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The reaction of natural product derived propargylic alcohols with CpCo{@@guces three new types

of natural product hybrids having two or three terpene or steroid fragments. The tether joining the natural
product subunits is built during the reaction. Type 1 hybrids have two terpene or steroid moieties joined
by a CpCe-cyclobutadiene tether, with the two units disposed in a 1,2-arrange®elt, 22). Type 2
hybrids have a Coecyclopentadienone tethet@). Type 3 has three units of terpene or steroid joined to

a benzene ringl(l, 12, 15). An unusual Co-mediategicarbon elimination pathway of propargylic alcohols
leading to ketones (an unknown process in this chemistry) has been observed.

Introduction several ferrocenyp-lactams1* and, among other derivatives,
the dicobalthexacarbonyl complexes from alkaloid- and steroid-

The preparation of bio-organometallic compound®d  erpene hybrid® and3 as bio-organometallic natural product
natural product hybridsshare the common goal of preparing  yerivativess An alternate approach to the building of bio-

new molecular entities having structural diversity. The merge qanometallic natural product hybrids is to join two moieties
of both approaches open doors to prepare bio-organometallicy, "oy organometallic tether. To the best of our knowledge, the

natural product hybrids within the idea of diversity oriented single example of this approach is the stepwise preparation of
synthesig. In this field we have reported the preparation of dimeric terpenet recently reported by Us.

T Laboratorio de Difraccio de Rayos X. To whom inquires regarding the (3) (a) Schreiber, S. LScience200Q 287, 1964. (b) Schreiber, S. L.

determination of the structure of compourgland 10 should be addressed. Chem. Eng. New2003 81, 51. (c) Burke, M. D.; Schreiber, S. [Angew.
(1) For an overview of this field, see: (a) Fish, R. H.; Jaouen, G. Chem., Int. Ed2004 43, 46.

Organometallic2003 22, 36. (b) Dagani, RChem. Eng. New2002 80, (4) Sierra, M. A.; Manchén, M. J.; Vicente, R.; Gmez-Gallego, MJ.

23. (c) Special issue on bioorganometallic chemisttyOrganomet. Chem. Org. Chem.2001, 66, 8920.

1999 589, Issue 1. (5) Alvaro, E.; de la Torre, M. C.; Sierra, M. hem—Eur. J. 2006
(2) (a) Tietze, L. F.; Bell, H. P.; Chandrasekhar A®igew. Chem., Int. 12, 6403. i

Ed. 2003 42, 3996. (b) Mehta, G.; Singh, \Chem. Soc. Re 2002 31, (6) de la Torre, M. C.; Deometrio, A. M.; lkaro, E.; Garaa, |.; Sierra,
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alkyne/Co solvent yield® (%)
| entry equivalents (m 9 10 1112
3 4 1 1:1 toluene 21 5 30
(120°C)

The metal catalyzed [22+2] cycloaddition of alkynes 2 21 (Xl)ig’:g 39 3 28
(Reppe’s reactiorf)offers a paramount opportunity to create 3 1:0.05 xylenes 3 1 18
either hybrids incorporating three units of natural product across (140°C)
an aromatic nucleus or two units across a cyclobutadieneCoCp 4 21 (dl%%agicn) 38 4 35

spacer, depending on the reaction conditions. This approach is
different from the one reported before by us because now the 2lsolated yield of chromatographically pure product.
organometallic tether is built during the joining of the fragments.

The CpColy-catalyzed [2r2+_2] cycloaddition of alkynes. has  9—12 was obtained (Scheme 2). Compourgd&21%) and10
been used to synthesize different natural products like, for (5%) retain the Co moiety, while compountis and12 (30%
exan;gle, morphinanéssesqui- and diterpenésand strych-  compined yield) were aromatic compounds derived from the
nine:® Furthermore, the use of nitriles as components of the cyclotrimerization of alcohoV. The structures of complexés
cycloadditions allowed the access to different pyridine contain- a4 10 were unambiguously determined by X-ray diffraction
ing heterocyclic natural products like LSD and lysergefes. analysis as the CpCecyclobutadiene comple}® and the
However, the synthesis of natural product trimers tethered to CpCo-cyclopentadienone complé, respectively (Figure 1).
an aromatic nucleus is restricted to the synthesis of sugarTheiq and13C NMR data of10 showed signals characteristic
de£|2vat|ve§5 by cyclotrimerization of alkynyl suga(Scheme g the terpene fragment, together with new signals attributable
1). to the CpCe-cyclobutadiene moiety, instead of the signals
corresponding to the triple bond of alcohal Extensive 2D-

SCHEME 1 NMR experiments allowed the assignment of signalsa#85.2,
Roﬁ/ CoxCON 89.2, 56.3, and 60.0 to carbons C-1 to C-4 of the cyclobutadiene
RO T fragment and two singlets, one proton each}#8.67 and 4.02
RO OR O = Iddiosane,n OR to the cyclobutadiene protons H-3 and H-4, respectively.
OR ORO o OR Increasing the alkyne/CpCo(C£ratio to 2:1 and the reaction
6 o OR temperature (boiling xylenes or decalin, Table 1, entries 2 and
RSMO 4, respectively) resulted in an increased yield of cyclobutadiene
OR R complex9, while the use of catalytic amounts of CoCp(GO)
RO oRr makes trimerdl1 and 12 the main reaction products (Table 1,
s o R entry 3)1

Mestranol 13 was used next as the substrate for these
Reported herein is the use of terpene- and steroid-derivegeactions. Now a mixture of three compounds was obtained.

alkynes to prepare three novel classes of sophisticated terpené:pCo—cycIobl;tadien_e complekdwas identified as the minor
or steroid dimers and trimers. Furthermore, the unusual frag- Product (8-13%), while the 1,2,5-trisubstituted aromatic com-

mentation of a Co-coordinated propargyl alcohol complex to pound1l5was the main prc_)duct (3044%) in all _the conditions
yield a ketone has been discovered during these investigations €Sted (Scheme 3), even in the presence of high excesses (up to
10 equiv) of CpCo(CQ)for each equivalent of mestranol (see
Table 2). Finally, methoxyestrori was identified in all cases

in variable yields (7#12%).

