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ABSTRACT

Initial studies on the asymmetric ‘Rh~cat_alyzed [4-t-2] cycloaddition using catidnic
rhodium complexes have shown that the nature vof the counterion can dramatically affect the
rate of cychzatlon Th1s discovery is expected to lead to catalyst systems with 1mproved
select1v1ty and: efﬁc1ency The first examples of a Coz(CO)g-catalyzed carbonylatlve
cychzatlon of allenynes have been dlscovered In most cases, , product select1v1tles and -
yields can be 1mproved by altenng alkyne subst1tut10n ‘A novel rhodlum-catalyzed- 2
carbonylatlve cychzatlon of allenynes at 1 atm of CO has been d1scovered A novel
rhodium-catalyzed cycloisomerization of allenynes has been d1scovered. An improved
method for the catalytic photopromoted intramolecular Pauson-Kltand‘ rea.cti-dn has been
_ developed It was discovered that careful control of the 1nternal reaction temperature allows
‘ for efﬁc1ent catalys1s w1thout photochemical act1vat10n Add1t10nal studies on the substrate—
based-control of d1astereose1ect1v1ty_1n the catalytlc Pauson-Khand reaction have also been ,

described.” The de\_/elopment of an alternative p_fecataiyst for the Peuson-Khartd reaction
has been described. This novel catalyst offers several advantages over tfaditiortal catalyst

for the Pauson-Khand reaction as it is easily prepared and is stable in air.




y

1. INTRODUCTION

This dissertation describes the development of metal catalyzed syntheses. of hetero- “

and carbocyclic molecules. Though the rhodlum-catalyzed cyclmsomerization catalytlc" o

Pauson- Khand reaction and other related Co- and Rh catalyzed carbonylatlve cychzatron
reactions are believed to proceed through d1screet 1ntermed1ates the reactions are regarded

as cycloadd1t10n reactions.! The use of the word cycloaddition is not meant to _1mply a - .

* concerted reaction mechanism, but is merely used as a description of the product bond

connectivity. 3 |
| The Background Section contains a brief survey of other met,al-catalyzed .
cycl}oaddition reactions that are related to the research detailed in this dissertation. The |
increased interest in metal-catalyzed cycloadditions is evident if one observes ‘that most of
the research described in this section has occurred within the last five years. ‘While'
significant effort has been made to include all relevant chemistr'v, the rate of new '
discoveries in this area will almost surely make the review obsolete in a short time.
The Results and Discussion Section describes the original discoveries that have.
been made. In some cases, the contributions of others are presented to more clearly

demonstrate the current scope and limitations of the described chemistry.




2. BACKGROUND
2.1 Rhodium-Catalyzed [4+1] Cycloadditions

Few methods for thefOrmal [4-+.1] cycloaddition exist despite its potential for the
construction of cyclopentenones 1 Jto has 'shown that Cth(PPh3)3 oxidatively adds to

vinylallenes. The pentacoordznate distorted octahedral Rh complex 1, charactenzed by X-

ray crystallography, has a unique structure as the rhodacyclopentene nng is almost planar T

(Scheme 2.1).2l3 .4 Bond lengths, for C6-C7 and C8-C9 were determined to be 1.33 A

Ph CIRh(PPh;); ll)Ph3
Y i\ " PhH,r,24h M°>/C
Me -
Me | PPh3
| | 1
- Scheme 2.1

and 1.36 A, respectively. This suggests that no bonding is occurring between either oleﬁn
n-orbital and the Rh center (average bond length for an non—ligated olefin = 1.34 A). Most
notably, the C5-Rh and C8-Rh bond lengths were determined to be 1dent1ca1 (2.05 A), and
similar to an sp3 carbon—rhodmm bond (2. 02 A) The bonding characterlsucs of the two '
carbon-rhod1um bonds suggest that subsequent reactlons are possible. Indeed, treatment of

the novel rhodium complex with CO formed the oc-1sopropyl1dene cyclopentenone 2 after

isomerization (Scheme 2.2). -




‘Phy . [ pn. ]
Rh(PPhy),C1___ lamCO | 0
' | DCM, 1t, 18 h \
Ve TR Yo
A 2
- Scheme 2.2

Ito also observed that stencally dissimilar vinylallenes ligate to CIRh(PPh3)3.

_ dlfferently While the termmally unsubstltuted allene 3 hgated rhodlum via n -

Ph Ph oL
\>/ \ CIRK(PPhy)s \>/ N\ PP
‘ N~
. SIMC3\\ PhI_I’ It 13h . SxMe3\ PPh '
' . 78% o
3 4
Ph , U\ /PPh3
?/ N\ CIRh(PPh3); Ph llih |
: PhH,rt,20h . . AN
SIMC3¥MG o 2
Me SiMes Y~ e
‘ . Me .
‘5 6
- endo (44%)
‘ exo (19%).
Scheme 2.3

* coordination, a related allene 5 bearing dimethyl-substitution ligated in an n4 fashion

(Scheme 2.3).22 Presumably, the sterically encumbered vinyl silane moeity inﬁibits'

formation of the rhodacyclopentene. Treatment of the n4-b0un_d vinylallene rhodium

complex 6 with CO led to the o-isopropylidene cyclopentenone 7 in nearly quantitative




Cl. - -
| ll{h\ 1 atm CO
/ —\o D_CM, t,5h
SiMe3 W< 1 98%
6 IR 7
endo isomer ' '
Scheme 2.4

- yield (Scheme 2.4). In contrast, the nz-ligated vinylallene rhod_ium_ complex 4 w'a_s'v '
unreactive under analogous conditions. |

Through the e;legant structural studies of vinylall_ene rhodium complexes, a novel
catalytic [4+1] cycloaddition was discovered. Treatment of viny’lallenes with Willdhsdn's

catalyst under 1 atm of CO afforded bicyclopentenones in good yields, though the primary

O—\\ " 5%[(COD),Rh]PFg

y dppp, 1 atm CO
| Me tol, 80 °C, 60 h
Me . ] .
.‘ 8 .
| 42% 53%
Scheme 2.5

product 8 underwent significant isomeﬁzation using these reaction cdnditions (Scheme
2.5).2 | o

The enantioseiective Rhf.catalyzed [4+lj cycldadditioh wasrécentl‘y described by ‘
Ito. Treatment of Vinylallehe with 5 mol % [(COD)Rh(R,R-Me-DuPHdS)]PF6 under 1
atm CO afforded d-isopropylidene; cyclopeﬁtenone 9. in 53% yield aﬁd’ 42% ee (Scheme

" 2.6).2¢ The modest yield r’ésulted from formation of an undesired triene 10, presumably




dodod ol

J_’\\ 5% (R, R-Me- DuPHOS)Rh(COD)]PF6 -
. - PI‘IIII-
Pr o DME, 60 °C, 20 h )

‘yMe " . latmCO.

Me

Scheme 2.6°

arising through a competlng B- hydrlde elimination/reductive ehrmnatron pathway At
higher CO pressures (5 atm), the yield of the expected cyclopentenone 9 was srgmﬁcantly

improved. Interestmgly, a modest i improvement in asymmetric induction was observed at 5 _

Pr - ‘ 5 - CPr

. _/>—\\ © % 5% [(R,R-Me-DuPHOS)Rh(COD)]PFs : |
p—7 N .. = Prinn
\ \} 'DME, 60°C,20h .. . . o Me
Me R oes - o
", S5amCO . 70 e
97%
62% ee
Scheme 2.7

~ atm of CO (65% -ee) (Scheme 2. 7).2¢ Further iucreases in the 'CO‘pressure ciid not h‘ave.a |
_ notable effect on the level of enantroselectlon Carbonylatlve cychzatlon of several

vmylallene substrates was performed usmg these condltlons affordlng products wrth good




BnO,C

J—\ ' 5% [(R,R-Me- DuPHOS)Rh(COD)]PF6
Ph o ' e
- y | - DME, 10 °C, 90h .
M Me . o . 5amCO )
94%
. 95% ee
Scheme 2.8

enant1omenc excess.. The level of asymmetnc 1nduct10n was dramatlcally enhanced by

‘ ]lldlClOllS placement of an ester funcuonal group (Scheme 2. 8) 2 These ester-modified

v1ny1a11enes appear to be more reactlve demonstrated by efﬁc1ent [4+1] cycloaddltlon at' .

temperatures as low as 10 °C.
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2.2 Transition Metal‘-Cata-lyzed [24+2+1] | Cyélo_additions
2.2.a Stoichiometric Pauson-Khand Reaction
Arguably, the most impressive aspect of transition-metal chemistry is the ability to

promote C-C bond forming react1ons which would otherwise be vn'tually impossible. The _

cobalt-medlated [2+2+1] cycloaddition of an alkyne, an alkene and carbon. monox1de

introduced by Khand and Pauson in 1973 is representatlve of the power of such metal- T

~mediated reactions. The method 1ntroduced by Pauson required heatmg alkyne—cobalt

%

- toluene, 60-70°C
4nh

T 0
C .

% |

02(CO
2(CO)s . 43%

S‘cheme 2.9

complexes with reaetive olefins under an ‘atmosphere of dinitrogen (.Sehe’me 2,9).3“"l
Toluene-tetracobaltnonacarbonyl was.the only other product isoiated from this reaction
(22%). Since this seminal discovery, the stoichiometric Pauson-Khand reaction has been
well-defined in scope and both the inter- and intramolecular variaiions are known. The
long-standing interest in the PKR has led to several comprehensive reviews.

Despite the intensive study of the Pauson-Khand reaction very l‘ittle is known‘
about the reaction mechanism Aside from the initial formation of the alkyne Coz(CO)ﬁ
complex, few of the 1ntermed1ate complexes have either been isolated or observed

experimentally. In 1993, Krafft found that treatment of certain enyne-cob_alt complexes 11
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with excess N-methyl morpholine N-oxide (vide i'nfra) afforded isolable complexes 12 in

which one of the CO ligands was replaced by a sulfur-cobalt bond (Scheme _2.10).5 :

71°C

1.5hr
75%

15 min

10 equiv NMO\\ |
10 min, rt :

- Scheme 2.10

Warming a _solution of complex-'_lz produced thé. desired pentalenone 13 in oniy 15
nﬁnﬁtes (yield was not reported). In combarison, the cbrresponding enyne cobalt -complex.
11 requiredl heating for 1.5 hours to 'foy’m the ‘sa_me pentalenone 13 (75% yield) (Scheme
2.10'). This rééult suggests that iﬁitial‘ loss of carbdn monoxid.e"f’rom the enyne-
‘heyl(acarbonylcobalt complex 11 and subséquent coordination of the pendant blefin
provides an intermediate structure that may lie on the mechanistic pathway that leads to
- product formation.

Though details of the reaction mechanism remain unclear, several groups have.
introduced procedural modificatioﬂs‘ that facilitate the stoichiometric Pauson-Khand

reaction. In 1990, Schreiber disclosed that excess N—methyi‘ morpholine N-oxide had a
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L ~F . lequivCoy(CO)g - '
.0 \ - 0 o]
E 6 equivNMO, DCM = . ‘ .
Me Me ' : o . ‘ ‘M’e-‘ Me '. ‘

Scheme 2.11

significant rate-accelerating effect on the reaction. ® Good yields of biCyclopentenones were
isolated using thls room temperature procedure (Scheme 2 11). . These consrderably .
milder cond1t10ns offered 1mproved select1v1t1es when compared to other known methods

of that time (Scheme 2.12). It had been known since 19597 that pynd1ne—N-ox1de

6 equiv NMO, DCM, 1t, 78% (11/1, anti/syn)
- ultrasound, MeCN, 45 °C, 75% (4/1, anti/syn)

toluehe, 82 °C, 45% (4/1, aiiti/syn)
Scheme 2.12 c -

facilitated the removal of CO from metal carbonyl complexes (e.g., Fe(CO)s), but
" Schreiber’s method is the first example applied. to the formation of C-C bonds.

Presumably; oxidative decompleXation of CO from the enyne cobalt complex 14 allovt/s _‘

/\/ __N_Mg_,, O/\/:‘- + CO "CO(CO)3
HCO(COM - CO, > /;CO(CO)Z —_ ] | /:
Mi/fe ) ' Me Me Co o Me g , .
(CO); (CO)3 ‘ , ~ Me (Cc°0)3 ‘
14 | e o

Scheme 2.13
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olefin coord1nat10n and subsequent ox1dat1ve cychzatlon (Scheme 2 13) Itis not clear, - . '
however whether NMO has a rate acceleratlng effect on bond forming events subsequent
to olefin coordlnatlon. | '

Another effective method for the promotion of the stoichiometric Pauson-Khand
reaction was introduced by Smit and Caple. . It was found that adsorptlon of ether-hnked

enynes onto silica gel, followed by evaporahon of solvent and heatlng the dry silica gel

‘ = SlOz ‘ / ’ :

. O/\/ — OC 7 - . (QQ:O. |
: > _— oxygen-a : :

Me - ,‘ Me

30 min Me

Scheme 2.14

| under a slow stream of air led to blcyclopentenones in modest to good y1e1ds (Scheme
2.14).8 Whﬂe the reason for the improved yields using this method is not. entlrely ev1dent
one poss1b1e explanauon is that the conformation of the enyne substrate bound to silica gel
is positioned so that the reactive ends are in closer ptoximity This manifestation- of the
reactive rotamer effect appears to be limited to ether-derlved enyne substrates

' Interest1ng1y, a similar protocol performed on alumina under an argon atmosphere afforded

hydroxymethyl cyclopentenones (Scheme 2.15).8 While the mechanistic origin of these

o ‘ , HO
/\.& . AlLO4 ‘
- 45.°C, argon atm
Me" \ ‘ 30 min'

Scheme 2.15
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compounds is uncertain, the ease with which the propargyl C O bond is ruptured is notable
as this substrate class often gives reduced y1elds in the PKR relatlve to structurally related =
analogs.82 |
Recently, certain amines have been used to fac111tate the st01ch10metnc Pauson- ‘
Khand reaction. Sugihara discovered that heatmg enyne cobalt complexes with
cyclohexylamine (3.5 to 6 equiv) rapidly afforded blcyclopentenones in excellent yleld

(Scheme 2.16). 9 Without the amine additive, the react10n required 10 hours for complete

= 3.5 equiv CyNH, 5
< _I_:__ on 1,2-1;CE_, gc N\ .

‘ .

C0x(CO)s 99% Ph

15

Scheme 2;16

consumption of starting material and afforded the pentalenone 15 in reduced yield (62%).
Sugihara also found that 2M aqueous NH,OH in 1,4-dioxane (1:3 v/v; dioxane/aq

NH,OH) had a similar rate-accelerating effect though a slightly higher_ reaction temperature
was required (Scheme 2.17).9 This is the first example of a Pauson-Khand reaction

using water as co-solvent.10 Several intra- and intermolecular Pauson-Khand reactions

5/ - 1M aq. NH,OH .Q o
:—I:_Ph 1,4-dioxane, 100 °C ,.'.

Cby(COYg 45min N ; h
. (7]

Scheme 2.17

were successfully performed using the procedures developed by Sugihara. While the exact

role of the amine remains to be determined, Sugihara suggests that coordinated _
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cyclohexylamine may facilitate the dissociation of CO and, in turn, promote subsequent '
llgand substltutlon reactions. A similar amine- 1nduced rate acceleratmg effect has been -

observed in- the hgand subst1tut10n chermstry of Mo(CO)5(amme) complexes 1
2.2.b Catalytic Pauson-Khand Reaction
Since the discovery of the Pauson-Khand reaction over 25 years.ago, only scattered '

reports of a catalytic variation of the reaction have appeared. This is quite surprising

considering‘ that Pauson initially disclosed that catalytic Co,(CO)s was able to achieve -

’E " 7% Coy(CO)g
/] - -
- - 50 atm CO

iso-octane, 70 °C

Ph——

Scheme 2.18

cyclopentenone formation (Scheme 2.18). 3b Whﬂe the intermolecular PKR involving a

monosubstltuted alkyne required elevated CO pressure (50 atm) the use of a gaseous

' 1/1 CoH,/CO (1 atm) - L ,
" iso-octane, 60-70 °C . H . o. -
74%

Scheme 2.19
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alkyne, such as acetylene, allowed for product;fonnétion in good yield at dnly 1 atm of CO
(Scheme 2.19).3> The i-nherent instability of Co,(CO); may reflect, in part, Why general - -
- catalytic methods have remained élusive_ until very reéeﬁtly. -

In 1990, Rautenstrauch demonstrated that cLataIytic COz(CO)g was effectivé for the
formal [2+2+1] cycloaddition of n-heptyne, ethylene and CO ‘unde.r-very high pressufes of |
CO and ethylene (initial partial pressures of etlﬂlylene and CO ‘at rt were 40 and .100 bar,
fespectively; total pressure at 150 °C was ca. 310-360 bar) (Scheme 2.20).12 Although

. ! ' O e
. . 0.22% Co,(CO)g . o CsHyy
=—CsHu ethylene/CO (310-360 bar) | >
R 150°C,16h '
8% 16

Scheme 2.20

the desired cyclopentehone 16 was obtained‘in mddest yield, this example demonstrates
that only catalytic Co,(CO)g could be used for the Pauson-Kh'énd reaction of alkynes and
unstrained alkenes. Unfortunately, Rautenstrauch fbﬁnd that the method was somewhat |
irreproducible.12 __

; Subsequently, Jeong reported that (COD)Co(Ihd) was a very effective catalyst for
the intermélecul_ar Pauson-Khand reaction of strained olefins and terminal alkynes

. (Scheme 2.21).13 ‘The intermolecular PKR of riorbornadiene with ﬁonter-minal alkynes.

, ﬁb 1% [(COD)Co(lnd)] . '

L 15 atm CO, 100 °C
Ph—? 40 h

0]

Ph

&

93%
- Scheme 2.21




. promote bicyclopentenone formation suggesting that:ﬁs to n3 ring slippage of the indenyl

~ ligand in [(COD)Co(Ind)] may be necessary for cataiytic activity. Itis not cleaf whether

" (P(OPh)3), 1ncreased the catalytlc tarnover to acceptable levels.. Spe01ﬁca11y, treatment of

14
led to markedly reduced yields. In contrast, the ehyne 17 bearing a terminal alkyne

afforded excellent yield of bicyclopentenone 18 using-'(COD)Co(Ind) as catalyst p‘recursor‘
(Scheme 2.2‘2).1‘3 Interestingly, complexes CpCo(C‘O);';, and CpCo(COD) fe.iled to

~7 2% [(COD)Co(ind)] - o .
' BTy g ‘ 0
BN __  15amcCo,100°C - TSN\/:Q: |

: | DME ' ’ .
17 _ 94% . 18

Scheme 2.22

Co,(CO); is formed under the rea_ction conditions or if a menonuclear cobalt speciee is the
active catalyst. Nevertheless, the development of the first reasonably general eatalytic PKR
is an important milestone in the long history of tIﬁs reaction. Though [(COD)CO(Ind)] is
descrlbed as moderately air- stable its synthesis requires ‘several steps and is low .
y1e1d1ng 14 In addition, this method may not be attractive to practicing synthetic chemists
as it is effective only at very hlgh CO pressures (15 atm).

A more practical method using Co,(CO)g for the catalytic Pauson Khand reaction

was ‘subsequently developed by Jeong. It was discovered that the addition of a coligand,

substrate 19 with COz(CO)g, followed by addition of tnphenyl phosphlte then heatlng

allowed for the formation of bicyclopentenone 20 in good yield (Scheme 2.23).15 Jeong

" EtO, 7 3% Coy(CO)s ’ Et02'<'><j:>:-o _

X ' : —> 82%

- 10% P(OPh

EtO,C = Soamg o 0>3 y Et0,C" »
19 . DME, 120°C o 20 ‘

Scheme 2.23
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suggested that P(OPh)g stabilized the coordinatively unsaturated cobalt species inhibiting -
- the formation of Coy(CO);s,. 15 The complex Co4(CO) 12 is believed .to be catalytically
inactive (vide infra).16:81 Notably, J eong demonstrated that COz(CO)g was a poor catalyst
- precursor w1thout P(OPh)3 (Scheme 2. 24). This ﬁndmg is consistent with our results on
the temperature dependence for successful carbonylat1ve cychzation usrng catalytic

COz(CO)g at 1 atm CO (vide znfra) Although moderate cO pressure (4-5 atm) was

EtO,C,_ ' 7 ,2,0%002'((30)37 - EOC_ — ‘6
] | . DMEreflux P © EO,C ) Q !

Et0,C 1atm CO

“47%

Scheme 2.24

required for effective carbonylative cyclization, the method of Jeong is signiﬁcant as it only

requires the inexpensive commercially available C02(C0)3 and P(OPh);. One drawback of |
. the method is that the high react10n temperatures may proh1b1t the: synthesrs of thermally
: sens1t1ve cyclopentenones ‘For exarnple, a low yield of_the follow1ng carbonyla-t1ve

cyclization was observed due to the -elimination of acetate from the prima'ry product 21

(Scheme 2.25).15

’ : ‘ ,\/‘OAC
| ‘ 'EtOZ o R )
* 5% Coy(CO)g ’Q o . %%
S > EtO,C .
20% P(OPh); _ _
Et0,C — 5 atm CO, 120 °C 21

24 h

Scheme -2.25
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Jeong has recently reported that supercritical CO, (Sc CO,) isa useful medium for |
‘the catalytic Pauson Khand reaction. The percelved advantages of Sc C02 are the ease of
product isolation, catalyst separatlon and recovery, the ability to remove and recycle the
solvent (COy)- and the increased solubﬂrty of carbon monoxrde Optlmal condltlons '
requrred initial pressurization with carbon monoxide (30 atm at room temperature),
subsequent pressurization with CO, (110- 120 atm at ca. 38 C) and then heatmg at 90 C

for 24 hours. A homogeneous supercntlcal phase was achieved at 40 °C. Modest to

. . N . ,- N B -\ o 4

 EIO,C =— Mo  110amCOar36°C EtO,C e

o -  then94°C L Me
24h .

Scheme. 2.26

excellent yields of bicyclopentenones were achieved using this procedure (Scheme
. 2.26).17 One shortcoming of this m'ethod is the potential solubility problems of certain
substrates in neat Sc CO;. J eong noted that several substrates wete found to be unreactive
towards carbonylatlve cyclization due to this limitation. 17 |
In 1996,, Pagenkopf and Livinghouse reported an .imprOVed procedure for the
catalytic Pauson-Khand reaction. It was discovered that efficient cyciization could be
achieved using high-purity Coz(CO)g in the presence of high- intensity visible light (Q-
Beam irradiation) at only I az‘mosphere of CO. Irradiation of a solution of enyne 19 and 5
mol % Co,(CO)g with a 10° candlepower spotlight rapidly formed the des1red pentalenone

20 in high yield (Scheme 2.27).18 While the photo-induced dissociation of CO from




Ll Ll

17

E‘-OZC: <—\—// 5% Coy(CO)g B0,
‘ =0
EtO,C —— - 1amCO, 55-60 °C c><:l:>:
' DME, hv Et0,C
19 - . 4h E : 20
: 95%

. Scheme 2.27

- metal carbonyl complexes has been used to facilitate substitution reactions in other metal
ég’rbonyl complexesl?, this is the first example that has been applied to the Pauson-Khand

reaction. The method has proven to be general as» sécn in the folIoWing‘ examples ‘(‘Table‘ _

2.1).18%
Table 2.1. Catalytic Photopromoted Pauson-Khand Reaction?
Entry Substrate . Product __ Yield
1 Etozc>® EtOzSC&O 74
EtO,C —

D
/_/
a. All reactions were performed in DME at 55 °C with 5% Coy(CO)sg,

unless otherwise noted. b. 10% Coy(CO)g.
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Despite these '.advances' some substrates such as 1, 6- eﬁynes bearlng :
trimethylsilyl- substltuted alkynes, fa1led to undergo carbonylatlve cyclization usmg the
photopremoted conditions. In addition, it was found that several ether-linked substrates.
failed to give good yields of. bicyclopehtenones (Seheme 2.28).20 "Modiiﬁcétion of

substrates bearing terminal alkynes with a thioalkyl moiety allowed for efficient. -

Me : o e H
7 5% Coy(CO)s

N - 1 atm CO, 55-60 °C
— R DMEhv

4h . s
~ R =H: <23% (5/1, syn/anti)
- R=SMe: 81% (12/1, syn/anti)

R = S(z-Bu): 78% (42:1, syn/anti)

Scheme 2.28.

carbonylative cyéliza’ti,onwﬁh increased diasteteoselecti\}ity. Increasing the steric size of . -
the thioalkyl unit also had a positive effect on the 'd-iastereoselectivity (Scheme 2. 28) 20,
21 Interestingly, the "thlomethyl effect” did not lead to 31gn1f1cant increases in the

d1astereose1ect1v1ty of all substrates tested (Scheme 2.29).20 Alternatlvely, the use of

Me ‘ ' .
7 5% Cop(CO)g
TSN, " .. ' 1amCO,5560°C
\_.T__R' - - DME, hv - )

12h .
' R = H; 90% (1.1/1, syn/anti)
- R.= SMe; 87% (1.4/1, syn/anti)

Scheme. 2.29

. trifluoroethanol as co-solvent was shown to positively affect the cyclization efficiency of

ether-linked enynes containing nonterminal alkynes (Scheme 2.30).20, 22 This solvent
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S~ . 5% Cox(CO)g’

. ) . 0, V
O\/ —— 1 atm CO, 55-60 °C
- . 12hhv -

" Me | Ph
DME: 0%
TFE 99% (>30/ 1 syn/antl)

Scheme 2.30

effect may originate from the inereased sohibility of CO inﬁ tﬁe highly polar, ﬂuorinéted
solvent. Inaddition, hydtogen bonding of the ether-]inked- enyrie to the protic soivent may |
be of importance.. - - ' |
In a stgdy concurrent with the investigations described in this dissertation, (‘
O'Mahony and Livinghouse have found that 1,6-enynes bearing substituted aiken_es
undergo catalytic carbonylative cyclization with complete con’tIoi of initial olefin geometry

(Scheme 2.31).23 This important discovery mé-y ail“l‘ow‘ for the sjnthesis of complex

/» Me N - >_ - H Me
/_/— 10% Cox(CO)y - <jl;§:
TSN, ' 1atm CO,60°C TsN —0
= DME, 12h TS
Me : L TI%
‘ } Me
H
f_/ 10% Cox(CO)g $
SN, o 1 atm CO, 60 °C " TSN o}
= . DME, 12 h '

_» 74%
Scheme 2.31 |

molecules us1ng the catalytlc Pauson-Khand reaction. These ﬁndmgs are in direct contrast
to the Ru- and Ti- catalyzed [2+2+1] cycloaddltlon where the stereointegrity of the alkene in

the precychzaﬂon substrate was compromised in the product (vide infra). - -
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A recent example of the photopromoted catalytic Pauson-Khand reaction has been
used by Cook to assemble the tetracychc core of dlcyclopenta[a f]pentalene and |

d1cyclopenta[a e]pentalene (Scheme 2. 32).24 Whﬂe the catalyst loadlng in each case was -

— 02}4// _ 50% Con(CO) ‘ . Q‘ o
‘ hv, 1 atm CO o |, '

55°C o 8)

Scheme 2.32

quite high‘-.(S',O. mol %), excellent yi'elds were obtained in the synthesis of these ‘cc.‘)mplex, ,‘ -
ring systems. Interestingly,. poor yields -wereobtéined when the PKR was.performed |
| using u modification of Schreiber’s NMO protocol. Cook noted that'the use of
substoichiometn'e amounts of Co,(CO)g simplified purifica‘t-ion‘and rn'cty account for the
.i‘mprovecll yields. ‘The o'ften overlooi(ed challenge of product isolation from reactions
employing st01ch10metnc Co,(CO); further demonstrates the synthetlc importance of the
catalytic Pauson—Khand reaction. '

. The catalytic Pauson-Khand. reaction of enynes using Co4(CO);; has very recently
been introduced by Chung Chung found that Co03(CO);g could be generated in sztu from

Co4(CO);, at 15 atm CO. Carbonylatlve annulatlon of several substrates was acheived i

S~/ 1ECuCOm N\
TN - 15 atm CO, 100°C TN .

i DCM, 24h -
: 87%

Scheme 2.‘33
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good yield using this prbcedﬁrg (Scheme 2.33).25 There are no -apparen‘t advanféges to .
this method aé C04(CO),, is more expénsive than Co;(CO)g and displays similar stability
problems. | ' . . | | » |

In 1999, Sug_ihéra has discovered that methylidenetricobalt nonacarbo.n‘}-l‘l 22 was a
highly effective catalyst for the inter- and intramolecular PKR.26 Alkylide'net'ricobalt'
nonacarbonyl complexes are easily prepared from COz(CO)g and trihaloalkanes (Scheme
2.34).27 Most 1mportant1y, these complexes, Wthh are structurally-simililar to alkyne-

B

.c o) . CHCl _ CO(CO)3 _
o S .
28 . (CO)3Co—Co(CO)3

22

Scheme  2.34

cobalt complexes, are air stable. Optimal reacﬁbn conditions required modest CO pressure
and elevated temperatures, but provided excellent yields of product in both the inter- and

intramolecular PKR (Scheme 2.35).26 Importantly, with Co,(CO)g as catalyst under

MeOZC“ C// 1% Cos(CO)o(u’-CH) Me02c~>~:
7 atm CO, 120 °C T .’ 0
MeO,C — m T M0 N |

10h

‘ @ 1% Co3(CO)o(p>-CH)

7 atm CO, 120 °C
Ph——= 10h

98%

S"cheme‘ 2“.35




 identical reaction conditions (120 °C, 7 atm CO) very poor cohversion to product was ‘.
observed ( 12%) That COz(CO)g faﬂed to exh1b1t similar catalytlc act1v1ty as Coz(CO)g(p.3

CH) suggests it is not be1ng formed in sztu
2.2.c. Ruthenium-Catalyzed [2+2+1] Cycloaddition

Mltsudo has developed the f1rst example of a ruthemum—catalyzed [2+2+1]
cycloaddrtlon Good yields of b1cyclopentenones were obtained us1ng only 2 ol %
Ru3(CO)p; under 15 atm CO at 140 C ‘The use of d1methy1 acetarmde was found :to

suppress the formatron of an undes1red diene srde product (Scheme 2. 36) 28 The PKR

M0 /\\_// 2% Ru(CO)yp M“'OZ o MeOsC
0, b
MeO,C — & 15 atm CO, 140 °C M602C MCOZC‘ .

20h

DMA =75% : trace
Tol=67% : 15%-

Scheme 2.36

- of a 1,6- enyne 23 bearlng a 2 substltuted alkene led to a good y1eld of the angularly-
substltuted pentalenone 24, wh11e a s1n111ar substrate 25 witha trans-crotyl m01ety resulted

in. product 26 w1th s1gn1ﬁcant ep1merlzat10n (Scheme 2.37).28 -
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2% Ru3(CO)y5
15 atm CO, 140 °C
DMA, 24 h
CT3%

2% Rus(CO)12
15 atm CO, 140 °C
" DMA,24h

41%  (5.6/1, syn/anti)

‘Scheme 2.37

A similar cz_italyst system was de;veiopé_d by Murai except that dioxane was ﬁsed as
solvent under llO“a.tm of CO. Whi1¢ ‘thé éatalytic [2+2+1] cycloaddition of enynes bearing |
substituted alkynes pcheeded in good yieldis, a substrate bearing a terminal alkyne resulted
in low yield of the desired pentalenone (Scheme 2.38).29 In addition-; 1,6-enynes

bearing substituted alkenes, as well as 1,7-enynes, were unreactive under these conditions.

-EtOij :// 2% Ru3(CO)1» EtO, o
. ] 12 O - . :
‘ ’ dioxane, 20h S R

R = SiMe;, 90%
'R=H, 47%

Scheme 2.38

Useful levels of relative stereocontrol were achieved in the carbonylative cyclization of
some chiral substrates (Scheme 2.39).29 The origin of the stereoinduction was
rationalized according to that originally described by Magnus in the stoichiometric

PKR.30bc
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| 2% Ruy(CO)py I -
.’ 10atmCO,160°C Q o
'dl‘coxane, 20h | © 'TBSO  SiMe;
65%, (10/1, syn/anti).

Scheme 2.39
2.2.d Rhodium:Catalyzed [_2+,2+‘1] Cycloaddition

The first example of a Rh-catalyzed carbonylative enyne cyclfzatioh has. been |
reported by Narasaka. [(CO)ZRhCI]z‘ was found to be an effective precatalyst in.dibutyl
ether or p-xylene under 1 atm CO at 90-160 °C (Scheme 2.40).3! While 1,6-enynes :

/~7 . 2%ICORRNCI, o
.0 T am0,130°C T A °
N pp o 18h .
S H2ts . Ph
. 88%

Scheme’f 2.40:

bearing n(‘)nterminal‘ al'kynes‘ underwent successful 'car,bonylative cyclizatioh, subétraites‘ N

with terminal alkyﬁgs affordéd only modesf yields (Scheme 2.41).31

E10,C /;/ 7 1% [(CORRKCI, - BtOLC . o
BO,C — 1 atm CO, Bu,0 Et0,C s

R

" R=Et, 91%, 18 hat 130 °C
S . =H, 41%, 12 h at 150 °C
Scheme 2.41 o .
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Another -example of a Rh- catalyzed [2+2+1] cycloaddition has very recently been
- reported by Jeong. Cationic rhodium complexes modified with either mono- or b1dentate
phosphines were found to be effective catalysts for the PKR of 1 6-enynes The optirnized .
experimental protocol involved heating an enyne with 5 mol % [Cth(DPPP)CO]2 under 1 |

atm CO.32 Excellent conversion to blcyclopentenones was observed for 1,6-enyne

MeOy 74 2% [CI(DPPP)RhCO],
MeO,C — Mo 1 atm CO, 110 °C

T tol, 24 h

Soheme- 2.42°

.substrates containing nonterminal alkynes (S‘cheme 2.42). It ‘was"determ\ined that 1,6- -
enynes containing terminal or trimethylsilyl-sﬁubstituted alkynes were poor substrates using

these conditions (Scheme 2.43).32 In addition, all substrates éxamined only contained

B0, Y 2% [CIDPPP)RhCOL, Etozmo |
X 1 atm CO, 110 °C

R = H; 55%
R = SiMes: 0% -
R = SiMes; 20% (2 atmn)

Scheme 2.43

unsubstituted alkenes. Despite these limitations, the disclosure of rhociium cafalysts W_ith
| potentially tunable phosphine ligands may allow for ‘asymmetric oatalysrs. ‘The Rh-
catalyzed methods irrdependently developed by J eo‘ng:*‘2 and Narasaka3, and Pegerlkopf’ s
photopromoted PKR18, represent the only carbonylative enyne cychzat1ons that are

performed under 1 atm CO.
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2.2.e Nickel-Catalyzed [2+2+1] Cycioaddition

Buchwald has recently -shown that low-valent nickel complexes are suitable" )
catalysts for the [2+2+1] cycloaddition. The use of N,N ’-bi‘s(diphenylmethyle-ne‘)- g B
ethylenediamine (BDPEDA) in combination with Ni(COD), and i-Pr;SiCN asa CO

~F"Me 1). 10% Ni(COD),
o0 - i-Pr;SiCN, DMF, 110°C
Ph
' N={ :
BDPEDA = [ Ph © 58%, (98/2, syn/anti)
Ph-
N=(
Ph

2. Hydrolysis

Scheme 2.44

-surrogate afforded modest yields of bicyclopentenones after hydrolysis (Scheme
2.44).33 Though this method can potentially be made into an asymmetric process, the
reactions are performed at relatively high dilution (0.02 M) and are only us_,eful' with enynes

bearing substituted alkynes.
228 Titéuiium-Catalyzed [2+2+1] Cycloaddi‘tion o

The two-step conversion of enynes into bicyclopentenones can be accomplished
using catalytic Cp,Ti(PMes), with stoichiometric triethylsilylcyanide as a CO surrogate.
Hydrolysis of the resulting iminosilane afforded bicyclopentenones in modest to good yield

(Scheme 2.45).34 The catalytic sequence is believed to proceed via ligand exchange and
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BnQ - o
= 1). 10% Cp,Ti(PMes),
o ' . 1.1 equiv Et3SiCN .
| = Bu © wl4sec
2). hydrolysis . 45%

-12/1 (syn/anti)

Sch_eme +2.45

- oxidative cycl-izafio’n. Insertion of the i.some.ric form of the trialk_ylcyanide.27, the

isocyanide 28, into the carbon titanium bond followed by reductive elimination affords the“

iminosilane 29 (Scheme 2.46).34 Though good levels of relative stereocontrol were

BnQ -

= Bu EtySiCN 27

CpyTi(PMes); l“

BnO
Et3SiNC 28

Scheme 2.46

achieved in some cases, this methodology has two drawbacks. Firstly, the precatalyst,
Cp.Ti(PMe3),, is highly sensitive to moisture and oxygen and requireé manipulation in a
glove box. Secoﬁdly_, the hydrolysis of the inﬁnosilane 29 is somewhat'capfic_ious and.the,

yields do not truly ;éﬂect the reaction efficiency. E
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Subsequently, Buchwald has shown that Cp,Ti(CO), is a more effective catalyst for
cyclopentenone formation: under a CO atmosphere. Excellent levels of relative

ste,reoinducﬁon were observed with some enyne substrates (Scheme 2.47).35 One -

. P Ph : |
7 10% Cp,Ti(CO),
@ 18 psi CO e
0 \F  tl,90°C .

'Scheme 2.47

apparent Iinlitaﬁon of the Cp,Ti(CO), method is the inability to transform substrates ljeafing ‘
substituted olefins into st'ereochémically pure bicyclopentenones. For example, almost
complete scrambling of the cis-butenyl mbiety was observed dsing_ the standard conditions o

(Scheme 2.48).352 A possible mechanism that explains the erosion of stereochemistry

~ . 10% Cp,Ti(CO),
. 18psiCO
—Me tol, 90 °C
24/1 (cis/trans) ‘. " 58% (2/1, syn/anti)

L . - . Scheme . 2.48

‘c‘)f the olefin involves the putative titanacyélopentenes’ 30a,b. A reversible $-hydride

elimination/insertion sequence may lead to scrambling of the initial olefin geométry

 (Scheme 2.49). Apparently, this competitive pathway is faster than the rate of CO




)

29

- EtO,

"EtO,C

Scheme 2.49

1nsert10n and reductive ehmmatlon of the intermediate titanium hydnde Interestingly,
Buchwald has shown that the cyc101somenzat10n of enynes can be achieved with catalytic
Cp,Ti(CO), using a CO deficient atmosphere.36 Cyclmsomemzatlon of an enyne 31

bearing a trans- crotyl moelty proceeds in high yield while a snmlar substcate 32 containg 2~

B0,C. f~Me ___ 10% CpTi(CO),
, tol, 95 °C
Et0,C =M

-10% Cp,Ti(CO),

- - unsuccessful reaction
tol, 95 °C

Scheme 2.50
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cis-crotyl unit slowly decomposed under the reaction conditions (Scheme 2.50).
Buchwald suggests that the t1tanocycle derived from the cis-enyne does not have a
geometncally favored pathway for B-hydride e]nmnatlon 36 '
‘ | A h1ghly enantloselectlve vanant of the T1 catalyzed [2+2+1] cycloaddxtlon has been
- intreduced by Buchwal'd‘usmg S,S-(EBTHI)Tl(CO)2 as catalyst.35b Despite this important

- advance in asymmetric catalysis, the method may not"'gain widespread acceptance as the '

/~7 - 10%SSEBTHDTICO), - ~N
O \ - —— o 0
N =— pp 14psiCO ‘ ‘ L
tot, 90 °C | o . Ph .
. 85%
96% ee

.Scheme 2.51

‘ titanium complex is tedious to prepare and‘ is very sensitive to oxygen and W'ater (S‘cheme
2. 51). In addition, the steric requlrements of the chiral 11gand S,S- (EBTHI) may limit

the substrate types that are useful for this enantloselect:lve react10n 35b
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2.3 _Transition Metal-Catalyzed [4+2] Cy'ci‘oadditiOns‘ |

The Diels-Alder reaction has been used quite extenswely in the synthesm of ‘
complex organic structures.372 While many permutatlons of the reaction ex1st most
synthetlcally useful Diels-Alder reactions take advantage of the favorable electronic
characteristics of the diene and d1enoph11e units.37 In contrast electromcally similar

dienes and d1enoph11es will react under more v1gorous- conditions, but often do so with
reduced selectivity (Scheme 2.52).37b -

= / *250°C . -/
~J 15h | !

95%, (2.7/1)

|||m‘ g

Scheme 2.52

Recently, a number of transition rtletal complexes have been shown to effect the formal
) ‘ i . . ' . P /.
. [4+2] cycloaddition of unactivated dienes and dienophiles..

2.3.a Nickel-Catalyzed [4+2] Cycloaddition

In 1989, Wender disclosed an intramolecular nickel-catalyzed [4+2] cycloaddition
of dienynes.” Ni(COD),, modified ‘With P(0-0-BiPh);, was found to effect cycli_zation in -

-excellent yield, but with poor relative stereocontrol ‘(Scheme 2.53).38a_ In addition, this -

TBSO

~ 10% Ni(COD),

30% P(O-0-BiPh);
THF, t

Me
: ' 99%, 2/1 (syn/anti)
Scheme 2.53
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method is only useful for substrates bearing non-terminal alkynes under high dilution
conditions. It was shown, however, that the éyclization of certain substrates proceeded

with almost complete control of the initial diene geometry (Scheme 2.54).382

- : o L . SiMe3
/= SiMe; . 109 NiCOD), - L Me
O\/\/\/Me 30% P(O-0-BiPh);

THEF, rt : .
' . 99/1, (anti/syn)

Scheme 2.54 _

In a'continuation of the nickel-catalyzed [4+2] cycloaddition studies, chder found -

that cyclization‘ of dienynes bearing both E,E- and E,Z—dienes procéeded with complete -

' H
Ph / \ -20% Ni(acac), : Ph & .
. . 40%EtAIOEt
‘MC3Si —— .

60% (CF3CH,0)3P MesSi -
65°C ' 0%
/ o SiMe; 20% Ni(acac), .
o \ 7 Ph
/ / . 40% Et,AIOEt .
60% (CF3CH,0)3P - MesSi

s0°c - 53%

Scheme 2.55

reteriti(;n of the initial diene georﬁet‘ry, albeit invpoo'r‘ yield (Scheme 2.55).38b The
cyclization worked best with‘ the electron‘_deficie:nt‘ phosphiie, P(OCHZCF3)3.220‘ Most
notably, dienynes with pendant methyl-substituted E,Z;dienes underwent cyclization giving
angularly-substituted bicycloadducts (Scheme 2.55).38% That the angularly-substitlited '

indane core can be prepared is quite significant as it allows for the synthesis of several
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classes of naturally occurrmg compounds such as ster01ds and v1tamm D. To that end '

' Wender has shown that protected (+) 8oc-1soestradlol 33 can be assembled rather "

N / \ - SiMes 20% Ni(acac), L Ar ° OTBS
TBSO— Vi . - 40%EpAIOEt - |
_ 60% (CFsCH0)3P -~ MesSi™ :

50 °C

34

5 steps

o — o

. ca. 8% overall yield

Scheme - 2.56

efﬁc1ently from an easﬂy prepared dienyne 34 (Scheme 2.56).38b.c.d The generation of
the low-valent nickel complex in situ from air stable N1(acac)2 is‘a noteworthy, practical ‘
d1scovery as it obviates the use of the unstable N1(COD)2.33b’c Wender has also shown

that the Ni-catalyzed [4+2] cycloaddition is tolerant of an electron-withdrawing group on -

EtOZC@ 20% Ni(acac), . _ Et02C°°H ;
' /. 40% EnAIOEt - .

- MegSi—= 60% (TFEO)sP .~ MesSi A
| s - n°C o 6%

Scheme 2.57
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the terminus of the diene unit (Scheme 2.57).38 “Th'e attempted thermal cyclization of

- dienyne 35 only led to its decomposition. Furthér elucidation of the scope of this reaction

is expected.
2.3.b Palladium-Catalyzed [4+2] Cycloadditions

The intermolecular Pd-catalyzed [4+2] cycloaddition of electronically simﬂar olefins

with vinylallenes has bgen reported by Ito.’ Tre'citment of vinylallené 36 with an excess of

' 1;3-butadiene and 5 mol % Pd‘(PPh3)4 led to the diastéreorheri‘cally pure cycloadduct 37.in - -

Ph - | P
_/>—\\ 5% Pd(PPhy),
Me;Si ° 10 equiv butadiene
\ : THF,rt,2d

36 : ‘ 96% -
'Scheme 2.58

. excellent yield (Scheme 2.58).3% Interestingly, subjection of a substrate 38 containing a

geometrically opposite vinylsilane moiety to analogous conditions led to the epimeric

~ Ph : ' A _
: : Pd(P 2
N\ 5% PdPPhy)y
: o\ 10 equiv butadiene -
SiMe3\ | THF, 1t, 2d

38 o 90%
Scileme 2.59

product 39 in .90%' yield (Scheme ‘2..59‘).39‘ PréSilmany, formation of the transient -

palladacycle 40 followed by insertion of butadiene affords an allyl palladium intenﬁediate

41. Tto suggested that reductive elimination from the allyl palladium 'intermédiate 41 with
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minimization of 1,3¥a11y1ic strain may account for the high diastereoselection (Scheme |

2.60).39
A
MesSi pg N : .
Ph— . MesSi
H \f{ pa’ )
40 41 :

Scheme 2.60

More recently, Jolly has disclosed a palladium-catalyzed method for the

intramolecular [4+2] cycloaddition. Treatment of dienyne 42 with catalytic Pd(OAc), and

PPh; afforded bicycloadduct 43 in only 15 min at 50 °C (Scheme 2.61).40 Importantly,

) - : : Me
ST 5% Pd(OAc), \ '
: O\/\/\/ 10% PPhs g
' THF, 50 °C, 10 mi -
42 S .43
. 87% \

Scheme 2.61

this novel palladium-catalyzed process proceeded at room temperature and at 0 °C in good -
yields (81% and 73% Yield, respectively). These conditio‘ns,‘ using neutral palladium |

complexes, were determined to be unsuitable for the cyclization of tri‘enes.‘40,
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2.3.c Intermolecular Rhodium-Catalyzed [4+2] Cycloadditions

In 1986, Tsuji reported that cationic rhodium complexes effected the intermolecular “
| [4+2] cycloaddrtlon of terrmnal alkynes and d1enes Under the reactron condrtlons, the

v' ‘primary- 1,4- cyclohexadlene product 44 underwent 1somenzatlon to the conjugated 1 3-‘ |

cyclohexadlene 45 to varying degree depending on the substltutron pattem (Scheme '

2.62).4 In addrtlon the reaction was only useful with tenmnal alkynes and with d1enes

Me\ﬁ f 5% [(COD)RK(dppb)]PFg Me\@ ‘Me_\‘\
| DCM,45°C,6d = ' O
N l | - : ~Ph Ph

Ph T
' - 44 45
- 85%, (931

Scheme 2.62

that were structurally biased towards an s-ct's configuration. Neverthel_ess, the seminal
discovery of Tsuji has provided ample preeedent for future work in this area.

Most recently, Ito has shown that v1ny1a11enes formed substltuted arenes when
heated i in the presence of alkynes and catalytlc rhodium phosphlte complexes Th1s formal -

[4+2] cycloaddltlon afforded modest to very goods yrelds of arenes with 5 mol %

Ph -

Ph . '
) N\ 5% [(COD,RhIOTf _ .
° - — i-Pr
»_Me | 5% P(OCHC,F¢)s
0
M 20°C, 2 h -
= Bu 84%

Scheme '2._63
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[(COD),Rh]OTf and 5 mol % P(OCHC,Fq); as catalystﬁ system (Scheme 2.63).42 Ito
. claims that the use of alkenes instead of alkynes afforded su‘bstitut'ed cyclohexenes orﬂy in .

low yields for this intermolecular process.
2.3.d Intramolecu‘lér Rhodium-Catalyzed [4+2‘]‘1_Cycloaddition' )
In 1990, the Livinghouse group disclosed the first intramolecular Rh-cata‘lyzeld.

- [442] cycloaddition. While fhe use of CIRh(PPhs); in THF led to sloW formation of

product 46, the use of the highly polar solvent, trifluoroethanol, produced‘the "desiried_

/ST Me | SBCRMEPhy; [ - |
A 55°C, TFE, 1S min N ‘Me

Scheme 2.64

bicycloadduct 46 in 96% yield at 55 °C (Scheme 2.64).222 -Though cyclization of

dienynes was ac’comp_liéhed using Wilkinson's catalyst, a cataly’s’t system derived from '

o | 2.5% [(COE;RhCl]; @\ :
\/\\/U\ P(OCHC;Fg)3 _ ‘ Me

o Me 55°C, THF, 15 min_ .

96%

Scheme 2.65

[(COE);RhCI], and P(OC;HF); proved most useful with triene substrates (Scheme
2.65).222 In contrast to the Ni-catalyzed [4+2] cycloaddmon38 this reaction was
determined to be useful with dienynes bearing non-terminal and terminal alkynes as well

as with trienes. The stereochemistry at the ring junction was deterrhined to be syn in all




38 '
cases. Most 1mportantly, the cyclization of the stereogemc trlene 47 produced a smgle

d;astereomer (Scheme 2.66).22a

= _Me

o . ‘\Me
X P(OCHC,F¢); B
TBSO 55 °C, THF, 18 hr TBSO

47‘ 89%

Scheme- 2.66

Usmg the ongmal conditions developed by lemghouse O Mahony has shown
that tosyl protected azatrienes bearing a methyl group at various posmons on the pendant

dlene are useful (Scheme 2.67).23 Additionally, O'Mahony discovered that slgn1ﬁcantly

Me f R WMe!
‘ 1% [(COE),RhCl ™ N
' P(OCHC,F¢)3 ° ,

55°C, THF, 2.5 hr

TsN

o

99%

- 1% [(COE),RhCl '
TsN / ; ([é CHC)th) 1 . TSNCO\
RN 2t'6)3 -
Me > Me

55 °C, THF, 16 hr

i

4 N% -
7 . o
[ 1% [(COE);RhCl /T '
o Me 6 (COERRWCL, o
N ‘ P(OCHC2F6)3 -
| 55°C, THF,25hr Me
| 70%

Scheme 2.67

~ lower catalyst loading was sufficient to achieve good yields of bicycloadd'uct A nuxhber of
protecting groups for mtrogen have been used to evaluate the compatlblhty w1th thlS Rh-

catalyzed reaction. In all cases explored the efﬁc1ency and y1e1ds of the reaction compare




9.

2 Me . ' M
/\/ 1% [(COE)RRCll, _ w7 Y °

P(OCHC;Fg)3 RGN '
55°C, THF

U):O

/

R =H; 96%, 9.5 h
R=NO,, 86%,3h

: 02NQ
o . ” : - Me
¢ 1% [(COE)RKCIl; o>\._ @

W
F;C w . P(OCHC;,Fg)3 R Xe
. ~ 55°C,THF |
’ T . 99%, 3 h .

