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Abstract of the Dissertation

Synthesis of Novel Fused Tricyclic and Tetracyclic Skeletons Through Rh(l)-
Catalyzed [2+2+2+1] Cycloaddition of Enediyne Derivatives with Carbon Monoxide

Joseph J. Kaloko
Doctor of Philosophy
in Chemistry
Stony Brook University
2010

Natural products (NP) and their metabolites isolated from diverse origins have been an
extraordinary source of active pharmaceuticals, agrochemicals and other applications. Often,
(NP) also serve as templates to obtain more potent and selective agents through structure-activity
relationship (SAR) studies. A ubiquitous feature of (NP) and their metabolites is that they often
contain fascinating fused-ring skeletons. Unfortunately, the vast majority of (NP) cannot be
isolated in large quantities from their natural source. Consequently, the need to develop highly
efficient synthetic methods that provide access to fused ring-skeletons with handles for further
modification is necessary. Transition metal-catalyzed carbocyclization and cycloaddition
reactions have proven to be among the most efficient methods for (NP) synthesis as well as
constructing “natural product-like” (NPL) and “drug-like” (DL) skeletons.

As part of ongoing studies by the Ojima lab into transition metal catalyzed
carbocyclizations and higher-order cycloaddition reactions, the Rh(l)-catalyzed [2+2+2+1]
cycloaddition of enediyne derivatives was investigated. The reaction of cyclohexene-diynes in
the presence of [Rh(CO).Cl], and CO (2 atm) gave novel 5-7-6-5 fused tetracyclic products
while the reaction of cyclopentene-diynes under similar conditions gave the corresponding 5-7-
5-5 fused tetracyclics in good to excellent yields. In addition to the expected products, the diene
shifted regioisomers were obtained for all 1-silyl-substituted cycloalkenyl-diyne substrates
investigated. y-Butyrolactones are prominent constituents in a diverse class of biologically active
compounds. Thus, the Rh(l)-catalyzed [2+2+2+1] cycloaddition of 1-methyl-dodec-11-ene-8-

oxo-1,6-diynes which afforded 5-7-5 tricyclic products with fused y-butyrolactones was also



investigated. The reaction variables as well as the mechanism for the formation of these fused
products are presented.
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Chapter 1

Carbonylative carbocyclization and cycloaddition reactions
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§ 1.1. Introduction

The development of highly efficient catalytic processes for the synthesis of
bioactive compounds or building blocks for organic materials remains a central focus in
modern organic chemistry." Moreover, the use of carbon-carbon or carbon-heteroatom
bond forming reactions to generate new ring systems is a key part of contemporary
organic synthesis.? One of the most efficient approaches is the application of transition-
metal catalyzed cyclization reactions. Using relatively simple but appropriately designed
precursors, monocyclic, bicyclic and complex polycyclic molecules, which may be
difficult to access from classical pericyclic reactions or other classical carbon-carbon
bond forming reactions, can be synthesized under mild conditions often in a single step.®
In addition, transition metal catalyzed cyclization reactions provide high atom economy,
while often requiring relatively mild reaction conditions. The distribution of products
often can be controlled based on the reaction conditions or the transition metal used in the
reaction.**

Among catalytic cyclization processes, the carbocyclization of eneynes, dienes,
enediynes, trienes, triynes, and their hetero-atom derivatives are extremely important and
useful for the syntheses of a variety of carbocyclic and heterocyclic compounds.t™
Additionally, cascade carbocyclization of tethered olefins is a powerful method for rapid
access to polycyclic skeletons in one step. The term "carbocyclization” has been used to
describe an annulation process involving carbon-carbon bond formation via
carbometallation a process that is fundamentally different from radical cyclization as well
as thermal and photochemical cycloadditions.” When the carbocyclization process
incorporates carbon monoxide, the process is categorized as carbonylative
carbocyclization and provides efficient routes to cyclic and fused ketones.

Transition metal-catalyzed cycloaddition reactions also provide easy access to a
variety of carbocyclic and heterocyclic compounds. Sometimes, the products are
indistinguishable from those obtained from transition metal-catalyzed carbocyclization
reactions though the mechanistic pathways are distinctive for the two processes. As with
carbonylative carbocyclization reactions, transition metal catalyzed cycloaddition

reactions performed in the presence of carbon monoxide also provide ketone products.



Mechanistic studies of various transition metal catalyzed carbocyclization and
cycloaddition reactions have been carried out over the years and the versatilities of
intermediate species have also been exploited.’ Thus, over the past decade, a variety of
otherwise forbidden or difficult to achieve reactions have been realized including
[5+2+1]," [4+2+2],* and other higher order cycloadditons.™ > 8 Various reviews, covering

29 and

different aspects on transition metal catalyzed and mediated cycloadditions
carbocyclizations™ have been reported in the literature.

This chapter provides an overview of carbonylation (incorporation of carbon
monoxide) reactions by highlighting a few examples of carbonylative cycloaddition
reactions; namely the Pauson-Khand (PK) and PK-type reactions from the recent
literature, with particular emphasis on substrate type, application to natural product
synthesis and heterocyclic compounds. Additionally, novel silicon-initiated
carbocyclization (SiCaC), carbonylative carbobicyclization (CO-SiCaB), and
carbonylative carbotricyclization (CO-SiCaT) reactions as well as higher-order

[2+2+2+1] cycloaddition reactions pioneered in Ojima’s laboratory are also discussed.

§ 1.2. Carbonylative carbocyclization and cycloaddition

8 1.2.1 Catalytic Pauson-Khand and Pauson-Khand type reactions

The Pauson-Khand reaction (PKR) was first reported in 1973. The PKR is
formally a cobalt mediated [2+2+1] cycloaddition involving an alkene, an alkyne and
carbon monoxide forming a cyclopentenone.'* The synthetic utility of the PKR was
initially limited due to the poor regioselectivity observed in the intermolecular reaction
when unsymmetrical alkynes and alkenes are used.> However, the inherent regiocontrol
of the intramolecular variant of the PKR has considerably expanded the synthetic utility

of the reaction (Scheme 1-1).%
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( }m\\ 610)

X =0, NR, CH,, C(CO5R); R = SiR3, alkyl, Ar
Catalyst = Co, Rh, Ti, Zr, Ir, Ru

Scheme 1-1: Intramolecular Pauson-Khand reaction (PKR)

A variety of transition metals have been shown to catalyze the PK reaction
including Co, Rh, Ti Zr, Ir, and Ru.*> ** A proposed mechanism for the PK reaction of
1,6-enynes 1-3 catalyzed by Rh is outlined in Scheme 1-2.**

X

X(jf>:0 [L,RhCO] \—\\
1-5 (iv) Reductive 1-3
elimination
R (i) coordination
O
X _

[RhL] —==R
1-4c X [RhL,CO]

" 1-4a

(iii) CO insertion (i) cyclization
2+2+1+M
[ ] [2+2+M]

R
CcO
- |
1-4b

Scheme 1-2: Proposed mechanism of the PK reaction catalyzed by Rh-complex™*

The reaction starts with (i) coordination of the active Rh catalyst to the enyne 1-3,
giving intermediate 1-4a, (ii) intermediate 1-4a is converted to rhodacyclopentene 1-4b
([2+2+M]), (iii) migratory insertion of CO into the Rh-C bond gives 5-6 rhodacycle 1-4c
([2+2+1+M]), and (iv) reductive elimination yields the PK reaction product 1-5. A

number of detailed reviews on the PKR and PK type reaction have been reported in the



literature.”™ > 5 The PK type reaction refers to [2+2+1] cycloaddition reactions in which
either the olefin or alkyne has been replaced by other unsaturated moieties such as allenes
and carbodiimides. A few recent examples of PKR and PK type reactions are covered
here to highlight the scope of this very useful reaction, especially in the course of their
application to natural product synthesis.

The intramolecular PKR was used to obtain a key intermediate in the
enantioselective synthesis of (-)-Pentalenene 1-8, the unnatural enantiomer of the angular
triquinane natural product.’® Using Co,(CO)s (60 mol%) as catalyst in toluene and 1 atm
of CO, enantiomerically enriched (91% ee) cyclopropene 1-6 gave the PK adduct 1-7 (4:1
dr) in 64% isolated yield (Scheme 1-3). The use of the known PKR promoter
tetramethylthiourea (TMTU) was found to be critical in obtaining a good yield of the
desired tricyclic product 1-7.

EtO,C EtO,C
Co,(CO)g (60 mol% ™S Me :
Me ™S 02(CO)g (60 mol%) e 6 . Me e
o TMTU, CO (1 atm)  Me Me :
Me — SIPhMeZ t0|Uene, 64% 4:1 dr SlPhMez |:|
1-6, 91% ee 1-7 1-8, (-)-Pentalenene

Scheme 1-3: Total synthesis of (-)-Pentalenene 1-8 via the PKR

The use of highly toxic carbon monoxide (CO) remains a drawback in
cyclocarbonylation reactions. Recently, two independent groups reported the use of
aldehydes as CO source. First, Kakiuchi and coworkers®’ reported a catalytic PK type
reaction of eneynes using pentafluorobenzaldehyde (200 mol%), [Rh(COD)CI], (5
mol%), diphenylphosphino propane (dppp) (11 mol%) in Xxylenes under a nitrogen
atmosphere.  Several eneynes gave the [2+2+1] cycloadducts, but aryl substituted
eneynes were generally more efficient under the reported reaction conditions.
Specifically, cyclohexane tethered eneyne 1-9 gave the PK cycloadduct 1-10 in 90%

yield as a single stereoisomer (Scheme 1-4).



?/\Ph [Rh(COD)CI], (5 mol%), dppp (11 mol%)

O/\ C4FsCHO, xylenes, 130 °C, 90%
1-9

Scheme 1-4: The PKR of 1-9 using pentafluorobenzaldehyde as CO source

1-10

In the other example, cinnamylaldehyde was found to be the most efficient
aldehyde in a solvent free system.*® Using [Rh(dppp).Cl] (5 mol%) as the catalyst,
commonly used eneynes were converted to the cyclopentenones adducts in high yields.
Perhaps more encouraging was that a preliminary experiment under asymmetric
conditions using [Rh(COD)CI]; and (R)-(+)-2,2'-Bis(di-p-tolylphosphino)-1,1'-binaphthyl
(toIBINAP) as chiral ligand gave the cycloadduct product 1-12 in 89% yield and 83% ee
(Scheme 1-5).

S ———Ph [Rh(COD)CI],, tolBINAP i;:
0 O
\—\\ cinnamylaldehyde, 120 °C, Argon
89% vyield, 83% ee
1-11 1-12

Scheme 1-5: The PK reaction of 1-11using cinnamylaldehyde as CO source

Seven-membered rings can also be obtained from the intramolecular
cyclocarbonylation of allenynes with the appropriate number of atoms on the tether. The
tricyclic skeleton of Guanacastepene A was obtained in an efficient manner using the PK
type reaction of cyclohexene-tethered alleneyne 1-13 (Scheme 1-6).*° Similar reaction
conditions have also been applied to other cyclohexane-tethered allenenynes yielding

linearly and angularly fused [6-7-5] ring systems.?



[Rh(CO),Cl], (10 mol%)

CO (1 atm), toluene, 80°C
65%

R = SiPhMe,

Scheme 1-6: Synthesis of the Guanacastepene A tricyclic core 1-14 via the PK reaction

The products obtained from the PK type reaction of allenynes have been shown to
be dependent on the transition metal used in the reaction. The use of Mo(CO)s as catalyst
results in the exclusive reaction of the proximal double bond of the allene yielding
a-alkylidene cyclopentenones 1-16. Alternatively, using [Rh(CO),Cl], as catalyst gives
4-alkylidene cyclopentenones 1-17 from reaction of the distal double bond of the allene
(Scheme 1-7).%

7
Vi
o Mo(CO)g (125 mol%) [Rh(CO),Cl1, (5 mol%) o
DMSO, toluene (1:1) — TMS CO (1 atm), toluene, 45%
T™S 68% ™S
1-16 1-15 117

Scheme 1-7: The intramolecular PK-type reaction of allenenynes 1-15

The scope of this regioselective cyclocarbonylation reaction has been extended to
the preparation of bicyclic dienediones 1-19 and 1-20 from allenyl alkynones 1-18
(Scheme 1-8).? The Mo(CO)s catalyzed reactions gave bicyclo [3.3.0] octadienediones
1-19 while the [Rh(CO).Cl], catalyzed reactions gave bicyclo [4.3.0] nonadienediones 1-
20 (Scheme 1-8).



o) o R
Mo(CO)g (20- 40 mol%) — R [Rh(CO),CI]; (5 mol%) @i}o
DMSO, toluene (1:1) \ CO (1 atm), toluene
118 1-20
Entry R yield [Mo] (%) yield [Rh] (%)
1 TMS 76 51
2 n-Bu 70 61
3 Ph 84 55

Scheme 1-8: The intramolecular PK type reaction of allenyl alkynones 1-18

Allenenes have also been shown to be effective substrates in the PK-type
Rh(l)-catalyzed
phenylsulfonyl substituted allenenes 1-21, yielding bicycle [4.3.0] nonenones 1-23

cycloaddition.

An

intramolecular

[2+2+1] cycloaddition of

skeletons, was reported by Mukai and coworkers (Scheme 1-9).2% The reaction was found

to be selective for the distal t-bond of the allenyl moiety, leading initially to [4.3.0] non-

1-en-8-one derivatives 1-22, which isomerized to the o,p-unsaturated ketones 1-23.

PhO,S

[Rh(CO),Cl], (5 mol%)

R
x\& CO (5 atm), toluene, 120 °C

SO,Ph
X

R

SO,Ph

P P

R

1-21 1-22 1-23
Entry X R yield (%) cis/trans

1 NTs H 89 71:29

2 @] H 63 82:18

3 C(CO,Me), Me 85 0:100

4 C(CO,Me), CH,CH,OMe 69 0:100

5 NTs Me 58 0:100

Scheme 1-9: The intramolecular PK type reaction of allenenes 1-21



The PK type reaction of the allenene derivative 1-24 was used as a key step in the
first total synthesis of the cyclopropane fused tricyclic sesquiterpene
(1S,3R,4R,5R,6S,9R,10R)-9,10-dihydroxy -1-methyl-4-(1-methylethyl)-
7-methylidenetricyclo[4.4.0.03,5]decane, 1-26, that was isolated from Jatropha
neopauciflora.?® Treatment of the allenene precursor 1-24 (obtained from dimethyl D-
tartrate) with cationic [Rh(dppp).CO]CI (5 mol%) under an atmosphere of CO in
refluxing toluene afforded the cycloadduct 1-25 in 74% isolated yield (Scheme 1-10).

oTBS

TBSO,J/\%( MOMO A3 HO ?H§

., /,/ [Rh(dppp),COICI (5 mol%) \Q;\/:o T H

MOMO CO,Me CO (1 atm)7,4f)zluene, reflux Yoo %
1-24 1-25 1-26

Scheme 1-10: Total synthesis of (1S,3R,4R,5R,6S,9R,10R)-9,10-dihydroxy -1-methyl-4-
(1-methylethyl)-7-methylidenetricyclo[4.4.0.03,5]decane 1-26 via the PK type reaction

Dieneynes are also effective substrates in the PKR. Using [RhCI(CO)(PPhz)] (1-
2.5 mol%), AgSbFgs (1-2.5 mol%) in dichloroethane under CO (1-2 atm), a series of
dieneynes 1-27 were converted to the corresponding alkenyl cyclopentenones 1-28 in
good to excellent yields and as single diastereomers (Scheme 1-11).2* Internal alkynes
were found to react more efficiently than terminal alkynes. Substitution on the diene
component was also well tolerated and was found to have a significant effect on the rate
of the reaction. The intermolecular version of the reaction yielding highly functionalized

cyclopentenones has also been reported.”



M — R,
e0,C [RhCI(CO)(PPhs),] (1-2.5 mol%)

MeO,C R,
AgSbFg (1-2.5 mol%), DCE
R3 CO (1-2 atm)
1-27
Entry R4 R, Rs yield (%)
1 Me Me H 89
2 TMS Me H 85
3 H Me H 43
4 H H H 42
5 Me H H 86

Scheme 1-11: The PKR of dieneynes 1-27

Diene-allenes 1-29 have also been subjected to the [2+2+1] cycloaddition
yielding a-methylene cyclopentanones 1-30 in moderate to excellent yields (Scheme 1-
12).% Substrates containing ether, amine and diester tethers were converted to the PK
type adducts in good to excellent yields. Significant rate enhancement was observed
when the reactions were performed in trifluoroethanol (TFE) or in the presence of certain
Bransted acids. Wender and coworkers suggested that possible co-catalysis involving

protonation of CO in the migratory insertion step may explain the role of TFE.?®
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[Rh(CO),Cl], (0.1-2.5 mol%)

X X
\_\\—/( TFE (0.1-0.5 M), CO (1 atm), r.t.
R Rs

1-29 1-30
Entry X R4 R, Rj yield (%)
1 NTs Me Me Me 97
2 C(CO,Me), Me Me i-Pr 92
3 0] Me Me H 97
4 NTs H Me i-Pr 39

Scheme 1-12: The PKR of diene-allenes 1-29

Using [Rh(CO),Cl], as catalyst, the corresponding trienes have also been shown
to undergo the PK type cycloaddition yielding the products also as single diastereomers.*’
However, 1,3-disubstitution on the diene component was not well tolerated for the
intramolecular version of the reaction. The intermolecular reaction could be performed
as exemplified by the reaction of norbornene 1-31 and 2,3-dimethyl butadiene 1-32 under
a CO atmosphere yielding the tricyclic ketone 1-33 in 73% yield (Scheme 1-13).

E >\_< [Rh(CO),Cl], (5 mol%) M
+

CO (1 atm), DCE, 80 °C ]
73% /
1-31 1-32 1-33

Scheme 1-13: The intermolecular PK type reaction of trienes 1-31 and 1-32

As shown in the examples above, the PKR and PK type reactions traditionally
yield cyclopentenone derivatives. Recently, the use of heteroalkene counterparts such as
aldehydes,®® or ketones®® and imines® leading to y-butyrolactones and y-lactams
respectively has also been developed. The hetero-PK reaction was used by Zhai and
coworkers in a short and efficient synthesis of (+)-mintlactone 1-36, a bicyclic

11



monoterpene-y-lactone natural product. The treatment of 1,6-yn-al 1-35 (obtained from
(-)-citronellol) 1-34 with freshly prepared Mo(CO)3(DMF)3; gave (+)-mintlactone 1-36 in
39% vyield (Scheme 1-14). It is truly remarkable that a new stereogenic center, three

covalent bonds (1 C-O and 2 C-C) and two rings were formed in this single operation.

/
1) NaNOZ, HOAC, Hzo - MO(CO)3(DMF)3 —
@]
2) PCC, celite, CH,Cl, THF, 39% G
=0

OH

1-34 1-35 1-36, (+)-mintlactone

Scheme 1-14: Total synthesis of (+)-Mintlactone via hetero-PKR

Carbodiimides also serve as reactive olefin counterparts in the hetero-PK
reaction.> Under optimized reaction conditions, [Rh(CO),Cl], (7 mol%), dppp (15
mol%), CO (1 atm) in refluxing xylene, N-[2-(2-alkyn-1-yl)phenyl]carbodiimides 1-37
gave pyrrolo [2,3-b]quinolines 1-38, whose motifs are often found in biologically active
compounds (Scheme 1-15).3" Substitutions at the alkyne and carbodiimide were well
tolerated with increased in both reaction rates and yields noted for substrates with
increased steric bulk at the alkyne terminus. The pyrrolo[2,3-b]inole-2-one® and
thieno[2,3-bJindol-2-one® skeletons have also been obtained from the corresponding

alkynylphenylcarbodiimides and alkynylphenyl isothiocyanates respectively.
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Rs Rs R,

©\/\ [Rh(CO),Cl], (7 mol%) @f\rgzo
N=— R4 dppp (15 mol%), CO (1 atm) NZ N

Py
o

R, xylene, reflux |\:{2
1-37 1-38
Entry R, R, R3 yield [%]
1 n-pent Pr H 80
2 n-pent Bn H 70
3 Me Ph H 41
4 Ph Bn H 71
5 TBS Pr H 75
6 TBS Bn H 58
7 Me Pr Me 52
8 Me Ph Me 61

Scheme 1-15: The hetero-PK reaction of carbodiimides

§ 1.2.2 Cyclocarbonylation of vinylcyclopropane derivatives

Vinylcyclopropane (VCP) derivates are very reactive species owing to the ring
strain of the cyclopropane ring. Thus, cyclopropane derivatives serve as effective three
carbon components in many cycloaddition and carbocyclization reactions. A three
component [5+2+1] cycloaddition of VCP 1-39, alkynes 1-40 and carbon monoxide
using [Rh(CO),Cl], as catalyst was reported by Wender and coworkers.” The process
initially leads to an eight membered ring 1-41 which upon hydrolytic workup yields
bicyclo [3.3.0] octenone products 1-42 in good to excellent yields (Scheme 1-16). The
process was found to be more efficient with the use of carbonyl activated alkynes. NMR
and x-ray studies of products indicated that CO insertion occurred distal to the carbonyl
functionality of the alkyne resulting in single regioisomers of products.

