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Abstract: An original approach to helicene frameworks exploiting atom economic isomerization of
appropriate energy-rich aromatic cis,cis-dienetriynes has been developed. The new paradigm provides
nonphotochemical syntheses of helicenes based on the easy, convergent, and modular assembly of key
cis,cis-dienetriynes and their nickel(0)-catalyzed [2+2+2] cycloisomerization. The potential of the methodol-
ogy is underlined by the syntheses of the parent [5]helicene (2), 7,8-dibutyl[5]helicene (23), [6]helicene
(24), and [7]helicene (25). The approach can be adapted to prepare functionalized helicenes as exemplified
by the eight-step synthesis of 7,8-dibutyl-2,3-dimethoxy[6]helicene (34). Density functional theory (DFT)
calculations showed that bis[2-((12)-1-buten-3-ynyl)phenyllacetylene (1) and isomeric [5]helicene (2) differ
enormously in the Gibbs energy content (AG = —136.6 kcal.mol ™) to favor highly the devised intramolecular
simultaneous construction of three aromatic rings.

Introduction on pure atom economisomerizationof appropriate energy-

Isomerizations, besides ultimate addition reactions, perfectly rich aromaticcis,cis-dienetriynes under transition metal catalysis.

fulfill criteria of atom economy and, when cleverly uset,
reflect art in organic synthesis. The simple, photochemically

mediated isomerization of stilbene-like precursors to ortho fused hvdrocvclization ofcistrans1. 2-diarvl ethenes relving on the
aromaticg is almost in full harmony with this concept, but it Y ye . ’ y! et ying on th
has been hampered by fundamental drawbacks to evolve into aUV mediated six-electron electrocyclization followed by in situ
really convenient method for preparing helicefieBespite oxidation, we sought a similar but more efficient alternative
further remarkable progress in helicene chemistry that has beenoathw"le bag;(_ad on a simple |so_mer|zat|_on ofa sungble precursor
recorded in the past decatleamely due to the revolutionary under transition meta_l catalysis t_o build up a he“(:er]e frame-
Diels—Alder approach invented and exploited by Kéathe task work. As“the preparation of [F’Jhehce.@(SCheme .1) might be

of developing novel strategies for the preparation of helicenes called a *benchmark process” in helicene chemistry to test the

remains a Cha"?n.ge to State'Of'the'ar.t synthesis. In this paper, (s) For recent nonphotochemical syntheses, see: (a) Carreno, M. C.; Garcia-
we report an original approach to helicene frameworks based Cerrada, S.; Urbano, Al. Am. Chem. So2001, 123 7929. (b) Carreno,

Results and Discussion

Devising Helicene PrecursorsBeing inspired by photode-
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Scheme 1. Calculated Gibbs Energy Content of
cis,cis-Dienetriyne 1 and [5]Helicene 2

© 150 |
<
>
o _
o

o
@
85100-
a8
o<
[0
2
£ 50
[}
@

2

feasibility of a synthetic strategywe proposed the model
isomeric cis,cis-dienetriynel as a potential precursor of [5]-
helicene2.

Computational Study. For the reactiorl — 2 in tetrahy-
drofuran, the value oAG%ggTHF) = —136.6 kcaimol~! has
been calculated (for details, see the Experimental Section). It
can be decomposed into three significant contributiohE: =
—148.0 kcalmol™! (difference between potential energies of
reactant and product)AG%gggas phase)— AE = 14.3
kcakmol~! (difference in the gas-phase corrections to Gibbs
energy), andAGsoy = —2.9 kcatmol™! (difference in the
solvation energies of reactant and product in tetrahydrofuran).
It can be seen that dominant energy contribution comes from
the decay of three triple bonds and the formation of three
aromatic ring$. The calculations support the idea of “energy-
rich” intermediatel and demonstrate that its conversion into
[5]helicene2 is thermodynamically highly favored.