Propargylic alcoholV was prepared by the reaction ofR)t The structure of the Co compledd was established by a
(+)-camphor, following the procedure reported by Palomo et comparison of its spectroscopic data with those of CpCo
al.r® Alcohol 7 was reacted with a stoichiometric amount of cyclobutadiene9, whose structure has been unambiguously
CpCo(CO} in boiling toluene. A mixture of four compounds determined by X-ray diffraction analysi$H and 3C NMR

Results and Discussion

4214 J. Org. Chem.Vol. 72, No. 11, 2007
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FIGURE 1. ORTEP diagrams of the crystal structures of compouhdsd 10.

SCHEME 3 signals, one methyl C-18 each{1.03, 1.06, and 1.07). The
nonequivalence of the signals of the benzene ring and of the

steroidic fragment is consistent with a 1,2,5-substitution pattern
in the aromatic ring>

Compoundsl4 and 15 should arise from a common cobalt-
acyclopentadiend 7 having the bulky steroid groups farther
away. Because neither the 1,3-disubstituted cyclobutadiene
complex nor the 1,3,5-substituted benzene derivatives were
obtained, the formation of the alternate cobaltacyclopentadiene
18 should be strongly disfavored due in principle to steric
reasons (see below; Scheme'®).

OH

—_—
MeO

13

SCHEME 4
OMe

. ) CpCo(CO),
TABLE 2. Reaction of Mestranol 13 with CpCo(CO)

alkyne/Co solvent  time yield® (%) T MeO
entry equivalents m (h) 14 15 16 /(:(?:5
1 2:1 decali 2 10 32 7 ]
ecalin oo

(16000) CpCo(CO), :
2 2:1 decalin 12 8 32 8 13 pLo®l
(160°C) MeO OMe

3 1:3 xylenes 7 5 30 8
(140°C) l
4 1:10 xylenes 25 13 44 12
(140°C) 14,15
2Isolated yield of chromatographically pure product. Results above pointed to steric hindrance as the controlling

factor for the regioselectivity of these processes. However, the

spectra ofl4 showed signals attributable to the Cp€h2- 7 (@) Re ] - i ] )

' . : . ppe, W.; Schlichting, O.; Klager, K.; Toepel,LTebigs Ann.
disubstituted cyclobutadiene moie$}(3.98 and 3.95¢¢ 59.3 Chem.1948 560, 1. (b) Reppe, W.; Schwechendiek, W.Liebigs Ann.
and 57.1, one CH each, and 88.8 and 88.4, one C each). Thechem.1948 560, 104. For reviews, see: (c) Saito, S.; YamamotoCHem.

- i - _ Rev. 200Q 100, 2901. (d) Frhauf, H.-W.Chem. Re. 1997, 97, 523. (e)
regiochemistry ofi4 was confirmed by 2D-NMR spectroscopy. Ojima, 1. Tzamarioudaki, M.: Li. Z.: Donovan. R.Ghem. Re. 1996 96,
The g-HMBC spectra showed cross-peaks between each cy-g3s5. (f) Lautens, M.: Klute, W.: Tam, WChem. Re. 1996 96, 46. (g)

clobutadiene hydrogen at 3.95 and 3.98 ppm, with just one singleBoese, R ; Sickle, A. P. V.; Vollhardt, K. P. Gynthesisi994 1374. (h)
C-17 steroid quaternary carbon at 81.8 and 82.8 ppm, respec-Schore, N. EChem. Re. 1988 88, 1081. (i) Vollhardt, K. P. CAngew.

; : i Chem.1984 96, 525; Angew. Chem., Int. Ed. Engl984 23, 539. (j)
tively. Should the obtained compound be the 1,3-isomer, the Grotjahn, D. B. InComprehensie Organometallic Chemistry;liAbel, E.

aforementioned correlation would occur between each cyclo- w., Stone, F. G. A., Wilkinson, G., Hegedus L., Eds.; Pergamon: Oxford,

butadiene hydrogen with both C-17 steroid carbons. 1995; Vol. 12, pp 74%1770. (k) Shore, N. E. 'Comprehensie Organic

The structure of compouritb as 1,2,5-trisubstituted benzene §ygghi§'§;r§’§gf M., Fleming, I., Eds.; Pergamon: Oxford, 1991; Vol

was established by extensive NMR studi®€ NMR spectra (8) Parez, D.; Siesel, B. A.; Malaska, M. J.; David, E.; Vollhardt, K. P.
of 15 showed signals for three aromatic CH carbahs124.4, C. Synlett200Q 306.
128.3, and 128.4) and three quaternary carbdpd41.6, 142.2, (9) (2) Johnson, E. P, Vollhardt, K. P. ©.Am. Chem. S0d.991 113

. . . .381. (b) Germanas, J.; Aubert, C.; Vollhardt, K. P.JCAm. Chem. Soc.
and 142.7), apart from the signals attributable to the three steroid1991 113 4006.

fragments, accounting for the formation of a trisubstituted  (10) Eichberg, M. J.; Dorta, R. L.; Grotjahn, D. B.; Lamottke, K.;
benzene ring. In additiolH NMR spectra of compound5 Schmidt, M.; Vollhardt, K. P. CJ. Am. Chem. So@001 113 9324.

