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induced [6+-2] cycloaddition of tricarbonyl{*-1 or 7*-2)iron(0)
complexes afforded at once a mixture of bicyclo[4.2.2]decatetra-
(tri)jene and #*-bicyclo[4.2.2]decatetra(tri)ene)iron(0) com-
plexes® A related photoinduced cycloaddition of tricarbonyl-
(175-1 or 5-2)chromium(0) with DMAD (Dimethyl acetylenedicar-
boxylate) forming metal-free adducts was reported by Rigby et
al® with terminal alkynes, the chromium-promoted cycload-
dition occurs through a stepwise H@] cycloadditionho-
mg6+2] cycloaddition sequence to afford tetracyclic adducts
(Scheme 2Y. Sporadically, such reactions with non-carbonyl
complexes were reported. For instance, the stoichiometti2][6
cycloaddition of COTT or COT with alkynes has been described
with [CpMo(alkyne}(MeCN)] [BF4]® or Ru(cod)(cotf.

To our knowledge, the metahtalyzed6-+2] cycloaddition
of COTT or COT with alkynes has never been described.
Recently, we reported a{&2] cycloaddition of cycloheptatriene
(CHT) with terminal alkynes catalyzed by Co(l) complexes to
afford bicyclo[4.2.1]triened% Our interest in the development
of cobaltcatalyzedcycloaddition® prompted us to investigate

The cobalteatalyzed[6+2] cycloaddition of cyclooctatet-
raenel with alkynes3 affords monosubstituted bicyclo[4.2.2]-
deca-2,4,7,9-tetraendsin fair to good yields. Due to the
valence tautomerism, 1,3,5-cyclooctatriéné equilibrium
with bicyclo[4.2.0]octa-2,4-dienéA, and alkynes3 are
converted tol10 and 11 according to [6-2] and [4+2]
cycloadditions, respectively.

Introduction

Thermal, uncatalyzed, higher-order cycloadditions that in-
volve polyenes as an enophile are difficult to achieve, because
they suffer from a lack of periselectivity and often yield complex
mixtures! Due to the valence tautomerism, the cycloaddition
of cyclooctatetraene (COTT) or 1,3,5-cyclooctatriene (COT)

2 with alkynes or alkene partners affords a mixture of tricyclic
and/or bicyclic adducts resulting from the-f2] pathway
(Scheme 1%. The transition-metatatalyzedhigher-order cy-
cloadditions of cyclotrienes are very useful reactions for the (5) Davis, R. E.: Dodds, T. A Hseu, T. H.. Wagnon, J. C.. Devon, T.

construction of medium-sized ring _compouﬁ‘d?.fhe [6+2] Tancrede, J.; McKennis, J. S.; Pettit, RAm. Chem. So974 96, 7562-
cycloaddition of the tricarbonyif*-1)iron(0) complex with 7564. _
internal alkynes was first examined by Kmke! to give metal- (6) Rigby, J. H.; Scribner, S.; Heeg, M. Tetrahedron Lett1995 36,

e 8569-8572.
free adducts under thermal conditions. In contrast, the photo- (7) (a) Kreiter, C. G.; Bolik, V. Personal communication. Bolik, V. Ph.D.