13



e
®)
R1 (\ o

o H_ I 2.5 mol % [Rh(CO),Cll, © Ri Hy0* R,
NF dioxane, 0.5 M, 60 °C R, adol

R> CO (pressure) S HO R>

1-39 1-40 1-41 1-42
Entry R R, CO [atm] yield [%]

1 COCH,4 Et 2 97

2 COCH; T™MS 1 54

3 COCHj, Ph 1 88

4 CONH, Ph 1 96

5 CHO Ph 2 69

6 CO,Et Ph 1 79

7 CO,Et TMS 1 67

8 CO,Et Me 1 85

9 CO,Me CO,Me 1 48

Scheme 1-16: Intermolecular [5+2+1] cycloaddition of vinylcyclopropane 1-39 with
alkynes 1-40

VCP 1-39 was also found to react with allene 1-43 under similar conditions to
yield cyclooctanedione 1-44 and its transannular aldol product hydroxybicyclo[3.3.0]
octanone 1-45 (Scheme 1-17).% Increasing the CO pressure to 2 atm resulted in higher

yield but a longer reaction time and modest change in product ratio was observed.
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TMS

Me._ \Me o / Vi
O o— 1 mol % [Rh(CO)2C|]2 _
+

%_\\ + | dioxane, CO, 60°C

S then 1% HCI in EtOH HO

AN O

TMS
1-39 1-43 1-44 1-45

Entry Time (h) CO [atm] Ratio (1-36:1-37)
1 1 1 1:2.2

2 15 2 1:1.3

Scheme 1-17: Intermolecular [5+2+1] cycloaddition of vinylcyclopropane 1-39 with
allene 1-43

The linear triquinanes, (x)-Hirsutene 1-48 and ()-1- Desoxyhypnophilin 1-49
have displayed promising biological activities including antibiotic and antitumor
activities.** These compounds possess novel architecture characterized by cis-anti-cis
fused cyclopentane skeleton. A very efficient, tandem [5+2+1] cycloaddition/ aldol
reaction was used in the key step to obtain a common intermediate 1-47 enroute to the
total synthesis of both triquinanes (Scheme 1-18).* (2)-siloxy-ene-VCP 1-46 gave a
single diastereomer of the tricyclic product 1-47 with the required cis-anti-cis

configuration.

5 mol% [Rh(CO),Cl],

dioxane, 80 °C
0.2 atm CO + 0.8 atm N,

OTBS

1-46

1-49, (+)-1-Desoxyhypnophilin
Scheme 1-18: Total synthesis of (+/-)-Hirsutene 1-48 and (+/-)-Desoxyhypnophilin 1-49
via [5+2+1] cycloaddition of ene-vinylcylopropane 1-46
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The intramolecular reaction of vinylcyclopropanes tethered to alkenes 1-50
yielding fused bicyclic products 1-51 has also been applied to the [5+2+1] cycloaddition
(Scheme 1-19).* In this case, a low partial pressure of CO was found to be effective.
Substrates with sulfonamides (entries 2, 5 and 7), ethers (entries 3, 6 and 8) and
germinal diesters (entries 1 amd 4) tethers were effective in the cycloaddition. In
addition, substitutions on either the olefinic component or the VCP component were
tolerated yielding 5-8 fused ring products with high diastereoselectivity. The E/Z olefin
geometry of the VCP moieties of the substrates was found to directly affect the cis/trans
stereochemistry of the bicyclic products suggesting the conservation of the olefin

geometry throughout the cycloaddition process.

@)
é R4
Rh(CO),Cll,, (5 mol%
v R, [Rh(CO),Cl]y, ( ) N
N dioxane, 0.05 M, 80 °C
0.2 atm CO + 0.8 atm N, H
R2 RZ
1-50 1-51
Entry X R, R, yield [%]
1 C(CO,Me), H H 70
2 NTs H H 81
3 o] H H 90
4 C(CO,Me), Me H 29
5 NTs Me H 71
6 @] Me Ph 78
7 NTs H H 92
8 o H Ph 73

Scheme 1-19: Intramolecular [5+2+1] cycloaddition of ene- vinylcyclopropanes 1-50

Alkyne tethered VVCPs have also been shown to undergo cyclocarbonylation.®” In
the example reported by Jiao®” and coworkers, the vinyl group was found to be critical in
facilitating the ring opening of the cyclopropane under mild conditions. However, in this

example, the vinyl group did not participate in the cycloaddition as other examples have
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shown. Interestingly, the optimized conditions were found to be a partial pressure of
carbon monoxide (0.2 atm) in toluene and [Rh(CO).Cl], as catalyst. A variety of
substrates with diverse tethers gave both 5,6 and 6,6-bicyclic cyclohexenone products
with quaternary stereocenters. In addition, both terminal and internal alkynes were found
to be compatible with the reaction conditions. Olefin tethered VCPs were also found to
be viable substrates providing the corresponding bicyclic cyclohexanone products albeit
with longer reaction times. The synthetic utility of the process was demonstrated in the
key step in the total synthesis of the furanoid sesquiterpene natural product, (+/-)-a-
agarofuran 1-54. Thus the monoester substituted 1-yne-VCP 1-52 afforded bicyclic
cyclohexenone 1-53 in 86% yield with good diastereoselectivity (15:1, trans:cis)
(Scheme 1-20). The cycloadduct 1-53 was then converted to (+/-)-a-agarofuran 1-54 in
five additional steps.

— MeO,C o)
MeO,C [Rh(CO),Cl], (5 mol%) 5 steps
CO (0.2 atm), toluene, 80 °C z

N 86%, 15:1 dr A

1-52 1-53 1-54, (+/-)-a-agarofuran

Scheme 1-20: total synthesis of (+/-)-a-Agarofuran 1-54 via [3+2+1] cycloaddition of
yne-vinylcyclopropane 1-52

§ 1.3. Silicon initiated carbocyclizations and carbonylative
carbocyclizations

The Rh-catalyzed carbonylative silylcarbocyclization (CO-SiCaC) reaction of 1-
hexeyne 1-55 gave silylcyclopentenone 1-56 (Scheme 1-21). Compound 1-56 was
isolated as a minor product during studies on the mechanism, scope and limitation of the
silylformylation of 1-hexyne 1-55 with dimethylphenylsilane catalyzed by Co,Rh,(CO)1,
or Rhs(CO)1> (Scheme 1-21).* Under optimized conditions using Et;SiH and
(t-BuNC),RhCo(CO), as the catalyst at 60 °C, 1-56 was isolated in 54% vyield.*®
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0]

/\/\ (t-BuNC),RhCo(CO), (5 mol%) /\/\ﬁ/\/\
Et,SiH, CO

Et,Si
1-55 1-56

Scheme 1-21: Synthesis of silylcyclopentenone 1-56 via CO-SiCaC reaction

A possible mechanism proposed by Ojima and coworkers for this intermolecular
CO-SiCaC reaction is outlined in Scheme 1-22.%% In the mechanism, the formation of 1-
56 was proposed to proceed via intermolecular trapping of the B-silylacryloyl-[Rh]
complex 1-57a by a second molecule of 1-hexyne 1-55 to give intermediate 1-57b.
Subsequent carbocyclization gives intermediate 1-57c¢ which then undergoes B-hydride
elimination to form cyclopentadienone-[Rh]H complex 1-57d. Highly regioselective
hydrometallation of the olefin moiety at the sterically less congested site gives
intermediate 1-57e and subsequent reductive elimination affords 1-56 (Scheme 1-22). It
should be noted that Matsude et. al. have proposed a similar mechanism for the
intermolecular CO-SiCaC reaction of phenylacetylene catalyzed by Rhy(CO),, which

gave silylcyclopentenones.*
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/\/\\ + HSIR, Cat.
o CcO

R3Si
1-55 1-56
co .
j‘[Rh]8|R3
HSIR
0 3 .
Rh
/\/\fJ\[Rh] O
SiR, \
1-57a RaSt 4 57¢
v |
o) o o)
| /\m/\/\ -
/\/\@/\/\ : ]H\\‘ . | \ /\[Rh](H)
[Rh]” TSiR3 SiR3 R3Si
1-57b 1-57¢ 1-57d

Scheme 1-22: Proposed mechanism for the formation of silylcyclopentenone 1-56

Analysis of the proposed mechanism outlined in Scheme 1-22 indicated that -
silylethenyl-[Rh]intermediate 1-57a (Scheme 1-22) could be trapped by an unsaturated
moiety in an intramolecular fashion. Thus, following the discovery of the intermolecular
CO-SiCaC reaction of 1-hexyne, the intramolecular version of the CO-SiCaC and
silylcarbocyclization (SiCaC) reactions were investigated using 1,6-eneynes.*® For
example, the reaction of allyl propargyl ether 1-58 with PhMe,SiH catalyzed by
Rh,C0,(CO)12 (1 mol%) gave 3-(silylmethylene)-4-methylhydrofuran 1-59 in 62% yield
(Scheme 1-23). This result clearly supports the observation that the B-silylethenyl-[Rh]
species 1-57a (Scheme 1-22) could be efficiently trapped in an intramolecular fashion by
the olefin moiety.
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o _RhaCoyCO)rz (1 mol%) OfSiPhMez
\_\ PhMe,SiH, CO (1 atm)
A toluene, 70 °C, 62%

1-58 1-59

Scheme 1-23: SiCaC reaction of 1,6-eneyne 1-58

When the reaction of 1-58 was carried out under 10 atm of CO using Et3SiH, the
CO-SiCaC reaction took place to give the corresponding aldehyde 1-60 as a minor
product (15-20 %) together with the silylformylation product 1-61 (70-75 %) (Scheme 1-

24).*® |n this case, the higher CO pressure favored the carbonylated products.

o J SiEt;
- Rh,Co,(CO 1 mol% ZZS
g 2C02(CO)2 ( o) o SEts ., § ‘cho
L\ Et;SiH, CO (10 atm) CHO \_\
\ toluene, 70 °C, 62% N\
1-58 1-60 (10-15%) 1-61 (70-75%)

Scheme 1-24: CO-SiCacC reaction of 1,6-eneyne 1-58

The Ojima group has thus investiaged the SiCaC reaction of eneynes in detail, and
has applied it to a wide range of substrates. Rhodium carbonyl clusters, such as
Rh4(CO)12, and bimetallic clusters such as Rh,Co,(CO);, have been found to be very
effective catalysts in promoting this transformation. The reaction of 1,6-eneynes 1-62
with PhMe,SiH catalyzed by Rh4(CO);» was complete within 1 minute at room
temperature, and gave the corresponding silylmethylene-2-methylcyclopentanes 1-63 in

good to excellent yields (Scheme 1-25). “°
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X/—: PhMezslH, Rh4(CO)12 _ X = SIPhM62
hexane, r.t., < 1 min
AN

1-62 1-63
Entry X yield (%)
1 C(CO,Et), 99
2 C(CH,0H), 52
3 C(CH,OMe), 96
4 C(CH,0Ac), 90
5 NTs 86
6 NBn 83

Scheme 1-25: SiCaC reaction of 1,6-eneynes 1-62

When the reaction of 1-62 catalyzed by Rh4(CO);,/ P(OEt); was carried out under
20 atm of CO, the CO-SiCaC reaction took place almost exclusively and gave 1-64 in
good to excellent yields (Scheme 1-26).*° A variety of substrates including methylethers
and sulfonamides tethers were shown to be effective in the Rh-catalyzed SiCaC and CO-
SiCaC reactions and thus provide efficient methods for the construction of synthetically
useful substituted cyclopentane and pyrrolidine products. Fukuta and coworkers also
reported the CO-SiCaC of 1,6-eneynes catalyzed by Rhy(CO);, under 20 atm of CO in

benzene, albeit in lower yields (37 — 89%).**
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—_— PhMezslH, Rh4(CO)12

¥ P(OEt); CO (20 atm) x” Y7 TSiPhMe;
L\\ dioxane, 105 °C, 48 h CHO

1-62 1-64
Entry X yield (%)
1 C(CO,Et), 91
2 C(CH,0H), 89
3 C(CH,OMe), 83
4 C(CHzoAC)Q 91
5 NTs 85
6 NMs 56

Scheme 1-26: CO-SiCaC reaction of 1,6-eneynes 1-62

The proposed mechanism for the SiCaC and CO-SiCaC reactions of 1,6-eneynes
1-62 is illustrated in Scheme 1-27. The reaction should begin with the formation of the
active catalyst species R3Si[M]H complex 1-65a, followed by regioselective insertion of
the acetylene moiety of eneyne 1-62 to generate pS-silylvinyl-[Rh] complex 1-65b.
Coordination of the olefin moiety of 1-65b, followed by intramolecular carbometallation,
leads to the formation of exo-methylenecyclopentylmethyl-[Rh] complex 1-65c. At this
point, the pathways leading to the formation of SiCaC 1-63 and CO-SiCaC 1-64 products
diverge. Since SiCaC product 1-63 does not require CO, hydrosilane-promoted reductive
elimination occurs to give SiCaC product 1-63 and regenerates silyl-[Rh] complex 1-65a.
At higher CO concentration, migratory insertion of CO into the alkyl-[Rh] bond of 1-65c
leads to the formation of acyl-[Rh] complex 1-65d. Subsequent hydrosilane-promoted
reductive elimination affords CO-SiCaC product 1-56 and regenerates the active catalyst
species 1-65a. Though a CO atmosphere is not essential for the formation of the SiCaC
product, the use of a CO atmosphere appears to stabilize the active [Rh] catalyst species,

especially when Rh and Rh-Co carbonyl clusters are used for a prolonged period of time.
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[M,]H €0

1-65¢c
R3SiH ~
SiR3
7/ T TSiRs
X [MqH 1-65d
1-65§ \_ T SiRs 0~ “[MyH
H
sicaC (1-63)
HSIR;
/—:
X . « Z  SiR,
;\\ R;Si-[M,JH CHO
1-62 1-65a CO-SiCaC (1-64)

M, = Rh-Rh or Rh-Co

Scheme 1-27: Proposed SiCaC and CO-SiCaC mechanisms

The carbonylative silylcarbobicyclization (CO-SiCaB) reaction of 1,6-diynes was
also investigated. The reaction of 4,4-gem-bis(carbethoxy)hepta-1,6-diyne 1-66 with t-
BuMe,SiH at 50 °C and 15 atm of CO afforded 2-silylbicyclo[3,3,0]oct-A"-en-3-one 1-
67 in 98% yield (Scheme 1-28).** Cycloadduct 1-67 was quantitatively isomerized to the
more stable 2-silylbicyclo[3,3,0]oct-1-en-3-one 1-68 using a catalytic amount of
RhCl3-3H,0.
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SiMe,Bu-t

o t-BuMe,SiH
EtOzCC Rh(CO)y(acac) EtO,C o
EtO,C —  CO (15 atm), toluene EtO,C
50°C, 12 h
1-66 98% 1-67
RhCl3H,0
SiMe,Bu-t
EtO,C
? o
EtO,C
1-68

Scheme 1-28: CO-SiCaB of 1,6-diyne of 1-66

A different type of CO-SiCaB reaction was observed when the tether was a basic
amine moiety. For example, the reactions of N-benzyl-, N-n-hexyl- or N-
allyldipropargylamine 1-69 with EtsSiH (1.6 equiv.) catalyzed by Rh(acac)(CO), at 65 °C
and 50 atm of CO gave the corresponding 2-silyl-7-azabicyclo[3.3.0]octa-5,8-dien-3-one
1-70 as the predominant or sole product (Scheme 1-29).

Et;SiH SiEt, SiEt,
S Rh(acac)(CO) =~
X 2 X o *X o]
= CO (50 atm), toluene =
65°C, 10 h
1-69 1-70 1-71
Entry X Yield (%) 1-70/1-71
1 N-benzyl 66 97/3
2 N-hexyl 58 100/0
3 N-allyl 62 100/0

Scheme 1-29: CO-SiCaB of 4- amino-1,6-diynes 1-69

Possible pathways to the formation of 1--67, 1-70 and 1-71 are illustrated in
Scheme 1-30.** The proposed mechanism includes acyl-[Rh] complex 1-72b, which is
formed via a pathway similar to that of the CO-SiCaC reaction (vide supra).

Intermediate 1-72b undergoes the second carbocyclization to give bicyclic alkyl-[Rh]
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complex 1-72c. The B-hydride elimination from 1-72c affords bicyclic diene-[Rh]H
complex 1-72d and/or bicyclic diene 1-72g. The regioselective addition of [Rh]-H
species to the olefin moiety of 1-72d in the less hindered side gives intermediate 1-72¢,
whereas the addition of [M]-H species to 1-72g affords intermediate 1-72h. These B-
hydride elimination and [Rh]-H addition are potentially reversible processes. Reductive
elimination of R3Si-[Rh] species from 1-72e affords 1-70. The B-hydride elimination of
[Rh]-H species from 1-72h affords 1-71. The 1,3-shift of [Rh] in 1-72c gives 1-72f and
then 1-67 through hydrosilane promoted reductive elimination of R3Si-[Rh] (Scheme 1-
30).