. - . . (11) SdaC.; Crotts, D. D.; Hsu, G.; Vollhardt, K. P. Gynlett1999
showed three singlet signals attributable to the three steroid 4g7.

methoxy groupsdy 3.73, 3.76, and 3.78) and three singlet (12) Kaufman, R. J.; Sidhu, R. S. Org. Chem1982 47, 4941.
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SCHEME 5 SCHEME 6
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MeO MeO 2 MeO 22 (9%)
19
13R=H,R'=H SCHEME 7
20R=TMS,R'=TMS —H&— L,CpCo—=—R
21R=TMS,R'=H " - Br
0]
/ 1. Mg, I, THF, A OH
—_—
* 2. TBAF, THF, rt
. ° Il
MsO ™S I
16 (12% from 13); (48% from 21) 2
23 (67%)
) ) CoCp(CO),
formation of methoxyestron&6 together with compound$4 xilenes, ;A/
and 15 deserves some additional comments relevant for the (58%)

mechanistic interpretation of these processes. First, the question
of the generality of formation of ketones from the propargylic
alcohols in the presence of CpCo(G@jas addressed. Camphor
was detected by GC-mass spectrometry in the crude reaction
mixtures of7. Therefore, it can be concluded that the fragmen-
tation of the alkynyl group is general (see below for an additional
example). Second, the origin of methoxyestrdiGels neither

the CpCo-cyclobutadiene complex4 nor mestranoll3. This

was demonstrated by heating pure samples of both compounds
for 60 h under the conditions in whid®6is formed. Ketonel6

was not detected in these experiments. Therefore, the fragmen-
tation of the alkynyl moiety requires the presence of Co and
should occur before the intermediate cobaltacyclobutadi&ne
evolves to the final products. It is well-known that the
coordination to metals promotes the breakage of the propargylic
alcohols to form an organometal intermediate along with a
ketonel’” Therefore, it can be proposed that the coordination of

the alcohol to the CpCo(C@Jeads to the formation df9. This 6). The structure of cyclobutadien€o complex 22 was

process is followed by-carbon elimination, with Iiberatior_1 of  established on spectroscopic grounds. Béthand 13C NMR
either camphor or methoxyestrone, and competes with the gpecira are almost identical to those of Cp@gclobutadiene
fqrmat|o_n of cobaltacycld7 and _|ts further evolution to form 14, except for the signals attributable to the cyclobutadiene
either trimers or Cecyclobutadiene complexes (Scheme 5). fragment. ThelH NMR spectrum of22 showed one signal

The importance of the coordination of the alcohol to the cobalt singlet for only one cyclobutadiene proton at 4.27 ppm and one
and the steric bulkiness in the alkyne were additionally signal singlet at 0.30 ppm, accounting for nine hydrogens
evaluated. Reaction of the bis-TMS-derivatB@of mestrandi attributable to one trimethylsilyl group. The presence of the silyl
with CpCo(CO) resulted in recovery of starting material in all  group is consistent with the low field shift observed for the
the conditions assayed, including an increase in the reactioncyclobutadiene carbonsd¢ 93.5, 91.8, 61.8, and 66.0 for
carbons C-1 to C-4, respectively) compared with the 1,2-
disubstitued derivativel4 (Scheme 3). These data are in
(13) Palomo, C.; Goritez, A.; Garca, J. M.; Landa, C.; Oiarbide, M.; accordance with structur22.

Rodrguez, S.; Lynden, AAngew. Chem., Int. EA.998 37, 180. . . .
(14) This is congruent with the reported increment of cyclotrimerization/  Finally, to evaluate the role of the propargylic alcohol moiety

cyclobutadiene complex ratio upon increasing the reaction temperature. into the reactions, the alkyne was spaced from the carbinol

See: Sheppard, G. S.; Vollhardt, K. P. £.0rg. Chem1986 51, 5496. ;

(15) The aromatic tether of compountil, the 1,3,5-trisubstituted Ce.”ter' Thus, compound_S was prepart_ed by reacting the
regioisomer, possesses magnetically equivalent carbons and protons, showSfignard compound derlved fron24 with camphor and
ing one signal for the three protons and two signals for the six aromatic subsequent treatment with TBAF/THF to remove the TMS-
Caf(ti%f)]s(é) Hardesty, J. H.: Koerner, J. B.; Albright, T. A.; Lee, G.dY group (Scheme 7). Alkyn23 was submitted to a reaction with
Am. Chem. Sod.999‘12.l 6055. (b) \}Ve{kaféuki, Y. Norﬁuré, O.;'Kitéur-a, 1 equiv of CpCo(CQ) in boiling toluene and simultaneous

K.; Morokuma, K.; Yamazaki, HJ. Am. Chem. Sod.983 105, 1907. irradiation (100W, W-lamp). An inseparable mixture of 1,3,5-
(17) Selected recent examples referred to Rh: (a) Funayama, A.; Satoh,and 1,2,5-trisubstituted aromatic compourfsand 26 was

T.; Miura, M. J. Am. Chem. So@005 127, 15354. (b) Terao, Y.; Wakui,

H.; Satoh, T.; Miura, M.; Nomura, Ml. Am. Chem. So€001, 123 10407.

temperature and an increase in the amount of CoCp{&0)
On the contrary, compoungl, having unblocked the C-17
hydroxyl group!® produces complexX2 (9%) together with
methoxyestroné&6 as the main reaction product (48%; Scheme

(c) Terao, Y.; Wakui, H.; Nomoto, N.; Satoh, T.; Miura, M.; Nomura, M. (19) The lack of reactivity of trimethylsilyl alkynyl carboranes has been
J. Org. Chem2003 68, 5236. recognized; contrary to phenyl alkynyl carboranes that render the cobalta-

(18) Peters, R. H.; Crowe, D. F.; Tanabe, M.; Avery, M. A.; Chong, W. cyclobutadiene derivatives under analogous reaction conditions. Goswami,
K. M. J. Med. Chem1987, 30, 646. A.; Nie, Y.; Oeser, T.; Siebert, WEur. J. Inorg. Chem2006 566.