Thesis, University of Kaiserslautern, 1999. (b) Related tetracyclic com-
* Corresponding author. Faxi33-491-282742. pounds were observed in the cycloaddition ofSfCHT)Cr(CO)] with
(1) Rigby, J. H. InComprehensie Organic SynthesjsTrost, B. M., terminal alkynes, see: Rigby, J. H.; Heap, C. R.; Warshakoon, N. C.
Fleming, I., Paquette, L. A., Eds.; Pergamon Press: Oxford, 1991; Vol. 5, Tetrahedron200Q 56, 2305-2311.
pp 617643. (8) (a) Bourner, D. G.; Brammer, L.; Green, M.; Moran, G.; Orpen, G.;
(2) (a) Reppe, W.; Schlichting, O.; Klager, K.; Toepel JUstus Liebigs Reeve, C.; Schaverien, C.J.Chem. Soc., Chem. Commad®85 1409.
Ann. Chem1948 560 1-92. (b) Weis, C. DJ. Org. Chem.1963 28, (b) Brammer, L.; Dunne, B. J.; Green, M.; Moran, G.; Orpen, G.; Reeve,
74—78. (c) Huisgen, RAngew. Chem., Int. Ed. Engl97Q 9, 751-762. C.; Schaverien, C. Jl. Chem. Soc., Dalton Tran$993 1747-1759.
(d) Huisgen, R.; Mietzch, FAngew. Chem., Int. Ed. Endl964 3, 83—85. (9) (a) Nagashima, H.; Matsuda, H.; Itoh, K.Organomet. Cheni983
(e) Cope, A. C.; Haven, A. C.; Ramp, F. L.; Trumbull, E.RAm. Chem. 258 C15. (b) Itoh, K.; Mukai, K.; Nagashima, H.; Nishiyama, @hem.
Soc.1952 74, 4867-4871. (f) Boucher, J. L.; De Riggi, |.; Stella, L. Lett. 1983 499.
Org. Chem.1997, 62, 6077-6079. (10) (a) Achard, M.; Tenaglia, A.; Buono, @rg. Lett.2005 7, 2353
(3) (@) Schore, N. EChem. Re. 1988 88, 1081-1119. (b) Lautens, 2356. (b) Pardigon, O.; Buono, Getrahedron: Asymmet993 4, 1977
M.; Klute, W.; Tam, W.Chem. Re. 1996 96, 49—-92. (c) Frihauf, H. W. 1980. (c) Pardigon, O.; Tenaglia, A.; Buono, &.0rg. Chem1995 60,
Chem. Re. 1997 97, 523-596. (d) Rigby, J. HTetrahedron1999 55, 1868-1871. (d) Tenaglia, A.; Pardigon, O.; Buono,0Org. Chem1996
4521-4538. 61, 1129-1132. (e) Pardigon, O.; Tenaglia, A.; Buono,JGMol. Catalysis
(4) Kruerke, U.Angew. Chem., Int. EEngl. 1967, 6, 79. A: Chem.2003 196, 157-164.
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TABLE 1. Cobalt-Catalyzed [6+2] Cycloaddition of SCHEME 3. Cobalt-Catalyzed Formation of 4 and 5
Cyclooctatetraene with Terminal Alkynest
1 Coly(dppe)/Znly/Zn
Colx(dppe)/Zn/Zni + =R ————>
© . R eldrpe) : ] DCE, 40°C, 20h * R
R 4 5
R 3Im=R— ) 52 % 4m 89111 5m
1 3 4 ’
entry alkyne R product yield%) 3n = R: CH,SiMe; 51 % 4n  72:28 5p
1 3a Ph 4a 70 ..
2 3b n-Bu 4b 61 SCHEME 4.  Cobalt-Catalyzed [6+2] Cycloaddition of
3 3c SiMes 4c 89 Cyclooctatetraene with Internal Alkynes
4 3d CHSOPh 4d 71
5 3e CH;CH(CO:Me), 4e 79 ,
6 3 CH.C(MelCHoAC 4f 75 _ M i - CHZ0H
I 3g  CHOH 49 69 LA TFE, 55°C, 48h |
8 3h CH,CH,OH 4h 76 HO 78% CH.OH
9 3i CH>CH,OAC 4 56 6 2
10 3 CH.CHOTs 4j 63
0
11 3k 4k 94 i Ph
CHy(CHz )N 1+ P————=——Ph—— »
DCE, 40°C, 20h |
0O 77%
7 9 \\
12 3l (CH2)sCN 4 88 o
a All reactions were carried out with COTTalkyne 3/Colx(dppe)/Zn/
Znl,in a 1.2/1/0.05/0.15/0.1 molar ratio in DCE at 4D for 20 h.? Yields (i) COTT Valkyne6 or 7/Colx(dppe)/Zn/Zng: 1.2/1/0.05/0.15/0.1.

