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Abstract: The reaction of a variety of alkynes RC=CH with a variety of carboxylic acids R*CO;H, in the
presence of 5% of RUCI(COD)CsMes, selectively leads to the dienylesters (1E,3E)-RCH'=CH?—CH3*=C(R)-
(O,CR?Y). The reaction also applies to amino acid and dicarboxylic acid derivatives. It is shown that the first
step of the reaction consists of the head-to-head alkyne coupling and of the formation of the metallacyclic

biscarbene—ruthenium complex (CsMes)(Cl)Ru:C(R)—CH=CH-C:(R), isolated for R = Ph and catalyzing
the formation of dienylester. D-labeled reactions show that the alkyne protons remain at the alkyne terminal
carbon atoms and carboxylic acid protonates the C* carbon atom. QM/MM (ONIOM) calculations, supporting
a mixed Fischer—Schrock-type biscarbene complex, show that protonation occurs preferentially at the
carbene carbon C! adjacent to Ru, in the relative cis position with respect to the Ru—Cl bond, to give a
mixed C(1)alkyl—C(4)carbene complex in which the C* carbene is conjugated with the noncoordinated
C?=C3 double bond. This 16-electron intermediate has a weak stabilizing a. agostic C—H bond. This most
stable isomer appears to have a C* center more accessible to the nucleophilic addition which accounts for
the experimentally observed product.

Introduction The catalyzed dimerization of alkynes offers a set of versatile

The selective combinations of several molecules into only and target products.The dimerization of acetylene itself,
one added value product are attracting an increasing interestcatalyzed by the alkynylcopper derivative, constitutes an
for the development of clean syntheses with atom economy. industrial access to but-1-en-3-yne and to neoprene rubber.
Metal catalysts especially promote the discovery of such new Whereas palladium catalysts provide the dimerization of func-
processed? Although selective palladium catalyzed cross- tional alkynes with selective (terminalj&internal)C bond
coupling and Heck reactions cannot be overlooked, they usually coupling? ruthenium catalysts preferentially lead to 1,3-enynes
require preliminary halogenation or metalation of substrates and With terminal carbon couplings:*® By contrast, Rub(CO)-
release a salt as byproddcBy contrast, ruthenium catalysts ~ (PPR)s'* and RuH(PCys)CsMes'® dimerize terminal alkynes
have recently promoted a variety of carbdreteroatorh and
carbon-carbort* bond formation reactions by the coupling of
simple unsaturated substrates, such as alkynes.
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into the butatriene derivatives RE+C=C=CHR. Ruthenium
vinylidene intermediates ReC=CHR are known to control
these 1,3-enyne and butatriene formations via mixed (vinyli-
dene)(alkynyl)ruthenium intermediates, followed by formal
vinylidene insertion into the (alkynyl)carbeiruthenium
bond12-15

By contrast, a completely different stoichiometric head-to-

2). This stoichiometric head-to-head coupling of alkynes
analogous to intermediatB has been supported by similar
observations with several sRsRu complexes and osmium
derivativest®19 The displacement of the 1,4-disubstituteg C
biscarbene ligand from the metal, as a step toward catalysis,
was considered. It is well known that the carbene ligand can
insert into a metathydride bond, arising from the protonation

head coupling of alkynes has been discovered by Singleton etof an 18-electron Fischer-type metal carbene comgfighus,

al., affording a metallacyclic biscarbene compléRespite the
interest to selectively produce functional dienes from alkynes,
such a stoichiometric coupling has not yet been used to initiate
the RC(Y)=CH—CH=C(Y)R backbone catalytic formation.

We now report a new chemical transformation, catalyzed by
RuCI(COD)GMes, involving the combination of two molecules
of alkynes and one molecule of carboxylic acid to selectively
afford functional conjugated dienes (eq 1). It is established that
this general catalytic reaction involves the head-to-head coupling
of 2 mol of terminal alkyne at a ruthenium site and the formation
of a metallacyclic biscarberguthenium as the key catalytic
species. It takes place with stereoselective formal addition of
proton and carboxylate atCand C' carbon atoms with
concomitant G-C, C—H, and C-O bond formation. Compu-
tational studies show that the biscarbemnathenium complex,
which is consistent with a complex containing both Fischer-

the activation of alkynes, in the presence of carboxylic acid,
with the more electron-rich ruthenium precursor RuCI(COD)-
(CsMes) than complexA has been investigated.
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The reaction of 2 equiv of phenylacetylene (2.5 mmol) with
1 equiv of acetic acid in the presence of 5 mol % of catalyst

and Schrock-type carbene moieties, on protonation does not 'eaq)recursor RUCI(COD)&Me<2 in 5 mL of dioxane leads, after

to the expecteg?®-allylcarbene ruthenium intermedigelébut
rather gives a mixed Xlkyl, C* carbene ruthenium intermediate
stabilized by a very weak agostic€H bond.
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Results and Discussion

(1) Catalytic Combination of 2 mol of Alkynes with
Carboxylic Acids. The reaction of phenylacetylene with RuBr-
(COD)GsHs (A) was previously shown to lead to a metallacyclic
biscarbene comple& which adds a two-electron nitrogen ligand
to afford a classical metallacyclopentadiene coml2& (eq

(9) Ru(trispyrazolylborate)CI(PR}!° and RuCK=C=CHPh)(PPk)CsMes't
lead to theE isomer of 1,3-enynes, whereas R{IP{CH,CH,PPh);]1%2
and RuH(H)[P(CH,CH,PPh);] ™12 afford the Z isomer. However, the
nature of the alkyne itself can differently orientate the configuration of the
l,3—enyne1.°bv11v13
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Morton, C. E.; Schaverien, C. Drganometallics199Q 9, 1422. (b)
Crocker, M.; Dunne, B. J.; Green, M.; Orpen, A. & Chem. Soc., Dalton
Trans 1991, 1589.
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Puerta, M. C.; Valerga, FOrganometallics2002 21, 2912.

20 h at room temperature, to 77% conversion of phenylacetylene
laand to the formation of only one stereoisome,@E)-1,3-
dienyl acetate2?? (eq 3). The E,3E stereochemistry was
established by théH NMR (CDCls) spectra of2 and model
derivatives?®

2 Ph———H
1a Cp*Ru(COD)CI (5%) Ph __ Ph
y di 20h H>_E< ®)
AcOH loxane, OAc

The reaction is very sensitive to the nature of the solvent as
under similar conditions the conversion of phenylacetylene into
derivative2 was 75% in THF, 53% in DMF, 49% in acetonitrile,
40% in dichloromethane, 37% in toluene, and 30% in ethanol

(19) (a) Ernst, C.; Walter, O.; Dinjus, E.; Arzberger, S.irGpH. J. Prakt.
Chem 1999 8, 341. (b) Ernst, C.; Walter, O.; Dinjus, B. Organomet.
Chem.2001, 627, 249. (c) Pu, L.; Hasegawa, T.; Parkin, S.; TaubeJH.
Am. Chem. Sod992 114, 2712.

(20) (a) Le Bozec, H.; Fillaut, J.-L.; Dixneuf, P. H. Chem. Soc., Chem.
Commun1986 1182. (b) Osborn, V. A.; Parker, M. J.; Winter, JJ.Chem.
Soc., Chem. Commuth986 1185.

(21) Fagan, P. J.; Mahoney, W. S.; Calabrese, J. C.; Williams, Dfgano-
metallics199Q 9, 1843.

(22) A preliminary account on the first evidence of this reaction was reported:
Le Paih, J.; Dden, S.; Dixneuf, P. HChem. Commuril999 1437.

(23) The stereochemistry of derivativesvas established b{H NMR (CDCl)
of [PhCH=CH2—CH!=C(Ph)OAc] 2 and model compounds. The NOE
experiments performed ok were not conclusive as they do not show a
significant increase (2%) of theltsignal ¢ = 6.29 ppm) on irradiation of
the acetate proton®) (= 2.21 ppm). The E configuration of HC=CH-
(Ph)OAc was established by comparison of tHHeNMR data of a mixture
of E andZ isomers PhCR=CH2—CH'=C(Ph)OAc to that of the acetoxy-
stilbeneE andZ isomers. As the transvinylation of vinylester is known to
be catalyzed by RGCO);» under an atmosphere of carbon monoxtie,
the derivative2 was reacted with acetic acid in the presence of B0):,
at 150°C for 3 h, and both isomers Ph@GHCH2—CH!=C(Ph)OAc were
then present in the ratio 80/20. They showedCHC(OAc) signals,
respectively, ab = 6.29 ppm, as the starting produtand ato = 6.61
ppm for the new isomer. These two isomers can be directly compared to
those of acetoxystilbene. THeacetoxystilbene isomer shows an alkenyl
proton signal at low field chemical shifé (= 6.42 ppm) with respect to its
Zisomer ¢ = 6.62 ppmy> These respective chemical shifts allow one to
attribute the configuration B to the HC=C(Ph)OAc bond of2 which
shows the lower field signal of both isomers.
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Table 1. Combination of Arylacetylene and Acetic Acid into Dienyl Acetates 2—10

10 (CeHa)-0-(CN)

Alkynes Dienes Yields a) Reaction time b)
_ Ph %
< > = Xo)k 90% 20h
la 2 Ph
tBu <:> _ t-Bu-(CsH4)x i
b N-o 70% 45h
3 (CeHa)-t-Bu
Q; MeO-(CeHg)—\ o
MeO = H )k
I N0 85% 42h
4 (CeHa)-OMe
N <:> —  (H;C=HO)-(CeHa)— i
1d o 60% 20h
5 (C6H4)-CH=CH2
MeOC <:> . MeOC-(CeHa)—, i
le o 91% 2h
6 (CeHa)-COMe
O; ON-(CeHa) 0
ON - H )k
1f N0 85% 30 min
7 (CeHy-NO,
No@—: p-(NC)-(CeHa)— i
1g N O_ 81% 15 min
8 (CeHa)-p-(CN)
Q{ m-(NC)-(CeHa)—\ JOK
NG o 85% 40 min
9 (CeH4)-m-(CN)
1h
<:\> — 0-(NC)-(CeHa)— i
b o 80% 120 min
1i

a Reaction conditions: alkyne (2.5 mmol), catalyst RuGNEs)COD (0.125 mmol), dioxane (1 mL), acetic acid (1.25 mmol), stirred at room temperature
for 15 min to 45 h. Isolated yield$.Determined for complete conversion of alkyne by gas chromatography.

yields. Thus, the reaction appears to be favored in cyclic ethers 2 R——H

that are potentially two-electron weak ligands. Although the
reaction cannot be performed in neat acetic acid, an increase of
the reagent concentration favors the catalytic reaction, and the

+

best conditions for the transformatida — 2 were found for
2.5 mmol of alkyne and 1.25 mmol of acetic acid in 1 mL of withdrawing groups at the aryl para positibg(NC) > 1f (O2N)
dioxane at room temperature for 20 h. The alkyne conversion > 1le (MeCO) > 1la (H) for which the completed alkyne

was thus completed, and derivat®@e&vas isolated in 90% yield.