4216 J. Org. Chem.Vol. 72, No. 11, 2007
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SCHEME 8 alcohols and are analogous to type 1, but having a Co
WO He_Co(COIC 0 cyclopentadlgnone tethet@. Type 1 and 2 are blo-orga'no-
R)R#W CpCo(CO), "™ :’1 R'=TMS R)LR metallic hybrid natural products. Type 3 has three units of
R 27 ”’“’a terpene or steroid joined to a benzene rifd, (12, 15). A

7,13 21 v 8ais reasonable mechanism based on the coordination of the pro-
L,CpCo——==—R' ..
onl o » pargyl alcohol to the Co center, followed by two competitive
route R'=H

reaction pathways from a common intermed@ifeis proposed.
Intermediate28 may evolve mainly through the usual pathways
R R . . . .
R @ = - CO_@ to cyqlotrlmerlzatlon or Cecyclobut.adlleng products for mono-
: + andor Co = /Ll substituted alkynes. Thecarbon elimination pathway leading
R R R/@R 7L On to ketones (an unknown process in this chemistry) competes
R . unfavorably in the above case, but it becomes the main reaction
pathway for disubstituted alkynes. Having established the
grounds to prepare three different types of natural product

hybrids, further work pursuing the synthesis of more complicated
structures is now in progress.

11+12, 15, 9,14, 22 2

obtained in 58% vyield (Scheme 7). Neither traces of the
corresponding CpCecyclobutadiene nor the CpCayclo-
butadienone complexes were obtained. Camphor was not
detected in the crude reaction mixtures by GC-MS analysis. ) )
Results above show that the coordination of the propargylic EXperimental Section

alcohol .t(.) the CpCo(CQ)|s crucial to deter_mme_both tI_1e See Supporting Information for general methods and procedures.
composition of the reaction products and their regiochemistry. Reaction of Alcohol 7 with CpCo(CO). Compounds 9, 10

Clgarly, the separation of the triple bond and the alcphol moieties 11, and 12: CpCo(CO) (68 mg, 0.39 mmol) was added to a
asin23 pro_ducgs the usual outcome of these reactions, nfime'y'solution of7 (140 mg, 0.78 mmol) in degassed decaline (5.6 mL)
the cyclotrimerization products, as a nearly equimolar mixture at 160°C. The reaction mixture was boiled for 2.5 h, cooled to
of regioisomer®5 and26. The propargylic alcoholg, 13, and room temperature, filtered through a pad of celite, and concentrated
21 produce mixtures of cobalt complexes and cyclotrimers in vacuo. Silica gel chromatography of the crude product (hexanes
together with the ketone derived from the breakage of the — hexanes/AcOEt 4:1) afforde®i(72 mg, 38%),10 (8 mg , 4%),
propargyl moiety. Finally, the blockage of the propargyl alcohol and 11 and 12 (48 mg, 35%). Compoun@: Yellow syrup; IR

20 results in the inertia of this compound, at least in the (NUjol) vmax 3521, 3463, 2925, 1456, 1376, 1067, 813 éniH
conditions investigated. NMR (400 MHz, CDC}) & 4.97 (s, 5H), 4.02 (s, 1H), 3.67 (s,

These experimental data may be rationalized by proposing i';)e 3é192 ét;r Si'Hl)H)l‘ 7243(7d](d:ﬂ 1:2183|-(|)z 3“7_';_'21 ég)l 11199(5m(dg:)

the ?nitial coordiljation of _the alcohol moiety to the CpCo(@O) 1.35-1.21 (m, 2H), 1.34 (dj = 13.5 Hz, 1H), 1.08 (s, 3H), 1.04
to yield the key intermediatg7 (Scheme 8§ The fate of this (1, "1H), 1.07 (s, 3H), 1.03 (s, 3H), 0.92 (m, 1H), 0.90 (s, 3H),
intermediate is dictated by the bulkiness of the substituents g.82 (s, 3H), 0.81 (s, 3H}3C NMR (75 MHz, CDC}) 6 89.2 (C),
joined to the triple bond. Coordination of the triple bond to the 85.2 (C), 81.5 (C), 80.2 (5CH), 78.9 (C), 60.0 (CH), 56.3 (CH),
cobalt (route A, Scheme 8) competes favorably with the 54.3 (2C), 53.0 (Ch), 50.8 (C), 50.6 (C), 48.4 (Chj, 45.9 (CH),
S-carbon elimination in monosubstituted alkynes (route B, 45.5 (CH), 32.3 (Ch), 29.1 (CH), 27.8 (CH), 27.4 (CH), 22.0
Scheme 8). In this case, the additional stabilization of the 16- (CHs), 21.7 (CH), 21.5 (CH), 21.2 (CH), 12.0 (CH), 11.8 (CH);
electron intermediate cobaltacy@8 allowed the formation of ~ MS (El) mz (relative intensity) 480 [M] (5), 462 [M* — 18] (100),
cyclobutadiene Co complexesq, 14, 22) at the expense of 447 [M" — 15 — 18] (25), 419 (8), 338 (10), 311 (12), 124 (14).