(6) For the syntheses of helicenes and heterohelicenes based onAids
approach, see: (a) Phillips, K. E. S.; Katz, T. J.; Jockusch, S.; Lovinger,
A. J.; Turro, N. J.J. Am. Chem. So001, 123 11899. (b) Weix, D. J.;
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C.; Rhatigan, B.; Rheingold, A. LJ. Org. Chem.200Q 65, 7602. (e)
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Katz, T. J.; Van Elshocht, S.; Verbiest, T.; Kauranen, M.; Persoons, A.;
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3453. (i) Nuckolls, C.; Katz, T. J.; Katz, G.; Collings, P. J.; Castellanos,
L. J. Am. Chem. S0d.999 121, 79. (j) Dreher, S. D.; Weix, D. J.; Katz,

T. J.J. Org. Chem1999 64, 3671. (k) Fox, J. M.; Katz, T. 1. Org.
Chem.1999 64, 302. (I) Nuckolls, C.; Katz, T. 1. Am. Chem. S04998

120, 9541. (m) Fox, J. M.; Goldberg, N. R.; Katz, T.J. Org. Chem.
1998 63, 7456. (n) Katz, T. J.; Liu, L. B.; Willmore, N. D.; Fox, J. M.;
Rheingold, A. L.; Shi, S. H.; Nuckolls, C.; Rickman, B. B.. Am. Chem.
Soc.1997 119 10054. (0) Dai, Y. J.; Katz, T. J. Org. Chem1997, 62,
1274. (p) Nuckolls, C.; Katz, T. J.; CastellanosJLAm. Chem. So4996
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J. Org. Chem1994 59, 1889. (t) Willmore, N. D.; Liu, L. B.; Katz, T. J.
Angew. Chem., Int. Ed. Engl992 31, 1093. (u) Liu, L.; Katz, T. J.
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Synthesis of parent pentaheliceddy photocyclization of stilbene-type
precursors is difficult without using a bromine auxiliaries trick, see: (a)
Liu, L.; Katz, T. J.Tetrahedron Lett1991, 32, 6831. For other preparations
of pentahelicene, see refs 5il,w and: (b) Bestmann, H. J.; Both, W.
Chem. Ber1974 107, 2923. (c) Bestmann, H. J.; Both, \Wngew. Chem
1972 84, 293. (d) Mukhariji, P. C.; Ray, S. B.; Ghosh, idian J. Chem
1971, 408. (e) Bestmann, H. J.; Armsen, R.; WagnerCHem. Ber1969

102, 2259. (f) Altman, Y.; Ginsburg, DJ. Chem. Sacl959 466.

The studied reaction is anisodesmic. The local electronic environments of
most of the atoms change significantly in the course of the reaction.
Therefore we carried out model calculations for the simple reactiosH3C
— CgHp) to ascertain the accuracy of the calculated data. It was found that
the AE value calculated at B3LYP/6-3%H-G(d,p) level AE = —151.7
kcakmol~1) was in a very good agreement with reference CCSD(T)/6-
311++G(d,p) values AE = —148.6 kcaimol~1). The B3LYP method
performed even better than MP2/6-31:1G(d,p), which yieldedAE =
—153.6 kcaimol=2. In this respect, we consider the adopted computational

@

~
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scheme as reasonably accurate and estimate the error in the calculated value

of AG%ggTHF) for reactionl — 2 to be 5-10 kcatmol.
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Scheme 2. Preparation of cis,cis-Dienetriynes 1 and 92
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aConditions: (a) TIPSC=CH (1.0 equiv), Pd(PRu (5%), Cul (10%),
IPLNH, 0 °C to room temperature, 2 h, 99%. (lBu—C=CH (2.1 equiv),
Pd(PPB)4 (5%), Cul (10%),PrLNH, 0 °C to room temperature, 12 h, 99%.
(c) '‘BuLi (2.0 equiv), ether;-90 °C, 10 min, thend (1.7 equiv),—90 °C,
10 min, 98%. (d)BuLi (2.0 equiv), ether~90 °C, 10 min, then{ (1.7
equiv),—90°C, 10 min, 97%. (e) H&CH (gaseous), Pd(PBh (5%), Cul
(10%), piperidine, room temperature, 3 h, 79%. (f)3HCH (gaseous),
Pd(PPBh)4 (5%), Cul (10%), piperidine, room temperature, 1 h, 78%. (g)
"BusNF (2.4 equiv), THF, room temperature, 5 min, 71%. (h) TM3=CH
(1.1 equiv), Pd(PPJy (5%), Cul (10%)/PrL.NH, room temperature, 50 min,
99%. (i) CHsONa (2.4 equiv), methanol, room temperature, 2 h, 98%.