Scheme 2.68

o

qu1te favorably with the tosyl protected azatrrenes (Scheme 2.68).23 In principle, these

protecting groups for mtrogen would be more easﬂy removed than the tosyl protecting

group for nitrogen.
In a study des1gned to further define the scope of the Rh- catalyzed [4+2]

. cyclOaddmon 0’ Mahony and Lrvmghouse have found that triene substrates bearmg a
stereogemc group proximal to the allyl moiety can be transformed into

hexahydroisoindolines with very hrgh levels of relatlve stereocontrol (Scheme 2.69). 43

Me o o . Me
>\// Me . 1% [(COE) RKC] ‘ wMe
SHVTERT 2 L TN | B

TN, ] I
G P(OCHC,Fg)3

3 \ 55°C, THF, 6.5hr |
| T 90%, (18.9/1)

Scheme 2.69

The high stereoselection observed with trienes of this type is presumed to arise from the
selective ligation of the substrate with minimization of allylic 1,3-strain 44 Selective

formation of rhodacycle, followed by isomerization and reductive elimination forms the
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Me S « W Rh>
o : : Rh(L)n ’ : n,l—\

Me

TN - —— ¢ A
. \/\/l/ ‘ e TNt : H

Itee NTS
MeH - . MeH '

TSN;Ij P TsN N | \——Me
“Me | ~\~Rh(L),
Me : Me = =

48
Scheme 2.70

observed b1cyc10adduct 48 (Scheme 2.70). This hlghly selective catalytlc method is
quite remarkable considering that thermolysis of this triene (at 100 °C) gave a mixture of all
four of the possible diastereomers. 23 ) '

In contrast to the highly select1ve Rh catalyzed [4+2] cycloaddltlon of stereogemc

trienes, O‘Mahony observed that dienyne 49 bean-ng a methyl .group at the propargyl

Me

Me ‘ . ‘ ‘ o
| >___: 2% CIRh(PPhs)3 , z:(;l\“m _
_ : > TsN
oM ST L BRI
: o " 95%, (3.5/1) ,
49 | 4 50
Scheme 2.71 '

‘posmon afforded b1cycloadduct 50 with poor select1v1ty (Scheme 2.71).23 The :
decreased level of relative stereocontrol is con51stent with the reduced allyhc 1,3-strain -

inherent to substituted alkynes.




Concurrent with i"nvéstigations described in this dissertation, Gilbertson reported -
that [(DPPE)Rh(NBD)]SbFs \‘,vas an efficient catalyst precursor for the kh-catalyz’ed [4+2]
cycloaddition developed by Livinghouse. Cyélization '6f a dienyne 42 »wi-“th 6 mol %

precatalyst at room terhperature led to bi_cycloaddu_ct“43 in ‘g00d yield (Scheme 2.72).45.

e 6mol% R Me
S ___ [(DPPE)Rh(NBD)]SbFs o

75% |
. 43

42
S_cheme 2.72

In several examples, significant isomerization of the primary product was observed. In

addition, cyclization of trienes proceeded only slowly at.room temperature with

concomitant isomerization of starting material (Scheme 2.73).45
- SiMes

— g 6 mol % _ "
—==SMes _ [(DPPE)Rh(NBD)ISbFs e

N DCM, tt, 30 h

16%
‘ 10 mol %
S~ pn ' [(DPPE)Rh(NBD)]SbFg
DCM, 55 °C,30 h

\ X o Me

Scheme 2.73

In 1995, Wender extended the Rh-catalyzed [4+2] cycloaddition to include
substrate bearing allenes. Treatment of a_l,llene-d‘iene.Sl‘wi:th 5 mol % [(COD)RICl]; and

48 mol % P(O-o-BiPh), in THF produced the hydrinane 52 in excellent yield with high
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5% [(COD)RhCl],
. 48% P(0-0-BiPh);
" THF,45°C
90%

Schéme 2.74

diastereoselectivity' (Scheme 2.74).46 Using a variyety of different feaction cdnditi'ons,
5‘,6-bic'ycloadducts- were prepared with gobd sélec_tivity, while 6,6-biéycldadducts were
formed with some érosion of étereocontrol. Eor examplé, cyclizat_i‘o,nﬁ of the allene-diene -
53 lus'ing a neﬁtral rhodium catalgfst produced the rrans-fused hy'dﬁnane 54 as the major -

product. Intefestsingly,, a cationic rhodium catalyst produced t‘he_,ci&-fuse’d hydﬁnaﬁé S5

5% [(H,C=CH,)RhCl],

- - M602
10% P(OCH(CF3)(0-MeOPh)); 2
tol, 60 °C MeOC . H
8% . . M4
: | . ~91/9 (Trans/Cis)

5% [(H,C=CH,)RhCl]
. 5% AgOTY
15% P(OCH(CF3)(2,6-Me),Ph);
tol, 60 °C :
69%

95/5 (Cis/Trans)

~ Scheme '2.75_' .

as the dominant isomer (Scheme 2.75).46 The discovery that allengs* are suitable alkene -

surrogates has led to the synthesis of éngularly-substituted qarbocycles:"
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'2.3.e Enantioselective _Rh-C'atély'ze'd- [4+2] Cycloaddition

The highly d1astereose1ect1ve Rh- catalyzed [4+2] cycloaddmon of trienes suggested _

that an enantloselectlve variant of the reaction.may proceed with 81m11ar select1v1ty

McKinstry and Livinghouse reported that (+)-DIOP-modified rhodlum complexes ledtothe - o

enantioselective formation of bicycloadducts (Scheme 2.76).47 Interestingly, a slight

SiMe;
| —==—SiMe3s 259 [(COE),RhCII ‘
A Me . @DIOP

"~ TFE,55°C

, Scheme 2.76

‘ modiﬁcation of the natural bite angle of the phosphine ligand affects both the absolute sense
and the level of asymmetric induction. Wlth b1sphosphme 56 as the ch1ral controller the ;

_cyclization of dxenyne 57 afforded b1cycloadduct 58 in. 87% ee (S) (Scheme 2. 77) 47

S —=—=—"SiMe; 2.5% [(COERRKCl,

MM& . TFE, 55 °C

‘ . ‘ Me 0 PPh,
5T Ph‘ PPy

Scheme 2.77‘

76%, 87% (S)

Use of this novel chiral"bisp‘hosphine_56 in a reaction with triene 59, however, led to only

low enantiomeric excess (Scheme 2.78).47 The dramatic decrease in the level of




“

2.5% [(COE)}RhCI]; =

| WL T mEsc
. Me T

o ‘ Me, O ‘PPhév - .- ‘
9. \‘< ‘ 79%
Ph\ (o) PPh, - : °
A 56 :

20% (S)

Scheme 2.78

asymmetric induétion with the identical livgand when using trienes and dienynes shows that
the reactioﬁ is quite subtle. The study of McKinstry"demonstrated that each s'ubstralte cla$s
may require a specially designed ligand/catalyst systerﬁ. -

Most recently, Gilbertson has diggovered a significant solvent effect on 'the
| gnantidselecti’ve Rh-catalyzed [442] 'cycl‘oad‘d‘i.tibn‘.‘ While the catiénic (S),-B.I’NAP'-.Rh_ |
complex fails to prbmote the [4+2] cycloadditi-cih in DCM, the use of ethyl acetate as

solvent gave a modest yield of product in 98% ¢e (Scheme 2.79).48 The observed rate

M Omol% Me
/\/ | . [((S)-BINAP)RhSZ]SbF'g; C@
X EA,55°C,3d o

64%, 98% ee

Scheme 2.79

of thev reaction with ethyl acetate as solvent-‘i-é inaljkedly_ reduced and required high catalyst
_ .loading even for this simple substrate.. ‘Preliminal.fy experi'-meri‘ts suggest that this s;ol‘venﬂt‘ -
effect can be exténded to diehyne substrate§ as well.. For instance, cyclization of the
malonate—deriVéd ‘divenyne 60 proceeded with a high level of enantioselection with

DCM/ethyl acetate as solvent (6/1) (Scheme 2.‘80).43' Another interesting discovery
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6 mol % o

E[OZSCi\/ © [((S,5)-Me DuPHOS)Rh(NBD)]SbF - Et0:C_ oMe \
© EtO,C XMe - DCM/EA,55°C, 11h - "RBo,C” <

60 - : B ' IR ; _ _ 78%,9-1‘%‘eev

Scheme 2.80

reported by Gilbeﬁson was on the use of different Rh precat»ély_sts. In situ fomﬁa_tion of
[((S,S)-Me- DuPHOS)Rh S,]SbFg by h“ydrogen_ation of -[((;S,S);Me—
DliPHOS)Rh(NBD)]SbFs afforded a significant am'ou‘nt_ of uh’désired by-prod_uct giving the = |
bicycloadduci 61 in only 15% yield. In éon;rast, direct use of [('(S,S)-Me -
DuPHOS)Rh(I\.IBD)]Sng produced the bicyclc}adduct 61in good yield, théugh somewhat -

more forcing conditions wére'req'ui'red (Scheme 2.81).48

: 6 mol % ' - - Me
/\/ l Me [((S,S)-Me DuPHOS)RhS;]SbFg
— - - P O

N
- o ' 15%; 81% ee |
L ~F Me 1((S,5)-Me D6ugl?1l(j?)Rh‘(NB‘D)]SbF5‘ wMe:
-O\/\\J/ TTEE,55°C 12k C@ :
- . 6l
75%, 91% ce

Scheme 2.81
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24 Rhodi‘um-Catalyzed‘ [5+2] Cyc]oadditiohs" ,
2.4.a Intramolecular Rhodium-Catalyzed [5+2] Cycloaddition
In 1995, Wender discovered that the vinyl-cyclopropyl moiety was a useful diene

equivalent in th.e intramolecular . Rh-catalyzed [5+2] cycloaddition. ‘The reaction was

tolerant of electronical‘ly diverse substituents on the alkyne terminus (Scheme 2.82).49a

R

/—'_.—._.'— R 10% CIRh(PPh3)3

O\/\/<] ’ tol, 110 °C

R=Me, 88%, 1.5 h.
R=CO;Me, 74%, 1.25h

Scheme 2.82

Substitution on the vinyl-cyclopropyl moiety was also tolerated a-ffording the angularly-

substituted bicycloadduct (Scheme 2.83),493; Certai'n substitution patterns on the vinyl-

—=Me 10% CIRh(PPhs);
O\/<\/<] tol, 110 °C
_ * 30 min '

Scheme 2.83

cyclbpropyl‘ moiety dramat‘ic’ally.slowed“thé-r‘ea‘ctioh leading to signijﬁcar_it isomerization of~_
the initially formed product.4%2 Subsequently, Wender has shown that [(CO);RhCl]z is a

more active catalyst giving the desired product in good yield (Scheme 2.84).49¢
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10% CIRh(PPh3);
tol, 110 °C
7d

5% [(CO);RhCl],
30°C,2d

S'cheme_ 2.8.4

[(CO),RhCl], was also used in the syntheéis of bicyvc':loadduct 62 'wher'e even cationic

Wilkinson's catalyst was unreactive (Scheme 2.85).49%¢

/—_—_—"Ph 10% 'Cth(PPhI&)Z&

. 10
| M . wL110°C
| o o 50%
o Me . . e

Scheme  2.85 -

Wender also showed that cationic rhodium complexes are effective catalysts for the
[5+2] cycloaddition of cyclopropyl-dienes. Wender claims that substrates bearing 2-

substituted olefins undergo cyclization, while substrates bearing cis- or trans-crotyl units
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Me

- 10% CIRh(PPh3)3 . EtO;
10% AgOTE. - |
‘ EtO,C :

. tol, 110 °C .
2%

- Scheme 2.86

gave undesired products. (Scheme 2.86).4% .In‘_itialf,resulvt‘s have shown that (-)-

Chiraphos-modiﬁéd rhodium complexes afforded enantioenriched products (Scheme

2.87)49b | | |
: Y B , ‘
Et0Q 5% [(CHCHp)RhCl];  EtO:C
' ™ - 10% AgOTf A -
BoL T > . 11%Chiraphos = . B0 T N
: tol, 90°C . : . 80%

63% ee

Scheme 2.87

Gilbertson ha‘s‘ shown that [(DPPE)Rh(NBD)]SbF; was a suitable precatalyst.for
the Rh-catalyzed [5+2] cycloaddition devéloped by Wender. _ The special reactivity of this |
lcatalyst allows for the cyclization to proceed at fnuch lower temperature than in the original

work of Wender (Scheme 2.88).45 “ : ‘.
= . 10% [(dppe)Rh(NBD)ISbFs 5 ~
0 , . .
N . DCM55°C,30h ;

Scheme 2.88
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2.4.b Int‘ermolécula‘r | Rhodium-Catalyzed [5+2] Cycloaddition
Wend‘er recently has ‘repdrted that E(CO)ZRhCl]z was 'an c_ffectiw)e catalyst for the

intermolecular [5+2] cycloaddition. While unactivated vinyl éycl,opropanés failed to givé

clean reactions, the more reactive vinyl silyloxycyclopropane 63 afforded c_ycloheptandnes
TBSQ

|| ' 5% [(CO)RKCl]; |

63 . DCM, 40 °C, 2 h

MeO,C———CO;Me

Scheme 2.89

65 after hydrolysis when heated in the presence of DMAD and catalytic [(CO)ZRhCl]:z ‘
"(Scheme 2.89);-50 The initially formed silyl enol ether 64 was observed by 'H. NMR.

This novel reaction proved to be qu.ite‘ general as a number of different alkynes led to

cyc]ohéptanones in ‘good yield (Scheme 2.90).50 Although the reaction mechanism has

" TBSO S
5% [(CORRACl; 1% HCI
| ~ DCM, 40°C, 1-3h EtOH

R— L R = CO;Me, 93% -
' " R = CH,0H, 74%
R = SiMe3, 77%
R=H 9%

Scheme 2.90
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50
not been determined, preliminary 'H NMR experiments show that a dynam_ic- mixture of

rhodi_uin complexes 66a,b is formed when [(CO),RhCl], was treated with the vinyl

sxlyloxycyclopropane Subsequent addition of an alkyne to this rmxture gave the observed _

silyl enol ether (Scheme 2.91).50

. OTBS OTBS
TBSO .
1 equiv [(CO),RhCl1}, Z ' -
| o co | oc” [ "Co
Cl ‘ ‘ ‘ ’ Cl‘
66a {R—= 66b
0]
R

Scheme 2.91
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3. RESULTS AND DISCUSSION

3.1 Rh.odium‘-.Catally‘zed [4+2] Cycloaddition

'3.1.a Introduction

' The ‘rhodium-catalyzed- [4+2] cy'doaddition_ has the potenﬁél-to‘bedome a pbwérfhl

synthetic tool for the construction of complex molecules. Initial work from. the .

Livinghouse laboratory suggested that certain structural typés underwent efficient

cyclization.223.23,51a  In addition, promising results were obtained in the area of
enantioselective catalysis.47-51b Despite these advances, the scope of the reaction remained

to be more fully defined. The studies were direéted to provide clues to improving the lévél

of asymmetric induction and at_increasihg the overall kndwledge of the controlling elements

of this process. ' - R |
O'™Mahony discovered that the Rh-catalyzed [4+2] cycioaddition of the fosyl

protected azatriene 67 led to fhe desired isoindoline 68 admixed with an.unexpected ..

_ ~F © 2.5% [(COE}RhCI], /T
TsN / » > TR '
- : 10% P(OC;HFg); : ‘Me

Y | THF, 55.°C, 42 h Y%
. Me . . H
67 | 69

y : 02% (61/39)

Scheme 3.1

azabicyclo[3.2,0]hepténe 69 (Scheme 3.1).43 The interesting vinyllcyclobutane 69.may '

arise from one of the intermgdiaté rhodacycl‘és“ 70a-c depicted-in Scheme. "-3,2_-.“
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Presumably, initial triene complexation with subsequent oxidative cyclization produced the

rhodacyclopentane 70a. Reductive elimination from intermediate 70a affords the observed

70a
Scheme 3.2

cyclobﬁtane 69. Alternatively, the sterically-congested nature of the rhodacyclopentane- :

70a may favor isomerization to the rhodacycloheptane 70¢. Subsequent reductive

elimination with allylic inversion would account for the formation of the vinyl-cyclobutane

side-product 69. Interestingly, this is the only example in which the cyclobutane product .

is observed in significant quantities.

The Rh-catalyzed [4+2] cycloaddition is quite sluggish with certain trienes when

" neutral rhodium complexes are used as catalyst. Most ;notabl‘y, trienes bearing substituted -

oieﬁﬁs are particularly unreactive or coxhpiétely unreactive. For example, O"Mahoﬁy‘found

that cyclization of an azatriene 71 bearing a trans-crotyl moiety required a long reaction

Me ‘ ' Me

/'—// _Me 1% [(COEpRhCI, wMe
TsN'\/J ‘ 4% P(OCHC,F¢);”  TsN
| 55 °C, THF, 50 hr

71

85%

Scheme 3.3

time (Scheme 3.3).23 Furthermore, the isomeric azatriene 72 was inert to cyclization

under the same reaction conditions (Scheme 3.4).23 The examples depicted in Schemes
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- Me L | |
Me 5% [(COE),RhCI], e
TsN\AJ : 20% P(OCHG,Fe); ‘ No Reaction
72 o _
‘Scheme 3.4

3. 3 and 3.4 demonstrate that 1t is dlfficult to predlct which structural varlatlons w1ll be . . |

- tolerated in tlns reactlon -
3.1b Asymmetric Catalysis with Cationic Rhodium Complexes -

In a continuation of the ongoing studies in the L_ivirvlghouse group, an azatriene 73 -

bearing a Z,E-diene unit was subjected to the standard conditions. Cyclization proceeded

z B
TsN/\/. 2.5%. [(COE)RhCI]. . - Me
N " 10% P(OCHC,Fg)3 TSN(:U
| ™ 55°C, THF, 20 hr R
N 73% . 74

‘ Me
73

. Scheme 3.5

to give the hexahy’droindoline 74 with corriplete retention of initial diene geometry
‘ (Scheme 3.5). Further demonstration of the substltutlon effects of the triene is shown by

the trans- cmnamyl bearing substrate 75. No reactlon was observed usmg neutral rhodlum

. catalysts (Scheme 3.6).




S s
| Ph S -
Y% ‘ ‘
: . Me 5% [(COE)ZRhClh S -
L o ‘ T 55‘°C,."T’HF E o S .
e S ]
. Scheme 3.6 R S

Besides the lack of reactivity with specific :trier'x.es, seﬁle_chelaﬁng bis—phbsphines ‘
completely inhibit useful catalysis. Fo.r example, bis-phosphine ligends, such as dbpe or
BINAP, in combination with [(COE)Z?RhCI]z, provide unreactive cetalyst eystemé
Likewise, a catalyst system derived from (+) 1,2- bis- (dlphenylphosphmomethyl)- E

cyclohexane 76 afforded only trace amount of the desued hexahydromdane 78 even after

MeO,C J 2.5% [(COE),RhCl] R \
- ‘ ' - - - Very Slow reaction
, ‘ 55°C, TFE
- MeO,C X Me PPh,
. . , _
, - 5% P% Pth

76

Scheme 3.7

long reaction tirnes (Scheme 3.7). Clearly, the reactivity of the catalyst systermn must be
increased t_o-ex:pand the éynthetic utility of this reaction. .

A commen solutio-xi. to providing a more reactive catalysf system is to change the
nature of the countenon Most notably, the development of 1mproved polymenzatlon
reactlons has come w1th the realization that weakly coordmatmg counterions can prov1de |
more reactive, efﬁc1ent catalysts.52 To that end, addmon of A.gQTf to a solut;on of (+)-
1,'2-bis(diphenylphosphinomethyl)eycIohex'ane 76 and [(COE)thCl'jz provided a more

reactive catalyst relative to the corresponding neutral rhodium catalyst affording the desired
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- 25% [(COE)RKCI); ~ MeO, _ .
5% AgOTf o " .
) MEOZC ‘ ) Me

THF, 55 °C -
: PPh, : - 78,
5% ﬁPth e U6h)
76 -

Scheme 3.8

bicycloadduct 78 in 67% yield (Scheme 3.8). Under identical conditions with AgSbFs

" as additive, the bicycloadduct 78 was iso‘iated in 85% yield in only 4 hours (Scheme

3.9). The dramati¢ difference in the reaction rate cléérly shows that the nature of the

2.5% [(COERRRCI, ~ MeOQ ~3 o
5% AgSbFg Meozc' N
. . (]

fan}

T

THF, 55 °C - ‘
_PPh, - e
5%, Fﬂpphf .78
4 - 85%. (4 h)
. 76 .

Scheme 3.9

counterion can have a marked consequence on the effectiveness of a metél-catalyzed

reaction.?3 | | | o
The dramatic counterion effect obse‘rvéd_in Rh-clatalyzed ‘[44—25] cycloaddition

reaction has 'ied to the re-exéminati‘on of some of the‘s_ub‘st,rates that were ﬁhreactive when

using the neutral thodium catalyst. The use of the more reactive catalyst system allowed

' P ’ '
. /_/ Me 5% CIRh(PPhz);
TsN \/%J o ‘ 5% AgS_bEs;- .
’ Co tol, 80 OC; 4h

75 83%

‘Scheme 3.10 ‘
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for cyclization of the cmnamyl derived triene 75 (Scheme 3. 10) Unfortunately, some

- isomerization of the initially formed 1somdohne 79 was observed (ca. 10%). In addition, it

has been shown that cyclization of a triene 72 bearing a cis-crotyl unit afford’s a diene

' Me R | o -
Ty Mo 5% CIRh(PPhy); - -
CTsN - / ‘ 5% ASSUF, |
72

Scheme 3.11

(Scheme 3.11).23 Presumably, this product arises from a competitive B-hydride
elimination/reductive elimination sequence as depicted ifn"‘Scheme 3.12." Some
isomerization of the initially formed diene was observed.23 The suggested mechanism also

explains why substrates bearing trans-crotyl moieties lead to the desired bicycloadduct.

H H

Me
Not Observed

Scheme 3.12
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Examination of the putative rhodacyclopentane 80 shows that the reciuir’ed syn, _co-plaﬁar :

orientation for B-hydride elimination is geometrically disfavored (Scheme 3.13).

‘“\ P _—-—IP

~ Not Qbserved“

Scheme 3.13°

Presumably, inversion of the rhodacyclopentane 80 is energetically disfavored due to a
: pseudo 1,3-diaxial mteract10n between the methyl and vinyl groups
It has been shown that addltlon of AgSbFe to a solutlon of Wllkmson S catalyst

allowed for the cyclization the 3-methyl substituted azatriene 67 (Scheme 3.14).4‘3

~ - 5% CIRh(PPhy); | T
TSN . — e T
s J 5% AgSbFg
= tol, 80 °C, 475 h |
Me 85% e
67 68

‘ Schenie 3.14'

While the overall reaction time is 4.75 hours, it was observed that the starting triene is

consumed quite rapidly.23:43 The primary products of the reaction are the desired
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isoindoline 68 and an exo-methylene isoindoline 68a. Under the reaction condi.tio.ns,
isomerization of the exo-methylene unit of isoindoline 68a afforded the desired
hexahydroisoindoline 68.. The.formation -of the exo-methylene isoindoline 68a can be
rat‘ionalized‘up.on examination of the putative intermediétes of the feactibn.i Initial oxidative

cyclization affords an intermediate rhodacycle 81 that possesses a h‘ydrog’en that is suitably

H H

..\\\\P
= Rhﬁ P

Rh(L)y

68a

68 Me
Scheme 3.15

aligned for a'B-hydri‘de elimination. Ligand exchange and a carbometallation/reductive
elimination sequence provides the observed product 68a (Scheme 3.15). Under the
reaction conditions, isomerization of the exo-methylene isoindoline 68a to the more stable

trisubstituted olefin 68 occurs through the allyl rhodium hydride complex 82a,b.
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The development of ‘a more active catalyst was hoped to lead to lmproved selectmty ‘

~in the enantloselectlve Rh catalyzed [4+2] cycloaddltlon Wh1le the catlomc rhodlum= _— o
complexes prov1ded mcreased react1v1ty the level of asymmetnc 1nduct10n remamed sumlar‘ o

 as shown in Table 3.1. The ylelds in Table 3.1 represent the ovetall _yxeld -fo_r the three- R

Table 3.1. Counterion Effects on the Enantmselectlve Rh Catalyzed [4+2] '

Cycloaddltlon
-~ ‘7[(+)-DIOP]RhX -
WL ~ TFE,55°C
™Me o

- 59

Counterion __Yield (%) __eé (%)_

al 57 18
OTE . 64 17
SbE, 56 17

step process to-obtain a substrate 84 that was easﬂy resolved by HPLC on a Ch1ralpak AD

This process mvolved a hydroboratlon/ox1dat10n sequence followed by acylauon with p-

: mtrobenzoyl chloride (Scheme 3. 16)

| o LBH;Me,S; H;0,
' @\ | 2.PNBCI, DMAP T
' ‘ Me — ‘ -
- 83
Scheme 3.16 .

Further exploration of the counterion effect on the enantioselective Rh-catalyzed -

[442] cycloaddition was accomplished with the tosyl_-protected azlatriene_ 85. Reactions
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performed with chloride, bromide and triflate as counterions required the .u,se of TEE a‘s co-
- solvent. ‘The level of asymmetric induction with chloride and bromide as counterion was

similar (Scheme 3.17). The use of triflate as counterion led to‘ bicycloadd‘u‘ct 86 with

/\/ Me 4% [(+)-DIOPJRhX — ~Me |
TSN\/\/Lr T TEEDCE ss°C TS-N
-8 X=Cl2h 97% (T6%ee) s
| X = Br, 4.h, 86% (9% cc) o

Schemel 3.17

reduced enantioselectivity (61% ee) relative to the inner sphere chloride and bromide
counterions. Using the same reaction conditions with hexafluoroantimonate as counterion,
almost complete isomerization of the isoindoline 86 was observed. It was found that this

“highly reactive catalyst system provided the desired product 86, without isomerization, if

~F . Me 2% [(+)-DIOPJRhX Y
TSN, | CE, 40°° - ™
‘ ~ DCE, 40°C

g5 X = Sl)FG, 5h, 70% (66% ee) 36 o

Scheme 3.18

only 1,2- d1chloroethane was used as solvent at 40 °C (Scheme 3 18) The level of
asymmetric induction was similar to the reaction with mﬂate as counterion. . |
A similar, but somewhat more reactive catalyst system, could be geﬁerated from
[((+)-DIOP)Rh(NBD)]S bF6 Sirrlply treating a solution -of from [((+)- '
'DIOP)Rh(NBD)]SbF6 with dlhydrooen for 15 rmnutes (followed a by freeze -pump-thaw

protocol to remove adventitious H,), followed by addmon of azatriene 85 led to
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/\/.l Me 2% [((+)-DIOP)(NBD)Rh]SbFs o Me
TSN\/\/I/ . - DCE40°C ' TsNCO
| 4, 96% , o
85 _ . 96a(68%ee). S 86

Scheme . 3.-19

b1cycloadduct 86 in excellent yield (Scheme 3.19). A catalyst system prepared in an
analogous ‘fashion using [(DPPE)Rh(NBD)]SbF6 prov1ded the isoindoline 86 in 97% yleld
(Scheme 3.20). Interestingly, the catalyst system d_enved from DPPE, [(COE),RhCl},

Me 2% [(DPPE)NBD)Rh]SbFg ~aMe
- DCE, 55 °C _TsNi:()

4h, 97%
v - 86

TsN

Scheme 3.20

- and AgSbFg does not lead to any bicycloadduct formation. Catalyst generation from‘

[(NBD),Rh]SbFg is currently the preferred method for screening ch1ra1 bis- phosphmes

3.1.c Studies Toward the Synthesis of Conformationally-Res'trict‘ed Chiral |

Phosphine Ligands

: Plreviolisfstudies in the Li\}inghouse labo_ratof}f have shown that bis-phosphine
rhodi‘ufn complexes that form 7- membered ehelates a're the most active for the Rh-cétal‘yzed
[4+2] cycloaddmon 51 Studles described in- the prev1ous section have shown that (+)-1,2-
b1s(d1phenylphosphmomethyl)cyclohexane 76 is a poor ch1ra1 controller for the Rh- |

~catalyzed [4+2] cycloadd.mon. In addition, “bls-phosphme 76, structurally related to (+)-

DIOP, has been shown to function poorly as a chiral controller for the Rh-catalyzed
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hydrogenation of dehydroaminoacid derivatives* and in the intramolecular Rh-catalyzed
hydroacylation reaction.55
While a rationale for lower stereocontrol in these reactions is speculative and may

differ dcpendi-ng on the $peciﬁc reaction, one exI:Jlanation“ may be the abilﬂit‘y ‘o'f bis-

phosphine 76 to ligate the transition metal in two diastereomeric modes as depicted in

Scheme 3.21 (phenyl groups omitted for clarity). Indeed, low }emperamre lp NMR

IR S S - P
. . 2 | i 3
= A
' - ~ g PPhy
76

i Hl' D
P. ~L ) L
S T
H . ‘ H

‘Scheine 3.21

studies of structurally related c_omple.xes,v [(DIOP)Rh(COD)]BF4 and
‘[(DIOP).Ir(COD)]BFf;, have shown that each‘e-xi‘sts as a mixture of diastereomeric
complexe§.56 Th,ough sevérz_ll factors controi s:tereogehes"i's in metal;catalyzed ’reactions,
poor stereoinduction in reactions using. struc-turally‘ flexible ligands may be a result of
diastereomeric complexes derived ffom two energéticaily sirr_lilar modes of ligation.

The goal was to prepare novel bis-phoéphine ligand 87 that was related to ‘Bis-
phosphine 76, b.ut possesses structural features that should favor thé foﬁnation of only o.ne
active metal complex (Scheme 3.22). Introduction of methyl groups into the
cyclohexahe skeleton should limit thé nurﬁber of available conformation’s duetoa Steriéally :

unfavorable pseudo-1,3-diaxial interaction, and should favor é. conmelaﬁon in whic_h both

L N\
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diarylphosphinomethyl.units are equatorially dis'-pose‘d. As the. éonstraining effect of t'hé
me.thyl, groups is expected to limit the rotational freedom of the thsphinofnethyl groups, |
one would expect the number of energetically favorable metal ljig'at‘ion, modes to be reduéed -

(Scheme 3.22). Furthermore, the "edge-face" presentation? of fhe aryl 'groups bound

Me ppn,
% PPh, Pth
Pth

Me
87 87
Me p L
L
p-)_FP ML

Me

Scheme 3.2 2

to pho‘sphorus may.b_é enhanced due to ‘thé minimization Qf vaﬁdér Waals interactions with
the meth-yl groups. ‘On the othé; hand, a vefy rigid Carboh skeietoh may provide an 
unsuitable nétural.bite a,ngieSg‘ or may limit the number of energetically available bite. angles
so that catalysis méy_ be impeded.‘ For example, X-RAY ‘dat‘a for some sterically
demandihg chiraliligaﬁd—metal complexes have shown that the expcctéd C, symmetry is nof
 always observed, and C, symmetry is preferred.59 |

The stratégy -chosen to obtain the.chiral carbon backbone of the novel phosphine |
ligand relies on enzymatic ‘desymn'letrization. Ohno has shown-that PLE hydrolysis of cis-
d‘imethyl c_ycio‘heX-B-ené-diéarboxyla_te -88 is amenable to the large scale preparation of
‘optically éﬁr’e half ester 89 in high chemical yield (Scher_fxé 3.23).5% In addition, Ohﬁo
has reported the conversion 'of the half ester 89 into the oppdsi.te antipode,‘ makil;g our
route to the chiral phosphine cost effective and practical as access to both‘enant_iomerically' _

pure bis-phosphines is possible.602




COM ' .
CZ 2Me PLE hydrolysis COzH
COZMC ) ) ' CO'ZMC

88 o - 89

Scheme 3.23

'PLE 'hydrolysis of the cis-diester 88 afforded the half ester 89 in 90% yield.A
Selective methylation of the half ester 89 (LDA, MéI, -78 °C) occurreci in 88% yiel‘d
(Scheme 3.24). Methylation was reported to occur anti to the carboxylic acid moiety.60b
It is impo.rtant to note that erosion of the facial selectivity in the méthylation would
seriously compfomise the enantiomeric purity of the dimethyl diester 92 as subsequent '
methylation of a mixture of diastereomers would provide a mixiﬁre_ of enantiomers.
Esteri‘fication with K,CO; and Mel pr_ovidéd diester 91 (9‘7% yield) as a.siﬁgle

diastereomer (Scheme 3.24).

CO,Me

O:CO"’H 1).LDA; Mel . CC
. 2).Mel, K;CO; : .
CO;Me DMF, 1t h:/I . COMe
89 ' ‘ 85% 2 steps - 91 TN

Scheme 3.24

Methylation of the diester 91 provided a mixture of (R,S)-diester 92 and irneso-
diester 92 (7.5/1 ratio by GC analysis) that were separated by recrystalliiation (MeOH, 0
°C) affording the (R,S)-diester®! 92 in 66% isolated yield (Scheme 3.25). The meso-

E ., o Me . | .
COzMe LDA; Mel Ej;\:cone - |
N 6% - L : .
vt CO2Me o ENcoMe -
MC. . . Me 2 '
91 o 92 '

Scheme 3.25
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diester 92 could not be recovered in pure form. 'Olefin‘redu,c:tion followed by Iithiﬁrh,

aluminum hydride reduction afforded the diol 94 in excellent overall yield. The diol 94 L

was converted to the mono o-anisoate 95 and the optical purity was défermined to be >99%

ee (HPLC, Chiralpak AD) (Scheme 3.26).

Me ’ . ' ' Me

dconc D Hy PdC K | # ~OH -
Noos .. . 2) LiAIHy - ' ~O0H .
e OMe g0g 25teps Y ooe
92 | o | EZE
. _ " . o ‘ Me ‘ . ‘.
o-anisoyl chloride - (o}
TEA, DMAP ” % OH 0k '
% . Me MeO )
o ‘ - 95

Scheme 3.26

Treatment. of the diol 94 with MsCl and triethylamine provided the dimesylate 97

that was ~trahsformed iiﬂto the dibromide 98 with LiBr in HMPA at 125 °C (Scheme
- 3.27). Interestingly, analysis of the crude reaction mixture suggested that the dimesylate
97 was converted to the bromo mesyl‘ate‘ within 2.5 houré, but formation of the dibromide

98 required 15 hours.

Me ‘ . : Me
o OH 1). MsCL, TEA - _~__Br
——OH  2). LiBr, 125 °C - ~~Br
‘ Me . ‘ 92%, 2 steps Me"_‘_ :

94 | 8
Scheme 3.27 - | | |
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" The synthesis of the ph‘o‘sphirle‘ligand precursor 97 has bee-n,acebmplished in
seven steps in 43% overall yield from the commercially aVaiiable cis-dimethyl cyclohex-3-
ene-dicarboxylate 88. The availability of the: enantlomencally pure (R, S) diester 92
presents an opportunity to prepare a varxety of novel conformatlonally restncted hgands
- for asymmetric catalysis. o | | c
Early efforts towards the formation of the two carborr iphosphorus‘bOn.dsffocused‘
on 'displacement of a number of different leaving gr'oups by metal pho-sphid_es‘ or
| phosphide-boranes. Pho'sphi‘de-boranes62r were found te be .unreactive towards the
sterically hindered electrophile. It was discovered that only the most reactrve electrophlle
(mesylate and bromide) and the most potent nucleophﬂe (MPth, M= K) comb1nat1ons led |
" to the formation of any desired products. Using the optimal corldltlons, addition of the
potassium ‘diphenyl phosphide to the dimesylate 97 at room temperature'afforded the
- desired phosphine in 52% yield after _forlr days ar room temperature (Schem:e. 3.28). The
* crude reaction mixture wzrs treated with BH; THF to facilitate i‘.solation of rhe desired bis-

phosphine. ‘(Seheme 3.28). Deprotection was aCcc‘)mpli‘fs’ehed by heéting with EtL,NH. -

Me ' . Me e
OM PPh
> 1. KPPhy, THF, rt PNl
OMs = — = — - PPh,
- BMS, 52% ‘ |
Me | 2ELNH, 3% Me .
97 - %

| Scheme 3.28

Using similar reaction conditions with the dibromide 98 led to the formation of the
* diphenylphosphonium bromide 100 as the only isolable product as suggested by 'P NMR
spectroscopy (6i ppm) (Scheme 3.29). Modifying the temperature at which the )
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Me - ‘ ' o Me - .
- B KPPh; “\*t .
— Br , ‘ -
. . ]

98 - o . 100

3
g (111}

Scheme 3.29

: di’bfomi’de 98 was added had no éffect as ‘the phosi)hon‘iu'm salt ;iOO‘ was thé 6nIy
significant pr(.‘)dUCt‘.‘ The observation that a single subsﬁtution én thesferii@l—ly congested -
backbone is quite facile, ‘Whi‘le the second displacement is e’xtrvaordinarily slow, is:
consistent with the substitution chemistry of the dimesylate 97 with lithium bromide.

' ,Considering the reactivity profile of this hindered bis#lecttophile,_ an alternative
approach involving the sfepwi'se addition of phosphorus nucleophiles cduid be c}ii)ldred.
Specifically, addition of one eqhivaient of potassium diphéﬁylphosphide to the dimeéylate :
97 followed by,t‘reatmeht with BH;-THF should ‘_selec‘ti‘vel_y form Fhe monophosphine- ‘

. borane 101 (.Schem'e“ 3.30). Purification of the phosphine-borane 101 and subsequent

| Me ‘ R BH, -
~_OMs 1. KPP, - - Me A
: -OMs 2. BH;THF l:::#;::bwh
Me ‘ Me '
97 : - 101

Scheme 3.30

treatment with another xéq'uivalént'of. potassium diphenyl‘phqsphide followed by heating

should lead to the desired bis-phosphine-'borang“ 98 (chhem"e 3.31). Protection of




68

BH; T By,

o Me 4 o Me ok :
| PP 1 kpph, - M Pem,
[~ OMs 2 BH;THF PPh; .
o1 . 98

Scheme 3.31

the phosphine with borane should inhihit the fermatien of the undesired phos'phdnjurn: saylt |
allowing for more vigorous reactlon conditions to be used. Clearly, for this approach to
succeed, substltutlon must be faster than any other compet1t1ve processes, such as trans-‘ .
boronation. | ‘ o

While extenéive effert haq been direeted tovizards the ‘displ‘acer’nent‘ “of 'various
“leaving groups, the method .may ultimately be lirrrited to the syntheSis of stericaliy similar
(diaryl)phosphines. For example, nucleophilic' attack of more sterically-hindered
' phosphides, ‘suchas an ortho substituted aryl phosphirre, may ‘bemuchf slower thari just the
simpl'e diphehyl:-phosphide.‘ A ‘.potentially. rnere :general approach uses thel ch1ral carbon: -
backbone as a nucleophile so that ster'i:cally and'elec,troriieally different phosphine moreties
could be introduced usihg the common procedure'.‘ .(Seheme 3.32). In addition, the

formati‘on‘ of phosphonium salts will be avoided by tlﬁs reversal of polarity.' Whitesides

Me . Me L Me

Scheme 3.32
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has shown that bls(Gngnard) reagents of smular structure can be. prepared albelt in very,

modest yxeld 63 L1kew1se Knochel has used bls(zmc) reagents for the synthesrs of

assorted phosphines and phosphme boranes in reasonable y1e1ds 64. Unfortunately, all .

attempts to form the carbon-phosphorus bonds usmg erther the brs(Grrgnard) or the

brs(organozmc) reagents have not produced satlsfactory results ,' .
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3.2 Catalytic Pauson-Khand Reaction =
3.2.a Introduction

The initial goal in the area of the catalytic Pauson-Khand reaction was the

carbonylative cyclization of allenynes. At the outset of this research, limited examples of .

. this transformation, either with stoichiometric or .c'atalytic transition metal complexes, had
appeared in the literature. Cazes was the fifs_t to show that isolated cobalt-alkyne
complexes formed B-alkylidene cyclopéntenones when treated with NMO and allenes

(Scheme 3.33).652.b Interestingly, Cazes noted that the simply heating alkyné cobalt

Pr—,__l =—Pr _ Pr Pr
Cox(CO)g 6 equiv NMO : =
DCM, 0°Ctort’ =0
/S 15h .
Hex 69% Hex
: 103

Scheme 3.33

‘complexes with allenés (tolﬁcng, 110 °C) failed to produce a significant quantity of
‘bicyclopentenone 103 (6%).952 Cazes subsequ’ently .sholWed thata similaf NMO-promoted
protocol provided modest yields of a-alkylidene bicyclopéntenones in the intramolecular
 PKR.65¢ Initial complexation of the él_lenyne with Co,(CO)s was performed at 0 °C. The
crude aillenyne-cobalt complexes were then treéted with NMO at -78 °C followed'by

warming to room temperature. A typical result is shown in Scheme 334,
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Me : ' L
)«-Me ' o Me Me
. MeOz N4 /o‘ 1.2 equiv;CO;T(CO)sr MeOé ' o R
wo N = e T oI

104 | - 105 -
: o . ‘ 40%  (4/1)

Scheme 3.34

~ A more selective method for bicyclopentenone formation has been devised by
- Brummond who found that‘ Mo(CO)q was a suitable promoter of the formal [2+2+1]

cycloaddition (Scheme E’:.35).‘§6a Despite the rather forcing reaction chd‘itio‘n's, excellent .

Z

' /°. 1.2 equiv Mo(CO)6
< , o 10 equiv DMSO
— SiMC3 ’ tol. 100 OC
o SiMe;
68%

‘ 107
~ Scheme 3.35 |

selec;tivity for the a-meihylidene ‘péntar.l‘ehéne 107 wés aéhiév’ed in r_nbdest 'yi‘eld, Thé
product formed in the reaction was féund to be dependeﬁt on the steric nature of the allene
moi_efy. For instance, a substrate 108 bearing a z-butyl-substituted allene led to fhe
indenone 109 Qhen subjected to_ the Mo¥promoted reaction ‘cdndi-tions ,(Schefne ,

3.:36).66b Brummond also rép-orted that the Negishi bicyclization/carbonylation protocol67

° _1,2 equiv Mo(CO)s
< ~+Bu n 10 equiv DMSO

N ‘ . tol, 100 °C, 10-h -
108 -  60%

t-Bu :

Scheme 3.36
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allowed for a modest yield of bicyclopentenones 110a,b as a 95/5 mixture of pentaleno-ne
‘and indenone (Scheme 3.37).66c Hydrolysis of the intermediate zirconacyclopentene

Hep

b/ - _ ‘
. 1). CpyZrCly/n-BuLi

R

e enn 2).CO,2h
——SiMe; ’ : . ' .
SiMe; SiMe3
110a : 110b

J Cp,ZiCly/n-BuLi 48% (95/5)

3M HCl

Scheme 3.3;7

111‘ showed that the n-bond facial selectivity is nof stefeospeciﬁc as it gave a mixture of
" (1011) dienes 112a,b (yield not determined). It is st clear if the initial oxidative .
cyclization o? the subsequent CO-insertion‘ acéoun‘téd for the reduced ly-ield., R
Buchwald has 'recently disclosed that Cp,Ti(CO), was an effective cétalyst for the
[2+2+1] cycloaddition.‘ In addition, a single example of a‘carbonylative allen'yne

cyclization was described (S‘chéme 3.38).3%2 1tis significant that this single example

o ©10% Cp,Ti(CO), |
Z . 18psicO ‘oi ‘
| ———Bu . wh,9%0°C — . "
: ‘ " Bu

13 86% 14

Scheme 3.38
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represents the only catalytic carbonylative allenyne cyclization repofted in the literature at

the time-of this writing. - | | |
The scarce number of successful e')'(amples of the Pauson-Khand feactidn involving
.allenynes may reflect the presumption that allenes are unstable in the presence. of Coy(CO)s.
~In 1957, it was reported that certain allenes rapidly reacted Wifh Co,(CO)s at room
| temperature.®8 In 1996, Ungvéary showed that treatment of Cdz(CO)g with excess 3-
" methyl-1,2-butadiene 115 afforded polymer.69 Under more carefully controlled
_conditions, treatment of Co2(CO)s w@tjh 2 equivalents of 3-methyl- 1,2-butadiene, 115 gave
- a new cobalt complex 116. Addition of another equivalent of '3-methy1-_1,2-‘butadiene _115 :

prod‘uced the novel cobalt complex 117 (Scheme 3.39). The X-ray structures of cobalt B

"Coz(CO)‘g ) o | polymer
Me Me
2equiv | =°=<Me 115 | excess =f=_<Me 115
\ . Me : ' : |
R ___( _ Me O Me
c Me' N Mew Me
115 (CO)3C0 M Co(CO)3

116 | I ¢ ¥

‘Scheme 3.39

c.ornplexes 116 and 117 have been determined.69 Further addition of 3-—methy1-1v 2-

butadiene 115 led to its complete consumptlon The ab111ty to successfully catalyze the -

| carbonylatlve cyclization of allenynes may depend on the relatlve rate of alkyne

complexation versus allene complexation.
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3.2.b Co,(CO)s-Catalyzed Carbonylative Allenyne Cyclizatiens

At the outset of this research and at the time of this writing, the Coz(CO)g-eatalyzed
earbonylative allenyne cyclization has not been reported in the literature. The initial goals in
this area were 1). to establish that the reection could indeed. be perforrried with catalytic
Co,(CO)s, and 2). to explore the Scope of the reaction regarding substrate structure.‘_

In principle, a variety ef a-allenic alcohols 118 can be prepared from the
~ corresponding mdno-vtetrah)‘/drc_)'pyranyl .d‘erivatives of butyne~1’,4fdiels 119 usiné licnown H
methods (Scheme 3.40).70 Three structurally different c-allenic aIcohols"(118a. R, =
R,=H, 118b. R, = R, = Me, 118c. Rl = Me, R, = H) were prepared with the assumption |
that these simple subunits would provide acceptable models for more complex_ allene

moieties.
OH 1. DHP, TsOH HO . -  OTHP

-—;( 2 . R 7.- 0, > . :’< "
‘ IR R 2. 1).nBuLl, 78 C .‘ R2 . ‘

. ii). paraformaldehyde =

HQ ~ OTHP 1 equiv LiAlH, HO—'\__ . #Rz

' R’ R? Et,0, reflux ' -
119 _ - 118a-c

Scheme 3.40

Using a slightly modified procedure developed by Cazes, the following'malonate-
‘derived allene 120 was .prepared‘ in modest yield.”! The reaction proved to be somewhat
capricious, giving reduced yields epon scale-up. ‘Subsequent aikylation with propargyl

bromide afforded the desired allenyne 104 in excellent yield (Scheme 3.41).
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T o : ' . Me
Me0,C 2_-pd(0Ac)2/4 PPh; Me0sC _ :\/ _,
- 3(EOpOPON M L Me
| ' Me T 120
‘ ‘ R o o Me o

MeO, ) L //lﬁMe |

/- Lo Me ‘LNaH;THF/DiVIF__; MeO G/~
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A more convenient route to allenynes was su‘bseqnently‘developed‘. "S.ubjecu',on of .
the ct-allenic alcoho‘ls 118a-c and alkynyl tosamides to ‘Mitsunohu éilkylation7 2 conditions
provided good to excellent yield of the desired éll‘enynes Representati‘ve Mifsunobu :

reactions are deplcted in Table 3.2. Be31des the 1mproved y1e1ds and the higher degree of

convergence when usmg the Mltsunobu reactlon the ab111ty to use o-allenic alcohols 118

directly obv1ates the’ need for conversion to volatile, electroph111c reagents. - "
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. Table 3.2. Prepara_ti‘dn.of Allenynés'via‘ the"Mits‘unobju‘_” Reaction

LI

Tosamide

" Alcohol

Allenyne " .

- Yield

H .
/

Ts—N

122
.,H
Ts—N
121
H
Ts—N

- 121

118b

HO

118a

/__'— .
" TsN =

S Me
124

TN - 2

e

@&

- 80

o1

. 91

93

80 . .




Ll

e

7
Treatment of the propargyl chlonde73 129 w1th dimethyl cuprate afforded the 2-
methyl- substltuted allenol 130 admixed w1th 2-pentyn-1 0l 131.71 Subsequent ' |

deprotection, Mltsunobu couplmg and alkylatron afforded the desired allenyne 132 after

recrystalhzatlon (Scheme 3. 42) Itis qulte remarkable con51dermg the hlgh ylelds

- " HoO- o ' '
c, . OH Me,CuLi T Me OH
\—_-:——-/ ' Et,O OOC e . ,—>=°_ : ""'.___.—_. — ‘- '
' - . LR VL E Me o - ‘
129 - ‘ B .. ..~ 130 - - 131
HO o L

. Me OH 1. TsNH(Boc) /—(
¥°_ D " PPhy, DIAD, THF T~ N
} Me ’ : 35 .
‘ ' 2. DMSO, reﬂux - -

130 mo 131

3 K2CO3, C3H3Br DMF _ - 37% for3steps

Scheme 342

achieved in these reactions, that few Mitsunobu reactions involving o-allenic alcohols have
been reported in the literature.72
The 1nvest1gat10n 1n1t1ally mvolved allenyne 104 Treatment of a solutlon of

Co,(CO)4 (10 mol % i in 1,2-DME at 0 C) with allenyne 104 followed by Q Beam
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‘ Me- o o
_ Me .
MeO, " _ 10% Cox(CO)s .
X . 1amCO, 60°C -
MCOZC’ — o hv, 12hr ' , § ‘ - ,
P ) . S Me .
.Meozm 21%
MeO,C | '

133
‘Scheme 3.43 N

| 1rrad1atlon18 20 afforded a mlxture of brcyclopentenones 105 and 106 in poor yield
(Scheme 3.43). Interestmgly, the major isomer 106 formed in this” catalytlc -

photopromoted Pauson- Khand reaction was. the minor product observéd in the -

stoichiometric NMO- promoted reaction reported by Cazes (vzde supra) 65¢ Along with the

bicyclopentenone products 105 and 106, an unexpected triene 133 was 1solated in 21%

yield.

reaction, an identical experiment was, performed at 60 °C with the exclusion of yiSible‘ Iight.

Surpri'singly, the thermal reaction afforded a similar yield and isomeric ratio of o.-

: isopropylidene‘pentalenone_ 106 and indenone 105 products. In addition, the triene side-

. product 133 was isolated in the same yield as in reaction using Q-Beam irradiation

- In an attempt to determine whether triene 133 formation was a therma‘lly_lp_rornoted o
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}Me' . -Me Me: | Me Me
~" " 10% Cox(CO ‘ )/ ‘
MeOy ~7 0 Lol Meo,  MeO, o .
MeOuC . L atm CO, 60°C B -0
B - . 12hr MeO,C ~© MeO,C o
104 . . _ 106 4g 581y - 105
. : Me
Meozm ‘21%'
MeOC o T

| 133
“Scheme 3.44 . |

(Scheme 3.44). This-observation led toa moré careful study of th_e“tempera:ture effec;.on |

the catalytic photoprompted Pauson-Khand reaction and is described in Section 32c
Two limiting mechanisms can be suggested for the triene side-product férmatioh.

