12486 J. Am. Chem. S0d.998,120, 12486-12499

Applications of thes-Azidonation Reaction to Organic Synthesis.
o,B-Enones, Conjugate Addition, andLactam Annulation

Philip Magnus,* Jér6me Lacour, P. Andrew Evans, Pascal Rigollier, and Hans Tobler

Contribution from the Department of Chemistry and Biochemistrypélsity of Texas at Austin,
Austin, Texas 78712

Receied August 17, 1998

Abstract: The f-azido functionalization reaction provides a mechanistically different enone synthesis that
involves treatment of with fluoride anion to effect desilylation and concomitgielimination to give3.

Table 1 lists a number of examples of the direct conversion of a TIPS enol ether into the corresponding
o,B-enone via g3-azido TIPS enol ether. The-azido group can be ionized with il or Me,AICI and the
intermediate enonium ion trapped by a variety of nucleophiles such as an allylstannane, electron-rich aromatics,
TMS enol ethers, BAICN, Me,AICCR, MejAlLi, and vinylaluminum reagents to give the products listed in
Table 2. The diastereoselectivity of the reaction of a 4-substituted enonium ion with indole shows an unusual
increase of selectivity with increasing temperature. Reduction of the azidevides access {-amino TIPS

enol ethers, which, for example, can be converted into a cinnamide derivative and cyclized via a putative
“ene” process into a-lactam.

Introduction

We recently reported the full details of the conversion of
triisopropylsilyl (TIPS) enol ether& into g-azido TIPS enol
ethers2 using the reagent combination of (PhlO)n/TM$N
Scheme L. The reaction appears to proceed via the enonium
ion 1a, which is trapped by azide ion to giv& Attempts to
trap la in situ, intermolecularly with nucleophiles other than
azide were unsuccessful, and o2lyvas formed. The adducts
2 can, in principle, be used as synthetic intermediates for a
number of processes, and here we describe the conversin of

(1) Magnus, P.; Lacour, J.; Evans, P. A;; Roe, M. B.; HulmeJ.GAm.
Chem. Soc1996 118 3406.

(2) Magnus, P.; Evans, P. A.; Lacour, Tetrahedron Lett1992 33, into a,S-unsaturated ketonés? S-substituted TIPS enol ethers
2933. 4.2 andy-lactams6* via $-amino TIPS enol ethers.®

(3) Magnus, P.; Lacour, B. Am. Chem. S0d.992 114, 3993. dE Th . hods f h

(4) Magnus, P.; Rigollier, P.; Lacour, J.; Tobler, H.Am. Chem. Soc a,ﬁ-Unsaturate nones.The main methods for the syn-
1993 115 12629. thesis ofa,B-unsaturated ketongfrom saturated ketones are

" (5) ThePSygthtfhsi?ﬁ)-%ar}gfatiétﬁtin Ugingggéaffzigoggﬁ enol ether. (@) halogenation, followed by dehydro-halogenafigh) utiliz-
agnus, P.; Sebhat, I. K. Am. Chem. So . . - S 0

(6) For a review, see: Buckle, D. R.; Pinto, I. L. In Oxidation Adjacent ing S‘,J'fU’S or Selen'urﬁl ldzerlvatlves, (c) DDQ? and (d)

to C=X Bonds by DehydrogenatiorComprehensie Organic Synthesis palladium(ll) complexed®

Trost, B. M., Flemlng, 1., EdS, F’ergamon Press: New York, 1991, Vol. 7. Theﬁ_az|do func“ona“zat'on methodology provides a mecha_

D__(7R)i§rl1(|3tt§.r_, J'_:S'yl‘héh'ggli’glg%‘ %‘Ogr%u%ger,';_@;;&;%fééj 'ﬁ?gﬁmﬁ 5 nistically different enone synthesis that involves treatmer2 of

Synthesig979 507. Blanco, L.; Amice, P.; Conia, J.-Mbynthesis1976 with fluoride anion to effect desilylation and concomitant
194. Ravid, U.; lkan, RSynth. Commuril975 5, 137. p-elimination to give3, Scheme 1. The intermediafeazido
98(?8;;0“ B. M.; Saltzman, T. N.; Hiroi, KJ. Am. Chem. S0d 976 TIPS enol ether2 need not be isolated but can be directly
(9) Reich, H. J.; Renga, J. M.; Reich, I. L. Am. Chem. Sod.975 97, converted by treatment with-BusNF (TBAF) into the a,f5-
5434. Barton, D. H. R.; Motherwell, W. B.; Wozniak, J.; Zard, S.JZ. unsaturated ketore The examples listed in Table 1 give yields
Chem. Soc. Perkin Trans1085 1865. Clive, D. L. JTetrahedronl978,  for the two steps and refer to chromatographically purified
’(10) R'yu, I Murai, S.; Hatayama, Y.; Sonoda, Tétrahedron Lett1978 material. The reaction is completely regpspecmc (en_tr_lt_es 4/5
3455. Fleming, I.; Paterson, Synthesis1979 736. and 6/7), and for entry 6 where there is the possibility of

A (Bll)cﬁaﬂe, IVaViyngh- igg’zmglmlwl? 6,Y23|7_|-_Rin9$|d,SH- J; TUF%EF' regioisomeric azides we found tha8 and 18a were formed
. b. em. Inda. ondon . Ito, Y.; Arao, |.; saegusa, U. . H H : H H
Org. Chem 1978 43, 1011. Tsuji, J.; Minami, IAcc. Chem. Re<987, (ca. 6:1). A particularly interesting example is shown in entry
20, 140. Tsuiji, J.; Minami, I.; Shimizu, Tetrahedron Lett1983 24, 5635. 9. TheS-azidonation reaction reintroduces the azide functionality
Tsuiji, J.; Minami, |.; Shimizu, I. Kataoka, HChem. Lett 1984 1133. which undergoes fluoride induced elimination to give the
Shimizu, I.; Tsuji, JJ. Am. Chem. S0d.982 104, 5844. _ketone-enone 24 (see also Table 2, entry 5). No existing
(12) For an example of a large scale Tsuji reaction see: Magnus, P.; . . . .
Miknis, G. F.: Press: N. J.: Grandjean, D.; Taylor, G. M.; HarlingJ.J. methodology allows these manipulations without protection of

Am. Chem. Sod 997 119 6739. the saturated carbonyl group. The overall conversion of a TIPS
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Table 1.
Entry Substrate Enone (%) Entry Substrate Enone (%)
TIPS O Me Me
OTIPS O
(ﬁ T g
A A
Me Me Mé Me
7 8 (74%) 21 22 (68%)
QTIPS O TIPS 0
i ® d 9 I I
’ 10 62%) 23 24 (49%)
OTIPS 6] OTIPS 0
3 @ @ ’ @\) @\)
11 12 (64%) 25 26 (55%)
TIPS O TIPS o
Ph
13 4 (60% Q 0 Qo 0
14 (60%)
27 28 (68%)
TIPS (@) OTIPS (¢]
h Ph
517 F 1218
[¢] 6]
15 </O H </O H
16 (68%) 29 30 (66%)
TIPS O OTIPS 0
619 é/\ph A py | 1320 % %
i i
18/18a (78%
7 6:1 enZé;exg) 31 32 (75%)
TIPS o
19 20 (73%)

enol ether to an enone takes place very rapidly, and under mild29 into 30 (entry 12) is noteworthy since conventional phen-

reaction conditions. For example (entry 1), TMSMas added
to a mixture of7 and PhlO in dichloromethane at°’E&; after 5
min the solution was warmed to 2& and cooled to-5 °C,
and TBAF/THF was added. The mixture was warmed t6Q@5
and worked-up to give the enoi®e(74%). The conversion of

(13) Leonard, N. J.; Owens, F. H. Am. Chem. Sod 958 80, 6039.
Wasserman, H. H.; Gosselink, F.; Keith, D. D.; Nadelson, J.; Sykes, R. J.
Tetrahedron1976 32, 1863.

(14) Cope, A. C; Kinter, M. R.; Keler, R. 1. Am. Chem. Sod 954
76, 2757. See also ref 9.

(15) Elad, D.; Ginsburg, DJ. Chem. Sacl953 2664. Bachmann, W.

E.; Wick, L. B.J. Am. Chem. Sod95Q 72, 3388.

(16) Hung, S.-C.; Liao, C.-Cl. Chin. Chem. Soc. (Taipeip94 41 (2),

191.

ylselenation of the saturated ketone followed by oxidation and
elimination gave30in an overall yield of 32948 The example
entry 13 (ring D of O-methyl estrone-17-TIPS enol ether) was
complicated by the fact th&y-isomerization leads to a mixture
of cis- andtrans+ing D isomers.

In all cases it is important to use the TIPS enol ether
derivative in this chemistry since less sterically encumbered silyl

(17) wildman, W. C.; Wildman, R. BJ. Org. Chem1952 17, 581.
Marino, J. P.; Jaen, J. @. Am. Chem. S0d 982 104, 3165.

(18) Magnus, P.; Leapheart, T.; Walker, @. Chem. Soc., Chem.
Commun.1985 1185. Unpublished results, Leapheart, T., Ph. D thesis,
Indiana University, Bloomington, 1983. Hayakawa, K.; Ohsuki, S.; Kane-
matsu, K.Tetrahedron Lett1986 27, 4205. Yeo, S.-K.; Hatae, N.; Seki,
M.; Kanematsu, KTetrahedron1995 51, 3499.
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Table 2.

Entry Substrate Enone (%) Entry Substrate Enone (%)
TIPS OTIPS TIPS OTIPS
1 13
‘ OMe
N3 N;
3 34 (79%) Me 52 Me M.
NMe, 53 (70%) €
TIPS TIPS
2 33 14 52
| [e]
Me
35(81%) Me 54 (64%)
TIPS OTIPS OTIPS TIPS
15
3 AN R | |
0 0 N,
36 37 (62%) Et 55 Et 56 (79%)
OTIPS TIPS
4 34 16
0
NA Ph
Pr 57 Pr' 58 (44%)
TIPS TIPS
5 33 17
OMe
N,
39 (55%) Buf 59 Bu'
60 (21%) NMe,
TIPS Me Me
6 33 o 18 N3\®/OTIPS r\é/onps
Ph ; :
40 (68%) : :
Me/\Me Me/\Me
61 62 (56%)
TIPS TIPSO CN TIPSO N3 TIPSO
7 33 19 |
CN
41 (60%) 42 (23%) 63 64 (59%)
OTIPS TIPS TIPS
8 33 20 %
MepAl—==—R N N
2 SN, 65 ° A\

43 (R = Ph) (98%)
44 (R = TMS) (70%)
45 (R = n-Bu) (84%)

66 (75%) Ph

Magnus et al.
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Table 2. (Continued)

J. Am. Chem. Soc., Vol. 120, No. 48, 129889

Entry Substrate Enone (%) Entry Substrate Enone (%)
OTIPS TIPS

9 33 21 65

O
A R Me
46 (R = Ph) (46%) 67 (44%)
47 (R = n-Bu) (45%)
OTIPS OTIPS OTIPS
10 33 @ 22
Me N3 0 [ O
48 (44%) 68 N
69 (49%) H
TIPS TIPS H
11 Me Me 23 63 l
TIPSO, O
Ny Me
49 50 (45%)
70 (81%)
OTIPS
12 33 é\ 24 65
SPh
51 (97%)
71 (73%)

enol ethers (TMS and TBDMS) are desilylated in thazido-

The p-azido TIPS enol ethers did not react with Grignard

nation step to give the unfunctionalized saturated ketone as thereagents, with or without copper(l) catalysis, cuprates, or

major product.

Conjugate Additions

The conjugate addition of a stabilized carbanion toogt
unsaturated ketone was first reported by MicHaelnd now
forms one of the most widely used reactions for the formation
of carbonr-carbon bondg?-2%

We expected that th&-azido TIPS enol ethet would require
a Lewis acid to ionize it to the enonium idra, which in the
presence of a nucleophile would be converted #t&cheme
1. It should be noted that conjugate addition of MeLi to
cyclohexenone followed by attempted trapping of the resulting
enolate with either TIPSCI or TIPSOTf gave no more than 5%
of the product#8 (Table 2, entry 10). Consequently, the products

organozirconium derivatives. Several reactions were performed
with a range of Lewis acids, and eventually the following
features emerged. The Lewis basic solvents such as tetrahy-
drofuran or ether completely inhibited the reaction. Hexane and
dichloromethane were the two solvents most commonly used.
Most reactions proceeded at 26 as well as at low tempera-
tures. However, in some cases the yields were improved by an
increase in temperature. Two equivalents of M€l were
shown to be necessary to obtain the best yields. Generally, at
least 2 equiv of the nucleophile are also utilized during these
reactions. Lewis acid assisted conjugate addition was carried
out by two different experimental procedures: (1) The nucleo-
phile was mixed with th@-azido silyl enol ether in the reaction
mixture. Then, the Lewis acid was added at the required

in Table 2 are not accessible via conventional conjugate addition/t€mperature. This procedure is designadéect addition (2)

trapping methodology.

(19) Auwers, K von.; Treppmann, V@hem. Ber1915 48, 1207. Evans,
P. A.; Longmire, J. M.; Modi, D. PTetrahedron Lett1995 36, 3985.
Vorlaender, D.; Kunze, KChem. Ber1926 59, 2078. House, H. O.; Gall,
M.; Olmstead, H. DJ. Org. Chem1971, 36, 2361.

(20) Cantrall, E. W.; Littell, R.; Bernstein, S. Org. Chem 1964 29,
64. Johnson, W. S.; Johns, W. F.Am. Chem. Sod 957, 79, 2005.

(21) Michael, A.J. Prakt. Chem1887, 35, 349. Michael, AAm. Chem.
J. 1887, 9, 115. Michael, AJ. Prakt. Chem1894 49, 20.

(22) Kharash, M. S.; Tawney, P. @. Am. Chem. Sod 941, 63, 2308.

(23) House, H. O.; Respess, W. L.; Whitesides, G.JMOrg. Chem.
1966 31, 3128.

(24) Gilman, H.; Kirby, R.J. Am. Chem. Sod 941 63, 2046.

(25) Yamamoto, Y.; Maruyama, Kl. Am. Chem. Sod 977, 99, 8068.
Yamamoto, Y.; Maruyama, KJ. Am. Chem. Sod 978 100, 3240.