Despite the encouraging fact that thermodynamic factors stood
on our side, the basic questions about synthetic availability/
stability of energy-rich, fully unsaturateik,cis-dienetriynes and,
most importantly, about kinetics of the key isomerization to
helicenes under transition metal catalysis primarily still has to
be answered.

Synthesis ofcis,cis-Dienetriynes. The synthesis o€is,cis-
dienetriynes1l and 9 began from knowncis-dibromide 3
(Scheme 230 Sonogashira coupling with TIPSC=CH or
nBu—C=CH proceeded smoothly under®@u catalysis with
excellent regioselectivity at the vinyl part 8fto deliver cis-
enyne4 and6, respectively. To ensure further clean Sonogashira
coupling with acetylene or TMSC=CH without participation
of the ortho enyne moiety, we converted bromiland 6 to
iodide 5 and 7, respectively, by routine lithiation witFBuLi
and subsequent quenching aryllithiums with iodine. Then, on
reaction with gaseous acetylene undef/€d catalysis, we
obtained the symmetricais,cis-dienetriynes8 and9. Smooth
desilylation of 8 with "BusNF ensued to providecis,cis-
dienetriynel. In addition, iodides was treated with TMSC=
CH under PHCU catalysis to affordcis-endiyne 10. The

(9) The difference between the potential enefdy= —148.0 kcaimol~1 for

the simultaneous formation of three aromatic ring® iand the enthalpy
value AH = —143.1 kcaimol~! (calculated from tabulated data, see ref
24) for the formation of benzene from three acetylenes is not so significant
as expected. This incongruity may be attributed to the presence of a torsional
strain in pentahelicen@. Its value calculated at the B3LYP/6-3G(d)

level as the difference in thermodynamic stability2oénd picene is 11.9
kcakmol=1, in agreement with the previous findings of Schulman fg+ [
helicenes and [n]phenacenes (ref 25).

cis-Bromide 3 was readily available from commerciahns-2-bromocin-
namic acid in two steps, see: (a) Yasuike, S.; Shiratori, S.-I.; Kurita, J.;
Tsuchiya, TChem. Pharm. Bull1999 47, 1108. (b) Tietze, L. F.; Noebel,

T.; Spescha, MJ. Am. Chem. S0d.998 120, 8971.

(10
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Scheme 3. Preparation of cis,cis-Dienetriynes 20 and 222
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aConditions: (a) CBr (2.0 equiv), PPk (2.0 equiv), Zn (2.0 equiv),
CHCl,, room temperature, 14 h, 85%. (BusSnH (1.5 equiv), Pd(PRJx
(5%), toluene, room temperature, 3 h, 80%. (c) THES=CH (1.1 equiv),
Pd(PPB)s (5%), Cul (10%),/PrNH, 0 °C to room temperature, 25 min,
99%. (d)"Bu—C=CH (1.1 equiv), Pd(PRJy (5%), Cul (10%),Pr,NH, 0
°C to room temperature, 1.5 h, 86%. {BULi (2.0 equiv), ether;-90 °C,
5 min, then 4 (1.7 equiv),—90 °C, 10 min, 96%. (f)'BuLi (2.0 equiv),
ether,—90 °C, 5 min, then 4 (1.7 equiv),—90 °C, 10 min, 94%. (g)11
(1.0 equiv), Pd(PPJu (5%), Cul (10%),PLNH, room temperature, 2 h,
99%. (h)"BusNF (2.4 equiv), THF, room temperature, 5 min, 87%. (i)
HC=CH (gaseous), Pd(PBh (2.5%), Cul (5%), piperidine, 86C, 0.5 h,
57%. (j) "BusNF (2.4 equiv), THF, room temperature 5 min, 63%.

selective removal of the TMS group by @BINa accomplished
the preparation of the building blockl that was further used
in the synthesis otis,cis-dienetriyne20, vide infra.