of isolated products by column chromatographyFE as solvent.

best solvent, allowing the formation of cycloadducts in good

the behavior of COTT or COT as enophiles. Herein, we report Yields (entries 7 and 8). Unexpectedly, the reaction with

the first cobalteatalyzed6-+2] cycloaddition of COTT or COT  €thynylcyclohexensm and propargyl trimethylsilan&n af-
as the partner of the reaction with alkynes. forded, along with the [&2] cycloadducts4, a byproducts

featuring the 9-methylene-bicyclo[4.2.1]nona-2,4-diene frame-
work (Scheme 3). The structure of this newly formed cycload-
duct5 was firmly established by #H—1H COSY experiment.
The reaction of phenylethyr@& and COTTL1 in the presence  Interestingly, the formation 06 can be viewed as a formal
of Colx(dppe}* and a Lewis acid/reducing agent couple, namely, [6+1] cycloaddition probably as a result of the electronic effects
Znl,/Zn'2 in DCE at 40°C for 20 h, afforded the desired of the TMS or vinyl substituents. This reaction was briefly
7-phenylbicyclo[4.2.2]deca-2,4,7,9-tetraefAa in 70% yield examined, with COTTL and symmetrical internal alkynes or
(Table 1, entry 1). A similar result was observed combining 1,3-diynes affording the expectedH{@] cycloadducts in good
Colyx(dppe) and ByNBH4/Znl,!3 in 66% yield. However, the  yields (Scheme 4). For unknown reasons, the reactions with
first catalytic system was preferred for its compatibity with the diphenylethyne or 3-hexyne failed even at increased tempera-
functional group of the trienophile. tures. The cobaltatalyzed[6+2] cycloaddition was further
The scope and limitations of the{&] cycloaddition with examined with COT2. In the presence of the cobalt catalyst at
regard to the terminal alkynes are summarized in Table 1. The40 °C, COT 2 and phenylethyne3a afforded the desired
reaction appeared to be quite general, with various alkynes 7-phenylbicyclo[4.2.2]deca-2,4,7-trieng0a along with the
bearing functional groups such as ketone, sulfone, ester, imide,tricyclic adductl1ain approximatively 1/1 ratio and 38% global
sulfonate, and nitrile (entries—6, 9—12) and trimethylsilyl yield (Table 2, entry 2).

Results and Discussion

substituent (entry 3), affording the {&] cycloadducts in The structure ofl1awas established by a NOESY experi-

moderate to good yields (5®4%). ment, which revealed the featuring cyclobutane ring anti to the
Cycloadducts resulting from the valence tautomerism of the phenyl-substituted bridge. The absence of the cycloaddits

COTT were not formed. The only byproducts observe&%o) and/or13 (Scheme 5) in the crude reaction mixture rules out a

by H NMR of the crude reaction mixture were aromatic [4+2] pathway for the cycloaddition of COTT or COT with
cyclotrimers from alkynes3a, 3b, or 3d.}* As previously alkynes leading td or 10, respectively. In a control experiment,
observed, the choice of the solvent was crucial for the reactionsno adduct was observed in the absence of catalyst.
involving alkynols, and TFE (trifluoroethanol) proved to be the ~ Similar results were obtained with alkyngsand3e (entries

8 and 9). The allowed disrotatory ring closure2ofo bicyclo-

(11) Cotton, F. A.; Faut, O. D.; Goodgame, M. L.; Holm, R. HAm. [4.2.0]octa-2,4-dieneA (Scheme 1) precedes the cobalt-
Chem. Soc1961, 83, 1780-1785. , catalyzed [4-2] cycloaddition. At 35°C, the ratio COTA in
(12) (@) Ma, B., Snyder, J. KOrganometallics2002 21, 4688-4695. equilibrium'® is about 80/20. As shown in Table 2, the ratio