In the first mechanism, initial complexation and oxidative cyclizétion Caﬁ lead to two

isomeric cobaltocycles 134 and 135 (Scheme 3.45). A B-hydride/reductive elimination.
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o
9 ColCOn

Scheme 3.45

sequence from the ‘putatlive cobaltoBiéyclo'[4.3;bjnoﬁ;diene 135 giveS‘ fhe dbséwed triene.
In principle, t.h.e‘férm'atiori of this triene side-product could be rrﬁnimizgd at highef COV
pressures. | | o :

To that end, an identical reactioﬁ ,_perfo,rméd at 5.5 atm CO (éstimafed internal
pressure at 60 °C) afforded al.l/l ‘mixturc of bicyclopentenones 106 an& iOS, in addition |
“to the undésired triene (Scheme 3.465. At 5.5 atm of CO, the tﬁgﬁé 133 was produced -

in approximately the same amount as in the reac'_:tion performed at I atm CO. This |
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Me
S

e E ’ . M ; |
72 10% Cox(CO ' ’ :
MeOz - . 09( )e , . . MeOx( ‘Q O
c 7 . 5.5amCO, 60°C - T - : ;

MeO! 12 hr
105

(1.1/1 at 70% conversion)

104

Scheme 3.46

interesting expedﬁent reVeals the comple)‘(‘ hature of this catalyti‘c‘ process Cleaﬂy,'the‘_
- observed pentalenone vs. indenone selectwlty is dependent on both the. mloratory aptitudes
of each cobaltocycle as well as the preference for initial cobaltocycle forrnatlon

A second p0551ble mechanism for triene formatlon proceeds through a cobalt allyl |
hydride. Coordination of the allene by a coordmatlvely unsaturated cobalt species followed

by C-H insertion and ‘r] to 'q isomerization gives the putative dlcobalt infermediate 136

) ‘ Me ‘ ’ . '
. MCOZ%d . MeO,C ~ _H
MeO,C — 104 MeOC 133 -
l. Co,(CO)g g o .
Me ' . r - :
MeO; ‘| I ) Me_ _
. H - MeO,C . Co(CO)3 . ’

136
‘Scheme 3.47

(Scheme 3.47). Subsequent insertion of the pendant alkyne into the cobalt carbon bond

followed by reductive elimination gives the observed triene 133. Malacria has reeehtly
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'suggested a smular mechamsm in the CpCo(CO)z-catalyzed formal Alder -ene reactron of a -
related allenyne. )

~ In order to provide support for the a cobalt allyl hydrrde mechamsm a related ene-

allene 137 was prepared and subjected to PKR cond1t1ons Presumably, the pendant olefin

. would provide a reasonable surrogate for an alkyne (Scheme 3.48). While the desired

e 5% Co(CO)g

L\\ . 1atmCO, DME, 60°C
o 1h :

§—,Me

Me.

137

not observed

139

Scheme 3.48.

diene 138 was not detected, an o't-isopropylidene.bicyclopentanone 139 was isolated in

40% yield (starting material was recovered in 50% yield). Further optimization of this
_reaction (15% throphene as additive)29, allowed for 60% isolated yield of the

' brcyclopentenone 139 along with unreacted ene- allene 137.

Prev1ous stud1es in the Livinghouse laboratonesv have shownr that the use of a

~ thioalkyl group on the terminus of an alkyne can affect the efﬁc1ency of metal catalyzed

-reactions. Van Wagenen and L1v1nghouse were the ﬁrst to demonstrate this substitution

Cp,Zi(DMAPIL TR RM&
o THF, 20°C

) Hex
Hex 2). AcOH Et

R = SiMe;, 52%

. R = SMe, 81%
"~ Scheme 3.49
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effect in the Zr—promoted reductive cross- couplmg of thlomethyl alkynes wrth alkynes
(Scheme 3. 49) 21 Subsequent to the work of Van Wagenen similar reactrvrty trends
were observed in the catalytic photopromoted PKR.20

A study of the substituent effect on the ‘catalytrc carbonylative allenyne cyclization
was 1n1t1ated in an attempt to improve the selectrvrty of the reactlon The PKR of the

tnmethylsﬂyl substrtuted allenyne 140 afforded product w1th 1mproved yreld and srmrlar

selectivity for the a- 1sopropy11dene pehtalenone 141 (Scheme 3.50) This reactron is

Me q Me

Me ‘ ‘ -
. o ‘)—'Me | / Me Me
/. 5% Co,(CO)g MeO, ' MeO,Ce 0]
‘ M602CA : 1 atm CO - M o,C o i)
‘ . - MeOy Me 2C ’ 1
MeO,C ==—SiMe; DME’:() * ‘ SiMes | .

140 - 4 142
‘ 65% (4.8/1y

Scheme 3.50

~ notable as it represents the first substrate bearing a trimethylsilyl-substituted alkyne 140
that undergoes successful carbonylative annulation using the catalytic PKR procedure.

" The correspondmg thiomethyl-substituted allenyne 143 was found to be an

' exceptronal substrate for the catalytic PKR. Carbonylatlve cyclization proceeded to give

good yield of o-isopropylidene pentalenone 144 as'a single i isomer (Scheme 3.51). The

)—Me .
/. 5% Cox(CO)g .
MeO,C_ - . . 1 atm C-.O e
>< - r DME, 60°C. . -
MeO,C ——SMe Y

143 | 84%
Scheme 3.51 o
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fbrmafion of the a-isopropylidene pentalenone 144 as the major product ciéarly indicétes é
kinetic preference for its formation and sugéeSts that the I‘as"'t irreversible step occurs early
in the catalytic sequence. | A 5
Carbo_nyiatiyevcyclizat‘ion of structurélly‘related tosamides 124 and 145 usiﬁg the -
thermally pfomoted catalytic .protocol provided good 'yield of the o-isopropylidene

pentalenones 146 and 147, respectivély (Séhemé 3.52). I_nteresfirigly, only the a- .

Me
, Me o S
/ B 10% COz(CO)g _ ]
/- ~ 1lamCO .
TsN
’ \——_r - _ DMEe60°C _
- T - 12h | i |
124, R=H o 146, R = H, 70%
145,R = SMe R  147,R=SMe, 73%

Scheme 3.52

isoprbpylidene bicyclopentenonés 146 and 147 were observed in these examples. This
product selectivity may simply be a result of the shorter carbon -nitrogen bonds (1.45 A for

sp? mtrogen) in these tosamide- lmked allenynes

“Extension of the catalytic ‘method to a more challengmg substrate afforded only low

yleld of product 148 despite 100% conversion of startlng allenyne 125 (Scheme 3. 53)

Me ' : ‘ Me

‘ , Me
T Me 10% Cox(CO)g /-
TN | . T o
. 1 atm CO o
= DME, 60°C a
| t2br 148
, 125 ‘ -30% - '

Scheme 3.53
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A consrderably 1mproved yield was achreved using the thromethyl modrﬁed tosannde 149

(Scheme 3.54). The 1rnproved yleld observed with allenynes bearing thromethyl groups

‘ . ‘ Me ‘
Me 7 - . Me
) Me. 5% Cop(CO)g - /
TSNM ‘ — —  IsN '
Y : . latmCO . o
l\ — ‘ DME, 60 °C o .
== SMe 12 hr - SMe
149 0% - o 150

"~ Scheme 3.54

| may be due in part, to the facﬂity with which these subs'trates form cOmplexes with
Co,(CO)g. While solutions of COz(CO)g and allenynes (or enynes) requ1re 15-30 rmnutes
before a noticeable color change (from brown to deep red) occurs, mixtures of Co,(CO)s
and thromethyl-allenynes (or enynes) form deep black solutions wlthm'a few minutes.
Presumably, rabid coordinaﬁOn of Coz(CO‘)‘g‘with the alkyné moiety prevents degradarion
of the substrate via polymerization processes.

Carbonylative cychzatlon of a substrate bearing a terminal allene 113 gave the

deslred pentalenone 114 in moderate yleld (Scheme 3.55). Whlle the yleld obtained.

e 5% Co,(CO)g o
<‘ o lamCO

T T DME, 60 °C : Bu
113 5h 114
, 67% o
Scheme 3.55 |

with this substrate is rather modest, it is acceptable considering that thls type of structure

should be more prone to competmg polymerrzatlon In companson a tosamrde hnked
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" allenyne 151 contammg an alkyl substltuted alkyne failed to react under similar condmons

(Scheme 3. 56)

Me . .
‘ M@. - .
‘ /“ | '10% Coy(CO)g
/—-—/ ] thCO . e No reaction
. a .
TsN j
|\ — Bu - DME, 60 °C
- . ‘ 12h

151
Scheme 3.56

Carbonylative cyclizations of ailehyneé Wi-th a stereogenic group at the propargylic SN

position were explored The level of relative d1astereoselect1v1ty was poor affording a

2.6/1 mixture of exo and endo 1somers 152 (Scheme 3. 57) Carbonylatlve cycllzatlon

Me . ‘ :
Me )
//‘ ' 10% Co;(CO)g
TN o lgtm co .
> _— ‘ . DME, 60 °C
Me - L 3h

127 o 73%

. (2:6/1)
Scheme 3.57

of the corresponding thio‘methyLmodiﬁed tosarnide 153 provided an increased yield of

Me S s ‘
‘ Me ' | .
| / Y {2 Coy(CO)g’
/o \ - latmCO
TsN. : C - o
)—==—5Me | DMI;:’:O c :
Me ' ‘ : . Coe
' 153 g o 154
' 8%

(1.3/1)
Scheme 3.58 »
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- product 154 but. with reduced relative stereocontrol (Scheme 3. 58) The trlmethylsﬂyl

contammg tosamxde 155 offered no 1mprovement in the control of relatlve stereochemlstry

Me‘

JMe

// T . 5% Coy(CO)g 7

TsN . 1 atm CO
»—==—siMe;  DME, 60°C.
Me 12h
‘155 ‘ 59%
‘ (/1)

Scheme 3.59 -

(Scheme 3.59). This experiment is in stark contrast to literature precedent30 and

suggests that the origin of selectivity with stereogem'c allenynes may differ from enynes.
3.2.c Rhodium-Catalyzed Carbonylative Allenyne 'Cycliza‘ti‘on '

While useful yields were ach1eved in the Co- catalyzed carbonylatlve allenyne
cychzatlon in most cases, poor Tt- bond select1v1ty initiated the search for a more
“synthetically useful catalyst. The independent stud‘les of Jeong32 and'Narasaka3 L

suggested that rhodium -cor'n'plexes may effect tlle ,[2+2+1] cycloadditioh ef al'l‘eliynes

- - Using [(CO)ZRhCl]z as precatalyst carbonylatlve cychzat1on at 80 oC afforded the de31red

pentalenone 114 in excellent yield (Scheme 3.60). An identical y1eld was obtained with

== . S%Rhea @;?: o
< 1 atm CO, tol

———Bu .

113 o . - 114

* Rh cat. = [(CO),RhCI],, 80°C, 8h, 93% -
Rh cat. = [(CO);Rh(dppp)Cl],, 100°C, 15h, 93%
Scheme 3.60 '




[(CO)Rh(dppp)Cl]; as preCaialyst,"though a longer revacti_on time ‘and‘a higher temperature
were required (Séheme 3.60,).\_ Likewise, carbonylative cyclization of a stereogenic
allenyne 157 gave the indenoﬁe 158 (Scheme 3.61). The low yield observed with

substrate 157 is believed to be due to the instability of the product 158. Analysis of the

TBSO o// . - ' o TBSO
, Y  1.25% [(CO),RACIl o
o 1 atm CO, 60 °C : .
=—TMS = 4n ' ™S

Scheme 3.61

crude reaction (GC and tlc) suggested only one product formed. Extension of ﬂﬁs protocol

to a more challenging substrate 125 was unsuccessful as depicted in Scheme 3.62.

Me - ‘
& Me >% [(CORRRCL, Consumption of starting material
TSN/\//_ | © 1amCO, 80°C ~ without desired product formation
\ . ‘ _ 2.5hr '
125 |

Scheme 3.62

Rh-catalyzed carbonylative éyclization of allenyne 126 afforded a mixture of

isomeric bicyclopentenones. and the dihydropyridine 159 (Scheme 3.63).

c'/‘/—Me

Mixture of bicyclopentenones, 50% '

/ © 2.5% (PPh3)RACI
TN ' 2.5% AgSbFg ‘ o |
‘ \'——.___ 1 atm CO, 80 °C ‘ (I\ 26%
126 6 TN

159
Scheme 3.63
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In principle, formation of the undesxred triene side- product 159 cou]d be mmumzed

~ by increasing the CO pressure. Ito has observed a sumlar pressure dependence in the Rh--

catalyzed [24+2+1] cycloaddmon of vmylallenes 2 Altematxvely, the yleld of tnene 159 o i

could be maximized at lower CO pressure. Indeed, treatment of al_lenynes with a cationic |
rhodium catalyst under an argon atmosphere led efficient cycloisomerization; The results

 are listed in Table 3.3.




- 90

‘Table 3.3._'Rh-.C.atalyzed Cy"cloié_oxﬁe'rizationnof_ All_e_njnesa '

- Entry Allenyn¢ o . "Produrct‘ e ‘Yie'ld»‘
» : o . : T (%) ‘

1 82
2 o4
124 160
. //—Me . ‘

3 /—// 86b

TsN-
=
127 . .. 159 -
7
4 TsN TsN 84

o Me 161
» 125 ' , _
a. All‘rcactic'm were .performed using 2 mol % [(NBD)th]SbF6 énd dppb as"
precatalyst in 1,2-DCE. The precatalyst was Lreatea with Hj for 15 r‘ninute's,‘ "

- and then freeze-pump-thaw degassed before the addition of substrate.

b. A different catalyst system was used, see Experimental Section_f"or-dctajls.
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In the absence of detailed studies of this reaction, the fo]lowing r_nechani‘sm" is
proposed as a working model to explain product forrﬁation (Scheme 3.64). Initial
complexatlon and subsequent oxidative cyclization affords a mixture of blcyclorhodacycles
162 and 163. In the absence of CO, B- hydnde ehmmatlon of complex 163 and reductlve
“ehmmatlon of the resultmg rhodmm hydrlde complex 164 is observed Cons1der1ng that 7_
'hlgh‘ turnover lS observed in ‘the‘se reactions (35-40 c‘atalytlc cycles), 1_mt1al rhodacycle
formatic_)n‘rhey be reversible and the observed triene 160 is a conSequenee'of a low energy

B-hydride elimination/reductive elimination sequence that regenerates the active catalyst.

' i | : ' Me H - '

‘ Y _[(dppb)RhS;]SbFg - '
. TN < , - S Rh(dppb)SbFg. -
\—-\\ : -TsN. =/ . o

124 »—Mc S : - | T 163,
Me ' ' | l -

I S,
TsN._ = Rh(dppb)SbFs
TsN, | Rh(dppb)SbFs 164 .
" -Me Mev | ) = . l Me
,_ ' TN I _H
| | 160

Scheme 3.64

Several substrates proved resistart to cyclmsomemzatlon usmg these conditions.
For example, allenyne 140 bearmg a tnmethylsﬂyl substltuted alkyne and 1,8-allenyne

165 were un_reactlve under these conditions (Scheme 3.65). The’ hlghly convergen‘t
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165 Me
Scheme 3.65 |
synthesis of these ihteresting cross-cqnjdga;éd tﬁenesn,may allow for the rapid conédﬁcﬁon
of a wide Qariety of polycyclic drgani'c dlbleCUJes usidg' a diene-tranémissiVe Diels-Alder
| strategy. 75 | | - | | _ |
| The Rh- catalyzed [2+2+1] cycloaddltlon of ene-allenes was explored very bneﬂy
Treatment of, the followmg ene-allene 137 w1th 5 mol % [(CO)ZRhCI]z 'under 1 atm CO
afforded the bicyclopentanone 139 in 40% yield. The 'starti‘ng ene-allene. 137 was

completely consumed during the feaction (Scheme 3.66). Using a similar catalyst

/T . 5% I[(CO)RKCIH,
AN \ - o7 10, 80°C
: . o 1 atm CO

137 M 139

Scheme "3.66

system, with P(OPh); as additive, the desired a-iSopropylidehe ‘bic‘ycl‘open'tanone 139 was

isolated in only 32% yield. Interestmgly, an 1sopropyhdene azablcyclo[3 2.0]heptane 166‘

was isolated in 42% yleld (Scheme 3. 67)

L
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. /J - . | . _ - Me _
™ 5% [CORRKCI, _ A
¥_\\ ) 30% P(OPh); - o T M
) - Q tOl 80 °C ' o .
137 §—Me L. 1lamcO . 166

" Scheme “3.67

It was initially presumed that azabrcyclo[3 2 O]heptane 166 formatron via an 1ntennedlate K
rhodacyclopentane could be optnmzed by perfonmng the reactlon ina carbon monox1de
deficient environment.. To explore thrs p0551b111ty, an 1dent1cal experlment was performed B
under an argon atmosphere. After three hours at 60 °C the dehydro azapiene 167 was‘
1solated in nearly quantltatrve yleld (Scheme 3.68). | o

TN . 5% [(CO)2RhCl]'2
\‘_\' . w80°C

© latmArgon -
137 \>‘M° 5%

Scheme '3‘68‘. ‘ 5

Under either set of condrtlons an ene- allene 168 contamlng an unsubstltuted allene | -
unit falled to give the desued blcyclopentanone and was recovered unchanged (Scheme h

3.69). The lack of react1v1ty with ene- allene 168 may be a consequence of the propen51ty .

. L '5% [(CO);RACl},

A - ———=-» _ No Reaction
\__\\ - tol, 60°C
N ' latmCO . -
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- 5% [(CO)RKCI], o
‘ : —— —»>  NoReaction =

"o I atm Argon '~

Scheme 3.69

of unsubstltuted allenes to coordinate rhod1um complexes in an 12 fashlon 2 No further -

attempts were made to optumze these novel catalync transformatlons AR DR

3.2.d Thermally-Promoted Catalytic Pauson-Khand Reaction

In Section - 3.2.b, it was discovered that ‘efficient COz(C'O‘)g-"é.atalvaCd

'C'arbotxylati-ve cyclization ‘of‘allenyhes could be achieved without Q-B.eam' irradiation A

o study was 1n1t1ated to determme if th1s this method could be extended to enynes In ‘

consonance w1th the prev1ous ﬁndmgs20 it was determmed that the thermally promoted
catalytic Pauson Khand- reactlon of enyne 19 was quite slow at 50, C as only 40%

conversion was observed 76 Extending the reaction time at 50 °C only led to a modest

EtOzC: z = 5% Coy(CO)g " EtOQ
B0,C = DME,50°C = " Ei0,C

19  °  40%conversion, 12h 20

50% conversion, 24 h

Scheme 3.70
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improvement in reaction efficiency (Scheme 3.70).76 Direct comparison of the reaction
efﬁcién¢y at 55 and 60 °C showed that the photopromoted catalytic protocol was sin_ﬁflar to

reactions performed without light (Table 3.4).76

Table 3.4. Photochemical versus Thermal Promotion
of the Catalytic Pauson-Khand Reactionb

‘.Eto'i% < :/ 5% Cox(CO)s Etozmo
Et0,C = DME = . EOC ;

19 | 20

Temperature  Light Source % Con‘version ‘Time (h)

oo
55 . QBeam 2
55 none -8 14

60 QBeam 52 4
" 60 L none B 42 4

a. Reaction temperatures were monitored ihternally.
b. From ref. 76.

The reported result with enyne 19 (4 h, 95% yield) was ﬁnable to be reproduced
and may reflect the difficulty of accurately measuring the interﬁal réact-ion tém'peratu_ré when
using the photopro’moted catalytic pro'tocoi ._'(on a small scale). It now seems more

reasonable that the internal reaction temperature, in the reported examplezo, may have been

“closer to 65 °C, rather than_-50-55 °C. For example, the thermally promoted catalytic = - '

Pauson-Khand reaction of enyne 19 at 65 °C proceeded to 'comp-l‘e'tion in only 4 hours
(78% yield), similar to the reaction time reported.20
The upper temperature limit for effective catalysis was ‘e‘xplpred very briefly. At 80

°C, .thé tosamide-linked enyne 17 was rapidly consumed, but only a poor yield was
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S~ 5% Coy(CO)g —
TsN ' \ TsN\/:Q_—.-o
N — DME, 80°C N
17  35%,1h 18

 41%,3h

Scheme 3.71

. observed (Scheme 37 1). The thérmal ih,stability of Cbzh(CO)gl is well ‘d‘ocu‘nie:ntc‘:dl@77
and may accoﬁnt for the decreased yield. Additionzilly; the decreased solubility of carbon’
monoxide in 1,_2-DME» (bp = 84 °C) ‘as it approaches its boinling‘ péint may be of
| importance. Krafft has recently shown that the_thermolysis of enyne cbbalt complexes 1n

refluxing toluene produces 1,3-dienes 169 and 170 (Scheme 3.72).78 Krafft suggests

1 equiv Coy(CO)g
SiMe; refluxing toluene
. 60%

. 1 equiv Con(CO)q
refluxing toluene
63%

Scheme 3.72

that deuterium labehng studies exclude an a-ehmmaﬂon mechanism for the, formatlon of the

- observed dlenes and eithera B-hydride ehrmnatlon or an allyhc CH mseruon mechamsm is

involved. -
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As series of thermal carbonylatlve enyne cychzahons was performed to evaluate thev

effectxveness of thlS operatlonally 51mple method. All expenments were done w1thout any

special precaution to exclude visible hght as control experiments showed that v131ble llght :

had no effect on the efficiency of the reactlon Results collected in Table 3.5 show that

the thermally promoted catalytlc Pauson- Khand react1on is an effectlve method for the_" |

: synthe31s ofa vanety of structurally dwerse b1cyclopentenones
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Table 3 5 Thermal Catalytlc Pauson Khand Reactlon of Malonate Denved
Enynes with COz(CO)g s

Enry . Substrate Time(h) . Product  Yield(®)
S T RO
1 E_t°2c->< :/ o120 ’ >~= 83
‘~ o o o EtOZC S
. gtozc_ _— 4 | - _- | | 78b' .
19 o | |
R | e02C: z\\ 2. MeozcO 77¢
' MeOL == N : Me02C ‘
o | , 172 .
. MeOC -  MeO,C -
3 | 2 .‘ 784
- / Lo i MCOzc [
MeO,C \ S 2 ,
’,\OAc '
.1'74 .
4 MeO, 12 MeOZC, '
' . 85
MeO,C . MeOC |
175 S (I ;
otBS - . /OTBS -
5 12

MeO 2C

‘ ce
- MeO 7C 84

178

a. All reactions were performed with 5 mol % Coz(CO)g at 60 °C
unless stated otherwise. b. 65 °C. ¢. 10 ol % Cop(CO)g. ~- -+ -
d. 7.5 mol % Cop(CO)g. e. >20/1 cis/trans by, 'H NMR spectroscopy; '
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The reactlon rate can be mcreased three fold w1th only a 5 C mcrease in reactron '

. temperature with only a rmnor decrease i In reaction yield (Table 3.5, Entry 1). Further :

definition of the scope of the thermally promote_d catalytic PKR is givenin Tab_le 3.6.

‘Table 3.6. Ther'm'al'rCatalytic Pauson-Khand Reaction of Tos'amid'e-Deriued :
~ Enynes with Co,(CO)3* N

Entry .- Substrate Time(W) ~_ Product - Yield (%)’
1. TéN/'\/ 12 - 'TSN/\:Q:O - 86¢
17 - 18 o
Me o Me |
2 Vi 12 - e 74
DN . Ts o
B 1 | 180 |
3 TsN/\/ 15 TSNGQ#O' 78 .
‘ == Me L : . ‘
181 . o 182

' a All reactions were performed with 5 mol % Coy(CO)g at 60 °C
~unless stated otherwise. b, 10 mol % Coz(CO)g.
¢. 7.5 mol % Cop(CO)g d. 1.3/1.0 ratio of diastereomers.

In continuation of the ongolng stuclies in the Living.heuse laboratoryz.o’23‘, a series
of enynes was. prepared to more fully elucidate the effect -of a t,hloalkyl mdie‘ty en the
" efficiency and" dtastereoselectmty of the catalyt1c Pauson-Khand reactlon Table 3. 7
shows that modest to good levels of relatlve stereocontrol can be achteved usmg the

‘catalytlc PKR for substrates bearmg allyltc substrtutlon (Table 3 7, Entry 2 5 and 6) By
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way of 'contrast, substrates :bearj‘ng substitution at the propargylic position underwent

carbonylative cyclization with poor relative stereocontrol (Table 3.7, Entry 1 and 2).
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Table 3.7. Thermal Catalytxc Pauson- Khand Reactlon of Stereogemc

Enynes with C02(CO)3

Entry Substrate L Prod‘ uet - Si/n/Anﬁ Yield (%)
- OTBS - ~ orBS |
e .b 0 - 1371 755
© Me > ‘ - o - :
-- 184 . : o
i @o s ;e
‘M‘e - _ | o B
186 SR
’ '“N;:]::>==0', sl - 92
Me I '
4 /"/ i TsNOI": i -8‘6" e
TSN, ‘ </ | 86
N = | |
17 18
| M Me . T Me ‘Mé I
> §_;¢J ' Y i | -
. ‘. - TN —0 : 13.0/1 | 79bfd‘

191 ‘ 192

601 . ..

30bd

a. All reactions were performed with 5 mol % Coz(CO)g at 60 °C,

unless stated otherwise.:b. 10 mol % Coz(CO)g C. From ref. 20. d. From ref. 23
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Magnus was the first to recbgnize the dramatic effect that él’kyne substituents c.an
have on the stereoselectivity of the stoichiometric PKR. '-F(?'r example, ca‘rbonylativé‘
cyclization of an enyne 193 bearing a methyl substituted ’enyne proceeded with quite.

modest selectivity (Scheme 3.73).302-¢ In contrast, the corresponding trimethylsilyl-

Me,

1 equiv Coy(CO)g o
‘ " Me S
- : heptane, 110°C A ,
‘ T - - "~ TBSO R .
TBSO - 20h - .
193, Me S | R = Me, 65% (3/1)
194, TMS N _ R = TMS, 79% (26/1)

Scheme 3.73

substituted enyne 194 affofds a 26/1 ratio of epimeric bicyclopentenones (Scheme
3.73). Magnus reasoned that metallocycle genefation, and ultimately product formation, is
governed by minimization of a developing pseudo-1,3-diaxial interaction between the |
“trimethylsilyl group and the propargylic silyl ether in tﬁe ’,transiti'oln state (Sche:me‘c

3.74).30b,c .

H Me,
Me, =N C/ - . C{Ji
Oec )
Me . \ Me \

TBSO R CIO\— -
. favored metallocycle

Scheme 3.74

Likewise, Mégnus Suggested that certain allylically-substituted enynes undergo '.

carbonylative cyclization with géelectivity that is consistent with minimization of a pseudo-
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1,4- dxaxxal interaction in the transition state The PKR of enyne 195 afforded 54% of the

desired pentalenone 196 (Scheme 3. 75) 30b,d,e

MOMO

1 equiv Cox(CO)g
heptane, 86 °C
30h . .
195 54%, single diastereomer : o 196

favored metallocycle
Scheme 3.75 -

In the absence of alkyne' substitution, it has beeh r?ec‘ognized that Magdus'
rationale30 for the stereoselect1v1ty observed with allyhcally substltuted enynes is not

'enUIely satlsfactory 20 The reduction of allylic 1, 3 strain in d1c0ba1t-enyne conformers

TsN.(0C)3Co Co(CO)3 | (0C)3Co=Co(CO)3

I\SI ) NTs

Scheme 3.76
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may explain the origin of Stereoselectivity (Scheme 3.76).2Q This postulate is supported
upon comparison of the PKR of two stfucturally-related tosamides 179 ahd 189 (Table
3.6, Entry 2 with Table 3.7, Entry 5) (Scheme 3.77). | |

5% Coo(CO)g

1 atm CO, 60 °C, DME

_—
12h
179 78% (1.3/1) 180
Me
Me / _
5% Cop(CO)g.
TsN ' ‘ N >
\' —_  lamCO,60°C, DME a
189 12h 190

" Scheme 3.77

79% (13.0/1)

It has been determined that enynes bearing trimethylsilyl groups failed to react using

the pho‘topromoted catal‘ytic‘PKR,20 - To overcome this reactivity prdb]em, it was found

that thiomethyl-enynes were exceptional substrates for the catalytic PKR concerning both | h

yield and stereoselectivity (Table 3.8, Entry 2).20 Comparison of Entry 2 (Table 3.8)

with Entry 2 (Table 3.7) shows that the enyne containing the thiomethyl group ﬁnd‘ergoes :

carbonylative cyclization with increased yield and relative stereocontrol. The improved

level of relative stereocontrol is consistent with an increased pseudo-1,3-diaxial intéraction

in the transition state.
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.Table 3.8. Thermal Catalytic Pauson‘-Khand: Reaction o‘t;" S‘ter‘eog.,en-ic‘

‘Thiomé‘thy‘l-E'r.xynés with Coy(CO)s" "

. OTBS SMe

o - - 391

21

N - | 0 21

4 | , -- S ‘. '.,,TsN Q o -

— SMe . SMe .

13011

1231

SMe

207 S 208

_Entry Substrate Product . SywAnti  Yield(%) - -

99b.c

81c

93

88d
92b

75bd

a. All reactioris were performed with 5 mol % Co(CO)g at 60 °C,
unless stated otherwise. b. 10 mol % Co2(CO)g. c. From ref. 20. d. From ref. 23. - '
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A similar improvement was observed with Entry 6"(Tabl‘e- 3.8) where tlle
thiomethyl-modified enyne underwent carbonylative ey'clizat‘io"n‘ with 12.3/1 selectivity.23
Less dramatic increases in selectivity was observed with sub'st‘falt_e‘s li‘Sted. in Table 3.8
~ (Entries 1 and 5). In most cases, yield ‘iinp'rovements were obserlred. The uée of
thiomethyl—modi‘ﬁed enyne has laeen shewn to lead_ to useful selectlvlty arld yield increases
and, presumably, should be an easily removable functional groupj9 Intefestingly, the use
of thiomethyl—enynes. has seen little use in the intramol‘ecular'Pauson—Khand reaction,80

Two examples of thio(z-butyl)- modlﬁed enynes show that even hlgher levels of

'. stereoselectmty can be achleved m the catalytic PKR (Table 3. 9). The 1mproved level of

~ stereoselection is consistent with the increased size of the t—butyl m01ety

Table 3.9. Thermal Catalytlc Pauson-Khand Reactlon of Stereogemc
Thio(¢-butyl)-Enynes . with Coz(CO)s '

Entry Substrate _ Product - Syn/Anti - Yield (%)
o ‘ S(-Bu)
1 —==5(-B o EE
| VR 21 8lb
Me ~
209 |
Me - Me S(t-Bu) | ‘
2 ———S(+-Bu) . : '
TsN, _ TsN%I&ZO‘ coosn
\\
211 212

a. All reactions were performed with 10 mol % Coz(CO)g at 60 °C
b From ref. 20. i

The rather significant thioalkyl effect on the stereoselect1v1ty of the catalytlc PKR‘

suggested that a stereogenic thioalkyl moeity may offer a route to diastereo-enriched
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blcyclopentenones Enyne 213 was prepared with the expectaﬁon that the thloa]kyl group
would exert some influence on the select1v1ty of the newly formed rmg Juncuon
‘Carbonylatlve cychzatton of enyne 213 usmg COz(CO)g at 60 °C ~afforded
: blcyclopentenone 214 in good yield, but with poor selectivity. (Scheme 3.77). T,he -

| .  10%CoCO) TN 0’

Ts : i o ~

NLz—svzph ~ 1am CO, DME 60 °C - Ph
213 4 o 92%, (1.1/1) _' - 214. S_ gMe :

Scheme 3.77

?

- attempted carbonylative cychzatlon of enyne 213 w1th [(CO)ZRhCl]Z as catalyst only led to ‘

its complete consumption w1thout product formatlon (Scheme 3. 78) L1kew1se enyne

: . | = | : |

L . - 2.5% [(CO),RhClI - . ' o

TSN ‘ it [(COx L »  Decomposition of enyne 213

. — sv/th . 1atm CO, tol, 80°C R \
213 Me o oL | '

Scheme 3.78 _

201 was observed to decompose somewhat when subjected to similar conditions at 100 °C

(Scheme 3.79). After 12 hours, starting material was 'o’bsetved in addition to some new

- ‘ o 2.5% [(CO)BRKCI, . R

TsN, ‘ S — b K - L : ]2. - No desired product formation

‘ ——SMe . .~ 1 atm CO, tol, 100 °C. : o o
Me 201 '

._Scheme 3.79

products though analy51s of the crude reaction rruxture (1H NMR and IR) suggested that

| the desired blcyclopentenone had not fonned in 51gn1ﬁcant quantlty

. 5 - - . - . . - .- - i
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3 3 DEVELOPMENT OF MORE STABLE ALTERNATIVES TO COz(CO)s
FOR THE CATALYTIC PAUSON-KHAND REACTION

. 3.3.a Introduction

While the development of a catalytic Pauson-Khand reactlon is an 1mportant
- dxscovery, all current methods require man1pulat1on and storage of COz(CO)g in a strictly,
' anaerobic environment. Indeed it was found that the use of high- punty COz(CO)g was
essential for useful catalytlc act1v1ty in the PKR at 1 atm 0f CO.20 The 1nherent instability
of Co,(CO); is well documented.16»77 In the absence ofa CO atmosphere, the complex is
' thermodynamically unstable even at temperatures ‘belo‘w 0 ‘°‘C, although at these
temperatures, the .conversion to Co4(CO) 12 1s kinetically ouite slow. At 25 °C, the
quantitative conversion of Coz(CO),g into Co4(CO)12‘ can be achieved under reduced

pressure (0;02-0.05 Torr, half-life = 1.25 h).77 ‘At 1 atm of CO, Co,(CO)g is vconsiderably E

-1 atm CO

. 25°% hexane < o
2C0(CO)y  =——————== = Cos(CO)j, +4CO

97% o 3%

Scheme 3.80

 more stable though a small amount of Co4(CO) 12 is present in hexane SOIUthﬂ (Scheme
3, 80). 77 Also, the conversion of Co4(CO)y, into COz(CO)g is extremely slow: (half-life = -
12 years at 1'atm CO and 25 °C) Us1ng our catalyt1c methods at 1 atm of CO, Co4(CO) 12
is presumed to be a catalytlcally 1nact1ve 81 In addition to the thennal sens1t1v1ty of

Co0,(CO);g, the complex is sensitive to oxidation to Co(D spec1es.16 The physical
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properties of Co,(CO)g that require glove box manipulation may limit the acceptance of our

catalytic method by the scientific community.

Several approaches can be env1sroned for the development of a more stable‘,; t

~ alternative to. COz(CO)g It has been shown that an 1solated enyne cobalt complex 215 -
prov1ded reactlon rates similar to COz(CO)g when used as catalyst precursor (Scheme

3.81).?0 Unfortunately, the stability of the enyne_-cobalt complex 215 used as catalyst
- — EO,C /~= ' o ‘
| | 5% Etoig’cg—: 215 |
. EtO,C, — N . Coy(COY -Etozmo ,
: c>< - DME,55°C - EtO,C T

EtO, ‘ ‘
19 o 20,

Scheme 3.81

precursor in thislexar'nple was only a modest improvement relative to ,Coz(éO)g as 1t needed
to be purified immediately before use to retain sufficient catalytic'activity.20 | |
Another approach described in the literature20 involved the ‘use of alkyne-cobalt
complexes as catalyst precursor. It ls known that cobalt complexes derived from electron-
rich alkynes, such as N,N-diethyl propargyl amine, are readily displaced': by more electron
deficient alkynes.81® Presumably, electron deficient alkynes provlde for more effective A
back-bonding stabilizing the lovv-valent Co metal centers. It was sh,own that certain '
alkyne-cobalt complexes were active catalysts, but the activity was directly related to the

 instability of the complex.20
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3.3.b Alkyne-Cobalt ‘complexes as Precatalysts for the Pauson-Khand

Reaction

Preliminary investigations into the search for an altematlve to COz(CO)g began with

air-stable alkyne cobalt complexes. Nlcholas has shown that cobalt -complexed propargyl

cations 216 (commonly referred to as a Nlcholas- complex) are easily prepared -

: electrophlles 82 Though these zsolated cobalt complexes may not exhibit the increased
- stability that we de51re Schrelber has shown that similar complexes 216 can be generated

in situ with various Lewis acids (Scheme 3.82).83 In principle, under the appropnate

RQ Lewis Acid [ o

Scheme 3.82

conditions; a Nicholas complex 216 could be generated and subséquently trapped with a
nucleophile bearing an olefin. The r'esu'lting.e_nyne—cobalt- complex 217 may undergo a

“Pauson-Khand reaction ini‘tiating the catalytic cycle (Scheme 3.83). While this approach

RO Lewis Acid . /—/ . heat ‘cyclopentenone:
A wis Aci . o ,

= " Y ‘ == . + active catalyst
Co,(CO)¢ /_‘/ | ‘ o
‘ Nu . C02(CO)6 )

Scheme 3.83
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may have some merit, control reactxons showed that sxmply heatmg alkyne cobalt .
E cornplexes without additives led to some catalytic activity. : ' |
The initial stud1e_s in thlS area requ1red_the preparation of “a series of _élcéti'onically

and sterically different ali(yne4C02(CO)6 éor_nplexes using known methods (Scheme

3.84).81b Screening reactions were p¢rformed with alkyne-cobalt cbmplexes (5 mol %)

. ‘ Y = _R2
Coy(CO)s + R—=—R? "ngt%’ , ,
' : 2 cOz(c0)6 :

Scheme 3.84 _
shown in Table 3.10 and enyne 19 a:t 70 °C. . It was disco‘vered that'éobalt complexes
‘derived from dlsubstltuted alkynes were unsuitable as catalysts whlle the use of cobalt |

'complexes prepared from monosubstituted alkynes dlsplayed some catalyUc act1v1ty
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~ Table 3.10. Catalytlc Pauson Khand Reactlon wnth Alkyne Cobalt _

: Complexesa ‘
R!—==R?
. Coxcox S
B0,C. / /. 5% cobalt complex 0, P
Etozc%C: latn?l‘)(lh;):é70‘°c- - Eto:;><j;>: ©
_ Entry R R’ Time'(h)“.‘ Yield (%)
1 N ‘ Me;Si | MesSi 12 No reaction h
2  Ph Ph. o 12 | 'Noreactxon
3 CO,Me | COMe 1'2 ‘" No reaction
4 HOCH, = HOCH, 12 - Noreaction
5 HOCMe), H 8 590
64 - HOCMe), H 12 - 25e
7 Ph H - 8 - 61
8 HOCH,  H 25 14¢°

a, All reactions were performed in 1,2-DME (0.1 M).
b Isolated yield. c. % Conversmn as detenmned by. GC

d. Reaction temperature was 60 °C

Though the yields of thev successful reactions (TabflAe';’;.lO, Entries 5 and 7) were quite
modest, these preliminary results led to further optimization studies. Lowering the reaction
temperature to 60 °C in an attémpt to increase the yield led to very slow conversion to the-

pentalenone 20 (Table 3.10, Entry 6).

[
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One mechamsm for the generatwn of an actrve catalyst is an mtermolecular PKR.
Consrdenng that examples of the mtermolecular catalytic PKR have not been observecl20
using any of our methods at-60 °C and 1 atm' Co, rt is highly unlrkely that it is involved in

the generation of an active catalyst in thrs case. Another mechamsm that may allow for

Scheme .3.85

modest success usrng this approach is srmple hgand exchange as deprcted in Scheme
3.85). | | |
Another conceivable mechanism that could be descnbed for the generatlon of the
‘enyne cobalt complex is through cyclotnmenzatron It has been shown that alkynefcobalt
complexes form arenes when heated in the presence alkynes This process remains
somewhat obscure but was proposed to occur via coord1natron and subsequent insertion of

2 equivalents of alkyne (Scheme 3 86).4a.h The so -called “ﬂy over complex 218

| - _ - -Bu
Co5(CO)s- heat ‘ heat . @[
tBu—=——H - - +-Bu
- | | 219

Scheme ‘3‘.86
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would then decompose through a reductive elmnnat1on process to afford a substxtuted arene
219 and a- coordmatrvely unsaturated cobalt specres In pnnmple the low yield observed ”
in the catalytrc reactions listed in Table 3.10 may be a result of the formatron of
substrtuted aromatics via this mechanism.- On the other hand the low yield may simply be
a temperature effect.76.78 '

| ‘With tne -modest success using alkyne-cobalt complexes as precatalyst, lt was
Suspected that additives could be used to enhance reactivity. Many mild oxidative methods
(n-Bu,NF84, NMO6 and ceric (IV) ammonium nitrate84) are known to effect the

decomplexaﬁon of alkynes from alkyne- cobalt complexes (Scheme 3. 87) Whlle the fate

R - ' TBAF '_ R .
;_l—: —= N—= + ‘Co(II)

Co2(CO)g

Scheme 3.87

of the cobalt fragment in these reactions has not been precisely rleterrrlined it is generally
assumed that the oxidation state of the cobalt species had been altered and, therefore, would
not prov1de a suitable method of catalyst generation.

In contrast to the numerous oxidative decomplexaticn methods, few protocols exist
that remove alkynes in a reductive fashion. Isobe has shcwn that olefins can be prepared
dlrectly from alkyne cobalt complexes when subjected to ‘dihydrogen and catalytic

Cth(PPh3)3 (Scheme 3.88).85 More recently, Isobe shown that treatment of alkyne-
H

(0ot :0 cat. CIRh(PPhg);
Ao 100 kg/em? H,

0 PhH, 75 °C

Ph

Scheme 3.88
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cobalt complexes 220 and 221 with excess n-Bu;SnH or Et;SiH, repectively; allows for

reductive functionalization (Scheme 3.89).86 While the exact mechanism of these

S[F—~_ OTBDPS 10equivBusSaH ~ SNormDPS |
_ = : .
Cox(COJs , th;’ :5 <. | 60%
220 :
. . SiEty
R /OH 125 equiv Et3SiH _/:_<_
W ame= pr—— > THPO OSiEt;
_ Co,(CO)s 2h + regioisomer (ca. 1/1)

221 6%

Scheme- 3.89

reactions is not known, the relatively mild, reducing condi'tionS‘ mey allow for
decomplexation to‘ occur without conco;rxitaht rupture of the rel‘ati-vel).l Weak cobalt-cobalt
bond. Indeed, treatment of 2-Methyl-3-butyn-2-ol-Coz(CO)6 222 with triethylsilane (1
' -equiv.-per alkyne-cobalt complex 222) followed by warming to 60 °C slewly produced the
desired pentalenone 20 (Table 3. 11) Using 10 mol % 2-methyl-3- butyn 2-0l- Coz(CO)6
222 as precatalyst with 10 mol % Et381H the desired blcyclopentenone 20 was formed in
81% y1e1d (Table 3.11, Entry 3)7 At 5 mol % however, the react;on was very slow
giving only 80% eonversion after 17 hours at 60 °C (Table 3.11, Entry 4). At 70 °C
under identical conditions, pentalenene 20 was obtained in 69% efter 5 hours (Table
3.11, Entry 5). Intérestingly, the addition of cyclohexylamme had a posmve effect on the

rate of the cyclization thhout Et;SiH (Table 3 11, Entry 2).
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‘Table 3. 11 Effect of Addltlves on the PKR w1th Catalytlc 2- Methyl 3-
butyn 2.0l CoZ(CO)6

' HO, e ‘
MC%F 222

M
® . Coy(COY

- complex | EtOZ(‘>~:
lamCO . . _ .’ o
by C R0

o 20 .
~ Entry Additive® Temperature  Time Conversibnj

Q- ®_ @
1 none”- - 60"‘.' i .ﬂ o 2 |
2. | 535_%CYNH2 ., .6,0,;., 12 | N 606 o
> v.,Et3SiH e o n g1 -
""4" - BuSiH ._ 0 u s
'5, " Et3S1H o 7(') ) 755 N -‘690‘3%
 a. All reactions were performed in 1,2-DME (0 I M) with 5 mol % 2- methyl- 3_

o butyn -2-ol* C02(C0)6, unless noted otherw1se b 10 mol % 2-methyl- -3-butyn-
2-0l- Coy(CO)g. ¢. 5 mol % 2- methyl 3-butyn 2-0l C02(C0)6 d.1 equ1v/complex

24 Methyl 3-butyn-2-0l-Coy(CO)g, unless noted otherwise. e. isolated yield.

A variety of- dlfferent add1t1ves were evaluated usmg phenylethyne C02(CO)6 223

as precatalyst (Table 3 12) of the add1t1ves tested Et381H and (Et0)381H proved

effectlve g1V1ng the pentalenone 20 in 69 and 68% yield, respectlvely (Table 3 12, Entry

LL B
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7 and 8). Itis i_'r"nportant‘t‘o note that éven a slight excess of Et;SiH (2 ‘=e£1uiy/cobalt :
complex) ' - | . 4 I. B
Table 3 12. Effect of Addltlves on the PKR with Catalytlc
Phenylethyne Coz(CO)6

Ph—S= -
S ST 230 | |
COz(C‘Q)Gj _ : o S
Et0, - 4 " - complex Et02 A |
X T 1amco O
Et0C = DME Etozc ~
19 o 20
, Entty  Additive? Time - Conversion (%)
| S
‘1 - HBpin 31".‘_ | 6 -
2 10%EuSiH 3.5 . 56
3  PMHS" 1.5 18
4  EuSiH/125% 1.5 - NoReaction
DMSO | |
5 BuSiH - 15 - 21
6.  B4SiH L5 33
7 E,SH - - 4 6%
8 (EtO) ;SiH 4 - 68d
9 n-Bu;SnH 2 18

é 1 Equiv/phenylethyne-Co(CO)g, unless noted otherwise.
b 1,2-DCE as solvent (0.1M) at 70 °C c. Toluene as solvent..
| d. Isolated yleld \
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- had a negative effect on the overall rate of cychzatlon even though the initial rate was faster .

(Entry 2). ThlS may be a result competitive reactxon of Et381H with solvated COz(CO)g as
deplcted in Scheme 3. 90 While it is known that COz(CO)g forms Me381Co(CO)7 and

| Et;SiC0,(CO);
‘ o OH .
EySiH 5= — [ COz(CO)_sl _ -
CoxCO) T TN MeOy 2
'  MeO5C ,_
C02(C0)6

Scheme 3.90

“dihydrogen when treated with trlmethylsﬂane16 it is not clear that thlS would be a
catalytlcally active species. |

Several alkyne cobalt -complexes were evaluated as precatalysts w1th Et381H as
add1t1ve Most complexes denved from dlSUbStll‘l.lted alkynes were found to be catalytwally
inactive (Table 3.13). This observatlon is in consonance with the findings of Isobe89, |

who found that long reaction times at elevated temperatures.were required for complete

P SR SiEty
Ph '—:F——Ph 125 equiv Et;SiH __ :
Co,(CO)s © 80 °CPhH Ph” . Ph

15h -~ 78%

Sch‘emf‘e 3.91

_lredu‘ction of cobalt compil‘exesvderived frorri‘disubstituted aikynes (Scheme 3.91). In -
contrast, cobalt complexes derived from terminal alkynes were effectlve precatalysts

(Table 3. 13) ~Alkyne cobalt complexes 222 and 223 exhlblted similar catalytlc actmty
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Table 3.13. Catalytic PKR with Catalytic Alkyne-Cobalt 'Complexes‘ and.' ‘

-Et3SiH as Additive

; Rl—==—R?

R o 3 ".Coz‘(:_C.Ol)g o e :
- EtO,C -' Z/ - 5% complex. _ © Et0y e o
E0,¢0 = % Busit Eto2 O
‘ ' 19 - DME 20
Fay R R®  Time(h)  Yield(%)
1. | Me3Si Me;Si 6 ‘“'No reaction
20 Ph Ph 6 . No,reaction, :
'3 CcOMe COMe . 6 race
4 Pn H 4 68

5 HOCMe), H 5 702

6 HOCMe), H 5 600
7 HOCH, HOCH, 6 - 100%conve .
8 HOCH, H 8 100%conve

c. chld not detemnned

a. Average of 3 runs. b. TMANO 2H20 work—up

when usmg Et381H as additive (Entry 4 and S). The cobalt complex 222 denved from
2- methyl 3 butyn 2-ol offers, significant advantages when compared to the phenylacetylene _
hexacarbonyldlcobalt complex 223 asitis a mxcrocrystallme solid.. Presumably, the
| crys_talhne precatalyst 222-would be less prone to :oxldanon than the liquid complex

derived from phenylacetylene. -
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Extension of the new catalytic PKR protocol to other enyne substrates led to
somewhat dlsappomtmg results. Carbonylative cychzanon of a tosyl protected enyne 17

afforded a 68% isolated yleld of blcyclopentenone 18 (Scheme 3 92) In addition, the

‘ /\/ , ,S%Complex222‘ D e o
N — S%ESH . - ‘TSN\/:Q=O
- latm CO,70°C - : D
A7 DME 18
' 68%

Scheme 3.92

Pauson-Khand reaction of a more cha_lllenging 1,7-enyne substrate 171 afforded ox_ﬂy a

64% yield of the indenone 172 using these conditions (Scheme 3.93). Whiile the .

Me02%® S% complex 22; . Me02 . »
—_ '5% Et3SiH o >( I: >=
MeOsC T lamCO,70°C MeO,C I

171 DME 12h | 172

Scheme _3.93

method was modestly successful, the yields do not corﬁpare faVorably with reactioos that
used Co,(CO)g as precatalyst, so further optimization studies Were irﬁtiated.

| Without Et;SiH, slow product formation was observed when. t'he alkyne-cobalt
precatalyst 222 was heated with the enyne 19 (Table 3. 11 Entry. 1) On thc |
presumptlon that a reductive decomplexatlon process with Et3S1H was competitive w1th
unproductlve side reactions involving the enyne 19 a number of d1fferent actlvatlon _
protocols were studied. It was believed that if the reductive decomplexation of the alkyne-
cobalt complex 222 could be achie'ved before the addition of the enyne 19, a higher yield

may result. These results are recorded in Table 3.14. All reactions were performed by -
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“Table 3.14. Effect of Varlous Heatmg Protocols on the PKR w1th Catalytlc
2-Methyl-3-butyn-2- ol Coz(CO)6

EtO; 74 5% complex 222 . EO,C. _
' ' o - S e 0
'Et02CI><_ = S%EuSH | EtOz -

- 19 o ,”“‘,;“;IEO ‘.' o e D20

"Entry .  Heating ime® ” Temperature | Timev Yleldb

- o S O W)
1 Smn . 60 = 12 83
2 1h : 0. 12 70b

3 Smin ;‘_6'57_5‘ 0

4 0mn 6 10 75
5 ISminwith1S%CyNH, 65 6 o
6 15min, CoyCO)s 65 . 4 o

Heatmg time represents the time that the cobalt -alkyne complex and Et3SlH were

heated before the addition of substrate b. % conversion.
¢. 2-Methyl-3- -butyn-2-ol- C,oz(CO)G was used as precatalyst.

heatmg precatalyst 2- Methyl 3-butyn-2- ol Coz(CO)G 222 w1th Et3SlH in 1 2 DME for the
specxﬁed time, followed by the addition of substrate 19. Activation in thls manner at 60 °C
(15 min or 1 h, Entry 1 and 2, Table 3.14) led to, moderate conversion to. product, while |
actlvatlon at 65 C allowed for complete conversmn (Entnes 3 and 4, Table 3. 14) The

yleld using this method at 65 °C was almost the same as- the yields obtamed using the other “

method at 70 C‘\(Entry 4 and 5, Table 3.13). The reductive decomplexatlon was then®

performed in the presence of cyclohexylamine? for 15' min, followed by the addition of

1
‘
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. substrate 19. Thrs modification led to a greatly tmproved yreld (Entry 5 Table 3.14). .