The synthesis otis,cis-dienetriynes20 and 22 relied on a
very similar strategy. Starting from known bromo aldehy@e
(ref 11), we had to install theis-enyne moiety (Scheme 3).
The Corey-Fuchs olefinatio#? led to tribromidel3 that was
subjected to regio- and stereoselective hydrogenolysis on
treatment with"BuzSnH under Pl catalysis according to the
Uenishi-Tsuji procedur& to furnish cis-vinyl bromide 14,

(11) For preparation of2, see: (a) Clayden, J.; McCarthy, C.; Westlund, N.;
Frampton, C. SJ. Chem. Soc., Perkin Trans.2D0Q 1363. (b) Grissom,
J. W.; Klingberg, D.; Meyenburg, S.; Stallman, B.L.Org. Chem1994
59, 7876. (c) Rawal, V. H.; Florjancic, A. S.; Singh, S. Retrahedron
Lett 1994 35, 8985. (d) Smith, J. G.; Dibble, P. W.; Sandborn, RJE.
Org. Chem 1986 51, 3762. (e) Weber, E.; Csoregh, |.; Stensland, B.;
Czugler, M.J. Am. Chem. Sod 984 106, 3297. (f) Trost, B. M.; Liu,
G.-J.J. Org. Chem1981, 46, 4617.

(12) (a) Scott, L. T.; Cooney, M. J.; Otte, C.; Puls, C.; Haumann, T.; Boese, R.;
Carroll, P. J.; Smith, A. B., lll; de Meijere, Al. Am. Chem. Sod.994
116, 10275. (b) Corey, E. J.; Fuchs, P. Tetrahedron Lett1972 3769.

(13) Uenishi, J.; Kawahama, R.; Yonemitsu, O.; Tsuji).JOrg. Chem1998
63, 8965.

leaving the bromine atom at naphthalene untouched. Then the
regioselective PYUCU-catalyzed Sonogashira coupling with
TIPS—C=CH gavecis-enyne15. The synthesis of its more
reactive iodo analoguts was accomplished by routine halogene
exchange with use of tHBuLi-metalation/iodination protocol.
Similarly, cis-vinyl bromide 14 was regioselectively coupled
with "Bu—C=CH to give cis-enyne 17 and the following
bromine-to-iodine displacement delivereid-enynel8that was
further utilized in the synthesis of functionalized [6]helicene
34, vide infra.

Having prepared the suitable building bloddsand16, vide
supra, we could assemble the modig|cis-dienetriyne20 and
22. Starting from the sameis-enynel6, the Pd/Cu'-catalyzed
reaction withcis-endiynell provided the cross-coupledis,cis-
dienetriynel9 while the reaction with gaseous acetylene led to
the homo-couplecis,cis-dienetriyne21. Finally, deprotection
of terminal acetylene units 49 and21 with "BusNF delivered
the freecis,cis-dienetriyne20 and 22, respectively.

Isomerization of cis,cis-Dienetriynes to Helicenes.The
[2+2+2] cycloisomerization of alkynes under transition metal
catalysis to deliver benzene derivatives is a well-established
synthetic tool* As the isomerization ofis,cis-dienetriynes to
helicenes was proposed to follow this mechanistic pathway, we
focused on Co(l) and Ni(0) catalysis like that recently applied
to the synthesis of helicene-likeand tetrahydrohelicefie
molecules.

Initial attempts to isomeriz& with Co,(CO)s provided only
tiny amounts of pentahelicer®(Table 1, entry 1) because an
undesirable polymerization of the starting material occurred.
Changing the catalyst to CpCo(CZRPh improved the yield
slightly (Table 1, entry 2). Stoichiometric amounts of CpCo-
(CO), gave only a moderate yield @& (Table 1, entry 3).

Accordingly, we turned our attention to nickel(0) catalysis,
which is usually swifter than cobalt catalysis when six-
membered rings are closédindeed, adding an equimolar
amount of Ni(cody to 1 gave an instantaneous reaction and led
to pentaheliceng in high yield (Table 1, entry 4). Gratifyingly,
catalytic amounts of Ni(cod)also produce@ in good yield
(Table 1, entry 5). The results with nontermineis,cis-
dienetriyned were similar. It was smoothly cycloisomerized to
bisalkylated pentahelicer28 (Table 1, entry 6).