1a-11

R'co,H

Cp*Ru(COD)CI (5%)

R
—__ R 4
dioxane Hwo 4

COR!
227

conversion occurs after 0.25, 0.5, 2, and 20 h, respectively. The

These basic conditions were retained for the following studies. reaction is disfavored for electron-donating grodps('Bu) <
Under the same conditions, the less sterically hindered complexlc (MeO) < 1a (H). The electron-withdrawing group at the

RuCI(COD)GHs only partially converts (40%) the alkyrka
into diene2. The electron richness of the catalyst precursor positions (g > 1h > 1i).
RuCI(COD)GMes appears to favor the reaction, likely by
promoting the oxidative coupling of the alkyne.

A variety of arylacetyleneda—1i were reacted with acetic

phenyl para position favors the reaction over the meta and ortho

It is noteworthy that the reaction does not apply to 2-pyri-
dylacetylene and 4-aminophenylacetylene, and this is likely due
to the in situ deprotonation of the acetic acid. Indeed, the

acid in 1 mL of dioxane at room temperature for 15 min to 45 transformatioriia— 2 is completely inhibited when 1 equiv of
h according to the nature of the aryl group, and the results in base such as aniline is added to the reaction medium or when

the formation of diene&—10 (eq 4) are given in Table 1.
Table 1 shows that good yields are obtained(80%) when

EtuN*TAcO~ is used instead of acetic acid.
The combination of phenylacetylene with a variety of

the reaction is performed at room temperature. It is noteworthy carboxylic acids in the presence of 5 mol % of RuCI(COD)-
that the reaction is faster for alkynes containing electron- CsMes takes place under the same conditions (eq 4). The results,

11966 J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003
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Table 2. Catalytic Reaction of Phenylacetylene with Carboxylic Acid

Carboxylic acid pKa Dienes Yields a) Reaction time b)

0o Ph—\,
Cl,HC
2 _<OH 1.48

.~ OH 2.07 Kok% 70% 22h
12 Ph CF3

Ne P Ph—\ 0
L 245 KOJK/CN 85% 17 h30

30% 15h

OH
13 Ph
Ho_ 9O Ph—\ 0
s 3.08 NN o 80% 18h
14 Ph
MeO_ 9 Ph— o]
L, 35 KO)K/OME 93% 18h
15 Ph
o] (@]
Ph N
H
_<OH 3.75 N o)LH 62% 20h
16 Ph
0 0
Ph—x_
Ph
n 4.19 NI, 98% 20h
17 Ph
0 0
Ph—\
M60©—< 4.47 45% 18h
OH N O)L(CSH4)-OMe °
18 Ph
0,
> 4.58 Wo)kf 91% 20h
19 Ph
0 0
Ph—
Me
.., 475 KO)K 90% 20h
2 P!
0 0
Ph—x
-B
e 482 X’O - 60% 24h
20 Ph
0 Ph—\ o
s, 4.84 Ko)ﬁ/ 70% 23h
21 Ph
0 Ph—\ o
t-Bu
J<OH 5.03 NI 91% 20h
22 Ph

a Reaction conditions: phenylacetylene (2.5 mmol), catalyst Ru@®l165)COD (0.125 mmol), dioxane (1 mL), acid (1.25 mmol), stirred at room temperature
for 15 to 24 h. Isolated yield®.Determined for complete conversion of alkyne by gas chromatography.

summarized in Table 2, show that this new synthesis of dienes The direct reaction of arylacetylenes with amino acids does
is general and tolerates a large variety of functional groups andnot allow the conversion of alkynes. However, when the amino
carboxylic acids. This one-step reaction allows the direct accessgroup is protected with a BOC or a CBz group (BGCCO,-

to diene monomer containing methacrylate grotp (9) and 'Bu, CBz= CO,CH,Ph), the combination of phenylacetylene
the introduction of smallX6) or bulky (22) carboxylic acid. with different amino acids leads to the synthesis of dienyl-
However, the strongest acids do not lead to the dienes, as onlyaminoester23a—d (Scheme 1).

30% yield of11 could be obtained with @CHCOH (pK,; = The reaction of arylacetylenes with dicarboxylic acids can

1.48). CRCOH (pKa, = 0.25) does not lead to the conversion be performed in the presence of 4 equiv of phenylacetylene,
of alkynes. This is likely due to the protonation of the ruthenium under similar conditions (Scheme 2). Oxalic acid € 0)
catalyst which is expected to inhibit the oxidative coupling of (pKa1 = 1.38) does not allow the formation of diester, whereas
two molecules of alkyne at the ruthenium site. As a conse- for diacids with a longer carbon chaim & 1), the reaction
quence, the head-to-head coupling of alkynes does not resultieads to only one isomer of dienylest@4a—d with good yields
from double insertion of alkyne into the Rid and then into (Scheme 2). This synthesis tolerates functional groups, as the
the resulting Ra-C bonds, as confirmed later by labeled reaction of ()-tartaric acid or K)-glutamic acid, respectively,
experiments. leads to the product®4e and 24f in 50% yield (Scheme 3).

J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003 11967
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Scheme 1 Table 3. Combination of Alkylacetylene and Acetic Acid into
2 Ph—=——H Dienyl Acetates 25—27
- . oy Ph
w. >x<Pho Alkynes Dienes Yieldsa) Reaction time b)
COH dioxane H O/“\CHR1 n-Bu—= n-Bu N o
W UHR 1j AL 20% 2h
R'CH 23ad o]
NHR 25 n-Bu
Amino acid Compound 23 (yield) n-Hex—=  n-Hex—y_ 1%
R R 1k N 40% 19h
CHg CBz 23a (84%) o
PhCH, BOC 23b (75%) o 26 -He())(
H BOC 23c (55%) T'V'Sr = TMS— )k 0% 6h
HOCH, BOC 23d (33%) N o
27 ™S
Scheme 2
4 Ph—=——H Ph a8 Reaction conditions: alkyne (2.5 mmol), catalyst RuGNEs)COD
Cp*RuU(COD)CI (5%) __ Pho (0.125 mmol), dioxane (1 mL), acetic acid (1.25 mmol), stirred at room
* R H>¥< temperature for 16 to 22 h. Isolated yieldetermined for complete
_coH dioxane o 2(CHz)n conversion of alkyne by gas chromatography.
(CHa) 24a-d L .
CO,H for 22 h afforded only derivativ@a, selectively deuterated at
Diacid ‘a Compound 24 (yield) carbon G, isolated in 85% vyield (eq 5). The'Qeuterated
: 2921 248 (50%) phenylacetylene and acetic acid were reacted under the same
) e 24“750/‘;) conditions and afforded only derivativb in 68% which
4 439 24c (70%) showed complete ret_ention of d_egt_erium at carbohar@ G
6 4.46 24d (70%) (eq 6). These experiments definitively show a head-to-head
coupling of the alkynes, with retention of both terminat-8
Scheme 3 (C—D) bonds, and that the carboxylic acid formally adds to
4 Ph—=—H Ph on on Ph carbon @ (proton) and to carbon ‘C(carboxylate). Thus, a
. - H>a=< o Q >=/:<H mechanism involving a vinylidene intermediate with 1,2-mi-
HOW_COoH OHO gration of the terminal hydrogen atom cannot be consid&red.
HO™ “COH 24e (50%) 2Ph—=—H Cp*RuU(COD)CI (5%)  Ph
. AT — Ph 5
dioxane, 20 h D>¥< ©)
CH3CO,D OAc
4 Ph————H Ph Ph 2a
+ - H>a=<Pho oph>:/:<H 2Ph—=—D
COH o o +— Cp*Ru(COD)CI (5%) Ph _ D Ph
NHBOC dioxane, 20 h H>_§:<
COH CH3CO,H D OAc 6
NHBOC 24f (50%) (6)

The above reaction can be extended to alkylacetylenes; The catalyst precursor RuCl(COD)@es (0.37 mmol) was
however, the transformation leads to moderate yields in dienesreacted with 2 equiv of phenylacetylene (1.85 mmol) in 5 mL
(Table 3). From hex-1-yne, oct-1-yne, and trimethylsilylacety- of degassed THF. Afte8 h of reaction at GC, the comple28
lene are obtained the dien2s(20%),26 (40%), and27 (20%), was formed and isolated in 80% yield and contained a
respectively (eq 4). biscarbene ligand{C NMR, 6 (Ru)C= 262.4 ppmg (=CH)