_ RN, |
,  ReSiRn] Z "SRz co Z.SiRs
N R 0
1-66 or 1-69 1-72a 1-72b
SiR SiR [Rh] H _
’ ’ Wit 2 ISR, LSiR,
-
X o X =0 — %o—» X | o
H 1Rrn] [Rh]H RN
1-72e 1-72d 1-72¢ 1-72f

HSIR, K HSIR,
[Rh]SiR3 H Sir, H siR, [MISiR3

= [Rh]H ~
SiR, X O =—— X O SR,

X O

1-70 1-67
F [Rh]H

X = NR S|R3

S

X O

—

1-71

Scheme 1-30: Proposed mechanism for CO-SiCaB of 1,6-diynes 1-66 and 1-69
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Based on the results of the SiCaC study on 1,6-eneynes, Ojima and coworkers
postulated that the alkyl-[Rh](H) intermediate 1-65c (Scheme 1-27), formed after the first
carbocyclization could be trapped by an appropriately placed alkene or alkyne moiety as
long as the competing reductive elimination is slower than the carbometallation. The
resulting cascade carbocyclization would provide polycyclic frameworks from relatively
simple starting materials. Indeed this hypothesis was confirmed when (6E)-dodec-6-ene-
1,11-diyne 1-73 reacted with PhMe,SiH, catalyzed by Rh(acac)(CO), at 50 °C and
atmospheric pressure of CO afforded (R,R)-bis(exo-methylenecyclopentyl) 1-74 in 55%
isolated yield (Scheme 1-31).°* In a similar manner, the reaction of (6Z)-dodec-6-ene-
1,11-diyne 1-75 gave (S,R)-bis(exo-methylenecyclopentyl) 1-76 in 50% isolated yield

(Scheme 1-31). Thus, these cascade reactions proceeded stereospecifically.®

BIOL /T PhMe,SiH (1 eq.)
EtO,C \ Rh(acac)(CO), (1 mol%)
COEt toluene, CO, 1 atm
L COLEt 50 °C, 6 h
— 2 55%
1-73 1-74

PhMe,SiH (1 eq.)
Rh(acac)(CO), (1 mol%)

toluene, CO, 1 atm
50°C,6h

CO,Et 50%
1-75 1-76
Scheme 1-31: SiCaC of dodec-6-ene-1,11-diynes 1-73 and 1-75

The proposed mechanism for the SiCaC reaction is depicted in Scheme 1-32. The
reaction begins with the insertion of the an alkyne moiety of 1-73 or 1-75 into the Si-[Rh]
bond of the hydrosilane-Rh oxidative adduct to give intermediate 1-77a which then
undergoes the first carbocyclization to form intermediate 1-77b. Then the alkyl-[Rh](H)
of intermediate 1-77b is trapped by the second acetylene moiety to form the vinyl-
[Rh](H) intermediate 1-77c. Reductive elimination gives 1-73 or 1-75. Although

carbometallation of the vinylsilane moiety with the vinyl-[Rh] species of 1-77c to form
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the corresponding fused tricyclic skeleton was conceptually possible in this reaction, such
a cyclization was not observed. Instead, reductive elimination occurred to give 1-74 or 1-
76. This result may well be attributable to the rotational freedom about the bond

connecting the two cyclopentyl units.®

EtO,C
PhMe,SiH, CO (1 atm)

EtO,C Rh(acac)(CO),

7

COoEt toluene, 50 °C, 6 h
= CO,Et
1-73 or 1-75 1-74 or 1-76
PhMe,Si[Rh](H) reductive
elimination

SiMe,Ph

EtO,C
EtO,C 7 2 N B0~ siMe,ph
[RA](H) EtO,C SiMezPh ez
EtO,C \ e — .~ HOC CO,E
CO,Et (H)[Rh] COzEt P
X — CO,Et (H)IRA] CO,Et

=/ CO,Et
1-77a 1-77b 1-77c

Scheme 1-32: Proposed mechanism for SiCaC of dodec-6-ene-1,11-diynes 1-73 and 1-75

It was anticipated that restricting the rotational freedom about the bond of
intermediate 1-77b (Scheme 1-32) by the introduction of a carbon-carbon double bond
would generate a rigid framework that would facilitate the subsequent carbometallation
which would then lead to a third carbocyclization. This anticipation led to the
investigation of the cascade SiCaC reaction of dodec-1,6,11-triynes 1-78. Thus, a novel
silicon-initiated cascade carbotricyclization (SiCaT) of triynes 1-78 catalyzed by rhodium
complexes such as Rh(acac)(CO),, [Rh(COD)CI],, [Rh(NBD)CI],, Rh4(CO);, and
Rh,Co,(CO)1, gave the corresponding fused tricyclic benzene derivatives 1-79 and 1-80
in good to excellent yields (Scheme 1-33).** The SiCaT reaction is applicable to 1,7,12-
and 1,7,13-triynes affording 6-6-5 and 6-6-6 fused tricyclic benzene derivatives,

respectively.
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_ R5Si

Xé_
— RsSiH, [Rh] ,i</ \>j
X' X x X X'

S CO (1 atm), solvent
57 - 99%
1-78 1-79 1-80
X, X'=0, N, and CR,

Scheme 1-33: SiCaT of 1,7,11-triynes 1-78

A proposed mechanism for the SiCaT reaction using the 1,7,11-triyne system is
illustrated in Scheme 1-34. The reaction proceeds through insertion of one of the terminal
alkynes of 1-78 into the preformed Si-[Rh] complex generating an ethenyl-[Rh]
intermediate which undergoes addition to the second and third alkyne moieties to form
intermediate 1-81a. Subsequent carbocyclization followed by B-hydride elimination gives
the tricyclic silylbenzene derivative 1-79. Alternatively, ethenyl-[Rh] intermediate 1-81a
is isomerized to the thermodynamically more favorable intermediate 1-81c via a
zwitterionic carbene species, i.e., the “Ojima-Crabtree mechanism”.** Subsequent
carbocyclization gives 1-81d. In this intermediate, the metal and the C-4 hydrogen are
trans to each other, precluding g-hydride elimination. Instead, B-silyl elimination takes
place to give nonsilylated SiCaT product 1-80.

HIMI R3Si,, i

HIM]..,

RS

[M] + HSIR, X X X X N X X'
J 1-81c 1-81d H-[MI-SiRs 1-80
R3Si-M]-H HSIR,
< RS
J ‘\\\ H-[M]-H
# Yr /. .
X/ TNx T x X X
1-78 1-81b 1-79

Scheme 1-34: Proposed mechanism for SiCaT of 1,7,11-triynes 1-78
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When the olefin is at the terminal position of an enediyne system, carbonylative
carbotricyclization (CO-SiCaT) reaction takes place, incorporating CO into the product.*®
As Scheme 1-35 shows, the reaction of dodec-11-ene-1,6-diynes 1-82 catalyzed by
Rh(acac)(CO),

cyclopenta[e]azulenes 1-83 in good to excellent yields (Scheme 1-35).

under atmospheric pressure of CO gave the corresponding

S O
X Rh(acac)(CO), (1 mol%)
= PhMe,SiH (0.5 equiv)
Y CO (1atm), THF, 22 °C
7~ x Y
1-82 1-83
Entry X Y Yield [%]
1 C(CO,E), C(CO,Et), 88
2 O @] 50
3 0 C(CO,EY), 91
4 NTs NTs 85
5 C(CO,Et), NTs 84
6 NTs C(CO,Et), 82
7 NBoc C(CO,Et), 86
8 C(CH,OMe), C(CH,OMe), 89
9 C(CH,0Bn), C(CH,0Bn), 87
10 C(CH,OACc), C(CH,OAc), 81
11 C(CH,OH), C(CH,OH), 62

Scheme 1-35: CO-SiCaT of dodec-11-ene-1,6-diynes 1-82

A proposed mechanism for the CO-SiCaT reaction is illustrated in Scheme 1-

36.* The reaction begins with the insertion of the terminal alkyne moiety of 1-82 into

the Si-[Rh] bond of the hydrosilane-Rh oxidative adduct. Carbocyclization then occurs

to give (2)-dienyl[Rh](H) intermediate 1-84a. Because of the steric hindrance between

the vinylsilane and the vinyl-[Rh] moieties, 1-84a isomerizes to 1-84b through the

“Qjima- Crabtree mechanism”. Subsequent carbocyclization gives common intermediate



1-84c. Reductive elimination of 1-84c should give 1-85 (path A). The CO insertion to 1-
84c gives acyl-[Rh](H) intermediate 1-84d and reductive elimination of 1-84d should
yield aldehyde 1-86 (path B). Carbocyclization of 1-84d gives tricyclic intermediate 1-
84e that has the silicon and the [Rh] moieties in syn positions (path C). Subsequent -
silyl elimination takes place to afford the fused 5-7-5 tricyclic product 1-83 and to
regenerate the active catalyst species, R3Si- [Rh](H).

o} _
HSIR; + [Rh] N

| oy

X Y //—/

1-82

carbocyclization

b y SiRs
M]H
xéxxf

R3S| 1-84a
Me
X X "Ojima-Crabtree"
1-85
R;Si
path A
)
X
1-84b X
R;Si IM]H
CO-insertion 'Aocyclization
co X/ X
1-84c

Scheme 1-36: Proposed mechanism for CO-SiCaT of dodec-11-ene-1,6-diynes 1-82

When one or more equivalent of hydrosilane is used, reductive elimination, i.e.,
hydride shift, is accelerated so that products 1-85 (path A) and 1-86 (path B) are
obtained besides 1-83. This is because the hydrosilane promoted reductive elimination

pathways from either intermediate 1-84c or 1-84d leading to hydrosilylated product 1-85
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(path A) or silyl-formylated product 1-86 (path B), are bimolecular processes. As such,
the presence of stoichiometric or excess amount of hydrosilane and high reaction
concentration leads to products 1-85 and 1-86. It is noteworthy that cyclopenta[e]azulene
1-83 is exclusively formed under optimized conditions using a catalytic amount of
hydrosilane and high dilution conditions (path C). The reactions of enediynes
substituted at the terminal position did not yield the carbonylated products but rather the

5-6-5 tricyclic products.*®

§ 1.4. Rh(l)-catalyzed [2+2+2+1] cycloaddition

During the studies on the scope and limitations of the CO-SiCaT reaction, it was
found that the reaction of 1-susbstituted dodec-11-ene-1,6-diynes 1-87 catalyzed by
[Rh(COD)CI]; in the absence of a hydrosilane also gave carbonylative fused tricyclic
products 1-88 in good to excellent yields.**™ *® This process turned out to be the first

example of an intramolecular [2+2+2+1] cycloaddition (Scheme 1-37).
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pa——
X [Rh(cod)Cl], (1 mol%)

Yy CO (1atm), DCE, 50 °C

//_/ X Y

1-87 1-88

Entry X Y Yield [%]

1 C(CO,Et), C(CO,Et), 88

2 0 0 53

3 0 C(CO,Et), 79

4 NTs NTs 84

5 C(CO,EY), NTs 69

6 NTs C(CO,Et), 88

7 C(CO,Et), NBoc 70

8 C(CH,OMe), C(CH,OMe), 92

9 C(CH,0Bn), C(CH,0Bn), 91

10 C(CH,0AC), C(CH,0AC), 82

Scheme 1-37: [2+2+2+1] cycloaddition of 1-methyl-dodec-11-ene-1,6-diynes

Scheme 1-38 illustrates the proposed mechanism of this novel process.**” % The
proposed mechanism includes (i) selective coordination of the diyne moiety of enediyne
1-87 to the active Rh catalyst species, forming metallacycle 1-89a [2+2+M]), (ii)
insertion of the olefin moiety of 1-87 into the Rh-C bond followed by CO coordination to
the Rh metal forms the fused 5-7-5 tricyclic rhodacycle 1-89b ([2+2+2+M]), (iii)
migratory insertion of CO into the Rh-C bond gives 5-8-5 rhodacycle 1-89c or 1-89d
([2+2+2+1+M]), and (iv) reductive elimination gives the [2+2+2+1] cycloadduct 1-88
and regenerates the active Rh catalyst species. Reductive elimination from the 5-7-5
rhodacycle 1-89b prior to CO insertion gives the [2+2+2] cycloadduct 1-90. Since this
reaction is believed to proceed through a series of metallacycles, it is thus different from
that of the CO-SiCaT reaction, which is believed to be a stepwise process involving

sequential carbocyclizations.
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Scheme 1-38: Proposed mechanism for [2+2+2+1] cycloaddition of 1-methyl-dodec-11-

ene-1,6-diynes 1-87

Interestingly, the reaction of un-substituted dodec-11-ene-1,6-diyne 1-91 under
the optimized [2+2+2+1] cycloaddition conditions proceeded slowly (3 days) to give the
tricyclic adduct 1-92 in 51% yield (Scheme 1-39, entry 2).**" In contrast, the CO-SiCaT
of enediyne 1-91 gave 1-92 in 91% isolated in 24 h (Scheme 1-39, entry 1).*" Thus, the
two carbonylation reactions are complimentary with respect to substrate type.
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1 Me,PhSiH Rh(acac)(CO), THF 91
2 none [Rh(COD)CI, DCE 51

Scheme 1-39: CO-SiCaT and [2+2+2+1] cycloaddition of dodec-11-ene-1,6-diyne 1-91

The [2+2+2+1] cycloaddition reaction of dodeca-5,10-diyn-1-al 1-93 carried out
with [Rh(COD)CI], (5 mol%) at 50 °C and ambient pressure of CO in toluene, gave
cycloadducts 1-94 and 1-95 (65% combined yield) as well as acetylbis(cyclopentenyl)
1-96 from the [2+2+2] cycloaddition in 33% yield (Scheme 1-40).%

o O
[Rh(COD)CI], (5 mol%) 7 o) O
E  CO (1 atm), toluene o * N\ /
. 50 °C, 24 h E e E E
E  24% g E 4% E
E = CO,Et
1-94 1-95
0
+
E ) E
E  33%
1-96

Scheme 1-40: [2+2+2+1] cycloaddition of 1-methyl-dodeca-5,10-diyn-1-al 1-93
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Upon monitoring the reaction, Ojima and coworkers found that fused 5-7-5
tricyclic lactone 1-94 was the Kinetic product, and observed the complete isomerization
of 1-94 to 1-95 by leaving a mixture of 1-94 and 1-95 in CDCl3 in an NMR tube for two
weeks at ambient temperature.

However, the tricyclization of terminal diyne-al 1-97 at 60 °C for 68 h gave fused
5-7-5 lactone 1-98 and aldehyde 1-99 (Scheme 1-41).* The kinetic product was not
isolated in this case. Thus, the preferential formations of 1-95 (Scheme 1-40) and 1-98
(Scheme 1-41) indicate that the two endo-double bond system is substantially more

favorable than the two exo-double bond system.

0]
_0
[Rh(COD)CI], (5 mol%) O
+
CO (1 atm), toluene N\ / \ E
E E
60 °C, 68 h E E
E 52% g E 18%
E = CO,Et
1-97 1-98 1-99

Scheme 1-41: [2+2+2+1] cycloaddition of dodeca-5,10-diyn-1-al 1-97

The CO-SiCaT and Rh(l)-catalyzed [2+2+2+1] cycloaddition of enediyne
derivatives, pioneered in Ojima’s laboratory, provides a straight-forward and
complimentary method to fused ketones and lactones. The products are also clearly
amendable to further functionalization. These methods offer broad access to other fused
products.  For instance, tetracyclic products could be envisioned if the olefinic
component was part of a ring system. As part of ongoing studies on the development of
the novel higher-order cycloaddition process, the [2+2+2+1]cycloaddition of
cycloalkenyl-diynes which provided the carbonylative tetracyclic products in good to
excellent yields were investigated. The details of these studies are presented in the

subsequent chapters.
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Chapter 2

Formation of novel 5-7-6-5 fused tetracyclic skeletons through
Rh(l)-catalyzed [2+2+2+1]cycloaddition of cyclohexene-diynes

and carbon monoxide

Table of Contents
8§ 2.1, INTrOUCTION......viievieicicc ettt e et ne e ne s 43
8 2.2. RESUILS AN AISCUSSION ......evieiiaiiiiiieiti ettt sttt 45
§ 2.2.1. Synthesis of CyClOheXene-adiYNeS.........cccoiiiieiiiiiiieiee e 45
8 2.2. 2. Optimization of [2+2+2+1] cycloaddition reaction and substrate scope......... 51
§ 2.2.3. Proposed mechanism for [2+2+2+1] cycloaddition.............c.cccceeviiiirinennenn. 60
§ 2.3, CONCIUSION ...ttt 64
8 2.4. EXPerimental SECTION.........cuiiiieiiiesie et 65
§ 2.4.1. General MEtNOUS. ..........cciiiiiiicieiisc e 65
§ 2.4.2. Synthesis of BromOo-0iYNES.........ccccviiiiiiii e 66
§ 2.4.3. Synthesis of CyCloneXene-adiyNeS..........ccevvirririieniiesieeee e 70
8 2.4.4. [2+2+2+1] Cycloaddition of Cyclohexene-diynes with Carbon Monoxide .... 83
IR T R L] (=] =110 SRS 93

42



§ 2.1. Introduction

The development of novel reactions and efficient catalysts to effect the formation
of carbon-carbon and carbon-heteroatom bonds is an important activity in organic
chemistry. In particular, transition metal-catalyzed carbocyclization and cycloaddition
reactions have proven to be among the most efficient methods for constructing complex
polycyclic systems.! The treatment of cyclohexene-diyne 2-1 under carbonylative
silylcarbotricylizaton (CO-SiCaT) conditions afforded bis pyrrolidine-triene 2-4 in good
yield.® It should be noted that the observed product 2-4 was correctly predicted based on
a possible B-hydride elimination pathway of the key intermediate 2-3 (Scheme 2-1).” The
formation of product 2-4 without the observation of the 5-7-6-5 fused tetracyclic product
indicates that the B-hydride elimination pathway is much faster than CO insertion under
the reaction conditions.

/—:
TsN
R

NTs

Rh(acac)(CO),, PhMe,SiH 7

21

CO (1 atm), THF, r.t., 18 h
63-79%
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R4Si
° R,Si HM]

[I\/I]H@ second cyclization /
N T
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Ts
2-2

TsN NTs

2-3

Scheme 2-1: Carbonylative silylcarbotricylizaton of cyclohexene-diyne 2-1

Undoubtedly the olefins and vinylsilane present in product 2-4 provide an
opportunity for further functional group manipulation. The formation of product 2-4 also

shows the limitation of the CO-SiCaT process with this substrate type. A close evaluation
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of the proposed mechanism (Scheme 2-1) provides a hint at substrate modification for
the formation of the 5-7-6-5 fused tetracyclic compounds. The introduction of a
heteroatom or gem-disubstitution on the cyclohexenyl moiety provides a means to
blocking the facile B-hydride elimination process, and thus, should facilitate the
formation of the 5-7-6-5 fused system 2-7 via intermediate 2-6 (Scheme 2-2, reaction 1).
The proposed substrate modification should yield either compound 2-7 in the presence of
carbon monoxide or the non-carbonylated 5-6-6-5 product since the facile B-hydride
elimination process leading to 2-4 via intermediate 2-3 is blocked. Alternatively,
cyclohexene-diyne 2-8 substituted at the terminal acetylene could be subjected to
previously developed [2+2+2+1] cycloaddition conditions*® to form the 5-7-6-5 fused

tetracyclics 2-9 (Scheme 2-2, reaction 2).

—— (o)
TsN Resi M) X X
— Rh(acac)(CO), / co
NTs PhMe,SiH, solvt _ (1
/ TsN NTs TsN NTs
2-5 2-6 2-7
X L i
X =0, NH, NR, S, C(CH5),
TsN R
\%\ [Rh], CO
NTs solvent )
TsN NTs
2-8 29

R = Me, Et, Ph, TMS, SiPhMe,,

Scheme 2-2: Proposed synthesis of 5-7-6-5 fused tetracyclics

Recently Rodriguez and coworkers® reported the structures of the norditerpenes
Caribenol A and B (Figure 1-1), metabolites of the West Indian Gorgonian Octocroal
Pseudopterogorgia elisabethae. Caribenol A possesses a novel 5-7-6-5 fused tetracyclic
core that was previously not known in natural product chemistry.* More importantly,
both Caribenol A and B were found to posses strong inhibitory activity against

Mycobacterium tuberculosis.”
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Caribenol A

Caribenol B
Figure 2-1: Caribenol A and Caribenol B

Intrigued by these findings, we set out to develop a highly efficient synthetic route
to the 5-7-6-5 tetracyclic skeleton via a single step process from cyclohexene-diynes. An
advantage of this approach is that from simple and readily accessible starting materials, a
variety of richly functionalized natural product-like compounds with modifiable
functional groups can be obtained in a few steps. As part of our ongoing investigations
into Rh(l)-catalyzed higher-order cycloadditon of enediyne derivatives, we applied the
previously developed [2+2+2+1] cycloaddition process®® to substituted cyclohexene-
diyne substrates, and found that the reaction afforded the desired 5-7-6-5 fused

tetracyclic products in good to excellent yields and as single diastereomers.®

§ 2.2. Results and discussion

§ 2.2.1. Synthesis of cyclohexene-diynes

Our investigation into the formation of 5-7-6-5 fused tetracyclics began with
the synthesis of cyclohexene-diyne substrates. Thus, soduim hydride (NaH) mediated
coupling of diethyl -2-(but-2-ynyl)malonate? 2-10 with 1,4-dibromobut-2-yne 2-11 in
THF gave the desired methyl substituted bromo-diyne 2-12 in 85% isolated yield
(Scheme 2-3). The propargyl derivative 2-14 was also obtained in a similar manner
(Scheme 2-3).
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_ __ NaH, THF EtO,C —
+ / - \ —
CH(CO,Et), Br Br rt., 85% Et020><;
Br
2-10 2-11 212
_ _ NaH, THF  EtO,C_/——
CH(COsEt), * py Br rt., 87% EtOzC><;\
B
2-13 2-11 214

Scheme 2-3: Synthesis of bromo-diynes 2-12 and 2-14

The N-tosyl tethered bromo diynes 2-16 and 2-18 were obtained from coupling of
N-butynyl-N-tosylamide 2-15 and N-propargyl-N-tosylamide 2-17 with 1,4-dibromobut-
2-yne 2-11 respectively (Scheme 2-4).