Encouraged by the easy formation of the pentahelicene
backbone, we focused our attention on the synthesis of higher
homologues. In the presence of a stoichiometric amount of
Ni(0) complex, a smooth cycloisomerization of b@Bband22
proceeded to deliver hexahelice2#(ref 16) and heptahelicene

(14) For reviews, see: (a) Saito, S.; YamamotoC¥iem. Re. 200Q 100, 2901.
(b) Lautens, M.; Klute, W.; Tam, WChem. Re. 1996 96, 49. (c) Grotjahn,
D. B. In Comprehensie Organometallic Chemistry;lAbel, E. W., Stone,
F. G. A., Wilkinson, G., Eds.; Hegedus, L. S., Volume Ed.; Elsevier
Science: Oxford, 1995; Vol. 12, Chapter 7.3, p 741. (d) Schore N. E. In
Comprehensie Organic Synthesigrost, B. M., Fleming, ., Paquette, L.
A., Eds.; Pergamon Press: Oxford, 1991; Vol. 5, Chapter 9.4, p 1129. (e)
Vollhardt, K. P. C.Angew. Chem., Int. Ed. Engl984 23, 539.

(15) (a) Staral. G.; Stafy I.; Kollarovic, A.; Teply, F.; Saman, D.; Tichy M.

J. Org. Chem1998 63, 4046. (b) Staral. G.; Stafy I.; Kollarovic, A.;
Teply, F.; Saman, D.; Tichy M. Chimia 1997, 51, 378.

(16) For preparation of parent hexahelic@#esee: (a) Brown, J. M.; Field, I.
P.; Sidebottom, P. Jetrahedron Lett1981, 22, 4867. (b) Borkent, J. H.;
Diesveld, J. W.; Laarhoven, W. HRecl.: J. R. Neth. Chem. Sat981,
100, 114. (c) Hibert, M.; Solladie, GJ. Org. Chem198Q 45, 5393. (d)
Newman, M. S.; Lednicer, DI. Am. Chem. Sod.956 78, 4765.

(17) For preparation of parent heptahelic@%e see ref 5k and: (a) Sudhakar,
A.; Katz, T. J.Tetrahedron Lett1986 27, 2231. (b) Corsane, M.; Defay,
N.; Martin, R. H.Bull. Soc. Chim. Belgl985 94, 215. (c) Martin, R. H.;
Schurter, J. JTetrahedronl972 28, 1749. (d) Laarhoven, W. H.; Cuppen,
T. J. H. M.; Nivard, R. J. FTetrahedron197Q 26, 4865.
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Table 1. [2+2+2] Cycloisomerization of cis,cis-Dienetriynes Scheme 4. Synthesis of Substituted [6]Helicene 342
CH30 CH,0
Entry Educt Co or Ni (mol %)  PPha (mol %) Product®® Yield (%)° CH,0 3 a CH,0 2
Br
1 1 CoxCO)s (15) 0 8 I
<8 #0 Z R
OOO Br Br
26 27 R=Br
b
2 28 H J
2 1 CpCo(CO). (20) 40 2 30 Bu ¢ l
CH30
3 1 CpCo(CO): {100) 200 2 43 CHy0 Il oo | MBU
4 1 Ni(cod)z (100) 0 2 83 P . oHyo 3 I
5 1 Ni(cod), (20) 40 2 64 - _
6 9 Ni(cod)2 (20) 40 76 f R
R
23
7 20 Ni(cod), (100) 0 86
24
8 20  Ni(cod)z (10) 20 24 54
9 22 Ni(cod)z (100) 0 QQ 60
S 2
25
10 22 Ni{cod): (10) 20 25 51

aThe reactions mediated by Co complexes were run in dioxane-at 80

90 °C (entries 1 and 2) or in decane at 140 (entry 3) until the educt

disappeared (222 h). When CpCo(CQ)was used, the reaction mixture
was irradiated by a halogen lampThe reactions mediated by Ni(ced)

were run in THF at room temperature until the educt disappeared55

min). ¢ Isolated.

aConditions: (a) CBr (2.0 equiv), PPk (2.0 equiv), Zn (2.0 equiv),
CH_Cl,, room temperature, 17 h, 99%. (BusSnH (1.2 equiv), Pd(PRJy
(5%), toluene, room temperature, 10 h, 72%."@)—C=CH (1.5 equiv),
Pd(PPh)s (5%), Cul (10%),P,NH, 40 °C, 15 min, 95%. (dJBuLi (2.0
equiv), ether,—90 °C, 5 min, then 4 (1.7 equiv),—90 °C, 30 min, 81%.
(e) TMS—C=CH (1.4 equiv), Pd(PRjy (5%), Cul (10%),PLNH, room
temperature 30 min, 77%. (f) GBNa (2.4 equiv), methanol, room
temperature, 4.5 h, 99%. (48 (0.98 equiv), Pd(PRJu (5%), Cul (10%),