Initial results on the scope of the n new method are shown in Tables 3.15 and 3.16.87a

Table 3.15. Pauson Khand Reactron of Malonate Derlved Enynes thh

Catalytlc 2- Methyl 3- butyn 2- ol Coz(CO)s

Entry

Subsirate  Time®) . Produt Yield(%)
o EtO,C L
1 Et0,C, :// 2 2 ><D:O gob
o B0 = THOLT ML
R .19 I 20'-"-
. MeO,C — ‘ MeOC
171 172
e " MeO,C - : ) .
MeO,C .
- ~o0Ac .
74
4 12 MeO,C —\ o
. e —0 95
MeO,C =/ T
176 . '
. | —OTBS
> 12 MeO,C. ' gpdf
0,C. e | 904 -
weor (Lo =
2 7 Me02C>~:
MeO,C — -
177 178

a. All reactrons were performed usmg substrate concentrations of 0. IM with'5 mol % Et3SlH 15 mol %

CyNH3 and 5 mol % alkyne-cobalt complex at 65 °C, unless stated otherwise. b. Average of two .

expenments ¢. 7.5 mol % alkyne-cobalt complex. d. 10 mol %

alkyne cobalt complex €. Thiophene' was

used (30 mol %) instead of CyNH;)_ f. >20/1 cis/trans by 1H NMR spectroscopy
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Table 3.16. Pauson- Khand Reactlon of Tosamlde Derlved Enynes W1th
~Catalytic 2- Methyl 3 -butyn-2-ol- C02(C0)6

Entry Substr‘ate S } _Tir'ne (h) 7 ‘Product e Yield‘(%). :
e T =0
17 s
Me o Me S
2 p 12 ? : |
TsN T =0 - 85
179 180
3 TsN/\/ 15 TsN<:Q:O gyl
= Me :
: Me
181 ~ o

a, All reactions were performed using substrate concentration§ of 0. ‘IM with 5 mol % Et3SiH, '

15 mol % CyNH; and 5 mol % alkyne-cobalt complex at. 65 °C, unless stated otherwise,
b. average of two expenments c.75 mol% alkyne-cobalt complex. d. 10 mol % alkyne-cobalt

complex e. 1 31 0 ratw of dlastereomers

Control reactlons show that, without Et381H reduced ylelds of blcyclopentenones

176 and 18 are obtained (Scheme 3.94 and Scheme 3. 95)

Me' '

M602 5% COmplex 222 ﬁ— . M602 | .
Me. . 15% CyNH, , >< ’ >: .
— ‘ 0
Me0,C = 1 atm €O, 60 °C MeO,C .
81%

'Scheme 3.94

LI
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. /_j 5% complex 222 S — ‘ ‘ .
17 .

latm CO, 60 °C L
DME - . . .18

" Scheme 3.95 - R

Clearly, the combination of Et381H cyclohexylannne and 2-methyl 3- butyn 2- ol Coz(CO)6
222 is reqmred to achieve high yields using this method 8o, .- |

Further deﬁmtlon of the scope of novel catalyst 222 for the PKR is shown in o
Table 3. 17.
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Table 3.17. Pauson Khand Reactlon of Stereogenic Enynes wnth Cata]ytlc -

2- Methyl 3- butyn 2-ol° Coz(CO)G

4.7/1 8gbe -

- SMe

207 . . - 208

a. All reactions were performed using substrate concentrations of- 0 IM with 5 mol % Et3SiH, 15%

CyNH3 and 5 mol % alkyne- coba]t complex at 65 °C, unless stated otherwise. b. 10 mol % alkyne cobalt
’ complex c. From reference 23. . )

Entry Substrate . Prdduct.'  SynAnd Yild(%) -
QTBS = OTBS . o L ' IR |
1 : e SUNERE - not- 3096  ;;;:~1; :; fg
X T =0 DR
. Me -~ deterrmned conversmnw‘-_r'. e
-2 o S
171 90
3 - :
7.2/1 65bc
4 o ‘
. 26/1 . .. 9
- - ~:78c. B
6
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The goal of developmg a more stable catalyst for the Pauson Khand reactron has
- been reahzed The complex 2- methyl 3- butyn 2-ol- Coz(CO)G 222 is easrly prepared" '
from the i mexpensrve commerc1ally available 2-methyl 3- butyn 2 ol and COz(CO)g 2-.
Methyl-3-butyn-2-ol- Coz(CO)5 222 is mrcrocrystallme at room temperature and does not
requ1re handlmg In an inert atmosphere Exposure of complex 222 to air for 24 hours :

does not reduce its ablllty to be an effectrve catalyst for the 1ntramolecular Pauson-Khand -

- reaction.88,
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4. SUMMARY -

Initial studles on the asymmetnc Rh- catalyzed [4+2] cycloaddition using cationic

I'hOdlle complexes have shown that the nature of the counterion can dramatically. effect the
rate of cychzatlon This d1scovery 1s expected to lead to catalyst systems w1th improved

select1v1ty and efficiency.

- The ﬁrst examples of a Coz(CO)g-catalyzed carbonylatlve cycllzatxon of allenynes -

have been d1scovered In most cases, product selectw1t1es and yields can be lmproved by
altering alkyne substltutlon A novel rhodium- catalyzed carbonylattve cyclization of
allenynes at 1 atm of CO has been dlscovered Preliminary results suggest that tlus reaction
offers complementary selectivities when compared to the Coz(CO)g-catalyzed protocols

though further studles are requ1red to more fully elucidate the scope of this reaction. A
novel rhodmm—catalyzed cyc101somenzat10n of allenynes has been discovered.

Further modifications have been made to the catalyttc photopromoted intramolecular

Pauson-Khand reaction, originally discovered in these laboratones It was discovered that

careful control of the internal reaction temperature allows for efﬁc1ent cataly31s w1thout
photochemlcal activation. Addlttonal studies on the substrate- based control of

d1astereoselect1v1ty in the catalytlc Pauson Khand reactlon have also described. The

‘ development of an alternative precatalyst for the Pa-uson—Khand re‘action has been

described. This novel catalyst offers several advantages over the traditional catalyst for the

Pauson Khand reactlon as it is easily prepared and is stable in a1r
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5. EXPERIMENTAL
5.1 General Experimental Details __

'H NMR and 13C NMR spectra were recorded on a Bruker AC-300 or Bruker. :
DPX300 (300 MHz H 75.5 13C) spectrometer in deuterlochloroform (CDCl3) w1th
chloroform as .an internal reference (7.24 ppm H 77 OO ppm l3C) unless otherwrse '
noted Phosphorus NMR spectra (31P NMR) were measured at 121 MHz with a Bruker
.DPXBOO spectrometer and are referenced externally to PPh3 ( 6 O ppm). Data are reported _
in the following order: chemical shifts are given (8) apparent multrphcrtres are. mdrcated (br
(broadened), s (smglet) d (doublet), t (triplet), q (quartet), hex (hextet), m (multiplet)
exch (exchangeable), app (apparent)) H NMR couplmg constants, J, are reported (Hz).
" Infrared spectra were recorded on a Bruker ISF 25 spectrometer Peaks are reported (cm
' l)wrth the following relatrve intensities: s (strong, 67- 100%) m (medium, 40-67%), W'
(weak, 20-40%) and br (broad). Electron 1mpact mass spectra(70-eV) were recorded wrth =
a Hewlett Packard 5970 series mass selective detector High resolution mass spectra were
- recorded ona VG Instruments 70E HF spectrometer Analytlcal gas chromatograms were

obtamed ona Vanan Model 3700 gas chromatograph ora Hewlett Packard 5890 equipped

. with ﬂame 1omzat10n detectron and either an Alltech Econocap SE-54 bonded phase

column (15 m length, 0.54 mm 1d, and 1.2 mm ﬁlm _thrcl_(ness) or a Heliflex (Alltech_) RSL
150BP bonded phase column (15 m length, 0.32 mm id, and 0.25 mm film thickness).
Optical rotation measurements were performed at approxrmately 25°C with a Perkrn-Elmer
- 241 MC Polarimeter and are reported as follows: [oc]A25 (cg / 100 mL of solvent)

Enantlomerrc excesses were determined using an IBM HPLC ona Chrralpak AD analytical
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column. Meltr’ng points were obtained using.a Mel-Temps apparatus and are réported
uncorrected. | ' | ‘
Al reactrons were perforrned 1n'oven- and/or flame- dried glassware under a stahc '

argon atmosphere except those react1ons utrhzlng water as a solvent which were run

under air. Analytlcal th1n layer chromatography (TLC) was performed on plates supphed "

by Alltech and Associates. V1sualrzat10n was accomplished by UV- lrght KMnOy,
phosphomolybdenic acid,. ammomum molybdate or 1od1ne Bulk solvents for
chromatography were reagent grade. Flash column chromatography was petformed with
Merck silica gel 60 unless otherwise noted. Solvents used as reaction media were distilled g
1mmed1ately before use: tetrahydrofuran dlethyl ether and 1,2-dimethoxyethane, toluene
p-xylene, benzene and r-buty] methyl ether were distilled from sodlum-benzophenone
ketyl. Acetonitrile, dlchloromethane 1,2- dlchloroethane 2,2,2- tnﬂuoroethanol and 2-
butanol were distilled from calcium hydride at atmospherrc pressure under argon Dlmethyl
formamide, dimethyl acetamide, and hexamethylphosphoramlde were distilled from

calc1um hydride at reduced pressure.  After dlstlllatron drchloromethane 1,2-°

dichloroethane, toluene, benzene and 2,2,2- tnﬂuoroethanol were transferred to a Schlenck

flask and freeze- -pump- -thaw degassed before use in reactions 1nvolvmg transition metal S

catalysis. Hydrocarbon solvents were punﬁed by repeated stlmng over concentrated ‘
HZSO4 until no d1scoloratlon was observed, washed w1th water, drred (MgSO4), and |
drstllled from sodium or potassrum “Brine” refers to a saturated aqueous solution of
NaCl. Unless otherwise specified, solutions of NH,Cl, NaHCO3, KOH, NaOH, etc. refer

« to aqueous solutions. Titration of n-BuLi was accomplished using the method of

Suffert.89
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5.2 Chiral Phosphines and Related Precursors

(+)-(1R, 2S5)-Methyl 2-methylc‘ycl_ohex-4-ene-2-carboxylate'-1-ca‘rboxylic .

acid (90) R ‘
e

In a one llter round-bottomed ﬂask a solutlon of dusopropylamme (32.0 mL, 0. 23 mol,

-2.3 equiv) in THF (400 mL) was cooled to -78 °C (COZIIPA) To this solution was added

n-Buli (84.0 mL of 2a2.5 M solutxon in hexanes 0.21 mol, 2.1 equlv) over 25 mm The

resulting light yellow solution was allowed to stir for 30 min at -78 °C, then alOM “

solution of (1R, 25)-methyl 2-methylcyclohex-4-ene-2-carboxylate-1v-carboxy1ic acid

(89)60 (18.4 g, 0.10 rn_ol,'l.OO equiv) in THF was added dropwise via cannula over 35
min. After an additional 35 min at -78 °C, Mel (12.5 mL, 0.300 mol, 2.00 equiv) was
added over 25 min and thé resulting mixture was allowed to warm to room temperature
very s'lowly. After 18 h, the reaction mjx‘tur‘é"\.;vas cooled to 0°C (ice/water) and 1.0M

‘H,S0, (250 mL) was added. The réaction -mixfuré was extracted twice with ‘¢_thy1 acetate

(450 and 150 mL) and the comb_ined’ organic layers were washed with brine (350 mL) and- o

‘dri‘ed (NaZSO4). ‘Evaporaiion of most df the solvent folloWed by addition of pentane (250 -

mlL) afforded 17.4 g ‘(88. %) of the title compound as a colorless solid. Data for the title

compound 90 ([a]325 = +13.0° (¢ = 1.00 in 2_-propan61) were consistent that described in

the literature.90
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('+)-(L_S', 2R)-Dimethyl. l-methylcyclohex-4-ene-1,2-dicarboxylate (91‘)‘
CCCOZMe -
| 'I;:'ie COzMe |

in~_a 250 mL round-bottomed flask, a solution of (#)=( lR‘,-ZS')-methyl 2—methyICycle‘hex-
4-ene-2-carboxylate-1-carboxylic acid (90) (17.4 £, 88.0 mmol, 1.00 equiv) and K,CO;
_‘ (18.-2 g, 132.0 mmol, 1.50 equiv) in DM.F'<(9O mL‘)vwas‘ allowed to stir for 30 rnirt at rt at |

" which time Mel (8 2 mL, 132. O mmol L5 ‘equziv) ‘vua"s added rapidly After a brief - .

mduct10n penod (ca 2-3 min), a rmldly exotherrmc reactlon occurred and the suspensron ‘
was allowed to stir for 2.5 h at which tlme tlc analy31s (30% ethyl acetate in hexane,
KMnO, stam_) showed consumiption of startmg rnat_ena_l Rf= 0.36) and formation of one
product (R = 0.66). The mixture was partitieued between' diethyl ether (300-mL) and
water (250 mL). The aqueoue phaee was washed with diethyl ether (2 x 100 mL) and th'e' '
| combined organic layers were washed with water (200 mL), brine (250 mL) and dried
(Nazfslo;).‘ Evaporation of solvent affordeda yellow‘ oil which was purified lay Kugelrohr
. distillation (80 °C, 0.025 Torr) to give 18.0 g (9‘7‘%) of the title -ccmpound as a colorless
oil. Data for the title compound 91 were cottsiStent with that reported in the literature90; 'H
_NMR (300 MHz, CDCl;) ) 5.50 (br m, 2H) 3. 58 (s, 3H), 3. 53 (s, 3H) 2 87 (dd J=
_6 6, 2.3 Hz, IH) 265 wrth ﬁne structure J = 18 O Hz lH) 2.26 (m 1H) 1.92 (m
1H), 1.12 (s, 3H); 13c NMR (75:5 MHz CDCl) 8 177 2 (C), 173.7 (C), 1249 (CH),
122.7 (CH), 51.6 (CH,), ‘5,1.‘5 (CH3), 44.2 .(CH), 413 (©), 31.0 (_CHZ), 24.5 (CHy);
: '23..7 (CH3)' IR (thin ﬁlrn NaCl) 3029 (s), 2952 fl(s‘) 2850 (s) 1734 (br's), t4’35 (s), 1198
. (br s), 1109 (s); hlgh resolutlon (EI) mass spectrum calculated for C“H 1604 (M+)‘
213.1127, found 213.1122. | | |
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'(f)-(lS, 2R)-Dimethyl 1,2-dimethylcy‘clohex-ctfene-l,2-dica'rboxylate (92)

. Me
O:,\ CO,Me
e
Me | OzMe

In a one liter round-bottomed flask, a THF (422 mL) solution of diisépropylamine (14.‘3'
mL, 101.8 mmol, 1.2 equiv) was cooled to -;78 °C. To thi"S solution was added_ n-BuLi
(37.3 mL, 93.3 mmol, 1.1 equiv) over 10 min. 'Thé resulting light yellow sollutiOnv was
allowed to stir for 30 min at -78 °C. Aftér 30 min, a'_l.O M solution of .thé .(+)-(1S, 2R)§
dimethyl 1-methylcyclohex-4-ene-1,2-dicarboxylate (91) (18.0 g, 84.8 mmol, _i.OO equiv) '

"in THF was added over 50 min at -78 °C. The resdlting bright yellow solutidn.was

allowed to stir at -78 °C for 2 h then Mel (7.90 mL; 127.2 mmol, 1.50 equiv) was added . ~

over 50 min. The resulting Homogeneous solution was stirred overnight as the cold bath |
was allo'wed to slowly warm to room temperature. After 12 h, the reaétion mixturé was
cooled to 0 °C (ice/water) and quenched by the addition of 33% (v/v)'acetic acid 1n THF
(130 mL). The mixture was extracted twice with diethyl ether (350'mL) and the co_mb,iﬁed
organic phases were washed with half-satﬁfated NaHCO; (300 mL), samfated NaHCO; (2 '
x 300 mL), water (200 mL), brine (2 x 250 mL), and dried (NaZSO4). Evéporation of
solvent afforded a yellow-orange solid which contained a mixture of diastéreomers (GC
analysis revealed a 8/1 mixture (traﬂs/cis)). The solid was purified by diséolving in hot
MeOH (ca. 40 mL) aﬂd allowing the mixture to cool to roomterr‘.lp.)erature at whi'c‘h time -.
crystals had formed. Cooling to -20 °Cfor5h follbwed by filtration through a .pre-éooled.
coarse frit afforded a mixture of (+)-(15, 2R)-dimethyl 1,'2-dimethylcyclohex-4-ene-1?2-
dicarboxylate (92) and meso-dimethyl ‘1,2-dimethylcyciohex;4-éné-1‘,2-ldicar-l.)dxyla_te' .

(92) (18/1). A second recrystallization in the ide.ntiéal manﬁer descﬁbcd above affords
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9.82.g (50%) of (+) dlester 92 as a colorless SOlld (>99/1 ratio of d1asteromers by GC

analysis). A second crop of (+) diester 92 could be obtained by recrystalhzatron (3 06 g,

16%) that was of the same level of purity. Data for the title compound (+)-92: ([a]125 =

+19.5° (c=1.021 in 2—propanol); mp = 60-61 °C; 'H NMR (300 MHz, CDCI3) 8 5.58 (app -
s with fine structure, 2H), 3.64 (s, 6H), 2.68 (d, ] =16.5 Hz QH) 1.90 (dd, J = 16.5,
2.7 Hz, 2H), 1.24 (s, 6H) ”C NMR (75 5 MHz, CDCl;) & 176 0.(2xC), 1235 (2 X

' CH) 51.7 (2 x CHy), 46 2 (2 X C) 33. 2(2 X CH,), 19.7 (2 X CH3) IR (thin ﬁlm NaCl)

3036 (m), 2978 (m) 2957 (m) 2923 (m), 2851 (m) 1725 (br s) 1429 (m) 1278 (s),
1234 (s); High resolutlon mass spectrum calculated for C12H1304 (M ) 226.1205, found

226.1209.

(+)-(1S, 2R)-Dimethyl 1,2-dimethylcyclohexane-I;Z-di_carboxylate (93)

- Me , |
\Cone
:¥COo,Me
: Me

In a 250 mL round-bottomed flask, a 0:4 M suspension of (-‘l—)-(l‘S,‘ 2R)-di'methyl 1,2-
dimethylcyclohex'-4-ene-1,2-dicarboxylate (92) (8.96 g, 39.6 mmol, 1.00 equiv) and 5%
Pd/C (2.4 g) in EtOH was allowed to stir under Ar A dihydrogen ﬁlled balloon was added

and allowed to purge the system for one mmute after wh1ch tlme the exit needle was

removed and the suspensron was stlrred for3 h at rt. The reaction vessel was purged wrth

Ar for 5 min and then filtered- through a piece of filter paper covered with celite (5 52

- cm). The pad of cellte was rmsed w1th EtOH (5 x 30 mL) Evaporatlon of: solvent
afforded a colorless solid. The sohd was dissolved in CCl, and then evaporated to give

8.69 g (96 %) of (+)-(1S, 2R)-dimethy! 1,2-d1methylcyclohexane-1,2-drcarboxylate 93)
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as a C01c>‘rless solid Which was sufficiently pure for the next step.' Data for (+)-(1S, 2R)-
dimethyl l,2-dimethyl§ycvlohexané-1,2-dicérboxylate (93): ([0]p25 = +44.70 (c=1.02in
2-propanol); mp '= 54-55 °C; '"H NMR (300 'MHZ CDCI3) 3.3.62 (s, 6H) 2.03 (m, 2H),

.1.50 (m, 6H), 1.27 (s, 6H) ’C NMR (75.5 MHz, CDCl3) § 176.4 (2 x C), 51 5 (2 X -

CH3),473(2xC),31.4(2xCH,),20.5(2x CH;) 19.8 2 x CH3) IR (thm film, NaCl)
2992 (m), 2958 (m), 2872 (m), 1725 (s), 1247 (s); ngh resolutlon mass spectrum
calculated for C11H1603 (M + CH;0H)" 196 1099, found 196. 1100

(-)-(18, 2R)-1,2-Dim¢thyl-1,2-di(hydroxymethyl)'c‘yclohexane 94)

Me

. _f~—ou
OH .

Me

A solution of (+)-(1S, 2R)edimethyl 1,2-dimethy1cyclohexane;1.,2-dicarboxylate 93)

(8.64 g; 37.8 mmol, 1.00 equiv) in THF (40 mL) was added dropwise to a suspension of '

LiAlH, (2.20 g, 56.8 mmol, 1.50 equiv) in THF (100 mL) at 0 °C (ice/water) over a period
of 20 min. The resulting suspens'ion was heated to reflux for4 h After"éi h, the suspension
| was cooled to 0 °C (ice/water) and quenched by the sequential addition of ethyl acetate (10
‘mL) and water (10 mL). The resulting mixtu_re was then poureci into 1.0 M‘HZSO4 ‘(2"/'5
mL) and extracted with ethyl acetaté (250 mL). Thevlayers'wérie' separated and the aqueous'
layer was washed with ethyl acetate (2 x 100 mL) The combmed organic layers were
washed with water (300 mL), brine (250 mL) and dried (Na2$ 04) Flltratlon and
~ evaporation of solvent afforded a 0010rless solid which was recrystallized from hot
methyicyclohexane (50 mL) to afford 6.11g (94 %) of (-)-(1S, 2_R,)-1;2-dimethyl-1,2-

di(hydroxymethyl)cyclohexane (94) as colorless crystals. Data for the title compound 94:
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([a]a25 = -5.930 (c = 1.03 in THF); mp = 215218 °C; 'H NMR (300 MHz, CDCl) §
3.78 (s, 2H), 3.60 (d, J = 11.3 Hz, 2H), 2.96 (d, J = 11.3 Hz, 2H), 1.40 (m, 6H), 1.05

(s, 6H), 1.10-0.92 (m, 2H); ’C NMR (75.5 MHz, CDCl;) & 69.8 (2 X CH,), 40.2 2 x.

C), 32.7 (2 x.CHzi), 21.5 (2 x CH)), 17.3 (2 x CH3); IR (thin 'ﬁlm,“N'aCI) 3122 (br s),

2970 (s), 2915 (s), 2859 (s), 1046 (s); High resolution mass spectrum calculated for

CoHis M - 2 Hy0)" 136.1252, found 136.1257.

(-_)-(1S, 2R)-1,2-Dimethyl-1,2—di’(me.thanesulfonylmethyl')cycloheXane (97)
Me

BN OMs- -
—t OMs

Me

In a 100 mL round-bottomed: flask, & suspension of (-)-(1S, 2R)-1,2-dimethyl-1,2-
di(hydroxymethyl)cyclohexane (94) (1.72 g, 10.0 'mmol, 1.00 equiv) and

methanesulfonyl chloride (1.7 mL, 22.0, 2.2 equiv) in DCM (35 mL) was cooled to ca. =5

°C (ice/salt/water) for 15 min. DropWis‘e ﬂadditiox‘l of triethylamine (4.2‘ mL, 30.0 mL, 3.0
equiv) over 15 min caused dissélﬁtion of the partially insoluble diol 94 followed by
formation of triethylamine hydrochloride as a colorléés ppt. The r_eac;tibn rnivxture‘ was
allowed to stir for 13 h at0 °C. At this time the reaction mixture was partitioned betwéen
DCM (50 mL) and 1.0 M HZSO,; (50 mL). The organic layer was washed with half-
saturated NaHCO; (50 mL), water (50 mL), and' dried (N&;SO,). Filtration and
evaporation of solvent affords 3.3 g of a liéht tan solid which was purified by
'recrystallization from hot absolute EtOH (50 mL) t_,,o‘give 3.08¢g (94%) of (-)=(1S, 2R)-1,2§

fDimethyl-‘l,2—di(methanesulfonylmethyl)cyclohexane (97) as color‘les‘s‘crystals. Data for

the title compound: ([o]x25 = -5.05° (¢ = 1.01 in THF); mp = 129-132 °C; 'H NMR (300
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MHz, CDC13)5416(d J = 96Hz 2H), 400(d J 96Hz 2H), 299(s 6H), 14 :

(m, 8H), 1.04 (s, 6H); °C NMR (75.5 MHz, CDCI3) 8 75.0 (2 x CHy), 38.5.(2 x C);
37.1 (2 x CH,), 315 (2 x 'CH,),20.9 (2 x CHy), 18.1 (2 x CHy); IR (thin film, NaCl)

_294‘1 (m), 2867 (w), l_367 (s), l349 (s), 1179 (s), 954 (s), ngh resolution (CI, NH3).

mass spectrum calculated for C‘12H23NC-)5S (M + NH,)" 346.1358, found 346.1348. '_

' (-)‘-.(lS,--2R)-1,2-Dimethyla1,2-di(bromomethyl)cyclohexane 98)

Me .

Br
Br '

Me -

In a 25 mL round- bottomed flask equrpped with a reflux condenser a suspensmn of (- )
(lS 2R)- 1 2-dimethyl- 1,2- dl(methanesulfonylmethyl)cyclohexane (97) (1.23 g, 3.73
mmol, 1.00 equ1v) and LiBr(0.84 g, 9.7 mmol 2.6 equrv) in HMPA (7 5 mL) was heated
- at 125 °C for 15 h. The reactlon mixture was allowed to cool to rt and then partitioned

between. pentane (20 mL) and‘v water (20 mL). The aqueous phase was washed with

- pentane (2 x 10. mL) and the combined organic layers were washed with water 3 X 10

mL) brine (15 mL) and dried (NaZSO4) Evaporatlon of solvent followed by flash
chromatography (basrc alumina, 100 % pentane) afforded 0. 852 g (94%) of -)- (lS 2R)-

| 1 2- d1methyl 1,2- d1(bromomethyl)cyclohexane 9%) as a colorless 011 Wthh sohdlﬁed

upon standmg at room temperature ‘Data for ()(lS 2R) 1,2-dimethyl-1,2-
‘ d1(bromomethyl)cyclohexane (98): ([0])25 = -6. 51° (c = 1.00 in THF); mp = 59-60 °C:
'H NMR (300 MHz, CDCl;) § 3.66 (d, J = 10.1 Hz, 2H), 3.54 d,J = 10 1 Hz, 2H),

1.64-1.53"(m, 2H), 1.46-1.37 (rn 6H); >C NMR (75.5 MHz, CDCl3) 8 43 9 (2 x CHy), "

39.3(2x C), 32.7 2 x CHy), 21.4 (2 x CHy), 19.9 (2 x CH;); IR (thin ﬁlm, NaCl) 2969
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(m), 2934 (s), 2862 (s), 1465 (m), 1254 (m); High resolution mass spéctmm calculated for - |

CoH;6Br (M - CH3Br)" 203.0435, found 203.0431.

(lS 2R)-1-Methyl-1- (2 methoxybenzoylmethyl) 2 (hydroxymethyl) 2-

_0' MeO

methylcyclohexane (95)

A solution of (-)-(1S, 2R)- 1 2 -dimethyl-1,2- d1(hydroxymethyl)cyclohexane (94) (43 mg, ‘

0.25 mmol, 1.00 equiv), tnethylamme (0.42 mL, 0 30 mmol, 1.2 equiv), and 4-
dimethylaminopyridine (3 mg, 0.03 mmol, 0.1 equiv) in DCM (1 mL) wa_s cooled to 0 °C
for 10 min. To the colorless solution at °C was added o-anisoyl chloride (0;37 mL,_ 0.25

mmol, 1.0 .equiv) After 30 min at 0 °C, the volatiles were evéporated at reduced pressure -

and the re31due was partloned between diethyl ether (15 mL) and water (15 mL) The

"orgamc layer was washed w1th brine (15 mL) and dried (NaZSO4) Evaporatlon of solvent ;

followed by flash chromatography (Si0,, 30% ethyl acetate in hexane) afforded 0.56 g

(76%) of thé title compound 95 as a colorless oil. HPLC analysis (Chiralpak AD, 90/10

Hexane/IPA at 1.0 mL/min; 245 nm; minor at 18.1 min, major at 19.9 min) of the

chromatographically puré monoester revealed 99.4% ee.
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(¥)-1,2-Dimethyl-1,2-di(2- methoxybenzoylmethyl 2-(hydroxymethyl))-
cyclohexane (96) and (¥)-1-methyl-1-(2- methoxybenzoylmethyl)-Z-
(hydroxymethyl)-2-methylcyclohexane (95)

MeO ’
| 0 o | :
Me
o 09 L Me . \”/Q
/,—_/_ZZO/“© 7 JF._,O
‘ Me X : OHOMeO

In a 5 mL round- bottomed flask, trlethylamme (0 84 mL 6.0 mmol 3. O equxv) was added )
dropwise to a suspension of (%)- 1 2- d1methyl 1, 2 d1(hydroxymethyl)cyclohexane (94)‘
(344 mg, 2.0 mmol, 1.00 equiv), and DMAP (24 mg, 0.20 mmol, 0.1 equiv) in DCM (2
mL) at rt. To the colorless solution‘ at rt was added o-anisoyl chloride (387 uL, 2.60 mmol,
1.30 equiv) rapidly and an exothermic reactiotl ensued. After stirring for 18 h, the DCM
was evaporated at reduced preséure and the residue was partioned between diethyl ether (15
mlL) and water (15 mL). The organic layer was washed with brine (15 mL) and dried
(Na,SO,). Evaporation of solvent followed by flash chromatography '(Sioz, 15% ethyl

acetate in Hexane to 30% ethyl acetate in hexane gradient for elution) afforded 0.21 g (24%)
of the diester as a colorless, viscous oil which SOIidiﬁed on standing and O 246 g (40%) of
the monoester as a colorless viscous 011 Data for (¥)-diester 96: 'H NMR (300 MHz,

‘v CDC13)8779 (m 2H), 744(m 2H) 6.96 (m, 4H) 432 (d, J- 112Hz 2H), 4.30 (d.
J = 11.2 Hz, 2H), 3.87 (s, 6H), 1.61 (m, 2H), 1.44 (m, 6H) 1.08 (s, 6H); 13C NMR
(75.5 MHz, CDCL;) § 166.4 (2 x ©), 159.0 (2 x C), 133.3 (2 x CH), 131.5 (2 x CH),
120.0 (2 x ©), 199.9 (2 x CH), 111.7 (2 x CH), 70;1 (2 xCH,), 55.6 2x C'H3)‘, 38.1 (2
x C), 31.7 (2 x CHy), 21.3 (2 x CHy), 18.7 (é'x CH3); IR (thin film, NaCl) 2'937.(5),
2863 tm), 2838 (m), 1727 (br s), 1700 (br s), 1303 (s), 1253 (s). High resolution (EI) .
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mass spectrum calculated for CysH3,04 (M™) 440 2199 found 440, 2210. Data for (+)- : |
monoester 95: H NMR (300 MHz, CDCl3) 8 7.76 (m lH) 7.41 (m IH) 6.94 (m 2H),
424(d J-112Hz 1H), 418(d J =11.2 Hz, IH) 384(s 3H) 362(dd J-112:._‘-_ |
5.3 Hz, 1H), 336 (dd, J— 112 5.3 Hz, 1H)227 (t, J 53 Hz lH), 1.38 (m, 8H),‘

1.01 (s, 3H), 0.9 (s 3H); PC NMR (75.5 MHz, CDCl3)5 1665 (C) 1587 (C), 1334 L

| (CH) 131.7 (CH), 120.0 (C), 111.7 (CH), 70.6 (CH,), 68 5 (CHZ) 55.6 (CH3) 39 3
(©), 38.2 (C) 32.1 (CHp), 31.5 (CH2) 21 45 (CHZ) 21, 4 (CHz) 18.1 (CH3), 17.9 |

(CHj); IR (thm film, NaCl) 2937 (s), 2863 (m), 2838 (m) 1727 (br s), 1700 (br s), 1303 _

(s), 1253 (s). High resolution (CI, NH;) mass spectrum calculated for C18H27O4 M+ H)
307.1909, found 307.1895. The (¥)-diester was resolved by HPLC (Cthalpak AD, 90/ 10
' hexane/rsopropanol 1. 0 mL/rmn 254 nm, 17.1 min, 19. O rnm)

(i)-l,2-Di'methyl-1'-,2-bis(diphenylp'ho_sph‘iuo:methy:l)cy‘clohexan_e (99) -

Me

| _PPhy
;%’th |

Me

To a suspension of i(-":)-pho.sphine-borane 98 (0.078 g, 0.145 mmol, 1.00 equiv) in |
toluene (1 mL) was added morpholine (51 p,L 0582 mmol 4.0 equiv). The resulting
. suspension became a colorless solution upon heatmg to 70 C After 6 hat70 C the
solution was allowed to cool to.rt and the solvent was removed by rotary evaporatron The
resultmg solid was triturated w1th methylcyclohexane and the combined portions were
concentrated affording a colorless solid. Recrystallization from ethanol afforded 0.026 g
(35%) phosphine 99 as a colorless solid. Data for (+)-1,2-dimethyl-1,2- -
bis(diphenylphosphinomethyl)cycl‘ohe'xane _(99)': mp = 155_—158 °C; 'H NMR (300 MHz,
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CDCl5) & 7.30-7.47‘(aromatic envelope, 20H), 2.36 (dd, J ='14.1, 4.5 Hz, 2Hj, 2-24‘((1_‘ ,
with fine structure, J = 14.1 Hz, 2H), 1. 61.(br s, 4H), 1.30 (br s, 4H), 1.07 (s, 6H); Bec
NMR (75.5, CDCl,) 6 140.6 (C), 133.1 (d, J = 3.8 Hz, CH), 132. 8 (d, J 3.5 Hz, CH)
128.40 (d, J 2.5 Hz, CH), 128.31 (d, J = 2.6 Hz, CH) 12825 «, J—19Hz CH),
39.9 (d, J = 9.0 Hz, CHy), 37.6 (d, J = 16.0 Hz, CH,), 348 d,J = 12.8 Hz, CH,), 21.9 -
(d, J = 13.4 Hz, CHy), 21.5 (CH3); 31P NMR (202 MHz, CDCl3) -23.5; IR (NaCl, thin - -
. film) 2924 (s), 1433 (s), 1372 (my), 11‘81 (m), 1115 (m), 912 (m), 741 (s), _69‘5" (s); high
resolution (EI) ﬁxass spectrum calculated for C34H35P2 (M+) 50_8‘.2449; fog_nci 508.2449.' L
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5.3 Rh-Catalyzed [4+2] Cycloaddition
Cycloisoinerization Procedure A (Neutral; solid phosphine)

An oven- drled test tube was charged W1th [(COE)thCl]g_ and phosphme The test
tube was carefully flushed with argon, solvent was 1ntroduced and the resulting solutlon
was allowed to stir at least five minutes. Triene (neat) was added to the solution via a

.gastight syringe and then the reaction was heated at the described temperature‘for the

specified length of time.
Cycloisomerizétio’n Procédure B (Neufral; ‘liquid‘ph.o'sphine).'

A oven-dried test "tu‘be was charged §Vith [(COE)ZRhCI]z. Thé test tube was
carefully flushed with argon, solvent was introduced followed by the | addition of
phosphine.” The resﬁlting solution was allowed to étir at least ﬁ‘ve minutes. Triene (neat)
was added to the solution solutioﬁ via a gastight syringe and then the reaction was heated at

the described temperature for the specified length of time.
Cycloisomerization Procedure C (Silver Salt)

An oven-dﬁed test tuﬁe was chargéd With_([(COE)ZRhCI]z‘ and a phosphine or
CIRh(PPhs);). The test tube was carefully ﬂushed with argon, solveﬁt was introduced and
the resulting soiution was allowed to stir for 5 min. A 0..05 M solution of silver salt in 1,2-
DCE was added dropwise and the resulting suspension was .allowed to stir for an additibnal
15 min. Triene (neat) was added solution via a gastigh't syringe and the reaction was he'ated

at the described temperature for the specified length of time. At the completion of the
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reaction, the mixture was diluted with diethyl ether and ﬁltered through a plug of neutral )

alumina to remove s1lver salts.
Cycloisomerization Procedure D (Diene/Hjy)

A dry 10 mL Schlenk flask was charged w1th the desired rhodium complex and the
vessel was subjected to three evacuatlon/argon backdfill cycles Solvent was mtroduced and '
the resultmg solution was strrred for 2 min. A dlhydrogen ﬁlled balloon was 1ntroduced
and the system was allowed to stir 15 min. After 15 min, the hydrogen balloon is replaced
with an argon-filled balloon and the solution i is frozen in a l,1qu1d nitrogen bath. The
reaction solution is subjected to a freeze-jpump-'thaw-'degas cycle (two cycles). Triene
(neat) is added to the solution via a gastight syrihge and the resulting solution is heated at

the desired temperature for the specified time.

2-(2-Butynyl)malonic acid dimethyl ester

MeO,C
S/\

MeO,C © Me

In a 250 mL round- bottomed ﬂask a solutlon of dnsopropylamme (3.20 mL, 22. 5 mmol,
2. 25 equiv) in THF (80 mL) was cooled to 78 C To this solutlon was added n-BuL.i
(8.3 mL, 20.5 mmol 2.05 equiv) and the resulting light yellow solution was allowed to
stir for 20 min at -78 °C. To the solution of LDA at -78 °C was added '
hexamethylphosphoramlde (3.6 mL, 20.5 mmol, 2.05 equiv) dropwise. The resulting
suspension was allowed to stir at -78 °C until homogeneous (ca. 10 min) at which time 2-

(2-propynyl)malonic acid dimethyl ester (1.70 g, 10.0 mmol, 1.00 equiv) was added over
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a period of 1-2 min. Near the end of the addition a colorless prééipitate formed and“ the

reaction mlxture was stlrred for. 30 min. After 30 min, MeI (O 70 mL, 11. O mmol L.t

equiv) was added dropW1se and the resultmg suspens1on is allowed to stir at -78 °C for 1 h
After 1 h, the reaction vessel was transferred to a -20 °C bath (cold room) and allowed to |
stir at this temperature for an additional 30 min at.which time a light yellow solution
formed. The reaction solut1;0n, was quenched at -20.°C by the addition of saturated NH,ClI |
(12 mL). The resulting biphasic mixfure was extracted with diethyl- ether (100 mL, 2 x50
mL) and the combined organic phases were washed with saturatéd NH,CI (2 x 100 mL),
2.0 M HCI (50 mL), water (2 x 100 mL), brine (100 mL), and driéd (Na2804_).
Evaporati_onbf volatiles followed hy purification by ﬂash chromatography (SiQ,, 5% ethyl -
acetate in hexanes fo 15% ethyl acetate in hexanés gradient for elution) afforded 160 g
(87%) of 2-(2-butynyl)malonic aci‘d dimethyl‘ ester as a collorless oil. ‘Data for 2-(2-
butynyl)malonic acid dimethyl ester: 'H NMR (300 MHz, CDCly) & 3.63 (s, 6H), 3.43 (t,
J =7.6 Hz, iH), 2.58 (dq, J = 7.6, 2.6 Hz, 2H), 1.62 (t, J = 2.6 Hz, 3H); °C NMR
(75.5 MHz, CDCL3) & 16‘8.4 (2xC), 77.7 (C), 74.4 (C), 52.5 (2 x CH3), 51.2 ‘(CH),
187 (CHy), 3.2 (CHa); IR (thin film, NaCI) 3474 (w), 3005 (m), 2956 (s), 2924 (m),
- 2848 (m), 2244 (w), 1734 (a br), 1437 (s br), 1344 (s br), 1239 (s), 1032 (s); high |
resblution (EI) mass spectrum calculated fdr C9H12‘O4 Mt 184.0736, found 184.0737.

2-(22-Buteny‘1)rhalqhic acid dimethyl. ester
Me
MeO, ~F

MeO,C

Ina25 mL found—bottomed flask, a 1.0 M solution. of NaB'H4 (0.30 mL, 0.30 mmol, 0.05
equiv) in ethahol was added to-a solution of Ni(OAc), (0.074 g, 0.30 mmol, 0.05 equiv) in
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- ethanol (12 mL). The resulting black suspension was allowed' to stir for five min at whiych-

time dihydrogen was introduced and purged‘through the system for one min. To the black C

suspension was added ethylene diamine (0.060 mL, 0.90 mmol, 0.15 equiv).followed by .

the dropwise addition of 2-(2-butynyl)malonic acid dimethyl ester (1.10 g8 5.97, 1. OO

equiv). The reaction suspension was allowed to stir for 6 h and then afgon was purged

through the system for 5 min. Flltratlon of the crude reactlon mixture through neutral
alumina followed by evaporation of volaules afforded 1.06 g (95%) of 2-(2Z-

butenyl)malomc acid dxmethyl ester as a colorless 011 Data for 2-(22- butenyl)malomc ac1d |

dimethyl ester: H NMR (300 MHz, CDCl3) 8 5. 52 (dtq, =11. 3 6.8, 1.5 Hz, 1H) 5.26 o

(dtq, J = 113 7.4, 1.8 Hz, 1H),367 (s 3H), 334 (, J= 7.4 Hz, 1H), 2.59 (appdd J
=74 Hz 2H), 1.57 (dd with fine structure, J=6. 8 1.8 Hz 3H); °C NMR (75 5 MHz,
CDCl3) d 1694, 127.2, 125.4, 61.3, 52.3, 51.6, 51‘.5, 26.3, 13.9, .12.6; IR (thin film,

NaCl) 3019 (m), 2956 (m), 1738 (s), 1436 (m), 1340 (m), 1234 (s), 1156 (s), 1029 (m):
hxgh resolution (EI) mass spectrum calculated for CgH ;404 (MT) 186.0892, found
186. 0892

2-(2Z-Butenyl)-2-(4-.methylpenta-2‘E,4-dlenyl)malonic acid d’imethyl ester

To a suspension of NaH (150 mg (deoiled), 63 mmol, 1.1 equiv).in THF (5§ mL) at 0 °c
was added a solution of 2-(22-'butenyl)malonicacid dimethyl ester (1.06 g, 5.69 mmol,
1.00 equiv) in THF (2 mL) over 15 min. The resulting suspension was allowed to stir at rt

for 1 h and then was recooled to 0 °C. A solution of 1-chloro-4-methyl-penta-2,4-diene

e p———— . S e . e S,
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(0.73 g, 6.3 mmol, 1.1 equiv) in THF (3 mL) was added to the sodium malonate at 0 °C
dropwise over.15 min. The resulting mixture was .anllowe“d to stir 4 h at 0 °C, then an |
‘additional 15 h at rt. The resulting mxxture was dlluted w1th ethyl acetate (3 mL) and
quenched by the addition of saturated NH4CI (3 mL) at 0 °C. The mixture was pamtxoned |
between diethyl ether/IM H,SO, (30/10 mL), the organic phase was washed with ‘water
25 mL) brine (25 mlL) and dried (NaZSO4) Concentrauon and punﬁcatlon by ﬂash '
chromatography (Si0,, 5% ethyl acetate in hexanes) afforded 129 g (79%) of the title
-compound as a colorless oil. Data for 2-(2Z- butenyl) 2- (4-methylpenta- 2E 4-
dienyl)malonic acid d1methyl ester: 'H NMR (300 MHz, CDCl3) § 6.10 (d, J = 15. 5 Hz,
llH),. 5.56 (m, 1H), 5.40 (dt, J = 1‘5.5, 7.4 Hz, 1H), 5.19 (m, 1H), 4.84 (app br d, J =
5.2 Hz 2H), 3.66 (s, 6H), 261'(app br t‘.J‘--— 7.4 Hz 4H), 1‘74 .(s 3H), 1.55(d, J = 69‘
“Hz, 3H); °C NMR (75.5 MHz, CDCL) § 1713 (2 x C), 141.5 (C), 136. 9 (CH), 127.9
(CH), 123.5 (CH) 123.4 (CH) 115.6 (CHZ) 57.8 (C), 52.2 (CH,), 35. 9 (CHy), 29.9 |
(CHy), 18.4 (CH;), 12.8 (CHs); IR (thin film, NaCl) 3474 (w), 3081 (m), 3021 (m), 2953
(s),- 2860 (m), 1734 (br s), 1610 (m), 1436 (s), 1206 (br s), 969 (m), 889 (m), 710 (m);
high resolution (EI) masS spectrum calculated for C;sH;,0, (M") 266.1518, found

266.1508.

2-(3-Propenyl‘)_-2'-‘(4-methyl-2E,4~pent_adiehy_l)malonic acid diethyl ester

EtO,C X Me

In a 500 mL round-bottomed flask, a suspension of NaH (1.10 g, 27.4 mmol, 1.30 equiv)

(77) -

ih THF (25 mL) was cooled to 0 °C (ice/water).‘ To the cooled suspension, diethyl
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. allylmalonate (4. 20 mL, 21 1 mmol, 1 00 equiv) was added dropwxse over 20 min and the
resulting rmxture was allowed to warm to rt and stir an additional 30’ min. After 30 min,
the- resultmg solution was cooled to 0 °C and a SOlllthﬂ of 1-chloro- 4 methyl 2, 4-‘
pentad1ene (2.58 g, 22 1 mmol, 1 .05 equxv) in THF (10 mL) was added dropw1se via
cannula over 15 min. The reaction mixture was allowed to warm to rt over a period of 6 h . '
and then allowed to stir at rt for 20 h. The reaction was qﬁenched at 0 °C by tlle addition of |
pH 7.0 phosphate buffer (10 rnL) and then water (10 mL). Flash chromatography (SiO,, :
lOO% hexanes to 2% eth_jd acetate in hexanes to 5% ethy! acetate in hexanes gradient for -
elution) to afford 2.61 g (44%) triene 77 as a colorless oil and 1.88 g of impure ttiene 7.

- (light yellow oil) which required repurification.  Data for 2~(3-propenyl)—2-(4-methyl-2E,4-r :

. pentadienyl)malonic acid diethyl ester (77): 'H NMR (300 MHz, CDCI3) 8 6.15 d,J= ‘
15.4 Hz, 1H), 5.65 -(m, 1H), 5.44 (dt, J = 15.4, 7.5 Hz, 1H), 5.12-5.06 (m, 2H), 4.87
(app br d, J = 6.4 Hz, 2H), 4.16 (g, J = 7.1 Hz, 4H), 2.66 (d, J = 7.5 Hz, 2H), 2.62 (d,
J =15 Hz, 2H), 1.78 (s, 3H), 1.22 (t, J = 7.1 Hz, 6H); BCNMR (75.5 MHz, CDCly) §.
1712 (2 x C), 142.0 (C),. 137.4. (CH), 132.8 (CH), 124.0 (CH), 119.5 (CHy), 116.1
(CHp), 61.6 (2 x CHZ); 58’.0 ©), 374 (CHZ), 36.3 (CHy), 18.9 (CHzy), 14.5 2x C'SH3).;‘ |
IR (thin ﬁlm, NaCl) 3081 (t’n), 2981 (s)',‘ 2939 (m), 1734 (br s), 1444 (s), 1209 (s); Hig-h

‘resolution (EI) mass spectrum oalculated for C 16H2_4O4 (M)r ) 280.1675, found'280.1‘661.

6-Methyl-1,3‘,3a,4,5,7a-hexahyd‘ro-Jin.dene-2,2-dic-arboxylic. acid diethyl:‘- '

Et0,C Me

The title compound was prepared in 90% . yield tl-sing Procedure B (1 mol %

ester (78)

[(COE),RhCll,, 2 mol % (i-C3FgHO)3P, 0.1M in THF, 55 °C,'9 h)." The title compound
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was prepared in 67% yield using Procedure C (2 5 mol % ‘[(COE)ZRhCl]z, 5 mol %.
dlphosphme 76,5 % AgOTf 0.1M in THF, 55 C 16 h). ‘The tltle compound was - |
prepared in 85% yield using Procedure C (2.5 mol. % [(COE)ZRhCl]z, 5 mol %
diphosphine 76, 5 % AgSBFs, 0.1M in THF, 55 °C, 4 h). Data for the title compound
78: 'H NMR (300 MHz, CDCl;)  5.29 (m, 1H), 3.98 (g, J = 7.0 Hz, 2H), 3.96 @ J=
7.0 Hz, 2H), 2.75 (dd, J = 134, 7.6 Hz, 1H), 2.66 (dd, J = ‘13.4, 7.6 Hz, 1H), 2.64- '
2.54 (m, 1H), 2.33-2.23 (m, 2H), 2.11 (m, lH)‘ 1 74—1‘66 (m, 2H), 1. 53 (s, 3H), 1.50-
1.42 (m, 2H), 0.97 (t, J = 7.0 Hz, 3H), 095 (t, J = 7.0 Hz, 3H); Bc NMR (75.5 MHz,
CDC13) 8 172. 9 (C), 172.4 (C), 1342 (C), 123.1 (CH), 61.3 (CHZ) 61.1 (CHy), 597 B |
©), 402 (CHZ) 39.0 (CH), 38.2 (CH2) 35 9 (CH) 28.0 (CHZ) 25.5 (CHy), 23 7
(CHj), 14.0 (2 x CH;); IR (thin ﬁlm NaCl). 3464 (W), 2980 (s), 2926 (s), 2835 (m), 1734
(s br) 1446 (s), 1366 (s) 1246 (s br), 1180 (s br), 1067 (s), 861 (m); Hrgh resolutlon
mass spectrum calculated for C1gH2404 M) 280 1675 found 280.1670.

N-(3-Phenyl-2-propenyl)-4-methylbenzenesulfonamide

H :
I
TsN__ X -Ph

To a solution of N-t;butoxycarbonyl-4-methylbenzenesulfonamide 4.07 g 15.0
‘mmol, 1.00 equlv) ‘trans-cinnamyl alcohol (3. 02 g, 22. 5 mmol 1.50 equiv), and
tnphenylphosphme (590 g, 22 5 mmol, 1.50 equrv) in THF (50 mL) at 0 °C was added
diethyl azodicarboxylate (-3.50 mL, 22.5 mmol, 1.50 equiv) over 20 min. The resulting
solution was allowed to warm to rt over a period of 35 miu and then was quenched with the
addition of methanol (1 mL). The volatiles were removed in vacuo and the residue was
treated with diethyl ether (25 mL). To the vigorously .sti‘rred ether solution was added

hexane (65 mL) and the resulting ppt was filtered through a coarse frit with the aid of
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* diethy! ether (200 mL). Evaporation of solvent followed by flash chromatography (SiO,; |
2% ethyl acetate in hexanes to 8% ethyl acetate in h‘exanes for gradient elution) produced
475 g (82%) of a colorless solid. To a cloudy solution of‘trlﬂuoromethanesulfonic a'cid‘

, (0.16 mL, 1.8 mmol, 0.15 equiv) in DCM (30 mL) at 0 °C was added N-t- . .

(butoxycarbonyl)—N—(3-phenyl-2-propenyl)-4-methylbenzenesulfonamide (4.75 g 12. 3 ‘ a

mmol 1.00 equiv) in one pOI'thIl The transfer was quantitated with the use of DCM (2 X

5mL). The resultmg solution was allowed to. Stll‘ at 0 °Cfor 1.2 h and then was quenched

~at 0 °C with the addltlon of water (25 rnL) The resultmg b1pha51¢ rmxture was poured into o

DCM/water (100/50 mL). The aqueous layer was nnsed with an addltlonal portion of :
‘ DCM (50 mL) and then the combined orgamc layers were washed with saturated NaHCO3
(100 mL), brme (100 mL) and then dried (NaZSO4) Evaporatlon of solvent followed by
flash chromatography (SiO,, 5% ethyl acetate in hexane to 40% ethyl acetate in hexane
| - gradient for elution) afforded 295 ¢ (83%) of the tir‘le compound.as a co'lorlesé eolid.