— _ NaH, DMF ——
NHTs ©~ o/ TsN

Br Br r.t.,62% \%\

B

2-15 2-11 2416

= _ NaH, DMF —=

NHTs + g/ T \B TsN

r r r.t., 65% \%\

217 2-11 218 Br

Scheme 2-4: Synthesis of bromo-diynes 2-16 and 2-18

The synthesis of N-cyclohex-2-enyl sulfonamide 2-22 was accomplished in two
steps (Scheme 2-5). Coupling of 2-cyclohexen-1-ol 2-19 with N-Boc-N-tosylamide 2-2
under Mitsunobu conditions afforded the desired product 2-21 in 85% yield. Subsequent
Boc thermolysis under microwave irradiation conditions gave the desired product 2-22 in
excellent yield. Diethyl 2-(cyclohex-2-enyl) malonate 2-25 was obtained in excellent
yield from the coupling of bromocyclohexene 2-23 with diethyl malonate 2-24 in the

presence of NaH (Scheme 2-5).
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Boc
PPh3, DIAD / DMSO, uwave
' THF, 85% Ts 160°C, 92%

H
2-19 2-20 2-21 2-22
CO,Et
r.t., 92% COzEt
2-23 2-24 2-25

Scheme 2-5: Synthesis of N-cyclohex-2-enyl sulfonamide (2-22) and diethyl 2-
(cyclohex-2-enyl) malonate (2-25)

With the various substrate components in hand, a variety of cyclohexene-diyne
substrates were prepared. The terminal cyclohexene-diyne 2-26 was obtained in 85%
yield from coupling of bromo-diyne 2-14 with N-cyclohexenyl tosylamide 2-22.
Treatment of cyclohexene-diyne 2-26 with chlorodimethylphenyl silane or chloro-
trimethyl silane in the presence of LiIHMDS gave the desired substrates 2-27a and 2-
27b in high yields (Scheme 2-6).

EtO,C — EtO,C —
.\ @NHTS NaH, DMF
EtO,C — r.t., 85% EtO,C —
Br NTs
2-14 2-22 2-26

=—SiRM
1) LIHMDS, - 78°C, THF  FtO2C iRMe,

2) RMe,SiCl, - 78 °C EtO,C —

2-27a; R = Ph 92%

NTs 2-27b; R = Me 91%

Scheme 2-6: Synthesis of cyclohexene-diynes 2-27a and 2-27b

47



The bis N-tosyl tethered substrates 2-27c and 2-27d were obtained in 85% and
quantitative yields respectively from treatment of cyclohexene-diyne 2-28 with the

corresponding chlorosilanes in the presence of LIHMDS (Scheme 2-7).

S —
TsN + @NHTS _Nab, DMF__ -~ oy

= rt., 81% —

Br NTs

1) LIHMDS, - 78 °C, THF N SiRMe,
2) RMe,SiCl, - 78 °C —

2-27¢c; R = Ph 85%
NTs 2-27d; R = Me 100%

Scheme 2-7: Synthesis of cyclohexene-diynes 2-27c and 2-27d

Methyl substituted substrates 2-27e and 2-27f were obtained in good yields from
NaH mediated nucleophilic substitution of bromo-diyne 2-12 with N-cyclohex-2-enyl
sulfonamide 2-22 and diethyl 2-(cyclohex-2-enyl) malonate 2-25 respectively (Scheme
2-8).

EtO,C =S Et0,C —
2 + @NHTS NaH, DMF Etozc><:\
Et0,C" \__— rt., 80% —
Br
2-12 2-22

NTs

2-27e

CO,Et
CO,Et

EtO,C — . C>_<002Et NaH, THF EtO,C
Et02C>< _ CO,Et r.t., 80% EtO,C

Br
2-12 2-25

Scheme 2-8: Synthesis of cyclohexene-diynes 2-27e and 2-27f
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The treatment of bromo-diyne 2-16 with 2-(cyclohex-2-enyl) malonate 2-25 in the
presence of NaH gave substrate 2-27g in 75% yield (Scheme 2-9), while substrate 2-27h
was obtained in quantitative yield after treatment of cyclohexene-diyne 2-28 with methyl
iodide in the presence of LIHMDS (Scheme 2-9).

S COZEt NaH, THF /%
TsN + < — — ' > TsN

\%\ CO,Et r.t., 75% — CO,Et
Br
2-16 2-25 2-27g CO,Et
[ 1) LIHMDS, - 78 °C, THF T—
TsN TsN
\%\ 2) Mel, - 78 °C, 100% —
NTs NTs

2-28 <:> 2-27h <:>

Scheme 2-9: Synthesis of cyclohexene-diynes 2-27g and 2-27h

The synthesis of methyl substituted cyclohexene-diyne 2-27i is outlined in
Scheme 2-10. Compound 2-31 was obtained in high yield after coupling of
bromocyclohexene 2-23 with mono-tetrahydropyran (THP) protected 2-butyndiol 2-29
and subsequent THP deprotection. The desired cyclohexene-diyne 2-27i was then
obtained in good yield via Mitsunobu reaction of N-butynyl-tosylamide 2-15 with eneyne
2-31 (Scheme 2-10).
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The synthesis of substrate 2-27j began with the formation of diyne 2-33 through
NaH mediated coupling of mono-THP protected 2-butyndiol 2-29 with 1-bromo-2-butyne
2-32. Subsequent deprotection of the THP followed by Mitsunobu coupling of the

resultant alcohol 2-34 with N-cyclohex-2-enyl sulfonamide 2-22 afforded cyclohexene-

THPO

NaH, THF

r.t., 92%

DIAD, PPh4

P-TSA, MeOH

2-30

| Q)

THF, r.t., 83%

Scheme 2-10: Synthesis of cyclohexene-diyne 2-27i

diyne 2-27j in good yield (Scheme 2-11).

OTHP

_

HO
2-29

g ——
N\ +
o OH
2-34

=

2-32

2-22

50 °C, 86%

NaH, THF O/ - P-TSA, MeOH
r.t., 95% \%\ 50 OC, 90%
2.33 OTHP
DIAD, PPhs O/ T
THF, r.t., 80% \%\NT
s

O

Scheme 2-11: Synthesis of cyclohexene-diyne 2-27j
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The treatment of cyclohexene-diyne 2-26 with iodobenzene under Sonagashira
conditions gave the corresponding phenyl-substituted cyclohexene-diyne 2-27k in 55%
yield (Scheme 2-12).

EtO,C — Pd(PPhs),, Cul EtO,C =——Ph
EtO.C — Phl, Et;N, CH,Cl, EtO,C —
NTs 55% NTs

“ O e,

Scheme 2-12: Synthesis of cyclohexene-diyne 2-27k

§ 2.2. 2. Optimization of [2+2+2+1] cycloaddition reaction and substrate

scope

The optimization studies for the formation of 5-7-6-5 fused tetracyclics
started with phenyldimethylsilyl (SiPhMe,) substituted substrate 2-27a. Subjecting
substrate 2-27a to previously reported conditions for the formation of the [2+2+2+1]
products ([Rh(COD)CI],, 1 atm of CO in dichloroethane (DCE) at 60 °C)* gave the
desired fused tetracyclic product 2-35 along with a small amount of the [2+2+2]
cycloadduct 2-36 (ca. 11.5:1) in 89% combined yield but with low catalyst turnover (i.e.
50 h) (Scheme 2-13, Table 2-1, entry 1).

EtO,C ——SiPhMe,
EtO,C —

NTs Solvt. 60 °C
EtO,C

2-27a EtO,C 2-35

Scheme 2-13: [2+2+2+1] cycloaddition of cyclohexene-diyne 2-27a with CO
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Table 2-1: Optimization of [2+2+2+1] cycloaddition of 2-27a with CO

Entry Solvent [Rh] cat. Press Conv. Ratio Comb.
(atm) (%)? (2-35:2-36)2 Yield (%)°
1 DCE [Rh(COD)CI], 1 1004 92:8 89
2 DCE [Rh(CO),Cl], 1 100 90:10 86
3 DCE [Rh(CO),Cl]» 2 75 93:7 ND°
4 DCE [Rh(CO),Cl], 3 909 93:7 ND°
5 TFE [Rh(CO),Cl], 2 100 100:0 70
6 DCE/TFE (1:1) [Rh(CO),Cll, 2 100 100:0 81
7 DCE/TFE (5:1) [Rh(CO),Cl], 2 100 100:0 91
8 DCE/TFE (10:1) [Rh(CO),Cl], 2 100 100:0 92

DCE = 1,2-dichloroethane, TFE = 2,2 2-trifluoroethanol; @ Determined by reverse phase HPLC analysis
(CH3CN:H,0, Phenomenex, Jupiter 10u Proteo 90A) for 20 h reaction. Isolated yield. ¢ Not determined. ¢ At 50 h.

Moreover, the conditions for high selectivity for the carbonylated product 2-35a
could not be extended to other substrates. Thus, the reaction conditions were further
optimized to improve the product selectivity as well as the rate of the reaction (Table 2-
1). Using [Rh(CO),Cl]; as the catalyst significantly increased the rate of the reaction (i.e.,
completion in 20 h) but with decreased selectivity (Table 2-1, entry 2). Increasing the
CO pressure resulted in lower conversion but excellent selectivity (entries 3 & 4).
Trifluoroethanol (TFE) has been shown to increase the rate of carbonylation reactions.®
Using TFE as solvent at 2 atm of CO pressure, 2-35a was obtained exclusively with
complete conversion in 20 h but in 70% yield (entry 5). A combination of DCE and TFE
as solvent also gave exclusive selectivity for the carbonylated product 2-35a (entries 6-
8). The combination of [Rh(CO),Cl]; as catalyst and 2 atm of CO pressure in DCE/TFE
(10:1) gave the desired carbonylated product 2-35a exclusively and in excellent yield
after 20 h (Table 2-1, entry 8).

Following purification of 2-35a, NMR, HPLC and LC-MS analysis indicated
that 2-35a was a 1:1 mixture of two isomers, which were isolated by preparative
HPLC (Figure 2). The two isolated compounds were studied by proton and carbon
NMR. The proton count for both compounds were equal and suggested regioisomeric

products. The carbon count for both fractions were also equal but the chemical shifts
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for the carbonyls of the two compounds were revealing (207 ppm for fraction one and
199 ppm for fraction two); suggesting non-conjugated and conjugated carbonyls
respectively.’
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Figure 2-2: HPLC trace of isolated product 2-37a (first peak) and 2-35a (second peak)
from [2+2+2+1] cycloaddition of cyclohexene-diyne 2-27a with CO

The mass spectral analysis of each isolated product showed molecular mass
consistent with the carbonylated product (i.e. 662 daltons; M+H). However, a
difference in the molecular mass base peaks for the two fractions was noted. The
molecular mass base peak for the first fraction was 585 daltons (M+H-Ph), while that
for the second fraction was 662 daltons (M+H). The molecular mass difference turns
out to correspond to the ionization of the phenyl ring on the dimethylphenyl silyl
substituent of the first fraction.

Further analysis by LC-MS supported the NMR experiments. Thus, a mixture
of the two products was monitored at 254 nm and 305 nm, respectively. It was
expected that ultraviolet (UV) absorption of the less conjugated regioisomer would be

lower at higher wavelengths. While both compounds could be observed at 254 nm in a
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1:1 ratio, the absorption for fraction one is significantly diminished at 305 nm, while
the absorption for fraction two remained strong at 305 nm. This suggested that
fraction one contained the non-conjugated carbonylated isomer, while the second

fraction contained the a,-conjugated carbonylated isomer.

Based on the evidence, the compound in fraction two was assigned as the
anticipated a,B-conjugated carbonylated product 2-35a, while the other was its diene-
shifted regioisomer 2-37a (Table 2-2, entry 1). It should be noted that 2-35a and 2-
37a were isolated as single diastereomers. The syn relationship of the three methine
protons were confirmed by NOE experiments. Similar results were obtained for the
reactions of substrates bearing PhMe,Si or MesSi group at the terminal ethynyl
moiety, affording the carbonylated products, also as 1:1 mixture of regioisomers
(Table 2-2, entries 2-4). The structures of the regioisomeric products were analogously
assigned. TMS-capped substrates 2-27b gave a mixture of products 2-35b and 2-37b in a
combined 92% vyield (entry 2), while 2-27d gave 2-35d and 2-37d in 87% combined
yield. The PhMe,Si capped substrate 2-27c¢ with bis- p-toluenesulfonamide tethers gave
the regioisomeric products 2-35c¢ and 2-37c in a combined 77% isolated yield.
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Table 2-2: Formation of 5-7-6-5tetracyclics 2-35a-d and 2-37a-d through [2+2+2+1]
cycloaddition of 2-27a-d with CO

Entry Substrate Product 1 Product 2 Yield (%)?
E =——SiPhMe, o o]
X Me,PhSi Me,PhSi
1 B —= (92)
NTs
E NTs E NTs
2-27a E 2-35a E 2-37a
E —=——TMS Q o)
T™S
™
E = S
@) NTs (92)

E
: NTs E NTs
2-27b 2-35b E 2-37b

o] 0]
,——SiPhMe, Me,PhSi Me,PhSi
TsN (77)
3) —\
NTs TsN NTs TsN NTs

2-27c 2-35¢c 2-37c
—=—TMS 0 0
TsN TMS TMS
(4) NTs (87)°
@ TsN NTs TsN NTs
2-27d 2-35d 2-37d
E = CO,Et

@ Averaged combined isolated yield of regioisomeric products based on at least two runs using
50-100 mg of substrate, 5 mol% [Rh(CO),Cl],, CO (2 atm) in DCE/TFE (10:1) at [0.05] for 20 h at
60 °C. Isomeric products can be separated by prep HPLC. ° [2+2+2] product was observed in
6% vyield.

Molecular modeling studies (PM3 and MNDO; PC Spartan 08, version 1.20)
on 2-35a-d and 2-37a-d indicated that the diene-shifted regioisomers should be
energetically more favorable than the a,B-conjugated isomers (Table 2-3). However,
attempted diene isomerization with extended reaction time did not result in any
appreciable change in product ratios. Further details into the reaction mechanism and

discussions into the isomerized products will be presented later in this chapter.



Table 2-3: Heat of formation calculations for 2-35a-d and 2-37a-d

o) o o) 0
Me,PhSi H Me,PhSi H Me,PhSi H Me,PhSi )
H H H H
EtO,C NTs EtO,C NTs TsN NTs TsN NTs
EtO,C 2.37a EtO,C 2-35a 2-37¢ 2-35¢
Relative 0 154 (PM3) 0 16.0 (PM3)
energy (kJ/mol) 0 3.3 (MNDO) 0 2.4 (MNDO)
(@] (0] o) (]
T™s_ LM s LY vs. I H ™s. Il M
EtO,C NTs EtO,C NTs TsN NTs  TsN NTs
EtO;C 3371 BtO:C 5 35p 2-37d 2-35d
Relative 0 15.9 (PM3) 0 15.7 (PM3)
energy (kJ/mol) 0 57 (MNDO) 0 6.3 (MNDO)

Calculations were carried out using PC Spartan 08, version 1.20 from MM2 energy minimized structures

Computational studies also predicted the carbonyl-conjugated products to be more

favorable for alkyl substituted substrates (Table 2-4). Therefore, the heteroatom and

functional group tolerance of this process for alkyl substituted substrates 2-27e-k was

investigated. Gratifyingly, various cyclohexenyl-1,6-diynes containing sulfonamide, ether

and malonate tethers were found to be well tolerated in this [2+2+2+1] cycloadditon

process, affording the desired 5-7-6-5 fused tetracyclic cycloadducts 2-35e-k in good to

excellent yields, with very high to exclusive selectivity for the carbonylated products

(Table 2-5).
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Table 2-4: Heat of formation calculations for 2-35e-k and 2-37e-k

o}
H Oy
H H
EtO,C Ts  EtO,C Ts TsN o TsN 0
EtOC  2.35¢ EtO,C  2-37e 2-35i 2-37i
Relative 0 53 (PM3) Relative 0 11.0 (PM3)
energy (kJ/mol) O 0.6 (MNDO) energy (kJ/mol) O 4.3 (MNDO)
o}
H o
H H
EtO.C COzEt EtO,C COzEt o NTs o NTs
BtOC  2.35f COEt  EtO,C  2.37f CO,Et 2-35 2-37j
Relative 0 51 (PM3) Relative 0 7.7 (PM3)
energy (kJ/mol) 0 40 (MNDO) energy (kJ/mol) 0 8.7 (MNDO)
o}
Ph H I~ fu
H H
TN CozEt TSN COZEt F1020 NTs  Et0,C NTS
2-35g CO,Et 2-37g  CO,Et EtO,C  2.35k EtO,C  2-37k
Relative 0 4.4 (PM3) Relative 0 10.8 (PM3)
energy (kJ/mol) 0 1.5 (MNDO) energy (kJ/mol) 0 11.6  (MNDO)
o}
H L
H H
TsN NTs TsN NTs
2-35h 2-37h
Relative 0 4.0 (PM3)
energy (kJ/mol) 0 3.1 (MNDO)

Calculations were carried out using PC Spartan 08, version 1.20 from MM2 energy minimized structures

As predicted by computational studies, only the a,f-congugated products 2-35e-k
were obtained, also as single diastereomers. Cyclohexene-diyne 2-27e with p-
toluenesulfonamide and malonate tethers afforded the tetracyclic adduct 2-35e
exclusively (Table 2-5, entry 1), while its tether isomer 2-27g gave a mixture of 5-7-6-5
2-35¢ (83%) and 5-6-6-5 2-369 (6%) products respectively (entry 3). Cyclohexene-diyne
2-27f, bearing malonate tethers, also gave the desired tetracyclic adduct 2-35f exclusively
in 85% isolated yield (entry 2). The bis p-toluenesulfonamide tethered substrate 2-27h
gave a mixture of carbonylated product 2-35h and non-carbonylated product 2-36h in
excellent combined yield (entry 4). The reaction of 2-27i bearing a methyl group at the

terminal ethynyl moiety with p-toluenesulfonamide and an ether tether afforded only the
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5-7-6-5 tetracyclic adduct 2-35i in 91% isolated yield (entry 5) with no trace of the
[2+2+2] cycloadditon product. Its tether isomer 2-27j also gave the desired product 2-
35j exclusively, albeit in lower isolated yield (74%, entry 6). The phenyl substituted
cyclohexene-diyne 2-27k was also investigated under the optimized conditions.
However, no selectivity was observed, with both the 5-7-6-5 2-35k and 5-6-6-5 2-36k
cycloadducts isolated in 44 % yield respectively. The lack of selectivity for this substrate

is most likely due to the small energy difference between the two products.
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Table 2-5: Formation of tetracyclics 2-35e-k and 2-36g,h,k through [2+2+2+1]
cycloaddition of 2-27e-k with CO

Entry Substrate Product 1 (yield %)? Product 2 (Yield %)?
E Me (0]
E Me
(1) — (78) (+-)
NTs
E NTs
2-27e £ 2-35e

) (89) )

Me
(3) (83) (6)
TsN E
2-36g E
Me
4) (85) (8)
TsN NTs
2-36h
(5) (91) ()
(6) NTS (74) (--)
Q o
2-27j 2-35j
0
7) (44) (44)
NTs E

E
Q o - NTS
2-27k E  2-35k 2-36k
35 E = CO,Et 36

Averaged combined isolated yield of regioisomeric products based on at least two runs using
50-100 mg of substrate, 5 mol% [Rh(CO),Cl],, CO (2 atm) in DCE/TFE (10:1) at [0.05] for 20 h at
60 °C.
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8§ 2.2.3. Proposed mechanism for [2+2+2+1] cycloaddition

The key to the rapid construction of the 5-7-6-5 fused tetracyclic skeleton in one
step from cyclohexene-diynes 2-27a-k and CO lies in the mechanism of the [2+2+2+1]
cycloaddition process.” As illustrated in Scheme 2-14, the reaction is presumed to

proceed through a series of cycloadditions.

[Rh]

2-35
[2+2+2+1] product

(i) 15t cyclization (iv) reductive
[2+2+M] elimination

X =Y = C(CO,Et),, O, NTs
R = Me, Ph, TMS, SiPhMe,

7 [Rh]"’/
X —

Y H
A

(i) 2" cyclization (iii) CO insertion
[2+2+2+M] [2+2+2+1+M]

X Y
co 2-36

Reductive elimination
[2+2+2] product

Scheme 2-14: Proposed mechanism for formation of 5-7-6-5 fused tetracyclic 2-35

The reaction begins with the (i) selective coordination of the diyne moiety of
enediyne 2-27 to the active Rh-catalyst species forming metallocycle A ([2+2+M]), (ii)
insertion of the olefin moiety of A into the Rh-C bond gives the 5-7-6-5 fused tetracyclic
rhodacycle B (2+2+2+M)]), (iii) coordination of CO to the [Rh] metal followed by
migratory insertion of CO into the Rh-C bond gives 5-8-6-5 rhodacycle C or C’
([2+2+2+1+M)), (iv) finally, reductive elimination gives the [2+2+2+1] cycloadduct 2-35

and regenerates the active Rh-catalyst species. Reductive elimination from rhodacycle B

60



prior to CO insertion gives [2+2+2] cycloadduct 2-36.>° The observed
diastereoselectivity of the products is proposed to originate from the endo insertion of the
olefin moiety of the cyclohexene group of A to form rhodacycle B. The formation of
rhodacycle B also prevents the B-hydride elimination that occurred in intermediate 2-3
(Scheme 2-1) as the most facile pathway. Thus, this newly found feature has
significantly expanded the scope of the [2+2+2+1] cycloaddition process.