(b) Chen, Y.; Kiattansakul, R.; Ma, B.; Snyder, J. X.Org. Chem2001,
66, 6932-6942.
(13) Hilt, G.; Liers, S.; Schmidt, FSynthesi®003 4, 634-638. (15) (a) Cope, A. C.; Haven, A. C.; Ramp, F. L.; Trumbull, EJRAm.
(14) (a) For a recent report on the cobalt-catalyzed trimerization of alkyne, Chem. Soc1952 74, 4867. (b) Kimer, M. Chem. Ber1967 100, 3172.
see: Hilt, G.; Hess, W.; Vogler, T.; Hengst, £.Organomet. Chen2005 (c) Huisgen, R.; Boche, G.; Dahmen, A.; Hechtl, Wétrahedron Lett196§
690, 5170-5181. (b) For a recent microreview, see: Kotha, S.; Brahma- 5215. (d) Adam, W.; Gretzke, N.; Hasemann, L.; Klug, G.; Peters, E. M.;
chary, E.; Lahiri, K.Eur. J. Org. Chem2005 4741-4767. Peters, K.; von Schnering, H. G.; Will, Ehem. Ber1985 118 3357.
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TABLE 2. Cobalt-Catalyzed [6+2] vs [4+2] Cycloaddition of COT
with Terminal Alkynes?@

Coly(dppe)/Zn/Znl,
+ R—= "
DCE
R
2 3 10 1
entry alkyne T™C time (h) 10110 yield® (%)
1 3a 20 72 53/47 29
2 3a 40 20 47/53 38
3 3a 54 20 33/67 55
4 3a 58 20 30/70 53
5 3a 60 20 25/75 60
7 3a 64 20 14/86 71
8 3c 40 20 31/69 67
9 3e 40 20 40/60 46

a All reactions were carried out with COZ/alkyne 3/Coly(dppe)/Zn/
Znlyin a 1.2/1/0.05/0.15/0.1 molar ratio in DCERatio determined bjH
NMR. ¢ Yields of isolated products by column chromatography.

SCHEME 5. Undetected [4+2] Cycloadducts

R
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JOCNote

SCHEME 6. Postulate Mechanism of the Cobalt-Catalyzed
[6+2] Cycloaddition of 1 or 2 with Alkynes

Cololy + Zn + Znly R——

3
4or10 R O . ©:]
] \0]‘2 A

3

¥ RF o T
N 5 I
Yo )

X ‘_/ LoCo

Co L2+

insertion, and reductive elimination steps give ris8&, and

of the acetylenic compounds (entries 2, 8, and 9) but not on 14 respectively.

the initial equilibrium. According to the CurtintHammett
principle, the discrepancy in the formation of addudiversus

11 shows that the rate-controlling step is related to the relative

reactivity of COT andA (Scheme 1).

Conclusion

In summary, we have demonstrated the first catalyze®][6

The mechanism for the cycloaddition is not yet clear, but on €ycloaddition of COTT with alkynes promoted with Gelppe)/
the basis of the known cobalt chemistry, two pathways can be Zn/Znl, that affords 7-alkyl-bicyclo[4.2.2]deca-2,4,7,9-tetraenes.

proposed (Scheme 63.According to Snyder et al., reduction
of Co(ll) to cationic Co(l) by zinc is accelerated by ZAf
Coordination of the cyclic polyene with [Co()} complex?
forms [7%-(COT or COTT)Co(l)lz]* complex!.1”

According to the first path, oxidative cyclometalation of
complexl, followed by coordination of the alkyne, leads to
cobaltacyclell . Insertion of the alkyne on the Gd& bond
affords the cobaltabicyclél , and subsequent reductive elimina-

tion of cobalt releases the cycloadduct and regenerates the activ

species [Co(l)k] ™.

The reaction with COT gives both{&] and [4+2] adducts as
a result of the valence tautomerism of COT. The enantioselective
version of this cycloaddition is underway in our laboratories.

