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ABSTRACT
[21Pr + CoCl,)
Y- [ or :I Y
IPr + FeCl; Pr i-Pr,
||\K\/R (1~ 5 mol %) R JON
a R Znpowder (10 mol%) R 7
f\ THF Pr iPr
z z P
1 room temp.~ 50 °C 2 r

R,
Y, Z = 0, G(CO2EY),

R’ = H, SiMej, Ar, alkyl, CH,OH, CH,0Bn

Triynes 1 could effectively be cyclotrimerized to annulated benzenes 2 by treatment with a catalytic amount of zinc powder, N-heterocyclic

carbene, and CoCl , or FeCls.

Catalytic [2+ 2 + 2] cyclotrimerization of alkynes is a

conditions compared to those with CpCo(GH)owever,

valuable means for synthesis of highly substituted and/or further study of the reactions and their application have not

annulated benzenég.Transformations of this variety are
attractive by virtue of their intrinsic atom econorfigs well

been explored. Herein we describe a novel Cp- and CO-free
system for cyclotrimerization of triynes which is catalyzed

as the importance of benzenes as synthetic intermediatesby a CoC}—imidazolium carberfereagent in the presence

Complexes of many transition metals (e.g., Co, Rh, Ir, Ru,

of Zn powder, and we also found that an Fe€inidazolium

Ni, Pd, and Ti) have been shown to be effective catalysts carbene reagent in the presence of Zn powder can effectively

for this process. Among them, CpCo complexes (€p
cyclopentadienyl) such as CpCo(G®pave been used most

catalyze cyclotrimerization.
First, we investigated the catalytic ability of several

widely, numerous applications of which have been reported transition metal salts for cycloisomerization in the presence

for preparation of natural products, pharmaceutically impor-
tant molecules, and functional materiaRecently, ChiusoR,
and Malacri&reported CoX/Mn and CoX/PRy/Mn reagents,
respectively, as a catalyst system for the cyclotrimerization,
the CO-free characteristic of which contributed to easy
initiation of the catalysis under relatively milder reaction
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of an imidazolium carbene and zinc powder as 2 reducing G

agent. Thus, a 1:1 or 2:1 mixture of imidazolium carb&he Table 1.

(Figure 1) and transition metal salts<{% mol %) such as cat. [3 + MX,]
Zn powder (10 mol%)
1a 2a
THF, 50 °C
o o aR' RIZH metal salt 3 time, yield of 2a,®
‘\%yw R'  bR'=H R2= SiMes entry (mol %) (mol %) h %
| [ P c: R' = H, R2 = CH,0SiMe,'Bu 1 CoCl, (1) 24 trace
Z T R? R? d R:’ Rz =Ph 2 CoClg (1) 3a (2) 12 (room temp) 74
o, o, PN 3 CoCl()  3a@ 12 ~100
e s 4 CoCly (1) 3a(l) 24 trace
5 CoCly (1) 3b (2) 24 trace
-Pr o i-Pr 6  Coly(1) 3a(2 12 12
e /e 7  Co(acac); (2) 3a(4) 24 16
QNQN Q NQN Q 8  FeCly(5) 3a(10) 24 49
-Pri-Pr 9  FeCl3(2) 3a(4) 48 ~100
3a (IPr) 3b (IMes) 10 FeCl; (2) 3a(2) 24 91
_ 11  FeCls (5) 3b(10) 24 58
Figure 1. 12 NiCl (5) 3a(10) 24 68
13 PdCly (2) 3a(4) 48 16

. . aDetermined by*H NMR analysis using an internal standard. The crude
FeCh, FeCk, CoCh, Col,, Co(acacy, NiCly, and Pdd in mixture consisted o2a and recovereda. ® Use of powder of other metals

THF was mixed with triynela and a zinc powder (10 mol  powder such as Mn, Al, Mg, instead of Zn did not yied.
%), and the resulting mixture was stirred at room temperature

or 50°C. o precursor under the reaction conditions shown in Table 2.
The results summarized in Table 1 show that these |y 5| cases the cyclotrimerized produgtwas provided.
transition metal salts could catalyze the transformation of Triynes1 having a terminal alkyne moiety could effectively
lato ga in the presence of imidazolium garbene IBa) be transformed to the correspondifdpy both cobalt- and
and zinc powder. Among them, a 2:1 mixture 8d and  jon-pased reagents at 50C (entries 1-3 and 7-9).
CoCl, (entries 2 and 3) and a 2:1 or 1:1 mixture3#and  Ajthough the reaction of disubstituted triynasi—f at 50
FeCk (entries 9 and 10) were found to be effective catalyst ¢ resulted in a low yield of probably due to their steric
precursors, where the reaction providalin a quantitative  pingrance, an increase of temperature to reflux improved the

yield. The results shown in entry 2 indicate that an active yields of fully substituted benzend= and 1f (entries 5, 6,
species could be generated at room temperature, and anj angd 12).