The Lewis acid was premixed with the nucleophile, and then,
the-azido silyl enol ether was added in solution at the required
temperature. This procedure is designatexkrse addition
Treatment of a mixture 083 and 3N,N-dimethylaminoani-
sole in hexane with MAICI (2 equiv) for 10 min at 25°C
gave 34 (79%). Employing NaBP#CH,ClI, at reflux as the
Lewis acid gave34 (46%). Sakuraf and Mobilic?” have
reported syntheses of ketones substituted aptpesition by
an allyl group utilizing (E£Al) 2SO, and titanium tetrachloride
as Lewis acids. Treatment @8 with allyltri- n-butylstannane
(26) Hosomi, A.; Sakurai, Hl. Am. Chem. S0&977, 99, 1673. Hosomi,

A.; Iguchi, H.; Endo, M.; Sakurai, HChem. Lett1979 977.
(27) Mobilio, D.; De Lange, BTetrahedron Lett1987 28, 1483.
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(2 equiv) and MgAICI (2 equiv) in hexane at-70°C produces
the TIPS enol ether35 (81%). A one-pot proceduref{
azidonation plus conjugate addition) was carried out B@ho
give 37 (62%). Application of the same procedure as above to
34 resulted in the unexpected formation of tiNebutenyl
derivative38 (60%) (entry 4). The probable mechanism of its
formation is outlined in eq 1. Dehydrogenatior3gfwith PhlO/

PhIO/TMSN; 38 (1)

TMSN3; produces the iminium ion intermedia@a which
undergoes addition of the allylstannane to Qi88. The
selectivity toward theert-amine functionality versus the TIPS
enol ether is in agreement with our studies on the oxidation of
amines and amides using the PhIO/TMSiagent combina-
tion.28

Conjugate addition of a silyl enol ether to agf-unsaturated
ketone, catalyzed by titanium tetrachloride, is a key reaction in
synthetic organic chemistry (Mukaiyam#lichael reaction¥?
Other variations such as C8Fmontmorillonite clay! BF3-
Et,032 also form 1,5-diketones. Conjugate addition catalyzed
by trityl perchlorate produces-keto silyl enol ethers? The
addition of silyl enol ethers to fert-butyldimethylsilyl(oxy)-
1-benzopyrylium salts is closely relatéd.

Treatment of33 with 2 equiv of cyclohexanone TMS enol
ether and M@AICI at —70 °C, in hexane, gave the carbonyl
derivative39 (55%) as a (3:1) mixture of diastereoisomers (entry
5). In an analogous manner, the reactior88fand 1-trimeth-
ylsilyl(oxy)styrene forms the silyl enol ethdiO (68%).

Nagata reported the conjugate hydrocyanatiom,Gfunsatur-
ated ketones using #ICN.% 8-Cyano silyl enol ethers are
obtained wheno,S-unsaturated ketones are treated with tri-
methylsilyl cyanide and Mg\ICI.36 Treatment 0f33 with Et,-
AICN in dichloromethane at reflux gave the conjugate addition
product4l and the 1,2-adduct2. If the reaction betweeB3
and E3AICN is performed in tetrahydrofuran at reflux, only
41 (60%) was obtained. This result further adds support to the
credibility of the intermediate,3-unsaturated oxonium ioke,
Scheme 1.

(28) Magnus, P.; Lacour, J.; Weber, \0/.Am. Chem. S0d 993 115
9347. Magnus, P.; Hulme, C.; Weber, \0.. Am. Chem. S0d 994 116,
4501. Magnus, P.; Lacour, J.; Weber, Bynthesis1998 547.

(29) Narasaka, K.; Soai, K.; Mukaiyama, Them. Lett.1974 1223.
Narasaka, K.; Soai, K.; Aikawa, K.; Mukaiyama, Bull. Chem. Soc. Jpn.
1976 49, 779. Saigo, K.; Osaki, M.; Mukaiyama, Them. Lett.1976
163. Heathcock, C. H.; Norman, M. H.; Uehling, D. E.Am. Chem. Soc.
1985 107, 2797. Heathcock, C. H.; Uehling, D. H. Org. Chem1986
51, 279.

(30) Boyer, J.; Corriu, R. J. P.; Perz, R.; Reye JCOrganomet. Chem.
Communl98Q 184, 157. Boyer, J.; Corriu, R. J. P.; Perz, R.; Reye,JC.
Chem. Soc., Chem. Commui®81, 122. Boyer, J.; Corriu, R. J. P.; Perz,
R.; Reye, CTetrahedron1983 39, 117.

(31) Kawai, M.; Onaka, M.; Izumi, YJ. Chem. Soc., Chem. Commun.
1987 1203.

(32) Duhamel, P.; Hennequin, L.; Poirier, N.; Poirier, J.Mtrahedron
Lett. 1985 26, 6201.

(33) Kobayashi, S.; Murakami, M.; Mukayaima, Them. Lett.1985
953. Mukayaima, T.; Tamura, M.; Kobayashi, Ghem. Lett1986 1017.

(34) lwasaki, H.; Kume, T.; Yamamoto, Y.; Akiba, Retrahedron Lett.
1987, 28, 6355.

(35) Nagata, W.; Yoshioka.; Hirai, 3. Am. Chem. S04972 94, 4635.
Nagata, W.; Yoshioka, M.; Murakami, Ml. Am. Chem. Sod972 94,
4644. Nagata, W.; Yoshioka, M.; Terasawa,JT Am. Chem. S0d.972
94, 4672. Nagata, W.; Yoshioka, MOrg. React.1977, 25, 255.

(36) Utimoto, K.; Obayashi, M.; Shishiyama, Y.; Inoue, M.; Nozaki, H.
Tetrahedron Lett198Q 21, 3389.
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Earlier attempts of conjugate addition reactions between a
terminal acetylene and a conjugated enone were unsuccéssful.
Among several methods now availaBfe hickel-catalyzed
conjugate addition of organoaluminum acetylides.j®-enones
seems to be the most effective and reliaflégn 1990, Kim
reported a trialkylsilyl trifluoromethanesulfonate-promoted ad-
dition of alkynylzinc compounds ta.,3-enones to afforg,o-
acetylenic silyl enol ether¥. The terminal alkynes (entry 8)
were first converted into their lithium salts and then treated with
Me,AICI and 33 to give they,d-acetylenic TIPS enol ethe#s
(98%), 44 (70%), and45 (84%), respectively.

HydroaluminatioA! and hydrozirconatioi? of terminal acety-
lenes is a useful reaction for several reasons: the mild reaction
conditions, short reaction times, commercial availability of the
reagents, and excellent regio- and stereochemical control of the
reagent addition. Unfortunately, the lack of reactivity of the
alkenylzirconium derivatives in €C bond formation have
limited their use. Transmetalation chemistry to give a more
reactive organometallic species was developed to broaden their
reactivity*3=45 Zirconocene complexes have also been used
catalytically to control the monocarboalumination and hydroalu-
mination of alkyneg® These new organometallic species have
been used in conjugate addition reactionsxtf-enones” A
solution of phenylacetylene and diisobutylaluminum hydride was
heated at 50C for 2 h, and cooled te-70 °C, and33 was
added to give th&ransy,0-alkenic46 (46%) andy,0-acetylenic
43 (10%). Phenylacetylene and hexyne-1, respectively, were
treated with bis+(>-cyclopentadienyl) chlorohydridozirconium
and then with MgAICI. The vinylaluminum derivatives formed
in this manner react witl33 to give, respectively46 (46%)
and47 (45%).

We decided to study the reaction ofazido silyl enol ether
with MesAl and the derived “ate” complex MAILi. Treatment
of 33 with MesAlLi complex gave48 (44%, 25% recovered
33). Exposure o#49 to Me3Al in toluene for 10 min at 25C
gave50 (45%). Using a preformed solution of MA&Li also
converted49 into 50 (45%).

Attempts to trapla with various oxygen- and nitrogen-
nucleophiles were unsuccessful. Sulfur reagents are known to
be softer nucleophiles and to perform well in conjugate
additions?® Treatment of33 with thiophenol in the presence of
MeszAl gave theS-mercapto-silyl enol ethebl (97%). When
this reaction was performed using direct addition conditions,
traces of 3-methyl-silyl enol ethei8 were also isolated.

Stereochemical Outcome of the Conjugate AdditionThe
diastereoselectivity of dialkylcuprate conjugate addition to

(37) House, H. O.; Fisher, W. B. Org. Chem1969 34, 3615. Corey,

E. J.; Beames, D. J. Am. Chem. Sod.972 94, 7210.

(38) Pappo, P. W.; Dajanni, E. Z.; Bruhn, M. S.; Brown, H. C.; Palmer,
J. R.; Pappo, RTetrahedron Lett1975 4217. Sinclair, J. A.; Molander,

G. A.; Brown, H. C.J. Am. Chem. Socl977 99, 954. Corey, E. J.;
Wollenburg, R. HJ. Am. Chem. S0d.977, 99, 8045.

(39) Hooz, J.; Layton, R. BJ. Am. Chem. Sod 971, 93, 7320-22.
Hansen, R. T.; Carr, D. B.; Schwartz, J. Am. Chem. Socd 978 100,
2245,

(40) Kim, S.; Lee, J. MTetrahedron Lett199Q 31, 7627.

(41) Whitney, C. C.; Zweifel, GJ. Am. Chem. Sod.967, 89, 2753.

(42) For reviews, see: Negishi, E.; Takahashi,Synthesisl988 1.
Negishi, E.Pure Appl. Chem1981 53, 2333. Schwartz, J.; Labinger, J. A.
Angew. Chem., Int. Ed. Endl976 15, 333.

(43) Carr, B. D.; Schwartz, J. Am. Chem. S0d.977, 99, 639.

(44) Yoshifuji, M.; Loots, M. J.; Schwartz, Jetrahedron Lett1977,

15, 1303.

(45) Loots, M. J.; Schwartz, J. Am. Chem. Sod 977, 99, 8045.

(46) Van Horn, D. E.; Negishi, E]l. Am. Chem. S0d.978 100, 2252.
Negishi, E.; Van Horn, D. E.; Yoshida, T.J. Am. Chem. Sod.985 107,
6639.

(47) Ireland, R. E.; Wipf, PJ. Org. Chem199Q 55, 1425. Lipschutz,

B. H.; Ellsworth, E. L.J. Am. Chem. Sod.99Q 112, 2, 7440.
(48) Cherkaukas, J. P.; Cohen, J.Org. Chem1992 57, 6.
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Scheme 2
TIPS OTIPS OTIPS 0
— @ 1Oy ¢
N t, “,
v | | I
R N R N N
H H H
33 R=H) 73 (R = H) (82%) 75 (R = Me) 72(R=H)
52 (R =Me) 74 (R = Mc) 77 (R =Ep 82 (R =Pr)
55 (R =EY) 76 (R = Eb) 79 (R = Pr)
57 (R =Pr') 78 (R = Pr) 81 (R = Bu’) (not detected)
59 (R = Bu) 80 (R = Bu') (63%)
Table 3. Reverse Addition with Indole an82 Table 5.
reaction ratiosg-indolo SEE yields reaction ratiosf-indolo SEE yields
temperature trans74/cis 75 (%) procedure temperature trans76/cis 77 (%)
—70°C none no reaction reverse coC 4.8:1 83
0°C 4.5:1 71 reverse +50°C 5.3:1 72
+50°C 4.5:1 75 direct +55°C 8.5:1 51
Table 4. Direct Addition with Indole andb2 Table 6.
reaction ratios-indolo SEE yields reaction ratios-indolo SEE yields
temperature trans74/cis 75 (%) procedure temperature trans78/cis 79 (%)
—70°C 2.3:11 68 reverse oC 12:1 72
—40°C 3.0:1 36 direct —70°C 5:1 53
0°C 4.0:1 70
+25°C 5.0:1 63
+50°C 10.0:1 54 Table 7.

substituent at reaction ratiosf3-indolo SEE

the 4 position  procedure temperature trangcis
cyclohexenones has been studied with substituents at the 4- .
o : L Me reverse oC 451
and the 5-position¥? Conjugate addition of an organocuprate Et reverse gc 4.8:1
or Grignard reagent, with copper(l) catalysis, leads to the Py reverse (1{e} 12:1
predominant formation of thigans-cyclohexanone products. In BU reverse cC >20:1

general the larger the nucleophile and the larger the group at
the 4-position are, the greater the diastereoisomeric excess. Scheme 3
4-Me Series.Treatment 062 and 3N,N-dimethylaminoani- a
sole with MeAICI gave 53 (70%, 3:1, trans-/cis-, entry 13). U
imilarly, 52 2-trimethylsilyl -prop-1- 4 ®
Similarly, 52 and 2-trimethylsilyl(oxy)-prop-1-ene gavé Tlpso=Z—\= )
b

Boat, gauche, trans-(disfavored)

(64%, 4.8:1, trans-/cis-, entry 14). An interesting and unusual

temperature effect was observed in the case of the aromatic

nucleophile. The diastereoselectivity of the reaction increases

with the reaction temperature! This effect was more thoroughly

studied using indole as the nucleophile. TreatmerB2ivith ®

indole and MeAl leads to the formation ofrans-74 andcis-75

B-indolo silyl enol ethers (SEE) (4:1 at), Scheme 2. The

two different procedures (reverse or direct) were examined. With

the reverse addition procedure, no or little temperature effect (Table 5). The best ratio was, as expected, obtained using the

was detected (Table 3), whereas in the case of the direct additionyjrect addition procedure at higher temperature.

procedure, a strong temperature effect was observed (Table 4). 4.pyi Series.The direct addition procedure at@ was used
4-Et Series.The direct addition procedure at® and at with 57, 1-trimethylsilyl(oxy)styrene, and MAICI to give 58

+50 °C was used wittb5 and allyl trin-butyltin using Me- (44%, 12:1, trans-/cis-, entfy6). With indole as the nucleophile,

AICI to give 56 (79%, 1.7:1, trans-/cis- at €C; 83%, 2.6:1,  a much better ratio in favor of thigansisomer 7879, 12:1)

trans-/cis- at 50)C) Thetransdcis- ratio was determined by was obtained using the reverse procedure aE0The direct

'H NMR and was confirmed by treatment 66 with tetran- addition procedure at-70 °C was performed to confirm the

butylammonium fluoride, and the crude reaction mixture was temperature trend. As expected, a lower ratio (5:1) of diaste-

analyzed by gas chromatography, (1.7:1) a€0and (2.6:1) at  reoisomers was observed, (Table 6).