Experimental Section

General Procedure for the [6+2] Cycloaddition of Cyclooc-
tatetraene. Preparation of 4a-1, 8 and 9. 7-Phenylbicyclo[4.2.2]-
deca-2,4,7,9-tetraene, 4a, as a Representative Example with a
é]’erminal Alkyne. Zinc powder (8.2 mg, 0.125 mmol, 15 mol %)
was added to a solution of Gdippe) (30 mg, 4.2 102 mmol,

5 mol %) in DCE (1.5 mL) in a 15 mL Schlenk tube, and the

In the second path, we suggest that the oxidative cyclo- mixture was stirred at room temperature for two minutes. Then

metalation of compleXV is initiated by a change of hapticity
of the triene fromy8(1) to »*(IV), allowing the coordination of
the alkyne to afford they*—#,2 complexIV. The complexV,
resulting from the oxidative cyclometalation bf , undergoes
a 1,5 migration of the CeC(sp) bond througho—a—allyl
complexes to form the cobaltabicyclo adduitt.

The formation of11 is likely to occur from the well-
documented cobattatalyzed4+2] cycloaddition of dienes with
alkynes!® The successive oxidative cyclometalation, alkyne

(16) For mechanism proposals of cobalt-catalyzed HDA aneRf42]
cycloadditions, see: Lautens, M.; Lautens, J. C.; Smith, Al. @m. Chem.
Soc.199Q 112 5627-5628. See also, ref 12.

(17) For a recent report on the similay®{arene)lCo(l) complexes,
see: Grossheimann, G.; Holle, S.; Jolly, P. WWOrganomet. Cheni998
568 205-211.

COTT1 (105 mg, 1.0 mmol) in DCE (0.75 mL), phenylethya

(86 mg, 0.843 mmol) in DCE (0.75 mL), and dry zinc iodide (27
mg, 8.43x 1072 mmol, 10 mol %) were successively added, and
the resultant mixture was stirred at 4G for 20 h. The reaction
was stopped by the addition of pentane or petroleum ether and by
stirring in air for 10 minutes to deactivate the catalyst. After
filtration on a short pad of silica and concentration in vacuo, the
crude product was purified by flash chromatography (silica gel,
petroleum ether) to afford 121 mg (70%) 44 as a colorless oil:

IH NMR (200 MHz, CDC}) 6 7.52-7.49 (m, 2H), 7.43-7.38 (m,
2H), 7.33-7.31 (m, 1H), 6.526.34 (m, 2H), 6.15 (ddJ = 6.0,

0.7 Hz, 1H), 5.98-5.89 (m, 3H), 5.82 (dd) = 5.8, 8.6 Hz, 1H),
3.93 (dd,J = 6.0, 8.6 Hz, 1H), 3.45 (dt) = 8.6, 6.0 Hz, 1H)3C

(18) (a) Hilt, G.; Mesnil, F. X. D.Tetrahedron Lett200Q 41, 6757
67561. (b) Hilt, G.; Korn, TTetrahedron Lett2001 42, 2783-2785. (c)
Hilt, G.; Smolko, K. I. Angew. Chem., Int. EQ003 42, 2795-2797.
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NMR (50 MHz, CDC}) 6 141.8 (d), 140.9 (d), 139.7 (s), 135.0
(s), 128.3 (d, 2C), 126.6 (d), 126.4 (d, 2C), 124.7 (d), 124.6 (d),
121.4 (d), 120.3 (d), 119.6 (d), 38.2 (d), 35.3 (d). IR (neat):
3026, 3013, 2922, 1596, 1487, 1441 ¢mAnal. Calcd for GeH14:
C, 93.16; H, 6.84. Found: C, 93.29; H, 6.64.
7,8-Dihydroxymethylbicyclo[4.2.2]deca-2,4,7,9-tetraene, 8, as
a Representative Example with an Internal Alkyne.Prepared
from but-2-yne-1,4-dio6 (72.6 mg, 0.84 mmol) and COTT (105
mg, 1.0 mmol) at 55°C for 2 days with TFE as solvent.
Chromatography (silica gel, petroleum ether/AcOEt, 76360/
50) afforded 125 mg (78%) & as a colorless viscous oitd NMR
(200 MHz, CDC}) 6 6.40-6.10 (m, 2H), 5.855.63 (m, 4H), 4.25
(m, 4H), 4.02 (br s, 2H), 3.44 (dd,= 5.8, 8.5 Hz, 2H)3C NMR
(50 MHz, CDCB) ¢ 141.5 (d, 2C), 132.3 (s, 2C), 124.8 (d, 2C),
121.1 (d, 2C), 59.4 (t, 2C), 37.5 (d, 2C). IR (Gl v 3480, 3019,
2914, 2866, 1335 cm. Anal. Calcd for GoH140,: C, 75.76; H,
7.42: O, 16.82. Found: C, 75.60; H, 7.65.