- . . ) Anal. Calcd for GgH410,Co: C, 72.48; H, 8.60. Found: C, 72.25;
the cyclotrimerization compound$X+12, 15). The regiochem H, 8.38. Compound0: Orange syrup: IR (KBrYma 3436, 2954,

istry in both cases is dictgted by the steri(; hindrance of the 1790, 1631, 1537, 1456, 1385, 1067, 720-&ntH NMR (400
alkyne. Increasing the bu_Iklness_of the subsht_ugnts at the alkyney, CDCl) ¢ 5.11 (s, 5H), 5.00 (dJ = 3.1 Hz, 1H), 4.81 (dJ
(compound 21) results in an increased difficulty for the =33 Hz, 1H), 3.32 (dJ = 13.0 Hz, 1H), 2.23 (dt) = 13.6, 3.9
coordination of the alkyne to the Co nucleus, and therefore, Hz, 1H), 1.96 (dddJ = 13.0, 4.4, 2.9 Hz, 1H), 1.861.67 (m,
the g-carbon elimination reaction leading to keton&s 16) 4H), 1.54 (m, 1H), 1.46 (d) = 13.4 Hz, 1H), 1.36:0.96 (m, 5H),
becomes the preferred pathway (Scheme 8). It should be notedL.21 (s, 3H), 1.17 (s, 3H), 0.91 (s, 3H), 0.86 (s, 3H), 0.83 (s, 3H),
that, in this case, the Cecyclobutadiene compleX2 is formed 0.79 (s, 3H);"*C NMR (100 MHz, CDC}) ¢ 155.4 (C), 91.3 (C),

in low yield and with the concomitant elimination of one TMS ~ 90-5 (C), 82.2 (SCH), 81.7 (C), 81.0 (C), 72.1 (CH), 71.5 (CH),
group (Scheme 6). 54.5 (C), 54.2 (C), 50.4 (C), 50.0 (C), 46.7 (9H46.3 (CH), 45.4

In conclusion, the reaction of natural product derived pro- (2?:2 42.1 (CH), 31.6 (CH), 31.3 (CH), 27.3 (CH), 26.1 (.CHZ)’
. ; .5 (CH), 21.4 (2CH), 21.2 (CH), 11.6 (CH), 10.1 (CH); MS
pargylic alcohols with CpCo(CQ)produces three new types (El) m/z (relative intensity) 508 [M] (28), 490 [M" — 18] (100),

of natural product hybrids. These products contain two or three 41 v+ — 15 — 18] (15), 461 (10), 447 (11), 421 (39), 367 (40),
terpene or steroid fragments and the tether joining the natural243 (36). Anal. Calcd for §H4:0sCo: C, 70.85; H, 8.13. Found:
product subunits is built during the reaction. Type 1 hybrids C, 70.71; H, 7.89. Compountil: Pale yellow oil; IR (KBr)vmax
have two terpene or steroid moieties joined by a CpCo 3436, 2957, 1631, 1478, 1458, 1388, 1065 &niH NMR (200
cyclobutadiene tether, with the two units disposed in a 1,2- MHz, CDCk) 6 7.62 (s, 3H), 2.390.78 (overlapped m, 21H), 1.27
arrangementq, 14, 22). Type 2 hybrids have been obtained as (S, 9H), 0.91 (s, 9H), 0.90 (s, 9H)}}C NMR (50 MHz, CDC}) 6
minor products in the reaction of camphor-derived propargylic 144.3 (3C), 123.9 (3CH), 83.9 (3C), 53.6 (3C), 50.6 (3C), 45.8
(3CHy)*, 45.7 (3CH)*, 31.4 (3CH), 26.6 (3CH), 21.6 (6CH),
- - . 9.9 (3CH) (assignments marked with an asterisk may be inter-
(20) A nitrogen coordinated cobaltacyclopentadiene has been proposed / I .
by Sdaet al to explain regioselectivity in the synthesis of '3sBibstituted changed); MS (Elywz (relative intensity) 534 [M] (2), 516 [M*
2,2-bipyridines: Varela, J. A.; Castedeo, L.; Maestro, M.; Kghl.; Saa — 18] (6), 425 (28), 406 (12), 315 (46), 204 (100), 108 (29), 95
C. Chem—Eur. J.2001, 7, 5203. (42). Anal. Calcd for GgHs405: C, 80.85; H, 10.18. Found: C,

J. Org. ChemVol. 72, No. 11, 2007 4217
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80.71; H, 10.41. Compount?2: Pale yellow oil; p]%% —50.0 €
0.09, CHCY); IR (KBr) vmax 3430, 2934, 1630, 1477, 1459, 1390,
1062 cntl; 'H NMR (200 MHz, CDC}) 7.62 (m, 1H), 7.44 (dJ

= 8.6 Hz, 1H), 7.26 (dJ = 8.6 Hz, 1H), 2.45-0.82 (overlapped
m), 1.27, 0.91, 0.89 (3s, 27HYC NMR (50 MHz, CDC}) ¢ 142.2
(3C), 131.1 (CH), 130.7 (CH), 123.5 (CH), 83.7 (3C), 55.1, 53.6,
51.3, 51.1 and 50.6 (6C), 45.7 (3@} 45.5 (3CH)*, 31.7 (CH),
31.6 (CH), 31.3 (CH), 26.8 (3CH), 22.3, 21.7 and 21.6 (6G}
10.0 (3CH) (assignments marked with asterisk may be inter-
changed); MS (EI)Wz (relative intensity) 516 [M — 18] (54),
501 [M* — 18 — 15] (7), 445 (96), 407 (31), 335 (21), 296 (23),
186 (64), 95 (100). Anal. Calcd forsHs,0O3: C, 80.85; H, 10.18.
Found: C, 80.57; H, 10.42.