This novel reaction, performed with electron-rich ruthenium- = 155.1 ppm) (eq 7). The same compl&8 was recently
(I) precatalysts, contrasts well with the regioselective addition obtained by reaction of RuCI(MBCH,CH,NMe,)CsMes with
of carboxylic acids to alkynes with electrophilic ruthenium(ll)  phenylacetylene in diethyl eth&whereas RuCI(PRJxCsMes

catalysts promoting the formation, without preliminary head- with acetylene by contrast leads to the ruthenacyclopentadiene
to-head coupling of the alkynes, of enol esters via either P R
Markovnikov addition with RuG(PR)(arene3P or anti-Mar- complex GMes(PPR)(C)RUCH=CH—-CH=CH.>¢ This com

kovnikov addition with Ru(methally){diphosphiné*?6 cata- ~ P!€x 28 can be viewed as a mixed Fische3chrock-type
lysts. biscarbeneruthenium(IV) complex as discussed later (Scheme

(2) Mechanism Study.To propose a reaction mechanism 5). We can adopt for this biscarbene representation the formula

and its catalytic cycle, several key experiments involving labeled 28 (eq 7), Wh'Ch_ is the average situation between the two
reagents and stoichiometric reactions were designed. TheSCheéme 5 canonical forms. , _ ,
reaction of 2 equiv of phenylacetylene with deuterated acetic 1 e isolated comple28 was reacted with 1 equiv of acetic

acid with 5 mol % of RUCI(COD)@Mles at room temperature ~ a¢id in CDClz in-an NMR tube and led to the complete
formation of derivative2. Complex28 was used as a catalyst

(24) Murray, R. E. European Patent, 0351 603 A2, 1989. precursor (5 mol %) in the reaction of 2 equiv of phenylacety-
(5) fg‘ggﬁ' g;o‘évo"dard* R.A.; Anderson, T. J.; Glick, M.DOrg. Chem lene (2.5 mmol) with 1 equiv of acetic acid (1.25 mmol) in

(26) (a) Doucet, H.; Martin-Vaca, B.; Bruneau, C.; Dixneuf, PJHOrg. Chem.
1995 60, 7247. (b) Doucet, H.; Her, J.; Derrien, N.; Bruneau, C.; Dixneuf, (27) Gemel, C.; Le Pensee, A.; Mauthner, K.; Schmid, R.; KirchneMéhatsh.
P. H.Bull. Soc. Chim. Fr1996 133 939. Chem 1997, 128 1189.
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Scheme 4
¢ . *+-0,CR!
. - Ph c * 2
%%‘ /% H<Cl R'COH HiErsCl i
/ < . N N
Ru¥ _
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d R OR K- | R
: T g ™ —
8h,0°C ¢]
2 Ph————H Ph
28 (80%) (28) R=Ph

dioxane (1 mL) at 28C for 20 h. The reaction affords the diene
2 and shows that comple38 has a catalytic activity similar to
that of its precursor RuCI(COD}¥es. Complex28was reacted 2 — O\ —R
with 1 equiv of HBR in Et;O and was immediately transformed
into several organometallic salts which could not be identified
but led to an organic product which has been identified as the

chlorinated E,3E-diene 29 in 50% yield (eq 8). The same ~-'o"¢° * *
reaction performed with HCI in D and28 also affords the %’L/CI CR%/Q ??Z/Cl
same chlorinated dier9 isolated but in 33% yield. By contrast, RQR = r=< >k R @R

complex28 does not react with ACONEt;* in dioxane at room
temperature. These experiments support that the initial reaction

of intermediate28 takes place with the proton and then with  As an attempt to identify the most stable protonated species

carboxylate and not the reverse. of biscarbene comple® and the relative cis or trans position
of the incoming proton with respect to the chlorine atom,
/%Ph theoretical calculations, using the hybrid QM/MM (ONIOM)
% THF Ph method with Gaussian 98, were thus undertaken.
CI”S“\ g o —— H>=E<P“ ®) (3) Computational Studies. The electronic structure and
of

geometrical features of the biscarbene complekave been
fully discussed by Calhorda et @ with a level of calculation

Consequently, the above experiments and classical organo-s'm'lar to that used in this work, and no further comment is

metallic concepts would suggest that an intermediate of Eype needed on this species. We thus focus our study on the structure

could be a catalytic intermediate (Scheme 4). The key catalytic and reactivity of th_e protongted spe_mesmfl_:‘rotonatmn can
intermediate is the biscarbengithenium complex of typ® occur at several sites leading to different isomers which can

that has been isolated, characterized, and shown to catalyze théhemselves generate various diene products after reaction with

diene formation when R= Ph @8). The carboxylic acid first the\charhboxyIat(:,_. ed the struct ¢ tonated bi b
protonates the complex to give the transient ruthenium inter- € have optimized the struclure ot a protonated biscarbene

mediateE or F, as ammonium acetate does not react \2&h comp!ex W_ith various ‘”i“"?" positions f_or the proton. Two
Carbene ligands readily insert into the metaydride bond to resulting minima were obtained, and their structures are shown
give an alkyl group? and this insertion is favored by the asTl gndTZ (Figures 1 anq .2)' n thg two SPecies, theld
addition of a two-electron ligand. Thus, speciEs with a bpnd Is fully formeq. No minimum with a protonation exclu-.
coordinated €C bond, corresponding to a mixed carbene allyl sively at the ruthenium a_ltom could be Iog:ated on the pqtentlal
species which can be represented by the canonical férins energy surface. The two isomérs andT2 d|f_fer by the re'aﬁ"’e
andF2, might be expected from ruthenium hydride specigs ( pgsltlgn of the G-H and Ru-Cl bonds relative to the & C*~

Itis likely, as a Ru-H species was never observedbyNMR C*—C* backbone. In thg ,mOSt stable structuTG,, the C_.H

on addition of acids to comple28 at low temperature, that the and I?u—CI bonds are cisth the Ie;s stable isomdi2 with
protonation of the biscarberi2 directly led to a mixed allyl fransdd C—H and Ru-Cl bonds being 15.2 keal nol above

: . . . T1.
carbene ruthenium specieB)( by direct protonation of the . .
carbene carbon. In T1, the G—H bond of 1.120 A is just slightly longer than

Indeed, mixed allyl carbereruthenium complexes are well a normal C(sh—H ?Ond' Protonation of Ehas significant‘Ily
knownl” Furthermore, recently Kirchner et &l .showed that ello&ggft;e\d thz :‘;u? bt?]ndb(z':ﬂs A) as cor;epirgj ZtOARG’
intramolecular migration of a two-electron ligand (R the (1. ) and that in the biscarbene complex1. ) (eq

16 . I I 1
adjacent carbene carbon takes place, in related cationic biscar-z)' The Ru_ H_dlstanc_:e, equal to 1.952 A, is on the Iong_S|_de
for an agostic interaction. These features are characteristic of

bene complexes éE|5(Ph;)RLll(:C(Me)-CR=CR—(Me)é3:)+X* the formation of an alkyl group at'Gn which the new G-H

to afford an allyl carbene ligand. bond makes a weak agostic bond with the ruthenium center.
The remaining carbene atom in the cationic ruthenium(lV) Protonation to €has not modified the carbon backbone of the

intermediate£) should be more electrophilic than that in neutral metallacycle. A double bond is clearly identified betweeh C

biscarbene @), and then the carboxylate on addition to this and G with a typical C—C3 distance of 1.388 A, and this

electrophilic carbon atom should lead to the release of the dienedouble bond remains conjugated with thearbene orbital of

of type 2. The formation of the chlorinated dien29 on C* as shown by the rather shorB-€C#* distance (1.412 A) for

protonation o8 by HBF, can thus be explained by the internal

1,2-migration of the chloride ligand &F species to the carbene ~ (28) Riba, E.. Mereiter, K. Schmid, R.; Sapunov, V. N.; Kirchner, K.;

Schottenberger, H.; Calhorda, M. J.; Veiros, L.Ghem.-Eur. 32002 8,
carbon atom (eq 8). 3948.

28 Ph X = BF,, C 29
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Cl-HI=1.120A Ru-C4=1.981 A
Ru-C1=2315A H..Cl=2.407 A
Cl-C2=1.4124
C2-C3=1.388A
C3-C4=1412A

Figure 1. Two views of the optimized (B3PW91) structure of Cp*Rul®H,)(CI)(H)", isomerT1. Distances in angstroms.

Cl-H1 =1.226 A Ru-C4=1.971 A
Ru-HI1 =1.702 A Ru-C1=2.298 A
Ru-C1=2.110 A

Figure 2. Two views of the optimized (B3PW91) structure of Cp*Ruf®:Hy)(Cl)(H)*, isomerT2. Distances in angstroms.

a single bond. A key feature of this species is thatttbitals hydrogen is only 1.702 A from the ruthenium which indicates
of the allylic G—C3—C* system do not interact directly with  a definite interaction between Ru and H. In contrast to what
Ru as is often observed in allyl complexes. A mixet-C2— has been obtained farl, the presence of H onlCeads to a

C8 allyl C# carbene ligand as observed in some molybdéfium  short Ru-C! distance of 2.110 A. The incoming proton bridges
or ruthenium® complexes cannot be retained. Thus, the the Ru-C!x orbital (the dihedral angle HC1—Ru—C# is 84°)
hypothetical intermediate such &4 or F2 can no longer be  and interacts strongly with the two Ru and Gites. The
retained. This appears from the dihedral angle of R¢—C%— remaining part of the metallacycle is identicallia andT2, in

C? which is essentially 0 It should be noted furthermore that  particular, the &-C3—C# system with no interaction between
surprisingly the entire metallacycle has remained planar. This the @=C3 double bond and the ruthenium atom. Therefore,

protonated complex is best described as having a carbene groug2 also has a carbene group stabilized by a double bond and a
at C' stabilized by the €&=C® double bond and by the phenyl  phenyl ring.