The proposed mechanism for the formation of the 5-7-6-5 tetracyclics does not
account for the formation of the diene-shifted isomers in cases of silyl-substituted
substrates. It was initially thought that these products resulted from a Rh-catalyzed olefin
isomerization of the predicted products.” However, with computational results indicating
energy difference in favor of the diene-shifted regioisomer, at this point, it is not clear
why an equal amount of products are obtained even after extending the reaction time.

To ascertain the origins of the regioisomeric products, the reaction of 2-27a under
the optimized conditions was stopped after 3 h and the reaction mixture analyzed by
HPLC. The HPLC analysis showed a 27% conversion of substrate but most important

was that both products 2-35a and 2-37a were present in a 1:1 mixture (Scheme 2-15).

O] O

E ——SiPhMe, )
Me,PhSi Me,PhSi

E __ [Rh(CO),Cl], (5 mol%)
- +
NTs DCE/TFE (10:1)
E E
CO (2 atm), 60°C, 3 h £ NTs e NTs

27% conversion, 1:1 ratio by HPLC

E = CO,Et
2-27a 2-35a 2-37a

Scheme 2-15: [2+2+2+1] cycloaddition of cyclohexene-diyne 2-27a with CO

Thus, the results suggest that both products are formed quite early during the
reaction and the ratio of products remains relatively constant during the course of the
reaction. Therefore, it is possible that the regioisomer arise either from the expected 5-7-
6-5 silyl-substituted product through a [Rh]-catalyzed isomerization or from a distinctly
different reaction mechanism. If these products arise from the former case, then

subjecting the pure products of the less energetically favored isomers 2-35a-d to the
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reaction conditions should result in at least a mixture of regioisomeric products. To test
this possibility, tetracyclic product 2-35d isolated by preparatory HPLC, was subjected to
the reaction conditions and the reaction mixture analyzed by HPLC (Scheme 2-16,
reaction 1). Analysis of the crude reaction mixture by HPLC indicated only the presence
of compound 2-35d with no trace of the regioisomer 2-37d. In a separate experiment, the
energetically more favorable isomer 2-37d was also subjected to the reaction conditions
and HPLC analysis of the crude reaction mixture also showed no trace of isomer

formation (Scheme 2-16, reaction 2).

o)
™S ™S ™S
[Rh(CO),Cl], (5 mol%)
# + (™
DCE/TFE (10:1)
TsN NTs  CO (2 atm), 60°C, 20 h TsN NTs  TsN NTs
2-35d 2-35d 2-37d
o
™S
[Rh(CO),ClI, (5 mol%) 4
DCE/TFE (10:1)
TsN NTs  CO (2 atm), 60 °C, 20 h
2.37d 2.35d 2.37d

Scheme 2-16: Attempted isomerization of 5-7-6-5 tetracyclics 2-35a and 2-37a

These results suggest that the isomeric products may in fact be obtained from a
distinctly different reaction mechanism that is only operative when silyl-substituted
substrates are used in the cycloaddition reaction. In considering an alternate mechanism,
products 2-35a-d would be formed if the first cycloaddition occurred between the olefin
and the internal alkyne (i.e. Pauson-Khand type reaction), followed by a second
cycloaddition, CO insertion and subsequent reductive elimination. With such a scenario,
the Pauson-Khand (PK) type product could also be formed. However, NMR studies of
products 2-37a-d do not support the formation of the PK type product. If such products
were obtained, the quaternary carbon count on the **C NMR spectra would be expected
to be two less than that found for compounds 2-37a-d. In addition, since the second

cycloaddition would not be expected to occur if the PK type products were formed, the
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acetylenic carbons would be evident in the **C NMR spectra of the products; but no such

observations were found.

The observed regioisomeric products 2-37a-d could arise from a C-H activation
type mechanism.? The current proposed mechanism using compound 2-35c is depicted in
Scheme 2-17. After the reductive elimination step that gives compound 2-35c¢ (See step
(iv) in scheme 2-14), the catalyst coordinates to the olefins of 2-35c, forming complex 2-
38a. Then, complex 2-38a, undergoes C-H activation (H? in complex 2-38a), giving Rh-
n-allyl complex 2-38b. Isomerization of Rh-m-allyl complex 2-38b gives Rh-m-allyl
complex 2-38c which is stabilized by the silicon substituent through hyper-conjugation.
The regioisomeric product 2-37c is formed either from intermediate 2-38b through a net
1,5-hydride shift from 2-38b, followed by decomplexation or from intermediate 2-38c
through reductive elimination of 2-38c, followed by decomplexation. Clearly, more
detailed studies are needed to elucidate the mechanism for the formation of the

regioisomeric products when silyl-substituted substrates are used in the cycloaddition

reaction.
O 3 O 3 o)
Me,PhS;i H Me,PhS;i H Me,PhSi H3
[0, = i .
H1 i H1 H
TsN NTs TsN NTs TsN NTs 1
2-35¢ 2-38a 2-38b
o) O
Me,PhSi H Me,PhSi Ha
T —
1 Hy
TsN NT|s_| TsN NTs
2-37c 2-38c

Scheme 2-17: Proposed mechanism for formation of compounds 2-37a-d
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§ 2.3. Conclusion

In summary, the formation of novel 5-7-6-5 fused tetracyclics from the
[2+2+2+1] cycloaddition of cyclohexene-diynes with carbon monoxide was described.
The carbonylated products were obtained in very high to exclusive selectivity, in good to
excellent yields, and as single diastreomers. Interestingly, silyl-substituted substrates
gave regioisomeric products; while alkyl substituted substrates gave single products. The
process is operationally simple and thus, it is clear that this novel [2+2+2+1]
cycloaddition process has opened an avenue for possible rapid construction of a library of
fused tetracyclic compounds using unsaturated carbocycles and heterocycles as the ene
component. Further studies on the scope and application as well as mechanistic studies

of this unique process are underway.
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§ 2.4. Experimental section
8 2.4.1. General methods

All reactions were carried out under nitrogen or carbon monoxide in oven dried
glassware using standard Schlenk techniques unless otherwise noted. All reactions were
monitored by thin layer chromatography (TLC) using E. Merck 60F254 precoated silica
gel plates. Flash chromatography was performed with the indicated solvents using Fisher
silica gel (60 um particle size 170-400 Mesh). Yields refer to chromatographically and
spectroscopically pure compounds. Analytical high performance liquid chromatography
(HPLC) was performed with a Shimadzu LC 2010A system using a phenomenex Jupiter
10p proteo 90A column (4.5 x 250 mm/mm) and gradient from 100% acetonitrile to 95:5
acetonitrile:water over 24 min with a flow rate of 1mL/min. Preparative HPLC was
carried out on a Shimadzu semi-preparative LC-6AD HPLC system using a phenomenex
Jupiter 10p proteo 90A column (21.2 x 250 mm/mm) and gradient from 100%
acetonitrile to 95:5 acetonitrile:water over 24 min with a flow rate of 20 mL/min.
Melting points were measured with a Thomas Hoover capillary melting point apparatus
and are uncorrected. Infrared spectra were recorded on Shimadzu FTIR-84005
spectrophotometer. *H NMR spectra were recorded on a Varian Inova-500 (500 MHz),
400 (400 MHz) or a Gemini-300 (300 MHz) at ambient temperature using an internal
deuterium lock. Chemical shifts are referenced to residual chloroform (8 = 7.26 ppm). **C
NMR spectra were recorded on a Varian Inova-400 (100 MHz) or a Gemini-300 (75
MHz) at ambient temperature using an internal deuterium lock. Chemical shifts are
referenced to residual chloroform (6 = 77.0 ppm). High resolution mass spectrometry
(HRMS) was carried out at the Mass Spectrometry Facility, the University of Illinois
Urbana Champaign. Caution: Carbon monoxide is a toxic gas and thus all reactions
should be carried out in a fume hood with sufficient ventilation. Solvents were reagent
grade and freshly distilled before use. Diethyl ether and tetrahydrofuran (THF) were
distilled from sodium/benzophenone under nitrogen. Anhydrous N,N-dimethylformamide
(DMF) was purchased from DrySolv® and used without further purification.
Dichloroethane (DCE) and trifluoroethanol (TFE) were purchased from Fischer and used

without purification. Carbon monoxide was purchased from Liquid Carbonic Specialty
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Gases, Oak Brook, Illinois and passed through Drierite® before use. [Rh(CO),Cl], was
prepared by the literature method.’

§ 2.4.2. Synthesis of bromo-diynes

Diethyl 2-(4-Bromobut-2-ynyl)-2-(but-2-ynyl)malonate, (2-12):%*

_ _ EtO,C —
*CH o, * . NaH, THF
(CO2EL), Br Br rt., 85% EtO,C —

Br
2-10 2-11 2-12

Diethyl 2-(but-2-ynyl)malonate’® 2-10 (5.00 g, 23.6 mmol) was added dropwise
to a suspension of NaH (60% dispersion in mineral oil, 1.00 g, 23.6 mmol) in 80 mL of
THF. The resulting mixture was stirred for 1 h at room temperature. The mixture was
then transferred to a solution of 1,4-dibromobut-2-yne 2-11 (15.0 g, 70.7 mmol) in 100
mL of THF via cannula over 2.5 h. The mixture was then stirred at room temperature for
18 h. The reaction mixture was diluted with water and extracted with ether. The organic
layer was dried over MgSOQ,, filtered and concentrated to yield yellow oil. The excess
dibromobutyne 2-11 was recovered by distillation (100 °C/4 mmHg). The residue was
purified by flash chromatography on silica gel using 10% EtOAc in hexanes as eluent to
give product 2-12 as yellow oil (6.88 g, 85%); TLC (SiO,, hexanes:EtOAc = 3:1, R =
0.52); 'H NMR (CDCls, 300 MHz) & 1.28 (t, 6H, J = 7.2 Hz), 1.75 (t, 2H, J = 2.7 Hz),
2.88 (q, 2H, J =2.7 Hz), 3.02 (t, 2H, J = 2.1 Hz), 3.87 (t, 2H, J = 2.1 Hz), 4.25 (q, 4H, J
= 7.2 Hz); *C NMR (CDCls, 75 MHz) & 3.45, 14.02, 14.69, 22.74, 22.99, 56.70, 61.69,
61.87, 72.94, 78.20, 79.14, 82.23, 168.86. All data are in agreement with those reported

in the literature.®
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Diethyl 2-(4-Bromobut-2-ynyl)-2-(prop-2-ynyl)malonate, (2-14):%*

_ _ EtO,C —
_—\ + /T\ NaH, THF 2
CH(COzEt), Br Br rt., 87% EtO,C —

2413 2-11 214 °F

Diethyl 2-(prop-2-ynyl)malonate** 2-13 ( 6.50 g, 32.8 mmol) in 40 mL of THF
was added dropwise to a suspension of NaH (60% dispersion in mineral oil, 1.70 g, 42.4
mmol) in 30 mL of THF. The resulting mixture was stirred for 1 h at room temperature.
The mixture was then transferred to a solution of dibromobut-2-yne 2-11 (17.7 g, 83.4
mmol) in 50 mL of THF via cannula over the period of 2.5 h. The mixture was then
stirred at room temperature for 18 h. The reaction mixture was diluted with water and
extracted with ether. The organic layer was washed with brine, dried over MgSOs,,
filtered and concentrated to yield dark oil. The excess dibromobutyne 2-11 was recovered
by distillation (100 °C/4 mmHg). The crude product was purified by flash
chromatography on silica gel using 10% EtOAc in hexanes as eluent to give bromodiyne
2-14 as light yellow oil (9.39 g, 87%); TLC (SiO,, hexanes:EtOAc = 4:1, R; = 0.33); *H
NMR (300 MHz, CDCls) § 1.27 (t, 6 H, J = 7.1 Hz), 2.03 (t, 1 H, J = 2.7 Hz), 2.97 (d, 2
H,J=27Hz),305(t 2H,J=22Hz),387(t,2H,J=25Hz),424(q,4H,J=7.1

Hz). All data are in agreement with those reported in the literature.??

N-(4-Bromobut-2-ynyl)-N-(but-2-ynyl)-4-Methylbenzenesulfonamide, (2-16):%*

— — NaH, DMF S
NHTS + / - \ — TSN
Br Br r.t., 62% N
B
2-15 2-11 216

N-(But-2-ynyl)-4-methylbenzenesulfonamide 2-15 (500 mg, 2.24 mmol) in 5 mL
of DMF was added dropwise to a suspension of NaH (60% dispersion in mineral oil, 107
mg, 2.69 mmol) in 5 mL of DMF. The resulting mixture was stirred for 1 h at room
temperature. The mixture was then transferred to a solution of 1,4-dibromobut-2-yne 2-
11(1.50 g, 7.07 mmol) in 5 mL of DMF via cannula and the resulting mixture stirred at
room temperature for 18 h. The mixture was diluted with water and extracted with ether.

The organic layer was washed with brine, dried over MgSQy, filtered and concentrated to
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yield yellow oil. The excess dibromobutyne 2-11 was recovered by distillation (100 °C/4
mmHg). The residue was purified by flash chromatography on silica gel using 10%
EtOAc in hexanes as eluent to give bromodiyne 2-16 as viscous yellow oil (490 mg,
62%). TLC (SiO,, hexanes:EtOAc = 3:1, R = 0.50); *H NMR (300 MHz, CDCls) & 1.68
(t, 3H,J=2.4Hz),2.43(s,3H),372(t 2H,J=2.1Hz),4.06 (g, 2 H, J=2.4 Hz), 4.21
(d, 2 H,J=21Hz),7.32(d, 2 H, J =84 Hz), 7.72 (d, 2 H, J = 8.4 Hz); *C NMR
(CDCl3, 100 MHz) 8 3.38, 13.69, 21.51, 36.49, 36.96, 71.33, 79.63, 80.43, 82.02, 127.89,
129.42, 135.30, 143.72. All data are in agreement with those reported in the literature.?®

N-(4-Bromobut-2-ynyl)-N-(prop-2-ynyl)-4-methylbenzenesulfonamide, (2-18):%*

= — NaH, DMF [
NHTs *+ g/ 5 ~—. .~  IsN

Br Br r.t., 65% \%\

217 2-11 2118 Br

N-(Prop-2-ynyl)-4-methylbenzenesulfonamide® 2-17 (4.30 g, 20.1 mmol) in 25
mL of DMF was added dropwise to a suspension of NaH (60% dispersion in mineral oil,
1.15 g, 28.7 mmol) in 40 mL of DMF. The resulting mixture was stirred for 1 h at room
temperature. The mixture was then transferred to a solution of 1,4-dibromobut-2-yne 2-
11 (13.1 g, 61.5 mmol) in 20 mL of DMF via cannula. The mixture was then stirred at
room temperature for 18 h. The reaction mixture was diluted with water and extracted
with ether. The organic layer was washed with brine, dried over MgSQ,, filtered and
concentrated to yield yellow oil. The excess dibromobutyne 2-11 was recovered by
distillation (100 °C/4 mmHg). The residue was purified by flash chromatography on
silica gel using 10% EtOAc in hexanes as eluent to give bromodiyne 2-18 as a yellow oil
(4.23 g, 62%); TLC (SiO,, hexanes:EtOAc = 3:1, Ry = 0.48); 'H NMR (300 MHz,
CDCl3) 6 2.08 (t, 1 H, J = 2.4 Hz), 2.43 (s, 3 H), 2.44 (s, 3 H), 3.71 (d, 2 H, J = 6.6 Hz),
3.89(d,2H,J=24Hz),3.90(d,1H,J=24Hz),391(d, 1 H,J=2.4Hz),3.96 (d, 1 H,
J=2.4Hz),397(d, 1H,J=24Hz),518 (dd, 1 H, J =15, 11.4 Hz), 5.20 (dd, 1 H, J =
1.5,17.7 Hz), 5.68 (ddt, 1 H, J = 6.6, 11.4, 17.7 Hz), 7.26 (d, 2 H, J = 12.6 Hz), 7.30 (d, 2
H, J = 16.8 Hz), 7.64 (d, 2 H, J = 13.5 Hz), 7.68 (d, 2 H, J = 13.5 Hz). All data are in
agreement with those reported in the literature.??
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N-(Cyclohex-2-en-1-yl)-4-methylbenzenesulfonamide, (2-22):**°

Boc

PPh5, DIAD , DMSO, uwave

|1| THF, 85% Ts 160 °C, 92%
2-19 2-20 2-21 2-22

A mixture of triphenylphosphine (441 g, 168 mmol) and
diisopropylazodicarboxylate (DIAD) (3.58 g, 16.8 mmol) in THF (50 mL) was stirred for
10 min until a precipitate formed. Then, N-Boc-N-tosylamide (4.15 g, 15.3 mmol) in 30
mL of THF was added dropwise, followed by cyclohex-3-enol (1.50 g, 15.3 mmol) in 30
mL of THF. The resulting mixture was stirred overnight. The mixture was concentrated
and purified by flash chromatography on silica gel using 10% EtOAc in hexanes as eleunt
to give 2-21 (4.57 g, 85%) as a white solid. This product (6.14 g, 17.5 mmol) was
dissolved in DMSO (30 mL) and heated in a microwave reactor at 160 °C for 4 min.
Water was added and the mixture extracted with ether (3 x 50 mL). The organic layers
were combined, washed with water, brine, dried over MgSQ,, filtered and concentrated.
The crude product was purified by flash chromatography on silica gel using 10% EtOAc
in hexanes as eleuent to give 2-22 as a white solid(4.04 g, 92%): mp 100 -101 °C (lit."®
101-102 °C). *H NMR (CDCls, 300 MHz) & 1.60-1.52 (m, 3H), 1.79-1.76 (m, 1H), 1.91-
1.93 (m, 2H), 2.43 (s, 1H), 3.79-3.85 (m, 1H), 4.48 (d, 1H, J = 8.4 Hz), 5.32-5.37 (m,
1H), 5.74-5.78 (m, 1H), 7.32 (d, 2H, J = 8.7 Hz), 7.78 (d, 2H, J = 8.7 Hz); *C NMR
(CDCls;, 100 MHz) 6 19.27, 21.51, 24.48, 30.28, 48.96, 126.97, 127.03, 129.68, 131.59,
138.37, 143.24. All spectral data were consistent with that reported in the literature.*®

Diethyl 2-(cyclohex-2-enyl)malonate, (2-25):*

@Br + EtO,C.__CO,Et NaH, THF <j>_<C02Et
r.t., 92% COzEt
2-23 2-24 2-25
Diethyl malonate 2-24 (21.00 g, 131.1 mmol) in 40 mL of THF was added
dropwise to a suspension of NaH (60% dispersion in mineral oil, 2.00 g, 50.0 mmol) in

100 mL of THF. The resulting mixture was stirred for 1 h at room temperature. Then 1-
bromo-2-cyclohexene 2-23 (8.00 g, 49.7 mmol) in 20 mL of THF was added. The
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mixture was then stirred at room temperature for 18 h. The reaction mixture was diluted
with water and extracted with ether. The organic layer was washed with brine, dried over
MgSQ,, filtered and concentrated to yield yellow oil. The product was purified by
distillation (140 °C, 4mmHg) to give 2-25 as colorless oil (11.1g, 93%); *H NMR
(CDCls, 300 MHz) & 1.24-1.27 (m, 6H), 1.36-1.43 (m, 1H), 1.51-1.59 (m, 1H), 1.69-1.81
(m, 2H), 1.96-2.01 (m, 2H), 2.83-2.92 (m, 1H), 3.26 (d, 1H, J = 9.3 Hz), 4.18-4.21 (m,
4H), 5.52-5.56 (m, 1H), 5.73-5.78 (m, 1H). All spectral data were consistent with that

reported in the literature.'*

8§ 2.4.3. Synthesis of Cyclohexene-diynes

1-Aza-1-(cyclohex-2-en-1-yl)-6,6,-dicarbethoxy-9-dimethylphenylsilyl-1-(4-
methylbenzene-sulfonyl)nona-3,8-diyne, (2-27a):

EtOZC — NaH, DMF EtOZC —
+ NHTs ——————
Et02C — r-t-, 85% EtOZC —

Br NTs
214 2-22 2-26 <:>
1) LIHMDS, THF, - 78 °C Et0,C =——SiPhMe,
2) PhMe,SiCl, THF, -78 °C EtO,C =
92% NTs
2-27a

Cyclohexenylsulfonamide 2-22 (2.26 g, 8.99 mmol) in 20 mL of DMF was added
dropwise to a suspension of NaH (60% dispersion in mineral oil, 0.440 g, 10.9 mmol) in
10 mL of DMF. The resulting solution was stirred at room temperature for 45 min and
then bromodiyne 2-14 (2.96 g, 8.99 mmol) in 25 mL of DMF was added dropwise and
the mixture was stirred for an additional 5 h. Water was added and the reaction mixture
was extracted with ethyl acetate. The organic layer was washed with brine, dried over
MgSQ,, filtered and concentrated under reduced pressure. Purification of the crude

product by flash chromatography on silica gel using 10% EtOAc in hexanes as eluent
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gave cyclohexenediyne 2-26 as yellow oil (3.81 g, 85% yield): TLC (SiO,
hexanes:EtOAc = 4:1, Ry = 0.34); *H NMR (CDCls, 300 MHz) & 1.24 (t, 6H, J = 7.2 Hz),
1.48-1.55 (m, 2H), 1.65-1.72 (m, 2H), 1.92-1.95 (m, 2H), 1.99 (t, 1H, J = 2.4 Hz), 2.39
(s, 3H) 2.79 (t, 2H, J = 2.0 Hz), 2.84 (d, 2H, J = 2.4 Hz), 2.87 (t, 2H, J = 2.1 Hz), 3.90
(dt, 1H, J = 2.1 Hz), 4.10 (dt, 1H, J = 2.1 Hz), 4.15-4.21 (m, 4H), 4.40-4.43 (m, 1H), 5.29
(dd, 1H, J = 1.8, 10.5 Hz), 5.81-5.86 (m, 1H), 7.29 (d, 2H, J = 8.7 Hz), 7.77 (d, 2H, J =
8.7 Hz); 3C NMR (CDCl3, 100 MHz) 6 13.87, 21.38, 21.39, 22.46, 22.67, 24.26, 27.82,
32.78, 54.82, 56.15, 61.85, 71.4, 77.99, 78.46, 80.08, 126.84, 127.17, 127.23, 129.36,
129.54, 132.73, 138.04, 142.97, 168.49; IR (neat, cm'l) 3276, 2935, 1737, 1596, 1444,
1334, 1288, 1209, 1161, 1095, 1053, 1031.

