CDsNO,, 298 K): 6 11.76 (s, G(CH3)s), 18.78, 19.55, 20.38,
and 20.50 (s, dipp&H3), 24.23 and 26.72 (m, dipp&H,), 34.70
(m, dlppeCH), 111.2 (S,C5(CH3)5), 118.9 (d,SJCF = 22.8 Hz,
m-CegH4F), 130.5 (d,"Jcr = 2.5 Hz,ipso-CeH4F), 131.8 (s, ReF
C—CH=CH), 136.3 (d,2Jcr = 10.8 Hz,0-C¢H4F), 165.9 (s, Rer
C—CH), 169.8 (d,3Jce = 263 Hz,p-CsH4F), 333.3 (t2Jcp = 12.9
Hz, Ru=C). IR (Nujol): »(Ph) 1588 cm?.

Preparation of [Cp*Ru {=C=CHCHAIr(C gH3(OMe),)} (dippe)]-
[BF4] (Ar = CeHs (7), p-CeHa(OMe) (8), p-CeHa(F) (9)). The
first step of the synthesis of compoun@ds9 was carried out as
described for the preparation of carbyne compodneb. The
addition of 40uL of HBF,4 (54 wt % solution in E{O, 0.30 mmol)
rapidly produced the formation of the carbyne compiesity,
shown by the distinctive dark red color. After stirring for 10 min

14.7 Hz, Re=C). IR (Nujol): »(C=C) 1640,v(Ph) 1590 cm?.

Complex 8.Anal. Calcd for G,HesBF,OsP:Ru: C, 58.1; H, 7.55.
Found: C, 58.3; H, 7.61*H NMR (400 MHz, CB;NO,, 298 K):
0 0.85 and 1.051.33 (m, 24 H, dippe-83), 1.90 (s, 15 H, &
(CH3)s), 2.23, 2.47, and 2.92 (m, 8 H, dippedgand H), 3.75,
3.78, and 3.85 (s3 H each, OEls), 4.92 and 5.28 (both d, 1 H
each 3Jyaqp = 11.4 Hz, Re=C=CHaCHP), 6.52 (m, 2 Hm-CeHs-
(OMe),), 6.82 (d, 2 H23Jyy = 8.5 Hz, mCsH,OMe), 7.24 (m, 3
H, 0-CsHz(OMe), + 0-CgH,OMe). 31P{1H} NMR (161.9 MHz,
CD3NO,, 298 K): 0 90.9 and 91.1 (both &Jpp = 19.1 Hz).13C-
{H} NMR (75.4 MHz, CBNO,, 298 K): 6 11.35 (s, G(CH3)s),
18.58-20.90 (m, dippeEHs), 22.58 (m, dippezH,), 26.96, 31.40,
and 34.20 (s, dipp&H), 36.37 (sCHPh), 55.92, 56.01, and 56.16
(s, OCHg), 104.1 (sCs(CHg)s), 115.6 (s, Re=C=CH), 114.9, 129.5,
138.9, and 159.5 (p-CsH,OMe), 99.52, 106.1, 127.5, 129.4, 158.3,
and 161.1 (sCsH3(OCHg)y), 339.2 (t,2Jcp = 13.8 Hz, R&=C). IR
(Nujol): »(C=C) 1648 cn1™.

Complex 9.Anal. Calcd for GHeBFsO.P;Ru: C, 57.5; H, 7.30.
Found: C, 57.6; H, 7.3*H NMR (400 MHz, CB;NO,, 298 K):
0 1.11 and 1.27 (m, 24 H, dippekB), 1.89 (s, 15 H, (CH3)s),
2.20 (m, 8 H, dippe-6, and H), 3.78 and 3.85 (both 8 H each,
OCHj3), 4.94 and 5.31 (both,dL H each3J4aqp = 11.6 Hz, Re=
C=CHaCHPY), 6.53 (m, 2 Hm-CsH3(OMe),), 7.00 (vt, 2 H3Jur =
3\]HH = 8.8 HZ,m—CeH4F), 7.25 (d, 1 H,ZJHH =91 HZ,O-CGHg-
(OMe),), 7.35 (dd, 2 HAJur = 5.5 Hz,3Jyy = 8.8 Hz,0-CsHyF).
S1P{1H} NMR (161.9 MHz, CBNO,, 298 K): ¢ 87.9 and 88.1
(both d,3Jpp = 19.0 Hz).13C{1H} NMR (75.4 MHz, CQNO,,
298 K): 0 11.35 (s, G(CH3)s), 18.01-20.81 (m, dippe=Hs3), 22.60
and 26.83 (m, dipp&H,), 34.17 (s, dippesH), 36.54 (s,CHPh),
56.07 and 56.18 (s, CH3), 104.1 (s,Cs(CHg)s), 115.3 (s, Rer
C=CH), 116.1 (d,SJCF =21.3 HZ,mC5H4F), 130.2 (d,SJCF =8.2
Hz, 0-CgH4F), 143.0 (d*Jcr = 3 Hz, ipso-CeH4F), 162.6 (d,Jcr
= 242 Hz,p-CsH4F), 99.56, 106.2, 126.9, 129.4, 158.3, and 161.2
(s, CeH3(OCHg),), 337.5 (t,2Jcp = 14.7 Hz, Re=C).IR (Nujol):
v(C=C) 1644 cnl.