increase of the reaction temperature to 8D accelerated
the reaction rate (entry 3). IPB4) was better than IMes
(3b) as a ligand for these processes (entries 5 and 11). Ther e 2.
reaction ofla with a 2:1 mixture of3a and CoC} in the

e} o]
presence of a metal powder other than Zn, such as Al, Mg, q\\/w Catalyst Precursor R
. . . . S Zn powder (10 mol%)

and Mn, did not proceed. Imidazolium carber¢iCl, and Il P 505G
—PdClL were also candidates as catalyst precursors for the f R? ’ R?
reaction® o, o7,

With these results in hand, we next carried out the reaction = —Torae
of 1,4-diprop-2-ynyloxybut-2-yne derivativekb—f with a onie catalyst L H}Te’ yie (70 :

(4
[2 x 3a+ CoCkL] or [3a + FeCk] reagent as a catalyst Y
1 [2 x 8a+ CoCly] (1mol%) 1la 12 98

(8) Wanzlick, H. W.; Schonherr, H.-Angew. Chem., Int. Ed. Endl968 2 (2mol %) 1b 48 96
7, 141. Ofele, KJ. Organomet. Chen1968,12, P42. Arduengo, A. J., III; 3 (2mol%) 1ec 24 90
Dias H, V. R.; Harlow, R. L.; Kline, M.J. Am. Chem. Sod 992, 114, 4 (Bmol %) 1d 40 5be
5530. Arduengo, A. J., llI; Harlow!_R. L.; Kline, MJ. Am. Chem. Soc. 5 (2mol %) 1le 48 57¢ (95)d
1991, 113 361. Herrmann, W. A.; Kécher, @ngew. Chem., Int. Ed. Engl. 6 (3mol %) 1f 40 20 (86)¢
1997,36, 2162. Arduengo, A. J., lllAcc. Chem. Redl999,32, 2, 913. mol 7o
Bourissou, D.; Guerret, O.; Gabbali, F. P.; BertrandCBem. Re»2000, 7 [3a+ FeClsl 2mol%) 1la 24 91
100,39. Weskamp, T.; B6hm, V. P. W.; Herrmann, W. A.Organomet. 8 (2mol %) 1b 48 98
Chem.2000,600, 12. Herrmann, W. AAngew. Chem., Int. E002,41, 9 (2mol %) 1e¢ 48 85¢
1290. Cavell, K. J.; McGuinness, D. Soord. Chem. Re 2004,248, 671. 10 (2mol %) 1d 48 90
Cowley, A. H.J. Organomet. Chen2001,617, 105. Enders, D.; Gielen, mo- 7o i 4
H. J. Organomet. Chen2001,617, 70. Herrmann, W. A.; Weskamp, T.; 11 (2mol %) 1le 48  69°(98)
Béhm, V. P. W.Adv. Organomet. Chen2001,48, 1. Jafarpour, L.; Nolan, 12 (2mol %) 1f 48 31b¢ (66)¢
S. P.Adv. Organomet. Chen2001,46, 181. ) o ]

(9) Imidazolium carbene8 were prepared as a THF solution from the 2|solated yield unless otherwise indicatédetermined by'H NMR

corresponding imidazolium chloride aneBuLi prior to use (see Supporting analysis using an internal standafdhe crude mixture consisted @fand
Information). These imidazolium chlorides, IPr—HCI and IMes—HCI, are recoveredL.  The mixture was refluxed for 48 h.
commercially available from Strem Chemicals, Inc.
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Scheme 1 illustrates other representative examples of thjj N NGKGGTTINGNGEGNGEEEE

present benzene-formation reaction with a catalytic amount

Scheme 1

[3a + FeClj]
(2 mol%})
Zn powder

(10 moi%) EtOC
THF,50°C  EtOC
48 h

29 98% yield

E10,C. =
Etozc><;(
O
;
1g

[3a + FeClg]
__ CH (2 mol%)
S Zn powder
o (10 mol%)
o THF, 50 °C
= 48h
1h 2h 90% yield
/—/OBn (o]
g [3a + FeCly]
N (5 mol%) O
O Zn powder OBn
= — (10 mol%)
Q. _ THF, 50°C G OBn
9 48 h
—— o

BnO 1 2i 100% yield

of a [3a+ FeC}] reagent and zinc powder in THF, the results
of which feature the following characteristics: The reaction
was compatible with functional groups such as ester,
hydroxy, and benzyloxy moietié$.The formation of car-

bocyclic as well as O-heterocyclic compounds was possible.