ring and an alkyl group at ©with a very weak G-H agostic
interaction. This weak agostic bond allows one to satisfy the
18-electron environment of the ruthenium atomTih as it is
clear that the &=C® bond does not contribute to this. Another
stabilizing interaction can be identified in this complex, although
it cannot be quantified. The distance between the negatively
charged chlorine center and the H dfi€ only 2.407 A, which
is short enough for a weak €l-++H*—C interactior?®

The less stable isomeFR, has the €-H and Ru-Cl bonds
transdd relative to the &-C?—C3—C* backbone. The &-H
bond, equal to 1.226 A, is long for a-@4 bond, and the

The energy preference fdrl overT2 is not negligible, and
several factors can contribute to it. Although the ruthenium
formal oxidation numbers in the above intermediates should be
considered only with extra caution, several comments can be
made. There are several ways to consider the oxidation state of
specieD. If D is viewed as a biscarbene with a noncoordinated
C?=C8 double bond, the ruthenium atom should be considered
as having the formal oxidation state Il. Thesystem of the
metallacycle thus has only two electrons. An alternative extreme
viewpoint is to consider that each of the two carbenes becomes
an alkylidene ligand which requires a transfer of two electrons
(29) Jefirey, G. A: Saenger, W. Ib-Bonding in Biological Structures from the ruthenium atom per cgrbene. In this limit, t_he ruther_lium

Springer: Weinheim, 1994. would have the higher oxidation state of VI. An intermediate
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situation is obtained by considering that theystem ¢—C?—
C3—C* is occupied by a total of four electrons corresponding
to the classical metallacyclopentadiene system. The ruthenium
center is then at the formal oxidation state V. This latter point
of view agrees best with the analysis of the electron wave
function as done by Calhorda et?dIHowever, these calcula-
tions® reveal that both RuC bonds have actually a strong
double bond character, while retaining a formal Ru(IV) moiety.
By doing so, the Rugcycle is better described as a Ru(lV)
metallacyclopentatriene than a metallacyclopentadiene. Thus,
the biscarbeneruthenium carbene is better described with the
canonical forms in Scheme 5 rather than by represent&ion
(eq 2). This is why the biscarbeiieis represented as resulting
from these two canonical forms. In metal complex chemistry
language, it means that the biscarbenghenium(lV) species
D (or 28) gathers in the same complex both Fischer and Schrock
types of metatcarbene complexes. In molecular orbital lan-
guage, it means that one of three orbitals originating from the
formal tq4 is strongly delocalized in the system of the &-
C2—C8—C* skeleton. This has two consequences: accumulation
of electron density on the carbarsystem, in particular between
Ru and € (and Ru and &); thus the Re=C becomes an obvious
site for protonation. However, the formal oxidation state of
Ru(lV) intrinsically decreases the ruthenium ability to be
protonated. Therefore, the protonation of the Ru atom only is Figure 3. Space-filling models of the optimized structuresTdf and T2
clearly unfavorable. This results in the formation of a strong 'Somers of CP*Ru(GPRHZ)(CI)(H)". In black is the carbon where the

. . . . nucleophile adds. In light gray are the three other carbons of theg RuC
C—H bond, with at best a weak interaction with RILj. One fing. In intermediate gray is the chlorine atom.
can even push the formal oxidation langage to account for why
T1 is more stable thaff2. In T1, the electronic density of Ru ~ Scheme 6

has not changed by the protonation, and only the carbon has Cp*Ru(cod)Cl
given electronic density to the proton. Ti2, the Ru would be ‘/}/ 2R—=
more implicated in the protonation process and is required to H R cod

give more density which is not favorable for a Ru(lV) system. R_U_02CR1 cp*

BecauseTl is likely to be the dominant species in solution, @ R@R RICOH
it is now necessary to examine its reactivity toward an incoming o ?
nucleophile. Computational methods are not well set for such 2R—= (D) \&
studies. There is no transition state for approaching ions in the
vacuum, and the solvent would play a major role in determining ) cp*
the position and height of the activation barrier. To understand %ﬂ H /RAU"
qualitatively the regioselectivity, one is forced to consider the "\'@OZCW R\@R
isolated ion and use some structural/reactivity pattern to acquire RIN=R “0,CR'
some information. In the present case, the situation is reasonably (H) @

clear on steric grounds. From the views in Figures 1 and 2, it ‘\/

appears that no nucleophile is likely to come from the side of

the GMes ligand, and it is also evident that the direct access to

the four carbon atom ligand on the opposite side of the  (4) Catalytic Cycle.On the basis of theoretical studies, the
ruthenium atom is facile even for rather large nucleophiles. The catalytic cycle as described in Scheme 6 can be proposed. It
approach of the carboxylate to thesystem, and to the‘C  involved (i) the direct protonation of intermediae carbene
carbon atom at which the addition takes place, on the oppositecarbon @ to give G, with a very weak H-C! agostic bond
side of the ruthenium is expected to be favored. It is also stabilization corresponding to the calculated spedigs and
rewarding to notice that the same steric considerations clearly (ii) the addition of carboxylate to the“@arbene carbon atom
show thatT2 would not be as reactive asl. One sees from  to give the intermediatel releasing the dien2 and the catalyst.
Figure 3 that inT2 the access to €is considerably more  Expected intermediates as spedidsor F2 are now ruled out.
hindered by the position of Cl and the orientation taken by the It was observed (Table 1) that the formation of the diehes
phenyl rings than inT1. This also eliminatesT2 as an is much faster with electron-withdrawing groups at the para
intermediate to produce the final product. As a final remark, it position of phenylacetylene (NC,.8, RCO) than with the

is frustrating not to understand how the diene is formed by electron-donating groups (Me@u). This strong influence can
decomposition of the metallacycle after the addition of the be rationalized in terms of the stability of the mixed alkyl
nucleeophile, but such complex decomposition on a large sizecarbene complexe& = T1). Indeed, electron-releasing sub-
system is beyond our present computational possibilities. stituents on aryl groups are known to stabilize Fischer-type
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carbene complexes. The alkypdleOGH4C=CH is expected

and are represented with the hybrid B3P\Wdensity functional. To

to lead to a more stable carbene and a less electrophflic C maintain conjugation between the carbene and the phenyl ring, two

carbene carbon in intermediathanp-NCCsH,C=CH. Thus,

carbons of each phenyl are part of the quantum domain (the phenyl is

the former is expected to lead to a slower carboxylate addition @ Viny! at the QM level). The five methyl groups oties as well as

reaction than the latter as observed in Table 1.

Conclusion

The above result shows a novel catalytic reaction which
combines, in one step, two molecules of alkynes and one o
carboxylic acid to afford only one diene isomer, thus with high

stereoselectivity and atom economy. This unique catalytic

formation of (E,3E)-1,4-disubstituted-1,3-dienes is highly

regioselective in the head-to-head coupling of alkynes and

stereoselective in the concomitant formation of the thre€cC
C—H, and C-O bonds. The existence of the metallacyclic

the remaining atoms of the two phenyl rings are represented at the

MM(UFF) level3 The Ru atom was represented by the relativistic

effective core potential (RECP) from the Dolg group (16 valence

electrons) and its associated (8s7p5d)/[6s5p3d] basisseplemented

by an f polarization function of = 1.235)3° The Cl atom was
f represented also with the Stuttgart REC&hd basis set supplemented
by a d polarization functiono{ = 0.640)%” A 6-31G (d,p) basis s&
was used for the remaining atoms. Optimizations were performed
without any symmetry constraint and were followed by analytical
computation of the Hessian matrix to confirm the nature of the located
minima on the potential energy surface.

To test the influence of the partition between the QM and MM parts

within the phenyl substituent, we have optimized isomktsand T2

biscarbene intermediate as the key catalytic species is demonat the ONIOM(B3PW91/UFF) level with the phenyl ring entirely in
strated, for which reactivity and calculations are consistent with the QM part with the same basis set as described above. This resulted

a mixed FischerSchrock-type biscarbene ruthenium(lV). Com-

in a significant increase of the computational cost: 443 versus 311

putational studies do not support the stereoselective formationPasis functions and 166 versus 114 electrons to treat at the DFT level.

of a mixed carbene allyl intermediat€)(on protonation. They
suggest, via direct protonation at thé €rbene carbon atom
of the biscarben® rather than at the ruthenium site, that a
chelating mixed C(1)alkyl, C(4)carbene ligand is formed. This
chelating ligane-ruthenium system is stabilized by a very weak
agostic H-C! bond interaction and clearly not by the=€C;
double bond coordination which would rather lead to the allyl
C'—C?—-C8 group.

However, the two partitions (phenyl QM vs vinyl QM) gave virtually
the same results with a difference in energy between the two isomers
of 15.5 versus 15.2 kcal mdi. The geometrical parameters were also
hardly altered, which validates the use for the phenyl ring of the vinyl
partition scheme yielding much less expensive calculations with a
comparable accuracy.

Typical Procedure for Ruthenium-Catalyzed Dimerization of
Terminal Alkynes with Monocarboxylic Acids. To a solution of
terminal alkyne (2.5 mmol, 1 equiv) in degassed dioxane (1 mL) were

The concept of the reactive biscarbene intermediate shouldadded RuCl(cod)(éMes) (0.125 mmol, 5%) and carboxylic acid (1.25

allow further development via addition of pronucleophiles, and
the reaction shows potential for access to new unsaturate
polymers from diynes.

Experimental Section

All catalytic reactions were carried out under inert atmosphere in

mmol, 0.5 equiv) under inert atmosphere at room temperature. The
dreaction mixture was stirred at room temperature for 15 min to 45 h.

The solvent was removed, and the product was purified by silica gel

flash column chromatography (eluent pentadeethyl ether mixtures)

to give dimerization adduct as a white solid in-288% yield. The

compounds were analyzed by NMRH( and **C), IR, and mass

spectroscopy.