Chair, gauche, cis-(disfavored)

Chair, anti, trans-(favored)

Boat, anti, cis-(disfavored)

50 °C. By using indole as the nucleophile and utilizing the
reverse addition procedure, slightly better ratios in favor of the
transisomer76:77 (~5:1) were obtained, compared to the 4-Me
series. The reverse addition procedure+d&0 °C was also

4-But Series.Compound59 was prepared in situ and used
immediately without purification. Treatment 68 with indole,
following the reverse addition procedure, leads to the formation
of only one f-indolo silyl enol ether80 (63%), the cis-

performed. This time a slight temperature effect was observed djastereome81 was not detectedt NMR). Similarly, 59 and

(49) Riviere, H.; Tostain, JBull. Soc. Chim. Fr1969 568. Hoye, T.
R.; Magee, A. S.; Rosen, R. H. Org. Chem1984 49, 3224.
(50) Allinger, N. L.; Riew, H. W.Tetrahedron Lett1966 1269.

3-N,N-dimethylaminoanisole on treatment with pACl gave
60 (21%, entryl7), and two regioisomeric dienes (55%) formed
by elimination of the azide fron®9 followed by proton loss.
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%TIPS
NH,
83

Scheme 4
TIPSO

“ene"‘ [2+2]

86 (42%) 86a
TIPSO F@ Qo
P :
N N S
H H
85 85a

Using the same temperature 10) and the reverse addition

procedure, we have shown that the diastereoisomeric excesgpg
increases with the size of the substituent at the C4-position

(Table 7).

The two lower energy conformations of the intermediate
enonium ion derived fronb2, 55, 57, and 59 are 52a (R
equatorial) and2b (R axial), the former being more stable than
the latter, Scheme 3. Each of the two conformatidsZa@nd
52b) of the enonium ion has two possible modes of nucleophilic
addition to it, which lead to four transition states and two

products. The pathways leading to a boat transition state or
having a gauche 1,2-interaction with the substituent at C4-
position are disfavored. This leads to the conclusion that the

less stable enonium ion confornte2b (chair/substituent axial),
which is more reactive than the more stable confors2s
forms the major observeansproducts.

The reaction profile is best described as following the Cuttin
Hammett principle. The ratio of the products is not determined
by the conformer population ratio but by the relative energy of
the two transition states.

y-Lactam Annulation. Reactions that retain the nitrogen
functionality would be particularly interesting sin@eamino
silyl enol ethers are an unknown functional group affrdhe
p-azido functionalization reaction allows ready access to
p-amino TIPS enol ethers by reduction of the azido group in
33 with lithium aluminum hydride to give83, Scheme 4. The
compound83 is relatively stable and can be stored as its
hydrochloride salt without noticeable decomposition to cyclo-
hexenone.

It was decided to examine the intramolecular conjugate
addition reaction depicted in Scheme 4. The cyclization of the
acrylamide84 to give the octahydroquinoling7 is a favored
process (Gendotrig),5253 but would require the higher energy
cis-amide conformer in order to arrive &°* The amine3 was
readily converted into the,-unsaturated amide derivatidd
by treatment with acryloyl chloride/EN/THF at —78 °C.

(51) Seeman, J. Chem. Re. 1983 83, 83.

(52) Baldwin, J. EJ. Chem. Soc., Chem. Comm876 734. Baldwin,
J. E.; Cutting, J.; Dupont, W.; Kruse, L.; Silberman, L.; Thomas, R].C.
Chem. Soc., Chem. CommA76 736. Deslongchamps, Btereoelectronic
Effects in Organic ChemistryPergamon Press: New York, 1983; p 221
241.

(53) The closest analogy to the reaction depicted in Schen@ 4-(
87) is the intramolecular Michael addition of a cycli:ketoester to a
conjugated ketone. Berthiaume, G.; Lavalle).-F.; Deslongchamps, P.
Tetrahedron Lett1986 27, 5451.

(54) LaPlanche, L. A.; Rogers, M. T. Am. Chem. Sod.964 86, 337.

@,
N TIPSO )r TIPSQ
M63A1 \
b N ;\R _a_ N 0
N o© H H
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§ MesAl TIPSQ
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90 (Ar =Ph) (89%) 94 (9%)

91 (Ar = CgHyNO,-p) (96%)

— 92 (Ar = Ph) (73%)
93 (Ar = CqHaNOy-p) (74%)

@
F PhIO/TMSN;

N3 H

H
96 (60.5%)

95 (90%)

Initial attempts to induce intramolecular 1,4-addition8af
with Lewis acids such as Tigltrimethylsilyltriflate, MeAICI
or BRs-OELb, all failed. The only product isolated, apart from
the starting material, was 3-(propenoylamino)-cyclohexanone.
However, desilylation 084 was avoided by the use of &l
Treatment of84 with 1.3 equiv of MgAl (2.0 M solution in
toluene) in 1,2-dichloroethane for 42 h produced the compound
87 (9%) as a minor component. To our surprise the major
product has the structu&b (43%, structure by X-ray crystal-
lography).

Treatment of85 with tetran-butylammonium fluoride (1.2
equiv) in THF at 0°C (5 min) caused cyclobutane opening to
the known hydroquinoline-2,5-dion&8 and 89 (87%)>° The
trans-fused product most probably resulted from epimerization
of the cis-fused compound under the reaction conditions.

The formation of the tricyclic amid&5 might involve the
intermediateB4awhich can either react by pathwayleading
to 85 or undergo proton loss (pathway resulting in the minor
product87.

In an effort to improve the yield @7, a series of experiments
were run at different temperatures. It was found that treatment
of 84 with 2.5 equiv of MgAl in anhydrous 1,2-dichlorobenzene
at 180°C gave the lactarB7 in 10% yield. The major product
of the above reaction was shown to have struc6€42%,
structure by X-ray crystallography). These two products were
obtained in similar yields under the following conditions. Me

(55) Momose, T.; Miyata, T.; Imanishi, THeterocycles1978 9, 17.
Momose, T.; Uchida, S.; Miyata, T.; Ohshima, K.; Chiamchittrong, K.;
Imanishi, T.Heterocycled979 12, 393. Witiak, D.; Patch, R. J.; Enna, S.
J.; Fung, Y. K.J. Med. Chem1986§ 29, 2.
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Scheme 6
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97 (96%) 99 (24%) 98 (51%)
Scheme 7
TIPSO TIPS Ar TIPSO _ y
{CH,A
R R 7 Meal WA
0
NH N
2 N o g H
101 (R = Me) 103 (R = Me, Ar = CgH4NO,»-p) 105 (R = Me, Ar = CgH4NOy-p) (46%)
102 (R = Ph) 104 (R = Ph, Ar = C¢H4NOy-p) 106 (R = Ph, Ar = CgH4NO,-p) (24%)

Al (1.2 equiv), 1,2-dichloroethane, 18C, 22 h,87 (12%) and
86 (42%) or MeAl (1.2 equiv), benzene, 15T, 22 h,87 (7%)
and86 (45%). No reaction occurred §4 was heated to 180C
without MesAl. In all of the above experiments appreciable
amounts of material less polar th&4 was observed. One of
these nonpolar products wa8, presumably resulting from
ionization of84 to give 1a and conjugate addition of a methyl
group from MeAl. Other reagents [such as CsF (1.0 equiv),
CH3CN, reflux, 30 min; AgCOs; (1.0 equiv) benzene, reflux,
23 h; MAD (2.0 equiv), toluene, RT to reflux, 23 h; Pd(OAc)
(0.2 equiv), benzoquinone (1.0 equiv), acetonitrile, 25 t6G0
16 h] did not produce any of the produ@s, 86, or 87.

We originally postulatet! that 86 arose from a [2+ 2]
pathway 86b, but attempts to incorporate deuterium at the
benzylic position in the conversion 6fl into 93 (workup with

in xylene at reflux with MeAl (1.1 equiv) to givel06in a
modest 24% vyield. Given the rather sterically crowded nature
of the cis-hexahydroindolone$05and106, it is quite surprising
that they are formed at all and that elimination of the cinnamide
appendage was not completely dominant (Scheme 7).

Summary

The 5-azido TIPS enol ether functionality appears to quite
flexible in its applications to organic synthesis. Depending on
the specific reaction conditions, they may be converteddryte
enonesS-substituted TIPS enol ethers, apdactams. These
transformations are further illustrations of the increasing value
of the enhanced stability of TIPS enol ethéfs.

Experimental SectiorP”

DCI) were unsuccessful, Scheme 5. Therefore it appears that

the more plausible “ene” proce&Ha is responsible for the
formation of 86.

Treatment 090 with 2.5 equiv of MeAl at 80 °C for 22 h
gave only one cyclization produ®?2 in 44% yield. Optimal
yields were obtained by using a small excess of;Md1.1
equiv) ino-dichlorobenzene at reflux for 20 h to gi®& (73%),

Scheme 5. Similar results were observed for the cyclization of

the more activated compourgd. Optimal reaction conditions
were obtained whef1 was treated with MgAl (1.1 equiv) at
120°C for 22 h to give93 (74%). At lower temperatures (83
°C, dichloroethane reflux), the-lactam93 (46%) was formed
along with the cyclobutane addu@# (9%).

Irradiation of91 gave an equilibrium mixture dE-91/Z-91
(1.6:1) with no indication of any [22] cyclization. Treatment
of Z-91 with Me3Al/CI(CH>),Cl at reflux gaved3 as the major
product along with small amounts &f91. Careful monitoring
of the reaction demonstrated th&91 is first converted into
E-91, which is then transformed int®3 and 94.

Treatment o©2 with TBAF resulted into desilylation to the
product 95 in 90% vyield. When92 was exposed to the
f-azidonation reaction conditions (PhIO/TMgN a single
epimer96 was produced very cleanly as shown by tHeNMR
of the crude reaction mixture.

Treatment of theE-isomer 97 with MezAl (2.0 equiv) in
toluene heated at reflux gave a mixture 38§ (51%) and99
(24%), Scheme 6. To confirm the structud8was treated with
TBAF/THF to give 100 (83%).

General Procedure for the Synthesis oé.f-Unsaturated Ketones.
(E)-Cyclododec-2-en-1-one (8)Trimethylsilyl azide (500uL, 3.77
mmol, 2.4 equiv) was added to a suspensioii (630 mg, 1.57 mmol,

1 equiv) and iodosobenzene (416 mg, 1.89 mmol, 1.2 equiv) ig CH
Cl, (10 mL) at 5°C. After 5 min the mixture (now a clear solution)
was warmed to 25C (N evolution), after 10 min the solution was
cooled to—5 °C, and tetran-butylammonium fluoride (4.0 mL, 1.0 M

in THF, 4.0 mmol, 4.0 equiv) were added. The mixture was warmed
to 25°C, saturated aqueous NaH€@0 mL) and E4O (40 mL) was
added, and the phases were separated. The organic phase was washed
with saturated aqueous NaHE@ x 15 mL) and brine (15 mL). The
aqueous phase was extracted withE@2 x 10 mL), and the combined
extracts dried (MgS#), filtered, and evaporated in vacuo. The residue
was purified by flash chromatography over silica gel eluting with
hexanes/EtOAc (17:3) to giv& (209 mg, 74%) as a colorless oil: IR

(56) Richer, C.Chem. Re. 1995 95, 1009.

(57) Unless noted otherwise, all starting materials were obtained from
commercial suppliers and were used without further purification. Diethyl
ether (ExO) and tetrahydrofuran (THF) were distilled from sodium/
benzophenone under nitrogen prior to U$@&\-Dimethylformamide (DMF),
hexane, and benzene were distilled from calcium hydride. Methanol (MeOH)
was distilled from magnesium methoxide and storedr &@ molecular
sieves under argon. Triethylamine was distilled from calcium hydride and
stored under argon. All reactions involving organometallic reagents or other
moisture-sensitive reactants were executed under an atmosphere of dry
nitrogen or argon using oven-dried and/or flame-dried glass\drlMR
spectra were recorded at 300 MHz as solutions in deuteriochloroform
(CDCl), unless otherwise indicated. Chemical shifts are expressed in parts
per million (ppm, d) downfield from tetramethylsilane (TMS) and are
referenced to CDGI(7.24 ppm) as internal standard. Splitting patterns are
designated as s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; br,
broad. Coupling constants are given in hertz (HXl. NMR spectra were

It was of interest to see if the “ene” reaction would tolerate recorded at 75 MHz as solutions in CRGinless otherwise indicated.
the presence of an angular substituent. Reduction of the Chemical shifts are reported in parts per million (ppipdownfield from

corresponding azidégavel0land102 The derived cinnamide
103 on treatment with MgAl/PhMe reflux gave they-lactam
105 (46%). Similarly, the 2-phenyl derivative04 was heated

TMS and are referenced to the center line of CHEF.0 ppm) as internal
standard; or indicate even or odd numbers of hydrogens carried by the
carbon. IR spectra were recorded either neat on sodium chloride plates or
as solutions in the solvent as indicated.
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(film) 2931, 2860, 1690 crt. *H NMR (300 MHz, CDC}) 6 6.71—
6.61 (1H, m), 6.18 (1H, dJ = 15.8 Hz), 2.37 (2H, tJ = 6.6 Hz),
2.17-2.10 (2H, m), 1.60 (2H, quint] = 6.6 Hz), 1.52-1.44 (2H, m),
1.31-1.10 (10H, m)*3C NMR (75 MHz, APT, CDC{) 6 203.2, 146.6,
131.1, 39.9, 32.5, 26.5, 25.2, 25.1, 25.1, 24.7, 24.5, 23.8. HRMS (M
calcd for GoH200 180.151, found 180.152.
3-(2-Methoxy-4-N,N-dimethylaminophenyl)-1-triisopropylsilyl-
(oxy)-cyclohexan-1-ene (34). Direct Addition ProcedureMe,AICI
(2.0 mL, 1.0 M in hexane, 1.0 mmol, 2 equiv) was added to a solution
of 33 (148 mg, 0.50 mmol, 1.0 equiv) and\BN-dimethylaminoanisole
(302 mg, 2.0 mmol, 4 equiv) in hexane (4 mL) at Z5. After 10 min
saturated aqueous NaH@@0 mL) and E4O (40 mL) were added,

Magnus et al.

m), 1.20-1.00 (21H, m).23C NMR (75 MHz, APT, CDC}) 6 149.1,
134.7, 116.9, 105.0, 73.3, 63.9, 40.8, 30.3, 17.9, 12.5. HRMS*(MH
caled for G/H330,Si 297.225, found 297.225.
3-(2-Oxo-cyclohexyl)-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (39).
A solution of MeAICI (1.0 mL, 1.0 M in hexane, 1.0 mmol, 2 equiv)
was added to a solution &3 (148 mg, 0.50 mmol, 1.0 equiv) and
1-trimethylsilyl(oxy)cyclohexene (240 mg, 1.4 mmol, 2.8 equiv) in
hexane (5 mL) at-70 °C. After 2 h the mixture was warmed to 25
°C, and saturated aqueous NaH{J@0 mL) and E{O (40 mL) were
added. The mixture was filtered through Celite, and the phases were
separated. The organic phase was washed with brine (@ mL).
The aqueous phase was extracted witOEfL5 mL), and the combined

the mixture was filtered through Celite, and the phases were separatedextracts were dried (MgS{ and evaporated in vacuo. The product

The organic phase was washed with brinex(20 mL), and the aqueous
phases were extracted with,Et(2 x 15 mL). The combined extracts
were dried (Na8SQO,) and evaporated in vacuo. The residue was placed
under high vacuum (2 mmHg) at 1¥& for 1 h. The product was
purified by flash chromatography over Florisil eluting with g, to
give 34 (159 mg, 79%) as a colorless oil: IR (film) 2943, 2865, 1665
cm L. *H NMR (300 MHz, GDg) 6 7.38 (1H, d,J = 8.4 Hz), 6.38
(1H, dd,J = 8.4, 2.4 Hz), 6.20 (1H, d) = 2.4 Hz), 5.12 (1H, dJ =

3.4 Hz), 4.36-4.20 (1H, m), 3.46 (3H, s), 2.59 (6H, s), 2:28.03
(3H, m), 1.771.57 (3H, m), 1.25-1.05 (21H, m)23C NMR (75 MHz,
APT, GsDg) 6 158.0, 152.0, 150.9, 129.4, 124.0, 107.5, 105.5, 96.8,
54.8, 40.7, 33.5, 31.0, 30.4, 21.7, 18.4, 13.1. HRMS')dalcd for
C24H41INO,Si 403.291, found 403.291.