To a cold solution of cyclohexenyldiyne 2-26 (0.930 g, 1.85 mmol) in 20 mL of
THF was added dropwise 1 M LiHMDS (2.80 mL) in THF at -78 °C. The resulting
mixture was stirred at -78 °C for 45 min and then dimethylphenylsilyl chloride (0.470 g,
2.78 mmol) in 10 mL of THF was added dropwise. The resulting mixture was then
warmed slowly to -40 °C and stirred for 4 h. The reaction mixture was diluted with ether,
followed by the addition of saturated aqueous NH,4CI solution. The layers were separated
and the organic layer was washed with brine, dried over MgSO,, filtered and
concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica gel using 10% EtOAc in hexanes as eleuent to afford silyl-
terminal cyclohexenediyne 2-27a (1.07 g, 92% vyield) as yellow oil; TLC (SiO,
hexanes:EtOAc = 4:1, R; = 0.40); *H NMR (CDCls, 300 MHz) & 0.37 (s, 6H), 1.25 (t,
6H, J = 7.2), 1.54-1.56 (m, 2H), 1.77-1.71 (m, 2H), 1.92-1.95 (m, 2H), 2.38 (s, 3H) 2.91
(t, 2H, J = 1.8 Hz), 2.95 (s, 2H), 3.93 (dd, 1H, J = 2.1, 14.1 Hz), 4.05-4.19 (m, 5H), 4.40-
4.42 (m, 1H), 5.31 (d, 1H, J = 10.2 Hz), 5.83-5.87 (m, 1H), 7.34-7.41 (m, 5H), 7.57-7.61
(m, 2H), 7.76-7.79 (m, 2H); *C NMR (CDCl;, 100 MHz) & — 0.84, 13.98, 21.47, 22.88,
24.05, 24.37, 27.92, 32.91, 54.91, 56.54, 61.91, 78.22, 80.14, 86.23, 102.88, 127.28,
127.34, 127.81, 129.37, 129.44, 132.81, 133.59, 136.89, 138.12, 143.07, 168.59; IR
(neat, cm™) 2979, 2937, 2358, 2179, 1735, 1334, 1207, 1161; HRMS (ES) m/z calcd for
CasHasNOgSSi (M + H)* 634.2659, found 634.2687 (A 2.8 ppm).

In the same manner 9-trimethylsilyl derivative 2-27b was synthesized.
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1-Aza-1-(cyclohex-2-en-1-yl)-6,6,-dicarbethoxy-9-trimethylsilyl-1-(4-methylbenzene-
sulfonyl)nona-3,8-diyne, (2-27b):

EtO,C — 1) LIHMDS, - 78 °C, THF EtO,C =—TMS
EOL == 2) TMS-CI, - 78°C Bt0,C ——
NTs 91% NTs
2-26 2-27b

Synthesized using LIHMDS (3.0 mL of 1 M solution in THF), cyclohexenyldiyne
2-26 (1.0 g, 2.0 mmol) and trimethylsilyl chloride (0.33g, 3.0 mmol) in 91% vyield as
yellow oil; TLC (SiO,, hexanes:EtOAc = 3:1, Rs = 0.52); 'H NMR (CDCls, 400 MHz) &
0.12 (s, 9H), 1.26 (t, 6H, J = 7.2 Hz), 1.48-1.55 (m, 2H), 1.65-1.74 (m, 2H), 1.92-1.95
(m, 2H), 2.43 (s, 3H) 2.89 (m, 4H), 3.91 (dt, 1H, J = 2.0 Hz), 4.11 (dt, 1H, J = 2.0 Hz),
4.14-4.21 (m, 4H), 4.41-4.44 (m, 1H), 5.31 (dd, 1H, J = 2.0, 10.0 Hz), 5.84-5.89 (m, 1H),
7.32 (d, 2H, J = 8.0 Hz), 7.79 (d, 2H, J = 8.0 Hz); **C NMR (CDCl;, 100 MHz) & -0.08,
14.03, 21.52, 22.79, 23.94, 24.39, 27.92, 32.94, 54.92, 56.57, 61.87, 78, 80.04, 88.19,
100.97, 127.29 127.36, 129.45, 132.79, 138.14, 143.05, 168.61; IR (neat, cm™) 2979,
2937, 2177, 1739, 1336, 1207, 1163; HRMS (ES) m/z calcd for C3oH42NOgSSi (M + H)*
572.2502, found 572.2501 (A - 0.1 ppm).

1,6-Bis(4-methylbenzenesulfonyl)-1-(cyclohex-2-en-1-yl)-1,6-diaza-9-
dimethylphenylsilylnona-3,8-diyne, (2-27¢):

/—: /—:
TsN + @NHTS NaH, DMF_ 1.\

= r.t., 81% =
Br NTs
2-18 2-22 2-28
1) LIHMDS, THF, - 78 °C /%SiPhMez
TsN
2) PhMe,SiCl, THF, -78 °C \%\
85% NTs
2-27c
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Cyclohexenylsulfonamide 2-22 (1.22 g, 4.84 mmol) in 10 mL of DMF was added
dropwise to a suspension of NaH (60% dispersion in mineral oil, 0.240 g, 6.05 mmol) in
DMF (5 mL). The resulting solution was stirred at room temperature for 45 min and then
bromodiyne 2-18 (2.06 g, 6.05 mmol) in 10 mL of DMF was added dropwise and the
mixture was stirred for an additional 5 h. Water was added and the mixture was extracted
with ethyl acetate. The organic layer was washed with brine, dried over MgSQOy, filtered
and concentrated under reduced pressure. Purification of the crude product by flash
chromatography on silica gel using 15% EtOAc in hexanes as eluent gave
cyclohexenediyne 2-28 as a white solid (2.01 g, 81%): mp 96-98 °C; TLC (SiO,,
hexanes:EtOAc = 4:1, Rf = 0.25); 'H NMR (CDCls, 300 MHz) & 1.54-1.69 (m, 2H),
1.71-1.75 (m, 2H), 1.92-1.95 (m, 2H), 2.09 (t, 1H, J = 2.7 Hz), 2.43 (s, 3H), 3.87 (dt, 1H,
J=2.4 Hz), 4.02 (dt, 1H, J = 2.4 Hz), 4.03 (d, 4H, J = 2.4 Hz), 4.43-4.47 (m, 1H), 5.27
(dd, 1H, J = 1.8, 10.5 Hz), 5.83-5.86 (m, 1H), 7.31 (dd, 4H, J = 2.4, 9.0 Hz), 7.76 (m
4H); *C NMR (CDCls, 100 MHz) & 21.64, 21.78, 24.59, 28.18, 32.95, 36.34, 36.69,
55.18, 74.11, 74.16, 76.45, 82.76, 127.37, 127.52, 128.06, 129.79, 133.25, 135.45,
138.22, 143.57, 144.19; IR (in CHCIls, cm™) 3272, 2929, 1596, 1448, 1350, 1163, 1095,
1031.

To a cold solution of cyclohexenyldiyne 2-28 (0.650 g, 1.27 mmol) in 15 mL of
THF was added dropwise 1 M LiHMDS (1.90 mL) in THF at -78 °C. The resulting
mixture was stirred at -78 °C for 45 min and then dimethylphenylsilyl chloride (0.330 g,
1.90 mmol) in 5 mL of THF was added dropwise. The resulting mixture was then
warmed slowly to -40 °C and stirred for 4 h. The reaction mixture was diluted with ether,
followed by the addition of saturated aqueous NH,4CI solution. The layers were separated
and the organic layer was washed with brine, dried over MgSQO,, filtered and
concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica gel using 10% EtOAc in hexanes as eleuent to afford silyl-
terminal cyclohexenediyne 2-27c¢ as yellow oil (0.70 g, 85% vyield); TLC (SiO,
hexanes:EtOAc = 3:1, Ry = 0.43); *H NMR (CDCls, 300 MHz) & 0.27 (s, 6H), 1.56-1.60
(m, 2H), 1.71-1.74 (m, 2H), 1.90-1.92(m, 2H), 2.34 (s, 3H), 2.40 (s, 3H), 3.88 (dt, 1H, J
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= 2.1 Hz), 4.00-4.13 (m, 5H), 4.40-4.46 (m, 1H), 5.28 (dd, 1H, J = 1.5, 12.0 Hz), 5.81-
5.87 (m, 1H), 7.21 (d, 2H, J = 8.1 Hz), 7.37-7.48 (m, 7 H), 7.69 (d, 2H, J = 8.1 Hz), 7.78
(d, 2H, J = 8.1 Hz); *C NMR (CDCls, 100 MHz) & — 1.15, 21.38, 21.49, 24.34, 27.94,
32.76, 36.51, 37.13, 54.92, 76.36, 82.36, 89.27, 99.14, 127.15, 127.28, 127.78, 127.88,
129.56, 129.59, 129.68, 133.01, 133.49, 135.27, 136.20, 137.98, 143.35, 143.80; IR
(neat, cm™) 2952, 2929, 2177, 1597, 1429, 1334, 1163; HRMS (ES) m/z calcd for
CasHa1N204S,Si (M + H)* 645.2277, found 645.2247 (A - 3.0 ppm).

In the same manner 9-trimethylsilyl derivative 2-27d was synthesized.

1,6-Bis(4-methylbenzenesulfonyl)-1-(cyclohex-2-en-1-yl)-1,6-diaza-9-
trimethylsilylnona-3,8-diyne, (2-27d):

— ———TMS
TsN 1) LIHMDS, - 78 °C, THF TsN

NTs 2) TMS-CI, - 78°C NTs

100%
2-28 2-27d

Synthesized using LIHMDS (3.0 mL of 1 M solution in THF), cyclohexenyldiyne 2-28
(0.50 g, 0.098 mmol) and trimethylsilyl chloride (0.21 g, 1.96 mmol) in 100% vyield as
white solid; mp = 88-89 °C; TLC (SiO,, hexanes:EtOAc = 3:1, R = 0.43); 'H NMR
(CDCls, 300 MHz) & 0.07 (s, 9H), 1.51-1.56 (m, 2H), 1.62-1.71 (m, 2H), 1.89 (bs, 2H),
2.36 (s, 3H), 2.38 (s, 3H), 3.83 (dt, 1H, J = 2.4 Hz), 4.00 (m, 5H), 4.40-4.43 (m, 1H),
5.24 (dd, 1H, J = 1.5, 12.0 Hz), 5.78-5.82 (m, 1H), 7.38 (m, 4H), 7.64 (d, 2H, J = 8.4
Hz), 7.72 (d, 2H, J = 8.4 Hz); **C NMR (CDCls, 100 MHz) & -0.40, 21.41, 21.53, 24.36,
27.93, 32.76, 36.43, 37.06, 54.91, 76.46, 82.25, 91.18, 97.34, 127.21, 127.32, 127.85,
129.59, 133.04, 135.39, 138.04, 143.36, 143.78; IR (in CHCIl;, cm™) 3026, 2958, 2177,
1647, 1596, 1494, 1350, 1249, 1163, 1095, 1032; HRMS (ES) m/z calcd for
CaoH39N204S,Si (M + H)* 583.2121, found 583.2104 (A - 1.7 ppm).
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1-Aza-1-(cyclohex-2-en-1-yl)-6,6-dicarbethoxy-1-(4-methylbenzenesulfonyl)nona-
3,8-diyne, (2-27¢):
_ EtO,C —
EtO,C — NaH, DMF
(e (O coc
EtO,C — rt., 80% NTs
Br
2-12 2-22 2-27e

N-Cyclohexenyl-N-tosylamide 2-22 (0.40 g, 1.6 mmol) in 4 mL of DMF was
added dropwise to a suspension of NaH, (60% dispersion in mineral oil 82 mg, 2.1 mmol)
in 3 mL of DMF. The resulting solution was stirred at room temperature for 45 min and
then # (0.55 g, 1.6 mmol) in 5 mL of DMF was added dropwise and the mixture was
stirred for an additional 5 h. Water was added and the mixture was extracted with ethyl
acetate. The organic layer was washed with brine, dried over MgSQ,, filtered and
concentrated under reduced pressure. Purification of the crude product by flash
chromatography on silica gel using 10% EtOAc in hexanes as eluent gave cyclohexene-
diyne 2-27e as light yellow oil (0.65 g, 80 %); TLC (SiO2, hexanes:EtOAc = 3:1, R =
0.46); 'H NMR (CDCls, 400 MHz) & 1.21-1.24 (m, 6H), 1.48-1.55 (m, 2H), 1.67-1.74
(m, 5H), 1.93-1.94 (m, 2H), 2.42 (s, 3H) 2.79 (t, 2H, J = 2.0 Hz), 2.86 (t, 2H, J = 2.0 Hz),
3.90 (dt, 1H, J = 2.0 Hz), 4.10 (dt, 1H, J = 2.0 Hz), 4.15-4.22 (m, 4H), 4.40-4.43 (m, 1H),
5.30 (d, 1H, J = 10.4 Hz), 5.83-5.86 (m, 1H), 7.30 (d, 2H, J = 8.8 Hz), 7.78 (d, 2H, J =
8.8 Hz); *C NMR (CDCls, 100 MHz) § 3.42, 13.95, 21.45, 22.70, 22.75, 22.88, 24.32,
27.86, 32.89, 54.87, 56.55, 61.66, 61.70, 73.09, 78.42, 78.83, 79.89, 127.28, 127.35,
129.39, 132.74, 138.13, 142.99, 168.93; IR (neat cm™) 2979, 2921, 1734, 1326, 1290,
1209, 1161, 1095, 1051; HRMS (ES) m/z calcd for CygH3sNO6S (M + H)" 514.2263,
found 514.2255 (A = -0.8 ppm).
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1-(Cyclohex-2-en-1-yl)-,1,16,6-tetracarbethoxydeca-3,8-diyne, (2-279):

EtO,C

EtO,C — COzEt  NaH, THF
O e e
EtO,C — CO,Et r.t., 80%
Br
2-12 2-25

Diethyl 2-(cyclohex-2-en-1-yl) malonate 2-25 (0.650 g, 2.73 mmol) in 10 cm® of
THF was added dropwise to a suspension of sodium hydride (60% dispersion in mineral
oil 0.130 g, 3.28 mmol) in THF (10 mL). The resulting solution was stirred at room
temperature for 30 min and then 2-12 (0.940 g, 2.73 mmol) in 10 mL of THF was added
dropwise and the mixture was stirred for additional 5 h. Water was added and the
mixture was extracted with ether. The organic layer was washed with brine, dried over
MgSO,, filtered and concentrated under reduced pressure. Purification of the crude
product by flash chromatography on silica gel using 10% EtOAc in hexanes as eluent
gave 2-27f (1.10 g, 80%) as yellow oil; TLC (SiO,, hexanes:EtOAc = 3:1, R; = 0.52); 'H
NMR (CDCls, 300 MHz) 6 1.20-1.28 (m, 12H), 1.52-1.59 (m, 2H), 1.74 (t, 3H, J = 2.7
Hz), 1.76-1.80 (m, 2H), 1.90-1.94 (m, 2H), 2.82 (dt, 2H, J = 2.4 Hz), 2.85-2.90 (m, 4H),
3.03-3.08 (M, 1H), 4.12-4.25 (m, 8H), 5.73 (s, 2H); *C NMR (CDCls, 100 MHz) § 3.44,
13.97, 14.01, 14.05, 22.25, 22.70, 22.76, 24.16, 24.89, 38.35, 56.71, 60.06, 61.16, 61.22,
61.68, 73.24, 77.41, 78.35, 78.72, 128.01, 128.47, 169.04, 169.72, 169.88; IR (neat, cm’
1) 3033, 2979, 2935, 2181, 1737, 1733, 1367, 1193; HRMS (ES) m/z calcd for C,gH390s
(M + H)*" 503.2645, found 503.2638 (A = -0.7 ppm).

6-Aza-1-(cyclohex-2-en-1-yl)-,1,1-dicarbethoxy-6-(4-methylbenzenesulfonyl)deca-
3,8-diyne, (2-279):

TsN + — > TsN
= COEt  rt,75% = CO,Et
Br
2-16 2.25 2-27g CO,Et
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Diethyl 2-(cyclohex-2-enyl) malonate 2-25 (0.41 g, 1.7 mmol) in 5 mL of THF
was added dropwise to a suspension of NaH (60% dispersion in mineral oil, 88 mg, 2.2
mmol) in THF (5 mL). The resulting solution was stirred at room temperature for 30 min
and then bromodiyne 2-16 (0.60 g, 1.7 mmol) in 5 mL of THF was added dropwise and
the mixture was stirred for an additional 5 h. Water was added and the mixture was
extracted with ethyl acetate. The organic layer was washed with brine, dried over
MgSQ,, filtered and concentrated under reduced pressure. Purification of the crude
product by flash chromatography on silica gel using 10% EtOAc in hexanes as eluent
gave 2-27g (0.65 g, 75%) as white solid; mp 69-70 °C; TLC (SiO,, hexanes:EtOAc = 3:1,
Rf = 0.40); *H NMR (CDCls, 300 MHz) § 1.19-1.29 (m, 7H), 1.48-1.54 (m, 1H), 1.62 (t,
3H,J=24Hz), 1.69-1.76 (m, 2H), 1.91-1.94 (m, 2H), 2.41 (s, 3H), 2.69 (dt, 1H, J=2.1
Hz), 2.78 (dt, 1H, J = 2.1 Hz), 2.98-3.02 (m, 1H), 4.02-4.07 (m, 4H), 4.12-4.22 (m, 4H),
5.64-5.70 (m, 2H), 7.32 (d, 2H, J = 8.7 Hz), 7.70 (d, 2H, J = 8.7 Hz); *C NMR (CDCls,
100 MHz) & 3.31, 14.04, 21.47, 22.24, 22.52, 24.16, 24.84, 36.46, 36.52, 38.63, 59.94,
61.29, 61.33, 71.39, 75.53, 81.30, 81.64, 127.66, 127.89, 128.71, 129.29, 135.49, 143.47,
169.54, 169.73; IR (in CHCI; cm™) 2979, 2933, 2178, 1726, 1352, 1163; HRMS (ES)
m/z calcd for CogHzsNOgS (M + H)" 514.2263, found 514.2261 (A - 0.2 ppm).