Preparation of [Cp*Ru(L)(dippe)][BF 4] (L = 7-hydroxy-4-
phenylchroman-2-ylidene (10), 4-(4-methoxyphenyl)-7-hydroxy-
chroman-2-ylidene (11), 4-(4-fluorophenyl)-7-hydroxychroman-

at room temperature the solvent was evaporated under vacuum2-ylidene (12)).The synthesis of compound€—12is carried out

The residue was washed with-210 mL of EtO in order to remove

similarly to the preparation of compounds-9. Addition of an

the excess acid and then dissolved in 5 mL of nitromethane. An excess of resorcinol (56 mg, 0.50 mmol) to a 48, solution

excess of 1,3-dimethoxybenzene (134 1 mmol) was added and
the mixture stirred at 40C in CH,Cl, during 12 h (for7 and9)
and at 60°C during 24 h (for8). The color changed from dark red

containing the corresponding carbyne complex caused a fast color
change from dark red to brown. The solution was stirredlLfb at
room temperature (fotO and12) or overnight at 6CC (for 11),

to light brown. Then, the solution was filtered and concentrated to then filtered and concentrated to less than 1 mL at reduced pressure.
less than 1 mL under reduced pressure. Addition of 10 mL of a Addition of 10 mL of a 1:1 mixture of ED and petroleum ether

1:1 mixture of E4O and petroleum ether caused the precipitation caused the precipitation of an orange-brown solid, which was
of an orange-brown solid, which was filtered, washed with filtered, washed with petroleum ether, and dried under vacuum.
petroleum ether, and dried under vacuum. Recrystallization was Recrystallization of12 by slow ether diffusion into a CiCl,

carried out by slow ether diffusion into a GEl, solution. Yields:

solution gave appropriate monocrystals for X-ray diffraction.
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Yields: 184 mg of10(91%), 185 mg ofl1 (88%), 186 mg ofl2
(90%). Microanalysis and spectral data are as follows.

Complex 10.Anal. Calcd for GgHssBF,O.P,Ru: C, 57.9; H,
7.34. Found: C, 57.8; H, 7.33H NMR (400 MHz, CDC}, 298
K): 6 0.94-1.28 (m, 24 H, dippe-83), 1.82 (s, 15 H, CH3)s),
1.93, 2.06, 2.52, and 2.68 2.16 (m, 8 H, dippe-8, and (H, +
dd, 1 H,33anec = 13.3 Hz, 241y = 15.7 Hz, GH3HPCHPh), 3.63
(dd, 1 H,3pre = 3.2 HZz,33Hane = 13.3 Hz, CHHPCHCPh), 3.80
(dd, 1 H,334pne = 3.2 HZ,Zyamp = 15.7 Hz, CHHPCHCPh), 6.47
and 6.58 (both d1 H each3Juy = 8.6 Hz, GH3OH), 6.84 (s, 1 H,
CsH3zOH), 7.10 and 7.35 (m, 5 H, ¢Els). 31P{*H} NMR (161.9
MHz, CDCl;, 298 K): 6 98.5 and 103.9 (Jpp = 14.1 Hz).13C-
{H} NMR (75.4 MHz, CDC}, 298 K): 6 10.55 (S, G(CHa)s),
18.50-20.87 (m, dippe=H3), 25.96-28.95 (m, dippecH,), 31.41
and 32.79 (s, dipp€H), 37.40 (sCHPh), 59.70 (s, RegC—CH,),
101.4 (sCs(CHy)s), 128.2, 127.9, 129.0, and 140.1GsHs), 102.8,
112.8, 117.7, 127.5, 151.8, and 157.9(—CsH3(OH)), 287.0
(t, 2Jcp = 13.2 Hz, R&=C). IR (Nuijol): v(Ph) 1622(OH) 3412
cm 1,