NaBPh, Mediated Reaction. A suspension of NaBRh(111 mg,
0.32 mmol, 2 equiv)33 (48 mg, 0.16 mmol, 1.0 equiv), andNBN\-
dimethylaminoanisole (98 mg, 0.64 mmol, 4.0 equiv) inZCH (4 mL)
was heated at reflux. After 15 min the solution was cooled t6@5
filtered through Celite, and washed with @F,. The solvent was
evaporated in vacuo and the residue purified by Kugelrohr distillation
at 100°C for 1 h under high vacuum and then by flash chromatography
over silica gel eluting with CkCl, to give 34 (30 mg, 46%).

3-(2-Propenyl)-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (35). Di-
rect Addition Procedure. Me;AICI (2.0 mL, 1.0 M in hexane, 2.0
mmol, 2 equiv) was added to a solution38 (295 mg, 1.0 mmol, 1.0
equiv) and allyl trin-butylstannane (62@L, 2.0 mmol, 2 equiv) in
hexane (5 mL) at-70 °C. After 30 min the mixture was warmed to
25 °C. Saturated aqueous NaH€@0 mL) and E4O (40 mL) were

was purified by flash chromatography over silica gel eluting with
hexanes/EtOAc (9:1) to give9 (97 mg, 55%) as a colorless oil. The
product was a (3:1) mixture of diastereoisomers: IR (film) 2939, 1712,
1665 cntt. *H NMR (300 MHz, CDC}) 6 (major isomer) 4.824.79
(1H, m), 2.88-2.75 (1H, m), 2.48-2.20 (3H, m), 2.16-1.50 (11H,
m), 1.20-1.00 (21H, m)o (minor isomer) 4.754.72 (1H, m), 2.78
2.68 (1H, m), 2.48-1.00 (35H, m)13C NMR (75 MHz, APT, CDC})
o (major isomer) 213.1, 151.6, 104.9, 55.5, 42.0, 32.8, 29.8, 29.6, 28.0,
26.8,24.3,21.6,17.9, 12.6. HRMS ()calcd for GiH350,Si 350.264,
found 350.263.

3-Cyano-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (41)A solution
of ELAICN (500uL, 1.0 M in toluene, 0.50 mmol, 2 equiv) was added
to a solution of33 (74 mg, 0.250 mmol, 1.0 equiv) in THF (4 mL).
The mixture was heated at reflux for 60 h and cooled t6@5Saturated
aqueous NaHC®(20 mL) and E4O (40 mL) were added, and the
mixture was filtered through Celite, and the phases were separated.
The extracts were washed with brine 210 mL), dried (MgSQ),
and evaporated in vacud NMR analysis of the crude mixture reveals
only the 1,4-addition adduetl, which was purified by flash chroma-
tography over silica gel eluting with hexanes/EtOAc (4:1) to ghte
(42 mg, 60%) as a colorless oil: IR (film) 2945, 2237, 1661 &nH
NMR (300 MHz, GDe) 6 4.67 (1H, d,J = 4.1 Hz), 2.64-2.59 (1H,
m), 1.78-1.70 (2H, m), 1.531.31 (2H, m), 1.251.00 (23H, m)1°C
NMR (75 MHz, APT, GDg) 0 154.8, 121.5, 98.5, 29.4, 26.4, 26.3,
20.6, 18.1, 12.8. HRMS (M) calcd for GeH2oNOSi 279.202, found
279.202.

1-Cyano-1-triisopropylsilyl(oxy)-cyclohexan-2-ene (42)A solution

added, the mixture was filtered through Celite, and the phases wereof ELAICN (680uL, 1.0 M in toluene, 0.68 mmol, 2 equiv) was added

separated. The organic phase was washed with brine (@ mL).
The aqueous phases were extracted with@H2 x 15 mL), and the
combined extracts were dried (Mg®@nd evaporated in vacuo. The
product was purified by flash chromatography over silica gel eluting
with hexanes to giv85 (220 mg, 81%) as a colorless oil: IR (film)
2946, 1662, 1640 cm. *H NMR (300 MHz, CDC}) 6 5.77-5.63
(1H, m), 4.94 (1H, dJ = 4.8 Hz), 4.85 (1H, s), 4.75 (1H, s, br), 2:16
2.10 (1H, m), 2.03-1.90 (4H, m), 1.741.42 (4H, m), 1.22-0.95 (21H,
m). 3C NMR (75 MHz, APT, GDg) 0 151.4, 137.6, 115.9, 107.7, 41.9,
35.0, 30.3, 29.1, 22.1, 18.3, 13.1. HRMS (Myftalcd for GgH340Si
294.238, found 294.237.
2-(2-Propenyl)-4-triisopropylsilyl(oxy)-pyran-3-ene (37). Tri-
methylsilyl azide (500uL, 2.4 mmol, 2.4 equiv) was added to a
suspension 086 (408 mg, 1.57 mmol) and iodosobenzene (416 mg,
1.886 mmol, 1.2 equiv) in C¥Cl, (10 mL) at—15 °C. After 10 min
the mixture was warmed to 2%, and then cooled te-70 °C. Allyl
tri-n-butylstannane (775L, 2.50 mmol, 1.6 equiv) and MAICI (2.5
mL, 1.0 M in hexane, 2.5 mmol, 1.6 equiv) were added successively.
After 30 min the mixture was warmed to 2&, and saturated aqueous
NaHCG; (20 mL) and E£O (40 mL) were added. The mixture was

to a solution 0f33 (100 mg, 0.34 mmol, 1.0 equiv) in GBI, (5 mL)

at 25°C. The mixture was heated at reflux for 2 h, cooled t0°25

and quenched with saturated aqueous Nagl(QO mL) and EO (50

mL). The mixture was filtered through Celite, and the phases were

separated. The organic phase was washed with an aqueous bsine (2

10 mL), dried (MgSQ@), and evaporated in vacuéd NMR analysis

of the crude mixture shows a (2:1) mixture 41 and42. The 1,2-

adduct was purified by flash chromatography over silica gel eluting

with hexanes/EtOAc (17:3) to giv&2 (22 mg, 23%) as a colorless oil:

IR (film) 2946, 2229, 1653 cnt. *H NMR (300 MHz, CDC}) 6 5.92

(1H, dt,J = 9.9, 3.6 Hz), 5.73 (1H, dJ = 9.9 Hz), 2.172.09 (1H,

m), 2.04-1.97 (2H, m), 1.90 (1H, ddd] = 12.8, 9.4, 3.4 Hz), 1.80

1.78 (2H, m), 1.26-0.95 (21H, m).*3C NMR (75 MHz, APT, GDe)

0 132.1, 128.2, 122.1, 67.0, 37.7, 24.3, 18.6, 18.3, 13.2.
3-(2-Phenyl-ethynyl)-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (43).

A solution of n-BuLi (420 uL, 2.4 M in hexane, 1.0 mmol, 2 equiv)

followed by MeAICI (1.0 mL, 1.0 M in hexane, 1.0 mmol, 2 equiv)

was added to phenylacetylene (102 mg, 1.0 mmol, 2.0 equiv) in hexane

(5 mL). After 5 min a solution 083 (148 mg, 0.50 mmol, 1.0 equiv)

in hexane (3 mL) was added to the mixture. After 1.5 h saturated

filtered through Celite, and the phases were separated. The organic phasaqueous NaHC§(20 mL) and E{O (40 mL) were added. the mixture

was washed with brine (2 10 mL). The aqueous phase was extracted
with CH,Cl, (2 x 15 mL), and the combined extracts were driedfNa
SQOy) and evaporated in vacuo. The product was purified by flash

was filtered through Celite, and the phases were separated. The organic
phase was washed with brine § 10 mL), and the aqueous phases
were combined and extracted with,8t(2 x 15 mL). The extracts

chromatography over silica gel eluting with hexanes to separate the were dried (Na&SQ;), and evaporated in vacuo. The product was purified

tin derivatives, followed by hexanes/EtOAc (17:3) to g8&(290 mg,
62%) as a colorless oil: IR (film) 2945, 1670, 1642 ¢m‘H NMR

(300 MHz, CDC}) 6 5.87-5.73 (1H, m), 5.09-5.02 (2H, m), 4.77
(1H, s), 4.18-4.10 (1H, m), 4.00 (1H, ddd] = 11.0, 6.0, 2.05 Hz),
3.62 (1H, td,J = 11.0, 3.8 Hz), 2.442.14 (3H, m), 1.941.87 (1H,

by flash chromatography over Florisil eluting with hexanes/EtOAc (19:
1) to give43 (174 mg, 98%) as a colorless oil: IR (film) 3056, 2945,
2139, 1661 cm’. 'H NMR (300 MHz, CDC}) ¢ 7.31-7.27 (2H, m),
7.20-7.16 (3H, m), 4.89 (1H, dJ = 3.9 Hz), 3.29-3.25 (1H, m),
2.04-1.99 (2H, m), 1.88-1.73 (2H, m), 1.681.54 (2H, m), 1.17
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0.90 (21H, m)*3C NMR (75 MHz, APT, CDC}) ¢ 151.8, 131.5, 128.1,

J. Am. Chem. Soc., Vol. 120, No. 48, 199895

2867, 1678 cm. H NMR (300 MHz, GDe) 6 2.10-2.02 (3H, m),

127.4,124.1,104.4,93.4,80.1, 29.6, 29.1, 27.4, 21.0, 18.0, 12.6. HRMS 1.74 (3H, s), 1.681.57 (2H, m), 1.551.43 (1H, m), 1.251.05 (22H,

(MH™) calcd for GaH3sOSi 355.246, found 355.247.
3-((E)-2-Phenyl-ethenyl)-1-triisopropylsilyl(oxy)-cyclohexan-1-
ene (46). Hydroalumination Procedure A solution of phenylacetylene
(110 uL, 1.0 mmol, 2.0 equiv) and DIBAL-H (0.67 mL, 1.5 M in
hexane, 1.00 mmol, 2.0 equiv) in hexane (4 mL) was heated a€50
for 2 h. The mixture was cooled t670 °C, and a solution 083 (148
mg, 0.50 mmol, 1.0 equiv) in hexane (2 mL) was added. After 40 min
saturated agueous NaHg(@0 mL) and E{O (40 mL) were added.

m), 0.98 (3H, dJ = 6.9 Hz).13C NMR (75 MHz, APT, GDg) 6 144.0,
115.0, 34.2, 31.6, 31.1, 20.9, 20.1, 18.4, 14.8, 13.6. HRMS (MH
calcd for G/H3sOSi 283.246, found 283.245.
3-(Thiophenyl)-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (51)Mes-
Al (2.0 mL, 2.0 M in toluene, 4.0 mmol, 2 equiv) was added to a
solution of thiophenol (41@L, 4.0 mmol, 2.0 equiv) in hexane (10
mL) at 0 °C. After 5 min a solution 0f33 (591 mg, 2.0 mmol, 1.0
equiv) in hexane (3 mL) was added afQ. After 30 min EtO (20

The mixture was filtered through Celite, and the phases were separatedmL) and saturated aqueous NaH{®0 mL) were added. The mixture

The organic phase was washed with brine«(20 mL). The combined
aqueous phases were extracted with,Chl(2 x 15 mL). The extracts
were dried (MgSG) and evaporated in vacuo. The residue was purified
by flash chromatography over Florisil eluting with hexanes to gige
(83 mg, 46%) as a colorless oil: IR (film) 3025, 2942, 1661, 1646
cm™. 'H NMR (300 MHz, GDg) 6 7.30-7.00 (5H, m), 6.45 (1H, d,
J=15.8 Hz), 6.17 (1H, dd) = 15.8, 7.25 Hz), 5.01 (1H, dl = 3.2
Hz), 3.006-2.96 (1H, m), 2.09-2.03 (2H, m), 1.69-1.61 (2H, m), 1.52
1.41 (1H, m), 1.371.19 (1H, m), 1.13-1.01 (21H, m)2*C NMR (75
MHz, APT, GDe) 0 152.2, 138.3, 135.4, 129.6, 128.8, 127.2, 126.5,
105.9, 38.6, 30.3, 29.5, 21.2, 18.3, 13.1. HRMSfjMalcd for GsHze
OSi 356.254, found 356.253.
3-((E)-1-Hexenyl)-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (47).
CpzZrHCI (172 mg, 0.66 mmol, 2.0 equiv) was added to a solution of
hex-1-yne (75L, 0.66 mmol, 2.0 equiv) in CkCl, (4 mL) at 25°C.
After 45 min, MeAICl (666 uL, 1.0 M in hexane, 0.66 mmol, 2 equiv)
was added to the yellow solution, which immediately became orange.
After 5 min a solution 083 (98 mg, 0.33 mmol, 1.0 equiv) in G&l,
(2 mL) was added. After 1.5 h, saturated aqueous NatH@O mL)
and EtO (40 mL) were added, the mixture was filtered through Celite,

was filtered through Celite, and the organic phase was washed with
saturated aqueous NaHE@ x 20 mL) and brine (10 mL). The
aqueous phase was extracted withGE{15 mL), and the combined
extracts were dried (MgSpand evaporated in vacuo. The product
was purified by Kugelrohr distillation at 86C under high vacuum for
2 h to give51 (703 mg, 97%) as a colorless oil: IR (film) 3059, 2866,
1657 cntL. IH NMR (300 MHz, GDs) 6 7.35 (1H, d,J = 7.85 Hz),
7.05-6.94 (3H, m), 5.1#5.13 (1H, m), 3.943.90 (1H, m), 2.05
1.95 (3H, m), 1.721.38 (3H, m), 1.171.00 (21H, m)C NMR (75
MHz, APT, CDCE) 6 154.3, 136.4, 131.3, 128.7, 126.4, 103.7, 44.9,
29.8,28.1, 19.2, 18.0, 12.5. HRMS {Wcalcd for G;H340SSi 362.210,
found 362.210.