1,6-Bis(4-methylphenylsulfonyl)-1-(cyclohex-2-en-1-yl)- 1,6-diazadeca-3,8-diyne, (2-
27h):
2 1) LIHMDS, - 78 °C, THF S

TsN TsN
— 2) Mel, - 78 °C, 100% —

NTs NTs

O e

To a cold solution of 2-28 (0.500 g, 0.098 mmol) in 10 mL of THF was added
dropwise 1.2 M LiIHMDS (1.63 mL) in THF at -78 °C. The resulting mixture was stirred
at -78 °C for 45 min and then methyl iodide (0.560 g, 3.92 mmol) was added dropwise.

The resulting mixture was warmed slowly to -40 °C and stirred for 4 h. The reaction
mixture was diluted with ether, followed by the addition of saturated aqueous NH,CI

solution. The layers were separated and the organic layer was washed with brine, dried
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over MgSO,, filtered and concentrated under reduced pressure. The crude product was
purified by flash chromatography on silica gel using 10% EtOAc in hexanes as eleuent to
give methyl-terminal cyclohexenediyne 2-27h (0.513 g, 100% yield) as viscous yellow
oil; TLC (SiO,, hexanes:EtOAc = 3:1, Ry = 0.31); *H NMR (CDCls, 400 MHz) & 1.46-
1.53 (m, 5H), 1.64-1.67 (m, 2H), 1.86 (bs, 2H), 2.34 (s, 6H), 3.76 (dt, 1H, J = 2.4 Hz),
3.92 (m, 5H), 4.37-4.38 (m, 1H), 5.22 (d, 1H, J = 10.0 Hz), 5.75-5.78 (m, 1H), 7.38 (d,
4H, J = 8.0 Hz), 7.62 (d, 2H, J = 8.0 Hz), 7.69 (d, 2H, J = 8.0 Hz); *C NMR (CDCl;, 100
MHz) & 3.19, 21.24, 21.36, 24.19, 27.75, 32.62, 36.28, 36.52, 54.77 71.11, 76.44, 81.71,
82.03, 126.96, 127.12, 127.74, 129.24, 129.39, 132.84, 135.19, 137.82, 143.19, 143.56;
IR (in CHCIls, cm™) 3028, 2921, 1627, 1596, 1348, 1161, 1095, 1031; HRMS (ES) m/z
calcd for CogH33N204S, (M + H)* 525.1882, found 525.1902 (A 2.0 ppm).

6-Aza-1-(4-cyclohex-2-en-1-yl)-6-(4-methylbenzenesulfonyl)-1-oxadeca-3,8-diyne,
(2-271):

OTHP THPQ
— + NaH, THF \%\ P'TSA, MeOH
/ Br 50 °C, 86%

HO rt., 92% o
2-29 2-23 2-30 C}
/%
HO _ DIAD, PPh;  TsN
— + / - —
o | TsHN THF, rt. 83% — %

1-Tetrahydropyranyl(THP)butyne-1,4-diol™ 2-29 (775 mg, 4.56 mmol) in 15 mL
of THF was added dropwise to a suspension of NaH, (60% dispersion in mineral oil 237
mg, 5.93 mmol) in THF (5 mL). The resulting solution was stirred at room temperature
for 30 min and then 3-bromocyclohex-1-ene 2-23 (734 mg, 4.56 mmol) in 10 mL of THF
was added dropwise and the mixture was stirred overnight. Water was added and the
mixture was extracted with ether. The organic layer was washed with brine, dried over

MgSQ,, filtered and concentrated under reduced pressure. Purification of the crude
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product by flash chromatography on silica gel using 10% EtOAc in hexanes as eluent
gave 1-THP-4-(cyclohex-2-en-1-yl)but-2-yne-1,4-diol 2-30 (1.05 g, 92%) as light yellow
oil; TLC (SiO,, hexanes:EtOAc = 3:1, Rf = 0.64); 'H NMR (CDCls, 300 MHz) & 1. 84-
1.94 (m, 10H), 1.95-1.98 (m, 1H), 2.00-2.04 (m, 1H), 3.49-3.54 (m, 1H), 3.80-3.86 (m,
1H), 4.05-4.07 (m, 1H), 4.23-4.24 (m, 2H), 4.27-4.28 (m, 1H), 4.30-4.32 (m, 1H), 4.81 (t,
1H, J = 3.2 Hz), 5.74-5.79 (m, 1H), 5.85-5.89 (m, 1H); *C NMR (CDCls, 100 MHz) &
19.04, 19.06, 25.15, 25.33, 28.04, 30.23, 54.43, 55.56, 62.01, 71.67, 81.74, 82.58, 96.83,
127.13, 131.41.

p-Toluenesulfonic acid (p-TSA, 372 mg, 1.96 mmol) was added to a solution of
eneyne-THP ether 2-30 (980 mg, 3.91 mmol) in MeOH (50 mL). The solution was then
heated at 50 °C overnight. The solution was cooled to room temperature and then solid
NaHCO3; was added portionwise. The mixture was then diluted with water and extracted
with ether. The organic layer was washed with sat. NaHCO3, water and brine, dried over
MgSO,, filtered and concentrated under reduced pressure. Purification of the crude
product by flash chromatography on silica gel using 25% EtOAc in hexanes as eluent
gave 1-(cyclohex-2-en-1-yl)but-2-yne-1,4-diol 2-31 (559 mg, 86 %) as yellow oil; TLC
(SiO,, hexanes:EtOAc = 3:1, R; = 0.24); 'H NMR (CDCls, 300 MHz) & 1.54- 1.59 (m,
1H), 1.64-1.83 (m, 3H), 1.95-2.04 (m, 2H), 4.03-4.07 (m, 1H), 4.17-4.24 (m, 2H), 4.29-
4.31 (m, 2H), 5.74-5.74 (m, 1H), 5.85-5.90 (m, 1H); *C NMR (CDCls, 100 MHz) &
19.01, 25.13, 28.00, 51.11, 55.47, 71.87, 82.37, 84.07, 126.96, 131.57.

Diisopropyl azodicarboxylate (DIAD) (694 mg, 3.26 mmol) was added to a
solution of triphenylphosphine (856 mg, 3.26 mmol) in 10 mL of THF. After formation
of a solid, N-(but-2-ynyl)-N-(4-methylbenzene) sulfonamide 2-15 (583 mg, 2.61 mmol)
in 10 mL of THF was added, followed by the addition of eneynol 2-31 (434 mg, 2.61
mmol) in 5 cm® of THF. The resulting mixture was stirred overnight and then
concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica gel using 10% EtOAc in hexanes as eleuent to give 2-27i (802
mg, 83%) as colorless oil; TLC (SiO,, hexanes:EtOAc = 3:1, Rt = 0.48); H NMR
(CDCls, 300 MHz) 6 1.55-1.61 (m, 1H), 1.63-1.65 (m, 4H), 1.67-1.75 (m, 2H), 1.96-2.03
(m, 2H), 2.41 (s, 3H), 3.92 (m, 1H), 4.08 (m, 4H), 4.17(t, 2H, J = 1.8 Hz), 5.66-5.71
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(1H), 5.83-5.88 (m, 1H), 7.30 (d, 2H, J = 8.4 Hz), 7.72 (d, 2H, J = 8.4 Hz); *C NMR
(CDCls, 100 MHz) & 3.36, 18.97, 21.50, 25.13, 27.99, 36.51, 36.79, 55.28, 71.43, 71.59,
78.42, 81.89, 82.25, 126.96, 127.97, 129.33, 131.50, 135.48, 143.56; IR (neat, cm™)
3026, 2929, 2179, 1596, 1350, 1163; HRMS (ES) m/z calcd for C2H26NOsS (M + H)*
372.1633, found 372.1638 (A = 0.5 ppm).

1-(Cyclohex-3-en-1-yl)-1-(4-methylbenzenesulfonyl)-6-oxadeca-3,8-diyne, (2-27j):

/;/OTHP+ _ NaH, THF /" P-TSA, MeOH
Ho Br  rt,95% — 50 °C, 90%

Jd GNHT DIAD, PPh, g
T — \ THF, r.t., 80% T\
OH
2-34

NTs

2-22 2-27j Q

1-Tetrahydropyranyl (THP)-butynediol 2-29 (2.00 g, 11.8 mmol) in 25 mL of
THF was added dropwise to a suspension of sodium hydride (60% dispersion in mineral
oil 0.611 g, 15.3 mmol) in THF (10 mL). The resulting solution was stirred at room
temperature for 30 min and then 1-bromobut-2-yne 2-32 (1.56 g, 11.8 mmol) in 15 mL of
THF was added dropwise and the mixture was stirred overnight. Water was added to
quench the reaction and the mixture was extracted with ether. The organic layer was
washed with brine, dried over MgSQy, filtered and concentrated under reduced pressure.
Purification of the crude product by flash chromatography on silica gel using 10% EtOAc
in hexanes as eluent gave 1-THP-O-5-oxanona-2,7-diyne (2-33, 2.48 g, 95%) as light
yellow oil; TLC (SiO,, hexanes:EtOAc = 2:1, Rs = 0.66); *H NMR (CDCls, 300 MHz) &
1.65 (m, 4H), 1.81 (m, 2H), 1.85 (t, 3H, J = 2.4 Hz), 3.50-3.55 (m, 1H), 3.78-3.86 (m,
1H), 4.19 (q, 2H, J = 2.4 Hz), 4.27-4.31 (m, 3H), 4.35 (t, 1H, J = 1.8 Hz), 4.80 (t, 1H, J =
2.4 Hz); 3¢ NMR (CDCl3, 100 MHz) & 3.56, 19.01, 25.32, 30.21, 54.24, 56.63, 57.13,
61.98, 74.31, 81.34, 82.68, 83.08, 96.83.
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p-Toluenesulfonic acid (p-TSA) (1.28 g, 6.73 mmol) was added to a solution of 2-
33 (2.35 g, 10.6 mmol) in MeOH (40 mL). The solution was then heated at 50 °C
overnight. The resulting solution was cooled to room temperature and then solid
NaHCO3; was added portionwise. The mixture was diluted with water and extracted with
ether. The organic layer was washed with sat. NaHCOs, water and brine, dried over
MgSO,, filtered, and concentrated under reduced pressure. Purification of the crude
product by flash chromatography on silica gel using 25% EtOAc in hexanes as eluent
gave 1-hydroxy-5-oxanona-2,7-diyne 2-34 (1.32 g, 90%) as yellow oil. TLC (SiOy,
hexanes:EtOAc = 2:1, R = 0.30); *H NMR (CDCls, 300 MHz) & 1.81 (t, 3H, J = 1.2 Hz),
3.01 (bs, 1H), 4.16 (g, 2H, J = 1.2 Hz), 4.22 (t, 2H, J = 1.8 Hz), 4.25 (t, 2H, J = 1.8 Hz);
¢ NMR (CDCls3, 75 MHz) 6 3.53, 50.97, 56.50, 57.17, 74.15, 81.09, 83.23, 84.92.

DIAD (614 mg, 3.04 mmol) was added to a solution of triphenylphosphine (796
mg, 3.04 mmol) in 10 mL of THF. After formation of a solid, 2-22 (637 mg, 2.53 mmol)
in 10 mL of THF and then hydroxydiyne 2-34 (350 mg, 2.53 mmol) in 10 mL of THF
were added. The resulting mixture was stirred overnight and then concentrated under
reduced pressure. The crude product was purified by flash chromatography on silica gel
using 10% EtOAc in hexanes as eleuent to give 2-27j (752 mg, 80%) as light yellow
viscous oil; TLC (SiO,, hexanes:EtOAc = 2:1, R = 0.52); *H NMR (CDCls, 300 MHz) &
1.55-1.61 (m, 2H), 1.69-1.79 (m, 2H), 1.87 (t, 3H, J = 2.4 Hz), 1.93-1.97 (m, 2H), 2.42
(s, 3H), 3.99 (dt, 1H, J = 2.1 Hz), 4.09 (q, 2H, J = 2.4 Hz), 4.12-4.18 (m, 3H), 4.48-4.55
(m, 1H), 5.32 (d, 1H, J = 10.3 Hz), 5.83-5.85 (m, 1H), 7.31 (d, 2H, J = 8.4 Hz), 7.81 (d,
2H, J = 8.4 Hz); *C NMR (CDCls, 100 MHz) § 3.57, 21.42, 21.48, 24.34, 27.98, 32.94,
55.03, 56.52, 56.96, 74.31, 79.19, 82.97, 83.32, 127.19, 127.38, 129.40, 133.01, 138.12,
143.11; IR (neat, cm™) 2921, 1627, 1340, 1161, 1095, 1074, 1031; HRMS (ES) m/z
calcd for Co1H26NO3S (M + H)* 372.1633, found 372.1648 (A = 1.5 ppm).
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1-Aza-1-(cyclohex-2-en-1-yl)-6,6,-dicarbethoxy-1-(4-methylbenzenesulfonyl)-9-
phenylnona-3,8-diyne, (2-27k):

EtO,C — Pd(PPh,),, Cul EtO,C ——Ph
EtO,C — Phl, Et;N, CH,Cl, EtO,C —
NTs 55% NTs

=0 e,

lodobenzene (0.24 g, 1.2 mmol) in 4 mL of CH,Cl, was added to a mixture of
Pd(PPh3z), (0.035 g, 0.05 mmol) and Cul (0.02 g, 0.10 mmol) in 10 mL of CH,CI, and 5
mL of EtsN. Then cyclohexenediyne 2-26 (0.50 g, 1.0 mmol) in 4 mL of CH,Cl, was
added dropwise via syringe. The resulting mixture was stirred at room temperature
overnight. The reaction mixture was diluted with CH,Cl, and then washed with saturated
NH.CI solution. The organic layer was washed with brine, dried over MgSOy,, filtered
and concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica gel using 10% EtOAc in hexanes as eluent to yield phenyl-
terminal cyclohexenediyne 2-27k (0.32 g, 55% vyield) as yellow oil; TLC (SiO,
hexanes:EtOAc = 3:1, R = 0.47); 'H NMR (CDCls, 400 MHz) & 1.29 (dt, 6H, J = 0.8,
7.2 Hz), 1.54-1.56 (m, 2H), 1.71-1.77 (m, 2H), 1.92-1.95 (m, 2H), 2.35 (s, 3H) 2.95 (t,
2H, J = 2.0 Hz), 3.10 (s, 2H), 3.95 (dd, 1H, J = 1.6, 18.4 Hz), 4.14 (dd, 1H, J = 1.6, 18.4
Hz), 4.20-4.27 (m, 4H), 4.41-4.45 (m, 1H), 5.25 (d, 1H, J = 10.4 Hz), 5.86-5.89 (m, 1H),
7.30 (m, 5H), 7.37 (m, 2H), 7.81 (m, 2H); *C NMR (CDCls, 100 MHz) & 14.01, 21.38,
21.46, 22.95, 23.49, 24.35, 27.90, 32.90, 54.90, 56.63, 61.89, 78.30, 80.15, 83.58, 84.00,
123.05, 127.29, 127.32, 128.02, 128.19, 129.40, 131.57, 132.78, 138.11, 143.06, 168.74;
IR (neat, cm™) 3026, 2935, 1733, 1730, 1652, 1596, 1558, 1490, 1423, 1328, 1193, 1161,
1095, 1051, 1031; HRMS (ES) m/z calcd for C33H3sNOgS (M + H)* 576.2420, found
576.2410 (A - 1.0 ppm).
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8§ 2.4.4. [2+2+2+1] Cycloaddition of Cyclohexene-diynes with Carbon Monoxide

——=—R = O
X [Rh(CO),Cl], (5 mol%)

Y CO (2 atm), DCE/TFE (10:1)
60 oC X

Typical procedure is described for the reaction of cyclohexene-diyne 2-35a: A 25
mLround bottomed flask charged with an 2-27a (100 mg, 0.19 mmol) in DCE/TFE (10:1)
(3.90 mL, [0.05 M] and [Rh(CO),Cl]2 (3.8 mg, 0.009 mmol ) was transferred to a 125 mL
stainless steel autoclave and purged with CO and released (4x) (Caution must be done
in a well ventilated fume hood) and then charged with CO to 2 atm. The autoclave was
immersed in an oil bath at 60 °C for 20 h. The autoclave was allowed to cool to room
temperature, followed by release of the gas in a well ventilated fume hood. The reaction
mixture was concentrated under reduced pressure and the resulting crude product was
purified by column chromatography on silica gel using EtOAc/hexanes (15/85) as eluent
to give fused tetracyclic product 2-35a (86 mg, 92%) as light yellow oil.

For 2-35a-d arising from 9-silyl-cyclohexene-diynes 2-27a-d, two regioisomers
were separated by preparative HPLC using a phenomenex Jupiter 10p proteo 90A
column (21.2 x 250 mm/mm) and gradient from 100% acetonitrile to 95:5

acetonitrile:water over 24 min with a flow rate of 20 mL/min.

7-[Dimethyl(phenyl)silyl]-2,9-bis[(4-methylphenyl)sulfonyl]-2,2a,3,4,5,5a,8,9,10,10c-
decahydroazuleno[4,5,6-cd]indole-9,9(1H)-dicarboxylate, (2-35a):

o)
Me,PhSi

EtO,C
EtO,C

NTs

Colorless oil; TLC (SiO,, hexanes:EtOAc = 3:1, Rs = 0.24); *H NMR (CDCls, 400 MHz)
6 0.40 (s, 3H), 0.43 (s, 3H), 0.85-1.13 (m, 3H), 1.54 (t, 1H, J = 9.6 Hz), 1.59-1.62 (m,
1H), 1.93-2.04 (m, 2H), 2.13-2.17 (m, 1H), 2.42 (s, 3H), 2.45 (s, 3H), 3.27 (d, 1H, J =
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11.2 Hz), 3.63-3.68 (m, 1H), 3.75-3.89 (m, 5H), 7.23 (d, 2H, J = 8.0 Hz), 7.27-7.43 (m,
9H), 7.73 (d, 2H, J = 8.0 Hz); *C NMR (CDCls, 100 MHz) & -3.11, -1.43, 21.54, 28.49,
30.12, 36.93, 41.16, 47.00, 50.34, 53.69, 55.44, 58.39, 61.39, 127.05, 127.15, 128.14,
129.62, 129.87, 133.71, 134.02, 135.61, 136.72, 140.12, 141.35, 143.59, 143.86, 199.65;
HRMS (ES) m/z calcd for CsgHaisNO-SIS (M + H)* 662.2226, found 662.2242 (A 1.6

ppm).

Diethyl-7-[dimethyl(phenyl)silyl]-2-[(4-methylphenyl)sulfonyl]-6-oxo-
2,2a,3,4,5,5a,6,7,8,10-decahydroazuleno[4,5,6-cd]indole-9,9(1H)-dicarboxylate,  (2-
37a):

Me,PhSi

EtO,C
EtO,C

NTs

Colorless oil; TLC (SiO,, hexanes:EtOAc = 3:1, Rf = 0.28); *H NMR (CDCls, 300 MHz)
8 0.40 (d, 6H, J = 7.8 Hz), 1.10-1.28 (m, 8H), 1.45-1.61 (m, 4H), 1.72-1.76 (m, 1H),
2.02-2.09 (m, 1H), 2.43 (s, 3H), 2.49-2.53 (m, 1H), 2.70-2.87 (m, 4H), 3.92-4.15 (m,
6H), 7.29-7.33 (m, 5H), 7.54 (d, 2H, J = 8.7 Hz), 7.72 (d, 2H, J = 8.7 Hz); *C NMR
(CDCls, 100 MHz) 6 -1.49, -1.15, 13.86, 13.94, 21.52, 21.62, 23.72, 28.76, 39.25, 42.17,
44.98, 48.97, 50.79, 57.35, 60.51, 61.77, 61.81, 127.00, 127.92, 129.16, 129.99, 132.07,
133.85, 136.04, 137.25, 137.82, 143.74, 150.55, 179.18, 170.57, 207.10; IR (neat, cm'l)
2977, 2929, 1734, 1731, 1664, 1251, 1161; IR (neat, cm™) 2935, 1743, 1731, 1662, 1301,
1251, 1161; HRMS (ES) m/z calcd for CzsHa4NO;SIS (M + H)* 662.2608, found
662.2609 (A 0.1 ppm).
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Diethyl-2-[(4-methylphenyl)sulfonyl]-6-oxo-7-(trimethylsilyl)-
2,2a,3,4,5,5a,6,8,10,10c-decahydroazuleno[4,5,6-cd]indole-9,9(1H)-dicarboxylate, (2-
35b):

TMS

EtO,C
EtO,C

NTs

Colorless oil; TLC (SiO2, hexanes:EtOAc = 3:1, Ry = 0.37); *H NMR (CDCls, 300 MHz)
8 0.15 (s, 9H), 0.85-1.07 (m, 3H), 1.26 (t, 6H, J = 7.2 Hz), 1.64 (t, 2H, J = 9.6 Hz), 2.01
(m, 2H), 2.09-2.16 (m, 1H), 2.43 (s, 3H), 2.77-2.83 (m, 2H), 3.06 (dd, 1H, J = 1.8 Hz),
3.35 (dd, 1H, J = 1.8 Hz), 3.40 (d, 1H, J = 11.4 Hz), 3.79 (d, 1H, J = 11.4 Hz), 3.87-3.96
(m, 1H), 4.13-4.22 (m, 4H), 7.33 (d, 2H, J = 8.4 Hz), 7.75 (d, 2H, J = 8.4 Hz); *C NMR
(CDCls, 75 MHz) & -1.02, 13.97, 21.65, 28.54, 30.14, 36.43, 36.49, 40.33, 41.32, 46.87,
55.76, 58.41, 60.16, 61.88, 61.95, 62.25, 127.16, 129.73, 136.03, 142.78, 143.41, 143,52,
170.98, 171.27, 201.15; IR (neat, cm™) 2948, 2869, 2256, 1766, 1728, 1598, 1463, 1348,
1251, 1164, 1093, 1058; HRMS (ES) m/z calcd for C3;H4NO;SIS (M + H)* 600.2451,
found 600.2454 (A 0.3 ppm).