Reaction of Mestranol 13 with CpCo(CO)». Compounds 14
and 15: CpCo(CO) (5.6 mmol, 1.0 g) was added to a solution of
mestranol (215 mg, 0.56 mmol) in xylenes at 240 The reaction
mixture was refluxed for 2.5 h until no starting material was left
(TLC analysis), cooled to room temperature, and filtered through
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(CH), 47.9 (C), 43.8 (CH), 40.5 (G 39.5 (CH), 32.8 (Ch),
29.9 (CH), 27.3 (CH), 26.6 (Ch), 23.0 (CH), 12.9 (CHy), 1.9
(3CHg), —0.1 (3CH); MS (IE) m/z (relative intensity) 454 [M]
(22), 439 (6), 381 (20), 364 (18), 268 (63), 242 (57), 225 (59), 174
(37), 147 (35), 73 (100). Anal. Calcd for,#4,0,Si,: C, 71.30;

H, 9.31. Found: C, 71.58; H, 9.04.

Preparation of Compound 21.To a solution of compoun&0
(160 mg, 0.35 mmol) in MeOH (20 mL) were added dropwise 0.4
mL of concd HCI. The mixture was stirred rfdd h at this
temperature and for 72 h at20 °C until compound20 was
consumed. NaHC®Osaturated aqueous solution was added to the
reaction mixture, most of the methanol was removed under vacuum,
and the residue was extracted with AcCOEt. The combined organic
layers were washed with brine and dried over anhydrou$SNa
Removal of the solvents afforded a residue that was chromato-
graphed on silica gel with hexanes/AcOEt mixtures 25:10:1,
yielding pure21(123 mg, 91%):H NMR (300 MHz, CDC}) ¢
7.24 (d,J = 8.5 Hz, 1H), 6.73 (ddJ = 8.5, 2.4 Hz, 1H), 6.64 (d,

a pad of celite. The solvent was removed under reduced pressureJ = 2.4 Hz, 1H), 3.78 (s, 3H), 2.87 (m, 2H), 240.10 (m, 14H),
Silica gel chromatography of the residue yielded, in increasing order 0.88 (s, 3H), 0.19 (s, 9H}3C NMR (75 MHz, CDC}) 6 157.4

of polarity, 3-0-methylstronel6 (19 mg, 12%), cyclobutadiere
Co complex14 (28 mg, 135), and trimed5 (77 mg, 44%).
Compoundl4: Yellow oil; IR (KBr) vmax 3435, 2928, 1610, 1500,
1453, 1255, 1038 cn; *H NMR (200 MHz, CDC}) 6 7.11 (m,
4H), 6.56 (m, 6H), 4.99 (s, 5H), 3.98 (br s, 1H), 3.95 (br s, 1H),
3.71 (s, 3H), 3.70 (s, 3H), 2.771.18 (overlapped m), 0.89 (s, 3H),
0.86 (s, 3H);23C NMR (75 MHz, CDC}) 6 157.5, 157.4, 138.1,

(C), 137.9 (C), 132.4 (C), 126.3 (CH), 113.7 (CH), 111.5 (CH),
109.5 (C), 90.0 (C), 80.0 (C), 55.1, (GH 49.5 (CH), 47.2 (C),
43.7 (CH), 39.4 (CH), 38.9 (CH), 32.8 (CH), 29.8 (CH), 27.3
(CHy), 26.4 (CH), 22.8 (CH), 12.8 (CH;), 0.02 (3 CH).

Reaction of Alcohol 21 with CpCo(CO}». Compound 22:
CpCo(CO) (931 mg, 5.17 mmol) was added to a solution of alcohol
21 (198 mg, 0.52 mmol) in degassed xylenes (4 mL) at 180

138.0, 132.6, 132.5, 126.4, 113.8, 111.6, 111.5, 88.7, 88.3, 82.8,The reaction mixture was boiled for 12 h, cooled to room
81.1,80.2,59.3,57.1,55.2, 53.8,49.7, 49.5, 48.5, 47.7, 43.6, 43.5,temperature, filtered through a pad of celite, and concentrated in
39.9,39.3,37.4,35.3,33.6, 31.7,29.9, 29.7, 27.5, 27.4, 26.9, 26.6,vacuo. Silica gel chromatography of the residue (hexanes