Schlenk tubes. Chemicals were obtained commercially and used as

supplied. The complex RuCl(cod){fes) was prepared according to
the reported methott. Products were isolated by silica gel (7230

mesh) flash column chromatography with mixed solvents (pentane/

diethyl ether mixtures)'H and *3C NMR spectra were recorded on
Bruker AM 3000 WB and DPX 200 spectrometers in deuterated

chloroform solutions at 298 K. IR spectra were recorded on a Bruker

IFS28 spectrometer. Mass spectra were obtained on a VARIAN MATT

311 high-resolution spectrometer in Centre Regional de Mesures de

I'Ouest (CRMPO), University of Rennes 1. Diethyl ether and THF were

distilled from a mixture of sodium/benzophenone. Pentane, hexane, and

toluene were distilled from Catdand the dichloromethane was distilled
from P>Os.

Computational Details. The full system was calculated using the
hybrid QM/MM (ONIOM)3° method with Gaussian 98.The metal
and all atoms in the direct vicinity of Ru are part of the quantum domain

R H2
=9
2=

o olg

2. Yield: 90%. 'H NMR (200.131 MHz, CDG) 6 ppm: 2.21 (s,
3H, MeCO), 6.29 (dJ = 11.1 Hz, 1H, H), 6.67 (d,J = 15.5 Hz, 1H,
H3), 6.99 (dd,J=11.1 Hz,J = 15.5 Hz, 1H, H), 7.21-7.53 (m, 10H,
Ph).1*C NMR (50.329 MHz, CDG) 6 ppm: 169.6, 148.4, 137.2, 134.7,
134.5, 128.9, 128.7, 128.5, 128.4, 127.8, 126.5, 123.3, 120.5, 21.1.
MS (El): m/z 264.1148 (calc for GH160, 264.1150). FT-IR (KBr)
(cm™): 3060, 3035, 3022, 1758, 1636, 1594.

3. Yield: 70%. H NMR (200.131 MHz, CDG)) 6 ppm: 1.32 (s,
9H, ‘Bu), 1.36 (s, 9H!Bu), 2.20 (s, 3H, Me), 6.25 (d] = 11.2 Hz,
1H, HY), 6.65 (d,J = 15.5 Hz, 1H, H), 7.00 (dd,J = 11.2 Hz,J =
15.5 Hz, 1H, H), 7.31 (m, 4H, Ar), 7.45 (m, 4H, Ar}3C NMR (50.329
MHz, CDCk) 6 ppm: 169.70, 151.9, 150.9, 148.0, 134.7, 134.0, 131.8,

(30) Svensson, M.; Humbel, S.; Froesee, R. D. J.; Matsubara, T.; Sieber, S
Morokuma, K.J. Phys. Chem1998 100, 19357.

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, G.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. &Saussian 98Gaussian, Inc.: Pittsburgh,
PA, 1998.
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(33) RappeA. K.; Casewitt, C.; Colwell, K. S.; Goddard, W. A.; Skiff, W. M.
J. Am. Chem. S0d.992 114, 10024.
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(37) Hdlwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas,
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128.1, 126.3, 125.6, 125.5, 122.9, 120.3, 31.4, 21.2. MS (il
376.2392 (calc for eH3,0, 376.2402). FT-IR (KBr (cm™1): 3050,
2964, 1758, 1608, 1367.

4. Yield: 85%.H NMR (200.131 MHz, CDG)) 6 ppm: 2.17 (s,
3H, Me), 3.77 (s, 3H, Me), 3.82 (s, 3H, Me), 6.15 ®= 10.9 Hz,
1H, HY), 6.56 (d,J = 15.6 Hz, 1H, H), 6.80 (dd,J = 10.9 Hz,J =
15.6 Hz, 1H, H), 6.81 (dm,J = 9.0 Hz, 2H, Ar), 6.91 (dmJ = 9.0
Hz, 2H, Ar), 7.25 (dmJ = 9.0 Hz, 2H, Ar), 7.39 (dm,J = 9.0 Hz,
2H, Ar). 13C NMR (50.329 MHz, CDGJ) 6 ppm: 169.7, 159.8, 159.3,

Ph).23C NMR (50.329 MHz, CDG)) 6 ppm: 162.9, 147.6, 136.8, 135.9,
133.0, 129.5, 128.7, 128.6, 128.4, 128.2, 126.7, 122.4, 120.8, 64.3.
MS (EI): m/z 332.0386 (calc for GH140-%Cl, 332.0371). FT-IR (KBr)
v (cm1): 3058, 3024, 1779, 1678, 1615, 1596.

12. Yield: 70%. °F NMR (188.31 MHz, CDGJ) 6 ppm: —65.8.
1H NMR (200.131 MHz, CDGJ)) 6 ppm: 6.42 (dJ = 11.2 Hz, 1H,
HY), 6.57 (m, 1H, M), 6.74 (d,J = 15.6 Hz, 1H, H), 6.88 (m, 1H,
HS), 7.04 (dd,J = 11.2 Hz,J = 15.6 Hz, 1H, H), 7.25-7.56 (m, 10H,
Ph).%3C NMR (50.329 MHz, CDGJ)) 6 ppm: 160.0, 147.6, 137.0, 135.4,

147.3, 133.3, 130.2, 129.7, 127.6, 127.2, 121.4, 119.6, 114.1, 113.9,134.3, 133.8, 131.2, 129.3, 128.8, 128.7, 128.4, 128.0, 126.7, 122.8,

55.3, 55.3, 21.1. MS (Ely1/z 324.1367 (calc for gH2004 324.1361).
FT-IR (KBr) v (cm): 3035, 3002, 1757, 1603, 1573. mp: 9.

5. Yield: 60%.'H NMR (200.131 MHz, CDGJ) 6 ppm: 2.19 (s,
3H, Me), 5.21 (d,J = 11.0 Hz, 1H=CHy), 5.30 (d,J = 11.0 Hz, 1H,
=CHy), 5.71 (d,J = 17.0 Hz, 1H,=CHy), 5.80 (d,J = 16.6 Hz, 1H,
=CHy), 6.25 (d,J = 11.2 Hz, 1H, H), 6.63 (d,J = 15.6 Hz, 1H, H),
6.65-6.80 (M, 2H,=CH), 6.98 (dd,J = 11.2 Hz,J = 15.6 Hz, 1H,
H2), 7.30 (m, 4H, Ar), 7.40 (m, 4H, AXC NMR (50.329 MHz,
CDCL) 6 ppm: 169.6, 148.1, 138.1, 137.1, 136.8, 136.4, 136.3, 134.1,
134.0, 128.6, 126.7, 126.6, 126.4, 123.3, 120.6, 115.0, 113.9, 21.2.

6. Yield: 91%.H NMR (200.131 MHz, CDG)) 6 ppm: 2.19 (s,
3H, Me), 2.55 (s, 3H, ArCOCH), 2.62 (s, 3H, ArCOCH), 6.35 (d,
J=11.2 Hz, 1H, H), 6.71 (d,J = 15.6 Hz, 1H, H), 7.02 (dd,J =
11.2 Hz,J = 15.6 Hz, 1H, H), 7.37 (d,J = 8.5 Hz, 2H, Ar), 7.54 (d,

J = 8.6 Hz, 2H, Ar), 7.85 (dJ = 8.5 Hz, 2H, Ar), 7.98 (dJ = 8.6
Hz, 2H, Ar). 3C NMR (50.329 MHz, CDGJ)) 6 ppm: 197.4, 169.3,

121.3, 121.0. MS (El)m/z 344.1022 (calc for GH1502F5 344.1024).
FT-IR (KBr) v (cm™1): 3062, 1750, 1683, 1598.

13. Yield: 85%.'H NMR (200.131 MHz, CDG) 6 ppm: 3.55 (s,
2H, CH,CO), 6.35 (dJ = 11.0 Hz, 1H, H), 6.70 (d,J = 15.6 Hz, 1H,
H3), 6.93 (dd,J = 11.0 Hz,J = 15.6 Hz, 1H, H), 7.22-7.49 (m, 10H,
Ph).1*C NMR (50.329 MHz, CDG) 6 ppm: 161.6, 147.7, 136.8, 135.8,
133.4, 129.4, 128.7, 128.7, 128.4, 128.1, 126.7, 122.4, 121.1, 112.7,
24.9. MS (El):m/z 289.1112 (calc for @H1s0,N 289.1103). FT-IR
(KBr) v (cm%): 3058, 3040, 2261, 1766, 1636, 1595.

14.Yield: 80%.'H NMR (200.131 MHz, CDGJ) é ppm: 1.52 (d,
J = 7.0 Hz, 3H, Me), 2.82 (dJ = 5.0 Hz, 1H, OH), 4.44 (m, 1H,
CHOH), 6.29 (dJ = 11.1 Hz, 1H, H), 6.67 (d,J = 15.6 Hz, 1H, H),
6.95 (dd,J = 11.1 Hz,J = 15.6 Hz, 1H, H), 7.20-7.37 (m, 10H, Ph).
13C NMR (50.329 MHz, CDGJ) 6 ppm: 174.4, 147.8, 137.1, 135.1,
133.9, 129.2, 128.7, 128.6, 128.3, 127.9, 126.6, 122.8, 120.6, 66.9,
20.4. MS (El):m/z294.1256 (calc for GH1405 294.1256). FT-IR (KBr)

148.4, 141.4, 138.9, 137.2, 136.2, 134.2, 128.9, 128.6, 128.5, 126.6,v (cm?): 3445, 3058, 3024, 1755, 1634, 1595.

125.3, 121.6, 26.7, 26.6, 21.0. MS (E)z 348.1365 (calc for §H2004
348.1361). FT-IR (KBry (cm™1): 3053, 3002, 1758, 1681, 1637, 1598,
1560.