Complex 11.Anal. Calcd for GoHgiBF4OsP,Ru: C, 57.2; H,
7.32. Found: C, 57.2; H, 7.324 NMR (400 MHz, CQ;NO,, 298
K): 6 1.05-1.38 (m, 24 H, dippe-83), 1.93 (s, 15 H, CH3)s),
2.02-2.67,2.45, and 2.91 (m, 8 H, dippedgand CH, + dd, 1 H,
3Jhane = 12.9 HZ,2yapp = 15.4 Hz, GH3HPCHPh), 3.82 (dd, 1 H,
8JhaHe = 12.9 Hz,33upHe = 3.8 Hz, CHHPCHCPh), 3.83 (s, 3 H,
OCHj3), 3.90 (dd, 1 H3uamp = 15.4 Hz,24pnc = 3.8 Hz, CHH®-
CHePh), 6.59 (s, 2 H, gH3OH), 6.70 (s, 1 H, GH3OH), 6.96 (d,
2 H, SJHH = 8.8 HZ,mC6H4(OMe)), 7.17 (d, 2 H,3JHH = 8.8 Hz,
0-CgH4(OMe)). 31P{1H} NMR (161.9 MHz, CQNO,, 298 K): ¢
102.0 and 106.9 (FJpp = 15.4 Hz).23C{1H} NMR (75.4 MHz,
CDClg, 298 K): 6 11.89 (s, G(CH3)s), 18.55-21.44 (m, dippe-
CHj3), 27.51 and 29.15 (m, dipp@H,), 30.45 and 33.02 (s, dippe-
CH), 37.64 (s,CHPh), 56.03 (s, GH3), 60.94 (s, R&=C—CH,),
103.3 (s,Cs(CHa)s), 115.4, 130.6, 133.7, and 160.4 (sCeH4-
OMe), 103.7, 113.1, 121.7, 129.9, 153.7, and 158.1+(3;C¢Hs-
(OH)), 289.3 (t2Jcp=d 12.8 Hz, Re=C). IR (Nujol): »(Ph) 1621,
v(OH) 3398 cml.

Complex 12.Anal. Calcd for GgHsgBFsO,P,Ru: C, 56.6; H,
7.06. Found: C, 56.6; H, 7.084 NMR (400 MHz, C;NO,, 298
K): 6 1.04-1.38 (m, 24 H, dippe-83), 1.92 (s, 15 H, CHs)s),
2.01-2.68 and 2.46 (m, 8 H, dippeH; and CH, + dd, 1 H,3Juanc
= 13.2 Hz,3Jyamp = 16.2 Hz, GH3HPCHePh), 3.89 (m, 2 H,
CHaHPCHCPh), 6.57 (d, 1 H3J44 = 8.5 Hz, GHsOH), 6.60 (dd, 1
H, 4~]HH =2 HZ,BJHH = 8.5 Hz, QHgOH), 6.74 (d, 1 H14\]HH =2
Hz, GH30H), 7.14 (vt, 2 H,3Jur = 3Jun = 8.8 Hz, mCgH4F),
7.28 (dd, 2 H* e = 5.5 Hz,3Jyy = 8.8 Hz,0-CsH4F). Note: The
IH NMR signal for GH30H is not observed in CENO, or CDCl,
but it appears ai 8.61 in acetonel at 298 K.3P{*H} NMR (161.9
MHz, CDsNO,, 298 K): ¢ 99.1 and 103.9 (BJpp = 14.8 Hz).
13C{1H} NMR (75.4 MHz, CDC}, 298 K): ¢ 11.87 (s, G(CH3)s),
19.08-21.40 (m, dippecH3), 27.45 and 29.12 (m, dippéH,),
30.28 and 32.79 (s, dippéH), 37.76 (s,CHPh), 60.69 (s, Re
C—CHy), 103.2 (sCs(CHs)s), 116.8 (d3Jcr = 21.5 Hz,m-CgH4F),
131.4 (d,2Jck = 8.3 Hz,0-CgH4F), 138.0 (dJce = 2.7 Hz,ipso
CeH4F), 163.5 (d,Ncr = 242 Hz,p-CeH4F), 103.7, 113.2, 120.9,
129.8, 153.6, and 158.3 (5,0—CgH3(OH)), 288.3 (t2Jcp = 12.3
Hz, Ru=C). IR (Nujol): »(OH) 3350 cn1.