[6-+2] Cycloaddition of 1,3,5-Cyclooctatriene. Preparation of
10a,c,e/11a,c,e. 7-Phenylbicyclo[4.2.2]deca-2,4,7-triene, 10a, and
exo-7-Phenyltricyclo[4.2.2.G-%deca-7,9-diene, 11a, as a Repre-
sentative Example.Using the same procedure described for the
cycloctatetraene, the reaction of phenylethyd# (43 mg, 0.42
mmol) and COT2 (53 mg, 0.50 mmol) at 54C with DCE as
solvent afforded, after chromatography (silica gel, petroleum ether),
49 mg (55%) ofl0a11ain a 33:67 ratio, determined By NMR,
as a colorless oil. Further chromatography (silica gel, petroleum
ether) allowed the separation of the isom&rBhenylbicyclo[4.2.2]-
deca-2,4,7-triene, 10a*H NMR (200 MHz, CDC}) 6 7.40-7.27

2910 J. Org. Chem.Vol. 71, No. 7, 2006

(m, 4H), 7.19 (ttJ = 1.5, 8.1 Hz, 1H), 6.24 (d] = 7.1 Hz, 1H),
6.16 (dd,J = 8.6, 12.4 Hz, 1H), 6.13 (dd] = 8.8, 11.7 Hz, 1H),
5.77 (dd,J = 7.7, 12.4 Hz, 1H), 5.61 (ddl = 7.7, 11.7 Hz, 1H),
3.31-3.25 (m, 1H), 2.88 (dtd] = 8.6, 6.9, 2.0 Hz, 1H), 2.35
2.26 (m, 1H), 2.172.07 (m, 1H), 1.92-1.70 (m, 2H);'3C NMR

(50 MHz, CDC) 6 141.5 (s), 139.9 (d), 139.0 (d), 136.8 (s), 128.3
(d, 2C), 126.3 (d), 126.2 (d, 2C), 126.0 (d), 124.1 (d), 123.3 (d),
36.7 (d), 32.6 (d), 31.6 (t), 27.0 (t). IR (neat):3025, 2922, 2845,
1596, 1492 cm'. exo-7-Phenyltricyclo[4.2.2.G-5deca-7,9-diene,
11a: 'H NMR (200 MHz, CDC}) 6 7.40-7.27 (m, 4H), 7.19 (tt,
J=1.3, 7.1 Hz, 1H), 6.55 (m, 2H), 6.47 (ddd,= 0.2, 1.8, 6.4
Hz, 1H), 4.06 (dddJ = 1.8, 3.9, 5.6 Hz, 1H), 3.763.64 (m, 1H),
2.39-2.27 (m, 2H), 1.94-1.85 (m, 2H), 1.28-1.21 (m, 2H);13C
NMR (50 MHz, CDCE) 6 145.9 (s), 138.6 (s), 134.1 (d), 133.7
(d), 128.9 (d), 128.4 (d, 2C), 126.6 (d), 124.7 (d, 2C), 43.9 (d),
42.0 (d), 38.1 (d), 37.8 (d), 20.1 (1), 19.9 (t). IR (GClv 3065,
2968, 2930, 1603, 1494, 1442 chn
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