7. Yield: 85%. *H NMR (200.131 MHz, CBCl,) 6 ppm: 2.22 (s,
3H, Me), 6.43 (dJ = 11.1 Hz, 1H, H), 6.76 (d,J = 15.4 Hz, 1H,
H3), 6.98 (dd,J = 11.1 Hz,J = 15.4 Hz, 1H, H), 7.44 (d,J = 8.8 Hz,
2H, Ar), 7.62 (d,J = 8.8 Hz, 2H, Ar), 8.15 (dJ = 8.8 Hz, 2H, Ar),
8.29 (d,J = 8.8 Hz, 2H, Ar).13C NMR (50.329 MHz, CRCl,) 6 ppm:

15. Yield: 93%.H NMR (200.131 MHz, CDGJ) 6 ppm: 3.47 (s,
3H, Me), 4.18 (s, 2H, CLCO), 6.31 (dJ = 11.1 Hz, 1H, H), 6.66 (d,
J = 15.6 Hz, 1H, H), 6.95 (dd,J = 11.1 Hz, 1H,J = 15.6 Hz, H),
7.22-7.47 (m, 10H, Ph)C NMR (50.329 MHz, CDGJ) 6 ppm: 168.9,
147.7, 137.1, 134.8, 134.2, 129.1, 128.6, 128.5, 128.4, 127.8, 126.5,
123.1, 120.7, 69.8, 59.5. MS (Elj/z 294.1262 (calc for GH1s0s
294.1256). FT-IR (KBry (cm™1): 3058, 3024, 1772, 1684, 1636, 1595.
16. Yield: 65%.H NMR (200.131 MHz, CDG)) 6 ppm: 6.31 (d,

171.1, 150.1, 149.0, 145.0, 142.6, 135.7, 131.2, 129.1, 128.4, 126.0,J = 11.0 Hz, 1H, H), 6.69 (d,J = 15.5 Hz, 1H, H), 6.96 (dd,J =

125.8, 124.0, 22.7. MS (El)m/z 354.0867 (calc for @H1406N-
354.0852). FT-IR (KBry (cm™2): 3055, 1758, 1653, 1589, 1507, 1340.
8. Yield: 81%.'H NMR (200.131 MHz, CDGJ) 6 ppm: 2.20 (s,

3H, Me), 6.36 (dJ = 11.1 Hz, 1H, H), 6.68 (d,J = 15.6 Hz, 1H,
H?), 6.91 (dd,J = 11.1 Hz,J = 15.6 Hz, 1H, H), 7.37 (dm,J = 8.2
Hz, 2H, Ar), 7.54 (m, 4H, Ar), 7.70 (dm] = 8.6 Hz, 2H, Ar).13C
NMR (50.329 MHz, CDCJ) 6 ppm: 169.2, 148.0, 141.0, 138.7, 134.0,

11.0 Hz,J = 15.5 Hz, 1H, H), 7.23-7.47 (m, 10H, Ph), 8.20 (s, 1H,
CHO). *C NMR (50.329 MHz, CDGJ) 6 ppm: 159.6, 147.6, 136.9,
135.2, 133.3, 129.3, 128.7, 128.5, 128.4, 127.5, 126.3, 122.8, 120.4.
MS (El): m/z 250.0987 (calc for GH140, 250.0994). FT-IR (KBr)
(cm™): 3058, 3040, 2850, 1735, 1684, 1636, 1595.

17.Yield: 98%.'H NMR (200.131 MHz, CDGJ) 6 ppm: 6.44 (d,
J=11.2 Hz, 1H, H), 6.71 (d,J = 15.7 Hz, 1H, H), 7.09 (dd,J =

132.5, 132.4, 129.0, 127.0, 125.6, 121.6, 118.8, 118.3, 112.8, 111.2,11.2 Hz,J = 15.7 Hz, 1H, H), 7.22-7.62 (m, 13H, Ph), 8.148.19

21.0. MS (El):m/z 314.1043 (calc for g@H140.N, 314.1055). FT-IR
(KBr) v (cm1): 3054, 2226, 1760, 1634, 1599.

9. Yield: 85%.'H NMR (200.131 MHz, CDG) 6 ppm: 2.20 (s,
3H, Me), 6.34 (dJ = 10.6 Hz, 1H, H), 6.65 (d,J = 15.6 Hz, 1H,
H?3), 6.80 (dd,J = 10.6 Hz,J = 15.6 Hz, 1H, H), 7.3-7.7 (m, 8H,
Ar). 5C NMR (50.329 MHz, CDGJ)) 6 ppm: 169.3, 147.3, 137.9, 135.7,

(m, 2H, Ph).13C NMR (50.329 MHz, CDGJ)) 6 ppm: 165.3, 148.5,
137.2, 134.6, 134.5, 133.6, 130.1, 129.6, 128.9, 128.7, 128.6, 128.5,
128.4, 127.8, 126.5, 123.3, 120.6. MS (E)z 326.1343 (calc for
CaaH150, 326.1306). FT-IR (KBryv (cmr%): 3059, 3037, 1732, 1636,
1595.

18. Yield: 45%.H NMR (200.131 MHz, CDGJ) & ppm: 3.86 (s,

133.4, 132.9, 132.6, 131.8, 131.2, 130.6, 130.1, 129.6, 129.6, 124.4,3H, Me), 6.39 (d,J = 11.0 Hz, 1H, H), 6.67 (d,J = 15.6 Hz, 1H,

121.5, 118.6, 118.3, 113.2, 113.0, 21.0. MS (E#jz 314.1059 (calc
for C20H1402N2 3141055) Anal. Calcd for ﬁ‘|1402N2: C, 7100, H,
4.31. Found: C, 70.75; H, 4.40. FT-IR (KBr)(cm™): 3068, 2231,
1765, 1636, 1594, 1573.

10. Yield: 80%.H NMR (200.131 MHz, CDGJ) & ppm: 2.21 (s,
3H, Me), 6.54 (dJ = 11.1 Hz, 1H, H), 6.74 (dd,J = 11.1 Hz,J =
15.2 Hz, 1H, H), 7.02 (d,J = 15.2 Hz, 1H, H), 7.25 (m, 1H, Ar),
7.4-7.8 (m, 7H, Ar).23C NMR (50.329 MHz, CDG) ¢ ppm: 169.1,

H3), 6.94 (dm,J = 9.0 Hz, 2H, Ar), 7.05 (ddJ = 11.0 Hz,J = 15.6
Hz, 1H, H), 7.22-7.40 (m, 8H, Ph), 7.527.57 (m, 2H, Ph), 8.09
(dm, J = 9.0 Hz, 2H, Ar).13C NMR (50.329 MHz, CDG)) 6 ppm:
165.1, 163.9, 148.6, 137.4, 134.8, 134.3, 132.2, 128.8, 128.6, 128.5,
128.4, 127.7, 126.5, 123.3, 121.9, 120.6, 113.8, 55.5. MS (&bY:
356.1407 (calc for &H2003 356.1412). FT-IR (KBr) (cm™1): 3045,
1727, 1636 (fyc—c), 1605, 1580.

19.Yield: 91%.'H NMR (200.131 MHz, CDG) é ppm: 2.02 (m,

146.9, 139.8, 137.6, 133.8, 133.3, 132.8, 132.7, 131.3, 131.1, 129.6,3H, Me), 5.72 (m, 1H, ¥, 6.31 (s, 1H, H), 6.34 (d,J = 11.2 Hz, 1H,

128.1, 126.8, 125.8, 122.6, 117.8, 117.4, 112.1, 111.1, 20.8. MS (EI):

Mz 314.1043 (calc for @H140,N, 314.1055). FT-IR (KBry (cm%):
3057, 2227, 1757, 1636, 1593.

11.Yield: 30%.'H NMR (200.131 MHz, CDGJ) 6 ppm: 6.07 (s,
1H, CHCb), 6.40 (d,J = 11.1 Hz, 1H, H), 6.74 (d,J = 15.6 Hz, 1H,
H?), 7.00 (ddJ = 11.1 Hz,J = 15.6 Hz, 1H, H), 7.24-7.57 (m, 10H,

H2), 6.68 (d,J = 15.6 Hz, 1H, H), 7.04 (dd,J = 11.2 Hz,J = 15.6

Hz, 1H, H), 7.24-7.54 (m, 10H, Ph)*C NMR (50.329 MHz, CDG))

5 ppm: 166.1, 148.5, 137.2, 136.1, 134.7, 134.4, 128.9, 128.7, 128.5,
128.4,127.7, 127.1, 126.5, 123.4, 120.5, 18.4. MS (@8£:290.1304
(calc for GoH1s0, 290.1307). FT-IR (KBry (cm™Y): 3082, 3058, 1733,
1636, 1595.
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20. Yield: 60%.™H NMR (200.131 MHz, CDG)) & ppm: 1.04 (t,
J=7.3Hz, 3H, CH), 1.48 (m, 2H, CH), 1.78 (m, 2H, CH), 2.57 (,
J= 7.5 Hz, 2H, CH), 6.38 (d,J = 11.2 Hz, 1H, H), 6.76 (d,J =
15.6 Hz, 1H, H), 7.09 (dd,J = 11.2 Hz,J = 15.6 Hz, 1H, H), 7.3-
7.6 (m, 10H, Ph)1*C NMR (50.329 MHz, CDG)) 6 ppm: 172.9, 148.9,

224.1774 (calc for @H240, 224.1776). FT-IR (KBr (cm™1): 3032,
2958, 1756, 1669, 1626.

