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For reasons of cost, safety, and environmental concerns, theChart 1

development of organic transformations in aqueous media has R . .
become one of the major cornerstones in modern chentistry. R R2 R R2 R2 R ]!
Following this general trend, the design of novel transition-metal - R Mt | .

catalysts for organic reactions in water has arisen a growing interest } /R‘ R! R R! R2
in recent year$,disclosing up to date a wide variety of highly Z R? R?

efficient and selective synthetic approacheés.

Transition-metal-catalyzed [2 2 + 2] cyclotrimerization of functionalized arenes ir92% yield (entries 912). Remarkably,
alkynes can be considered as one of the most powerful and generathis cyclotrimerization reaction also works efficiently for aliphatic
methodologies used to assemble arene rings (Chart 1). After thealkynes lacking hydrophilic functional groups, such as 1-hexyne
pioneering work of Repp&,a large number of transition-metal ~ (2m) and 1-octyneZn), although a longer time is required (24 h;
catalysts have been developed for alkyne-cyclotrimerization in entries 13-14)1 It is also worthy to note that complekis also
organic medi&.Nevertheless, despite the great interest of this atom- able to catalyze the [2- 2 + 2] cyclotrimerization of terminal
economical transformation in synthe8isfforts devoted to develop ~ 1,3-enynes. Thus, commercially available 1-ethynylcyclohexene
alternative methods in water have been scarce, probably owing to(20) can be transformed into a mixture 86/40(ca 69:31 ratio)
the competitive hydration of the alkynes in water to give carbonyl in 72% yield after 24 h (entry 15). As far as we know, this is the
derivatives” In particular, to the best of our knowledge, only a first example reported to date of a 1,3-enyne cyclotrimerization
few examples of efficient catalysts for the chemoselective inter- performed in agueous media.
molecular cyclotrimerization of alkynes in aqueous media have been ~ To evaluate the scope of this catalytic process, some experiments
described to date, namely the cyclopentadierrgbalt complexes using internal instead of terminal alkynes have been performed (see
[CoCp(CO)],8 [Co(;5-CsHaR)(COD)] (R = COMe, CO(CH)s-
OH; COD= 1,5-cyclooctadiené) and [Cd 7°%:«(P)-CsH4(CH,)-
pBUz} (772-CH2=CH2)] 1011

Herein we report a novel catalyst for the intermoleculaft{2
+ 2] cyclotrimerization of alkynes in aqueous medium, that is, the
commercially available bis(allyl)-ruthenium(1V) dimerRu;3:77°-
Ci0H16)(u-CI)Cl} 5] (C10H16 = 2,7-dimethylocta-2,6-diene-1,8-diyl)
(1; see Figure 132 This compound, previously used by us in  Table 1. Cyclotrimerization of Terminal Alkynes Catalyzed by 12
catalytic isomerizations of allylic alcohols and amines in wéter,

Figure 1. Structure of the bis(allyl)-ruthenium(lV) compleix

represents the first example of a ruthenium catalyst for this process 3 H——= _1@5Smoth) /@\ /@’
in aqueous media, which in addition shows a remarkable activity 220 H(Zgooqg"j,%” R R
and tolerance to functional groups. 75°C
The catalytic performance of compléx(2.5 mol %) for the [2 entry substrate time yield (%) 3/4 ratio®
+ 2 + 2] cyclization of terminal alkyne® in a mixture water/ 1 R=Ph @a) oh 91 (81) 6337
methanol (90:10) at 73C is shown in Table 1. Under these 2 R= 4-CgHsMe (2b) 24 h 93 (78) 56:44
conditions almost all the alkynes tested were chemoselectively 3 R = 4-CsH4OMe (2¢) 24 h 90 (78) 58:42
transformed, through head-to-tail and head-to-head coupling reac- g Ef 21‘(‘:;5#@'@:%(5'\49)3 (2d) ﬁ] h 3579 ((ggg g;‘rfig
tions, into the corresponding arengkl in excellent yields (72 6 R= 4-C6H:CI ) 1h 97 (83) 51-49
99%) after 0.5-24 h1415As expected on the basis of steric grounds, 7 R = 4-CsH4Br (2¢) 1.25h 96 (86) 56:44
the symmetric 1,3,5-substituted arer@ggrevails in all cases over 8 R=4-CeHal (2h) 075h  97(83) 5743
their 1,2,4-substituted counterpads 1% Ez ggaz}'\ﬁ(zej)(z') 8:2 n gg gg; ggé?
The rate of this cyclization process is strongly dependent on the 11 R= CO;Et (2K) 0.75h 99 (85) 57:43
electronic properties of the terminal alkyne. Thus, while the 12 R= CO;Bu (2I) 1.25h 99 (88) 53:47
cyclotrimerization of phenylacetylen@d), p-tolylacetylene 2b), 5 Sz :E‘é)f"'(;“r?) gjﬂ gg gi; ggfig
and the methoxy-susbtituted derivativesd requires 19-24 h 15 R=1-cyclohexenyl20) 24 h 72(57)  69:31