cis- and trans-4-Methyl-3-(2-oxo-propyl)-1-triisopropylsilyl(oxy)-
cyclohexan-1-ene (54MeAICI (2.0 mL, 1.0 M in hexane, 2.00 mmol,
2 equiv) was added to a solution®2 (155 mg, 1.00 mmol, 1.0 equiv)
and 2-trimethylsilyl(oxy)-prop-1-ene (195 mg, 1.50 mmol, 3.0 equiv)
in hexane (6 mL) at OC. After 25 min at 0°C, E&O (10 mL) and
saturated aqueous NaHE@LO mL) were added, the mixture was
filtered through Celite, and the organic phase was washed with brine
(15 mL). The aqueous phases were extracted wit® Et5 mL), and

and the phases were separated. The organic phase was washed witthe combined extracts were dried (MggQCand evaporated in vacuo.

brine (2x 10 mL). The combined aqueous phases were extracted with
Et,0 (2 x 15 mL), and the extracts were dried (Mgg@nd evaporated
in vacuo. The residue was purified by flash chromatography over Florisil
eluting with hexanes to givd7 (51 mg, 45%) as a colorless oil: IR
(film) 2929, 2867, 1661 cmt. 'H NMR (300 MHz, GDe) 6 5.50-
5.46 (2H, m), 5.02-4.98 (1H, m), 2.922.82 (1H, m), 2.0#1.97 (4H,
m), 1.69-1.62 (2H, m), 1.53-1.42 (1H, m), 1.3#1.20 (5H, m), 1.16-
1.10 (21H, m), 0.86 (3H, tJ = 7.0 Hz).13C NMR (75 MHz, APT,
CsDg) 0 151.5, 135.5, 129.6, 106.9, 38.4, 32.6, 32.2, 30.3, 29.9, 22.5,
21.4,18.3,14.2,13.1. HRMS (M calcd for G1H400Si 336.285, found
336.284.

3-Methyl-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (48).MezAl
(2.0 mL, 2.0 M in toluene, 2.00 mmol, 2 equiv) was added to a solution
of MeLi (833 uL, 1.2 M in ELO, 1.00 mmol, 2.0 equiv) in hexane (6
mL) at 0°C, and after 5 min a solution &3 (295 mg, 1.00 mmol, 1.0
equiv) in hexane (1 mL) was added to the mixture. Aftéh saturated
aqueous NaHCE(10 mL) was added, the mixture was filtered through

The product was purified by flash chromatography over silica gel eluting
with hexanes/EtOAc (10:1) to give4 (104 mg, 64%) as a colorless
oil. *H NMR analysis showed the product to be a mixture of
diastereoisomers (4.8:1) in favor of thensisomer: IR (film) 2944,
1721, 1667 cmt. *H NMR (300 MHz, GDs) 6 (major isomer) 4.96
4.86 (1H, m), 2.42-2.35 (1H, m), 2.20 (1H, dd) = 16.2, 4.85 Hz),
2.05-1.98 (3H, m), 1.96 (1H, dd) = 16.2, 8.8 Hz), 1.69 (3H, s),
1.52-1.47 (1H, m), 1.32-0.95 (23H, m), 0.83 (1H, dJ = 6.5 Hz).
13C NMR (75 MHz, APT, GDg) 6 (major isomer) 206.1, 151.1, 106.2,
49.5, 37.6, 33.0, 30.0, 29.6, 28.8, 19.4, 18.3, 13.0. HRMS{Midlcd
for CigH37/0,Si 325.256, found 325.256.

trans- and cis-4-Isopropyl-3-(2-oxo-2-phenyl-ethyl)-1-triisopro-
pylsilyl(oxy)-cyclohexan-1-ene (58)Prepared in an analogous manner
to 40 from 57 (169 mg, 0.50 mmol, 1.0 equiv), 1-trimethylsilyl(oxy)-
styrene (234 mg, 1.00 mmol, 2.0 equiv) and¥Kl (2.0 mL, 1.0 M
in hexane, 2.00 mmol, 2 equiv). The product was purified by flash
chromatography over silica gel eluting with hexanes/EtOAc (19:1) to

Celite, and the phases were separated. The organic phase was washegive 58 (91 mg, 44%) as a colorless otH NMR analysis shows the
with brine (15 mL). The aqueous phases were combined and extractedproduct to be a mixture of diastereoisomers (12:1) in favor ofréues-

with ELO (15 mL), and the extracts were dried (Mg$@nd evaporated
in vacuo. The product was purified by flash chromatography over silica
gel eluting with hexanes to giw8 (58.6 mg, 44%) as a colorless oil.
IH NMR analysis of the crude mixture shows that 25% of the starting
[-azido silyl enol ether was present in the crude reaction mixture: IR
(film) 2945, 2867, 1667 crt. *H NMR (300 MHz, CDC}) 6 4.76—
4.72 (1H, m), 2.252.18 (1H, m), 2.04-1.98 (2H, m), 1.79-1.40 (4H,
m), 1.20-1.05 (2H, m), 0.92 (3H, d] = 7.0 Hz).*3C NMR (75 MHz,
APT, GD¢) 6 151.0, 109.9, 31.5, 30.2, 29.9, 22.8, 22.2, 18.3, 13.1.
HRMS (MHY) calcd for GeH330Si 269.230, found 269.231.
2,3-Dimethyl-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (50)Mes-
Al (1.0 mL, 2.0 M in toluene, 1.00 mmol, 2 equiv) was added to a
solution 0f49 (295 mg, 1.00 mmol, 1.0 equiv) in hexane (5 mL) at 25
°C. After 10 min, E3O (1 mL) and saturated aqueous NaHGOmL)

isomer: IR (film) 3060, 1690, 1667 crh *H NMR (300 MHz, GDs)
d (major isomer) 7.967.85 (2H, m), 7.157.03 (3H, m), 5.02 (1H, d,
J=23.6 Hz), 3.073.02 (1H, m), 2.86 (1H, dd] = 16.0, 5.3 Hz), 2.70
(1H, dd,J = 16.0, 8.4 Hz), 2.151.98 (2H, m), 1.751.20 (3H, m),
1.20-1.04 (22H, m), 0.96 (3H, d] = 6.8 Hz), 0.78 (3H, dJ = 6.8
Hz). 13C NMR (75 MHz, APT, GDg) 6 (major isomer) 200.4, 151.2,
137.6, 132.8, 128.5, 128.0, 106.4, 44.8, 44.0, 33.6, 28.3, 27.3, 21.8,
21.2,18.2,17.9, 12.5. HRMS (M calcd for GeHa,0,Si 414.295, found
414.295.
trans-5-1sopropyl-3-(2-propenyl)-2-methyl-1-triisopropylsilyl-
(oxy)-cyclohexan-1-ene (62Prepared in an analogous manneB&H
using the direct addition procedure wiéi (88 mg, 0.250 mmol, 1.0
equiv), allyl tri-n-butylstannane (166 mg, 0.50 mmol, 2.0 equiv), and
MesAICI (500 uL, 1.0 M in hexane, 2.0 equiv). The product was

were added. The mixture was filtered through Celite, and the phasespurified by flash chromatography over silica gel eluting with hexanes
were separated. The organic phase was washed with brine (5 mL), andto give 62 (49.5 mg, 56%)*H NMR analysis shows the product to be

the aqueous phases were combined and extracted with(E0 mL).
The extracts were dried (MgSJoand evaporated in vacuo. The product
was purified by flash chromatography over silica gel eluting with
hexanes to givé0 (63 mg, 45%) as a colorless oil: IR (film) 2943,

a single diastereoisomero]®s = +34° (c = 0.94, CHCl,). IR (film)
2945, 1682, 1640 cm. *H NMR (300 MHz, CDC}) 6 5.82-5.68
(1H, m), 4.98 (1H, dJ = 3.7 Hz), 4.95 (1H, s), 2.352.25 (1H, m),
2.05-1.98 (2H, m), 1.93-1.82 (2H, m), 1.76-1.30 (4H, m), 1.64 (3H,
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s), 1.15-1.05 (21H, m), 0.85 (6H, d] = 6.5 Hz).*3C NMR (75 MHz,
APT, CDCE) 6 144.2, 138.5, 115.5, 113.6, 39.2, 37.4, 36.1, 34.6, 32.3,
28.9, 19.9, 19.8, 18.1, 15.1, 13.2. HRMS (M¥talcd for G,H30Si
351.308, found 351.308.
(E)-3-(2-Propenyl)-1-triisopropylsilyl(oxy)-cyclododecan-1-ene (64).
Prepared in an analogous manner3® using the direct addition
procedure with63 (190 mg, 0.50 mmol, 1.0 equiv), allyl tr-
butylstannane (331 mg, 1.0 mmol, 2.0 equiv), and:AMEI (1.0 mL,
1.0 M in hexane, 1.0 mmol, 2.0 equiv). The product was isolated by
flash chromatography over silica gel eluting with hexanes to e
(112 mg, 59%) as a colorless diH NMR analysis of the crude mixture

Magnus et al.

(5:1) mixture of stereoisomers in favor of tleisomer. The stereo-
chemistry was assigned usiti@ NMR [for the allylic carbong (major
isomer) 35.5 andd (minor isomer) 38.0]. The isomers were not
separable by chromatography but were isolated together by flash
chromatography over silica gel eluting with hexanes/EtOAc (4:1) to
give 70 (184 mg, 81%) as a colorless oil: IR (film) 3470, 3043, 1655
cmL. *H NMR (300 MHz, CDC}) 6 (major isomer) 7.75 (1H, s, br),
7.62 (1H, d,J = 7.9 Hz), 7.23 (1H, dJ = 7.9 Hz), 7.16-7.04 (2H,

m), 6.84 (1H, dJ = 2.2 Hz), 4.72 (1H, dJ = 10.5 Hz), 3.843.76
(1H, m), 2.76-2.67 (1H, m), 2.06-1.20 (17H, m), 1.26:1.00 (21H,

m); 6 (minor isomer) there were two distinguishable signals at 4.81

shows only one isomer. The major isomer was assigned as the(1H, d,J = 10 Hz), 4.16-4.00 (1H, m).**C NMR (75 MHz, APT,

E-stereocisomerfC, 6 major isomer 42.1 and minor isomer 44.0):
IR (film) 2931, 1660, 1644 crt. 'H NMR (300 MHz, CDC}) 6 5.83—
5.69 (1H, m), 5.06-4.91 (2H, m), 4.23 (1H, dJ = 10.3 Hz), 2.48-
2.37 (1H, m), 2.372.25 (1H, m), 2.12-2.03 (1H, m), 1.971.92 (1H,
m), 1.906-1.72 (2H, m), 1.551.22 (13H, m), 1.26:1.02 (21H, m),
0.89 (2H, m).13.C NMR (75 MHz, APT, GDg) 6 151.9, 137.8, 115.7,

111.4, 42.1, 35.6, 34.9, 28.3, 25.2, 25.1, 24.9, 24.7, 23.8, 23.4, 22.6,

18.5, 18.4, 13.2. HRMS (MH) calcd for G4H470Si 379.340, found
379.341.
3-(2-Phenyl-ethynyl)-1-triisopropylsilyl(oxy)-cyclopentan-1-ene
(66). Prepared in an analogous manned®with $-azido silyl enol
ether65 (141 mg, 0.50 mmol, 1.0 equiv), phenylacetylene (102 mg,
1.0 mmol, 2.0 equiv)p-BuLi (400 L, 1.00 mmol, 2.5 M in hexane),
and MeAICI (1.0 mL, 1.0 M in hexane, 1.0 mmol, 2.0 equiv). The
product was purified by flash chromatography over silica gel eluting
with hexanes/EtOAc (97:3) to give6 (127 mg, 75%) as colorless oil:
IR (film) 3081, 2945, 2139, 1644 cmh 'H NMR (300 MHz, GDs) 6
7.23-7.16 (2H, m), 6.76:6.70 (3H, m), 4.53 (1H, m), 3.413.36 (1H,
m), 2.18-1.71 (4H, m), 0.950.85 (21H, m)*C NMR (75 MHz, APT,
CsDg¢) 6 157.0, 131.9, 128.5, 127.4, 124.9, 103.6, 94.1, 81.2, 33.6, 33.3,
30.2, 18.1, 12.8. HRMS (N) calcd for G.H3,0Si 340.222, found
340.222.

3-(2-Oxo-propyl)-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (67).
LiBPh, tris(1,2-dimethoxyethane) (298 mg, 0.500 mmol, 1 equiv) was
added to a solution 083 (148 mg, 0.500 mmol, 1.0 equiv) and
2-trimethylsilyl(oxy)-prop-1-ene (195 mg, 1.50 mmol, 3.0 equiv) in
CHCI; (2 mL) at 25°C. After 48 h, E3O (20 mL) and saturated
aqueous NaHC€(10 mL) were added, and the phases were separated.
The organic phase was washed with brinex(20 mL), and the aqueous
phases were extracted with,€t (15 mL) and EtOAc (15 mL). The
combined extracts were dried (M#0:) and evaporated in vacuo. The
product was purified by flash chromatography over silica gel eluting
with hexanes/EtOAc (9:1) to give7 (69 mg, 44%) as a colorless oil:
IR (film) 2943, 1716, 1668 cnt. 'H NMR (300 MHz, GDs) 6 4.79—
4.75 (1H, m), 2.652.57 (1H, m), 1.931.85 (2H, m), 1.89 (2H, dJ
=7.1Hz), 1.55 (3H, s), 1.531.23 (4H, m), 1.16:0.90 (21H, m)2C
NMR (75 MHz, APT, GD¢) 6 205.8, 151.7, 107.3, 50.2, 30.8, 30.2,
29.9,29.0, 21.6, 18.3, 13.0. HRMS (Mcalcd for GgH3s0,Si 311.241,
found 311.240.