Spectral data for the title compound were consistent with that reported in the literature 91

N-(3-Phenyl-prop-Z-enyl)-N-(hexa-2E,4E‘-dienyl)-4-methylbenzene- o

sulfonamide (75)

-, ~Ph
7
el

\——\\—//— Me

To a solution of N-(3-phenyl-2-propenyl)-4-methylbenzenesulfonamide (1.15 :g,

' 4.00 mmol, 1.00 equiv), tributylphosphi-ne‘(l.Sf mL, 6,0 mmol, 1.5 equiv), and E,E,- -
hexa-3,5-dien-1-0l (0.59 g, 6.0 mmol, 1.5 equiv) in THF (10 mL) at 0 °C was added
diethyl azodicarboxylate (O'.94 mL, 6.0 mmol, 1.5 equiv) over 15 min. After stirring the
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resulting solution an additional 2 h at 0 °C, the reaction mixture was quenched by the

*  addition of water (12 drops). The volatiles were removed in vacuo and the resulting oil

| ~ was dissolved in diethyl ether (10 mL). To this solution was added hexane (10 mL) with
' stirring and the resulting ppt was. filtered through a coarse frit with the aid of diethyl
ether/hexane (1/1). Evaporation of volatiles and punﬁcatlon by flash chrornatography ‘ '_
| (Si0,; 100% heéxanes to 5% ethyl acetate in hexanes gradient for elution) afforded 1 26g

(86%) of the title compound as a colorless, viscous oil. Data for the title compound 75:'H |

NMR (300 MHz, CDCl;) § 7 72 (d with fine structure J=84 Hz, 2H), 7.32-7. 19 (m

7H), 6.4 (d, J-159Hz 1H), 609588(m 3H), 564(dq, -144 6.7 Hz, 1H), 532 ‘ g

| (dt, J = 14.4, 6.7 Hz, 1H) 3.94 (d, J = 6.7 Hz, 2H), 3 85 (d, J = 6.7 Hz, 2H), 2.41 (s,
3H), 1.73 (d, J = 6.7 Hz, 3H); PC NMR (75.5 MHz CDC13) d 143.1 (C), 137.4 (C)
136. 2 (©), 134.6 (CH), 133.7 (CH), 130.33 (CH) 130.28 (CH) 129 6 (2x CH) 129.5
(CH) 128.4 (CH), 127.7 (CH), 127.1 2 x CH) 127.0 (CH) 126 32x CH) 124.1
(CH), 123.8 (CH) 48 6 (CH2) 21.3 (CHy), 17.9 (CH3), IR (thln film, NaCl) 3023 (rn)
12918 (m), 1597 (m), 1494 (m) 1448 (m), 1340 (s), 1158 (s), 1091 (s), 990 (m), 969 (m), |
1908 (m), 815 (m), 730 (m); high resolution (Ei) mass.spect_rum calculated for C22H23NOZS

(M*) 367.1606, found 367.1607. |

2-[(4- Methylbenzene)sulfonyl] 5B- methyl 6o- phenyl 2,3,3a,4,5, 7a-

hexahydro 1H -isoindole (79)

Ph
. ‘ . \“Me.
TsN -

The title compound was prepared in 75% yield ( 16% isomerization of the primary product)-

usmg Procedure C (5 mol % CIRh(PPhs);, 5 % AgOTf 0 IM in toluene 80 C 24 h).
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The title compound was prepared in 83% yield (10% isomerization of the primary product)

using Procedure C (5.mol % CIRh(PPhy);, 5% AngF6, 0.1M in ‘foluene, 80 °C, 2.5 h).

L

Resubjection of bicycloadduct 79 (84/16 mixture) to the following conditions (5 mol %

CIRh(PPhs)s, 5 % AgSbFs, 0.1M in toluene, 80 °C, 18 h) afforded a (40/60) mixture of

bicyloadduct/isomer(s) (40/60). An analytical sample was obtained by preparatory gas
chromatography. Data for the title compound 79: 'H NMR (300 MHz,‘CDC-lg) 87.64 (d

with ﬁne structure, J = 8.4 Hz, 2H), 7. 32 (d with fine structure, J= 8 4 Hz, 2H), 7.26- .

7.18 (m, 3H) 6.85-6.81 (m, 2H), 569559 (m, 2H), 3.62 (dd J 9.3, 8.3 Hz, 1H),
3.11 (dd J =104, 66Hz 1H), 294(dd J=104,9.3 Hz, lH) 2.87 (dd, J = 10.4,

1.4 Hz, .1H), 2.71 (m, lH) 2.46 (s, 3H), 2.44 (m, 1H),224 (m, 1H), 1.81 (dd, J =

12.3, 10.4 Hz, 1H), 0.69 (d, J = 7.1 Hz, 3H); >C NMR (75.5 MHz, CDCl;) § 143.3
(C), 142.6 (C), 135.5 (CH), 134.0 (C), 129.6 (2 x CH), 128.SQ (2 x CH), 12843 2 x
CH), 127.7 (2 x CH). 126.6 (CH) 123.9 (CH), 52.7 (CHz) 51.4 (CH,), 48.9 (CH)‘
42 8 (CH), 39.2 (CH) 36.7 (CH), 21.6 (CHj3), 19.6 (CH3); IR (thin film, NaCl) 3024

(w) 2955 (w), 2876 (w), 1597 (w) 1343 (m), 1156 (m), 666 (m) high- resolutlon (ED) |
mass spectrum calculated for Cy,H,3NO,S (M+) 367.1606, found 367.1607. The

stereochemical assignment was based on the followmg NOE data determined at 250 MHz._
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Hexa-2Z,4E-dien-1-0l _ ,
no—/ \=
 Me
To a éus:péns_iori of. LiAlH; (0.650 g -‘17.0 r‘m'_nol'; 1.05 equii/) at -35 °C {extemal
temperature) in diethyl ether (25. mL) was added a éolutidn_of ethyl hexz;-2Z,4E-dien05te o
(é.27 g, 16.2 rnmbl, 1.00 equiv) in .diet,hyl‘ ether (‘14 mL) ‘ove‘r a period of 40 min while
maintaining the -intémal temperature Beiow -15°C. The resulﬁng éﬁspcnsion was éllowed
to remain af thatttemperatlire for 1 h and then was stiﬁca évex_night (13 h) atrt. Workﬁp in -
the usual way followed by Kugelrohr -distirllation afforded 1.39 g (87%) of the title

" compound as a 42/1 mixture (as determined by GC aﬁaiysis) of isomers (colorleés oil). -

Spectral daia for heXd—ZZ,4E—dien-1 -ol were consistent with that reported in the li_t'erature.92j

2-[(4-Methy-lb'enzeﬁe)sulfonyl]-,5B-methy-l‘-2,3',3a,,4,5v-,7a-hexahyd‘r0-IH-"

- Me

The title c'orilpound' was cybliz'ed aécording to cycloisomerization procedure B (2.5 mol %

isoil_ldole 74

[(COE),RhCl]; and 15 mol % (i-CsF¢HO)sP, THF) in 73% yield. Data for the title
compound 74: 'H NMR (250 MHz, CDCl;) § 7.67(d, J=8.1 Hz, 2H), .7_.28 @ J=81
Hz, 2H), 5.47 (m; 1H), 5.29 (m, 1H), 3.41 (dd, J ~9.7,7.7 Hz, 1H), 3.38 (dd, J = 9.7,
7.7 Haz, 1H), 3.06-2.97 (m, 2H), 2.40 (5, 3H), 2.34 (m, TH), 2.08 (m, 1H), 15T (m,
1H), 122 (m, 1H), 091 (d,J'=7.1 Hz, 3H); c NMR (75.5 MHz, CDCl) § 143.1 (C),
134.2 (CH), 134.0 (C), 129.4 (2 x CH), 127.4 (2 x CH), 125.4 (CH), 52.9 (CHy), 51.1
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(CHy), 37.5 (CH), 34.2 (CH), 304 (CHz); 26.2 (CH), 21.4 (CH3), 20.8 (CI—is); IR (thin‘
film, NaCl) 3014 (w), 2954 (m), 2954 (m), 2924 (m), 1597 (m), 1344 (s), 1161 (s), 1092
(m) 816 (m), 666 (m); high resolution (EI) mass spectrur'n calculated for C,;¢H; NO,S .
(M+) 291.1293, found 291 1292. The stereochermcal ass1gnment was based on the |
following NOE data determined at 250 MHz (CgDg): '

‘ 2-[(4‘-Methylbenzen,e)sulfony‘l‘]-Soc-methyl-2,3,3a,4,5,7a-’h'e)rahydro-lH-

\\‘Me

The title compound was prepared in 69% yield (27% ee) using Procedure A (2 5 mol %

isoindole (&6)

[(COE),RhCl]5, 5 mol % diphosphine 76, 0.1M in TFE/DCE(1.5/0.5 mL), 55 °C, 24 h).
The title compound was prepared in 70% yield (66% ee) using cycloisomerization
procedure C (1 mol % [(COE),RhCl],, 2 mol % (+)-DIOP, .2 mol % AgSbFg, 0.1M in 1,2-
DCE, 40 °C, 5 h). The title compound was prepared in 96% yield (68% ee) using
. cycloisomerization procedure D (2 mol % [(NBD)Rh(‘(+)-DIOP)]Sng, (_).IM_ i-n'1,2-DCE,
40 °C, 4 h). The title compound ‘w-as‘ prepared in '8-4%‘ yield (61% ee) using
cycloisomerization procedure C (2 mol %_[(COE)ZRhCI]z, 4 mol % (+)-DIOP,' 4 rnol %
AgOTf, 0.1IM in. 1,2—DCE/TFE (1/1), 55 °C, 2 h). The title compound was prepared in |
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97% yield (76% ee) using cyclmsomenzatron procedure AQ2 mol % [(COE)ZRhCllz and 4 ‘ |
mol % (+)-DIOP, 0.1M in 1, 2 DCE/TFE (1/1) 55°C, 1.8 h). The title compound was
prepared in 76% yield (77% ee) usmg cycloxsomemzauon procedure A (2 rnol %
[(COE)thBr]z and 4 mol % (+) -DIOP, 0.1M in 1,2- DCE/TFE (1/1), 55 °C, 4 h). The
title compound was prepared i in 86% yield (79% ee) using cycloisomerization procedure A
(2 mol % [(COE)ZRhCI]Q and 4 mol % (+)-DIOP, 0.1M ih 1,2-DCE/TFE (1/3), 55 °C, 4 |
h). The ti‘tle compound was prepared in 98% yield using cycloisomerization procedure D
(2 mol % [(NBD)Rh(dppe)]SbF6, 0.1Min 1, 2 -DCE, 55 C 2. 5 h) Spectral data for the

title compound were consistent with that reported in the literature.23

‘ 2-[(4-Methylhenzene)sulfonyl]-6a-methyl-'octahydro-isoindole-4B,SB{dioI

— “\Me .
TsN. *
‘ . "OH

OH

To a solution of 2-[(4-methylbenzene)sulfonyl]-50(-methyl-2,3,3a,4,5,7a-hexahydro-1H-‘
isoindole (58 mg, 0.20 mmol_, 1.00 equiv) ih efhyl acetate (1 ‘mL) wes added water (1 mL).

- To the resulting solution at 0 °C was sequentially added NMO (62 ‘;J;L, 0.60 rrlmol', 3.0 -
€quiv) and a solution of‘ 0504 (200 puL, ofe‘O;OS M."sol‘-uti‘on in toluene, 0.01 mmol, 5 moI‘ |
%). The resulting suspension was allowed to-‘-Warrn to rt and wes stirred en additional 20
h. Data for the title compound: 'H NMR (300 MHz, DMSO-dg) 5.7.68 (d, J = 7.9 Hz,
2H), 7.42 (d, J = 7.9 Hz, 2H), 437 (d, J = 3.5 Hz, 1H), 420 (d, J = 7;0 Hz, 1H), 3.56
(m, 1H), 3.38-3.27 (m, 2H), 3.14 (dd, J = 10.3, 5.0 Hz, 1H), 2.98-2.81 (m, 3H), 2.48
(s, 3H), 2.30-2.17 (m, 2H), 1.26 (m, 1H), 0.76 (d, J = 6.5 Hz, 3H), 0.20 (m, 1H); e

- NMR (75.5 MHz, DMSO-d;) § 143.9 (C), 134.9 (C), 130.2 2 x CH), 128.0 (2‘}( CH),
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73.8 (CH), 68. 8 (CH) 54, 6 (CHy), 47 9 (CH), 45 7 (CH) 34.8 (CH), 34.5 (CHZ) 31.6
(CH), 21. 1 (CH3) 18.3 (CH;), IR (thm ﬁlm NaCl) 3416 (br m), 2923 (m), 1337 (m)
1541 (m), 1092 (m), 1049 (m) high resolutlon (EI) mass spectrum calculated forl
C16H23N04S (M+) 325 1348 found 325. 1343 The stereochemlcal asmgnment was based - |
on the followmg NOE data determined at 250 MHz (DMSO ds)

(i)-Mos_her's ester. of 2-[(4-‘methy:lbenzene)Sulfonyl‘]-6a-m‘ethtyl--octal;lydl"o-

““Me- ‘
" TsN, o
B T OMTPA -

- OH .

isoindole-4B,58-diol, -

To a solution of (i_)-2-[(4-methy1benzene)sulfonyl]f6oc-methy_l-octahydro—isoihdole—4[3,5B— o
diol (0.2‘(‘)‘-mmol, 1.00 equiv) and DMAP (43 mg, 0.35 mmcl, l.é equiv) in DCM ¢! mL) |
was added (+)__-:S#MTPAC1 (56 1L, 0.30 mmol, 1.5 equiv).. The resulting solution was |
allowed to stir at rt for 15 h, the solvent was evaporated and the _residue"wcs puri‘.ﬁ.ed by
flash chromatog_raphy (Si0,, 30% ‘e'thyl acetate in _hexahes) affording 70 mg (65%) of a
\)iscous, colorless oil. | Data for the title' compound: lI’-I NMR -(‘300 MHz, CDCl3) 8 7.72 (d,
J = 8.2 Hz, 4H), 7.75-7.47 (m, 4H), 7.45-7.37 (m, 6H), 7‘.34 (d, J = 8.2 Hz, 4H), 4.78
(dd,.J =10.7,2.6 Hz, 1H), 4.73(dd, J = 10.7, 2.6‘H‘z‘, IH), 3.96 (br s, 2H), 3.89 (br s,
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~ 2H), 3.55 (s with fine structure, 3H), 3.50 (s with fine structure, 3H), 3.42 (app t, J = 9.8
Hz, 2H), 3.27-3.09 (m, 6H), 2.43 (s, 6H), 2.40-2.30 (m, 4H), 2.10-1.97 (m, 2H), 1.78
(br s, 2H), 1.59-1.48 (m, 4H), 0.83 (d, J = 6.6 Hz, 3H), 0.72 (d, J = 6.6 Hz, 3H); 1°C
NMR (75.5 MHz, ‘CDCly) § 166.1, 166.0, 143.6, 1338, 1321 131.8, 129.90, 129.86,
129.7, 128.7, 128.6, 1274, 1273, 126.9, 125.2, 121.4; 797, 79.4, 66.74, 66.36,

55.7, 5.3, 53.6, 47.1, 46.9, 44.4, 339, 33.8, 33.6, 29.7, 28.94, 28.51, 17.95, 17.61; . .

high resolution (EI) mass spectrum calculated for C,6H,oNO¢SF; (M - H)* 540.1668, o
found 540.1657. '

1,3,3ab,6,7,7ab-Hexahydro-5-methylisobenzofuran - (83)
o : Me

The title compound was prepared according to eycloisom_erization prdceddre A (1 mol %
'[(COE)ZRhCljZ, 2 rﬁol % (+)-DIOP, 2 mol % AgSbFg, OIM in 1,2-DCE, 55 °C, 2 h).
The solution was concentrated and dissolved in THF (2 mL) To the solution at 0 °C was
. added BH;-Me,S (25 uL, 0.25 mmol) The resultmg solution was allowed to stir for lhat
0 °C and then for an add1t10nal 15 hatrt. To the solution at O C was sequennally added
ethanol/t-butyl methyl ether (2 mL 1/ 1), 2M NaOH (2 rnL) and 30% H,0, (1 mL). The |

resultmg mixture was allowed to warm to rt over 1 h and was st1rred an addmonal 3hatrt. .

After extraction, drymg (MgSOy) and concentratlon the crude residue was dissolved in e

i

DCM (2 ml) and treated with DMAP (O 25 mmol) and p mtrobenzoyl chloride (0. 25 S

mmol) at rt. After 2 h at t, the volatiles were evaporated and the residue was partitioned

between ethyl acetate/water (10/10 mL). The organic ph’ase ‘was washed with brihe and
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dried (MgSO4) Concentratlon and punﬁcatlon by flash chromatography (SlOz, 5% ethyl

acetate in hexanes) afforded 39 mg (64%) of the title asa colorless onl (17% ee).

1,3,33b,6,7,7ab-Hexahydro-6-‘(4-nitrobenz_oyvl)‘-S-meth)"liso_ben‘zofufan
(84) |

\ Me
0 (0]

NO,

To a solution of alcohol (0.010 g, 0.64 mmol, 1.00 equiv) and DMAP (10 mg, 0.08
mmol, 1.3 equ1v) in DCM (1 mL) at rt was added PNBCI (14 mg, 0. 077 mmol, 1.2 equlv)
in one portion. After stirring at rt for 30 min, the resulting solution was passed through a
short column (SlOz, 20% ethyl acetate in hexanes) and concentrated Data for PNB ester:
'H NMR (300 MHz, CDCl;) § 8.29-8.26 (m, 2H), 8.22-8.19 (m, 2H) 4.95 (app t, J =
1"O6Hz 1H), 3.88 (appt J = 8.5 Hz, 1H), 3.78 (app br d, J= 8.5 Hz, 1H), 3.71 (app

brd J =85 Hz 1H), 3.63 (dd J—106 8.5 Hz, 1H), 2.66 (m, 1H) 2.27 (m, lH),'H

_ .1 80- 162 (m, 4H) 1.35 (m, 1H), 0.91 (d, J 6.4 Hz, 3H) BC NMR (755 MHz, |
CDCl3)'8 164.6 (C), 150 6 (C), 137.7 (C); 130.8 (2 X CH) 123.5 (2 x CH), 78.9 (CH),
71.5 (CHy), 69.3 (CHZ), 45.3 (CH), 39.1 (CH), 36.9 (CH), 28.4 (CH,), 22.7 (CH,),

18;3 (CHy); IR (thin film, NaCl) 2927 (Ih), 2868 (m)‘,‘ 1721 (s), 1526 (s), 1347 (m), 1273

(s), 1115 | (mj, 1103 (m), 719 (m); high resolution (PCI/NH;) mass'spectrum calculated for

C16HoNOs (M + H)* 306.1341, found 306.1335. | |
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- . 54 Catalytic Carbonylative C'yclizé,tionof Allenynes |

The followmg compounds were prepared by hterature methods 4-methyl-penta—2 3 dlen-l- |

0170, penta -2,3-dien-1-0170, buta-2,3- dien- 1-0170 N—t—butoxycarbonyl 4- methylbenzene-'

sulfonamlde93 5-(tnmethylsﬂanyl)pent-4 -yn-1-01%4, 5- (tnmethylsﬂanyl)pent -4-yn-1-al94,

(1-thiocyanato-ethyl)- benzene95, undeca-1,2- dlen 6- yne96 and N-(pr\op-2-yny1)-4—methyl-

benzenesulfonamlde98

2-(4-Methyl_-penta-2,3-dieny])malohic 'acid‘. ‘d:imethfyl ester (120)
- MeO» . : :
MeO,C ==

" The title compound was prepared according to the hterature procedure and the spectral data

were consistent with that reported.”! Data for 2- (4-methy1—penta 2,3-dienyl)malonic acid

dimethy! ester (120): 'H NMR (300 MHz, CDClL3) § 4.98 (m 1H), 3.72 (s, 6H), 3.48 (t, .

~J=7.5Hz, 1H), 2.54 (dd, J = 7.5, 5.8 Hz, 2H), 1.63 (s, 3H), 1.62 (s, 3H).

2- (4 Methyl 2,3-pentadienyl)-2- (2- propynyl)malomc acld dlmethyl ester

(104)

§
To a suspensmn of NaH (0.187 g (deoﬂed) 7.80 mmol 1 10 equiv) in DMF/THF (7/3
mL) at 0 °C was added 2-(4-methyl- penta -2,3- dxenyl)malomc acid.dimethyl ester (120)
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(1.50 g, 7.07 mmol, 1.00 equiv) dronwiSe The reaction mixture was allowed to stir atrt 1 :
h then the reaction vessel was cooled to 0 °C and propargyl bromlde (0.70 mL, 8.5 mmol, b
1.2 equiv) was added dropwise. ‘The resulting suspension was. allowed to warm to rt and
was stirred ovemlght The reaction mixture was quenched w1th the addition of saturated

| NH,CI (5 mL) and then poured into ethyl acetate/water (50/25 mL). The organic phase
was washed with water (20 mL), brine (20_‘mL) and dried (Na2$O4). Evapqratlon of
-solvent and- purification by ﬂasn chromatcgraphy' (8i0,, 5% ethyl acetate in hexanes)
afforded 1.65 g (92%) of '2—(4-methyl-2,3-pentadienyl)-‘2--(2"-‘propynyl)malonic acid
dimethyl ester (104) as a slightly yellow oil. Data for 2-(4-Methyl-2,3-pentadienyl)-Z;(2~
propynyl)malonic acid dimethyl ester (104): 'H NMR (300 MHz, CDCl3) 8 4.74 (m, 1H),
3.7l (s, 6H), 2.95 (s, 2H), 2.68 (d, J = 7.6 Hz, 2H), 2.3(l (s, 1H), 1.63 (s, 6H); e
NMR (75.5 MHz, CDCl,) 8 203.7 (C), 169.8 (2 x C), 95.2 (O), 8é.0 (CH), 78.5 (C),
71.1 (CH), 56.9 (C), 52.5 (2 x CHj), 32.2 (CHy), 22.2 (CHy), ‘20.2' (2 x CH3); IR (NaCl,
thin film) 3292 (s lor), 2981 (s), 2954 (s), 2910 (s), 2854 (s), 2123- (ni) | 1969 (m), 1735
(s br), 1438 (s), 1210 (s br); hlgh resolution (EI) mass spectrum calculated for C14H,30,4
’(M ) 250.1205, found 250. 1203 |

1-Isopropylidene-2-0x0-4,5,6,6a-tetrahydro-1H-pentalene-5,5-dicarboxylic
acid dimethyl ester (106) and 5,5-dimethyl;2-ox0-1,-2,'4,6-tetrahydro-

indene-5,5-dicarboxylic acid dimethyl ester (105)

e . o _v | .
> Me - Me
‘ ¢ ) Me - Meyge
C i/ . | MeO ‘ | e :
MeO, / ‘ ‘ 2 O 'MGOZC o
C — : - MeO,C ‘ ,C

M¢Oz MCOZC ]
106 . 105

The title compound was prepared as a mixture of isomers (5.8/1) in 47% yield using

Procedure C except that 10 mol % Co,(CO); was used (12 h). Purification by flash
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chromatography (Si0,, 15% ethy! acetate in hexanes to. 30%.-'ethyl acetate in hexanes
gradient for elution) afforded 33 mg (47%) of l-isopropylidene-2-oxo-4 5,6,6a-tetrahydro--
lH-pentalene 5,5-dicarboxylic acid dimethyl ester (106) and 5,5- drmethyl 2-oxo-1 2,4, 6- |
tetrahydro- mdene 5,5-dicarboxylic acid dimethy] ester (105) as a slightly yellow oil. An . |
authentic sample of the major isomer 106 was prepared ‘accordmg to a literature ‘
procedure.66 Data for 1—isopropylidene-2.—oxo-4;5;,6,6a'-tetrahydro‘-lH-pentalene-S,S-
dicarboxylic acid dimethyl ester (106) (major isomer): mp = 80-81 °C; '"H NMR (300
MHz, C¢Dg) & 5.88 (br s, IIH_), 3.36-3.25 (obscured peak, 1H), 3.33 (s, 3H), 3.29 (s,
3H), 3.11 (m, 1H), 2.98 (m, 1H), 2.90 (dd, J = 12.6, 7.8 Hz, lH); 2.27 (s, 3H), 1.53
(app t, J = 12.6 Hz, 1H), 1.46 (s, 3H); °C NMR (75.5 MHz, CsDe) 6.196.2 (C), 174.2
(C), 172.0 (C), 17l.0 (©), 145.1 (C), 133.3 (O), l28.7 (CH), 61.2 (C), 52.66 (CH,),
52.48 (CH,), 48.9 (CH) 38.0 (CHy), 34.4 (CHy), 24.1 (CH3) 19.5 (CH3); IR (NaCl,
thin film) 2993 (m) 2955 (m) 2848 (m), 1734 (br s) 1690 (s), 1651 (s), 1632 (s), 1435
(s), 1264 (br s), high resolution (EI) mass spectrum calculated for C15H,505 M) o
278.1156, found 278.1154. The minor isomer 105 was not fully characterrzed. Data for
5 5-dimethyl—2‘-oxo-1 2,4,6-tetrahydro-indene-5, 5-dicarboxylic acid dimethyl ester (105):
high resolution (EI) mass spectrum calculated for C15H1805 (M%) 278.1166, found
278.1154.

S-Methylene-4-(propen-2-yl)-cyclohex-3-ene- 1,1- drcarboxylrc acid
dimethyl ester (133)

MCOzc
M602C

The tltle compound was; isolated from a COz(CO)g catalyzed carbonylative cyclization

reaction of 2-(4- methyl 2,3- pentadrenyl) 2-(2- propynyl)malomc acid dimethyl ester (104)
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using Procedure C. Puriﬁcatioh by flash chromatography (Si0;, '15% ethyl acetate in

~ hexanes to 30% ethyl acetate in hexanes gradlent for. elutron) afforded crude triene 133.

Further punﬁcatxon by flash chromatography (neutral AL,O;, 5% ethyl acetate in hexanes to

15% ethyl acetate in hexanes gradlent for elution) afforded 13 mg (21%) of the 'title

compound as a colorless oil. Data for 5- methylene 4-(propen- 2-y1) -cyclohex-3- -ene-1, 1- .

dicarboxylic acid d1methyl ester (133) '"H NMR (300 MHZ CDC13) 8 5.59 (dt, J =4, 1,

1.0 Hz, lH), 4.99-4.93 (m, 3H), 4.81 (m 1H), 3.69 (s, 6H) 2.86 (s, 2H), 2.70 d, J—',
4.1 Hz, 2H), 1. 82 (d, J = 1.0 Hz, 3H); l3C NMR (755 MHz, CDCI3)5 171 3@2x0C),

144.1 (C), 141.7 (C), 137.8 (C), 123.0 (CH), 114.5 (CHyp), 114.0 (CHZ), 54..3, 2x0),
52.7 tCH3), 37.4 (CHy), 31.5 (CH,), 22.9 (CH3)' IR‘(NaCl‘ thin film) 3091 (w), 2955
(m), 2918 (m), 2849 (m), 1735 (s) 1436 (m); high resolutlon (EI) mass spectrum
calculated for C4H,;s0, (M* ) 250 1205, found 250.1202.

2-(4-Methyl-2,3- pentadlenyl) 2-(3- methylthro 2- propynyl)malomc acid

. Méo2 — .SMe
‘ Me 0 C><' \ -

N
Me

dlmethyl ester (143)

| To a suspension of NaH (93 mg (60% dispersion in oil), 2.44 mol, 1.08 equiv) in
DMF/THF (2/1 mL) at 0 °C was added 2-(4-methyl-penta-2,3-dienyl) malonic acid
dimethyl ester (120) (0.479 g, 2.26 mmol," 1.00 eqlriv). The resulting mixture was .

allowed to stir for 30 min at which. time 1-chloro-3-thiomethylpropyne (341 mg, 2.83
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mmol, 1.25 equrv) was added dropwrse The resulting solution was stlrred 4 hatrt and
then was quenched with the addition of saturated NH,Cl1 (1 mL) The suspensron was
partmoned between drethyl ether/water 25/ 10 mL). The orgamc phase was washed with

‘water (10 mL) and dried (MgSO4) Evaporatlon of solvent.an purlficatlon by ﬂash '3

chromatography (SlOz, hexanes to 5% ethyl acetate in hexanes gradlent for elution)

afforded 400 ‘mg (60%) of 2- (4 methyl 2,3- pentadrenyl) 2- (3-methylthio-2-
propynyl)malomc acid dimethyl ester (143) as a yellow oil. Data for 2-(4-methyl-2,3- |
pentadienyl)-2-(3-methylthio-2-propynyl)malonic acrd dimethyl ester (143): '"H NMR
(300 MHz,‘ CDCl3) 6 4.72 (m, 1H), 3.69 (s, 6H), 2.93 (s, 2H), 2.66 d,J= 7.5 Hz, 2H),
2.28 (s, 3H), 162 (s 3H), 1.61 (s, 3H); °C NMR (75.5 MHz, CDCly) § 203.9 (C),
1702 (2 x C), 953 (C), §7.4 (C), 823 (CH), 737 (C), 57.4 (C), 52.6 (2 x CHy), 32.6
(CHy), 24.1 (CH,), 20.4 (2 x CH,), 19.2 gCH3)§ IR (NaCl, thin filrni _2980 (rh), 2952 (s), |
2930 (s), 2853 (m), 2194 (w), 1696 (m), 1234 (s br), 1436 (s) 11288 (s), 1208 (s br);
high resolution (EI) mass spectrum calculated for C15H2004S (M+) 296.1076, found

296. 1082
1-Isopropylidene-Z-oxo-4‘,5,6,_6a-tetrahydro-3-m‘eth‘ylt‘hi‘o-‘IH‘-pe'n,tal‘en‘e.- _
5,5-dicarboxylic acid dimethyl ester (144)

Me
*Me

SMe

The title compound was prepared in 84% yleld using Procedure A. Purification by ﬂash

chromatgraphy (SiO,, 15% ethyl acetate in hexanes to 30% ethyl acetate in hexanes
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gradient for elution) afforded 69 mg (84%) of 1-isopropylidene-Z—oxo-4,5,6',6a-tetrahydro-

3-methylthio-1H-pentalene-5;5-dicarboxylic acid dimethyl ester (144): mp = 9o91‘ °C;'H

NMR (300 MHz, CDC13)5 3.80-(s, 3H), 373 (s, 3H), 3.51 (dd with ﬁne structure, J =
12.5, 7.3 Hz, 1H), 3.33 (d, J—194Hz lH) 3.26 (d, J_-l94Hz lH) 291(dd, J =
12.5, 7.3 Hz, lH) 2.42 (s, 3H),. 227 (s, 3H), 191 (s, 3H) 167 (app t, J = 12.5 Hz, .

H); C NMR (75.5 MHz, CDC13)‘8 193.3 (C), 172.0 (O), 171.1 (©), 168.6 (C), 147.7
- (O), 135.0 (C), 1315 (C) 61 1 (C), 53.3 (CH3), 53.1 (CH3), 47.9 (CH), 37.7 (CH,),
34. 3 (CH), 24.6 (CH;), 19.9 (CH3) 14 6 (CHj); IR (NaCl, thin ﬁlm) 2995 (m), 2954

(m) 1733 (s) 1682 (s), 1651 (m) 1622 (m), 1435 (m br) 1260 (m br) 1063 (m); hlgh .‘

resolution (EI) mass spectrum calculated for C szooss (M+) 324, 1026 found 324.1031.

2-(4- Methyl 2 3- pentadlenyl) 2- 3- trlmethylsﬂyl 2- propynyl)malomc acid

dimethyl ester (140)

MeOz ———SiMe3
| Me02C: : \ ' '
' »—Me- '
Me
To a suspension of NaH (0.197 g of a 60% dispersion in oil, 4. 93 mmol, 1. 10 equiv) in

DMF/THF (8/4 mL) at 0 °C was added 2-(4-methyl-penta-2, 3. dlenyl)malomc acid dunethyl

ester (120) (0.952 g,4.48 mmol, 1.00 equiv) dropw1se The reactlon mixture was

allowed to stir at rt 1 h then the reactlon vessel was cooled to 0 °C and 3- tnmethylsﬂyl 1-

bromo 2-propyne (1.07 g, 5, 60 mmol 1. 25 equiv) was added dropmse The resultmg
suspens1on was allowed to warm to rt and was st1rred overmght The reaction mixture was

quenched with the addition of saturated NH4Cl (5 mL) and then poured into ethyl
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acetate/water (30/15 mL). The organic phase was washed W1th water (10 mL) brine ( 10 |
mL) and dned (Na;S0Oy). Evaporatxon of solvent and punﬁcanon by flash chromatography ,' :
(SiO,, hexanes to 5% ethyl acetate in hexanes) afforded 0. 84 g (58%) of the title compound -
as a slightly yellow oil. Data for 2 -(4- methyl 2 3-pentad1enyl) 2-(3- tnmethylsﬂyl 2- '
'propynyl)malomc acid dimethyl ester (140) 'H NMR (300 MHz, CDC]3) 4.77. (m lH) “ |
3.71 (s, 6H), 2.86 (s, 2H) 2.69 (d, J = 76Hz 2H), 164(s 3H) 1.63 Gs, 3H) OlO(s

9H); °C NMR (75.5 MHz CDCI;) 5 203.9 (C), 170.1 (2 x C), 101 3 (CH), 95.2 (C) _—

- 87.9 (C), 82.3 (CH), 57.4 (C), 52.6 2 x CH3), 32 5 (CHy), 23.8 (CH,), 20.4 (2 X CH3) :
-0.11 (3 x CH3); IR (NaCl, thin fi Im) 2956 (m) 2909 (m), 2855 (m) 2180 (m); 1969 (w) . .
1741 (br s), 1437 (s) 1207 (br s), 845 (s); hlgh resolutlon (EI) mass spectrum ca]culated
for C17H,,0,4Si (M + H)* 323.1679, found 323.1669.

1-Isopropylidene-2-oko-3-trimethYlsi-lyl74,5,6,6a-tetrahydro-lH-pen:talene-
5,5-dicarboxylic acid dimethyl ester (141)‘ and '1,1-dimethyl-2-0x0-1,2,4,6-
tetrahyd'ro-3-trimethy‘lSilyl-indene-S,S-d'icarboxylic H acid dimethyl ester

(142) - L
Me o “ o .
.}—Me. | . Meyge |
Me0C C - M 7@];}:'0
MeQ,C
MeO,C =—=—SiMe; MeO,C.. SiMe;
‘ 142

The -title compound was prepared as a mxxture of 1somers (4 8/1) in 66% yield using
Procedure C except that 10 mol % Co,(CO)g was used (12 h). Data for 1- 1sopropy11dene- :
2-0X0-3- tnmethy131-lyl-4,5,6,6a—tetrahydro—1H-pentalen_e_,-.S‘,S-dlcarboxyllc acid dxmethyl
ester (141) (major jisomer): 'H NMR (300 MHZ, CDCl,) § 3.77 (s, 3H), 3.70 (s, 3_H),
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3.48 (dd, J = 123 7.8 Hz, IH) 328 (d,J =183 Hz 1H), 320(d J = 18.3 Hz, 1H),
2.93 (dd J= 123 7.8 Hz, 1H), 2.21 (s, 3H), 1.87 (s, 3H), 0.19 (s, 9H); High
resolutlon mass spectrum calculated for C;sH605Si (M* ) 350. 1156 found 350. 1150
Data for minor isomer: ngh resolution (EI) mass spectrum calculated for C13H,605S8i (M*)
350.1154, found 350.1150. | '

S-(E- Trlmethylsﬂylmethylene) 4- (propen 2-yD)- cyclohex 3-éne- 1 1-

dlcarboxyllc acxd dlmethyl ester

Me
MeO,C
X
- MeO,C
SiMe3

* The title compound was isolated from a Co,(CO)s-catalyzed carbonylative cyclization
reaction of 2-(4—methyl-2,3-pehtadi‘eny'l)-Z-(3-trimethylsi1yl—2-propynyl) malonic acid
dimethyl ester (140) using Procedure C except that 10 mol %Ccz(CO)g‘was used (12h).
Purification by ﬂasll chromatography (SiO,, 15% ethyl acetate in hexanes to 30% ethyl
acetate in hexanes gradient for elution) afl“orded crude triene. Further pd}iﬁcation by flash
chromatography (neutral AL,O;, 5% ethyl acetate in hexanes to 15% etllyl acetate in hexanes
gradient for elution) afforded 30 mg of thc title compound as a colorless oil (30%) Data
for the title compound: 'H NMR (300 MHz, CsDg) 6 5 95 (brs, IH) 5 72 (app t,J=4.2
‘Hz, 1H), 5.09-5.06 (m, 2H), 340 (s, 6H), 3.31 (d, J = 1.2.Hz, 2H) 2.83(d,J=42
Hz, 2H), 1.94 (s, 3H), 031 (s, 9H), °C NMR (62.9 MHz, CDCly) 8 171.0 (2 x ©),
145.95 (C), 145.62 (C) 144.5 (C) 127.9 (CH) 124, 0 (CH), 115 0 (CHZ) 54.6 (C)'
52.2 (2 x CH;), 36.5 (CHZ) 31.8 (CHZ) 234 (CH3) 0.11 (3 X CH3) R (thin film, |
NaCl) 3479 (w), 3079 (m), 2953 (s), 2917 (m), 2848 (m), 1743 (br s), 1578 (m), 1310
(m), 1251 (br s), 1197 (s), 1086 (s), 1061 (s), 894 (s), 861 (s), 838 (m), 754 (m), 692
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(m) hlgh resolution (EI) mass spectrum calculated for C,7H260481 (M+) 322, 1596 found
322. 1600 The stereochemlcal a551gnment was based on the followmg GOESY data

detemuned at 250 MHz in C¢Dg:

The title compound was prepared using a slight modification of the literature procedure. A
suspension of paraformaldehyde (0.96 g, 32.0 mmol, 3.2 equiv), diisopropylaiine (1.7
mL, 12.0 mmol, 1.2‘ equiv), 1,5-dodecadiyne (1.34 g‘, 10.0 mmol, 1.00 equiv) and
CuBr-SMe; (0.68 g, 3.3 mmol, .O 33 equlv) in dloxane (25 mL) were heated at reflux for 2
h. The mixture was partitioned between pentane and water B0 mL each) ‘The organic .
phase was washed with brine (3 x 20 mL) and dried (NaZSO4). Evaporatlon of volatiles . |
ztnd puriﬁcatiou by flash chromatography .(Si_O‘z,, hexane) afforded 0.98 g _(66‘%)‘o-f “ :
' Undeca 1,2 dien- 6 yhe (113) as a colorless, vol'a'til‘e oil. Data for Undeca-1, 2-dien- 6-yne |
: (113) 'H NMR (300 MHz, CDC13) d 5.15 (app dt J= 13 2, 6.6 Hz, 1H), 4.67 (m, 2H) o
2.18 (m, 6H), 1.42 (m, 4H), 1.95 (, J = 7.3 Hz, 3H); °C NMR (75.5 MHz, CDCL) 5
208.5, 88.9, 80.8, 79.2, 75.2, 31.2, 28.2, 21.9, 18.79, 18,41, 13.6.




} A N ) gL

166

3-Butyl-4,5-dihydro-1H-pentalene-2-one (114)

CBU | » - .-:O-

— -

‘The title cc')mpotmd was prepared in 767% j}ield uSing Procedure C. Data for 3- Butyl 4,5- -

drhydro-lH—pentalene -2-one: 114 were con31stent with that descnbed in the llterature 353‘. - -

Data for 3- butyl 4 5 -dihydro- 1H—penta1ene-2—one (114) 'H NMR (300 MHz C5D6) s
-5.35 (s, 1H), 2.62 (s with fine structure, 2H), 2.33 (m, 4H), 2.19-2.1,6 (m, 2H), 1.53- .-
1.40 (m, 2H), 1.32-1.19 (m, 2H); 0.87 (t, J =.7.3 Hz, 3H); ¢ NMR (75.5 MHz; C3D6) :
£ §205.6 (C), 179.3 (C), 144.5 (C), 134.2 (C), 128.3 (CH), 35.7 (CHy), 35.5 (CH,); 30.2.
(CHy), 24.6 (CHy), 24.1 (CHy), 23.0 (CHy), 141 (CHj).- ' |

N-(Prop-2-ynyl)-N -‘('4-méthyl‘-pe‘nta--2',3-dienyl)-4‘-n‘1evthylb enzene-
sulfonamide (124) |

To a‘.‘solution of N-(prop-2-ynyl)-4-meth‘yl.berrzénesulfor_1amide (121) (2.09 g, 9.99
mmol, 1‘.001 equiv), PPh3 (3.14 g, 12.0 mmol, 1.20 equiv) and 4-methy1—pénta-2,3—dierr—1- :
ol (1.18 g, 12.0 mmol, '1.2(_) equiv) in THF (25 mL) at 0 f’C was.added DIADj&2.4O imL,
12.0 mmol, 1.20 equiv) over 10 min. The resultir_r'g solution was allowed to strr for1h at

0 °C and then was stirred an additional h at rt. Ev_époration of solvent at reduced pressure .
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| afforded a viscous oil. To the 01l was added 20% ethyl acetate/hexanes (100 mL). After

. stirring at rt, a colorless ppt formed and was removed by filtration with the aid of 5% ethyl :

acetate/hexanes (30 mL) Concentration and punﬁcatron by flash chromatography (SiO,, -
‘ 2% ethyl acetate in hexanes to 7. 5% ethyl. acetate in hexanes gradient for elutlon) afforded.
1.43 g (83%) of the title compound-as a colorless oil that SOlldlﬁed at rt. Recrystalllzatxon
.from ethyl acetate/hexanes afforded colorless prisms. Data for N—(prop -2-ynyl)-N-(4-
methyl -penta-2,3- d1enyl)-4 methylbenzenesulfonanude (124): mp = 58- 59 °C; 'H NMR
(300 MHz, CDCl5) § 7. 71 (d, J = 8.2 Hz, 2H), 7.26 (d, J = 8.2 Hz, 2H), 4.82 (m lH)
4.14 (d, J = 2.4 Hz, 2H) 3.77 (d, J = 7.0 Hz, 2H), 2.40 (s 3H), 1.97 (t, J = 24Hz :
IH), 1.65 (s, 3H), 1.64 (5, 3H); °C NMR (75.5 MHz, CDCly) 8 203.9 (C), 143.4 (©),
136.2 (C), 129.4 (2 x CH), 1277 (2 x CH), 97.1 (C), 83.6 (CH), 76.6 (CH), 73.3-(‘C),'
46.6 (CHy), 35.5 (CHy), 21.5 (CHs), 20.3 2 x CH3.)‘; IR (NaCl, thin film) 3279 (br m),
2981 (m), 2‘9l1‘(m), 2955 (m), 2119.‘(w) 1969 (w), 1598 (m), 1348 (m), 1162 (s); high |
resolution (EI) mass spectrum calculated for C16H19N028 (M+) 289.1128, found

289.1136.

4- Isopropylldene 6- methylthlo 2-[(4- methylbenzene)sulfonyl] 1,3- dlhydro- ‘
. 1H- cyclopenta<c>pyrrol S-one (146) h
™. ‘ > TsN o .
L \o ) . Me
»—-Me . ‘ Me
Me : .

The title compound was prepared in 65% yield us'irlg Procedure C except that 10 mol % :

Co,(CO)g was used (10 h). . Data for 4-isopropylidene-6—methylthio-2-[(4-
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methylbenzene)s‘ulfonyl]‘-1,3-dihydr0-1H—cyclopenta<c>pyrr01—5-one (146)' 'HNMR
(300 MHz, CDCl;) & 7.69 (d, J = 8.1 Hz, 2H), 6.81 (d, J = 8.1 Hz, 2H), 5 60 (brs 1H),

3.98 (app t, J = 8.9 Hz, lH) 3.88 (m, 1H), 3.54 (d, J-—155Hz 1H), 294(brappt J
= 8.9 Hz, lH) 2.34 (dd J =11.0, 89Hz 1H), 2.12 (s, 3H), 188 (s, 3H), 123 (s,

3H) ’C NMR (75.5 MHz, CDCl;) & 194. 9 (C), 168 3 (0O), 147 1(C), 1434 (C) 135.1 "

(©), 130.5 (C), 129. 9 (2 x CH), 129.0 (CH), 127.7 (2 x CH), 51 4 (CHy), 47 6 (CH),
47.0 (CH,), 24 0 (CH3) 21.1 (CH3) 19.3 (CH3) IR (NaCl thin ﬁlm) 2923 (w), 2860 )
(w), 1693 (s), 1657 (s), 1368 (s), 1162 (s), 674 (m); hlgh resolution (EI) mass spectrum
calculated for C17H19NO3S (M+) 319.1238, found 319.1238.

N-(3-Methylthio-prop-2- -ynyl)-N-(4- methyl penta-2 3- dlenyl) 4- methyl-

benzenesulfonamlde (145)
=M
TsN o

\ ,\o |

»—Me

Me '

To a solution of N—(prop-2—yny1) -N-(4- methyl -penta- -2,3-dienyl)- 4"methylbenzene-
sulfonarmde (124) (O 589 g, 2.04 mmol, 1 .00 equiv) in THF (7 mL) at -78 °C was added
n- -BuLi (1.34 mL of al.eM SOIUUOI’I in hexanes, 2.14 mmol, 1. 05 equiv) dropwise. The
resultmg solution was stlrred an addmonal 10 min then methyl thlocyanate (161 pL, 2. 35
mmol, 1. 15 equiv) was added dropwxse The resultmg solutxon was allowed to warm to rt
over 2 h and stirred an addmonal 2hat . The reaction rmxture was quenched with the
addition of water ( 10 mL). The biphasic mixture was partltloned between ethyl

acetate/water (75/25 mL). The organic phase was washed with water (50 mL), brine (75
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mL) and dried (MgSO,). Concentration and final purification by'ﬂash chromatography.
(Si03, hexanes to 7% ethyl acetate in hexanes gradient for elul:ion) a-fforded‘the title -
compound 145 as a yellow oil. A second column (SlOz, hexanes to 10% ethyl acetate in .
hexanes gradient for elution) afforded 0. 38 g (5 8%) of the title compound 145asa yellow
oil. Data for N—(3-methylth10-prop-2-yny1)—N—(4-meth~y1-penta 2,3- d1enyl) 4-methyl- -
benzenesulfonamide (145): H NMR (300 MHz CDC13) 0 7.68 (d, J = 8.2 Hz, 2H) |
| 7. 27 (d with fine structure, J = 8.2 Hz 2H) 4 80 (m 1H), 4.21 (s, 2H), 374 (d, J=7.0
Hz, 2H), 2. 39 (s, 3H), 2.11 (s, 3H), 1. 64 (s, 3H), 1. 63 (s, 3H) Be. NMR (75 5 MHz
CDCl,) 8 203.9 ©), 14333 (C), 136.0 (C) 129 4 (2 x CH), 127 7 (2 x CH), 96. 9 ©),
85.4 (C), 83.7 (CH), 77.1 (C) 46.6 (CHz) 36 9 (CHZ) 21. 5 (CH3), 20.2 (2 x CHy),
18.7 (CH3); IR (NaCl, thin film) 2980 (w), 2927 (w), 2186 (w), 1964 (w), 1348 (m),
| 1162 (m), 1093 (m), 894 (m), 666 (m); high. resolution (EI) mass spectrum calculatecl for
C17HNO,S, (M+) 335.1014, found 335.1014. |

4- Isopropylldene 6- methylthlo 2-[(4- methylbenzene)sulfonyl] 1,3- dlhydro-

1H- cyclopenta<c>pyrrol S5-one (147)

/‘—':-—SMe

e
Me

T‘he title compound wae prepared in 75%-yie1d‘_ u.;sing_ Procedure B (12h). Data for 4-.

' -isOprcpylidene-6-methylthio-2—‘[(4—methy1beh~2enejsulfonyl] 1 3'dihydro 1H-

‘ cyclopenta<c>pyrrol 5-one (147) 'H NMR (300 MHz, CDC13) §7.70 (d,J=8.1Hz,
2H), 7.32 (d, J = 8.1 Hz, 2H), 4. 30 d W1th ﬁne structure J=15.8 Hz, 1H), 4.08 (app t,
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J=84Hz 1H), 3.98 (d, / = 15.8 Hz, 1H), 3.54 (brappt J=9.2 Hz, 1H), 2.49 (dd J
= 10.8, 92 Hz 1H), 2.41 (s, 3H), 2.35 (s, 3H), 2.22 (s, 3H), 1.86 (s, 3H); Be NMR
(75.5 MHz, CDC13) ) 192 1 (C), 160.6 (C), 150.0 (C), 144.1 (C), 137. O (C), 1335 (C)
130.0 2 x CH) 129.1 (C), 1274 (2 x CH), 51.1 (CH) 47.0 (2 x CH), 247 (CH3) 21.5 -
(CHy), 19.9 (CH3), 14.2 (CHy); R (NaCl, thin ﬁlm) 2925 (m), 2854 (m), 1687 (s), 165 1
- (s), 1626 (s), 1597 (m), 1439 (br m), 1346 (s), 1162 (s), 1094 (s) 816 (m), 686 (s), 655
(s), 561 (s), 548 (s); high resolution (EI) mass spectrum calculated for CgH,;NO;S, (M1)-
363.0963, found 363.()963 | | '

N-(But-3-ynyl)-4-methylbenzenesulfonamide ‘(122)

Tso /\///

3
H

Toa soiution of N—t—butoxycarbonyl-4?methylbenzénesulfonamide (3.60 g, 13.3 mmol,
1.00 equiv), PPh; (4.19 g, 16.0 mmol, 1.20 ‘equiv’) and 3-butyn§1-ol (1.10 g, 16.0 mmol,
1.20 equiv) in THF (40 mL) at 0 °C was added DIAD (3.30 mL, 16.6 mmol, 1 25 equiv)
dropwise over 10 min. After 5 min at 0 °C, the reaction solutlon was. allowed to warm to rt
and was st1rred 1 h The solvent was removed under reduced pressure and the resultmg oil
was purified by ﬂash chromatography (SrOz, 100% hexanes to 15% ethyl acetate in
hexanes gradient for elutron) The punﬁed oil was dissolved in DMSO (50 rnL) and heated
| at reflux for 10 min. The resultmg solution was partmoned between ethyl acetate/water
| (100/50 mL). The aqueous layer washed washed with ethyl acetate (25 mL) and the
combined organic phases were washed with water (2 x 50 mL), brine (3, x 50 rnL) and
dried (Na,SO,). Evaporation of solvent and purification by flash chromatography afforded

the title compound as an off-white solid. Recrystallization from ethyl acetate/hexanes
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afforded 1.89 g (64%, 1st crop) of N-(but-3-ynyl)-4-methylbenzenesulfonamide as a "

colorless, microcrystalline solid. A second crop was obtained by similar recrystallization.

Data for the title compound were consistent with that reported in the literature.97 Data for

N-(but-3-ynyl)-4—methy1benzenesulfona.mide (122): 'H NMR (3-00 MHz, CDCl5) § 7.7‘4‘
(d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 4.84 (br t, J = 6. O'Hz 1H), 3.08 (dt, J =
6.6, 6.0 Hz, 2H), 2.41 (s, 3H), 2.35 (dt, J = 6.6, 2.6Hz, 2H), 1.98 (t, J = 26 1H); Be

NMR (75.5 MHz, CDCL,) § 143.6 (C), 136.9 (C), 129.8 (2x CH), 127.1 (2 x CH), 80.3

(©), 70.9 (CH), 41.6 (CH,), 21.5 (CH3), 19.8 (CH,).