23.5, 23.1, 15.2, 14.8; MS (EQvz (relative intensity) 744 [M]
(12), 726 [M" — 18] (100), 708 (73), 497 (23), 460 (17), 443 (17),
173 (46), 147 (35), 124 (22). Anal. Calcd fog8s,04Co: C, 75.78;
H, 7.71. Found: C, 75.53; H, 7.44. Compouh& Pale yellow
solid; mp 205-208°C; [a]?% +64.15 € 0.132, CHCY); IR (film)
vmax 3360, 2930, 1610, 1500, 1255, 1237, 1050, 1038, 755'cm
1H NMR (300 MHz, CDC}) 6 7.32 (br s, 1H), 7.187.03 (m, 4H),
6.81 (d,J = 8.5 Hz, 1H), 6.79-6.52 (m, 6H), 3.78 (s, 3H), 3.76
(s, 3H), 3.73 (s, 3H), 2.871.14 (overlapped m), 1.07 (s, 3H), 1.06
(s, 3H), 1.03 (s, 3H)13C NMR (75 MHz, CDC}) 6 157.2 (3C),
142.7 (C), 142.2 (C), 141.6 (C), 137.8, 137.6 (3C), 132.7, 132.2
(3C), 128.4 (CH), 128.3 (CH), 126.3, 126.2 (3CH), 124.4 (CH),
113.6 (3CH), 111.3 (3CH), 89.4 (C), 89.1 (C), 85.7 (C), 55.1
(3CHs), 49.8 (CH), 49.6 (CH), 48.8 (C), 48.7 (C), 48.2 (CH), 47.4
(C), 43.4, 43.3 (3CH), 43.0, 42.7 (2GK139.9, 39.7, 39.4 (3CH),
39.1 (CH), 34.6, 34.5, 34.2 (3C}), 29.9, 29.7 (3CH), 27.5, 27.4
(3CHy), 26.8, 26.7, 26.1 (3CH), 24.2, 24.0, 23.9 (3CH)l, 15.4, 14.7
(3CHs); MS (API-ES) m/z 953 [M* + Na]. Anal. Calcd for
CesaH7s0s: C, 81.25; H, 8.44. Found: C, 81.07; H, 8.41.
Preparation of Compound 20.To a solution of mestranol (300
mg, 0.97 mmol) in THF (10 mL) at 0C, n-BuLi (0.90 mL, 1.16
mmol) was added. The mixture was allowed to reach room

hexanes/AcOEt 15:1) yielded in increasing order of polarity pure
methoxyestrond 6 (53 mg, 48%) an®2 (19 mg, 9%) as yellow
oil: IR (KBr) vmax3436, 2932, 1703, 1610, 1500, 1280, 1256, 1037
cm™%; *H NMR (300 MHz, CDC}) ¢ 7.06 (d,J = 8.5 Hz, 1H),
6.79 (d,J = 8.8 Hz, 1H), 6.58 (m, 3H), 6.49 (dd,= 8.5, 2.7 Hz,
1H), 5.02 (s, 5H), 4.27 (s, 1H), 3.78 (s, 3H), 3.74 (s, 3H), 2.83 (m,
4H), 2.171.28 (m overlapped), 0.93 (s, 3H,), 0.91 (s, 3H), 0.3 (s,
9H); 13C NMR (75 MHz, CDC}) 6 157.4 (2C), 137.8 (2C), 132.1
(C), 132.0 (C), 126.9 (CH), 126.8 (CH), 113.7 (CH), 113.6 (CH),
111.7 (CH), 111.6 (CH), 93.5 (C), 91.8 (C), 82.7 (C), 82.6 (C),
79.3 (5CH), 66.0 (CH), 61.8 (C), 55.2 (2GHDCH), 48.7 (2CH),
46.7 (C), 46.2 (C), 44.6 (CH), 44.1 (CH), 39.4 (CH), 39.2 (CH),
38.1 (CH), 37.1 (CH), 35.3 (CH), 35.1 (CH), 30.0 (2CH), 27.6
(CHy), 27.1 (CH), 26.8 (CH), 26.5 (CH), 23.9 (CH), 23.4 (CH),
14.3 (CH), 14.1 (CH), 2.8 (3CH); MS (ES)m/z816.4 [M']. Anal.
Calcd for GoHgsO4SiCo: C, 73.50; H, 8.02. Found: C, 73.66; H,
8.32.

Preparation of Compound 24.A solution of [(4-bromophenyl)-
ethynyl](trimethyl)silane (1.66 g, 4.44 mmol) in THF (13 mL) was
added dropwise to a suspension of Mg (0.31 g, 12.9 mmol) in THF
(3 mL), which had been previously treated with a small amount of
lI,. The mixture was refluxed for 1.5 h and cooled to room

temperature and stirred for 30 min. The reaction mixture was cooled temperature. Then it was treated with a solutionR)f()-camphor

again at C, and trimethylsilylchloride was added (0.14 mL, 1.06
mmol). After 30 min, the process was repeated by cooling the
mixture at 0 °C, adding n-BuLi (0.90 mL, 1.16 mmol) and
trimethylsilylchloride (0.14 mL, 1.06 mmol). Finally, aft& h of

(0.50 g, 3.22 mmol) in THF (4 mL) and stirred for 8 h. After
quenching with NHCI (saturated aqueous solution), the mixture
was extracted with BD. The combined organic layers were washed
with brine, dried over Nz#&SQ;, filtered, and concentrated under

stirring at room temperature, 10% HCI aqueous solution was addedreduced pressure. Silica gel chromatography (hexanbsxanes/
and the reaction mixture was extracted with AcCOEt. The combined AcOEt 9:1) of the crude product afforded puzé (0.47 g, 45%)
organic layers were washed with brine and dried over anhydrous as a clear oil: §]2% —22.9 € 0.14, CHC}); IR (nujol) vmax 3468,
Na,S0O,. Removal of the solvents under vacuum afforded a residue 2957, 2158, 1502, 1457, 1249, 1064 ¢m'H NMR (500 MHz,
that was chromatographed on silica gel with hexanes, yielding pure CDCly) 6 7.45 (d,J = 8.3 Hz, 2H), 7.41 (dJ = 8.3 Hz, 2H), 2.28