3-Indolo-1-triisopropylsilyl(oxy)-cycloheptan-1-ene (69)Prepared
in an analogous manner @75 using the reverse addition procedure
with -azido silyl enol ethe68 (155 mg, 0.50 mmol, 1.0 equiv), indole
(117 mg, 1.0 mmol, 2.0 equiv), and A (500 xL, 2.0 M in toluene,
1.0 mmol, 2.0 equiv). The product was purified by flash chromatography
over silica gel eluting with hexanes/EtOAc (17:3) to g@ (95 mg,
49%): mp 93-94 °C (EtO). IR (film) 3469, 2925, 1653 cnt. H
NMR (300 MHz, CDC}) 6 7.75 (1H, s, br), 7.62 (1H, dl = 7.8 Hz),
7.30 (1H, d,J = 9.0 Hz), 7.22-7.06 (2H, m), 6.94 (1H, dJ = 2.0
Hz), 5.19 (1H, dJ = 4.6 Hz), 3.79-3.75 (1H, m), 2.54 (1H, dd] =
15.6, 9.2 Hz), 2.31 (1H, dd] = 15.6, 7.1 Hz), 2.041.61 (6H, m),
1.10-1.00 (21H, m)XC NMR (75 MHz, APT, GDg) 6 155.6, 137.2,
127.0, 122.7,122.1, 120.2, 120.0, 112.5, 111.5, 35.8, 35.3, 34.9, 30.1
25.7, 18.3, 13.0. HRMS (M) calcd for G4H3/NOSi 383.264, found
383.265.

(2E)- and (22)-3-Indolo-1-triisopropylsilyl(oxy)-cyclododecan-1-
ene (70).Prepared in an analogous manne7#7/5 using the reverse
addition procedure witl63 (190 mg, 0.50 mmol, 1.0 equiv), indole
(117 mg, 1.0 mmol, 2.0 equiv), and A (500 xL, 2.0 M in toluene,
1.0 mmol, 2.0 equiv)H NMR analysis of the crude mixture shows a

CsD¢) 0 (major isomer) 151.3, 137.0, 127.5, 122.1, 121.6, 120.1, 119.8,
119.2, 111.7, 111.4, 35.5, 32.8, 28.4, 25.4, 25.0, 24.8 (2), 24.1, 23.4,
22.7, 18.4, 13.2. HRMS (M) calcd for GoH47NOSi 453.343, found
453.342.
3-(3-Indolo)-1-triisopropylsilyl(oxy)-cyclopentan-1-ene (71)Pre-
pared in an analogous manner 7d/75 using the reverse addition
procedure withs-azido silyl enol ethe65 (141 mg, 0.50 mmol, 1.0
equiv), indole (117 mg, 1.0 mmol, 2.0 equiv), and4AE(500 uL, 2.0
M in toluene, 1.0 mmol, 2.0 equiv). The product was purified by flash
chromatography over silica gel eluting with hexanes/EtOAc (17:3) to
give 71(129.6 mg, 73%) as a colorless oil: IR (film) 3416, 1651 ém
'H NMR (300 MHz, CDC}) 6 7.75 (1H, s, br), 7.65 (1H, d = 7.8
Hz), 7.28 (1H, dJ = 7.9 Hz), 7.19-7.05 (2H, m), 6.88 (1H, d) =
2.1 Hz), 4.85 (1H, dJ = 1.6 Hz), 4.154.10 (1H, m), 2.472.36
(3H, m), 1.96-1.85 (1H, m), 1.15-1.00 (21H, m)2*C NMR (75 MHz,
APT, CDCk) 6 155.9, 136.7, 126.7, 122.2,121.8, 120.1, 119.4, 118.9,
111.1, 105.8, 38.6, 33.6, 30.6, 17.4, 12.5. HRMS)eklcd for GoHss
NOSi 355.233, found 355.232.
3-(3-Indole)-1-triisopropylsilyl(oxy)-cyclohexan-1-one (72)Cop-
per trifluoromethane sulfonate (Il) (122 mg, 0.34 mmol, 1.0 equiv)
was added to a solution &3 (100 mg, 0.34 mmol, 1.0 equiv) and
indole (54 mg, 0.47 mmol, 1.4 equiv) in GEI, (4 mL) at 25°C.
After 20 min CHCI, (5 mL), a saturated aqueous solution of JH
and NH,OH (1:1) (10 mL), and water (5 mL) were added. The phases
was separated, and the aqueous phase was extracted wi@,CHx
10 mL). The organic phases were combined, washed with brine, and
dried (MgSQ). After filtration, the solvent was evaporated in vacuo,
and the residue was purified by flash chromatography over silica gel
eluting with CHCI; to give 72 (38 mg, 52%): mp 105106°C (CH,-
Cly). IR (CHCI,) 3468, 1708 cm’. 'H NMR (300 MHz, CDC}) ¢
8.03 (1H, s, br), 7.55 (1H, dl = 7.8 Hz), 7.28 (1H, dJ = 8.0 Hz),
7.17-7.02 (2H, m), 6.89 (1H, dJ = 2.2 Hz), 3.42-3.22 (1H, m),
2.76-2.69 (1H, m), 2.55 (1H, ddd] = 14.0, 10.6, 0.7 Hz), 2.43
2.27 (2H, m), 2.232.14 (1H, m), 2.03-1.71 (3H, m).13C NMR (75
MHz, APT, GDs) ¢ 209.6, 136.9, 126.7, 122.2, 120.6, 119.6, 119.5,
119.4,111.5,47.9,41.5, 35.8, 31.7, 24.6. HRMSYIeklcd for G4H15
NO 213.115, found 213.115.
3-(3-Indole)-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (73). Direct
Addition Procedure. MezAl (250 uL, 2.0 M in toluene, 0.50 mmol, 2
equiv) was added to a solution 88 (74 mg, 0.250 mmol, 1.0 equiv)
and indole (58.6 mg, 0.50 mmol, 2 equiv) in g, (4 mL) at —65
°C. After 20 min a solution of saturated aqueous NaHQID mL)
and water (10 mL) were added. The mixture was filtered through a
Celite pad, and the aqueous phase was extracted witiCig# x 10
mL). The combined extracts were washed with a brine, dried (MySO
and evaporated in vacuo. The residue was purified by flash chroma-
tography over silica gel eluting with hexanes/EtOAc (4:1) to gige
(71 mg, 82%) as a colorless oil: IR (film) 3419, 1662 ¢ntH NMR
(300 MHz, CDC}) 6 7.89 (1H, br), 7.63 (1H, dJ = 7.8 Hz), 7.33
(1H, d,J = 8.0 Hz), 7.17 (1H, tdJ = 7.6, 0.85 Hz), 7.09 (1H, td]
= 7.6, 0.85 Hz), 6.93 (1H, d] = 2.1 Hz), 5.06 (1H, dJ = 3.45 Hz),

,3.83-3.79 (1H, m), 2.152.00 (2H, m), 1.99-1.93 (1H, m), 1.78

1.63 (4H, m), 1.251.00 (21H, m).23C NMR (75 MHz, APT, GDe)
0151.7,137.4,127.5, 122.4,121.7, 121.5, 119.6, 119.3, 111.4, 107.1,
32.5, 30.5, 30.4, 21.4, 18.3, 13.1. HRMS()Mtalcd for GaH3sNOSi
369.249, found 369.248.

trans- and cis-4-Methyl-3-(3-indolo)-1-triisopropylsilyl(oxy)-cy-
clohexan-1-ene (74 and 75). Direct Addition ProcedureMezAl (500
uL, 2.0 M in toluene, 1.0 mmol) was added to a solutiorb@f(155
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mg, 0.500 mmol, 1.0 equiv) and indole (117 mg, 1.00 mmol, 2 equiv) filtered, and the filtrate was dried (M80,) and concentrated in vacuo.

in hexane (5 mL) at OC. After 15 min EtO (10 mL) and saturated The residue was chromatographed over silica gel eluting with EtOAc/
aqueous NaHC®(10 mL) were added. The mixture was filtered MeOH/NH,OH (16:4:1), and the product fractions were combined and
through Celite, and the phases were separated. The organic phase wasoncentrated in vacuo. The residue was taken up igGEH300 mL),
washed with saturated aqueous NaHQTbs mL) and brine (15 mL). washed wih a 3 Naqueous NaOH solution (2 40 mL), and dried
The aqueous phase was extracted witfOEtL5 mL) and EtOAc (15 (Na:S0Oy). Concentration in vacuo afforde®B (11.69 g, 73%) as an
mL), and the combined extracts were dried (Mgpénd evaporated oil: IR (neat) 3352, 1662 cri. *H NMR (CDCk) ¢ 4.84, (1 H, dJ

in vacuo. The product was purified by flash chromatography over = 4.3 Hz), 3.37 (1H, m), 1.97 (2H, m), 1.73 (2H, m), 1.54 (1H, m),
Florisil eluting with hexanes to giverg and75) (134 mg, 70%) as a 1.26 (2H, s), 0.951.30 (22H, m)*3C NMR (CDCk) 6 152.3, 109.3,
colorless oil'H NMR analysis shows the product to be a 4:1 mixture 47.0, 33.4, 29.8, 19.8, 17.9, 12.6. MS+@fe 270 (M + 1), 253 (100).

of diastereoisomers in favor of thiensisomer74. At —70°C, atrans Used directly in the next stage.

andcis mixture (74:75, 2.3:1) was observed (130 mg, 68%). AB5 3-(Propenoylamino)-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (84).
C, from52 (77 mg, 0.25 mmol), @&ransandcis mixture (74:75, 3:1) A solution 0f83 (1.347 g, 5.00 mmol) and ¥ (1.050 mL, 7.50 mmol)

was observed (34.7 mg, 36%). At 26, from 52 (77 mg, 0.25 mmol), in THF (30 mL) was treated at 78 °C with acryloyl chloride (0.490

atransandcis mixtu_re (7_4:75, 5:1) was observed (60.7 mg, 63%). At mL, 6.00 mmol). After 10 min the mixture was warmed to &5 and

50 °C, atransandcis mixture (74:75, 10:1) was observed (103 mg,  partitioned between ED (30 mL) and 50% saturated aqueous NaHCO

54%). (30 mL). The aqueous phase was extracted witOER x 15 mL).
Reverse addition Procedure.MezAl (0.5 mL, 2.0 M in toluene, The organic phases were combined, washed with water (25 mL), dried

1.0 mmol, 2 equiv) was added to a solution of indole (117 mg, 1.0 (MgSQ,), and concentrated in vacuo. The residue was purified by flash
mmol, 2.0 equiv) in hexane (5 mL) at®. After 5 min a solution of  chromatography over silica gel eluting with EtOAc to gig4 (1.444
33(148 mg, 0.50 mmol, 1.0 equiv) in hexane (3 mL) was added. After g 899) as an oil which crystallized upon standing: mp-68°C. IR
20 min EtO (20 mL) and saturated aqueous NaHQ®0 mL) were (neat) 3274, 1653, 1623 cth 'H NMR (CDCl) 6 6.19, (1H, ddJ =
added. Workup as above gavet@nd75) (137 mg, 71%) as a colorless  16.9, 1.6 Hz), 6.03 (1H, dd] = 17.0, 10.1 Hz), 5.77 (1H, d = 7.9
oil. 'H NMR analysis showed the product to be a mixture of Hz), 5.54 (1H, ddJ = 10.1, 1.6 Hz), 4.78 (1H, d] = 4.2 Hz), 4.58
diastereoisomers (4.5:1) in favor of thransisomer. At 50°C, atrans (1H, m), 2.00 (2H, m), 1.41.8 (4H, m), 0.8-1.2 (21H, m).3C NMR
andcis mixture (7475, 4.5:1) was observed (130 mg, 75%). A70 (CDCk) 6 164.4, 154.9, 131.1, 125.9, 103.9, 44.7, 29.7, 28.8, 19.4,
zC, no formation of products was Qbs_erved: IR (film) 3418, 1668%cm 17.8, 12.5. HRMS (CI) calcd for gHsNSiO, 324.236, found 324.236.

H NZIR (EOO MHz, CDC) o (mdajoilsomer)74 7.84 (1H, br), 7.63 cis-Octahydro-5-triisopropylsilyl(oxy)-quinoline-2-one (87), 5-Aza-
(61|9_|3 (1\|2| - d7jS:H22)é T_':ZJ’;) (41;} 4’]9; (813 ans ;éi;gg g::: m; 10-triisop_ropylsinI(oxy)-tricycI0[4.4.0.03v1f1-4_-decanone (85) and (88/
2'33_2 0;1 ('2H m). 1 88'1 7'7 (ZH m) 1’65’1 4'4 (1H m) 1’ 29’ 89). Cycllzatlon of_84 at 80°C. To a solution of84 (0.162 g, 0.50
1.05 (2.1H - ) ; 9.3 (éH dJ " 65’ Hz’)'él (miﬁor ison;er)7’5 7 90 mmol) in dry 1,2-d|chl_oro_ethane (5 mL) was addt?dgMIe(O.33 mL,

(iH br) 7163—’7 0'4 (3H r,n) 6 88.(1H d] — 2.2 Hz), 5.03 (1H .dJ 0.65 mmol, 2.aM solution in toluene) at 6C. T_he mlxtu_re was heated
— 44 H’z). 3.89-3.87 (iH ‘m). 23314 (5H 'm) 1261.05 (élH at reflux under argon for 42 h, cooled tdQ, dissolved in CKLCl, (30

p - ) L3 NI . At ' ' mL), washed with saturated aqueous NaHC& mL), and dried (Na

m), 0.66 (3H, dJ = 7.0 Hz).13C NMR (75 MHz, APT, GD¢) 6 (major S
. SQ,). Concentration in vacuo followed by flash chromatography
isomer)74150.8, 137.1, 127.4, 122.0, 121.7,121.0, 120.2, 119.2, 111.4, afforded87 (0.015 g, 9%): mp 118119 °C. IR (neat) 3209, 1668,

1075 400,352 201, 298 202 164 19y somens LG e et TE ot 450 0 56
P SO0y ZE0D, TE9F, oSy LuTiS L geh 1208 2223 SU0S3 68 (1H, m), 2.45 (1H, m), 2.30 (2H, m), £@.1 (4H, m), 1.5-1.7