Preparation of [Cp*Ru {=C=CHCHPh(C¢H3(OH),)} (dippe)]-

[BF4] (13). A nitromethane solution of 150 mg of the allenylidene

complex1 (0.21 mmol), resorcinol (56 mg, 0.50 mmol), and NH
BF, (50 mg, 0.45 mmol) was heated at 80 during 6 h. Then the

Bustelo et al.

Complex 13.Anal. Calcd for GgHsgBF4O,P,Ru: C, 57.9; H,
7.34. Found: C, 57.8; H, 7.3%4 NMR (400 MHz, CQ3NO,, 298
K): 6 1.03-1.28 (m, 24 H, dippe-83), 1.89 (s, 15 H, Q(CH3)s),
2.00 and 2.30 (m, 8 H, dippet; and (H), 4.87 and 5.23 (both d,
1 H each2yany = 11.1 Hz, Re=C=CH3CHP), 6.28-6.37 (m, 2
H, m-C5H3(OH)2), 7.19 (d, 1 H,3JHH = 8.3 HZ,O-C6H3(OH)2),
7.13 (m, 2 H,p-CgHs + 0-CsH3(OH),), 7.25 and 7.31 (m, 4 H,
CeHs). 3P{*H} NMR (161.9 MHz, CQNO,, 298 K): ¢ 90.82 (s).
BC{H} NMR (75.4 MHz, CBNO;,, 298 K): 4 11.39 (s, G(CH3)s),
18.98-20.83 (m, dippecHs), 22.49 and 26.92 (m, dipp8H,),
33.77 and 34.86 (s, dippéH), 37.58 (s, CHPh), 104.1 (s,
Cs(CHg)s), 115.4 (s, Re=C=CH), 127.6, 128.6, 129.7, and 146.8
(s, CgHs), 103.6, 108.6, 124.8, 130.2, 155.2, and 157.5C]5-
(OH),), 338.9 (t,2Jcp = 14.3 Hz, Re=C). IR (Nujol): »(C=C)
1640,v(Ph) 1590 cm™.

Preparation of [Cp*Ru{=C=CHCH(C¢H-O)Ar}(dippe)]-
[BF4 (X = H (14a), OMe (15a)) and [Cp*Ru(L)(dippe)][BF4]
(L = 4-phenyl-5-oxo-hexahydrochromen-2-ylidene (14b), 4-(4-
methoxyphenyl)-5-o0x0-2,3,4,6,7,8-hexahydrochromen-2-
ylidene (15b).A 34 mg amount of 1,3-cyclohexanedione (0.30
mmol) was added to a GEIl, solution of the corresponding
allenylidene complex (0.25 mmol, 175 mg ©f183 mg of2) at
room temperature. After stirring for 10 min, the color changed from
dark to light brown. The mixture was concentrated to less than 1
mL at reduced pressure. Addition of 10 mL of a 1:1 mixture of
Et,O and petroleum ether caused the precipitation of a brown solid,
which was filtered, washed with petroleum ether, and dried under
vacuum. Yield: 172 mg ol4a+ 14b (85%) and 175 mg oi5a
+ 15b (83%). Selected spectral data are as follows.

Complexes 14at+ 14b.H NMR (400 MHz, CQCl,, 298 K):
0 0.85-1.38 (m, dippe-E€l3), 1.80 (s, G(CH3)s®), 1.93 (s, G-
(CHg)s*), 1.99 — 2.89 (m, dippe-El, and (H A*B + CH,CH,-
CHATB + CHaHPCHPHR), 3.67 (dd,2Jpanp = 17.6 HZ,3hpHe =
3.2 Hz, CHHPCH°PIB), 3.83 (br d,3Jyanc = 8.8 Hz, CHHPCH¢-
PrB), 5.24 (d,3Jyy = 11.4 Hz, CH=CHPH), 5.37 (d,3Jqy = 11.4
Hz, CH=CHPR'), 7.06-7.41 (m, GHs*"B). 3?P{1H} NMR (161.9
MHz, CD,Cl,, 298 K): 6 86.9 and 87.6 (both ¢Jpp = 19.3 Hz,
143), 97.6 and 100.2 (both 8Jpp = 15.4 Hz,14b). Ratio: 38:62.
13C{1H} NMR (75.4 MHz, CQ}Cl,, 298 K): ¢ 11.18 (S, G(CH3)s?),
11.73 (s, G(CH3)sB), 18.30-21.76 (m, dippe=HzA*B), 25.33-
26.98(m, dippe=H,A18), 30.43-34.89 (m, dippecH + CH,CHA B),
31.53 (s,CHPHY), 32.29 (s,CHPIB), 36.82 and 37.10 (SCH,-
COATB), 59.72 (s, ReeC—CH,®), 102.6 (s,C5(CH3)s*), 103.2 (s,
Cs(CHa)sB), 111.6 (s, ReeC=CHA), 116.9 (s, -G-C=CB), 117.9
(s, —O—C=C?), 125.9, 127.0, 127.5, 127.6 128.2, 129.1, 141.1,
and 145.1 (sCgHs*B), 165.1 (s,—O—C=CA*B), 196.6 (s,C=
0B), 204.4 (s,C=0"), 286.5 (t,2Jcp = d 11.6 Hz, Re=CB), 339.7
(t, 2cp = 14.6 Hz, Ra=C A).