N-(But-3- ynyl)-N-(4 -methyl- penta-2 3- dlenyl) 4-methylbenzene-

s

TsN

i

-]

e

Me

sulfonamlde (125)

To solution of N-(but 3-ynyl)-4- methylbenzenesulfonanude (122) (1.72 g, 6.74 mmol,
1.00 equiv), PPh; (2.73 g, 10.4 mmol, 1.35 equlv) and 4- methyl -2 3-pentad1en 1-ol
(0.985 g, 10.0 mmol, 1.30‘ equlv) in THF (23 mL) at0 C was added DIAD (2.05 mL
10.4 mmol, 1.35 equxv) over-10 min. The resulting solutlon was allowed to slowly warm
to rt and stirred overnight (12 h). Evaporation of solvent and purification by flash
chromatography (SiOz, hexanes to 5% ethyl acetate in hexanes gradient for elution)
afforded 2.05 g (91%) of N-(bu.t-3-ynyl)-N-(4-meth'yl-penta-2,3-dienyl)-4-
methylbenzenesulfonamide (12_5) as a colorless solid. Recrystallization from ethyl

acetate/hexanes afforded colorless prizms. Data for the title compound: mp = 67-68 °C; 'H
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NMR (300 MHz, CDCl3) § 7.64 (d, J = 8.2 Hz, 2H), 7. 24 (d, J = 8.2 Hz, 2H) 4.70 (m,

1H), 373(dJ 7.1 Hz, 2H),328(apth 7.6 Hz, 2H), 242(dtJ 7.6, 2.5 Hz,

- 2H), 236 (s, 3H), 1.93 (t, J = 2.5 Hz, 1H), 1.61 (s, 3H), 1.60 (s, 3H); 13CNMR(755 |

MHz, CDCl3) § 203.4 (C), 143.2 (C); 136. 7 (), 129.6 (2 x CH), 126 9 (2 x CH), 96.9
(C) 84.1 (CH) 80.7 (C), 70.0' (CH), 48. 2 (CHy), 45.5(CH,), 21.3 (CHjy), 201 (2 X
CH3), 18.9 (CH,); IR (NaCl, thin ﬁlm) 3292 (m br), 2980 (m), 2912 (m) 2869 (m) 2120

(w), 1968 (w), 1598 (m), 1344 (s br); hlgh resolution (EI) mass spectrum calculated for ‘

Ci7H,;1NO,S (M ) 303. 1292 found 303.1293.

2-[(4- Methylbenzene)sulfonyl] S- lsopropylldene 1, 2 3,4 4a,5 hexahydro-
[2]- pyrldm 6-one (148) L

Me
Me

-/_//o : | ..7

TsN oo
\N'

The title compound was prepared in 30% yield usmg Procedure C except that 10 mol %

Co0y(CO)s was used. Data for 2-[(4- methylbenzene)sulfonyl] S-isopropylidene-

”' 1,2,3,4 4a, 5 hexahydro [2]-pyr1dm 6-one (148): '"H NMR (300 MHz CDCl;) 6 7.62 (d,
J =82 Hz, 2H) 7.29 (d, J 8.2 Hz, 2H), 596(s 1H), 436(ddd J=15,56, 1.8 Hz,
1H), 4.10. (m, 1H), 3.36 (dd J =108, 5.6 Hz, 1H), 2.72- -2.57 (m, 2H) 240 (s 3H),
2.40-2.27 (m, 2H), 2.25 (s, 3H), 1.96 (s 3H) C NMR (75.5. MHz CDCl3) ) 195 4
(C), 168.4 (C), 148.7 (©), 143.9 (O), 134.1 (C), 130 8 (CH) 129.9 (2 x CH), 129.7
(C), 127.3 (2 x CH), 51.7 (CHZ), 46.8 (CH2) 44.8 (CH), 29 89 (CH2), 24.2 (CH;),
215 (CH3) 20.1 (CH3) IR (thin film, NaCl) 2922 (m) 2850 (m) 1688 (s), 1645 (m),
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1627 (s), 1361 (m) 1340 (m) 1163 (s), 1097 (m), 720 (m) hlgh resolutlon (ED) mass |

spectrum calculated for CygH,NO3S (M+) 331.1798, found 331 1804.

N ‘-(4-Methylthio-bu\t-3-yny1)-N -(4-'me'thyl-penta-2,3-dienyl)-4-methyl-
benzenesulfonamide (149) |
Me

. Me'.
TN

%SMc |

" To a solution of N—(but-3-ynyl)-N—(4-methy1-penta-2,3-dienyl)-4-methylbenzene-
sulfonamide (125) (1.57 g, 4.69 mmdl, 1.00 equiv) in THF (16 mL) at -78 °C was added

n-BuLi (3.4 mL of a 1.6 M solution in hexanes, 5.4 mmol, 1.2 equiv) dropwise. After .

stirring 15 min at -78 °C, MeSCN (0.40 mL, 5.9 mmol, 1.3 equiv) was added dropwise.

" The solution was stirred 30 min at -78 °C, and then placed in a 0 °C bath for 15 min, at

which time water (5 mL) was added. The mixture was partitioned between ethyl
acetate/water (50/50 mL), washed with water (2 x 25 mL),‘ brine (50 mL) .and dried

(NayS0y). EV@poration of solvent and purification by flash chromatography (SiOz", 5x 2

cm, 5% ethyl acetate in hexanes) afforded 2.05 g (91 %) of the title compound as an

orange-yéllow oil: Data for N—(4-methy1thio-but-3-yny1)-N—(4-methyl-penta—2,3-diényl)—4’-
‘methylben_zenesulf()namide (149): 'H NMR (300 MHz, CDCly) § 7.64 d,J= 8;2 Hz,
- 2H), 7.24 (d, J = 8.2 Hz, 2H), 4.70 (m, 1H), 3;'72 d,J=17.1 Hz 2H), 3.26 (app t with
- fine structure, J = 7. 6 Hz 2H), 2. 52 (app t with fine structure, J = 7.6 Hz 2H), 2. 36 (s ‘
- 3H); 2.25 (s, 3H), 1:60 (s, 3H), 1.59 G, 3H); e NMR (75.5 MHz, CDC13) § 203.4
(C), 143.1 (C), 136.8 (_C), 129.6 (2 x CH), 126.9 (2 x CH), 96.9 _(C), 89.3 (C), 84.1

(CH), 72.2 (C), 48.2 (CHy), 45.6 (CHy), 21.3 (CHj), 20.5 (CHy), 20.1 (2 x CHj), 18.9 -




| s
(CH3); IR (NaCl, thin film) 2979 (w), 2927 ('m)', 1967 (w), 1598 (w), 1344 (m), 1160 (s);
high resolution (EI) mass spectrum calculated for C;sH,3NO,S, (M*) 349.1167, fbund .
' 349.1170. B

2 [(4- Methylbenzene)sulfonyl] S- 1sopropyhdene 7-methylth10- -
1,2,3,4,4a,5-hexahydro-[2]-pyridin-6-one (150)

P

TsN/\‘/

; SMe

- SMe; .

.. The title compound was pré_paricd in 70% yield using Procedu‘re‘ C Dat‘a‘ for'.‘2'-[(4- |

'methylbenzepe)sulfonyl]-5-isopropylidene-7‘-methylthio-1,2,3’,4,4a,5AHexahydro-[2]; - _ '
" pyridin-6-one (150): '"H NMR (300 MHz, C6Dg) 87.58 (d, J = 8.1 Hz, 2H), 6.78 (d, J = “
8.1 Hz, 2H), 4.38 (ddd, J = 11.2, 5.5, 1;8‘Hz, 1H)_,- 3.89 (m, lH)-; 2.96 (dd With fine
strﬁcture, J =112, 5.5 Hz, 1H), 2;_77 (m, 1H), 2.28 (s, 3H), 2.19 (s, 3H), 2.16 (m,
- 1H), 1.90 (s, 3H), 1.84 (m, 1H), 1.61 (app.t, J = 11.2 Hz, 1H), 1.48 (s, 3H); ”C. NMR-
(75.5 MHz, CDCly) 3 191.9 (C), 165.4 (C), 149.7 (C), 143.8 (C), 135.8 (C), 133.9 ©),
129.8 (2 x CH), 128.2 (C), 127.2 (2 x CH), 51.5 (CH,), 46.4 (CH), 439 (CH), 28.3
(CHp), 24.1 (CH‘3)? 21.4 (CHj), 20.2 (CH3), 15.0 (CH3); IR (NaCl, thin film) 2925 (w), -
1685 (m), 1643 (m), 1607 (m), 1336 (m), 1165 (s), 1098 (m), 749 (m), 651 (m);" high
- resolution (EI) mass spectrum calculated for C;oH,3NO;S, (M+j‘ 377.1123, found
377.1119. .
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1-Tetrahydropyranyl-s-(trimethylsilyl)-octa-2,7adiyné-4-ol‘

HO * °  oTHP .

———=—SiMe;

Toa solution of 1-tetrahydr,opyranylf2-propynyl ether (2.05 g, 1_4,6 mmol, 1.00 equiv) in -
THF (20 mL) at -78 °C was added n-BuLi (8.2 mL of a 1.6M solution in hexa,nes,. l3.2 |
mmm 0.90 equiv) dropwise. The solution was allowed to stir an additional 5 min at -78
°C and then was added dropwise to 5- (tnmethylsﬂyl)pent 4- yn-l al (2.26 g, 14.6 mmol‘_ i
1.00 equiv) in THF (10 mL) at -78 °C. The resultmg solution was allowed to warm to 0
°C over 2 h at which time saturated NH4Cl (10 mL) was added dropw1se.- The resulting
mixture . was p’artitioned between ethyl acetate and saturated NH4C1 (50/50 mL). The.
organic layer was washed with water (2 x 75 mL), brine (75 mL) and dried '(NaZSO4)
Evaporat1on of solvent and punﬁcatlon by ﬂash chromatography (810, hexanes to. 10%

ethyl acetate in hexanes gradlent for elution) afforded 3. 43 g (88%) of the t1tle compound

as a viscous, pale yellow orl asa nnxture of anomers. For analyhcal measurements apure

sample of the major anomer was collected Data for 1- tetrahydropyranyl 8- (trxmethylsrlyl)- '
octa-2,7-diyne-4-ol: H NMR (300 MHz, CDCl;) & 4.77 (t J = 3.0 Hz, 1H), 4. 54 (s with
fine structure, 1H), 4.27 (app dt, J= 15.6, 10.5 Hz, 2H), 3.78 (m, lH), 3.51 (m, lH),
2.49-2.30 (m, 2H), 2.22 (br s, 1H), 1.89 (app g, J = 6.8 Hz, 2H), 1.84-145 (CH,
envelope, 6H), 0.12 (s 9H); 13C NMR (75.5 MHz, CDCl;) § 106 0 (C), 96.9 (CH) 86.2
_ (C), 85.6 (C), 81.3 (C), 62.0 (CHz), 61.4 (CH), 54.2 (CH,), 36.2 (CH,), 30.2 (CHy), |
253 (CH,), 19.0 (CH,), 15.9 (CHy), 0.1 (3 x CH3)' IR (NaCl, thin film) 3420 (m br),
2955 (s br), 2871 (m), 2174 (m) 1250 (m), 1024 (s) high resolution (EI) mass spectrum
 calciilated for C;gH,05Si (M + H)* 295. 1729 found 295.1732.
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8-Trimethylsilyl-octa-1,2-dien-7-yn-4-ol

SiMe;

Toa suspensio'n of LiAll—L,. (0.464 g, 12.2 mmol, 1.05 equiv) in diethyl ether (25'mL) at rt
was added a solution of 1 tetrahydropyranyl -8- (tnmethylsﬂyl) octa-2,7- d1yne-4 ol (3 43 g,
11. 6 mmol 1.00 equiv) in diethyl ether (10 mL) over 1 h. The resultmg suspensxon was
heated at reflux for 2 h, allowed to cool to rt, and then quenched by the addition of water

(2.5 mL). The resulting ‘sus'pensmn was ﬁltered through-cehte -thh, the axd of ethyl acetate

© (7 x 25 mL), the'so‘lvent was evaporated and the _resi‘dtle was purif‘ied:‘ by flash B

chromatography (S-iOz,‘S x 6 cm, 5% ethyl acetate m hexanes to 10% ethyl acetate in -
hexanes gradient for elution) affording 1.99 g (88%) of 8-trimethyl$ilanyl-octa-1,2—dien‘-7-
yn-4-ol as a colorless oil. Data for 8-trimethylsilyl-octa-1,2-dien-7-yn-4-ol: "H NMR (300
,MHZ, CDC13) S ‘5.16 (app dd with ﬁne structure, J = 12.8, 6.5 Hz, 1H), 4.83-4.77, (m,
2H), 4;29-4.18 (br m, 1H), 2.30 (br t, J = 7.2 Hz, 2H), 2.30 (br s, 1H), 1.72 (dt, J =

' 13.4, 6.7 Hz, 2H), 0.080 (s, 9H); °C NMR (75.5 MHz, CDC13) d 207 0 (C), 106.6 (C),
94 1 (CH) 85.1 (C) 77.5 (CH,), 68. 4 (CH) 35.8 (CHy), 16.1 (CHy), 0 0@3x CH3) IR
(NaCl, thin ﬁlm) 3400 (m vbr), 3309 (m br), 2959 (m), 2175 (m) 1250 (m), 1061 (m)
843 (s); high resolutlon (EI) mass spectrum calculated for C“H”OSI M - H) 193, 1049
found 194.1049.
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N-(Prop-2-ynyl)-N-(penta-2,3-d‘ienyl)-4-m.et‘hylbenzenesulfonamide | (126)

/S —
TsN

A

“pte

To a solution of prrop-2—ynyl-4-methylbenzenesul‘fonarrﬁde (121) (1.75 g, 8.36 mmol, _
1.00 equiv), PPh; (2.62 g, 10.0 mmbl‘, 1.20 eqﬁiv) and 2,3-pentadien-1-ol (0.84 mmol,
10.0 mmol, 1.2 equiv)'in THF (20 mL) at 0 °C was added DIAD (1.97 mL, 10.0 mmol,
1.20, equiv) dropwise. The resulting soiution Wéé alldWed to stir 1 h at 0 °C then 2 drops
of water were added. The solvent was removed under reduced pressure and the r_es',idue'
was treated with diethyl ether (30 mL). The resulting suspensio‘ri was treated with hexanes
(30 mL) and filtered with the aid of 10% ethyl acetate in hexanes ( IOO mL). Evaporation of
solvent and purification by flash chromatography (SiO,, 5 x 10 cm, 2% ethyl acetate in .
- hexanes to 10% ethyl acet_élte in hexanes gradient for elution) afforded 2.1 g (91%) of N-
(prop-2-yny1)-N-(penta-2,3-di_enyl)-4-met11ylbenzenesﬁ1fonaxr1ide as a pale yellow, viscous
oil. After prolonged storage at 0 ;’C the title éompound formed a colorless semi-solid.
Data for N-(prop-2-ynyl)-N-(penta-2,3- dlenyl) 4- methylbenzenesulfonamlde (126) 'H
NMR (300 MHz CDC13) 87.68(d,J= 8 4 Hz, 2H) 7 24 (d, J = 8.4 Hz, 2H), 5.10 (m,
1H), 4.90 (m, 1H) 4.14 (dd J— 18.4, 2.3 Hz, IH) 406 dd, J = 18.3, 2.3 Hz, 1H),
3.82 (ddd, J = 14.1, 6.9, 2.2 Hz 1H), 3.74 (ddd, J— 14.1, 6.9, 2.2 Hz, 1H), 2.36 (s,
3H), 1.98 (app t with fine structure, J = 2.3 Hz, 1H), 1.58 (dd, J = 7.1, 3.1 Hz, 3H); PC
NMR (75.5 MHz, CDCl;) § 206.4 (C), 143.4 (C), 135.9 (‘C'), 129.4 (2 x CH), 127.5 2 x
CH), 87.3 (CH), 85.1 (CH), 76.3 (CH), 73.4 (C), 46.0 (CH,), 35.5 (CHy), 214 (CH,), .
13.8 (CHa); IR (thin film, NaCl) 3288 (m br), 2925 (m),‘2858 (m), 2120 (w), 1967 (m),
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1348 (s), 1162 (s) high resolutlon (EI) mass spectrum calculated for C15H,7NOZS (M )

275. 0980, found 275.0989.

4-Ethylidene-2-[(4-met];ylbenzen'e)-sulfonyl]-2,3,3a,'4-tetrahydro-lH-

cyclopenta[c]pyrol-5-one and 2-[(4-methy‘l‘benzene)sulfonyl]-S-methyl- -

1,2,3,5-tetrahydro-f2]-pyridin-6-one

.//—Me | Me

The title compouxid was prepared as a mixture of 3 isomers in 66% yield using Procedure

C -except that 10 mol % COz(CO)g ‘was used. Data for 4‘-Eth.ylidene-2-[(4-
methylbenzene)sulfonyl]-_2,3,3a,4-tetrahydro-1H-cyclopenta[c]pyrol-S-one and 2-[(4-

methylbenzene)sulfonyl]-S-methyl;1,2',3‘,5-tetrahydr‘o-[2]-pyridin-6-one: High resolution

(EI) mass spectrum calculatgd for C15H17NQ3S (Mf) 321.0856, found 321.0857..

'N-(Pr'op-_2-ynyl)-4-_methylbenz_enesulfonamide (121)

To a suspension of N—t-butoxycarbonyl 4-methylbenzenesulfonamide (5. 69 g, 21.0 rnmol
1.00 equiv) and K,CO; (4.25 g, 315 mmol 1.50 equiv) in DMF (25 mL) at rt was added
propargyl bromlde (2.40 mL, 32.0 mmol, 2.00 equiv). The resulting suspension was

allowed to stir 15 h at rt and then was partltloned between ethyl acetate and water (200/ 150
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mL). The orgamc phase was washed w1th brine (2 x 150 mL) and dried (Na2804)
| Evaporatlon of solvent afforded a viscous oil that was dlSSOlVCd in DMSO (65 mL). The

solution was heated at reflux for 10 .min and allowed to cool‘ to rt. Workup in the usual

way afforded a yellow solid which was reCrystallized with ethyl acetate/hexanes. First crop -
afforded 1.84 g (42%) of N—(prop-2_.-ynyl)—4-methylbenzenesul_fonamide (121). Second
crop afforded 1.73 g (39%) of N—(prop-2-yny1)_—4-methy1benzenesulfonarhide (121). :

~ Spectral data of the title compound were consistent with that reported in the literature.98

4-[[(1,‘1-Dim,ethylethyl)dimethylsilyl]oxy]-8-trimethylsilyl-6cta--1,‘2-die'1i-7-‘ ‘
' yn-d-ol (157) |

Y.
. TBSO Vi |
_ >__/L-— ———SiMe;

To a solution of 8-trimethyls‘ilyl-octa—'1 2-dien-7-yn-4-ol (1.52 g, 7.82 mmol, 1 OO-equ-i‘;/)" o
~ and imidazole (1.06 g, 15.6 mmol, 2.00 equiv) in DMF (4 mL) was added TBSCI (1.30 g,
8.60 mmol, 1.20 equ1v) at rt in one portlon The resultmg mixture was allowed to stir 1 h
at rt and then was poured into hexane/water (100/50 mL). The organic layer was washed o
- with water (50 th), brine (3 x 50 mL) and dried (MgSO,).  Evaporation of Sol'vent and'
purification by flash chromatography (SiOz, 5% ethyl acetate in hexanes) afforded 1.71 g |
(93%) of 4-[[(1,1-dimethylet»hyl)dimethyl's_ilyl]oxy]-8-trimethylsi1any1—octa-_1,2=dien-7-yn-
4-ol (157) as a colorless oil. Data for 4-[[(1,1-dimethy-leihyl)dimethylsilyl]oxy];8-
trimethylsilyl-octa-1,2-dien-7-yn-4-ol (157): 'H NMR (300 MHz, CsDg) 0 5.01 d(d.t, J=
7.2, 6.8 Hz, 1H), 4.63-4.49 (m, 2H), 4.32 (m, 1H), 2.31-2.10 (m, 2H), 1.75-1.60 (m,
2H), 0.91 (s, 9H), 0.18 (s, 9H), 0.094 (s, 3H), 0.085 (s, 3H); °C NMR (75.5 MHz,
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CsDg) 8 207.8 (C), 107.3 ©, 94.8 (CH), 85.0 (C), 76. 2‘(CH2) 70.2 (CH), ‘37 5 (CHy),
26.1 (3 x CH3), 18.3 (C), 16.4 (CHZ) 0. 33 3x CH3) -4.1 (CHy), -4. 8 (CH3) IR (thm'

film, NaCl) 2957 (m), 2933 (m) 2860 (m) 2176 (m), 1958 (m), 1250 (m), 1089 (m) o

838 (s), 776 (m) hlgh resolutxon (EI) mass spectrum calculated for C,7H320312 (M )"" N

308.1992, found 308.1995.

4-[[(1,1-Dimethyl'ethyl)dime'tﬁhylsilyl]oxy]-_7.-%ﬁmethylsilyl-1,4,5,6-
tetrahydro-inden-2-one (158) .

e - | .
TBSO ; - TBSO _

- (D
—=—siMe, : . " SiMey

To a solution of [(CO)thCl]z (1 O mg, 2 mol %) in toluene 2.5 mL) under CO (1 atm)

was added 4- [[(1 1- dlmethylethyl)dlmethylsﬂyl]oxy] 8- tnmethylsﬂanyl octa—l 2-dien- 7-
yn-4-ol (160) (77 mg, 0.25 mmql, 1.00 equlv).l After ‘stlrrmg 5 min at It, the solutlpn_ :
vuas heated to 60 °C for 5 h. “ Eva:po'r'aticn"of solvent and puriﬁcation‘ by flash
chromatography (basic Ale:;, 5% c:thyll acetate in heXanes) afforded S0 mg (60%) of the‘_
title compound as a pale yellow oil. Data for 4- [[(1,1- dunethylethyl)dlmethylsﬂyl]oxy] 7-

tnmethylsﬂyl 1,4,5,6- tetrahydro -inden-2-one (158): 'H NMR (300 MHz, CDCls) 8 5. 57

(s with fine structure, 1H), 4.12 (m, lH), 2.68 (m, 1H), 2.61 (s with ﬁne‘ structure, 2H), .
2.16 (ddd, J = 15.3 Hz, 10.4, 4.8 Hz, 1H), 1.72-1.51 (m, 2H), 0.98 (s, 9H), 0.33 (s,
9H), 0.07 (s, 6H); °C NMR (75.5 MHz, CDCl;) & 207.3 (C), 174.3 (C), 140.3 (C),‘
138.8 (C), 128.0 (CH), 66.9 (CH), 39.2 (C‘Hz); 32.6 (CHy), 25.8 (3 x CHj), 24.4
(CHy), 18.3 (C), -04 (3 x CH,), -4.5 (2 X CEH;); IR (NaCl, thin film) 2954 (m), 2896
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(m), 2856 (m), 1693 (m), 1557 (m), 1249 (m) 1069 (m), 836 (s) high resolutron (EI)
mass spectrum calculated for C18H3207812 mM* ) 336 1941, found 336. 1947

4-[[(1.,1-Dimethylethyl)dimethylSilyl]bxy]-octa-1,2-dien-7-yn.-4-ol‘

To a solutron of 4-[[(1,1- dlmethylethyl)d1methyls11yl]oxy] 8- trrmethylsﬂanyl octa—l 2- -;'
dien-7-yn-4-ol (160) (77 mg, 0. 25 mrnol 1.00 equ1v) in MeOH (1 mL) at rt was added".
K2C03 (36 mg, 0.26 mmol, 1.05 equ1v) in one portron After 1.5 h, the reaction was -
partltloned between diethyl ether and water (10/5 mL). The organic phase was washed
with water (5 mL) brine (5 mL) and drled (MgSO0O,). Evaporatlon of solvent and. |
punﬁcatlon by flash chromatography (Si0,, 5% ethyl acetate in hexanes) afforded 56 mg‘ '

| (95%) of 4-[[(1,1- d1methy1ethy1)d1methylsﬂyl]oxy] octa-l 2- dren-7-y~n-4-ol as a l1ght :
yellow 11qu1d Data for 4- [rc1,1- drmethylethyl)drmethylsrlyl]oxy]-octa 1,2- dien-7- yn—4 ol .
IH NMR (300 MHz, CDClg) d 5.08 (app dt, J = 13 7, 6. 8 Hz, 1H), 4.80-4. 69 (m, 2H),

| 4.27 (m 1H), 224 (dt, J = 71 26 Hz 2H), 192 t J= 26Hz 1H), 1.80-1.65 (m, .
2H) 0. 87 (s, 9H) 0.062 (s, 3H) 0.051 (s, 3H); 13C NMR (75 S5 MHz CDCl) § 207.4

(©), 94.3 (CH), 84.2 (O), 76.3 (CH,), 69.8 (CH); 68.4 (C), 37.1 (.CHZ)’ 29.7 (C), 25.8

(3vx CHj), 18.1 (C), 14.6 (CH,), -4.3 (CH3), -5.0 (CH3); IR (thin film, NaCl) 3312 (m),

2956 (m) 2929 (m), 2’857 (m) 2120 (w), 1956 (m), 1252 (m), 1089 (m), 8~3'8‘ (m), 776

(m); hlgh resolution (EI) mass spectrum calculated for C11H21081 M - C3H3) 197 1362,
found 197.1372. ' |
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N-(1-Methyl-prop-2-ynyl)-N-(4-methyl-penta-2,3-dienyl)-4-methyl-

benzenesulfonamide (127)

Me
TsN. : = o
\_\\o .
"
‘Me

_‘ To a solution of N¥(2-methy-l-pfop-2-yny1)-4_—methylben’zenesulfonami?de23, (145 g,6.50
mmol, 1.00 equiv), PPh; (2.20 g, 8.45 mmol,i'l.-30 equiv) aﬁd 4-methyl-2,3-pentadien-1-
ol (0.831 g, 8.45 mmol, 1.30 equiv) in THF (20 mL) at 0 °C was added DIAD 1.7 ‘mL,‘ |
8.5 mmol, 1.3 equiv) dropwise over 10 min. After 30 min at 0 °C, the reaction solution -
was allowed to warm to rt and was stirred 1.5 vh. The solvent was removed under réduced
-~ pressure and the resulting oil was purified by flash chromatogtaphy (SiO,, 100% hexanes
to 5% ethyl acetate in hexanés gradient for elution). Evaporation of solvent and puriﬁcatibn
by flash chromatography afforded 1.83 g A(93%) of N-(2-methyl-prop-2-ynyl)-N-(4-

~ methyl-penta-2,3-dienyl)-4-methylbenzenesulfonamide (127) asa colorless solid.
Recryétallization from ethyl acetate/hexanes afforded colorless prisms. Data for N-(2-
methylfN-prop-27ynyl-)'-N-(4-metl1yl—penta—2,3_-dienyl)-4-methyl-benzenésulfonan:jdé '

- (127): mp = 68-69 °C; '"H NMR (300 Mz, CDCLy) § 7.70 (4, J = 8.0 Hz, 2H), 7.25 (d,
J = 8.0 Hz, 2H), 5.05 (m, 1H), 4.86 (dq, J = 7.1, 2.4 Hz, 1H), 3.89 (dd, J = 15.7, 5.4
Hz, 1H), 3.66 (dd, J = 15.7, 7.8 Hz, 1H), 2.38 (s 3H), 2.10' (d, J = 2.4 Hz, 1H), 1.656
(s, 3H), 1.647 (s, 3H), 1.46 (d, J = 7.1 Hz, 3H); °C NMR (75.5 MHz, CDCl3) § 202.1
(C), 143.2 (C), 136.6 (C), 129.4 (2 x CH), 127.5- (2 x CH), 97.0 (C), 87.8 (CH), 81.5
(CH), 73.0 (C), 45.9 (CH), 44.8 (CH,), 22.8 (CH3), 21.5 (CH3), 20.2 (CH,), 19.8
(CHa3); IR (thin film, NaCl) 3276 (br s), 29‘83 (m), 2936 (m), 2869 (m), 2112 (w), 1970
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(w), 1598 (m), 1450 (m), 1343 (s), 1166 (s), 1153 (s), 1108 (m), 991 (m), 660 (s); high
resolution (EI) mass spectrum calculated for C17H21NOZS (M+) 303.1295, found
303.1293.

2-[(4-Methy‘lbenzene)sulfonyl]-1-me'thyl-4-.isoprop,ylidene-2,3,33,4- ‘
tetfahydro-1H-cyclopen_ta[c]pyrol-5-one (152)

Me

The title compo'und was prep‘ared as a mixture of isomers (2.6/1) in 73% yield usirig‘
- Procedure C except that 10 mol % Co,(CO); was used (15 h). Purification by flash
. chromatography (SiO,, 30% ethyl acetate in hexanes to 50% ethyl acetate in hexanes
gradient fdr elution) afforded 61 mg (73%) of 2—[(4-methylbenzene)sulfonyl]-l-methyl-4-_ R
isopropylidene-2,3,3a,4-tetrahydro-1H-cyclopenta[c]pyroI-S-oné (152) as a colorless
solid. Data for the title compound: 'H NMR (300 MHz, CDCl;3) 8 7.78 (d, J = 8.2 Hz,
2H), 7.65 (d, J'=~8.4, 2H), 7.34-7.28 (m, 4H), 6.05 (s with fine structure, 1H), 5.88 (s,
1H), 4.52 (q, J = 6.6 Hz, 1H), 4.20 (q, J = 6.6 Hz, 1H), 4.14-4.01 (m, 2H), 3.84 (br
app t, J = 9.5 Hz, 1H), 2.99 (br app t, J = 9.8 Hz, 1H), 2.87 (app t, J=11.2 Hz, 1H),
2.42 (s; 3H), 2.40 (s, 3H), 221 (s, 3H),'2.2O (s, 3H), 1.87 (s, 3H), 1.78 (s, 3H), 1.58
(d, J = 6.6 Hz, 3H), 1.52 (d, J = 6.6 Hz, 3H); >*C NMR (75.5 MHz, CDCl;) 8 175.9,
172. 7 149.21, 148.8, 144.1, 135.8, 130.0, 129.9, 128.5, 127.6, 127. 2 127.1, 55. 0,
54.9, 52.0, 50.7, 47.3, 45.2, 29.6, 24.8, 225 20.2, 19.73, 19.67; IR (NaCl thin ﬁlm)'
2926 (m), 1692 (s), 1344 (s), 1160 (s), 1002 (s); major diastereomer: ngh resolution (EI)
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mass spectrum calculated for C17H2‘1N0382 (M'+)'-331 1242, found 331.1242. minor

diastereomer: High resolution (EI) mass spectrum calculated for C,7H21NO3SZ (M+)

331.1227, found 331. 1242

N-(l-Methy1-3-methylthio-prop-z-yny-l)-N-(45methyl-penta-2,'3-dienyl)-4-

methylbenzenesulfonamide (153)

Me E . '

—=—sMe
TsN . o

y-Me S
Me -~

To a solution N-(1 -methyl-p}op-Z-ynyl)-N—(4?mefhyl-penta-2 3-dienyl)-4-methylbenzene-

* . sulfonamide (127) (0.404 g, 1.31 mmol 1 00 equiv) i m THF (4 mL) at -78 °C was added

| n- BuL1 (0 90 mL of a 1.6 M solution in hexanes, 1.4 mmol 1.1 equiv) dropwise. After
- 15 min, MeSCN (112 pL, 1.64 mmol, 1.25 equiv) was added dropwise and the resulting
solution was allowed to warm to rt over a few hours éﬁd then was stirred at rt (3h). The.
reaction was quenched by the addition of ‘watér (2 mL) at rt and then was partitioned ,
betwéen ethyl acetate and water (15/10 mL). The orgaﬁic layéf was washed w1th wafer (10
. fnL)_, brine (2 x 10 mL) and dried (MgSO,).- Evaporat‘ion‘ of solvent and puﬁﬁcation by '
ﬂasl; chromatography (SiO,, hexanes to 5% ethyl acetate in hexanos grédient for elution)
afforded 0.295 g (46%) N-(1-methy1-3-thioroethyl;prop-Z-ynyl)-N—(4-methyl-penta-2 3-
dlenyl) -4-methylbenzenesulfonamide (153) as a shghtly yellow oil. Data for the title
compound 'H NMR (300 MHz, CDCl3) 6 7.64 (d, J 8. 2 Hz, 2H), 7.21 (d, J = 8 2 Hz, |
2H), SOO(m 1H); 486(q,J 7.1 Hz, 1H), 3.81 (dd J=15.6,5.5, 1H), 358(dd J—
156 7.7 Hz, 1H), 2.33 (s, 3H), 2.05 (s 3H), 2.04 (s, 3H), 1.61 (s, 3H), 1.60 (s 3H);
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’C NMR (75. 5 MHz CDCl3) ) 201 8 (C), 143.0 (©), 136.2 (C) 129 2(2x CH) 127 3
" (2 x CH), 96.7- (C) 89.8 (C), 87. 7 (C), 76.4 (C), 46.9 (CH), 44.7 (CH,), 22. 2 (CH;)-]
21.2 (CH3) 20.0 (CH3), 19.6 (CH3) 18 5 (CH;) IR (NaCl, thin film) 2981 (m), 2932
(m) 2867 (m), 2172 (w), 1968 (w) 1918 (w), 1598 (m), 1494 (rn) 1448 (m), 1344 (br - _'L |
s), 1166 (s), 1103 (s) 1001 (m), 978 (m), 878 (s), 814 (s); 666 (s) hrgh resoluuon (EI) o
mass spectrum calculated for C13H23N 0282 (M+) 349.1176, found 349 1170.

2- [(4-Methylbenzene)sulfonyl] l-methyl 4- 1sopropylldene 7 methylthlo-

2,3,3a,4- tetrahydro 1H- cyclopenta[c]pyrol S-one (154) |
‘ o e

' . '}—Me :

(- o ‘

A

TSN

>'—_—;—SM5

o Me -

Y.

The t1t1e compound was prepared as a 1. 3/1 mixture of isomers in 87% yleld usmg '
Procedure C. Punﬁcatron by flash chromatography (SrOz, 15% ethyl acetate in hexanes to

' 50% ethyl acetate in hexanes gradlent for elutlon) afforded 83 mg of 2-[(4- |
methylbenzene)sulfonyl] l-methyl 4- lsopropyhdene 7-methylthio-2,3,3a,4- tetrahydro-lH-
cyclopenta[c]pyrol 5-one (154) as a colorless sohd " Data for 2- [(4'-‘ ,' |
methylbenzene)sulfonyl] -1-methyl-4- -isopropylidene-7- methylthlo 2, 3 3a,4-tetrahydro-1H-
cyclopenta[c]pyrol 5-one (154): IR (NaCl, thin film) 2923 (m), 1683 (s), 1619 (s), 1346

| (s) 1250 (m), 1162 (s) 1002 (s); hlgh resolution. (EI) mass spectrum calculated for M
C19H23N0382 (M+) 377. 1119 found 377. 1118.
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N-(1- Methyl 3- tnmethylsnlyl -prop-2- ynyl)-N-(4 methyl penta-2 3- dlenyl)
4- methylbenzenesulfonamlde (155)

Me

">‘—}SiMe3‘
_ »—M:’
Me

To a solution N-( 1-methyl—prep-?_-ynyl)-N-(4-methyl-pente-2,3-dienyl)-4-methylbenzene-
sulfonarnide (127) (0.322 g, 1.05 mmol, 1 00 équiv) in THF (5 mL) ‘a‘t -78 °C was added
n-BuLi (0.69 mL of a 1.6 M solution in hexanes, 1.10 mmol 1.05 equlv) dropwise . After
10 min, Me381Cl (156 pL, 6.20 mmol 1 30 equlv) was added dropw1se and the resulting
solution was allowed to warm to rt over 2 h and then was stlrred atrt (3 h) The reaction
'suspension was quenched at rt by the addition of saturated NH,Cl (1 mL) and then was
partitioned beﬁeen eth_yl acetete (25 miL) and half-saturated NH,ClI (20 mL). The organic
layer was washed with water (20 mL), hrine (2 x 20 mL) and dried (MgSO,). Evaporation
of solvent andlpuriﬁcation by flash chromafdgraphy (SiO,, hexanes to 10% ethyl acetate in_ ‘
hexanes gfadient for elution) afforded 0.35 8 g (90%) of N-(1-rnetlly1¥3;txi'rnethylsilyl‘¥prop- |
2-yny1)-N—(4-methyl;penta-2,3-dienyl)-4-methylbenzenesulfonamide (155) as a viscous,
colorless oil. ‘Recrystallization with ethyl acetate/hexanes afforded colorless prisms. Data
N—(lQmethy1-3-triméthylsi1y1—prop—2-ynyl)-N-(4;methyl;penta-2,3-dieny1‘)‘~,4-1net'hyl-
benzenesulfonamid‘e (155): mp = 51-53 °C; 'H NMR (300 MHz, CDCl3) 8771 d,J =
8.2 Hz, 2H) 7. 24 (d with fine structure J= 8 2 Hz 2H), 5.04 (m lH) 4.84 (q,J=17.1
Hz, 1H), 3.86 (dd J = 15.6, 5.4 Hz, lH) 3.64 (dd, J = 15.6, 78Hz 1H), 2.39 (s,
3H), 1.671 (s, 3H), 1.661 (s, 3H), 1.44 (d, J = 7.1 Hz, 3H), -0.03 (s, 9H); °C NMR
(75.5 MHz, CDCl5) §.202.0 ©, 14.‘3.0‘ (©), 136.4 (C), 129.3 (2 x CH), 127.5 (2 x CH),
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103.0.(C), 96.8 (CH), 89.4 (C), 87.9 (CH), 466(CH) 44.8 (CHZ) 2.5 (CHy), 214 -

(CH3), 20.2 (CH3), 19.7 (CH3) -0.4 3 x CH3y); IR (thin film,” NaCl) 2982 (m), 2959
(m), 2937 (m), 2870 (m), 2169 (w), 1970 (w), 1599 (m), 1345 (), 1167 (s), 845 (s), 665
(s); high resolution (EI) mass spectrum calculated for Conng 0,SSi (M+) 375 1865,
found 375.1668. -

2-[(4- Methylbenzene)sulfonyl] 1- methyl 4- lsopropylldene 7 trnmethylsxlyl- '

- 2,3,3a.4- tetrahydro 1H-cyclopenta[c]pyrol S-one (156)

Me

The title compound was pfepared as a 1.1/1 mixture' of' icomerc in 59% yield using
~ Procedure C. Data for the tltle compound 156 'H NMR (300 MHz CDCI3) §7.77 d,J
—81Hz 2H), 765 (d J = 81Hz 2H), 7.35-7.31 (m, 2H), 729 (d J 81Hz 2H)
4.76 (q, J = 6.7 Hz, 1H), 4.27 (g, J = 6.5 Hz, 1H), 4.09 (dd, J =10.7, 7.1 Hz, 1H),
4.02 (app t, J = 8.2 Hz, IH), 3.80 (brapp t, / = 9.5 Hz, 1H), 3.03-2.85 (m, 2H), 2.42
(s, 3H), 2.39 (s, 3H), 2‘.34(dd, J =10.7, 8.4 Hz, 1H), 2.20 (br s, 6H), 1.86 (s, 3H),
1.77 (s, 3H), 1.56 (d, J = 6.5 Hz, 3H), 1.48 d, J=6.7 Hz, 3H), 0.22 (s, 9H), O.‘O7(s; '
9H); °cC NMR (300 MHz, CDCly) 8 199.9 (C), 185.9 (C), 179.1 (C), 147 9 (C) 146.8
‘ (C) 143.9 (O), 143.8 (C), 141 2.(C), 139 0 (C), 136.5 (C), 132 9 (C) 130.6 (C) 130.5 |
(©), 130.0 2 x CH) 129.7 (2 x CH), 127.5 (2 x CH), 127.0 (C) 126 9 (2 x CH), 56. 0
'(CH), 55.2 (CH), 51.61 (CH,), 51.20 (CH,), 48.9 (CH), 46.2 (CH), 25.0 (CH;), 24.8
(CH3),.22.8 (CH3), 22.7 (CH3), 21.5 (CHj), 214 (CH,), 19.7 (CHs), 19.5 (CH3), -0.6
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(3 x CHj), -1.3 (3 x CH3); high resolution (EI)»'mass 'spectfurri calcﬁrlated for
C, 1 HygNO;3SSi (M*) 403.1642, found 403.1637. ‘ |

N-(2: Propenyl)-N—(4 methyl penta-2 3- dlenyl) 4- methylbenzene-
~ sulfonamide (137) o

To a solution of N—(Z-propenyl)—4-methylbenzenes‘h’lfonamijde .(0.528 g, 2.50 mmol, 1.00

equiv), PPh; (0.852 g, 3.25 mmol, 1.30 equiv) and 4-methy1-2,34pentadien-1-01‘ (0.319 g,
3.25 mmol, 1.30 equiv) in THF (6 mL) at 0 °C was added DIAD (05'64 mL, 3.2 mmol, 1.3

equiv) dropwise over 10 min. After 5 min at 0 °C, the solution was allowed to warm to rt

and was stirred an additional 1 h. The sc-)l\‘/ent was removed under reduced pressu’re and
the resultmg oil was punﬁed by flash chromatography (Si0,, 100% hexanes to 5% ethyl,
acetate in hexanes gradient for elution) affordmg 0.556 g (76%) of N-(2 propenyl)-N-(4-

methyl- penta-2 3-dienyl)-4- methylbenzenesulfonanude (137) as colorless oil. Data for N-
(2-propenyl)- N—(4-methy-l-penta-2,3-d1enyl)-4-methylbenzenesulfonamlde (137). 'H _
NMR (300 MHz, CDCl3) 8 7.67 (d, J =82 Hz, 2H), 7.26 (d, J = 8.2 Hz, 2H), (ddt, J = .

16.4, 10.1, 6.5 Hz, 1H), 5.16-5.08 (m, 2H), 4.68 (rﬁ, 1H), 3.82 (d, J B 6.5 Hz, 2H),
3.74(d, J = 6.5 Hz, 2H), 2.38 (s, 3H), 1.61 (s, 3H), 160 (s, 3H); °C NMR (75.5 MHz,
- CDCl3) §203.3 (C) 143 0 (C), 137.6 (C), 132.7 (CH) 129.6 (3 x CH) 127.1 (2 x CH),
118.7 (CHy), 96.6 (C), 84.1 (CH), 48.8 (CH,), 46.5 (CH,), 21.4 (CH3) 202 (2 x CHy);
IR (thin film, NaCl) 2981 (m), 2036 (m},_2911, (m), 2855 (m), 1968 (w), 1598.-(m), 1340

el (O S Y /S W | L T
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(s), 1160 (s); hxgh resolution (EI) mass spectrum calculated for C16H21NOZS " )
291.1293, found 201.1286. | |

‘cis'-6-Iso_‘propyli‘dene-3-N-[(4-methylb‘eniene)sulfdnyl]ﬁ-
azabicyclo[3.2.0]heptane. (166) | |

Y% ‘ ' : | .Me |
TsNr/ _ — : ~— e
. \___\\ | o S TSN/\:D/L

o,
‘ »—-Me
Me ’

To a solution of [(CO);RhCl]; (1 mg, 0:0025 mmol, 1 mol %) and P(OPh3)3 2.6 uL,"o.01‘ o
mmol, 4 moli%) in toluene (2.5 mlL) was added N-(2-propenyl)-N‘—(4-methyl‘-penta—2,3-'
dienyl)-4-methylbenzenesulfonam‘i‘de (137) (73 mg; 0.25 mmol, 1.00 equiv). The ‘
resulting solution was heated at 80 °C for 5 h: After cooling to rt, the solution was
concentrated and purified by flash chrérhatography (Si0,, 5% ethyl acetate in hexanes to
15% ethyl acetate in hexanes gradient for elution) affdrding 30 mg t42%) of the title
compound asa coloriess solid and 26 mg (32%) of cis-2-[(4-methylbenzfene)sulfohyl]—4-
'isopropylidene=5{oio-hexahydro-cyclopehta[c]pyrrole‘(139) as a pale yellow oil. Data for |
cis—6-Isopropylidene-B-N-[(4-methylbenzene)sulfonyl]-‘azabicycl‘o[3‘ 2. b]heptane (166): o
" mp=131- 133 °C (dec), 'H NMR (300 MHz, CDCl3) 5.7.66 (d J=8.0 Hz, 2H) 7.29(d, .
‘J- 8.0 Hz 2H), 3.53 (d J =9.4 Hz, 1H), 3.42 (d, J = 94 Hz, 1H), 3.25 (m, 1H),
2.75-2.58 (m, 4H), 2.35 (m, 1H), 2.40 (s, 3H), 1.47 (s, 3H), 1.43 (s, 3H); °C NMR
~ (75.5 MHz, CDCls) § 143.4 (C), 131.9 (C), 129.7 (C), 129.4_ (2'x CH), 128.0 2 x CH),
125.6 (C), 54.2 (CH,), 53.1 (CH,), 44.8 (CH), 33.1 (CHy), 32.8 (CH), 21.5 (CHjy),
18.4 (CHy), 18.0 (CH); IR (NaCl, thin film) 2965 (m), 2973 (m), 2850 (m), 1717 (w), -




190

1597 (w), 1345 (m) 1169 (s) 1090 (m) 1063 (m), 812 (m), 664 (m); high resolution -
(EI) mass spectrum calculated for CIGHZINOZS (M+) 291.1298, found 291 1293

N;[(4-M_ethy‘lbenz"ene)sulfonyl]-_.4_-iso‘propvylidene-2,‘3,4,’5,1H-azepi-ne (167) “

oy
TsN/_-/ : : ‘- -
| yMe' o '
Me

To a solution of [(CO)ZRhCl]z (1 mg, 1 mol %) in toluene (2 mL) under an argon
atmosphere was added N-(2- propenyl) N- (4 -methyl-penta-2,3-dienyl)- 4- methyl-
‘ibenzenesulfonamtde (137) (58 mg, 0.25 mmol 1.00 equiv). The resultmg solution was
heated at 60 C for 3.25 h. The solutlon was allowed to cool to rt, the solvent was
evaporated and the residue was passed through a short plug of neutral A1203 ('diethy'l ether)

. affording 55 mg of the title compound (95%) as a pale yellow oil. Data for N-[(4-

: methylbenzene)sulfonyl] 4- 1sopropyhdene 2,3, 4 5- 1H-azep1ne (167) H NMR (300
MHz, CDCl;) 6 7.60 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), ,6.35 (d, J=9.0 Hz, -
1H), 4.94 (dt, J = 9.0, 5.7 Hz, 1H), 3;65 (app t, J.= 5.7 Hz, 2H), 2.76 (d, J = 5.7 Hz,
2H), 2.36 (obscuted peak, 2H), 2.34 (s, 3H), 1.49 (s, 3H), 1.30 (s, 3H); '13_C NMR (75.5‘

- MHZ, CDCl;) 8 143.2 (C), 137.1 (C), 129.5 (2 x CH), 127.9 (CH), 127.5 (©), 126.7 @
x CH), 125.8 (C), 111.'7. (CH), 47.1 (CHy), 32.2 (CHy), 28.2 (CHZ),,.21-.4‘ (CHy), 20.3 -.
‘(CH3) 19.8 (CH;); IR (NaCl thin ﬁlm) '3442' (br w), 3047 (w), 2922 (m), 2‘861 (m) _
1647 (m) 1597 (m), 1339 (s, 1164 (s), 1092 (s), 669 (s) hlgh resolutlon (EI) mass
- spectrum calculated for C16H21NOZS (M+*) 291. 1292 found 291. 1293
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cis-2-[(4‘-Meth:ylfbenze'ne)su‘lfoﬁyl]-4-isopropyiidene-5-oxo-hexahydro-‘
cyclopenta[c]pyrrole (139). |

The title compound was prepared in 60% yield using Procedure C exéept that 15 mol % '
thiophene was used as additi‘ve (4 h). Purification of the crude residue b‘y' ﬂas.h
chromatography (SiO3, 15% ethyl acetate in hexdnés gradient for élution)‘ afforded 54.mg
(68%) of the title cdmpou_nd as a‘cc')IOr_less oil. Data for ci_s-2-[(4—methylbenzené)sulfdnyi]- S
.4-isopropylidene-5-oy-xo-hexahydfo-cyclopenta[c]‘pyrrc‘)le (139)' 'H NMR 250 MHZ ‘
CDC13)8753 (d, J 8. 1 Hz, 2H), 726 (d,J = 8.1 Hz 2H) 3.41-3,28 (m, 2H), 3. 12
'(dd J =10.1, 6.8 Hz lH) 289 (dd J = 101 6.8 Hz, 1H), 2.76 (m, lH) 2.61 (m -
1H), 2.30 (dd, 7 =104, 94Hz lH) 2.25 (s, 3H), 1.95 (s, 3H), 1.86 (dd J= 44 2.2,
1H), 1.66 (s, 3H); °C NMR (62.9 MHz CsDg) 8 203.4 (C), 148.9 (C), 143 2(C), 134. 1 .
(C) 133.4 (C), 129.6 (2 x CH), 128.1' (2 x CH) 54.0 (CHy), 53.5 (CH,), 44 3 (CHz)
43.9 (CHy), 35.3 (CHy), 24.0 (CHs), 21.1 (CH3), 20.2 (CH3); IR (NaCl, thin ﬁlm) 3391
(w); 3061 (m), 2926 (m), 2854 (m), 1705 (s), 1627 (s), 1597 (s), 1345 (bf s), 1263 (s),

- 1186 (br s), 1163 (br s), 1092 (s), 815 (s), 735 (s), 709 (s); high resolution (EI) mass

spectrum calculated for C,7H;NOsS (M*) 319.1249, found 319.1242. ~
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N-(2,3-Butadiényi)-N—(Z-Propynyl)-4-methylbehzenesillfonamide (128)

TSN _

| To a .solution of N—(‘propl—2-ynyl)-4-methylbehzeﬁe_slilfbnamide (121) (0.y760 g, 3.65
mmol, 1.00 equiv), PPh:; (1.20 g, 4.74 mmol, 1.3 equiv), buta-2,3-dien-1-ol (O.'330( g,
4.74 mmol, 1.30 equiv) in THF (9 mL) at 0 °C was added DIAD (0.93 mL, 4.7 mmol, 1.3 =
equiv) dropwise. The resulting solution was allowed to warm to rt and stirred an additibnal |
30 min. The volatiles were felfl0ved under reduced pressure and the re_sidue wéé éuriﬁ‘ed '
by flash chromatography (SiOz, 2% ethyl acetate in hexanes to 10% ethyl acetate in
hexanes gradient for elution) to afford a coiorless oil that solidified in the freezer. The B
colorless solid was recrystallized‘ from ethyl acetate/hexanes to give 0.76 g (80%) of the
title compound as ‘colorle‘ss flakes. Data for N-(2,3-‘Butadienyl)LN-(2-.propyny1)-4’--
methylbenzenesulfonamide (128): mp = 62-63 °C; "H NMR (300 MHz, CDCL;) § 7.70
(d,J =84 Hz, 2H), 7.26 (d‘ with fine structure, J = 8.4 Hz,.ZH),‘ST.OO (dt, J =6.8, 6.8 -
Hz, lH),; 474 (dt, J = 6.8, 2.4 Hz, 2H), 4.12 (d, J=24Hz, 2H), 3;84 (dt,J=638,24
Hz, 2H), 2.39 (s, 3H), 2.00 (t, J = 2.4 Hz, 1H); *C NMR (75.5 MHz, CDCL) § 209.7
(C); ‘143_.5‘ (©), 136.0 (C), 1294 (2 x CH), 127.6 (2 x lCH), 85.‘3‘ (CH), .76.4:'(CH2),
73.6 (CH-), 45.5 (CH,), 35.8 (CH,), 21.4 (CH3); IR (thin ﬁlm, NaCl) 3289 (m br), 2924
(m), 2120 (w), 1956 (m), 1598 (m), 1348 (s), 1162 (s); high resolution méss spectrﬁm
calculated for C;H;sNO,S (M) 261.0824, found 261.0831.
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N-(Pent-4-ynyl)-N-(.4-n‘1ethyl-‘pentél-2,l3-diehyl)-4-methylbénzéne- -
sulfonamide . (165)- | | ' |

Me.

e
| /_—// ° .
TsN

——

To a solution of N-(pent-4-yny1)-N-‘(4_-methyl..-penta‘-2,3-dienyl)-4-methylbeniené- |

sulfonamide23 (0.560 g; 2.23 mmol, 1.00 equiv), PPh; (0.760 g, 2.90 mmol, 1.3 equiv),
5;(t1‘imethylsilyl)pent—4—yn—1-01 (0.450 g, 2.90 mmol, 1.30 equiv) in THF (6 mL) at O-?C
was added DIAD (0.57 .mL, 2.9 mmol, 1.3 equiv) dropwise. The resulting solution was

allowed to warm to rt and stirred an additional 12'h. The volatiles were removed under

reduced pressure and the. residue was dissolved in MeOH (15 mL). To the ;esulting ’

solution was added K,COs (0.42 g, 3.0 mmol) and the suspension was allowed to stir for ‘

Shatrt. The suépension was partitioned between éthyl acetate ax_]d water (50/50 mL). The
organic layer was washed with water (50 mL), brine (50 'mL) and dried (MgSO‘;).