25 (ref 17), respectively, in excellent or good yield (Table 1,
entries 7 and 9). Under catalytic conditions, the yield4f
and25 were also reasonable (Table 1, entries 8 and 10). Note,
in all cases helicenes were formed as the only low molecular digm for the nonphotochemical preparation of parent [5]-, [6]-,
weight products and they were easily separable from the reactionand [7]helicenes. Its bases are the easy, convergent, and modular
mixture by flash chromatography. assembly of energy-ricttis,cis-dienetriynes and the high
Synthesis of Functionalized HelicenesTo establish the susceptibility of these materials to cyclize to helicenes. It can
scope of this new approach to helicenes, we embarked on abe applied to synthesize functionalized helicenes. Further studies
synthesis of the functionalized [6]helicer8®# (Scheme 4).  are therefore underway to extend the syntheses so they give
Starting from commercially available aldehy2ig we followed helicenes that are substituted in other ways and helicenes that
the modular approach developed for the unsubstitaiedis- are nonracemic.
dienetriynesdl, 9, 20, and22. Dibromoolefination led smoothly
to 27, which was stereoselectively dehalogenated to praosiile
vinyl bromide 28. Regioselective coupling with 1-hexyne
affordedcis-enyne29, which has a nonterminal acetylene unit.
Accordingly, after a halogene exchange, iodRi&could be
coupled with TMS-C=CH to give endiyne&L1. In this reaction,
the pendant butyl-substituted acetylene unit participated i
undesirable Heck addition to a very low extent, and so Bdre
could be isolated by flash chromatography in good yield.
Removal of the TMS group furnishegR, which was coupled
with naphthyl iodidel8 to deliver the keycis,cis-dienetriyne
33. No significant Heck addition interfered. In the final step,
Ni(0)/PPh catalyst instantaneously cyclized dienetriydto
substituted [6]helicen84 in 61% vyield.

iPLNH, room temperature, 1 h, 91%. (h) Ni(ced@0%), PPk (40%), THF,
room temperature, 15 min, 61%.

Experimental Section

Computational Details. The calculations were performed with a
Gaussian 98 program packagia the framework of density functional
theory (B3LYP functional}® Two standard basis sets have been used
throughout the calculations: 6-31(d) (ref 20) and 6-31t+G(2p,d)

n (ref 21). The optimizations of molecular geometries and vibrational
analyses have been carried out at the B3LYP/6-G1d) and single

point electronic energies computed at the B3LYP/6-B1G(p,d) level.

The computed vibrational frequencies have been used for the subsequent
thermochemistry calculations, preformed according to the standard

(18) Frisch, M. J. et alGaussian 98Revision A.7; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(19) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Lee, C.; Yang, W.; Parr,
R. G.Phys. Re. B 1988 37, 785. (c) Vosko, S. H.; Wilk, L.; Nusair, M.
Can. J. Phys198Q 58, 1200.

(20) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56,
2257. (b) Gordon, M. SChem. Phys. Lettl98Q 76, 163.

(21) (a) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639. (b)
Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys198Q
72, 650.

Conclusions

In summary, the nickel(0)-catalyzedf2+2] cycloisomer-
ization of aromaticcis,cis-dienetriynes represents a new para-
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formulas of statistical thermodynamics in the ideal gas approximation.  Procedure for Corey—Fuchs Olefination of 12 and 26.Triph-

In this way,AG%asvalues have been obtained. Solvation Gibbs energies, enylphosphine (525 mg, 2.0 mmol, 2.0 equiv) in dichloromethane (5

AGqon, for reactant and product have been computed in the framework mL) was added to a mixture of tetrabromomethane (663 mg, 2.0 mmol,

of the PCM reaction field model of Toma&iThe standard dielectric 2.0 equiv) and zinc powder (131 mg, 2.0 mmol, 2.0 equiv) in

constant for tetrahydrofuran has been used=(7.58). The reference dichloromethane (3 mL) under argon. After the mixture was stirred at

calculations of a simple model reaction described in ref 8 were carried room temperature for 30 min, aldehyde (1.0 mmol) in dichloromethane

out by using a very accurate CCSD(T) methidd. (5 mL) was added and the suspension was stirred at room temperature
Procedure for Sonogashira Coupling of Aryl lodides 5, 16, 18, for 14—17 h. The crude reaction mixture was passed through a short

and 30 or Vinyl Bromides 3, 14, and 28 with"Bu—, TMS—, or pad of silica gel using dichloromethane, the solution was evaporated