26.Yield: 40%.'H NMR (200.131 MHz, CDGJ) 6 ppm: 0.84 (m,
6H, CHs), 1.24-1.36 (m, 16H,—(CH)s—), 2.03-2.13 (m, 2H,=C—
CH,), 2.09 (s, 3H, Me), 2.31 () = 7.5 Hz, 2H,=C(OAc)—CHb),

137.7, 135.2, 134.8, 129.3, 129.1, 129.0, 128.9, 128.2, 127.0, 123.9,5 67 (dt,J = 15.0 Hz,J = 7.3 Hz, 1H, H), 5.71 (d,J = 11.0 Hz, 1H,

120.8, 34.6, 27.4, 22.7, 14.3. MS (EtiNz 306.1603 (calc for GH2.05,
306.1620). FT-IR (KBr (cm2): 3058, 2958, 1757, 1636, 1595.
21.Yield: 70%.'H NMR (200.131 MHz, CDGJ) 6 ppm: 1.40 (d,
J = 7.0 Hz, 6H, (CH)y), 2.87 (heptJ = 7.0 Hz, 1H, CH), 6.43 (d,
J=11.2 Hz, 1H, H), 6.81 (d,J = 15.6 Hz, 1H, H), 7.15 (dd,J =
11.2 Hz,J=15.6 Hz, 1H, H), 7.3-7.7 (m, 10H, PhY3C NMR (50.329
MHz, CDCL) 6 ppm: 176.1, 149.0, 137.7, 135.3, 134.8, 129.4, 129.2,
129.0, 128.9, 128.2, 127.0, 123.9, 120.8, 19.4. MS ({#@}:292.1469
(calc for GoHa02 , 292.1463). FT-IR (KBrjv (cmiY): 2973, 1752.

22. Yield: 91%.H NMR (200.131 MHz, CDGJ) 6 ppm: 1.28 (s,
9H, Bu), 6.64 (d,J = 11.1 Hz, 1H, H), 6.98 (d,J = 15.5 Hz, 1H,
H3), 6.98 (ddJ = 11.1 Hz,J = 15.5 Hz, 1H, H), 7.18-7.40 (m, 10H,
Ph).33C NMR (50.329 MHz, CDG)) 6 ppm: 177.1, 148.6, 137.2, 134.7,

HY), 6.03 (ddt,J = 11.0 Hz,J = 15.0 Hz,J = 1.3 Hz, 1H, H). 1°C
NMR (50.329 MHz, CDGCJ) 6 ppm: 169.7, 149.2, 135.4, 123.5, 118.8,
33.0, 31.7, 31.6, 29.4, 29.2, 28.9, 28.8, 26.9, 22.7, 22.6, 21.0, 14.1,
14.0. MS (El):m/z 280.2412 (calc for GHs,0, 280.2402). FT-IR (KBr)
v (cm™Y): 3032, 2927, 1757, 1668, 1626.

27.Yield: 20%.'H NMR (200.131 MHz, CDGJ) 6 ppm: 0.05 (s,
9H, CHs), 0.20 (s, 9H, CHj), 2.09 (s, 3H, Ch)), 5.87 (dd,J = 18.0 Hz,
J=6.0 Hz, 1H, H), 6.35 (dd,J = 11.3 Hz,J = 0.6 Hz, 1H, H), 6.67
(dd, J = 11.3 Hz,J = 18.0 Hz, 1H, H). 13C NMR (50.329 MHz,
CDCls) 6 ppm: 170.3, 159.4, 138.0, 137.2, 136.3, 26-8.8, —1.4.
MS (El): m/z 256.1347 (calc for ©H24Si,0, 256.1315). FT-IR (KBr)
v (cm1): 3023, 2955, 1741, 1614, 1560, 830.

Typical Procedure for Ruthenium-Catalyzed Dimerization of

134.1, 128.8, 128.7, 128.4, 128.3, 127.7, 126.5, 123.4, 120.5, 38.9,Phenylacetylene with Dicarboxylic Acids.To a solution of phenyl-

27.1. MS (El):mz306.1618 (calc for GH,,0, 306.1620). FT-IR (KB)
v (cm™1): 3059, 3034, 3024, 1747, 1636, 1595.

23a.Yield: 84%.H NMR (200.131 MHz, CDGJ) 6 ppm: 1.55 (d,
J=7.2 Hz, 3H, Me), 4.66 (m, 1H, CH), 5.21 (s, 2H, GB), 5.77 (d,
J=17.7 Hz, 1H, NH), 6.40 (dJ = 11.2 Hz, 1H, H), 6.74 (d,J = 15.5
Hz, 1H, H), 7.08 (dd,J = 11.2 Hz,J = 15.5 Hz, 1H, H), 7.26-7.58
(m, 15H, Ph).3C NMR (50.329 MHz, CDGJ) 6 ppm: 172.4, 156.4,

148.4, 137.6, 136.9, 135.5, 134.6, 129.6, 129.2, 129.1, 128.9, 128.7,

128.6, 128.4, 127.1, 1235, 121.2, 67.5, 50.3, 18.7. MS (@l
427.1795 (calc for §HosON 427.1784). FT-IR (KBry (cm™Y): 3431,
3337, 3064, 1710, 1646, 1598.

23b. Yield: 75%.H NMR (200.131 MHz, CDGJ)) 6 ppm: 1.49 (s,
9H, Me), 3.21 (m, 2H, Ch), 4.81 (m, 1H, CH), 5.20 (m, 1H, NH),
6.24 (d,J = 11.2 Hz, 1H, H), 6.79 (d,J = 15.6 Hz, 1H, H), 7.00 (dd,
J=11.2 Hz,J = 15.6 Hz, 1H, H), 7.20-7.51 (m, 15H, Ph)}%C
NMR (50.329 MHz, CDCJ) & ppm: 171.3, 155.6, 148.6, 137.5, 136.3,

acetylene (2.5 mmol, 1 equiv) in degassed dioxane (1 mL) were added
RuCl(cod)(GMes) (0.125 mmol, 5%) and carboxylic acid (0.625 mmol,
0.25 equiv) under inert atmosphere at room temperature. The reaction
mixture was stirred at room temperature for 20 h. The solvent was
removed, and the product was purified by silica gel flash column
chromatography (eluent pentandiethyl ether mixtures) to give
dimerization adduct as a white solid in-585% vyield.

24a.Yield: 50%.H NMR (200.131 MHz, CDGJ) 6 ppm: 3.73 (s,
2H, CHp), 6.41 (d,J = 11.2 Hz, 2H=CH), 6.74 (d,J = 15.6 Hz, 2H,
=CH), 7.06 (dd,J = 11.2 Hz,J = 15.6 Hz, 2H,=CH), 7.277.59
(m, 20H, Ph).2C NMR (50.329 MHz, CDGJ) 6 ppm: 165.1, 148.4,
137.5, 135.6, 134.3, 129.6, 129.1, 129.0, 128.9, 128.4, 127.0, 123.3,
121.3,42.1. MS (El)m/z290.0931 (calc for GH1403 290.0943). FT-
IR (KBr) v (cm1): 3059, 1755, 1624, 1598.

24b.Yield: 75%.*H NMR (200.131 MHz, CDGJ) 6 ppm: 2.88 (s,
4H, CH), 6.29 (d,J = 11.2 Hz, 2H~=CH), 6.68 (d,J = 15.6 Hz, 2H,

135.3, 134.5, 130.0, 129.5, 129.1, 129.0, 128.9, 128.3, 127.6, 127.0,=CH), 7.01 (dd,J = 11.2 Hz,J = 15.6 Hz, 2H,=CH), 7.23-7.51

123.5, 121.1, 80.6, 55.1, 38.6, 28.8. MS (Htyz 222.1040 (calc for
Ci16H140 222.1045). MS (LSIMS)m/z 414.1711 (calc for @H2404N
414.1705). FT-IR (KBry (cm™): 3430, 3337, 3061, 3038, 3022, 1748,
1701, 1646, 1598.

23c.Yield: 55%.*H NMR (200.131 MHz, CDGJ) 6 ppm: 1.49 (s,
9H, Me), 4.09 (dJ = 5.5 Hz, 2H, CH), 5.30 (m, 1H, NH), 6.35 (d,
J=11.1 Hz, 1H, H), 6.69 (d,J = 15.5 Hz, 1H, H), 7.00 (dd,J =
11.1 Hz,J = 15.5 Hz, 1H, H), 7.22-7.53 (m, 10H, Ph)}3C NMR
(50.329 MHz, CDG) 6 ppm: 169.7, 156.2, 148.3, 137.5, 135.4, 134.6,

(m, 20H, Ph).3C NMR (50.329 MHz, CDGJ) 6 ppm: 171.2, 148.6,
137.6, 135.1, 134.8, 129.4, 129.1, 129.0, 128.8, 128.2, 127.0, 123.6,
121.0, 29.7. MS (El)m/z 526.2141 (calc for GHaoOs 526.2144). FT-
IR (KBr) v (cnY): 3064, 3032, 1757, 1640, 1594.

24c.Yield: 70%.H NMR (200.131 MHz, CDGJ)) 8 ppm: 1.75 (m,
4H, CHp), 2.51 (m, 4H, CH), 6.27 (d,J = 11.2 Hz, 2H,=CH), 6.66
(d,J = 15.6 Hz, 2H,=CH), 6.97 (dd,J = 11.2 Hz,J = 15.6 Hz, 2H,
=CH), 7.24-7.47 (m, 20H, Ph)13C NMR (50.329 MHz, CDGJ) ¢
ppm: 172.3, 148.7, 137.6, 135.0, 134.8, 129.3, 129.0, 128.9, 128.8,

129.5,129.1, 129.0, 128.9, 128.3, 127.0, 123.4, 121.1, 80.6, 43.1, 28.8.128.1, 126.9, 123.7, 120.8, 34.3, 24.6. MS (Hljz 554.2459 (calc

MS (El): m/z 379.1784 (calc for @H»:0sN 379.1784). FT-IR (KBr)
v (cmY): 3367, 3065, 1759, 1708, 1627, 1596.