Evaporafion of solvent and .puriﬁcation by flash éhromatography (Si0,, hexanes to 5%

ethyl acetate in‘h_exanes gradient for elution) afforded 0.57 g (80%) of a colorless oil. Data

for N—(pent—4-ynyl)-N—(4-methyl-pénta-2,3-dienyl)-4-methylbenzenesulfonanﬁde (165)5

'H NMR (300 MHz, CDCl;)  7.64 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.3 Hz, 2H), 4.66 .
(m, 1H), 3.70 (d, J = 7.1 Hz, 2H), 3.20 (t, J = 7.2 Hz, 2H), 2.34 (5, 3H), 2.16 (dt, J =

7.2, 2.6 Hz, 2H), 1.89 (t, J = 2.6 Hz, 1H), 1.73 (tt, J = 7.2, 7.2 Hz, 2H), 1.58 (s, 3H),

1.57 (s, 3H); °C NMR (75.5 MHz, CDCly) 8 203.1 (C), 143.0 (C), 137.0 (C), 129.5 (2

x CH), 126.9 (2 x CH), 96.6 (C), 84.2 (CH), 83.1 (C), 68.8 (CH), 47.9 (CH,), 45.8
(CH;), 26.9 (CH,), 21.3 (CHa), 20.1 (2 x CH), 15.6 (CH,); IR (thin film, NaCl) 3289
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(m br), 2924 (m), 2120 (w), 1956 (m), 1598 (m), 1348 (s), 1162 (s); high resolution (EI)
mass spectrum calc,u]ated for C;13H>3NO,S (M) 317.1450, found 317.1449.

N-(Z-Methyl-buta-2,3—dienyl)-N-(prop—2-ynyl)-4-methylbénzene.-' ‘
sulfonamide (132)

V4

a Zme
TsN ‘

\

To a solution of N-z.‘-buto‘xycarbonyl-4-methylbenzenesulfonamide93 (5.32 g, 19..6‘ mmol, |
1.00 equiv), PPh; (6.20 g 23.5 mmol, 1.20 equiv), and a mixture of 2-methyLbu£a-2,3- :
dien-1-ol and 2-pentyn-1lol ‘(7_/ 1 mixture, 1.98 g,-23.5 mmol, 1.00 equiv)‘ét 0°C was
added DIAD (4.60 mL, 23.5 mmol, 1.20 equ’iv) drquise.- The resulting sQlution wés
allowed to stir for lhatrt. The sblution was"concentra'ted and partially purified by _ﬂaéh
~ chromatography (SiO,, 10% ethyl acetaie in héxanés). _The residue was dissolved in
DMSO (120 mL) arid'heated at reﬂﬁx for 10 min. Workup in the usﬁal manner and
purification by flash chromatography (SiO,, .15% ethyl acetate in hexanes) afforded 4.43 g
(79%) of the desired products as a 3/1 mixture. To a suspension of fhe mixture (3/1, 3.06 .
| g, 12.9 mmol, l.OO equiv) and K,CO; (2.67 g, 19.3 mmol, 1.50 equiv) in DMF (10 rnL) |
was added propargyl bromide (1.90 mL, 25.8 mmol, 2.00 equiv). The resulting‘l
suspension was allowed to stir 3 h at rt. The suspeﬁsion was partitioned between ethyl
acetate/water (50/50 mL). The aqueous phase was washed with ethyl acetate (25 mL) a-Iid
the combined organic layers were washed with water (2 x 50 mL), brine (50 mL) and dried
(MgSO,). The solution was concentrated and purified by flash chromatography (Si0,,

hexanes to 5% etﬁyl acetate in hexanes gradient for elution) affording‘ 3.2 g (91%) of
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‘material as a white solid. Recrystallization of the solid from ethyl acetate/hexanes afforded
15¢ (47%) of the title compound as colorless crystals. Data for N-(2 -methyl- buta-2,3-

dienyl)-N-(prop-2-ynyl)- 4~methylbenzenesulfonamlde (132): mp = 74-76 °C; 'H NMR
(300 MHz, CDCl5) § 7.71 (d, 7= 82Hz 2H), 726 (d, J = 8.2 Hz, 2H) 468 451 (m :

2H), 4.08 d, J = 24Hz 2H), 3.76 (appt J= 27Hz 2H) 2.40 (s 3H) 194 (t J-g
2 4 Hz, 1H), 1.69 (app t, J=2. 7 Hz 3H); 13C NMR (75.5 MHz, CDCl3) ) 207 6 (C),

| 143.5 (C), 136.1 (C), 129.4 (2 x CH), 127.7 (2 x CH), 93.3 (C), 76.3 ©), 75 1 (CH), -
73.5 (CH), 49. 9 (CHy), 35.6 (CHy), 21.5 (CH3), 15.8 (CH3) IR (thin ﬁlm NaCl) 3277
(m), 2983 (w), 2921 (w), 2118 (w), 1961 (w), 1347 (m) hlgh resolutlon (EI) mass
spectrum calculated for C 15H17NOzS M) 275. 0980 found 275. 0980.
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5.5 Rho,diuni-Catalyzed. Cycloisomerization of Allenynes

. The following comp_oﬁnds were prepared according to the literature procedures: 4- -

_(tetrahydropyran—2-yloxy)hex;2—yn— 1-0170 and hexa-2,3-dien-1-0l.70

S-Methylene-4-(propen-2-yl)-cyclohex-3-ene-1,1-dicarboxylic ~acid
dimethyl ester (133)

. Me . :
)—Me.

- 7 . - ' Me
MeO; S | MeO,C o
MeO, = - 3 MeO,C _

A solution of [(NBD),Rh]SbFs (2.1 mg, 0.0040 mmol, 2 mol %) and

: bis(diphenylphosphino)propane (1.7 mg, 0.0042 mmol, 2.1 inol%) in‘1,2-DCE (2 mL)
was stirred under dihydrogen (1 atm) for 15 min. The resulting solutibn was then fre;cie— |
pump-thaw-degassed (2 cycles) to remove advent‘itious‘ aihydrogen. After stirri,ﬁg the
solution under argon for 1 min, 2—(4-methy1—2,3-pentadienyl)-2—(2—prop)}nyl) malonic acid‘
dimethyl ester (104) (50 mg, O.2v mﬁol) was added via a gastight syringe. The resulting -
_ . solution was heated at 60 °C for 3. h, allowed to ébol to rt and conqen&éted under reduced
pressure. Purification of the crude residue by flash chromatography (SiOz, 10% ethyl '
acetate in hexanes) afforded 41 mg (82%) of the titlé compound as a coloﬂess oil. Data'fo.r._'
5-methylene-’4_—(propen—2-y1)-cyclohei-3-ene-1,1-dicarboxylic acid dimethyl ester g133):
'H NMR (300 MHz, CDCI;) 3 5:59 (dt, J = 4.1, 1.0 Hz, 1H), 4.99-4.93 (m, 3H),.4.81_ '
(m, 1H), 3.69 (s, 6H), 2.86 (s, 2H), 2.70 d,J=41 ﬂz, 2H), 1.82 (d, J = 1.0 Hz, 3H);
BC NMR (75.5 MHz, 'CDC13).6.171.3 (2 x ©), 144.1 (C), 141.7 (C), 137.8 (C), 123,‘(.)
(CH), 114.5 (CHjy), 114.0 (CH,), 5_4.3 (2 x C), 52.7 (CHy), 37.4 (CHy), 31.5 (CHy),
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22 9 (CH5); IR (NaCl thin ﬁlm) 3091 (w), 2955 (m) 2918 (m), 2849 (m), 1735 (s) 1436
(m); high resoluUOn (ED) mass spectrum calculated for C14H1804 oM 250 1205 found ‘
250.1202.

1-[(4-Methylbenzene)sulfonyl]- 3- methylene 4 vmyl 1,2,3 6-tetrahydro-
pyrldlne (159)

o//—Me
i )
TsN L

To a yellow eoiut,ion of [(COE),RhCl], (1.8 mg, 1 mol %) arl_d_dppp_(Z.l .mg, 2 mol %) in

' toluene (2.5 mL) under CO (1 atm) was added Ang_F6 (1/00 uL of a 0.0SM solution in |
1,2-DCEl, 2 moi %). The resultirrg suspension was aIIOWed to stir 15 mrn and then N-

prop-2-yny1-N—(perlta—2,3-dienyl)-4-'metlryl;ben‘zer‘re;sulforiamide _(124) (69 mg, 0.25

mmol) was added. The reaction mixture was heated at 60 °C for 5 h. Evaporation of

solvent and puriﬁcatiorr by flash chromatog'raphy (Si0,, hexanes to 5% ethyl acetate in . |
hexanes gradient for elution) afforded 59 mg (86%) of 159 as a colorless oil that sohd1ﬁed | '
at room temperature upon standmg Data for 1- [(4-methylbenzene)sulfonyl] 3-methylene-
4-vmyl -1,2,3,6- tetrahydro -pyridine (159) mp = 69-71 C H NMR (300 MHz, CDCl3) & |
7.63 (d,J = - 8.2 Hz, 2H) 7.26 (d J= 82Hz 2H) 626 (dd J= 172 10.8 Hz, 1H),
| 5.72 (br S, lH) 5.25 (d, J = 17.2 Hz, lH) 508497 (m, 3H), 3.77 (s with fine .
structure, 4H), 2.37 (s, 3H); °C NMR (75.5 MHz, CDClg) 8.143.6 (C), 136.5 (©), 1354
(C), 133.6 (CH), 133.3 (O), 129.5 (2 x CH), 127.7 (2'x CH), 121.5 (CH), 116.6 (CHZ); -
112.0 (CH‘z).,‘ 49.3 (CH,), 45.7 (CHy), 21.4 (CH3); IR (NaCl, thin film) 3089 (m), 3037
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(m), 2921 (m) 1596 (m), 1345 (s), 1161 (s), 860 (m), 815 (m), 671 (m), high resolutJon
(ED mass spectrum calculated for C;sH 17NOZS (M+) 275 0980 found 275 0985

5- Isopropenyl 4- methylene-2 3,4,7- tetrahydro lH [(4 methylbenzene)- :
'sufonyl]azepme (161) L : R

TSN\_\\
yMe‘ ‘

Me

A solution of [(NBD),Rh] SbF6 (2.1 mg, 6.0040 mmol'-, 2 mol %) and
bis(diphenylphosphino)butane (1.7 mg, 0.0042 mmol, 2.1 mol %) in 1,2-DCE (1 mL) | .
was stirred under dihydrogen (1 atm) for 15 min. ’fhe result‘ing solution \nas then freeze<
pump-thaw-degassed (2 cycles) to remove adVentitious dihydrogen. After stirring the
'solut10n under argon for 1 min, a solut10n of N But-3-ynyl-N-(4- methyl-penta—Z 3- dlenyl)-

' ‘4 -methyl-benzenesulfonamide (125) (50 mg, 0.2 mmol) in 1,2- DCE (1 mL) was added .
dropwise. The resulting solution was heated at 60 C for 3.5 h, allowed to’ cool to rt and
concentrated at reduced pressure. Purification of the crude residue by flash .
chromatography (Sidz, 10% ethyl acetate in hexanes) ‘afforded.SO mg (82%)'of_the'ti‘tle :
compound as a colorless oil. Data for 5-isopropenyl-4-mefhylene-2,3,4,_7-tet:rahydro4lH-
[(4-methylbenzene)sufonyl}azepine (161): 'H NMR (300 MHz, CDClg) S 7..64 d,J= '8;2

Hz, 2ﬁ), 7.25 (d, J = 8.2 Hz, 2H), 5.66 (t, J = 6.0 Hz, 1H), 5.12 (S, 1H), 4.93 (d, J=
12.8 Hz, 2H), 4.78 (d, J = 1.6 Hz, lH);; 3.86 (d, J = 60 Hz, 2H), 3.42 (t, J = 6.1 Hz,
2H), 2.39‘(5., 3H), 2.36 (t, J = 6.1 Hz, 2H), 1.77 (s, 3H); 3C NMR (75.5 MHz, ‘C6D6.) o
148.2 (C), 144.0 (C), 143.7 (C), 142.5 (C),.137.8.(-C), 1294.(2 x.CH)",.,127.‘.7 (2 xCH),
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121.7 (CH), 117.4 (CHy), 115.5 (CH,), 50.3 (CH,), 46.2 (Cf_lz),'35.9 (CHy), 21.0 .‘
(CH3), 20.9 (CHs); IR (NaCl, thin' film) 3081 (w), 3029 (w), 2921 (l;v) 1598 (m), 1334
. (m), 1160 (s), 1098 (m), 897 (m) high resolution (EI) mass spectrum calculated for
Ci7HyNO,S (M*) 303.1278, found 303.1293.

1-[(4-Methylbenzexie)s'ulfo'nyl]-3-methylene-4-(propen-z-yl)-1,2,3,6- :
tetrahydro-pyridine (160)‘-

Me .
Me _
TsN ‘ .o

A solution of [(NBD);Rh]SbFs (3.1 mg, 0.006 mmol 2 mol %) and
 bis(diphenylphosphino)butane (2.6 mg, 0. 063 mmol, 2.1 mol %) in 1,2- DCE (1.5 mL)

was stirred under d1hydrogen (1 atm) for 15 min. The resultmg solution was then freeze-
pump-thaw- degassed 2 cycles) to remove adventitious dihydrogen. After st1mng the
solution under argon for 1 min, a solution of N—prop-2-ynyl-N—(4-methyl-penta-2,3-’
dienyl)-4-methyl-benzenesulfonamide (124) (87 mg, 0.3 mmol) in l,é-DCE (1.5 mL) -
~was added dropwise. The resulting solution was heated at 60 °C for 3.5 h, allowed to cool
to rt and concentrated under reduced pressure. Purification of the crude residue by flash
‘ chromatography (Si0;, 10% ethyl acetate in hexanes) afforded 64 | mg (74%) of the title
compound as a colorless o1l Data for the title compound 160: H NMR (300 MHz, C6D6). .
8 7.65(d, J =8.1 Hz, 2H) 6.84 (d, J 8.1 Hz, 2H), 5.14 (br s with fine structure, 1H), .
4.89 (brd J = 13.0 Hz, 2H), 4.73 (br d, J =13.6 Hz, 2H), 3.72 (s, 2H), 3.57 d,J=
3.6 Hz, 2H), 1.96 (s, 3H), 1.62 (s, 3H); °C NMR (300 MHz, CDCl;) § 143.2 (C),
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143.1 (C), 140.4 (C), 136.3 (C), 134.7 (C), 129.6 (2 x CH), 128.2 (2 x-CH), 121.8
- (CH), 115.2 (CHy), 113.2 (CH,), 49.7 (CH,), 45.6 (CHy), 22.7 (CHy), 21.1 (CHQ)' IR ,-
(NaCl, thin ﬁlm) 3086 (w), 2966 (w), 2921 (w), 1348 (m), 1167 (m) 667 (m); hlgh |
resolution (EI) mass spectrum calculated for ClegN OZS (M+) 289 1139 found
289 1136. ' '

N -(Hept-2-ynyl)-N-(4-methyl- penta-2 3- dlenyl) 4- -methylbenzene-
. .sulfonamide (151)
Me
JMe
/_//. o

=g
To a solution of N-(4-methyl-penta-2,3-dienyl)-4-methyl-benzenesulfonamide (133 g,
500 mmol, 1.00 equiv), PPh; (1.44 g', 5.50 mmol, 1.1 equiv) and 2-butyn-1-ol (0.54 g,
5.5 mmol, 1.1 e(juiv) in THF (13 mL) at 0 °C was added DIAD (1.08 mL, 5.5 mmol, 1.1
equiv) dropwise over 5 min. After stirring the resulting solution for 60 min at 0. °C, the
volatiles were removed under reduced pressure and the crude residue was purified by flash
chromatogr.aphy.(Sioz, 5% ethyl acetate in hexanes to 10% ethyl acetate in hexanes
gradient for elution) affording 1.43 g (83%) of the title c;)mp_ound 151 asa pale. yéllow oil.
~ Data for the title compond 151: 'H NMR (300 MHz, CDCly) 8 7.68 d,J= 8.2 Hz, 2H),
‘7.23 (d with fine structure, J = 8.2 Hz, 2H), 4.80 (m, 1H), 4.08 (br t, J = 2.1 Hz, '2H),
3.72 (d, J = 7.0 Hz, 2H), 2.36 (s, 3H), 1.89-1.80 (m, 2H), 1.625 (s, 3H), 1.615 (s,
3H), 1.24-1.11 (m, 4H), 0.78 (t with fine structure, J% 7.1 Hz, 3H); l?C NMR- (75.5
MHz, CDCl;) § 203.7 (C), 143.0 (C), 136.2 (C), 129.2 (2 x CH), 127.7 (2 x .CH), 96.7
(C), 85.8 (C), 83.8 (CH), 72.1 (C), 46.3 (CH)), 360 (CHz), 30.3. (CHy), 21.6 (CHy),
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21 4 (CH3) 20.1 (2 x CH3), 18.0 (CH,), 13.4 (CH,); IR (NaClI; thin ﬁlm) 3029 (w),
2957 (s), 2932 (s), 2871 (s), 2287 (w), 2225 (W), 1970 (w), 1717 (br w), 1598 (m); high
resolutlon (EI) mass spectrum calculated for C20H27NOZS (M*) 345.1762, found

345.1760.
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'5.6 Catalytic Pauson-Khand Reaction of Enynes

The followmg compounds were prepared by hterature methods: 2-methyl-3- butyn- -oI -

hexacarbonyldlcobaltglb, phenylacetylene hexacarbonyldlcobalt81b but-2-yne-1,4- d1ol e

hexacarbonyldlcobalt81b dimethyl -acetylenedicarboxylate hexacarbonyldicobalt81b,
bls(tr1‘methy1s11y1)ace,tylene hexa,carbonyldicobalt8 I and prop-2-yn-1-ol
hexacarbonyldicobalt.81> . GOESY data was obtained using the method of Shaka,100

General Procedur_es for the Catalytic Pauson-Khand Reaction

Representative Catal_ytic. Pauson-Khand ‘Reaction with Co,(CO)s,
Procedure A: To a solution of dicobalt octacarbonyl (8;5 mg, 0.025 mmol, 5 mol %) in
1,2—DME (5 mL)under a CO atmosphere was added 2-allyl-2-prop-2-ynyl rnalonic acid
diethyl ester (119 mg, 0.500 rnmoI) via a gastight syringe. After 30 min, the resulting
solution was heated to 60 °C in a constant temperature bath for 6 h. After cooling to room
temperature, brine and ethyl acetate were édded (1 mL each) and the oiphasic rnixturewas
stirred open to the atmosphere for 30 min. Workup with EtOAc/brine (50/25 mL) and
drying (Na2SO4) followed by evaporation of solvent and subsequent punﬁcatlon by flash
chromatography. (SiO,, 15% ethyl acetate in hexanes to 30%. ethyl acetate in hexanes
gradient for elution) afforded 125 mg (83%) of 5-oxo-3,3a,4,5;tetrahydro-IH-pentalene- _

2,2-dicarboxylic acid diethyl ester as a colorless oil.

Representarive Cataiytic 'Pauson-Khand Reaction With aikyne; ‘
- C02(CO)g, Procedure B: To a solution of 2-methyl-3-butyn-2-ol hexacarbonyldlcobalt_
(9.2 mg, 0.025 mmol, 5 mol %) in 1,2- DME (5 mL) under a CO atmosphere was
sequentially added Et3SiH (50 uL of a 0.5 M solutlon in p-xylene, 0.025 mmol)-and
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cyclohexylamme 9 uL 0. 075 mmol) The resultmg solutlon was heated at 65 C for 15
| min at Wthh trme 2-allyl-2-prop-2-ynyl malonic acid drethyl ester (119 mg, O 500 mmol)
was added via a gastlght syringe. The resultmg solution was mamtamed at 65 °C for 6 h.:

After coolmg to room temperature brine and ethyl acetate were added (1 mL each) and the .
b1phas1c mixture was stirred open to the atmosphere for 30 min.- Workup with EtOAc/brine |
(50/25 mL) and drying (Na,SO,) followed by evaporation of solvent ahd_ subsequent |
puriﬁcation by flash chromatography (SiO,, 15% ethyl acetate in hexanes to 30% ethyl-
- acetate in hexanes gradient for elution) afforded 125 mg (93%) of 5-oxo0-3, 3a4 5-

tetrahydro lH-pentalene 2,2-dicarboxylic acid diethyl ester as a colorless oil.

‘ Represeritative ‘Catalytic PausonQKhand‘ Reaetion with Coz(CO)g, R

Procedure C: To a solution of d1cobalt octacarbonyl (8 5 mg, 0.025 mmol, 5 mol %) in -
1,2- DME (5 mL) under a CO atmosphere was added substrate (0.5 mmol) via a gastrght
syringe. After 15-20 min, the resultmg solution was heated to 60 °C in a constant
temperature bath unul corrsumptlon of starting substrate was observed by tlc. After cooling

to room temperature, evaporation of volatiles and subsequent puriﬁcation by flash

chromatography (Si0,, 15% ethyl acetate in hexanes to 30% ethyl acetate in hexanes -

gradient for elut1on) afforded the desired product. In some instances, further purlﬁcatron
was requrred and was accomplished by passing a DCM solut1on of substrate through a plug

of neutral A1203




Lt N

204

2-Methyl-3-butyn-2-ol hexacarbonyldicobalt (222)

C02(C0)5

To a solution of COz(CO)g (1 8¢, 5. 3 mmol, 1.00 equlv) in dlethyl ether (25 mL) at room

temperature under CO (1 atm) was added 2 methyl 3-butyn-2-ol (0 49 mL, 5.0 mmol ‘

0.95 equiv) in portlons via a gastight syringe. The resultlng solution was allowed to st1r at

room temperature under an argon atmosphere for 5 h.. The solvent was evaporated and the

residue was purified by flash chromatography (Si0y, 5% 9 cm, hexanes to 15% dlethyl‘

ether in hexanes gradient for elution). Evaporaﬁon of solvent afforded 1.57 g (85%) of the
title compound 222 as a red oil which solidified upon storage in the refridgerator_.‘ Data

were consitent with that reported in the literature.81b

N-(3-Methyl-.but-2-enyl)-4-methylbenzenesulfonamide

To a solution of N—t—butoxyca_rbony1-4-methylbenzehesulfonamide (1.36 g, 5.00 mmol,I

1.00 equiv), PPh3.‘(2.62' g, 10.0 mmol, 2.00 equiv), and 3-methyl-2-buten-1-ol (0.76 mL, -

15 mmol, 1.5 equiv) in THF (13 mL) at 0 °C was added DEAD (1.6 mL, 10.0 mmol, 2.0

equiv) dropwise. The solution was allowed to warm to rt and stirred overnight (14 h). .
The solvent was evaporated under reduced pressure and the re31due was purified by ﬂash :

chromatography (SiO,, hexanes to 10% ethyl acetate in hexanes gradient for elutlon) The _' :

resulting colorless, viscous oil was dissolved in DMSO (15 mL) and heated at reﬂux for 10

min. After cooling to rt, the solution was diluted with ethyl acetate (25 mL) and washed
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with water 2x25 mL) ‘The aqueous layer was extracted w1th ethyl acetate (20 mL) and

the combined organic fractrons were washed wrth brine (3 x 50 mL) and dried (MgSO,).

: Evaporatron of solvent and flash chromatography (Si0,, 5% ethyl acetate in hexanes to C
. 15% ethyl acetate in hexanes gradlent for elution) afforded N—(3-methyl-but~2—enyl)-4~ =

methylbenzenesulfonaxmde as a viscous oil whrch solidified on standmg atrt(1.13 g, 94% . |

for the two steps). Data for the title. compound: mp 61-62 °C; H NMR (300 MHz,

CDCl3) § 7.72 (d J = 8.1 Hz, 2H) 7.24 (d, J = 8.1 Hz, 2H), 4.98 (t w1th fine structure |

J= 7.1 Hz 2H), 3.45 (br s w1th fine structure 2H), 2. 36 (s, 3H), 1 54 (s with fine .
. Structure, 3H) 1.46 (s with fine structure, 3H); 13C NMR (75 5 MHz CDCI3) 8 143 1 -

(©), 137.0 (C), 136.9 (C) 129.4 (2 x CH), 127.0 (2 X CH), 118 8 (CH) 40. 8 (CH,),
25.3 (CH3), 21.3 (CH3) 17.6 (CH3); lR (NaCl, thin ﬁlm) 3282 (s br), 2972 (s), 2924 (s)
2860 (m), 1675 (w), 1599 (s), 1423 (s br), 1327 (s br), 1159 (s’ br) 1094 (s), 1052 (s),
| . 815 (s), 663 (s br); high resolutlon (ED) mass spectrum calculated for C12H17N028 (M )
239.0980, found 239.0974, |

N-(2-Methyl-but-2-enyl)-4-methylbenzenesulfonamide

To ¢ a solution of N-t-butoxycarbonyl 4- methylbenzenesulfonanude (2.70 g, 10 0 mmol,

1.00 equiv), PPh; (5.20 g, 20.0 mmol 2. OO equ1v) and 2- methyl 2-buten-1- ol (1.08 g,
12.5 mmol 1. 25 equiv) in THF (25 mL) at O °C was added DEAD (3 2mL, 20 0 mmol |
20 equrv) dropwrse The solutlon was allowed to warm to 1t and st1rred 2h The solvent
 was. evaporated and the residue was dlssolved in diethyl ether (50 mL) and treated w1th

hexanes (20 mL). The resultmg suspensxon was filtered and washed with diethyl
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- ether/hexanes (50/50 mL). Evaporation of solvent and purification by flash
chromatography (SiO,, 5% ethyl acetate in hexanes to 20% ethyl acetate in hexanes
gradient for elution) afforded a colorless, viscous oil. The resulting colorless viscous 011 ‘
was dissolved in DMSO (30 mL) and heated at reflux for 10 mm ~ After cooling to rt, the‘ |
solution was diluted with ethyl acetate (50 mL) and. washed with water (2 x 50 mL) The )

aqueous layer was extracted with ethyl acetate (40 mL) and the combined organic fractions

- were washed with brine 3 x 100 mL) and drled‘ (MgSO4) Evaporation of solve‘nt and

flash chromatography (SiQ,, 5% ethyl acetate in hexanes to 20% ethyl acetate in hexanes
gradient for elution) afforded N-(2-methyl- but-2- -enyl)- 4-methylbenzenesulfonarmde asa
viscous 011 which solidified on standing at rt (2.21 g, 93% for the two steps). Data for the
title cornpound mp = 54- 55 °C; 'H NMR (300 MHz, CDCl3) 87.72(d, J= 8.2 Hz, 2H),
7.27 (d, J = 8.2 Hz, 2H), 5.32 (m, 1H), 4.60 (br t, J = 6.0 Hz, 1H), 3.40 (d, /= 6.0 Hz,
2H), 2.40 (s, 3H), 1.50 (s, 3H) 1.48 (s, 3H) PC NMR (75.5 MHz, CDCI3) d 143.2
(©), 137.1 (C), 130.8 (C), 129.5 (2 x CH), 127.1 (2 x CH), 123.0 (CH), 51.1 (CHz)
21 .3 (CH;), 13.8 (CH;), 13 2 (CH,); IR (NaCl, thm ﬁlm) 3284 (m br), 2920 (m), 1160
(m) 814 (m), 663 (m); high resolution (EI) mass spectrum calculated for C;,H;;NO,S (MY

239.0980, found 239.0978.

-N-(3-Methyl-l)ut-2-enyl)-N-(prop-,'2-ynyl)-4-tnethy_lb,e_nzenesulfonamide

- Me
e
TSN~ -

To a suspension of K,CO; (0.97 g, 7.0 mmol, 1.5 equiv) and N-(3-methyl-but-2-enyl)-4-
methylbenzenesulfonamide (1.12 8, 4.67 mmol, 1.00 equiv) in DMF (8 mL) at rt was
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added propargyl bromide (0.74 mL, 9.3 mx.nol,‘ 2.0 equiv) in one portion. The resulting -
suspension was allowed to stir overnight (13 h) and then ethyl acetate (20 mL) and water
(10 mL) were added. The resulting biphasic rﬁixture was poured into ethyl acetate((20' mL)
and water (20 mL). The organic layer was washed‘ with water (20 mL) and the combined

. organic fractions were extracted with ethyl acetate (2 x 20 mL), washed with brine (3 x 30 R

- mL) and dried (MgSO,). Evaporation of solvent and flash chromatography (5i10,, 2% |
ethyl acetate in hexanes to 12.5% ethyl acetate in hexanes gradient for elution) afforded the
title compound as a pale yellow oil which solidiﬁed on sfanding (1.26 g, 97%). Daté for -
| N-(3-methyl-but—2-enyl)—N'-(prop-2-ynyl)—4-methylbenzenésulfonamide::‘ mp = 68-69 °C;, ‘_
'H NMR (300 MHz, CDCl;) § 7.68 (d, J =.8.2 Hz, 2H), 7‘.‘.'24 (d,J=82 Hz, 2H), 5.04
(m, 1H), 4.00 (d, J = 2.4 Hz, 2H), 3.76 (d, J = 7.2 Hz, 2H), 2.36 (s, 3H), 1.95,(t, J= .
2.4 Hz, 1H), 1.66 (s, 3H), 1.61 (s, 3H); °C NMR (75.5 MHz, CDCL;) § 143.2 (C),
138.8 (O©), 135.9 (C), 129.2 (2 x’ CH), 127.6 (2 'x CH), 117.7 (CH), 76.8 (C), 73.3 |
(CH), 43.7 (CHy), 35.2 (CHp), 25.7 (CH3),'21,3 (CH3), 17.6 (CHj;); IR (NaCl, thin film)
3260 (m), 2978 (m), 2115 (w), 1344 (s), 1158 (s); high ‘re_:solution (EI) mass spectrum
calculated for C 1sHsNO,S (M - H)* 276.1058, found 276.1.049.

N-(2-Methyl-but-2-enyl)-N-‘(prop-2-ynyl)-4-;met'hylben_Zenesulfo‘n_a‘mide
TsN~ - Me .
o\

To a suspension of K,CO3 (0.829 g, 6.00 mmol, 1.50 equiv) and N-(2-methyl-but-2-
enyl)-4-methylbenzenesulfonamide (0.957 g, 4.00 mmol, 1.00 equiv) in DMF (7TmL)atrt |
was added propargyl bromide (0.64 mL, 8.0 mmol, 2.0 equiv) in one portion. The

sﬁsp,_ension was allowed to stir 4 h and then ethyl acetate (20 mL) and water (10 mL) were
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added. The resu‘lting‘ biphasic mixture was poured into ethyl acetate (20 mL) and water (20

mL). The orgamc layer was washed with water (20 mL) and the combmed orgamc

fractlons were extraCted w1th ethyl acetate (2 x 20 mL) washed with brme (3x30 mL) and ST

dried (MgSO4) Evaporatlon of solvent and flash. chromatography (Si0,, 2% ethyl acetate" ., ..

| in hexanes to 10% ethyl acetate in hexanes gradient for elutxon) afforded the title compound ‘
" as a colorless 011 which solidified on standing at rt (0.99 g, 89%). Data for N-(2 methyl- ‘

' but-2-eny1)-N—(prop-2-ynyl)-4-methy1benzenesulfonarmdet mp = 86-88 °C; H NMR (300 -
MHz, CDC13) §7.63 (d, J = 8.1 Hz, 2H), 7.18 (d, J = 8.1 Hz, 2H), 5.37 (app g, J = 6.2
Hz, 1H), 3.90 (d, J = 2.3 Hz, 2H), 3.58 (s, 2H), 2.3i (s, 3H),.1.84'(app t, J = 2.3 Hz, ;
1H), 1.53 (s, 3H), 1.50 (obscuted.__d_, J = 6.2 Hz, 3H); °C NMR (75.5 MHz, CDCL) § .
143.3 (C), 136.0 (C), 129.5 (C), 129'.3 (2 x CH), 127.7 (2 x CH), 125.1 (CH), 76.6 (C),
73.5 (CH), '54..1 ,(CH;X 35.0 (CHy), 21.4 (CH3), 13.45 (CHj3), 13.39 (CHa); IR’(thin
film, NaCl) 3258 (br m), 2‘91-9‘(m) 2860 (m), 2116 (W) 1598 (m), 1'350'(s),‘1162 (s),
1065 (s) 898 (m), 661 (s); h1gh resolutlon (EI) mass spectrum calculated for CsHjsNO,S
(M - H)* 276. 1058, found 276.1057. | o

(3 Methyl but- 2-enyl) N (3 thlomethyl -prop-2-ynyl)- 4 methyl-

benzenesulfonamlde

,' -/._/)'Me
TsN” o
;.,-'—_——"SMe
To a solutlon of N- (3 -methyl-but-2-enyl)-N-(prop- 2 -ynyl)-4- methylbenzenesulfonamlde

(0.277 g, 1.00 mmol, 1 OO equ1v) in THF (2.5 mL) at-78 C was added n- BuL1 (0.44 mL

of a 2.5M solution in hexanes, 1.1 mmol, 1.1 equiv) dropw1se.‘ The resulting brown
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solution was allowed to stir 10 min at -78 °C and then MeSCN (82 p.L, 1.3 mmol, 1.2 |
equiv) was added dropwise. The reaction mixture. was allowed to warm to rt over 1 h.~
After 1 h at rt, the reaction mixture was quenched by the addition of saturated NH,ClI (1.5 - -
mL). The mixture was partitioned between ethyl acetate/water (:10/ 10 mL), waShed with
water (2 x 5 mL), brine (10 mL) and dried (Na,S0,). Evaporation of solvent‘and |

purification by flash chromatography (SiOz, 5 x 2 cm, 5% ethyl acetate in hexanes)

afforded 0.242 g (75%) of the title compound as an tan solid. Recrystalhzatlon from ethyl C .‘ o

' acetate/hexanes afforded colorless prisms. Data for N-'(3—methyl~bu-t-2-enyl)-N-(3-
"thiomethyl-prop-2-ynyl);4amethylbenzeuesulrfonamide:, mp = 64-65 °C; 'H NMR (300
MHz, CDCl3) § 7.70 (d, J = 8.2 Hz, 2H), 7.28 (d,‘ J = 8.2 Hz, éH),' 5.08 (app tq, J =
7.3, 1.4 Hz, 1H), 4.11 (s. 2H), 3.77 (d, J = 7.3 Hz, 2H), 240 (s, 3H), 2.11 (s, 3H),
1.70 (s, 3H), 1.64 (s, 3H); °C NMR (75.5 MHz, CDCly) § 143.3 (©), 138.9 (O), 136.1
(C), 129.4 (2 x CH), 127.8 (2 x CH), 118.0 (CH), 86.0 (C) 44 0 (CH2) 36.8 (CH,),
25.8 (CHy), 21.5 (CH3) 186 (CH3), 17.8 (CH;); IR (NaCl, thin film) 2971 (m), 2186. .
(m), 1346 (s), 1162 (s), 899 (s), 666 (s); high resolutlon (ED) mass spectrum calculated for -
16H20N0282 (M) 323. 1014 found 323 1006.

2-(But-3-enyl)-2-(prop-2-ynyl)malonic acid dimetlry'l e_éter a7
MeO,C :: N _
. MCQzC —_ .

The title compound was prepared according to a hterature method. 20 Data for 2-(but-3-
enyl)-2-(prop-2- ynyl)malomc acid d1methy1 ester (171): H NMR (300 MHz, CDCl3) )
5.75 (ddt, J = 17.1, 10.3, 6.3 Hz, 1H), 5.04-4.93 (m, 2H), 3.70 (s, 6H), 2.8 (d,J=2.6
Hz, 2H), 2.15-2.10 (m, 2H), 1.99-1.00 (m, 3H); '>°C NMR (75.5 MHz, CDC13) d 170.5
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2xC), 137.1 (CH); 115.2 (CHy), 77.4 (C) 71.4 (CH) 56.5 (C), 52.7 (2 X CH;), 31 2

(CH,), 28.2 (CHy), 22.9 (CHZ) IR (thin ﬁlm NaCl)- 3478 (w), 3294 (s br), 3079 (m) o :

3002 (s), 2955 (s), 2845 (m) 2123 (w), 1734 (s br), 1642 (s), 1436 (s br), 1273 (s br), -

648 (s br), hlgh resolunon (PCI/NH;) mass spectrum calculated for C12H170 . (M + H) L -

225. 1127 found 225. 1118

2-0xo-1,2,4,6,7,7a-hexahydr’o-ipdene-S,S-dicarboxylic“ acid dimethyl estei'A
- (172) '

The title compound was prepared in 77% yield using Procedure A except that 10 mol %
Co0,(CO)g was used (12 h). | ‘The‘tiile compound was prepared in 86% yield lisi'ng a
Procedure B except 10 m01 % 2-methyl-3-butyn-2-ol hexacarbonyldicobalt, 10 mol % |

Et;SiH and‘3‘0 mol % cyclohexylamjne werc used (12 h). Data for ‘2-0xo‘-1,2,4,6,7,7a—
hexahydro—i‘ndene-S,S-dicarboxylic‘ acid dimethyl éstcr (172): 'H NMR (300 MHz,

CDC13) 8 5.88 (s, 1H), 3.68(3,-3H_), 3‘;‘63 (s, 3H); 340 d with‘ fine “structu‘re, J=125.

‘Hz, 1H), 2.66-2.38 (m, 4H),.2.09 (m, 1H), 1.92-1.81 (m, 2H), 1.19 (m, 1H); °C NMR -
(75.5 MHz, CDCly) § 208.0 (C), 178.4 (©), 1711 (C), 169.8 (C), 129.6 (CH), 564 (C),
53.0 (CHy), 52.6 (CHs), 41.7 (CHy), 40.4 (CH), 35.2 (CHy), 30.55 (CHy), 30.51 (CHy); -
IR (thin film, NaCl) 3469 (m), 2955 (s), 2868 (m), 1734 (br s), 1628 (s), 1435 (s), 1251
(s); high resolution (EI) mass spectrum caiculated for C13H i605 -(Mf) 252.0998, fcur;d

© 252.0998. | |
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2-(4-Acetoxy-_but-2-enyl)-2-(prop‘-.z-'ynyl)mallonic acid _d‘imethyl ester '(173) -
.‘Me'OZC‘. ; ‘: |

- The title compound Was prepared according to a literature method,20. Datalt for 2-‘(4‘-‘ .
acetoxy—but—2-enyi)-2-(prop-'2-yuy1)maloni’c acid dimethyl ester (173): 'H NMR (300 .
MHz, CDCl;) § 5.67 (m, '_lH), 5.38 (m, 1H), 4.60 (d, J = 6.8 Hz,_’2H), 3.69 (s, 6H),
2.82 (d, J = 7.9 Hz, 2H), 2.74 (d, J = 2.6 Hz, 2H), 2.00 (s with shoulder, 4H); \‘?c NMR -
(75.5 MHz, CDCIQ 8 170.7 (C), 169.8 (2‘.x C), 128.4 (CH), 127.1 (CH), 78.4 (C), 71.7
(CH), 60.0 (CH,), 56.5 (C), 52.8 (2 x CHy), 30.1 (CHZ)’, 22‘.6 (CHy), 20.8 (CHa); IR
(thin film, NaCl) 3284 (br‘ s), 3604 (m), 2956 (s), 2122 (W), 1733 (br s),‘1436 (s), 1212
(br s); high resolutlon (PCI/NH:;) mass spectrum calculated for C14H 10N 025 (M +H)*
283.1182, found 283 1176

c;s-l [(Acetoxy)methyl] 1,4,6, 6a tetrahydro 1H - pentalen 2 -one 5,5- -

dlcarboxyllc acid dlmethyl ester (174)

OAc ~ —OAc
o > MeOy |
o 0

. MeOC

The title compound was prepared in 78% yield uéing Procedure A except that 7.5 moI %

“'l

COz(CO)g was used (12 h) The title compound was prepared in 81% y1e1d usmg g
Procedure B except 10 mol % 2- Methyl 3-butyn- 2-0l hexacarbonyldlcobalt 10 mol % '"
. Et;SiH and 30 mol % thiophene were used. Data for cis- 1- [(acetoxy)methyl]-l,4,6,6a- " p




LI

212

tetrahydro-1H—pentalen-2-one 5,5-dicarboxylic acid dimethyl ester (174): mp = 77-79 °C;
'H NMR (300 MHz, CDCl;) § 5.89 (d, J = 1.5 Hz, 1H), 4.22 (dd, J = 11.3, 4.6 Hz,
1H), 4.00 (dd, J = 11.3, 9.0 Hz, 1H), 3.74 (s, 3H), 3;_70 (s, 3H), 3.39-3.26 (m, 2H),
'3.21 (m, 1H) 2.87 (ddd, J = 9.0, 6.9, 4.6 Hz, ‘1H), 2.60 (dd, 'J = 12.8, 7.8 Hz, 1H), |
- 1.98 (s, 3H) 1.86 (app t, J = 12.8 Hz, 1H); °C NMR (75.5 MHz, CDC13) 52074 (C)
185.0 (C), 171.6 (C), 171. 0 (©), 170.4 (O), 124.6 (CH), 62.2 (C), 60.2 (CHZ) 53.2
(CH3), 53.1 (CHj), 48.3 (CH), 47.7 (CH), 35.2 (CHy), 34.0 (CH,), 20.7 (CH,); IR
(NaCl, thin film) ; high resolution (PCIfNPE) mass spectrum.calquiated for C;sHj9O7 (M +
H)+, 311.1131, found 311.1122. The stereochemical assignment was based on the ._

following NOE data determined at 500 MHz (C¢Dg):
H B 0Ac
M802 i . .
0
MeO,C ‘ S
A 3% NOE of Hy, was observed upon irradiation of H,
A 5% NOE of H, was observed upon irradiation of H,

N-(2-propenyl)-N-(but-2-ynyl)-4-inethy‘lbenzenesulfonamideb—"- (181)

~~

TsN
\_.; Me-

To a solution of N-(2- propenyl) -4- methylbenzenesulfonamlde Q. 50 g, 10.0 mmol, 1. 00
equiv) in THF (25 mL) at -78 °C was added n-BuLi (7.4 mL ofalsSsM solutlon in
hexanes, 11.5 mmol, }.15 eqmv) dropwise. The solutlon was allowed to stir _20 min at
-78 °C and then Mel (0.75 mL,.‘12.0 mmol, 1.2 equiv) was‘ added. The reaction ‘was

~ allowed to warm to 1t slowly ahd then stir,red.overr‘light (13 h). The suspension was
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s

quenched with saturated NH,CI (20 mL) and extracted with ethyl acetate (100.mL). The L
organic fraction was washed with water (50 mL), brine (50 mL) and dried (MgSOQy). -
Evaporation of Solvent and purification by flash chrorhdtogra‘phy (Si0,, 5% ethyl acetate in -
hexanes to 10% ethyl acetate in hexanes gradient for elution) afforded 2.32 g (88%) of the

~ title compound as a shghtly yellow oil Wthh solidified in the freezer Recrystalhzanon‘
from ethyl acetate/hexanes afforded colorless prisms. Data for N-(2-propenyl)-N-(but-2-
ynyl)-4-methylbenzenesulfonamide (181): mp = 34-35 °C; 'H NMR (300 MHz, CDCl,) &
7.70 (d, J = 8.2-Hz, 2H), 7.26 (d, J = 8.2 Hz, 2H), 5.70 (ddt, J = 17.1, 10.1, 6.4 Hz,
1H), 5.22 (m, 2H), 3.98 (app-q, J = 2.4 Hz, 2H), 3.76 (d, J = 6.4 Hz, 2H), 2.38 (s, "
3H), 1.50 (t, J = 2.4 Hz, 3H); C NMR (75.5 MHz, CDCl3) § 143.2 (), 136.1 (C),

| 132.1 (CH), 129.2 (2 x CH), 127.8 (2 x CH),‘119.4'(CH2), 81.5 (©), 71.5 (C), 48.9
(CHy), 36.2 (CHy), 21.4 (CH,), 3.13 (CHs), IR (thin film, NaCl) 2920 (w), 1348 (s),
1163 (s), 754 (m) 663 (m) hlgh resolution (PCI/NHj;) mass spectrum calculated for
cMngNozs M + H)" 262, 0902 “found 262.0906. |

6-Methyl-2-[(4-methylbenzene)sulfonyl]-1,3,3a,4-tetrahydro-1H-

cyclopenta<‘c‘>p‘y.rr_ol‘-s-one (182)

The title comp'ound was prepared in 78% yield using Procedure A except that 10 mol%
Co,(CO)g was used (15 h). The title compound was prepared in 92% y‘ield‘using
Procedure B except 10 mol % 2-methy1-3-bufyn—2-ol hexacarbonyldie'oba'lt, ‘10 mol % |
Et;SiH and 30 mol % cyclohexylamine were used (15 h). Da;_zl for 6-rhethy-1-2-[.(4-
metpylbenzene)sulfonyl]‘-1,3,3a.,4-tetrahydro-'lH—c-yclopenta<c>pyrrol-5-one‘ (182): mp =
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95-97 °C; 'H NMR (300 MHz, CDClg) §7. 70 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 8.2 Hz,

2H),42(d J =16.0 Hz, lH) 3.98-3.92 (m, 2H), 2.97 (m, 1H),261250 (m, 2H),

2.40 (s, 3H), 199 (dd, J— 18.1, 3.2 Hz, 1H), 164 (s, 3H); “C NMR (75.5 MHz, |
CDCl;) 8 207.6 (C), 171.0 (C), 144 O <), 134 0 (C), 133 6 (C), 129.9 (2 X CH) 1274 B

2x CH), 52 6 (CH2) 46 7 (CHy), 41.6 (CH) 39.1 (CHy), 21.5 (CH3), 8. 74 (CH3) IR .v-
(thin film, NaCl) 2922 (w), 1716 (m br) 1683 (m br), 1343 (m br) 1162 (m) 1094- (m) :
659 (m); high resolution (PCI/NH3) mass spéectrum calculated for C15H 18N03S M + H)
291.0929, found 291.0920. |

2-(But-3-enyl)-2-(prop-z-ynyl)mal‘onic acid dimethyl ester (175)

To a suspension of- NaH (O 35-g of a 60% dispersion in oil, 8.8 mmol 1.1 equiv) in |
DMF/THF (14/4 mL) at 0 C was added 2- (prop -2- ynyl)malomc acid. d1methyl ester (1.1 g,

8.0 mmol 1 00 equ1v) dropw1se over 15 min. The transfer was quanhtated w1th THF (2 | N
mL) The suspensmn was allowed to warm to rt and stirred 6 h. To the reacUon Imxture

was added methallyl chlonde (0.94 mL, 9.6 mmol 1.2 equiv) dropwise and the resultmg |

mixture was allowed to stir 6 h whereupon another portion of methallyl chloride (0.94 mL -

9.6 mmol, 1.2 equiv) was add¢d'and the mixture was allowed to stir overnight (13 h). The
reaction mixture was Quenc-hdd with the_: addidon‘ of sa_ltd NH,CI (5 mL) and then poured |
into ethyl acetate/water (5()/25 mL). The_ organic phase was washed with water (20 mL),
brine (20 mL) and dried (NaZSO4).- EvdpordtiOn of solvent and puriﬁcatioh ny flash s
chromatgraphy (810, 5% ethyl acetate in hexanes) afforded 1.65 g (92 %) of the title

compound as a slightly yellow oil. Kugelrohr distillation at 20 mTorr afforded the title
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compound as a colorless oil. Data for 2-(but-3-enyl)-2- (pfop 2- ynyl)malom'c acid dimetﬁyl |
ester (175): "H NMR (300 MHz, CDCl;) 8 4.88-4.81 (m, 2H) 3.70 (s, 6H), 2.80 (s,
2H), 2.80 (obscured d, J = 2.6 Hz, 2H), 2.00 (t, J = 2.6 Hz, 1H), 1.61 (s, 3H); 1°C

"NMR (75.5 MHz, CDCl;) § 170.5 (2 x C), 139 7(C), 116.3 (CHZ), 79.0 (C), 71.6 (CH) '

- 56. 4 (C), 52.7 (2 x CH3), 39. 5 (CHZ) 23.1 (CHy), 22.6 (CHZ) IR (thin film, NaCl) 3289 |
(m br), 2954 (m), 1739 (s br) 1436 (s), 1296 (s), 1210 (s br), 1061 (m) 978 (m), 904 -
(m); high resolution (EI) mass spectrum calculated for C;,H 60, (M ) 224 1049 found

- 224.1052. '

3a- Methyl 5-0x0-3,3a,4,5-tetrahydro-1H- pentalene-2 2- dlcarboxyhc acxd’
dimethyl ester (176)

. o . Me g =
MeO; L MeO, ‘
2C: < Me o ' c><:t>:o
— MeO,C ‘ _

 The title compound was prepared in 85% yield using Procedure A. The title condpouhd"

was prepared in 95% yield using Procedure B. Recrystallization from ethyl acetate/hexanes -
gives colorless needles. Data for 3a-methyl-5-0x0-3,3a,4,5-tetrahydro—iH—pentaleﬂe-2,2-

dicarboxylic acid_dimethyl ester (176): mp = 63-64 °C; 'H NMR (300 MHz, CDC13) )

5.80 (d, J = 1.8 Hz, 1H), 3.77 (s, 3H), 3.70 .(s, 3H), 3.48 (dd, J = 17.7, 1.8 Hz, 1H),

3.19 (d, J = 17.7 Hz, 1H), 2.57.(d, J = 13.7 Hz,' 1H), 2.36 (s, 2H), 2.20 (d, J = 13.7

Hz, 1H), 1.12 (s, 3H); °C NMR (75.5 MHz, CDCl;) & 209.0 (C),- 188.1 (C), 172.0 (C),

171.7 (C), 124.3 (CH), 59.9 (C), 53.31 (CHs3), 53.26 (CH;), 51.7 (CH;), 49;8 (C), 44.5

(CHy), 34.3 (CH,), 26.5 (CH3); IR (thin film, NaCl) 2958 (w), 1735 (s), 1711 (s), 1637
(m), 1437 (w), 1262 (br m), 1166 (m); high resolution (EI) mass spectrum calcﬁléted for

Cl;;HmOS (M") 252.0998, found 252.1001. ‘ | |
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2-(4-[(1,1-Dimethylethyl)dimethylsilyl]oxy]-but-2-enyl)-2‘-(prop-2-

ynyl)malonic acid dimethyl ester (177)

o OTBS
MCOZC — ‘

To a suspension of NaH (0.350 g of a 60% dispefs_ion in oil, 4.76 mmol, 1.1‘0 equiv) in
. DMF (5 mL) at 0 °C was added malonate (0.658 g, 4.76 mmol, 1.00 equiv) dropwise.