TIPS—C=CH or Aryl Acetylenes 11 and 32.A Schlenk flask was in vacuo to dryness, and the residue was chromatographed on silica

charged with aryl or vinyl halide (1.0 mmol), Pd(P§H58 mg, 0.050 gel to get the product.

mmol, 5 mol %), and Cul (19 mg, 0.100 mmol, 10 mol %) and flushed Procedure for Stereoselective Hydrogenolysis of 13 and 2A

with argon. Diisopropylamine (1615 mL) was added and the reaction  Schlenk flask was charged with dibromovinyl derivative (0.800 mmol)

mixture was briefly heated under stirring to-480 °C and then cooled and Pd(PPJ), (46.2 mg, 0.040 mmol, 5 mol %) and flushed with argon.

to 0 °C or room temperaturéBu—, TMS—, or TIPS-C=CH or aryl Toluene (8 mL) was added and the solution was treated with tributyltin

acetylene (1.62.4 mmol, 1.6-2.4 equiv) was added and the reaction  hydride (254uL, 0.958 mmol, 1.2 equiv) under stirring at room

mixture was stirred at @C or room temperature or 4C for 0.25-14 temperature for 0:23 h until the reaction composition did not change

h until the reaction composition did not change (monitored by TLC). (monitored by TLC). The reaction mixture was diluted with brine and

The precipitate was filtered off and washed with petroleum ether (5 extracted with dichloromethane %3. The combined fractions were

2 mL). The combined fractions were evaporated to dryness in vacuo dried over anhydrous N&Q, the solvents were evaporated in vacuo,

and the residue was chromatographed on silica gel to obtain the productand the residue was chromatographed on silica gel to obtain the product.

Procedure for Sonogashira Coupling or Aryl lodides 5, 7, and
16 with Gaseous AcetyleneA Schlenk flask was charged with aryl
iodide (1.0 mmol), Pd(PRJx (58 mg, 0.050 mmol, 5 mol %), and Cul

Procedure for Nickel-Mediated [2+2+2] Cycloisomerization of
cis,cis-Dienetriynes 1, 9, 20, 22, and 33: Stoichiometric MethodA
Schlenk flask was charged witlis,cis-dienetriyne (0.100 mmol) and

(19 mg, 0.100 mmol, 10 mol %) and flushed with argon. Piperidine flushed with argon. The substrate was dissolved in THF (2 mL), a stock
(10-15 mL) was added and the reaction mixture was briefly heated sojution of Ni(cod) in THF (0.06 M, 1.70 mL, 100 mol %) was added,
under stirring to 48-50 °C and then cooled to room temperature. A and the mixture was stirred at room temperature for 15 min. The solvent
rubber balloon filled with acetylene was attached to the Schlenk flask was evaporated in vacuo and the residue was Chromatographed on silica
and the reaction mixture was stirred at room temperature 6C80r gel to obtain the productCatalytic Method. In a Schlenk flask,
0.5-3 h until the reaction composition did not change (monitored by  triphenylphosphine (10.5 mg, 0.040 mmol, 20 mol %) was dissolved
TLC) The precipitate was filtered off and washed with petroleum ether in THF (1 mL) under argon, a stock solution of NI(C@d’) THE (006

(5 x 2 mL). The combined fractions were evaporated to dryness in \, 3304L, 10 mol %) was added, and the mixture was stirred at room

vacuo and the residue was chromatographed on silica gel to obtain thegemperature for 5 mincis,cis-Dienetriyne (0.200 mmol) in THF (2

product.

Procedure for Conversion of Bromides 4, 6, 15, 17, and 29 to
Corresponding lodides.tert-Butyllithium (1.7 M solution in pentane,
940uL, 1.60 mmol, 2.0 equiv) was added dropwise (trickling along a
cooled flask surface) to a vigorously stirred solution of aryl bromide
(0.800 mmol) in ether (4 mL) at90 °C under argon. After the mixture
was stirred at-90 °C for 510 min, iodine (345 mg, 1.36 mmol, 1.7
equiv) in ether (3 mL) was added dropwise. The mixture was stirred
at —90 °C for 10—30 min and then warmed to room temperature. The
reaction mixture was diluted with dichloromethane (4-fold to the amount
of ether), washed with N&,03 (2x) and water (Xk), and dried over
anhydrous Nz5Q. The solvents were removed in vacuo and the residue
was chromatographed on silica gel to afford the product.