20 (420 mg, 95%) as a white solid: IR (KBWnax 2954, 2928,
2158, 1610, 1499, 1249, 1092, 903, 841¢mH NMR (300 MHz,
CDCly) 6 7.24 (d,J = 8.4 Hz, 1H), 6.72 (ddJ = 8.4, 2.7 Hz, 1H),
6.63 (d,J = 2.6 Hz, 1H), 3.79 (s, 3H), 2.85 (m, 2H), 2.40.32
(m, 13H), 0.81 (s, 3H), 0.19 (s, 9H), 0.18 (s, 9FC NMR (75
MHz, CDCL) 8 157.3 (C), 138.0 (C), 132.8 (C), 126.4 (CH), 113.7
(CH), 111.4 (CH), 110.2 (C), 90.6 (C), 80.9 (C), 55.2 (FHI8.4
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(d,J = 14.1 Hz, 1H), 2.18 (dt) = 13.7, 3.9 Hz, 1H), 1.90 (] =

3.9 Hz, 1H), 1.72 (m, 1H), 1.291.12 (m, 2H), 1.25 (s, 3H), 0.89
(s, 3H), 0.87 (s, 3H), 0.76 (m, 1H), 0.24 (s, 9HIC NMR (125
MHz, CDCk) 6 146.5 (C), 131.1 (2CH), 126.7 (2CH), 121.5 (C),
104.9 (C), 94.2 (C), 83.5 (C), 53.6 (C), 50.4 (C), 45.5 (CH), 45.4
(CH,), 31.1 (CH), 26.5 (CH), 21.6 (2CH), 9.7 (CH), 0.0 (3CH):;

MS (El) m/z (relative intensity) 326 [M] (5), 311 [M*T — 15] (9),



Synthesis of Terpene and Steroid Dimers and Trimers

216 (100), 201 (88), 158 (11), 95 (11). Anal. Calcd fohldsOSi:
C, 77.24; H, 9.26. Found: C, 77.02; H, 9.43.

Preparation of Compound 23: A solution of TBAF (250 mg,
0.77 mmol) in THF (11 mL) was added dropwise to a solution of
24 (252 mg, 0.77 mmol) in THF (15 mL). After 10 min of stirring
at room temperature, a saturated aqueous solution oCNH0
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for an additional 3.5 h period. After cooling to room temperature,
it was filtered through a pad of celite and concentrated in vacuo.
The crude product was purified by silica gel chromatography
(hexanes— hexanes/AcOEt 10:1), which provided a mixture of
25 and26 (24 mg, 58%) as a yellow solid: IR (nujobmax 3461,
2923, 1458, 1376, 1063 crhy *H NMR (400 MHz, CDC}) 6 7.80

mL) was added. The mixture was extracted with AcOEt and washed (s), 7.69-7.59 (m), 7.52 (dJ = 8.1 Hz), 7.35 (m), 7.12 (m), 2.24

with brine. The combined organic layers were dried ovesS@,

14 (m), 1.94-1.67 (m), 1.29 (s), 1.25 (s), 0.96 (s), 0.95 (s), 0.93

filtered, and concentrated under reduced pressure. Silica gel(s), 0.90 (s), 0.88 (s}3C NMR (50 MHz, CDC}) 6 145.5, 145.4,
chromatography (hexanes/AcOEt 9:1) of the crude product gave 144.3, 144.2, 141.8, 140.7, 140.0, 139.8, 139.6, 139.5, 139.2, 138.9,

23 (88 mg, 67%) as a white solid:a]?% —31.4 € 0.21, CHCY);
mp 207210 °C; IR (nujol) vmax 3498, 3298, 2925, 2103, 1502,
1457, 1388, 1371, 1060 crh *H NMR (300 MHz, CDC}) 6 7.48
(d,J = 8.9 Hz, 2H), 7.41 (dJ = 8.9 Hz, 2H), 3.06 (s, 1H), 2.28
(d,J=13.9 Hz, 1H), 2.18 (dt) = 13.9, 4.1 Hz, 1H), 1.90 (1 =
4.3 Hz, 1H), 1.72 (m, 1H), 1.241.15 (m, 2H), 1.26 (s, 3H), 0.90
(s, 3H), 0.88 (s, 3H), 0.78 (m, 1HYC NMR (75 MHz, CDC}) &
146.9 (C), 131.2 (2CH), 126.8 (2CH), 120.4 (C), 83.5 (CH), 83.4
(C), 77.2(C), 53.5(C), 50.4 (C), 45.5 (CH, ©H31.1 (CH), 26.5
(CHp), 21.6 (2CH), 9.7 (CH); MS (EI) m/z (relative intensity)
254 [M*] (2), 239 [M" — 15] (1), 144 (100), 129 (26), 101 (11),
95 (24). Anal. Calcd for gH»,0: C, 84.99; H, 8.72. Found: C,
85.22; H, 8.50.

Reaction of 23 with CpCo(CO). Compounds 25 and 26:
CpCo(CO) (29 mg, 0.16 mmol) was added to a solutior2af(41
mg, 0.16 mmol) in degassed toluene (5 mL) at ICOThe reaction
mixture was irradiated (100 W, W lamp) for 30 min and then boiled

130.8, 129.1, 127.3, 126.4, 126.2, 126.0, 124.8, 83.5, 83.4, 53.6,
53.5, 50.5, 50.3, 45.6, 45.2, 31.2, 26.6, 26.4, 21.7, 21.6, 9.9, 9.8;
MS (ESI)nmV/z785.3 [M" + Na], 801.4 [Mf + K]. Anal. Calcd for
Cs4HesOs: C, 84.99; H, 8.72. Found: C, 85.23; H, 8.66.
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