(entries +-4), aryl-alkyne2e—h containing electron-withdrawing
halide substituents are readily cyclotrimerizated in almost quantita- 2 Reactions performed underldtmosphere at 7%C using 4 mmol of

; i i ; _ the alkyne (0.2 M solution in a mixture /MeOH (90:10 v/v)) and 0.1
tive yields after only 0.751.25 h (entries 58). The activated keto mmol of complext. (5 mol % of Ru).? Yields determined by GG (isolated

alkyne 2i and acetylenic eSte@__l also gndergo a rapid (05 ~ yields).© GC determined? ca 25% of unreacted 1-ethynyicyclohexene is
1.25 h) and clean transformation leading to the corresponding recovered.
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Scheme 1
R! R
R2 R2 RZ R!
S 1(2.5 mol%) .
H>0 / MeOH 1 1 1 2
Sa-c (90:10 Vi) R 5 R R 5 R
75°C R R
R'=R2= CO,Me (5a) 6a-c, 8 6a-c, 9
R' = R2 = CO,Et (5b) R'! = R2 = CO,Me (6a); 96% yield (5 h)
R! = RZ=CO,'Bu (5¢) R' = RZ = CO,Et (6b); 88% yield (14 h)
R' = Ph, RZ2= CHO (7) R' = R2 = CO,'Bu (6c); 94% yield (24 h)
R' = Ph, R2 = CHO (8/9); 84% yield (24 h)

8:9 ratio = 56:44

Scheme 1). Thus, we have found that both symmetrigal-¢)
and unsymmetrical 7) activated internal alkynes also undergo
cyclotrimerization in the presence of comptkexaffording the fully
substituted arene8a—c and 8/9, respectively, in excellent yields
(84—96%; GC). Apparently, the catalytic activity of dimé&is not
strongly affected by the presence of an internaCtriple bond,
the reactions requiring a similar time than for terminal aky2eesd
and2m-—o (<24 h)l7a
As shown in Table 1 and Scheme 1, different functionalities such
as ether (alkynegc—d), halide (alkyne2e—h), ketone (alkyne
2i), aldehyde (alkyn&), ester 2j—| and5a—c), and olefin (enyne
20) groups are tolerated, assessing the generality of this catalytic
[2 + 2 + 2] cyclization proces¥™ Such functional groups tolerance
has not previously been demonstrated in aqueous nietia.
Although no mechanistic studies have been performed, monitor-
ing our catalytic reactions by GC/MS the formation of free 1,6-
dimethyl-1,5-cyclooctadiene is observed, resulting from the reduc-
tive coupling of the 2,7-dimethylocta-2,6-diene-1,8-diyl ligand
“C1oH16". This fact seems to indicate that in situ formed Ru(ll)
complexes are the real catalytically active spetié8Experimental
and theoretical mechanistic studies on 2 2 + 2] alkyne
cyclotrimerizations in organic media are well documerife@ihe
classical mechanism involves the oxidative coupling of tyfe
coordinated alkyne ligands to form a ruthenacyclopentatriene
intermediate which adds a third alkyne molecdiEeveral examples
of chelate bisalkylidene ruthenium complexes (ruthenacyclopen-

tatrienes) have been isolated and, as expected, some of them have

shown to be catalytically activg&.

In summary, a novel highly efficient and selective catalytic
system for the [2+ 2 + 2] cyclotrimerization of alkynes in aqueous
media, that is, the Ru(1V) dimef Ru(:773-C1oH16)(u-CI)Cl} 2] (1),
has been discovered. Compléxrepresents, not only the first
ruthenium species able to perform alkyne-cyclotrimerizations in
water with a wide tolerance to functional groups, but also a rare
example for the efficient intermolecular cyclization of activated
internal alkynes in aqueous media. Taking into account the limited
applicability of the catalysts known to date in wate¥ some of
them being even difficult to prepaPé? the excellent performance
shown by the commercially available precatalysieserves a more

Supporting Information Available: Experimental procedure and
characterization data f@a—o, 4a—0, 6a—c, 8, and9. This material is
available free of charge via the Internet at http:/pubs.acs.org.
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