Procedure for Selective TMS-Deprotection of 10 and 31Sodium
methanolate (0.5 M solution in methanol, 4.80 mL, 2.40 mmol, 2.4
equiv) was added to TMS derivative (1.0 mmol) in methanol (4 mL)
under argon and the mixture was stirred at room temperature-fér32

h. The solution was evaporated in vacuo to dryness and the residue,

was chromatographed on silica gel to obtain the product.

Procedure for TIPS-Deprotection of 8, 19, and 21Tetrabutyl-
ammonium fluoride (1.0 M solution in THF, 7240, 0.720 mmol, 2.4
equiv) was added to silylatetis,cis-dienetriyne (0.300 mmol) in THF
(4 mL) under argon and the mixture was stirred at room temperature
for 5 min. The solution was evaporated in vacuo to dryness and the
residue was chromatographed on silica gel to obtain the product.

(22) (a) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117. (b)
Cossi, M.; Barone, V.; Cammi, R.; Tomasi, Ghem. Phys. Lett1996
255, 327.

(23) (a) GZek, J.J. Chem. Physl966 45, 4256. (b) Raghavachari, K.; Trucks,
G. W.; Pople, J. A.; Head-Gordon, NChem. Phys. Let1989 157, 479.

(24) For standard molar enthalpidsH® of acetylene and benzene in the gas
phase at 298.15 K, se€CRC Handbook of Chemistry and Physiggth
ed.; Lide, D. R., Frederikse, H. P. R., Eds.; CRC Press: Boca Raton, FL,
1996; pp 5-29 and 5-43.

(25) Schulman, J. M.; Disch, R. LJ. Phys. Chem. A999 103 6669.

mL) was added and the mixture was stirred at room temperature for
5—15 min. The solvent was evaporated in vacuo and the residue was
chromatographed on silica gel to obtain the product.

Procedure for Cobalt-Mediated [2+2+2] Cycloisomerization of
cis,cis-Dienetriyne 1: Cycloisomerization with Ca(CO)s. A Schlenk
flask was charged witth (52 mg, 0.187 mmol) and flushed with argon.
The substrate was dissolved in dioxane (1 mL), a solution gf@0)
(9.6 mg, 0.028 mmol, 15 mol %) in dioxane (1 mL) was added, and
the mixture was stirred at 8€ for 40 min. The solvent was evaporated
in vacuo and the residue was chromatographed on silica gel (petroleum
ether-ether 99:1) to obtai@ (ref 7) (4.4 mg, 8%) as an amorphous
solid.

Cycloisomerization with CpCo(CO),: Stoichiometric Method.
A Schlenk flask was charged with(23 mg, 0.083 mmol) and flushed
with argon. The substrate was dissolved in decane (5 mL), a solution
of triphenylphosphine (43.3 mg, 0.165 mmol, 200 mol %) in decane
(1 mL) and CpCo(CQ)(11 L, 0.083 mmol, 100 mol %) were added,
and the mixture was stirred at 14C for 1.2 h under concomitant
irradiation with a halogen lamp. The solvent was evaporated in vacuo
and the residue was chromatographed on silica gel (petroleum-ether
ether 100:0 to 99:1) to obtaixd (10 mg, 43%) as an amorphous solid.
Catalytic Method. A Schlenk flask was charged with(52 mg, 0.187
mmol) and flushed with argon. The substrate was dissolved in dioxane
(3 mL), a solution of triphenylphosphine (19.6 mg, 0.075 mmol, 40
mol %) in dioxane (1 mL) and CpCo(C®}5 uL, 0.038 mmol, 20
mol %) were added, and the mixture was stirred at’@0for 22 h
under concomitant irradiation with a halogen lamp. The solvent was
evaporated in vacuo and the residue was chromatographed on silica
gel (petroleum etherether 99:1) to obtair?2 (15.8 mg, 30%) as an
amorphous solid.
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