Complexes 15at 15b.*H NMR (400 MHz, CDC}, 298 K): o
0.79-1.28 (m, dippe-Eiz**B), 1.73 (s, G(CH3)sB), 1.83 (s, G-
(CH3)s"), 1.93-2.85 (m, dippe-@ + dippe-CH, + CH; + Ru=
C—CHaHPA+B) 3,55 (dd Znapp = 17.6 Hz,3Janc = 3.5 Hz, Ra=
CCHaHPCHCPIB), 3.66 (br s, ReekC—CHHPCHCPHP), 3.72 (s,
OCHz"), 3.74 (s, OCGi38), 5.09 and 5.36 (both &)y = 11.3 Hz,
Ru=C=CHCH"), 6.71 and 7.22 (d®Jyy = 8.6 Hz, GH,OMe"),
6.76 and 6.87 (BJyy = 8.6 Hz, GH,OME®). 31P{1H} NMR (161.9
MHz, CD,Cl,, 298 K): 6 86.8 and 87.4 (both ¢Jpp = 19.3 Hz,
15g), 97.7 and 100.1 (both dJpp = 15.4 Hz,15h). Ratio: 40:60.

Preparation of [Cp*Ru(L)(dippe)][BF 4] (L = 4-(4-fluorophe-
nyl)-5-oxo0-2,3,4,6,7,8-hexahydrochromen-2-ylidene (16b}.34
mg sample of 1,3-cyclohexanedione (0.30 mmol) was added to a

solvent was evaporated to less than 1 mL at reduced pressureCH;NO, solution of the alkenylcarbyne complékx(0.25 mmol,

Addition of 20 mL of EtO caused the precipitation of a brown

200 mg) at room temperature. The color changed immediately from

solid, which was filtered, washed with petroleum ether, and dried dark red to light brown. After stirring for 10 min, the mixture was
under vacuum. Yield: 165 mg (95%). Recrystallization was carried concentrated to less than 1 mL at reduced pressure. Addition of 10

out by slow ether diffusion into a Gi&l, solution. Analysis and
spectral data are as follows.

mL of a 1:1 mixture of EfO and petroleum ether caused the
precipitation of a brown solid, which was filtered, washed with
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Table 1. Crystal Data and Details of the Structure Determination of Compound 12

crystal data

data collection

formula GoHs7B Fs O, P, Ru temperature [K] 100
fw 826.67 radiation [A] 0.71073
cryst syst triclinic 6 min,max [deg] 1.18, 25.05
B hlimits —12, 12
space group P1 data set klimits —12, 13
| limits —20, 20
a, b, c[A] 10.680(2)
10.981(2) no. of tot, uniq dat&(int) 13188, 6771, 0.0274
17.341(4)
o, 3, y [deg] 93.24(3)
92.81(3) no. of obsd data f 2.001] 6408
105.96(3)
volume [A3] 1947.9(7) refinement
z 2 Nref, Npar 6771, 547
R, WRza, S %” 0.0782
Ryt 0.0737
Dcalc [g/cm?] 1.409 WRa 0.1510
WRy 0.1483
S1.064
u(Mo Ka)) [mm~1] 0.541 max. and av shift/error 0.005, 0.000
F(000) 862 min. and max. resd dens [e3 —0.939, 1.302

cryst size [mm] 0.3% 0.30x 0.22
aw = 1/[0¥Fo2) + (0.0264)2 + 14.003#] whereP = (F2 + 2F2)/3.

petroleum ether, and dried under vacuum. Small amounts of the equivalents using the program SADAB%AN insignificant crystal

isomerl6aare found in less than 10%. Recrystallization was carried
out by slow ether diffusion into a Gi€l, solution. Yield: 170 mg
(82%). Analysis and spectral data are as follows.