23d. Yield: 33%.H NMR (200.131 MHz, CDGJ)) 6 ppm: 1.47 (s,
9H, Me), 2.82 (s, 1H, OH), 4.03 (m, 2H, GH 4.57 (m, 1H, CH),
5.59 (d,J = 8.0 Hz, 1H, NH), 6.34 (dJ = 11.0 Hz, 1H, H), 6.67 (d,
J=15.7 Hz, 1H, H), 6.98 (dd,J = 11.0 Hz,J = 15.7 Hz, 1H, H),
7.21-7.53 (M, 10H, Ph)C NMR (50.329 MHz, CDG) 6 ppm: 170.4,

for CagHauOs 554.2457). FT-IR (KBr)w (cm): 3054, 1752, 1636,
1595,

24d. Yield: 70%.*H NMR (200.131 MHz, CDGJ) & ppm: 1.40 (m,
4H, CHy), 1.71 (M, 4H, CH), 2.49 (t,J = 7.4 Hz, 4H, CH), 6.29 (d,
J=11.2 Hz, 2H,=CH), 6.69 (d,J = 15.6 Hz, 2H=CH), 7.00 (dd,
J=11.2 Hz,J = 15.6 Hz, 2H,=CH), 7.22-7.52 (m, 20H, Ph)}C
NMR (50.329 MHz, CDCJ) & ppm: 172.7, 148.8, 137.6, 135.1, 134.8,

156.3, 148.3, 137.5, 135.5, 134.4, 129.5, 129.1, 129.0, 128.9, 128.3,129.3, 129.1, 128.9, 128.8, 128.2, 127.0, 123.8, 120.8, 34.7, 29.1, 25.1.

127.0,123.3, 121.2, 80.9, 63.8, 56.4, 28.8. MS (B 222.1037 (calc
for Ci6H140 222.1045). FT-IR (KBry (cm™1): 3432, 3294, 3054, 1757,
1715, 1632, 1596.

25. Yield: 20%. 'H NMR (200.131 MHz, CDGJ) 6 ppm: 0.82-
0.90 (m, 6H, CH), 1.22-1.42 (m, 8H, CH—CH,), 2.04-2.11 (m, 2H,
=C—CH,), 2.09 (s, 3H, Me), 2.32 (t) = 7.7 Hz, 2H,=C(OAc)—
CHy), 5.62 (dt,J = 15.0 Hz,J = 7.5 Hz, 1H, H), 5.70 (d,J = 11.1
Hz, 1H, H), 6.02 (ddt,J = 11.1 Hz,J = 15.0 Hz,J = 1.3 Hz, 1H,
H?). 1°C NMR (50.329 MHz, CDGJ) 6 ppm: 169.7, 149.3, 135.4, 123.5,
118.8,32.7,31.4,29.2,29.1, 22.2, 22.2, 21.0, 13.9, 13.8. MSrt#):
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MS (EI): m/z 582.2784 (calc for GHz0; 582.2770). FT-IR (KBry
(cnY): 3054, 1752, 1636, 1595.

24e.Yield: 50%.H NMR (200.131 MHz, CDGJ)) 6 ppm: 3.41 (m,
2H, OH), 4.95 (dJ = 6.1 Hz, 2H, CH), 6.41 (dJ = 11.1 Hz, 2H,
=CH), 6.72 (d,J = 15.6 Hz, 2H,=CH), 7.02 (dd,J = 11.1 Hz,J =
15.6 Hz, 2H=CH), 7.22-7.66 (m, 20H, PhY*C NMR (50.329 MHz,
CDCly) 6 ppm: 170.8, 148.1, 137.4, 135.9, 134.0, 129.7, 129.1, 129.0,
128.9, 128.4, 127.1, 123.1, 121.4, 72.4. MS (Eijz 222.1037 (calc
for CyeH140 222.1045). FT-IR (KBr) (cmY): 3496, 3058, 1762, 1685,
1596.



Biscarbene—Ruthenium Complexes in Catalysis ARTICLES

24f. Yield: 50%.'H NMR (200.131 MHz, CDGJ) 6 ppm: 1.49 (s, Synthesis of Biscarbene Ruthenium Complex 28.To a solution
9H,Me), 1.99-2.17 (m, 1H, CH), 2.30-2.52 (m, 1H, CH), 2.62 (m, of 0.188 g of RuCl(cod)(éMes) (0.5 mmol, 1 equiv) in degassed THF
2H, CH,), 4.56 (m, 1H, CH), 5.11 (d) = 8.7 Hz, 1H, NH), 6.32 (d, (15 mL) was added at @C 0.22 mL of phenylacetylene (5 mmol, 10
J = 10.9 Hz, 2H,=CH), 6.69 (d,J = 15.6 Hz, 2H,=CH), 6.96 (dd, equiv) under inert atmosphere. The reaction mixture was stirred 20 h
J=10.9 Hz,J=15.6 Hz, 1H=CH), 6.99 (ddJ = 10.9 Hz,J = 15.6 and allowed to warm to rooom temperature. The solvent was removed
Hz, 1H, =CH), 7.22-7.53 (m, 20H, Ph)}*C NMR (50.329 MHz, in vacuo, and the residue was washed with 15 mL of coRC)theptane
CDCls) 6 ppm: 171.8, 171.4, 155.8, 148.6, 148.4, 137.6, 137.5, 135.5, to give 0.130 g of a dark red powder.
135.1, 134.9, 134.5, 129.6, 129.4, 129.1, 129.0, 129.0, 128.9, 128.3, Yield: 51%.'H NMR (200.131 MHz, CDG) 6 ppm: 1.19 (s, 15H,
128.2,127.0,127.0, 123.6, 123.3, 121.2, 121.0, 80.8, 53.4, 30.8, 28.8,Me), 7.06-7.23 (m, 8H, Ph), 7.26 (s, 2M:CH), 7.53-7.60 (m, 2H,
27.9. MS (El):m/z222.1037 (calc for @H140 222.1045). FT-IR (KBr) Ph).13C NMR (50.329 MHz, CDG)) 6 ppm: 262.4 (&=Ru), 158.6 (C

v (cm™Y): 3413, 3358, 3058, 3032, 1755, 1713, 1637, 1595. Ph), 155.1 £CH), 129.1, 126.9, 124.7 (CH Ph), 106.6 (GM&s),
Procedure for Deuterated Products. 2aTo a solution of phenyl- 10.1 (Me GMes). FT-IR (KBr) v (cm™1%): 3045, 3024, 3008, 2905, 1590.

acetylene (2.5 mmol, 1 equiv) in degassed dioxane (2 mL) were added  synthesis of Compound 29To a solution of biscarbene complex

RuCl(cod)(GMes) (0.125 mmol, 5%) and acetic aeet(1.25 mmol, 28(0.240 g, 0.5 mmol, 1 equiv) in degassed THF (5 mL) was added

0.5 equiv) under inert atmosphere at room temperature. The reactionat room temperature 0.42 mL of HBF0.5 mmol, 1 equiv, 1.2 M in
mixture was stirred at room temperature for 20 h. The solvent was MeOH) under inert atmosphere. The reaction mixture was stirred 20
removed, and the product was purified by silica gel flash column h The solvent was removed in vacuo, and the product was purified by

chromatography (eluent pentangiethyl ether mixtures) to give  sijlica gel flash column chromatography (eluent pentatiethy! ether
dimerization adducta as a white solid in 60% yield with 70% mixtures).

deuterium incorporation. Yield: 51%.*H NMR (200.131 MHz, CDGJ)  ppm: 6.80 (dJ =
Yield: 70%.H NMR (200.131 MHz, CDQJ) o ppm: 2.20 (S, 3H, 15.8 Hz, 1H, H), 6.94 (d,J = 10.4 Hz, 1H, H)’ 7.26-7.41 (m, 7H,
MeCO), 6.28 (dJ = 11.3 Hz, 1H, H), 6.96 (d.J = 11.4 Hz, 1H, H), 6H Ph and B), 7.49-7.54 (m, 2H, Ph), 7.667.71 (m, 2H, Ph)23C
7.18-7.53 (m, 10H, Ph). o NMR (50.329 MHz, CDGJ) 6 ppm: 136.1¢CH), 131.4 (CPh), 129.3
2b. To a solution of phenylacetyler (2.5 mmol, 1 equiv) in (¢ pp) 129.2,129.1, 128.8, 128.6, 127.2, 126.7 (CH Ph), 126.4, 125.5
degassed dioxane (2 mL) were added RuCl(cosiigs) (0.125 mmol, (=CH), 114.4 £C—Cl).

5%) and acetic acid (1.25 mmol, 0.5 equiv) under inert atmosphere at
room temperature. The reaction mixture was stirred at room temperature ~ Acknowledgment. The authors are grateful to the French
for 22 h. The solvent was removed, and the product was purified by research Ministry for Ph.D. grants for J.L.P. and F.M., and to

silica gel flash column chromatography (eluent pentadiethyl ether the European Union (COST action D17) and Bretagne region
mixtures) to give dimerization addugb as a white solid in 68% yield (PRIR catalyse) for support

with 98% deuterium incorporation.
Yield: 68%.'H NMR (200.131 MHz, CDQJ)) 6 ppm: 2.22 (s, 3H, Supporting Information Available: H and'3C NMR spectra

Me), 6.69 (s, 1H, B, 7.2-7.6 (m, 10H, Ar)*C NMR (50.329 MHz,  (pDF). This material is available free of charge via the Internet
CDCls) 0 ppm: 169.6, 148.3, 137.2, 134.7, 134.4, 129.0, 128.7, 128.6, at http://pubs.acs.org

128.5,127.8, 126.6, 21.2. MS (Efjz 266.1269 (calc for GH1.0.D,
266.1276). FT-IR (KBry (cm™Y): 3022, 1768, 1594. JA0349554
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