ﬁl%‘gi %253’22&6%02“763’32;’3'22';‘?'4’ 13.1. HRMS'|Malcd for GHsr (6H, m), 0.9-1.2 (21H, m).%C NMR (CDCF) 6 172.5, 149,1, 102.2,
0%, 0% 51.7, 37.0, 29.5, 27.7, 22.2, 20.5, 18.1, 16.7. HRMS (ylkalcd for

trans-4-lsopropyl-3-indolo-1-cyclohexan-1-one (82)Tetran-bu- CasHauNSIO, 324.2359. found 324.23485 (0.070 g, 43%): mp 166
tylammonium fluoride (65Q:L, 1.0 M in THF, 650umol) was added 1(1387 036 R (CHC.lg) 36é0, 2946, 1669 cn%.(1H NMgFIQ (CDélg,) (?7.29

to a solution of78 and 79 (130 mg, 0.32 mmol) in THF (3 mL). The _ _
mixture was stirred for 30 min, ED (10 mL) and water (10 mL) were (514H’HSZ))’ 313988(%;{H SZ]’ sz 75% HH;; 1582 |(-|1Z|2|’ 2m?8 1(:}213 tE]SH 8r.r13)’
added, and the phases were separated. The organic layer was wash .8—1.1, (21H m).’lgc NMR (CsDe,) 5 1785 ’78.é 545 49.7’ 44'.8
with water and brine. The aqueous layers were combined and extractedss; “5g ) 287.4 18.6 17.8 13.6. HRMS (W-d:alcdl for Q;H34Néi02 '
with EO (10 mL). The combined extracts were dried §8@;), and 324 '2359’founéj 32472363‘ A solution 86 (6 mg, 0.019 mmol) in
evaporated in vacuo. The product was purified by flash chromatography THF' ) m’L) was trea.ted w}th TBAF (0.020 mL ’1 65 equiv 1, M in
over silica gel eluting with hexanes/EtOAc (7:3) to g (62 mg, THF) at—78 °C for 5 min. The mixture was concentrated in vacuo,

o ) 1
KASJA)) g%gbco(gogzzs i’:l' IRb(ﬂIrr;)63%4114|_,| 13193 ;:FS |:| N'\7/"§5(3f3 and the residue was dissolved in dichloromethane (10 mL), washed
Z ) 23 (1H, s, br), 7.66 (IH, dI = 7.9 Hz), 7.35 (1H, with saturated aqueous NaHE@ x 3 mL), and dried (Nzg580O).

d,J= 7.9 Hz), 7.22-7.08 (2H, m), 6.96 (1H, dJ = 2.25 Hz), 3.28 ) ; e
(1H, dt,J = 4.7, 10.6 Hz), 2.83 (1H, ddl = 11.2, 14.2 Hz), 2.63 (1H, Evaporation of the extract in vacuo ga®8/89 (3.5 mg, 97%, 7:1

in) 55
ddd J = 1.5, 4.7, 14.2 Hz), 2.542.46 (2H. m), 2.182.00 (2H, m), 209> ) _
1.86-1.72 (1H, m), 1.66-1.52 (1H, m), 0.93 (3H, d, 6.9 Hz), 0.75 Cyclization of 84 at 180°C. A solution 0f84 (0.050 g, 0.15 mmol)
(3H d.J=6.9 HZ).13C NMR (75 MHz. APT CDC;{,) §212.1.137.8 in dl’y 1,2-dichlorobenzene (5 mL) was treated at@ with Mes;Al

27.2,24.5,21.7,16.1. HRMS (M calcd for G:H2NO 255.162, found 'heated to reflux under argon. Upon reaction completion (30 min) the
255162, ' ' solution was quenched a@ with saturated aqueous NaHE@ mL).

The organic phase was dried (Mgg@nd evaporated in vacuo. The
residue was purified by flash chromatography over silica gel eluting
with EtOAc to give87 (0.005 g, 10%) and®6 (0.021 g, 42%): mp
110-111°C. IR (neat) 3237, 1699, 1665 ct 'H NMR (CDCl) 6
6.13 (1H, s), 4.99 (1H, ) = 3.8 Hz), 3.72 (1H, m), 3.03 (1H, § =

8.6 Hz), 2.59 (1H, dtJ = 9.4, 7.7 Hz), 1.9-2.2 (2H, m), 1.80 (1H,
m), 1.45 (1H, m), 1.25 (3H, dJ = 7.7 Hz), 0.9-1.2 (21H, m).%C

3-Amino-1-triisopropylsilyl(oxy)-cyclohexan-1-ene (83).To a
mixture of 1-triisopropylsilyl(oxy)cyclohexene (15.26 g, 60.0 mmol)
and iodosylbenzene (15.84 g, 72.0 mmol) inACH (600 mL) at—20
°C (internal temperature) under argon was added trimethylsilyl azide
(19.1 mL, 144.0 mmol) over a 15 min period. The cold bath was
removed after 15 min, and the mixture was allowed to warm t&é25
The solution was concentrated in vacuo to a yellow paste. The paste
was dissolved in EO (100 mL) and added slowly to a suspension of

: : : (58) Important Cautionary Information: Reactions involving TMSH|
LiAlH 4 (2.28 g, 60.0 mmol) n EO. (200 mL) at O°C. Aofterthe reactlc_)n are capable of being violently explosive. It is important to make certain
was complete (30 min), the solution was quenched"at By sequential that the evolution of dinitrogen isompletebefore work-up. The reactions

addition of water (2.3 mL), 15% aqueous NaOH solution (2.3 mL), mustnot be allowed to run dry and should be conducted behirsafaty
and water (7.0 mL). After stirring fol h the white precipitate was  shield
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NMR (CDCl) 6 180.6, 148.7, 104.1, 53.0, 41.9, 38.7, 29.4, 20.8, 18.0,

14.2,12.6. HRMS (ClI) calcd for fgH34NSiO, 324.236, found 324.235.
3-((E)-3-Phenylpropenoylamino)-1-triisopropylsilyl(oxy)-cyclo-
hexan-1-ene (90)A solution 0f83(1.88 g, 7.00 mmol) and B\ (1.50
mL, 10.50 mmol) in THF (40 mL) was treated at78 °C with
cinnamoyl! chloride (1.290 g, 7.70 mmol) in THF (4 mL). After

Magnus et al.

425, 35.4,29.3, 21.1, 18.0, 12.5. HRMS (Mitalcd for GaHaNo-
SiOy 445.252, found 445.2594 (40 mg, 9%). IR (CHG) 3421, 3023,
2946, 2867, 1692 cm. 'H NMR (CDCk) 6 8.12 (2H, d,J = 8.6 Hz),
7.36 (2H, d,J = 8.6 Hz) 5.52 (1H, b), 4.224.17 (1H, m), 3.85 (1H,
d,J = 7.2 Hz), 3.42-3.36 (1H, m), 2.852.78 (1H, m), 2.6-1.0 (6H,
m), 0.95-0.80 (21H, m).13C NMR (CDCk) 6 178.9, 146.5, 145.7,

completion of the reaction (5 min), the cold bath was removed and the 129.4, 122.9, 77.1, 52.6, 51.8, 41.6, 40.0, 36.3, 28.4, 18.0, 16.7, 13.1.

solution partitioned between B (30 mL) and saturated aqueous
NaHCG; (30 mL). The aqueous phase was extracted wWiHOER x

15 mL). The extracts were combined, washed with watex (0 mL),
and dried (MgS@. Concentration in vacuo afforded an oil which
crystallized fromn-pentane to gived0 (2.480 g, 89%) as a white
powder: mp 152153 °C. IR (neat) 3267, 1654 cm. 'H NMR
(CDClg) 6 7.59 (1H, dJ = 15.6 Hz), 7.47 (2H, m), 7.33 (3H, m), 6.34
(1H, d,J = 15.6 Hz), 5.57 (1H, dJ = 8.1 Hz), 4.86 (1H, dJ = 4.3
Hz), 4.70 (1H, m), 2.07 (2H, t| = 5.5 Hz), 1.5-1.9 (4H, m), 0.9-1.2
(21H, m).**C NMR (CDCk) 6 164.8, 155.2, 140.8, 134.9, 129.5, 128.7,

HRMS (MH™) calcd for G4H37/N2SiO, 445.252, found 445.251.
1,3,3a,6,7,7a-hexahydro-3-benzyl-2H-indol-2,4-dione (95)0 a

solution of92 (50 mg, 0.125 mmol) in THF (5 mL) at78 °C was

addedn-BusNF (0.13xL, 1.0 M in ELO). The solution was warmed

to 25°C and after 20 min the solution was evaporated in vacuo and

the residue purified by chromatography over silica gel eluting with

EtOAc to give95 (27 mg, 90%): mp 119121 °C (EtO). IR (neat)

3251, 1695 cmt. *H NMR (CDCl) 6 7.99 (1H, s), 7.29 (2H, d] =

7.2 Hz), 7.15 (2H, m), 7.07 (1H, d, = 7.3 Hz), 3.73 (1H, ddJ =

14.0, 9.8 Hz), 3.43 (1H, dd} = 14.0, 5.1 Hz), 3.20 (1H, df = 5.1,

127.7,121.1, 104.0, 45.0, 29.8, 29.0, 19.5, 17.9, 12.6. HRMS (CI) calcd 4.2 Hz), 2.48 (1H, m), 2.15 (1H, f] = 6.6 Hz), 1.88 (1H, dt] =

for CosH3NSIO, 399.259, found 399.260.
3-[(E)-3-(4-Nitrophenyl)-propenoylamino]-1-triisopropylsilyl-
(oxy)-cyclohexan-1-ene (91)A solution of 4-nitrocinnamoyl chloride
(1.164 g, 5.50 mmol) in THF (10 mL) was added&®(1.348 g, 5.00

mmol) and E4N (1.050 mL, 7.50 mmol) in THF (25 mL) at 78 °C.

13.8, 4.6 Hz), 1.41.7 (2H, m), 1.2-1.4 (1H, m), 1.6-1.2 (21H, m).
13C NMR (CDCk) 6 210.3, 178.3, 139.8, 129.1, 128.3, 126.2, 55.0,
49.7, 47.8, 41.3, 32.0, 27.9, 20.2. HRMS (M}talcd for GsHisNO,
244.134, found 244.135.
6-Azido-1,3,3a,6,7,7a-hexahydro-3-benzyl-4-triisopropylsilyl(oxy)-

After the reaction was complete, the cold bath was removed, and the 2H-indol-2-one (96).lodosobenzene (660 mg, 3 mmol, 3.0 equiv) was

solution was partitioned between @B, (80 mL) and saturated aqueous
NaHCG; (40 mL). The aqueous layer was extracted with,CH (2 x

added to a solution 092 (400 mg, 1 mmol) in CKCI, (20 mL) at
—20 °C, and trimethylsilylazide 95% (728 mg, 0.84 mL, 6 mmol, 6

10 mL). The organic phase was washed with brine (40 mL), and water equiv) was added via syringe. The cooling bath was removed and the

(20 mL) and dried (MgS@). Concentration in vacuo gal (2.124
g, 96%): mp 62C. IR (neat) 3261, 2943, 1657 cm*H NMR (CDCl)
0 8.19 (2H, d,J = 8.7 Hz), 7.63 (1H, dJ = 15.9 Hz), 7.61 (2H, dJ
= 8.2 Hz), 6.47 (1H, dJ = 15.6 Hz), 5.69 (1H, dJ = 8.0 Hz), 4.85
(1H, d,J = 4.1 Hz), 4.69 (1H, m), 2.07 (1H, § = 5.5 Hz), 1.5-1.9
(4H, m), 0.9-1.2 (21H, m).23C NMR (CDCk) 6 163.7, 155.4, 148.0,

reaction temperature allowed to warm to 25. After 1 h the clear
yellow solution was concentrated under reduced pressure (first at the
rotaevaporator, then in a Kugelrohr at high vacuum atGpto give

an oily residue (663 mg). Chromatography over Florisil eluting with
EtOAc/hexanes (1:2) followed by pentane washing of the resulting solid
gave96 (266.5 mg, 60.5%): mp 147148 °C (MeCN). IR (CHC})

141.2, 138.0, 128.2, 125.3, 124.0, 103.6, 45.3, 29.7, 28.9, 19.4, 17.9,2094, 1692, 1649 cnt. *H NMR (300 MHz, CDC}) 7.28-7.16 (5H,

12.5. HRMS (MH) calcd for G4H37/N2SiO, 445.252, found 445.252.
3-Benzyl-4-triisopropylsilyl(oxy)-1,3,3a,6,7,7a-hexahydro-2H-in-
dol-2-one (92).A solution of 90 (0.40 g, 1.0 mmol) in dry 1,2-
dichlorobenzene (40 mL) was treated &t@with MesAl (0.550 mL,
1.10 mmol, 2.0M solution in toluene). The ice bath was removed and
the solution warmed to 25C and then heated to reflux under argon.
After 20 h the mixture was cooled to°@ and quenched with saturated
aqueous NaHC&(1 mL) and concentrated under high vacuum at 50
°C. The residue was dissolved in &, (100 mL), washed with
saturated aqueous NaHE@@ x 15 mL) and water (10 mL), and dried
(NaSQy). Flash chromatography over silica gel eluting with EtOAc
gave92(0.292 g, 73%): mp 156C. IR (neat) 3223, 1698, 1664 ct
H NMR (CDCl) ¢ 7.82 (1H, s), 7.55 (2H, dJ = 7.3 Hz), 7.06-7.2
(3H, m), 4.92 (1H, ddJ = 4.5, 2.9 Hz), 3.27 (1H, dd] = 14.2, 3.6
Hz), 3.12 (1H, m), 3.00 (1H, ddl = 14.2, 8.5 Hz), 2.86 (1H, td] =
8.8, 3.7 Hz), 2.76 (1H, ) = 8.3 Hz), 1.71.9 (1H, m), 1.6-1.7 (1H,
m), 1.3-1.5 (1H, m), 0.9-1.2 (22H, m).}3C NMR (CDCk) ¢ 170.8,

m), 5.74 (1H, br), 5.26 (1H, d] = 5.9 Hz), 4.16 (1H, m), 3.97 (1H,
m), 3.29 (1H, tJ = 8.8 Hz), 3.14 (1H, d,dJ = 3.5, 13.6 Hz), 2.87
(1H, dt,J = 3.6, 9.3 Hz), 2.74 (1H, dd] = 13.6, 9.2 Hz), 1.96 (1H,
d,J = 13.5 Hz), 1.4-1.0 (22H, m).23C NMR (CDC}k) 178.2, 154.1,
139.5, 129.4, 128.2, 126.4, 102.5, 55.7, 48.8, 44.3, 42.5, 35.1, 34.8,
18.1, 18.0, 12.5. HRMS (MH) calcd for GsH3:N4O.Si 441.269, found
441.268.
(E)-3-(Carboethoxy)-propenoylamino-1-triisopropylsilyl(oxy)-cy-
clohexan-1-ene 97A solution of fumaric acid monoethyl ester (0.303
g, 2.10 mmol) andN-methylmorpholine (0.250 mL, 2.28 mmol) in THF
(50 mL) was treated with isobutylchloroformate (0.275 mL, 2.10 mmol)
at 0°C. After 15 min at 0°C, 83 (0.472 g, 1.75 mmol) in THF (10
mL) was added. The ice bath was removed after 15 min, and the mixture
was dissolved in EO (60 mL), washed with saturated aqueous NakCO
(2 x 15 mL), and dried (Ng50Qy). Chromatography over silica gel
eluting with EtOAc gaved7 (0.666 g, 96%) as a white powder: mp
99-100 °C. IR (neat) 1726, 1661, 1634 ci H NMR (CDCl) ¢