Complex 16h.Anal. Calcd for GgHeoBFsO.P,Ru: C, 56.5; H,
7.29. Found: C, 57.0; H, 7.93H NMR (400 MHz, CQ;NO,, 298
K): 6 0.89, 1.22, 1.30, and 1.07 (m, 24 H, dippel}, 1.81 (s, 15
H, C5(CHg)s), 1.91 (m, 4 H, dippe-8), 2.21 (m, 6 H, &, + dippe-
CHy), 2.32-2.50 (m, 3 H, G, + Ru=C—CH?¥HP), 2.73 and 2.90
(m, 2 H, CHy), 3.73-3.83 (M, 2 H, Re=CCH¥HPCHPh), 7.04 (vt,
2 H, 3JHF = SJHH = 8.7 HZ,m—C6H4F), 7.16 (dd, 2 H,“JHF =56
Hz, 33y = 8.7 Hz,0-CgH4F). 3'P{1H} NMR (161.9 MHz, CDQ-
NO,, 298 K): ¢ 98.3 and 101.1 (both dJpp = 15.4 Hz).13C{*H}
NMR (75.4 MHz, CDC}, 298 K): 6 11.87 (s, G(CHa)s), 18.90-
21.80 (m, dippecHs3), 27.40 and 27.88 (m, dipp&H,), 31.63 and
35.54 (s, dippecH), 21.82, 28.46, and 37.65 (5,CH,CH,CH,—
), 32.47 (s,CHPh), 60.49 (s, Re&C—CH,), 104.2 (s5,Cs(CHy)s),
116.4 (d,3)ce = 21.4 Hz,m-CgH4F), 117.5 (s—O—C=C), 130.2
(d, 3Jcg = 8.0 Hz,0-CgH4F), 138.9 (d{Jcr = 2.9 Hz,ipso-CsHaF),
162.9 (d,\Jcr = 242 Hz,p-CsH4F), 167.4(s;-O—C=C), 199.1 (s,
C=0), 287.6 (t,2Jcp = d 12.3 Hz, Re=C).

X-ray Structure Determination. A single crystal of compound
12 was mounted on a glass fiber to carry out the crystallographic
study. Crystal data and experimental details are given in Table 1.
X-ray diffraction data collection was measured at 100 K on a Bruker
Smart APEX CCD three-circle diffractometer using a sealed tube
source and graphite-monochromated Mo t&diation ¢ = 0.71073
A) at the Servicio Central de Ciencia y Tecndlde la Universidad

de Caliz. Four sets of frames were recorded over a hemisphere of

the reciprocal space hy scan withd(w) = 0.30° and exposure of

decay correction was also applied. The structure was solved by
direct methods, completed by subsequent difference Fourier
syntheses, and refined &3 by full-matrix least-squares procedures
using the programs contained in the SHELXTL packégelost

of the non-hydrogen atoms were refined with anisotropic displace-
ment parameters. The hydrogen atoms were geometrically posi-
tioned and isotropically refined using the riding model. In the cation,
CsMes ligand, the ethylene chain, and one isopropyl group in the
dippe ligand, the C(12), C(13) atoms angHgF group were split

in two positions, only being refined anisotropically the part with
sof > 0.5. The program ORTEP28was used for plotting.

Acknowledgment. We thank the Ministerio de Educacio
y Ciencia (Project CTQ2004-00776/BQU and “Juan de la
Cierva” contract to E.B.) and the Conségide Innovacio,
Ciencia y Empresa de la Junta de And&u®AI-FQM188 and
Project of Excellence PAIO5 FQMO094) for financial support,
and Johnson Matthey plc for generous loans of ruthenium
trichloride.

Supporting Information Available: CIF file giving crystal-
lographic data fod2. This material is available free of charge via
the Internet at http://pubs.acs.org.

OM700431N

(24) Sheldrick, G. M.SADABS University of Gdtingen: Gdtingen,
Germany, 2001.

(25) SHELXTLv. 6.10; Bruker-AXS: Madison, WI, 2000. Sheldrick,
G. M. SHELXS-86and SHELXL-97 University of Gadtingen: Gdtingen,
Germany, 1997.

(26) Faruggia, L. JORTEP-3 for Windowssersion 1.08.J. Appl.

10 s per frame. Correction for absorption was applied by scans of Crystallogr. 1997, 30, 565.