The mixture was allowed to warm tort and then Was 'étirred 2 h. After 1 h, the reactiOnf-

mixture was cooled to 0 °C and then cz's-4-chléro-but-2‘-ol-trimethylsilyl ether (1.10 g, 5.00
mmol, 1.05 equiv) was added dropwise. 'The resulting mixture was allowed to warmtort -
' slowly and then wa§ stirred overnight.  The 'reaction rﬁixture was quenched with the
addition of saturated NH,CI (5 mL) and then poured into ethyl acetate/water (50/25 mL). .
The ofganic phase was washed with water (20 mL), brine (20 mL) and dried (Na,SO,).
Evaporation of solvent and puriﬁcétion by flash chromatgraphy (SiOé, 5% ethyl aéétate inv |
hexanes) afforded 1.27 g (75%, >20/1 cis/traris) Qf the title compound as a colorless oil.
Data for 2-(4-[(1, 1-dimethyfethyl)dimethylsilyl]‘oxy]-But-2-enyl)-2-(pr—op-2-ynyl)_mal‘onic
‘acid dimethyl ester (177): '"H NMR (3001 MHz, C5D5) § 5.76 (m, lH); 5.é6 (m, 1H),
4.31-4.29 (m, 2H), 3.30 (s, 6H), 3.08 (d, J = 7.8 Hz, ‘2'H);'2.96 dJ= 2.6 Hz, 2H), _
1.74 (t, J= 2.6 Hz, 'IH),.O.96 (s, 9H), 0.06 (s, 6H); 13C NMR (75.5 MHz, C¢Dg) 6.169.9
- (2xC), 135.3 (CH), 128.3 (CH), 79.2 (C), 71.9 (CH3), 59.6 (CH,), 57.1 (C), 52.4 2 x.
CH,), 30.8 (CHZ),,26.1 (3 x CHy), 23.0 (CHy), 18.4 v(C),--S.l (2 x CH3); IR (thin ﬁlm,
NaCl) 3287 (m br), 3067 (w), 2954 (s), 1739 (s br); high resolution (EI) mass spectrum '
calculated for C;gH;,05Si (M + H)* 355.1941, found 355.1951.
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‘ cis-1-‘[(1,1-Dimest'_hylet‘hyl)d‘imethylsi'lyl]oxy]‘-1,4,6,63-ztefrahydro-1H;
pentalen-2-one 5,5-dicé_rboxy]ic acid dimethyl ester (178)

' OTBS - E - —OTBS
N . . o o | 0
MeO,C T MeO,C. )

The title compound was prepared in 84% yield usmg Procedure A except that 10 mol %

I'I”

~C0,(CO)g was used (12 h). The title: compound was prepared in 90% yleld using j
Procedure B except 10 mol % 2- me_thyl-3-butyn-2-ol hexacarbonyldlcobalt, 10 mol %
~ Et;SiH and 30 mol % cycloflexylarnine were dsed (12 h). Recrystail‘izafion from di‘ethyl :
'ether/hexahes afforded colorless prlsms - Data for cis-1-[(1, 1--
dlmethylethyl)dlmethylmlyl]oxy] 1,4,6,6a- tetrahydro lH-pentalen 2-one 5,5-dicarboxylic “ :
acid dlmethyl ester (178) mp = 61 63 °C;'H NMR (500 MHz C6D6) 8571(d,J=16
Hz, 1H), 378 (dd J = 102 6.5 Hz 1H), 366 (dd, J = 10.2, 31 Hz, 1H), 3.31 (s,
3H), 3.29 (s, 3H), 3. 16305 (m 2H), 2.92 (m, 1H) 2.69 (dd J =128, 77Hz 1H),

2.42 (app t, J = 12.8 Hz, 1H), 2.36 (ddd, J=65,65,3.1 Hz, 1H), 0.88 (s, 9H), 0.01 =

(s, 3H), -0.02 (s, 3H); °C NMR (75.5 MHz, CDCL) 8 208 0(0), 1845 (0), 172.1 (©), .
171.2 (C), 125.4 (CH) 61.8 (CH2), 60.7 (C) 52.6 (CHs), 524 (CH3), 52.0 (CH), 484
(CH3), 35.2 (CH2), 34.3 (CH;) 25 9 (3 x CHj), 18.1 (C), -5.6 (CH3), <5.7 (CH;); IR.
(NaCl, thin film) 2954 (s), 2857 (s), 1740 (s br), 1709 (s br), 1638 (s); high resolution
(PCI/NH;) mass s;pectruvm calculated for C;gH3;04Si M + H)* 383.1890, found

383.1873. The stereochemical assignment was based on the following NOE data

determined at 500 MHz (C¢Dg):
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. CHy
H, ' _—o0TBS
MeO,
' 6]
MeO,C- )
A 5% reciprocal NOE was - AS% NOE of Hc was observed upon irradiation of Hy,
observed between Hy and Hp, - A 3% NOE of Hy, was observed upon irradiation of H'

N-(1-Methyl- 2 -propenyl)-N-(prop- 2 ynyl) -4- methylbenzenesulfonamlde o
(179)

. Me

=

To a suspension of N;( I-methyl‘-2-propenyl)-4-methylbenzenééulfonaﬁﬁde (1.02 g, 4.30

mmol, 1.00 equiv) and K2Cd3 (0.890 g, 6.45 mmbl, 1.50 equiv) in DMF (8 mL) was‘ |
added propargyl bromide (0.68 mL, 8.6 m’rr.lol',‘2.0_‘ equiv) at rt. Tﬁe resulting suspension
was allowed to stir at it overnight (15 h). The reaction mixture was part,itioned‘ betweén
ethyl acetate/water (100/ 100 mL). The aqueous phase was 'éxt’facted with ethyl acetate (50

mL) and the combined organic phases were washed with water (100 mL) brine (2 x 100 :
mL) and dried (Na,SO,). Evaporatlon of solvent and punﬁcatlon by flash chromatography :

(Si0,, 2% ethyl acetate in hexanes to 15% ethyl acetate in hexanes gradlent for elutlon)‘ S

afforded 1.13 g (95 %) of the title compound- as a tan sohd. Recrystallization from ethyl
- acetate/hexanes afforded a col‘o_rless, nﬂaracrystailine solid. Data for N—(l-methy1-2-
propenyl)-N-(prOp-2-ynyl)-4-methylbenzeneéulfoqa'rnid‘e: (179) were consistent with that
reported in the literature20; 'H NMR (300 MHz, CDCl3) 8 ‘7.77" (d,J7=8.0 Hz,.ZH), 7.25
(d, J = 8.0 Hz, 2H), 5.71 (m, 1H), 5.14-5.08 (m, 2H), 4.51 (m, 1H), 4.10 (dd, J = 18.5,
2.3 Hz, 1H), 3.84 (dd, J = 18.5, 2.3 Hz, IH); 2.39 ‘(s_, -3H),‘ 2.12 (t, J = 2.3 Hz, 1H),
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| 1.24 (d, J = 7.0 Hz, 3H)'.13C NMR (75.5 MHz, CDCl;) 8 143.3 (C), 137.7 (©), 137.3
(CH), 129.4 (2 x CH), 127.4 (2 x CH), 117.1 (CH,), 80.1 (C), 72.3 (CH), 54.7 (CH) ‘
32.2 (CHp), 21.5 (CH3) 17.0 (CH3).

3-Methyl-2-’[(4-methylbenzene)sulfonyl]-2,3;33,4-tetrahydro-1H1
cyclopenta<c>pyrrol-5-one (180) '
Me ‘ Me

.TsN\>:/; ' .‘ st\}:Qio

The title compound was prepared in 84% yield using Procedure A (12 h). The title
compound was prepared in 85% yield using Procedure B (12 h). The diastereomeric ratio
using either proéedure was identical (1.3/1.0, as determined by GC analysis). Data for 3- -
methyl—2-[(4—methylbenzene)sulfonyl]-2,3,3a,4-tetrahydro—1H—cyclopenta%c>p9nol-5¥one

(180) were consistent with that reported in the literature.20

2-(2-Propenyl)-2-(prop-2-ynyl)malonic acid dieihyl ester (19)
EtO,C ://
EtO,C —

The title compound was prepared acvco'rding to a literature methéd.20 Data for 2-(2-
Propenyl) -2-(prop-2-ynyl)malonic acid diethy! ester (19): 'H NMR (300 MHz, CDCl;) §.
5.62 (m, 1H), 5.15 (m, 2H), 4.14 (app q, J = 7.1 Hz, 4H), 2.73 (m, 4H), 196 (t with
fine structure, J = 2.5 Hz, 1H), 1.19 (app t, J =17.1 Hz, 6H); Bc NMR (75.5 MH;, ‘
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CDC13) 5 169.5 (2 x C) 131. 6 (CH), 119.7 (CHz) 78.7 (C) 71 3 (CH) 61.5 (2 X CHz),
56. 5 (©), 36.2 (CHZ) 22 4 (CHZ) 13 9(2«x CH3)

5-0xo0-3,3a,4, 5 tetrahydro 1H -pentalene-2 2 dxcarboxylxc acid dlethyl estert_ ‘,

(20)

Et0,C. :/ : / | . EtOzC

Et0,C — B 'Etozc><j;>=0

The title compound was prepared-in 83% yield using Procedure A. The title compound

~ was prepared iﬁ 92% yiel_,d‘using Procedure B (12 h). Data for 5-oxo-3;3a,4,5-t¢trahydro- g
1 H-pentalene-2,2-dicarboxylic acid diéthyllester (20) were consistent with that repdrfed in

the literature20: 'H NMR (300 MHz, CDCls) & 5.84 (s with fine structure, 1H), 4. 16 (q,J 2

= 7.2 Hz, 2H),412 (q,J= 72Hz 2H), 327(brd J—19OHZ 1H), 3.16 (br d, J = -
19.0 Hz, 1H), 302 (m, 1H),272 (dd, J—128 7.7 Hz, 1H), 2.54 (dd, J—179 64‘

Hz, 1H), 2.02 (dd, J = 17.9, 33Hz lH) 166(appt J =12.8 Hz, lH) 120(tJ 72

Hz, 3H), 1.17 (t, J=7.2 Hz 3H); °C NMR (75 5 MHz CDCI3) d 209 2:(0), 18s. 4 <),

171.2 (C), 170.5 (C) 125. 3 (CH) 61.9 (CHZ) 61 8 (CHp), 60.6 (C) 44.8 (CH) 41.9 o

(CH,), 38.7 (CHp), 34.9 (CH2) 13. 8 2x CH3)

‘N-(2-prope.nyl)f-N-(prop-2-yny.l)-4‘-methylberiienesulfonamidé .,(17)

The title compound was prepared according to a literature method.20 Data for N-(2-

propehyl)-N-(prop-2-ynyl)-4-methylbénzenesu'lfonam_ide (17): 'H NMR (300 MHz,
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CDCLy) § 770 (d, J = 8.2 Hz, 2H), 7.26 (d, J = 8.2 Hz, 2H), 5.69 (ddt, J = 169, 6.6,
6.5 Hz, 1H), 5.29-5.18 (m, 2H), 4.06 (d, J = 2.4 Hz, 2H), 3.79 (d, J = 6.6 Hz; 2H),
2.39 (s, 3H), 1.98 (t, J = 2.4 Hz, 1H); °C NMR (75.5 MHz, CDCly) 8 143.5 (C), 135.9
(C), 131.8 (CH), 120.4 (2 x CH), 127.6 (2 x CH), 119.9 (CHy), 76.4 (C), 73.7 (CH),
48.9 (CHy), 357 (CHp), 21.5 (CHy). D

2-[(4- Methylbenzene)sulfonyl] 2,3,3a, 4 tetrahydro lH-

cyclopenta<c>pyrrol S-one (18) L :
;I‘sN/\/ ) — TSNCQ:O :

The title compound was prepared in 86% yield using Procedure A except that 7 5 mol %

Co0,(CO)g was used (12 h). The title compound was prepared in 77% yleld using
- Procedure B except 7.5 mol % 2- methyl 3 butyn-2-ol hexacarbonyldicobalt, 7.5 mol %
Et3SiH and 22.5 mol % cyclohexylamme were used (12 h). Data for 2-[(4-
methylbenzene)sulfohyl]-2,3,3a,4-tetfehydr6- 1ff—cyclopenta<c>éyrrol-5-one (18) were
| consistent with that reported in the literatﬁrezoz 'H NMR (300 MHz, CDCls) § 7.70 (d, J =
8.2 Hz, 2H), 7.32 (d, J = 82 Hz, 2H), 5.96 (5, 1H), 430 (d, J = 16.6 Hz, 1H), 4.02-
3.96 (m, 2H), 3.13 (m, 1H), 2.60.(m, 1H), 2.55 (dd, J = 11.4, 6‘.6-'_ Hz, 1H), 2.41 G
3H), 2.02 (dd, J = 17.9, 3.6 Hz, 1H); >C.NMR (75.5 MHz, CDCly) d 207.4 ‘(C),‘ 178.7
(C),.144.1 (C), 133.4 (C),.130.0 (2 x CH),-127.4 (2 x CH), 126.2 (CH), 52.4 (CH), -
47.6 (CH,), 43.9 (CH), 39.8 (CHp), 21.5 (CI-I._3)..
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N-(prropenyl)-N-(pent-4-ynyl)-4_-me'thylbenzenesu’lfoﬁamide

TsN . .
X

To a solution of N-(2-propenyl)-4-methy1benzenesu1fonamide ( 1.06 g, v5.00 mmol, 1.00

equiv), PPhg (1.51'g,, 5.75 mmol, 1.15 equiv) and 5-trimethylsilyl-pent-4-yn-1-ol (0.899

g, 5.75 mmol, 1.15 equiv) in THF (12 mL) at °C was added DIAD (1.1 mL, 5.75 mmol,

1.‘15‘ equiv) dropwise over 10 min. The resulting solution was allowed to stir for 15 minat

0 °C and then was allowed to warm to room temperature and stirred overnight.- The solvent

was removed in vacuo and the residue was dissolved in MeOH (5 mL). To the solution at

rt was added K2C03 (0.83 g, 6.00 'mmdl, 1.04 equiv) _in one por_tion.v The resulting
suspension was allowed to stir 2 h and then was partiﬁoned between ethyl acetate and water

(30/30 mL). The organic phase was washed With water (30 mL) and brine (30 mL)

- Evaporation of solvent and purification of the residue by flash éhIOmatography (Si0,,

hexanes to 5% ethyI' -acetate in hexanes gradient for elution) afforded 1.18 g (85%) of N-(2-
propenyl)-N-(pent-4-ynyl)-4-methyIbenzenesulfonamide as a viscous colorless oil.

Spectral data for the title compound were consistent with that reported in the literature20: 'H

NMR (300 MHZ, CDCl3) § 7.68 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 5.62

(ddt, J = 16.6, 10.0, 6.6 Hz, 1H), 5.28-5.10 (m, 2H), 3.78 (d, J=6'4 Hz, 2H), 3.19 (t,
J = 7.2 Hz, 2H), 2.41 (s, 3H),218(dt J=12, 2.6 Hz, 2H), 1.92 (t, J = 2.6 Hz, 1H),
175 tt, J = 7.2, 7:2 Hz, 2H); 3¢ NMR (75.5 MHz, CDCI3)8 143 1 (C) 136.7 ©),
132.9 (CH), 129.6 (2 x CH), 127.0 2 x CH), 118.9 (CHy), 83. 1(C), 689 (CH), 509
(CH,), 46.3 (CHz) 27.2 (CHy), 21.3 (CH), 15.6 (CH).
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N-(2-propenyl)-N;(5-methylthio-pent-4-ynyl‘)-4-me‘thy’lbenzenesult‘onamid‘e |
fsm

SN, - o

AN

~ To a solution of for N-(2Qpropenyl)aN-(p'ent-4-ynyl)-4-methylbenzenesulfonamide (0.832

g, 3.00 mmol, 1.00 equiv) in THF (7.5 mL) at -78 °C was added n-BuLi (2.0 mL, 3. 15

‘mmol, 1.05 equiv) over 5 min. The resulting solutlon was allowed to stir 5 min at -78 °C, “

at which time MeSCN (0.24 mlL, 3.4 mmol, .L.2 ‘equlvl) was ad,ded dropw1se. The - :
resulting suspension was allowed to stir 1 ha_t ‘-78t °C attd then was quenched by the
- addition of eaturated NH,Cl1 (3 mL) and allowed to warm to room temperaturel. The
reaction mixture was poured into ethyl acetate and-water (30/25 mL). The organic phase

was washed with water (25 mL), brine (25 mL), and dried (MgSO4)' Evaporation of

" solvent and purification of the residue by flash chromatography (810, 5% ethyl acetate in-

hexanes to 10% ethyl acetate in hexanes gradient for elutlon) afforded O 79¢g (81%) of the
title compound as a pale yellow oil. Data for N—(2 propenyl) N-(5 methylthlo-pent 4-
ynyl)-4-methylbenzenesulfonamide: 'H NMR (300 MHz, CDCl;) 8 7.67 (d,J = 8.4 Hz
2H), 7.27 (d, J = 8.4 Hz, 2H) 5.68-5.54 (ddt, J = 168 10.0, 6.5 Hz 1H),519510
~(m, 2H), 3.77 d,J= 6.5 Hz, 2H) 3. 16 {t, J 72Hz 2H), 240 (s 3H), 231 (s, 3H) i
1226 (t,J =7.2 Hz, 2H) L71 (¢, J=7.2,72 Hz, 2H); '°C NMR (75.5 MHz, CDCl3) 5. |
143.2 (C) 136.8 (C), 133 1 (CH) 129.6 (2 X CH), 127.1 2 x CH) 119.0 (CH,), 91.7,
(C), 70.9 (C), 51.0 (CH,), 46.3 (CH,), 27.5 (CHy), 21‘4 (CHs), 191 (CHy), 17.4
(CHy); IR (thin film, NaCl) 3081 (m), 2927 (m) 2870 (m), 2189 (w), 1921 (w) 1598

(m), 1345 (s), 1152 (s), 1093 (s), 924 (s), 816 (S) 747 (s), 661 (S) 545 (s): high P
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, resolution (PCI/NH;) mass spectrum calculated for CIGHZINOZSZ (M*) 323. 1032 found
323.1014.

5,5-dimethyl-4-[[(1,1- dlmethylethyl)dnmethylsnlyl]oxy] 4 5 6, 6a-
tetrahydro 2(1H)- pentalenone (184)

The title COmpound was prepared as a mixture of diastereomers (1.3/1) in 75% yield using
Procedure A except that 10 mol % Co,(CO)s was used (12h). Data for 5,5- dlmethyl 4-
[[(1,1- d1methy1ethy1)d1methylsﬂyl]oxy] 4,5,6,6a- tetrahydro 2(11—[) pentalenone (184) |

were consistent with that reported in the literature.20 -

N-(1-Methyl-prop-z-yny_l)-N-(2-propenyl)-4-methylbenzenesulfonamide S
(187) - o

F
TsN/—i_
Me o

.To a suspension of N-(1-methyl-prop-2-ynyl)-4-methylbenzenesulfonamide (0.89 g, 4.0
mmol, 1.00 equiv) and K,CO; (1.1 g, 8.0 mmol, 20 equiv) in DMF (8 th) at ro‘om .
‘temperature was added allyl brcmide (Q..52' mL, 6.0 nﬁmol, 1.5 equiv). 'The'reculting
’suspension was allowed to stir for 3 h and fhen was partitioned betwee_n ethyl acetate and.

ufater (30/30 mL). The organic phase was wéshed with water (2 x 30 mL), b'rine'(Z\x,SO“l ‘
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mlL) and dried (MgSOy). Eyaporati'on of solvent and purification by flash chromatography |
(chromatography (SiO,, hexanes.to 5% ethyl acetate in he)raries gradieht for elution)
afforded 1.02 g (97%) of N-(l-methyl-prop-"2—yn‘yl‘)-N—(2—propenyl)-4—
methylbenzenesulfonamide (187) as. a pale yellow oil." Spectral data for the title

compound were consistent w1th that reported in the literature.99 'H NMR (300 MHz

CDCl;) 6 7.68 (d with fine structure J = 8.2 Hz, 2H), 7.25 (d, J = 8.2 Hz, 2H), 5.88 (m,
- 1H), 5.22 (m, 1H), 5. 09 (m, 1H), 4.87 (m 1H), 3.90 (m, 1H), 3.70 (m, 1H), 2.38 (s,
'3H), 2.10 (d J =23 Hz, 1H), 1 41 d,J= 7.1 Hz 3H) Be NMR (75.5 MHz, CDC13)8

143 3 (C), 136.2 (C) 135.8 (CH), 129.4 2x CH) 127 52x CH) 117.1 (CHy), 81.2 “
.(C), 73.3 (CH), 47.2 (CHy), 46.1 (CH), 22.6 (CH;), 21.4 (CH3). ‘

1- Methyl 2-[(4- methylbenzene)sulfonyl] 2,3,3a,4- tetrahydro-lH- :

cyclopenta<c>pyrrol-5-one (188)

Me . M¢‘

The title compound wéo prepared as a mixture of diastereorners (2.1/1) in 92% yield using
- Procedure A (12'h). The title compound was prepared as a mixture of diasrereomers
(1.9/1) in 77% yield using Procedlire B (12 h). Purification by flash chromatography -
(8i0,, 15% ethyl acetate in hexanes to 40% ethyl acetate gradlent for elutlon) afforded the
- title compound as a colorless viscous oil. Data for syn- and ant1 1- methyl 2- [(4-
| methylbenzene)sulfonyl]-2,3,3a, 4 -tetrahydro- 1H—cyclopenta<c>pyrrol 5 -one (188): 'H
NMR (300 MHz, CDCL) & 7.68 (d, J = 7.7 Hz, 2H), 7.61 (d, J=17.7 Hz, 2H), 7.25 (app
d, J = 7.7 Hz, 4H), 5.88 (s, 1H), 5.76 (s, 1H), 4.46 (9, J=6.7Hz, 1H),4.22 (q, J =
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6.7 Hz, 1H), 3.94 (app t, J = 1q.'2 Hz, 1H), 3.87 (app t, J = 8.4 Hz, 1H), 3.32 (m, 1H),

2.87 (app t, J = 11.6 Hz, 1H), 2.51 (dd, J = 17.9, 6.5 Hz, 1H), 2.42-2.38 (m, 2H), 2.34
(br s, 6H), 1.96 (m,v 1H), 1.95 (m, 2H), 1.52 (d, /= 6.7 Hz, 3H),- 1.48 (d, /=6.7 Hz;_ ‘

3H); °C NMR (75.5 MHz, CDCly) § 207.4 (2 x C), 185.5 (C), 182.8 (C), 143.94 (C),
143.81 (C), 135.3 (C), 132.7 (C), 129.90 (2 x CH), 129.73 (2 x CH), 127.4 (2 x CH),
126.9°(2 x CH), 125.5 (CH), 124.1 (CH), 55.3 (CH), 55.2 (CH), 53.2 (CHy), 51.7
(CH,), 42.9 (CH), 41.1 (CH), 40.0 (CH,), 39.5 (CHy), 22.0 (CH,), 21.3 (2 x CHy),
20.3 (CH,); IR (thin film) 3409 (m), 2978 (m), 2930 (m), 1716 (s br), 1652 (s), 1343 (s

br), 1163 (s br), 1093 (s) 819 (s), 667 (s); major diastercomer: high resolution (ED maSs ‘
spectrum calculated for C;sH;7NO,S (291 0930) found 291. 0929 minor dlastereomer ,

high resolutlon (EI) mass spectrum calculated for C15H17NO3S (M+) 291 0933 found
291.0929. -

Syn-1-Methyl-2-[(4-methylhenzene)sulfonyl]-hexahydro-lH— :
cyclopenta<‘c>pyrrol S-one (188b) and ~ anti-1- -methyl-2- [(4-
_ methylbenzene)sulfonyl] -hexahydro- 1H-cyclopenta<c>pyrrol 5 -one. (188c)

Me o . ,

188 : 188b 188c

“\\ Z

A solution of syn- and ‘anti‘-1-methyl‘-2-[(4-methylbeniene)sulfohyll-2,3,3a,4-tétra‘hy-dro- -

1H—cyclopenta<c>pyrrol-5-one (188) (O 129 g, 0. 443 mmol, 1.00 eqﬁiv 1.5/1 mixtdre

- of diatereomers) and Pd(OH)2 (13 mg of 20% Pd(OH)z on carbon) in ethyl acetate’ (1 5‘ -

mL) under an atmosphere of d1hydrogen was allowed to stir.2 h Flltratlon of the

suspension through celite and concentration afforded 0.126. g'of the title compounds.
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~ Analysis of the crude residue by 'H NMR revealed a 1.5/1 mixture of diatereomefé.
Purification by flash chromatography (basic Al 05, 13x 2 cm, 5% ethyi acetate in hexanes
to 25% ethyl acetate in hexanes 4grz.1dient for elution) afforded syn-1-methyl-2-{(4-
methylbeﬁzene)sulfonyl]—Z‘,3,3a,4-tétrahydro-1H—cyclopgnta<c$pyrrol-5-one (188b) and - - -
‘anti-1-methyl-2-[(4-methylbénzené)Sulfonyl]-2-,3,3a,4-tetrahydro~1H- - |
cyclopenta<‘c>pyrrol 5-one (188c¢). Data for syn-1- methyl 2-[(4- methylbenzene)-
‘sulfonyl]- 2 3,3a,4-tetrahydro-1H- cyclopenta<c> -pyrrol-5-one (188b) (maJor'
diastereomer, less polar): 'H NMR (300 MHz CDC13) 5 7.68 (d J= 8 2 Hz 2H), 7 29
. (d, J 8.2 Hz, 2H),376 (dd, J = 10.0, 72Hz 1H) 350 (dq, J = 64 34Hz lH)
3.00 (m, 1H), 2.90 (dd, J = 10.0, 7.2 Hz, 1H), 2.47 (m, lH), 241 (s, 3H), 2.28 (app d,
J = 8.5 Hz, 1H), :2.21‘- (app d, J = 8.5 Hz, lH),“1,79 (dd, J = 19.1, 3.4: Hz, 1H), 1.40-
" 1.23 {obscured peak, 1H), 1.39 (d, J = 6.4 Hz, 3H); °C NMR (62.9 MHz, CDCL;) &
216.5 (©), 143.8 (C), 134.2 (C), 129.8 (2 x CH), 127.3 (2 x CH), 61.3 (CH), 52.9
(CHy), 47.6 (CH), 41.5 (CHp), 41.1 (CHZ), 37.6 (CH), 22.3 (CHs), 21.6 (CH3); IR |
(NaCl, thin film) 2966 (w), 2928 (w), 2851 (w), 1742 (s), 1341 (m), 1091 (s); major
diastereomer: high resolution (ED) mass spectrum calculated for C;4H;(NO5S (M - CH,)*
A 293.1086, f(‘)und 293.1084. The stéreochenﬁcal assighment waé based on the fol_lov;/'ing

NOE data determined at 500 MHz (CDCls):

. 73%

29, 5?, r/\
Hd"“
TsN

Hb""
Me

31%  267%,
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 Data :for‘ ar;ti-lv-methyl’-2-[(4-methyl’bénzene)s'ul'fo'nyl]-2,‘3,3Aa,4-tetrvahydr,o-iH’-
‘cy¢lopenta<c>pyrr(‘)l‘;5-o'ne (1886)'(minor diastereomer, more polar): ‘IH-NMR (300 |
* MHz, CDCl) 8 7.70 (d, J =8.1Hz 2H), 7.32 (d, J = 8.1 Hz, 2H), 3.67 qJ= 6.6 Hz,
“1H), 3.58 (dd J= 114 8.7 Hz, lH), 3, 16 (dd, J = 11.4; 87HZ lH), 2.74 (m lH)
2.52 (m, lH), 2.42 (s, 3H) 2.31-2.23 (m, 2H) 2.14 (44, J- 190 3.4 Hz, 1H), 141- |
1.35 (obscured peak, 1H), 1.34 (d, J = 6.6 Hz, '3H); *C NMR (62.9 MHz, CDCL;) §
'216.0 (C), 143.7 (C), 134.2 (C), 129.8 (2 x CH), 127.5 (2 x-CH), 58.3 (CHz),_ 53.6
(C‘HZ)‘ 45.0 (CH), 42.0 (CH,), 38.3 (CH,), 37.5 (CH), 21'5‘(CH3), 184 (CH3)' IR', :
- (NaCl, thm film) 2929 (w), 1742 (s), 1338 (s) 1161 (s), 1090 (m); hlgh resolutlon (EI); E '
mass spectrum calculated for C14H15NO3S M - CHy)* 293 1086, found 293. 1084 The .

stereochemical as31gnment was based on the following NOE data determmed at 500 MHz‘

©pck: - o
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' N-(1-Methyl-3-methylthio-prop-2-ynyl)-N-(2-propenyl)-4-methyl-
benze-nesulfon,amid‘e (201) |
~~

TsN_-

N—=—sMe

Me

To a solution of N-( 1-methyl-prop-Zgynyl~)-N-(2apro§enyl)-4emethyl‘benzenesulfonénﬁde

(187) (0.631 g, 2.40 mmol, 1.00 equiv) in THF (6 mL) at -78 °C was added n-BuLi (1.6

mL of a 1.6 M solution in _h:ex.anes, 2.52 mmol, ’1.05 equiv) over 5 min. The resulting .
solution was allowed to stir“ S min at -78 °C at which time MeSCN (189 uL, 2.76 mmol, |
1.15 equiv) was added dropwise. The resulting Suspension@as allowed to stir 1 h at -78
°C and then was quenched by the addition of saturated NH,C1 (3 mL) and allowed to warm
to room temperature. The reactioﬁ mixture was poﬁred into ethﬂ acetate and water (30725 |
mL). The drganic phase was wash¢d with water (25 mjL), brine (25 mL), and dried
(MéSQ;). Evaporatibn of solvent and purification by flash chromatography (Si0,, héxanc;s :
to 10% ethyl acetate in hexanés gradient for elutidn_) aff_ofdéd 10g (85%) of the title
compound as a pale yellow senﬁ-solid. Data fpr N—(1-methyl-3—methylthio-prop—Z’-ynyl)-
N-(2-propenyl)-4-methylbenzenesulfonamide (201): "H NMR (300 MHz, CDCl;) § 7.64
(d, J = 8.2 Hz, 2H), 7.22 (d, J = 8.2 Hz, 2H), 5.84 (m, 1H), 5.41 (app dt, J = 17.1, 1.4
Hz, l-H), 5.04 (app dt, J = 10.2, 1.4 Hz, 1H), 4.87 (app q, J = 7.1 ‘Hz, 1H), 3.84 (m, a
1H), 3.62 (m, 1H), 2.33 (s, 3H), 2.05 (s with fine strlic‘ture-, 3H), 1.33 (d with ﬂne'
structure, J = 7.1 Hz, 3H)§ C NMR (75.5 MHz, ch13) § 143.1 (C), 135.95 (CH),
1135.68 (C), 129.2 (2 x C'H)‘, 127.4 (2 x CH), 116.7 (CH,), 89.6 (C), 76.6 (C), 47.17
(CH), 47.14 (CHp), 22.3 (_CH3), 21.2 (CHJ), 18.5‘ (CH3)‘; IR'(thiﬁ film, NaCl) 3081 (w), .
| 2985 (m), 2930 (m), 2870 (W), 2173 (m), 1344 (s), 1167 (s), 1008 (m br), 668 (s), 566
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(s); high resolution (EI) mass spectrum calculated for C,5H;sNO,S, (M+) 309.0855, found '

309.0857.

1-Methyl-2- [(4 methylbenzene)sulfonyl] 7- methylthlo-z 3,3a,4- tetrahydro-

1H- cyclopenta<c>pyrrol 5-one (206)

o |
TsN/J | " Ts@to
=M . _

Me | . Me  SMe

The title compound was prepared as a mixture of di‘aStereomers: (2.7/1) in 93% yield using
Procedure A (12 h). The title compound was prepared as a ‘rnixtt_l.re of 'di?asterc'e.ome_rs'
(2.6/1) in QQ % yield using Procedure B (12 h). Purification by-'ﬂash chromatography-
(SiOz; 15% ethyl acetate in hexanes to 40% ethyl acetate gradient for elution) afforded the.
title compound as a colorless, viscous oil. Further puﬁﬁcation by flash chromatography
(SiO2, 5% ethyl acetate to 25% ethyl acetate m hexanes grédient for élution) afforded syh—
1-methyl-2-‘[(4-1111ethy1benzene)sulfonyl]-7-methylthio-2,3,3a,4-tetrahydio-1H—
cyclopenta<c>pyﬁol-5-one (206) (major diastereomer, less polar): Data for the major
isomer 206: '"H NMR (300 MHz, CDCls) § 7.70. (d, J = 8.1 Hz, 2H), 7.32 (d, J = 8.1
Hz; 2H), 438 (q, J = 6.5 Hz, 1H), 3.90 (app t, J = 8.2 ‘Hz, 1H), 3.28 (m, 1H), 2.65 (dd,.
_J=17.8, 6.5 Hz, 1H), 2.46-2.38 (obscured peak, 1H), 2.42 (s, 3H), 2.30 (s, 3H), 2.04
(dd, J = 17.8, 3.4 Hz, 1H), 1.56 (d, J = 6.5 Hz, 3H); °C NMR (62.9 MHz, CDCl3) §
203.9 (C), 176.0 (C), 144.1 (C), 133.2 (C),130.9 (C), 129.9 (2 x CH), 127.7 (2 x CH),
55.5 (CHy), 53.3 (CH,), 39.766 (CH), 39.-700“(C_H), 21.6 (2 x CH3), 13.8 (CH3); IR
- (NaCl, thin film) 2977 (w), 2927 (w), 1714 (br m), 1343 (br m), 1162 (s); high resolutio.n.
(ED mass spectrum calculated for C16H19NO3SZ (’33“7.0800),‘found 337.0806. minor
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diastereomer: high resolution (EI) mass spectrum real'culated for C;¢H gNO3S, (M*)
337.0803, found 337.0806. The stereoehenﬁeal -assignment of the méjor diastereomer

was based on the following GOESY data (mixing time = 800 msec) determined at 250
MHz (CDCly): | .

4.3%

N-(1-Methyl-3- [(1 1- dlmethylethyl)thlo] prop 2 ynyl)-N-(Z-propenyl) 4-

methylbenzenesulfonamlde (212)

/_/
>— kMe

Me Me

- To a solution of N-(1-methyl- prop 2 ynyl) N-(2-propeny1) 4- methylbenzenesulfonalmde '
287) (O 750 g, 2.85 mmol, 1.00 equw) in THF (7 ml) at -78 C was added n-BuLi 1.9 N

mL of a 1.6 M solution in hexanes, 3. 08 mmol 1. 08 equ1v) dropwise. The resultmg

solut1on was allowed to stir 10 min at that temperature and then a solution of -

| butylsulfenylsulfonate (0.836 g, 3.42 mmol, 1.2 equiv) was added dropwxse. The

resulting solution was allowed to warm to r‘t‘ove;' 2 h and then was quenched by the |

addition of half saturated NH,CI (10 mL). The mixturé was partitioned between ethyl

acetate/water (75/10- mL). The organic phase was washed with wa‘ter (20 mL), brine (25
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mL) and dried (MgSO4). ‘Concentration and purification by flash chromatography afforded
0.65 g (65%) of the title compound as a colorless oil. Data for the ‘ti.tle compound 212: g . .
NMR (30() MHz, CDCI;) 3 7.70 (d, J = 8‘.2- Hz, 2H),'v7.26 (d, J = 8.2 Hz, 2H), 5.91; |
(dddd, J = 17.2, 10.2, 7.0, -5:O‘Hz‘lH) “524 (m iH) 5.10 (m 1H), 50()‘(app g, J=

7.1 Hz IH) 3.92 (m, 1H), 3.73 (dd with fine structure, J = - 17. 4 7.0 Hz, lH), 2. 39 (s o
3H), 1.45 (d J=17.1Hz, 3H), 1.23 (s, 9H) 13C NMR (75 5 MHz, CDC13) ) 143 2 ©),

136.4 (C), 135 9 (CH), 129. 5 (2 x CH), 127. 4 (2 x CH), 117.0 (CHy), 94. 1 (C), 750 “
(C), 30.8 (C), 47 55 (CH) 47 38 (CH2), 30.0 3x CH3), 23.1 (CHj), 21.4 (CH3) IR - "
(thm film NaCl) 2964 (w), 2924 (w), 2867 W), 2168 (w), 1335 (br m), 1166 (m), 669 - . |
(m); high resolution (EI) mass spectrum calculated for C18H25N0282 M - C4Hy)T-
294.0622, found 294.0616. ' '

1-Methyl 2-[(4- methylbenzene)sulfonyl] 7-[(1,1- dlmethylethyl)thlo]
2,3,3a,4- tetrahydro -1H- cyclopenta<c>pyrrol 5 -one (206)
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The title cdmpou_nd "wds prepared as d nﬁxtufe-df diastereo;hers (5/1) in 7()% yield using‘
- ‘Procedure C (9 h) expect that 10 mol % Co,(CO)s was used. Recry‘stallization frdxﬁ ethyl
acetate/hexanes afforded the major dlastereomer Data for major diastereomer: mp = 162-
163 °C; '"H NMR (300 MHz CDCly) § 768 (d,J =84 Hz 2H), 7.28 (d J = 8.4 Hz,
2H), 433 (q, J = 6.5 Hz, 1H), 4.00 (app t, J = 8.6 Hz, 1H), 3.36 (m, 1H), 2.71 (dd, J =
18.0, 6.7 Hz, 1H), 2.44 (dd, J = -10,‘8, 8.6 Hz, '1H), 2.38 (s, 3H), 2.07 (dd, J = 18.0,
35 -Hz, 1H), 1.58 (d, J = 6.5 Hz, 3H), 1.10 (s, 9H); l,'3CNM.R (75.5 MHz, CDCl;5) §
205.1 (C), 187.1 (C), 144.1 (C), 132.6 (C), 129.8 (2 x CH), 129.5 (C), 127.7 (2 X CH),
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$6.0 (CH), 53.8 (CHy), 45.0 (C), 39.72 (CH), 39.44 (CH,), 31.8 G x CHy, 220 o

(CH;), 21.5 (CHs); IR (thin film, NaCl) 2965 w), 2923 (w), 2897 (w) 2864 (w), 1720 "
(br m), 1637 (w), 1598 (w), 1457 (w), 1345 (m) 1167 (s), 1093 (m), 1038 (m) 817 (w) .

755 (w), 673 (w); high resolution (EI) mass spectrum calculated for C19H25NO3SZ (M"‘)‘; f R

379.1276, found 379. 1265. The stereochemical assngnment of the major dlastereomer was -

based on the followmg GOESY data (m1x1ng time = 800 msec) deterrnmed at 250 MHz ‘._'.

(CDCl3)

N-(2-Propenyl)-N-[3-(1-phenyl-ethylthio)-prop-2-ynyl']-4-methyl- (

‘benzenesulfonamide (213)

S~
TsN
R N
N—Ph
Me - -

" Toa solution of N-(2-pr0penyl)-N-(prop-2-yny1)-4-,rnethylbenzénesulfonamide an
(0.748 g, 3.00 mmol, 1.00 equiv) in THF (10 mL) at -78 °C was added n-BuLi (2.0 mL of
a 1.6 M solution in hexanes, 3.24 mmol, 1.08 equiv) dropwisé. Aftgr 5 min at -78 °C, -

phenethyl thiocyanate (0.560 g, 3.45 mmol, 1.15 equiv) was added dropwise and the

fesulting solution  was allowed to warm to rt slowly over 2 h. The reaction mixture was
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‘ “ cjuenched by ‘t"he addition o'f“saturated NH,CI (5 mL). The mixture was extracted w1‘th ethyl
| acetate and water (40/30 mL). The organic phase was washed with water 2 x 30 mL)
~ brine (30 mL) and dried (MgSQ,). Evaporation of the solvents and purification by flash
~chromatography (8102, 10% ethyl acetate in hexaneés to 15% ethyl acetate in hexanes
| grédient for elution) afforded 0.81 g (70%) of the title compound as an viscous orange oil
‘Data for N—(2-propenyl)-N—]3-(1-phenyl-ethyl‘thlo‘)‘-prop 2-ynyl]-4- methyl-
benzenesulfonamide (213) '"H NMR (300 MHz, CDC13) 5 7.66 (d, J = 8.3 Hz, 2H)
7.31-7.17 (m, 7H), 566 (dddd, J— 16.8, 10.3, 6.4, 64 Hz, 1H), 5.18-5.10 (m 2H)
4.14 (s, 2H) 4.00 (q, J = 7.0 Hz, 1H), 373 -3.59 (m 2H), 2.39° (s 3H), 1.55(d, J =
7.0 Hz, 3H); C NMR (75.5 MHz, CDC13) 9 143 3 (C), 141.0 (C), 135.7 (C), 131.8
(CH) 129.3 (2 x CH), 128.3 (2 x CH), 127.6 (CH), 127.5 (2 x CH), 126.9 (2 x CH),
~ 119.5 (CH,), 88.7 (C), 75.3 (C), 48.8 (CH,), 47.6 (CH), 37.0 (CHy), 21.4 (CH;), 21 1
(CH3);‘ IR (thin film, NaCl) 3029 (w), 2976 (w), 2924 (w), 2181 (w), 1348 (m br), 1162
* (m), 1092 (m), 666 (m); high resolution (EI) mass spectrum calculated for C;:Hy3NO,S,
(M) 385.1168, founél'385.1175.

1 Methyl 2- [(4 methylbenzene)sulfonyl] 7-(1-phenyl-ethylthio)- 2 3,3a,4-

tetrahydro-1H- cyclopenta<c>pyrrol S-one (214)

| .TSN\—:—S} -
Ph , S
.Me ‘ ' Me\(
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The title compound was prepared as a 1.1/1 mixture of diastereomers in 92% yield using

Procedure A except that 10 mol % Co,(CO)g was used (12 h). Purification by flash
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chr’omatography (810, 15% ethyl acetate in hexanes to 30% ethyl acetate in hexanes
' gradient for elution) afforded the title compound as a pale yellow foul oil Further .

pur1f1cat10n (8102, 15% ethyl acetate in hexanes) allowed for separatlon of the _‘-

dlastereomers The relative stereochermstry of each dlastereomer was not determmed

Data for the less polar d1astereomer 214: '"H NMR (300 MHz, CDC13) d 7.66 (d J 8 2 -

- Hz, 2H), 736(d J = 82Hz 2H) 7.04-6.97 (m 2H), 693686 (m, 3H), 466(q,.l—'

7.0 Hz, 1H), 436 (dd, J = 17.0, 1.4 Hz, 1H), 3.80 (app t, J = 90Hz 1H), 360(brd J o

= 16.9 Hz, lH) 2.84 (m, lH), 2.54-2.45 (obscured peak, 1H) 2.47 (s, 3H), 1 94 (dd, J, .

=11.0, 9.0 Hz, 1H), 1.63- 1.50 (obscured peak, 1H), 1.53 (d, J = 71Hz 3H); Bc NMR o

(75.5 MHz, CDCl3) 8 204.0 (C), 177.5 (C), 143.9 (O), 143 3 (O), 134 1 (C) 1322 ©),
130.0 (2 x CH), 128.0 (2 x CH), 127.4 (2 x CH), 127.13 (2 x CH), 126. 96 (CH), 52. 0

(CH,), 47.4 (CH,), 44.0 (CH), 42.2 (CH,), 39.7 (CHy), 21.6 (CH3), 21 4 (CH;) IR:
(thin film, NaCl) 2923 (m), 1713.8 (s), 1644 (m), 1598 (m), 1454 (m), 1347 (rn), 1101

(s), 1093 (s), 1050 (m); high resolution (EI)' mass spectrum.calculated for C22H23NO3S§

(M*) 413.1112, found 413.1119. Data for the more polar diastereomer 214: '"H NMR

(300 MHz, CDCl;) § 7.66 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 7.32-7.18 (m,

5H), 4.50 (g, J = 7.0 Hz, 1H), 3.94 (dd, J = 9.3, 8.3 Hz, lH), 3.86-3.72 (m, 2H), 2.94‘ :
(m, 1H),‘2._65 (dd, J = 17.9, 6.5 Hz, 1H), 2.46 (dd, J = 11.0, 9.3 Hz, 1H), 2.41 (s, 3H), |
2’01 (dd, J=17. 9 3.6 Hz, 1H), 1.46 (d, J = 7.0 Hz, 3H); 13C NMR (75.5 MHz, CDCl,)
) 2042 ©), 178 3 (C) 144.1 (C), 142.3 (C) 133 3 (C), 131.7 (C), 130.0 (2 x CH)
128.5 (2 x CH), 127.6 (CH), 127.5 (2 x CH), 127 4 (2 x CH), 52.5 (CHy), 47.6 (CHZ)
42.2_(CH), 39.5 (CHy), 22.2 (CH3), 21.5 (CH3).; IR (thin film, NaCl).‘3028 (w), 2966 )
(rri), 2922 (m), 1714.0 (s), 1643 (m), 1597 (m), 1453 (m), 1346 (s), 1162 (s), 1092 (m), B
1045 (m), 700 (m), 658 (m); high resolution (EI) mass :spectrum'calculaited' for
C22Hp3NO5S, (M*) 413.1112, found 413.1119. | '
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3- Methyl 4. methyl 2- [(4 methylbenzene)sulfonyl] 6- methylthlo 2,3,3a,4-
tetrahydro 1H-cyclopenta<c>pyrrol S-one (206)

M>e_/
=

TsN, B ' -

SMe

The title compound was pfepared as a mixture oﬁ diastereofnefs (13.0/ 1)in 92% yiélc_i using
Procedure C (12 h) expect that‘ 10 mol % COz(CQ)g was uéed. Data fo,r"the ﬁﬂe compo'und' |
206: '"H NMR (300 MHz, CDCl;) 8 7.68 (d, J = 8.1 H?, 2H), 7.30 (d, J = 8.1 Hz, ZH),
4.35-4.21 (m, 2H), 3.10 (m, lH),. 2.93 (m, 1H), 2.62 (dq, J = 14.6, 7.6 Hz, 1H), 2.39
(s, 3H), 2.24 (s, 3H), 1.53 (d, J = 6.0 Hz, 3H), 0.84 (d, J= 7.6 Hz, 3H); BC NMR
(62.9 MHz, CDCl3) § 207.1 (C), 167.8 (C), 144.0 (C), 133.8, (©), 129.8 (2 x CH),
127.48 (2'k CH), 127.42-(C), 56.7 (CH), 54.1 (CH); ‘49‘.7' ‘(CHZ), 42.2 (CH), 21.5 2x
CHy), 14.2 (CH;;), 13.0 (CH,); IR (thin film, NaClj 2968 (m), 2928 (m), 1711 (s), 1643 -
(m), 1597 (m), 1454 (m)’,. 1346 (s),. 1160 .(br s), 1090 (s‘), 1040-(m), 817 (m);, 716 (m),
655 (s); high resolution (EI} mass spectrum calculated for C17H21NO3SZ M) 35‘1 .0963,
351.0963.
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APPENDIX A

’ List of Abbrevi'at-ions‘l




atm
BINAP
BMS

Bn

Boc

"Bu
Chiraphos

DEAD -
DHP
DIAD
DIOP
dppb
diphos
DMA

. DMAD
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Acetyl

Aryl

Atmophere(s). _
2,2'-Bis(di-phenylphosi)hiﬁo)-1,I'bihaphthyl
Borane-dimethyl sulfide B

Benzyl

t-Butoxycarbonyl

n-Butyl . o
2,3-Bis(diphenylphosphino)butane

Carbon monoxide, carbonyl -

1,5-Cyclooctadiene

‘Cyclooétene -

Cyclopentadienyl
Cyclohexyl |
Day(s)

Deuterium

1,2-Dich161"oethane

' Dichloromethé.ne "

Diethyl azodicarboxylate
3,4-Dihydro-2H-pyran

Diisopropy!l azodicarml‘jbxylé.te‘
2,3-0-Isopropylidene-2,3-dihydroxy-1,4-
bis(diphenylphosphino)butane-
bié(diphenylphosp}ﬂno)ethane
Dimethylacetamide |

Dimethyl acetylenedicarboxylate




LUy i

|4 4

 DMAP
., 'DME‘
DMF
DMSO
dppe
dppb
~dppp-

EBTHI
equiv

GC

~ HBpin |

Hex

HMPA
HPLC

hv
Ind

MeCN
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4-N N-Dlmethylammopyndme -

1,2- drmethoxyethane
Dunethy]formarmde .

' Dlmethylsulfoxrde
1,3 B1s(dlphenylphosphmo)ethane

1,3—B1s(drphenylphosphmo)butane. -

' 1-,3-Bis(diphenylphoSphino)propane '

Ethyl acetate

L 1-Ethylenebls(tetrahydrmndenyl)

Enantromenc '€XCess

‘Eq‘uivalent(s‘) . |
 Ethyl
Gas chromatography

Pmacolbora.ne

" n- Hexyl | .
. Hexamethylphosphorannde

| ngh performance hqurd chromatography-

Hoor(s_)

Light, Q-BEAM irradiation
‘Indenyl

" Isopropanol °

Unspecified ligand
Lrthrum dusopropylarmde
Molanty, mol/L ‘
Methyl

. Acetonitrile




NOE
Nu

Ph

~ PhH
PKR
PLE - -
PMHS
PNB

ppt
Pr

psi

Sc CO,
~ TBAF
TBDPS
TBS

Tf

253 -

Minute(s)

‘ Methanesulfonyl -

Norborﬁadiene ' _

N-Methyl morpholine N-oxide
N ﬁclear magnetic resonance

N uclear Overhauser enhancement

Unspe01ﬁed nucleoplnle

~ Phenyl.

Benzene

Pauson-Khand reaction

Pig liver esterase

- .Polymétllylhydfosiloxane |

D- mtrobenzoyl

tns(2 -phenyl phenol)phospthe

Pre01p1tate

n- Propyl

Pounds/square mch

Room temperature

Solvent - |
Supercritical CO, |
‘tetrabutylamjmni.um‘ﬂu‘oride
t-ButyldipHenylsilyl
t—Butyld1methyls1lyl

| Tnethylamme

T ﬁﬂuoromethanesulfonyi

- 2,2,2-Trifluoroethanol '

Ll L




L1l

THF

THP

TLC
TMANO
™S

tol

Ts
TsNH(Boé)
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' '_I’etrahydfofuran |

Tetrahydfopyrar;yl _
Thin layer chromatography

T_rimethylanﬁne—N—oxide

Trimethylsilyl

Toluene

p-Toluenesulfonyl *

g N-t—butoxycarbonyl—4—m¢thyl—benzenesdlfonamjde -
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1H and 13C NMR Spectral Data
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1H NMR Spectrum of 91
IXx"C O 2Me
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3C NMR Spectrum of 91
Zx "C O 2Ve
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IH NMR Spectrum of 92
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13C NMR Spectrum of 92
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H NMR Spectrum of 93
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13C NMR Spectrum of 93
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1H NMR Spectrum of 94
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13C NMR Spectrum of 94
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1H NMR Spectrum of 97
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13C NMR Spectrum of 97
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1H NMR Spectrum of 98
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IH NMR Spectrum of 95
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13C NMR Spectrum of 95
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IH NMR Spectrum of 96

2.234
2.141
4.150
a-
Lnm
4 103
€.014
LU -
N -
325
X



081

031 OH

e]0]

CD

271

13C NMR Spectrum of 96
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IH NMR Spectrum of 99
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31P NMR Spectrum of 99
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H NMR Spectrum of
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13C NMR Spectrum of
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H NMR Spectrum of
Me



Tl

277

13C NMR Spectrum of
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1H NMR Spectrum of
Me
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13C NMR Spectrum of
Me
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IH NMR Spectrum of 77
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13C NMR Spectrum of 77
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IH NMR Spectrum of 78
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13C NMR Spectrum of 78
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1H NMR Spectrum of 75
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13C NMR Spectrum of 75
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IH NMR Spectrum of 79
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13C NMR Spectrum of 79
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IH NMR Spectrum of 79
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13C NMR Spectrum of 79
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IH NMR Spectrum of
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13C NMR Spectrum of
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