148.2, 140.6, 129.2, 128.0, 125.9, 105.2, 52.7, 44.9, 42.7, 35.5, 29.2,6.97 (1H, d,J = 15.4 Hz), 6.75 (1H, dJ = 15.4 Hz), 6.45 (1H, dJ

21.2,18.1, 12.6. HRMS (MH) calcd for G4H3gNSIO, 400.267, found
400.268.
3-(4-Nitrobenzyl)-4-triisopropylsilyl(oxy)-1,3,3a,6,7,7a-hexahydro-
2H-indol-2-one (93) and 8-(4-Nitrophenyl)-5-aza-10-triisopropylsi-
lyl(oxy)-tricyclo[4.4.0.0>19-decan-4-one (94)A solution of91 (0.444
g, 1.00 mmol) in toluene (45 mL) was treated af®© with MesAl
(0.550 mL, 1.10 mmol, 2.0 solution in toluene). The solution was

= 8.2 Hz), 4.77 (1H, dJ = 4.1 Hz), 4.60 (1H, m), 4.15 (2H, d,=

7.1 Hz), 2.00 (2H, tJ = 6.3 Hz), 1.4-1.8 (4H, m), 1.23 (3H, tJ =

7.1 Hz), 0.8-1.2 (21H, m).23C NMR (CDCk) 6 165.8, 162.5, 155.1,

137.1,129.7,103.3, 61.0, 45.1, 29.7, 28.7, 19.3, 17.8, 14.0, 12.4. HRMS

(CI) calcd for GiH3/NSIiO, 395.249, found 395.249.
3-Carboethoxymethyl-4-triisopropylsilyl(oxy)-1,3,3a,6,7,7a-hexahy-

dro-2H-indol-2-one (98) and 8-Carboethoxy-5-aza-10-triisopropyl-

heated to reflux under argon. After 22 h the mixture was cooled to 0 silyl(oxy)-tricyclo[4.4.0.0°19-decan-4-one (99)A solution 0f97 (0.079

°C and quenched with water (0.5 mL), partitioned betwee@HE200

g, 0.20 mmol) in 1,2-dichloroethane (8 mL) was treated witheMe

mL) and saturated aqueous Rochelle’s salt solution (100 mL). The (0.200 mL, 0.40 mmol, 2. solution in toluene) at OC. The solution

organic phase was washed with a 50% saturated aqueous NgHCO

was heated to reflux under argon until completion of the reaction (3

mL), dried (NaSQy), and concentrated in vacuo. Flash chromatography h). The mixture was cooled to°® and quenched with water (0.5 mL).

over silica gel eluting with EtOAc gav@3 (0.326 g, 74%): mp 146
148°C. IR (CHCE) 3430, 1694, 1665 cm. *H NMR (CDCl;) ¢ 8.09
(2H, d,J = 8.6 Hz), 7.41 (2H, dJ = 8.6 Hz), 6.47 (1H, s), 5.10 (1H,
t, J = 3.7 Hz), 3.71 (1H, m), 3.23 (1H, dd, = 13.4, 3.0 Hz), 3.16
(1H, t,J = 8.0 Hz), 2.82 (1H, m), 2.80 (1H, qd,= 13.4, 3.6 Hz),
1.95-2.20 (2H, m), 1.86-1.95 (1H, m), 0.66-1.40 (22H, m)}*C NMR

The crude mixture was dissolved in @i, (20 mL), washed with
saturated aqueous NaHE@ x 5 mL), and dried (Ng&5Qy). After
concentration in vacuo the residue was purified by flash chromatography
over silica gel eluting with EtOAc to give8 (0.040 g, 51%) an®9
(0.019 g, 24%). FoB8 mp 100-102°C. IR (neat) 1734, 1700, 1684,
1668, 1653 cmt. 'H NMR (CDCl) 6 6.19 (1H, s), 5.00 (1H, t) =

(CDCL) 6 178.3, 148.7, 147.9, 146.4, 129.9, 123.4, 105.7, 52.8, 44.6, 4.4 Hz), 4.0-4.2 (2H, m), 3.92 (1H, dty = 6.0, 5.1 Hz), 3.21 (1H, dt,
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J=9.0, 6.9 Hz), 3.09 (1H, ) = 7.9 Hz), 2.75 (1H, ddJ = 17.1, 7.1
Hz), 2.64 (1H, ddJ = 17.1, 6.6 Hz), 2.10 (1H, m), 1.90 (1H, m), 1.60
(2H, m), 1.22 (3H, tJ = 7.1 Hz), 0.8-1.2 (21H, m)13C NMR (CDCk)

0178.2,172, 5, 148.4, 105.4, 60.4, 52.4, 41.6, 41.1, 32.8, 27.3, 19.4,

18.0, 14.1, 12.6. HRMS (MH) calcd for GiH3sNSiO, 396.257, found
396.258. FoR9: mp 120°C. IR (neat) 3216, 2942, 2867, 1739, 1699
cm L. *H NMR (CDCl) 6 6.20 (1H, s), 4.19 (1H, m), 4.08 (1H, m),
3.99 (1H, m), 3.51 (1H, dd] = 9.0, 6.6 Hz), 3.30 (1H, d] = 6.7 Hz),
2.73 (1H, tJ = 9.4 Hz), 2.00 (1H, dJ = 12.9 Hz), 1.6-1.8 (3H, m),
1.4-1.5 (2H, m), 1.21 (3H, tJ = 7.1 Hz), 1.00 (21H, s)}3C NMR
(CDCls) 0 178.5, 169.0, 76.4, 60.7, 51.9, 51.5, 42.0, 36.4, 35.8, 28.6,
18.2,16.4, 14.1, 13.1. HRMS (MH calcd for G1H3sNSiO, 396.257,
found 396.256.
3-Carboethoxymethyl-1,3,3a,6,7,7a-hexahydro-2H-indol-2,4-di-
one (100).A solution 0f98 (0.040 g, 0.101 mmol) in THF (4 mL) at
0 °C was treated witin-Bu,NF (0.111 mL, 0.111 mmol, 1.® solution
in THF). After the reaction was complete (5 min), the solution was
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added to a solution 0£02[2.79 g, crude, assay approximately-50
60%, EtN (2.45 g, 3.4 mL, 24 mmol)] in THF (100 mL) at60 °C.
After 5 min the temperature was allowed to rise to°25and after 10

h diluted with EtOAc (20 mL) and washed with saturated agueous
NaHCQG; (10 mL) followed by brine (10 mL), dried (MgSQ and
concentrated to givd04 (4.2 g of crude material). Purification by
chromatography over silica gel eluting with hexanes/EtOAc (5:1 to 4:1)
gavel04(1.217 g): mp 166162 °C (EtO). Further purification of
the mixed fractions including mother liquors yielded another crop of
104 (495 mg, mp 157C). Overall yield of104 based on the azide is
32.9%: IR (CHCY) 3434, 1662, 1625 cm. *H NMR (300 MHz,
CDCl3) 0 8.18 (2H, dJ = 8.7 Hz), 7.55 (2H, d = 8.7 Hz), 7.50 (1H,
d,J = 15.5 Hz), 7.35 (2H, dJ = 7.3 Hz), 7.26 (2H, tJ = 7.5 Hz),
7.14 (1H, tJ = 7.3 Hz), 6.30 (1H, dJ = 15.5 Hz), 5.60 (1H, dJ =

7.5 Hz), 5.115.09 (1H, m), 2.42.2 (2H, m), 2.£2.0 (1H, m), 1.95

1.7 (3H, m), 1.6-0.8 (21H, m).13C NMR (75 MHz, GDs) 6 163.6,
150.7, 148.0, 141.1, 138.4, 137.9, 129.6, 126.7, 125.4, 123.7, 116.5,

concentrated in vacuo and applied to a short column of silica gel eluting 48.6, 31.5, 28.8, 19.2, 18.0, 13.5. HRMS (Mktalcd for GoH4iN»Os-

with EtOAc to give 100 (0.020 g, 83%) as an oil: IR (neat) 3261,
2939, 1699 cm®. 'H NMR (CDCls) 6 6.00 (1H, s), 4.19 (1H, m), 4.10
(2H, 9,J = 7.1 Hz), 3.16 (1H, tJ = 7.6 Hz), 3.04 (1H, m), 2.93 (2H,
d, J = 6.4 Hz), 2.40 (1H, m), 2.30 (1H, m), 1=2.1 (4H, m), 1.23
(3H, t,J = 7.1 Hz).*3C NMR (CDCk) 6 209.9, 177.4, 172.7, 60.6,
53.5, 48.6, 41.8, 40.8, 31.0, 27.5, 18.4, 14.16. HRMS (}ithlcd for
Ci2H1gNO, 240.124, found 240.124.
3-((E)-4-Nitrocinnamoylamino)-2-methyl-1-triisopropylsilyl(oxy)-
cyclohex-1-ene (103)To a solution 0f101 (1.8 g) in THF (50 mL)
and EtN (2.75 mL, ca. 3 equiv) was treated with)¢{4-nitrocinnamoy!
chloride (1.2 g) at-70°C. After 20 min the cooling bath was removed
and the slurry diluted with EtOAc, washed with saturated aqueous
NaHCQ; and brine, dried (MgS§), and evaporated in vacuo. The
residue was purified by chromatography over silica gel eluting with
EtOAc/hexanes (1:4) to givE03(336 mg) of pure product as a viscous
oil along with 468 mg of a slightly impure fractiontH NMR (300
MHz, CDCL) 6 8.25 (2H, d,J = 9 Hz), 7.7 (1H, dJ = 13 Hz), 7.65
(2H, d,J = 9 Hz), 6.5 (1H, dJ = 13 Hz), 5.65 (1H, dJ = 10 Hz),
4.55 (1H, br), 2.252.0 (2H, m), 1.9-1.4 (4H, m), 1.65 (3H, s), 1:3
0.9 (21H). Used directly in the next step.
3a-Methyl-3-(4-nitrobenzyl)-4-triisopropylsilyl(oxy)-1,3,3a,6,7,7a-
hexahydro-2H-indol-2-one (105).All glassware was treated with
hexamethyldisilazane for 24 h and oven dried prior to use. A solution
of 103(266 mg, 0.58 mmol) in toluene (10 mL) was treated withsMe
Al (0.34 mL, 2M in toluene, 1.2 equiv) at 28C and heated at reflux
for 41 h. The solution was cooled to 2& and water (1 mL) added.
The mixture was extracted with EtOAc (2 10 mL), washed twice
with saturated aqueous NaH@@nd brine, dried (MgS&), and
concentrated in vacuo. The crude oil (228 mg) was purified by
chromatography over silica gel eluting with,©fpentane (4:1) to give
105 (122 mg, 46%): mp 134136 °C (pentane). IR (CHG) 3430,
1696 cnTL. 1H NMR (300 MHz, CDC}) 6 8.14 (2H, d,J = 8.6 Hz),
7.42 (2H, d,J = 8.6 Hz), 6.02 (1H, s), 5.00 (1H, 3,= 4.2 Hz), 3.38
(1H, dd,J = 3.9, 10.2 Hz), 3.30 (1H, ddl = 2.8 Hz, 14.2 Hz), 2.85
(1H, dd,J = 11.4, 14 Hz), 2.40 (1H, ddl = 3.0, 11.3 Hz), 2.21.95
(2H, m), 1.65-1.45 (1H, m), 1.43 (3H, s), 1.370.9 (21H, m).2*C
NMR (CDCl3) 6 177.7, 151.2, 148.8, 146.3, 129.8, 123.4, 103.1, 60.4,
52.9, 46.3, 35.9, 28.5, 26.7, 20.6, 18.3, 12.8. HRMS (}IEhlcd for
C25H39N204Si 459268, found 459.266.
3-((E)-4-Nitrocinnamoylamino)-2-phenyl-1-triisopropylsilyl(oxy)-
cyclohex-1-ene (104}-Nitrocinnamoyl chloride (1.7 g, 8 mmol) was

Si 521.284, found 521.283.
3-(4-Nitrobenzyl)-3a-phenyl-4-triisopropylsilyl(oxy)-1,3,3a,6,7,7a-

hexahydro-2H-indol-2-one (106) A solution of the amidel04 (521

mg. 1 mmol) inp-xylene (10 mL) was treated with Mal (0.55 mL,

2 M in toluene, 1.1 equiv) at 25C. and then heated to reflux for 24

h. The mixture was cooled to Z& and EtOAc (10 mL) added. The

mixture was washed with saturated aqueous NapH@OmL) and brine

(20 mL), dried (MgSQ), treated with activated charcoal, and concen-

trated to givel06 (508 mg of crude). Purification by chromatography

over silica gel eluting with EO/hexanes (4:1) gave the starting material

(58 mg, 11%), and.06 (113 mg, 24.4%): mp 203204°C (EtO). IR

(CHCls) 3431, 1700 cm*. *H NMR (300 MHz, CDC}) 6 8.17 (2H, d,

J=8.6 Hz), 7.51 (2H, dJ = 8.6 Hz), 7.43 (2H, dJ = 7.4 Hz), 7.33

(2H,t,J=7.4 Hz), 7.26 (1H, dJ = 7,4 Hz), 5.71 (1H, br), 5.28 (1H,

t,J = 4.2 Hz), 3.66 (1H, ddJ = 3.8 Hz,J = 8.6 Hz), 3.40 (2H, dJ

= 11.6 Hz), 3.07 (1H, dd) = 11.7, 14.4 Hz), 2.42.2 (2H, m), 2.+

1.9 (1H, m), 1.9-1.7 (1H, m), 1.2-0.8 (21H, m).*3C NMR (75 MHz,

CDCl;) 177.0, 150.2, 148.8, 146.5, 143.7, 130.0, 128.5, 127.1, 126.8,

123.6, 105.2, 62.0, 55.2, 49.1, 35.3, 26.8, 20.5, 18.3, 18.0, 12.7. HRMS

(MH™) calcd for GoHaiN,0,Si 521.284, found 521.284.
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