Double cyclotrimerization of hexaynes to biaryl compounds
could effectively be carried out.
Although confirmation of the reaction mechanism must

Scheme 2
(IPr),-CoCly (4)
(IPr}1 or 2-FeCl3 (5)
(IPr),-FeCl, (6)

lZn

. (IPr)n.4-MCI
‘L (IPr)n7-MCIm e ”8 "
+
M = Co, Fe IPr
m=0or1
\ I
ltriyne 1
R’
R (IPfnornn /=
(lPr)n orn-1\ R AL Z
— cl - * \\Clm
m
R Y
9
N /(lPr)n orn-1
R M
Y

1"

yields annulated benzen2sand regenerates the low valent
complexes/ and/or8.

In summary, we have found that transition metal salts of
Co, Fe, Pd, and Ni could catalyze intramolecular cyclotri-
merization of triynes in the presence of imidazolium carbene
and zinc powder. The reagent combinations of imidazolium
carbene—CoGland —FeCk were good catalyst precursors
and could transform a variety of triynes to annulated
benzenes in good to excellent yields. To our best knowledge,
the latter is the first example of homogeneous iron-catalyzed
cyclotrimerization of triynes®

await further study, as illustrated in Scheme 2 we postulate  Supporting Information Available: Experimental pro-
the reaction course based on those proposed for reporteccedures and characterization for compours-i. This

metal-catalyzed reactiods hus, in the solution prepared by
mixing MCln12 (M = Co or Fem = 0 or 1) and IPr 8a),
the imidazolium carbene complexes (FPfMCly24, 5 or

6 may be generate@:'* They can readily be reduced by Zn
powder to give the corresponding low valent compleXes
which may be in equilibrium with IPr-dissociated complex
8 (whenn = 2). These complexes may be metastable and
can quickly react with triyned to give metallacyclopenta-
dienes9,** which may further be cyclized t@0 and/or11
through an insertion or [4+ 2]-cycloaddition pathway,
respectively. Reductive elimination reactionldfand/orl1

(10) Further investigation of the NiX and PdX-catalyzed cyclo-
trimerization in the presence of imidazolium carbene is underway in our
laboratories. The [2- 2 + 2] cycloaddition reactions of diynes with nitriles,
isocyanates, C§ and aldehydes catalyzed by imidazolium and 4,5-
dihydroimidazolium carbene/Ni(coglyeagents have been reported: Mc-
Cormick, M. M.; Duong, H. A.; Zuo, G.; Louie, J. Am. Chem. So005
127, 5030 and references therein.

(11) The reaction ofig with a [2 x 3a + CoChk]/Zn reagent did not
proceed.

material is available free of charge via the Internet at
http://pubs.acs.org.

0OL051048Q
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see: (a) Van Rensburg, H.; Tooze, R. P.; Foster, D. F.; Slawin, A. M. Z.
Inorg. Chem2004 43, 2468. (b) Fooladi, E.; Dalhus, B.; Tilset, alton
Trans.2004, 3909. (c) Hu, X.; Meyer, KJ. Am. Chem. So2004,126,
16322. (d) Hu, X.; Castro-Rodriguez, |.; Meyer, K. Am. Chem. So2004
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D. S.; Gibson, V. C.; Steed, J. Vl@rganometallics2004, 23, 6288. (g)
Danopoulos, A. A.; Wright, J. A.; Motherwell, W. B.; Ellwood, S.
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2004,43, 3832. (i) Danopoulos, A. A.; Tsoureas, N.; Wright, J. A.; Light,
M. E. Organometallic2004,23, 166. See also ref 13f.

(14) The active species should be generated in the presence of the triyne
substrate. After mixing of [2x 3a + CoCh] or [3a + FeCk] with Zn
powder in the absence of triyrie, addition oflato this mixture and the
following stirring at 50°C did not afford2a.

(15) Arene-iron complex catalyzed [2 2 + 2] pyridine formation from

(12) Attempts to isolate these complexes were unsuccessful. The THF alkynes and nitrile has been reported: Schmidt, U.; ZenneckJ.U.

solution of [2 x 3a + CoCl] or [3a + FeCk] could be stored in a few
days under inert atmosphere.
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