Diethyl-2-[(4-methylphenyl)sulfonyl]-6-oxo-7-(trimethylsilyl)-2,2a,3,4,5,5a,6,7,8,10-
decahydroazuleno[4,5,6-cd]indole-9,9(1H)-dicarboxylate, (2-37b):

O
TMS

EtO,C
EtO,C

NTs

Colorless oil; TLC (SiO2, hexanes:EtOAc = 3:1, Ry = 0.37); *H NMR (CDCls, 300 MHz)
§ 0.16 (s, 9H), 1.18-1.28 (m, 8H), 1.32-1.52 (m, 2H), 1.68-1.70 (m, 1H), 1.98-2.02 (m,
1H), 2.42 (s, 3H), 2.45-2.49 (m, 1H), 2.67-2.93 (m, 3H), 3.04 (d, 1H, J = 16.5 Hz), 3.21
(d, 1H, J = 16.5 Hz), 3.89-4.00 (m, 3H), 4.14-4.24 (m, 4H), 7.31 (d, 2H, J = 8.1 Hz), 7.71
(d, 2H, J = 8.1 Hz); **C NMR (CDCls, 100 MHz) & 0.03, 13.97, 14.03, 21.49, 21.54,
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23.58, 28.74, 39.35, 42.01, 44.98, 48.81, 50.74, 57.69, 60.45, 61.94, 61.97, 126.99,
129.97, 131.85, 136.03, 137.18, 139.13, 143.70, 148.84, 170.22, 170.69, 207.64; IR
(neat, cm™) 2937, 2538, 1734, 1731, 1662, 1446, 1346, 1249, 1161; HRMS (ES) m/z
calcd for C31H42NO;SIS (M + H)™ 600.2451, found 600.2438 (A - 1.3 ppm).

7-[Dimethyl(phenyl)silyl]-2,9-bis[(4-methylphenyl)sulfonyl]
2,2a,3,4,5,5a,8,9,10,10cdecahydropyrrolo[ 3',4':6,7]cyclohepta[1,2,3-cd]indol-6(1H)-
one, (2-35¢):

Me,PhSi
TsN NTs

Colorless oil; TLC (SiO2, hexanes:EtOAc = 3:1, Rf = 0.24); *H NMR (CDCls, 400 MHz)
5 0.40 (s, 3H), 0.43 (s, 3H), 0.85-1.13 (m, 3H), 1.54 (t, 1H, J = 9.6 Hz), 1.59-1.62 (m,
1H), 1.93-2.04 (m, 2H), 2.13- 2.17 (m, 1H), 2.42 (s, 3H), 2.45 (s, 3H), 3.27 (d, 1H, J =
11.2 Hz), 3.63-3.68 (m, 1H), 3.89-3.75 (m, 5H), 7.23 (d, 2H, J = 8.0 Hz), 7.27-7.43 (m,
9H), 7.73 (d, 2H, J = 8.0 Hz); 13C NMR (CDCI3, 100 MHz) & - 3.11, -1.43, 21.54,
28.49, 30.12, 36.93, 41.16, 47.00, 50.34, 53.69, 55.44, 58.39, 61.39, 127.05, 127.15,
128.14, 129.62, 129.87, 133.71, 134.02, 135.61, 136.72, 140.12, 141.35, 143.59, 143.86,
199.65; HRMS (ES) m/z calcd for C3sH41N20sSiS; (M + H)+ 673.2226, found 673.2242
(A 1.6 ppm).

7-[Dimethyl(phenyl)silyl]-2,9-bis[(4-methylphenyl)sulfonyl]-2,2a,3,4,5,5a,7,8,9,10-
decahydropyrrolo[3',4':6,7]cyclohepta[1,2,3-cd]indol-6(1H)-one, (2-37c):
¢}

Me,PhSi

TsN NTs

Colorless oil; TLC (SiO2, hexanes:EtOAc = 3:1, Ry = 0.24); *H NMR (CDCls, 300 MHz)
& 0.34 (s, 3H), 0.45 (s, 3H), 1.09-1.22 (m, 3H), 1.48-1.52 (m, 1H), 1.62-1.66 (m, 1H),
1.96-2.01 (m, 1H), 2.41 (s, 3H), 2.43 (s, 3H), 2.48-2.54 (m, 1H), 2.67 (bs, 1H), 3.53 (s,
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2H), 3.55-3.64 (m, 1H), 3.73-3.80 (m, 1H), 3.85-3.96 (m, 2H), 7.23 (d, 2H, J = 7.8 Hz),
7.29-7.35 (m, 4H), 7.38-7.53 (m, 5H), 7.70 (d, 2H, J = 7.8 Hz); **C NMR (CDCls, 100
MHz) & -2.14, -1.69, 21.44, 21.54, 23.31, 28.48, 45.12, 48.67, 50.21, 51.33, 53.78, 60.17,
127.03, 127.79, 128.28, 128.93, 129.66, 129.74, 130.05, 131.86, 134.02, 135.76, 136.88,
137.21, 138.40, 143.96, 146.45, 206.12; IR (neat, cm™) 3066, 2941,1718,1666, 1596,
1448, 1305, 1163; HRMS (ES) m/z calcd for C3sH41N20sSiS, (M + H)* 673.2226, found
673.2205 (A - 2.1 ppm).

2,9-Bis[(4-methylphenyl)sulfonyl]-7-(trimethylsilyl)-2,2a,3,4,5,5a,8,9,10,10c-
decahydropyrrolo-[3',4":6,7]cyclohepta[1,2,3-cd]indol-6(1H)-one, (2-35d):

O
TMS

TsN NTs

Colorless oil; TLC (SiO,, hexanes:EtOAc = 3:1, Rs = 0.20); *H NMR (CDCls, 300 MHz)
3 0.09 (s, 9H), 0.82-1.03 (m, 3H), 1.51-1.63 (m, 2H), 1.89-1. 94 (m, 2H), 2.10-2.15 (m,
1H), 2.43 (s, 3H), 2.46 (m, 3H), 3.29 (d, 1H, J = 11.4 Hz), 3.77 (d, 1H, J = 11.4 Hz),
3.84-3.89 (m, 2H), 4.06-4.15 (m, 2H), 4.24-4.31 (m, 1H), 7.32 (d, 2H, J = 7.8 Hz), 7.36
(d, 2H,J = 7.5 Hz), 7.63 (d, 2H, J = 7.5 Hz), 7.74 (d, 2H, J = 7.8 Hz); *C NMR (CDCls,
100 MHz) 6 -1.04, 21.53, 28.35, 30.11, 36.44, 41.12, 47.07, 50.54, 53.66, 55.16, 58.24,
61.40, 127.10, 127.16, 129.83, 129.93, 134.21, 135.63, 140.68, 141.22, 143.77, 143.94,
199.92; IR (neat, cm™) 2948, 2867, 1770, 1596, 1346, 1163, 1091; HRMS (ES) m/z
calcd for C31H3gN205SiS; (M + H)™ 611.2070, found 611.2042 (A - 2.8 ppm).
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2,9-Bis[(4-methylphenyl)sulfonyl]-7-(trimethylsilyl)-2,2a,3,4,5,5a,7,8,9,10-
decahydropyrrolo-[3',4":6,7]cyclohepta[1,2,3-cd]indol-6(1H)-one, (2-37d):

O
TMS

TsN NTs

Colorless oil; TLC (SiO., hexanes:EtOAc = 3:1, Rf = 0.20); *H NMR (CDCls, 300 MHz)
8 0.14 (s, 9H), 1.05-1.8 (m, 3H), 1.41-1.45 (m, 1H), 1.59-1.63 (m, 1H), 1.93-2.01 (m,
1H), 2.43-2.49 (m, 7H), 2.64 (bs, 1H), 3.65-3.71 (m, 1H), 3.87-3.96 (m, 5H), 4.23 (d, 1H,
15.3 Hz), 7.29-7.35 (m, 4H), 7.67-7.71 (m, 4H); *C NMR (CDCls, 100 MHz) & -0.05,
21.38, 21.49, 23.18, 28.49, 45.23, 48.55, 50.19, 51.47, 53.45, 60.11, 127.06, 127.84,
128.89, 129.95, 130.06, 132.41, 135.78, 137.85, 138.92, 143.96, 144.30, 145.10, 206.69;
IR (neat, cm'l) 2945, 2358, 1662, 1346, 1163; HRMS (ES) m/z calcd for C3;H3sN,05SiS,
(M + H)" 611.2070, found 611.2079 (A 0.9 ppm).

Diethyl-7-methyl-2-[(4-methylphenyl)sulfonyl]-6-ox0-2,2a,3,4,5,5a,6,8,10,10c-dec
ahydroazuleno[4,5,6-cd]indole-9,9(1H)-dicarboxylate, (2-35¢):

(0]
Me

EtO,C
EtO,C

NTs

82% yield; yellow oil; TLC (SiO,, hexanes:EtOAc = 2:1, Ry = 0.36); *H NMR (CDCls,
300 MHz) & 1.22-1.28 (m, 6H), 1.38-1.45 (m, 2H), 1.63-1.71 (m, 3H), 1.85 (s, 3H), 1.87-
1.96 (m, 1H), 2.41 (s, 3H), 2.62-2.65 (m, 1H), 2.80-2.84 (m, 2H), 3.00-3.16 (m, 3H),
3.94-3.97 (m, 1H), 4.08 (s, 2H), 4.15-4.24 (m, 4H), 7.31 (d, 2H, J = 8.4 Hz), 7.72 (d, 2H,
J = 8.4 Hz); °C NMR (CDCls, 100 MHz) & 13.99, 17.12, 21.52, 22.39, 23.79, 28.19,
39.86, 41.89, 43.76, 50.51, 50.72, 57.03, 60.69 , 61.95, 127.02, 129.95, 130.23, 130.65,
136.29, 136.92, 143.68, 145.03, 170.47, 170.86, 200.72; IR (neat, cm™) 2979, 2860,
1730, 1734, 1652, 1596, 1444, 1344, 1261, 1161, 1093; HRMS (ES) m/z calcd for
CaoH3sNO7S (M + H)" 542.2212, found 542.2206 (A - 0.6 ppm).
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Tetraethyl-7-methyl-6-oxo-1,2a,3,4,5,5a,6,8,10,10c-decahydrobenzo[cd]cyclopenta[
h]azulene-2,2,9,9-tetracarboxylate, (2-35f):

(@]
Me

EtO,C CO,Et
EtO,C CO,Et

85% vyield; light yellow oil; TLC (SiO,, hexanes:EtOAc = 3:1, Rt = 0.30); *H NMR
(CDCls, 400 MHz) & 1.21-1.26 (m, 13H), 1.37-1.46 (m, 3H), 1.70-1.78 (m, 2H), 1.86 (s,
3H), 2.76 (m, 2H), 2.86 (d, 1H, J = 20 Hz), 2.97 (d, 1H, J = 16.4 Hz), 3.06-3.25 (m,
4H), 3.43 (d, 1H, J = 20 Hz), 4.10- 4.24 (m, 8H); **C NMR (CDCls, 100 MHz) & 13.93,
13.97, 14.07, 16.87, 23.69, 23.87, 23.90, 38.36, 40.33, 42.49, 44.07, 45.22, 51.16, 57.02,
61.62, 61.69, 61.75, 62.29, 129.25, 129.97, 140.69, 146.49, 169.12, 170.87, 170.98,
171.18, 201.13; IR (neat, cm™) 2979, 2935, 1731, 1367, 1257, 1159; HRMS (ES) m/z
calcd for CagH3909 (M + H)* 531.2594, found 531.2576 (A - 1.8 ppm).

Diethyl-7-methyl-9-[(4-methylphenyl)sulfonyl]-6-ox0-2a,3,4,5,5a,6,8,9,10,10c-dec
ahydrobenzo[1,8]azuleno[4,5-c]pyrrole-2,2(1H)-dicarboxylate, (2-359):

(@]
Me

TsN CO,Et
CO,Et

83% yield; white solid; mp = 86-88 °C; TLC (SiO,, hexanes:EtOAc = 3:1, R; = 0.28); 'H
NMR (CDCl3, 400 MHz) 6 1.21-1.27 (m, 8H), 1.39-1.42 (m, 2H), 1.67-1.71 (m, 2H),
1.78 (s, 3H), 2.43 (s, 3H), 2.71-2.79 (m, 3H), 3.21 (d, 1H, J = 12.0 Hz), 3.32 (d, 1H, J =
12.0 Hz), 3.89 (d, 1H, J = 13.2 Hz), 4.02 (d, 1H, J = 16 Hz ), 4.09-4.26 (m, 6H), 7.36 (d,
2H, J = 8.0 Hz), 7.75 (d, 2H, J = 8.0 Hz); *C NMR (CDCl;, 100 MHz) & 13.91, 14.06,
16.29, 21.51, 23.59, 23.65, 23.75, 37.79, 44.16, 45.04, 50.62, 52.81, 54.34, 61.79, 61.87,
62.31, 126.64, 127.79, 128.75, 129.84, 132.63, 141.37, 141.85, 144.06, 168.70, 170.69,
200.04; IR (in CHCIs, cm™) 2983, 2906, 2255, 1741, 1731, 1373, 1266, 1096, 1046;
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HRMS (ES) m/z calcd for CyoH3gNO7S (M + H)" 542.2212, found 542.2192 (A - 2.0
ppm).

7-Methyl-2,9-bis[(4-methylphenyl)sulfonyl]-2,2a,3,4,5,5a,8,9,10,10c-decahydropyr
rolo[3",4":6,7]cyclohepta[1,2,3-cd]indol-6(1H)-one, (2-35h):

O

TsN NTs

85% yield; mp = 200 -201 °C; TLC (SiO,, hexanes:EtOAc = 2:1, R¢ = 0.20); white solid;
'H NMR (CDCls, 400 MHz) & 1.11-1.22 (m, 3H), 1.38-1.40 (m, 1H), 1.62-1.71 (m, 1H),
1.77 (s, 3H), 1.91-1.95 (m, 2H), 2.42 (s, 3H), 2.43 (s, 3H), 2.62-2.65 (m, 1H), 2.79 (bs,
1H), 3.37 (d, 1H, J = 10 Hz), 3.89-3.99 (m, 3H), 4.10 (d, 1H, J = 14 Hz), 4.24 (d, 1H, J =
14 Hz), 7.32 (d, 2H, J = 8.4 Hz), 7.36 (d, 2H, J = 8.4 Hz), 7.71 (d, 2H, J = 8.4 Hz), 7.73
(d, 2H, J = 8.4 Hz); *C NMR (CDCls, 100 MHz) & 16.58, 21.55, 22.17, 23.64, 27.95,
29.67, 43.92, 50.06, 52.20, 53.81, 60.44, 126.83, 127.07, 127.79, 129.97, 130.02 , 130.25,
132.39, 136.08, 137.58, 140.73, 143.91, 144.33, 199.52; IR (in CHCIls, cm™) 2923,
2854, 1733, 1596, 1346, 1163; HRMS (ES) m/z calcd for CygH33N,0sS; (M + H)*
553.1831, found 553.1818 (A - 1.3 ppm).

7-Methyl-9-[(4-methylphenyl)sulfonyl]-1,2a,3,4,5,5a,8,9,10,10c-decahydro-6H-[1]b
enzofuro[3',4':3,4,5]cyclohepta[1,2-c]pyrrol-6-one, (2-35i):

(@]
Me

TsN o)

91% yield; white solid; mp = 182-183 °C; TLC (SiO,, hexanes:EtOAc = 3:1, Rf = 0.12);
'H NMR (CDCls, 300 MHz) & 1.18-1.28 (m, 3H), 1.38-1.44 (m, 1H), 1.63-1.69 (m, 1H),
1.81 (s, 3H), 2.39-2.45 (m, 4H), 2.72-2.79 (m, 1H), 3.23 (bs, 1H), 3.61-3.67 (m, 1H),
3.95-4.38 (m, 5H), 7.36 (d, 2H, J = 7.8 Hz), 7.74 (d, 2H, J = 7.8 Hz); *C NMR (CDCl;,
100 MHz) 6 16.55, 21.56, 21.92, 23.84, 26.57, 44.27, 49.86, 51.91, 53.90, 68.91, 79.10,
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124.37, 127.79, 129.74, 129.87, 129.95, 141.34, 141.77, 144.24, 199.41; IR (in CHCls,
cm™) 2939, 2864, 1724, 1596, 1346, 1163; HRMS (ES) m/z calcd for CoHsNO,S (M +
H)* 400.1583, found 400.1569 (A - 1.4 ppm).

7-Methyl-2-[(4-methylphenyl)sulfonyl]-2,2a,3,4,5,5a,10,10c-octahydro-1H-furo[3’,
4':6,7]cyclohepta[1,2,3-cd]indol-6(8H)-one, (2-35j):

(e}
Me

@) NTs

74% vyield; white solid; mp = 191-193 °C; TLC (SiO,, hexanes:EtOAc = 2:1, Rf = 0.24);
'H NMR (CDCls, 300 MHz) & 1.22-1.30 (m, 2H), 1.46-1.52 (m, 2H), 1.75 (s, 3H), 1.96-
2.01 (m, 2H), 2.42 (s, 3H), 2.66-2.74 (m, 1H), 2.88 (bs, 1H), 3.94-4.07 (m, 3H), 4.38 (dt,
1H, J = 2.1 Hz)), 4.49-4.67 (m, 3H), 7.31 (d, 2H, J = 8.4 Hz), 7.72 (d, 2H, J = 8.4 Hz);
3C NMR (CDCls, 100 MHz) & 15.97, 21.51, 22.35, 23.99, 28.31, 43.99, 49.69, 50.48,
60.42, 72.18, 73.58, 127.00, 127.85, 129.63, 130.00, 135.05, 136.14, 143.81, 144.46,
199.74; IR (in CHCIls, cm™) 2929, 2856, 1721, 1654, 1596, 1342, 1159; HRMS (ES) m/z
calcd for CooH26NO4S (M + H)™ 400.1583, found 400.1569 (A - 1.4 ppm).

Diethyl-7-phenyl-2-[(4-methylphenyl)sulfonyl]-6-0x0-2,2a,3,4,5,5a,6,8,10,10c-dec
ahydroazuleno[4,5,6-cd]indole-9,9(1H)-dicarboxylate, (2-35K):

O
Ph

EtO,C
EtO,C

NTs

44% vyield; light yellow oil; TLC (SiO,, hexanes:EtOAc = 3:1, Ry = 0.23); 'H NMR
(CDCl3, 300 MHz) & 1.23 (t, 6H, J = 7.2 Hz), 1.56-1.66 (m, 4H), 1.75-1.79 (m, 1H),
1.97-2.01 (m, 1H), 2.44 (s, 3H), 2.67-2.75 (m, 1H), 2.87-2.94 (m, 4H), 3.09 (d, 1H, J =
14.0 Hz), 3.99-4.03 (m, 1H), 4.12-4.19 (m, 6H), 7.04 (dd, 2H, J = 8.4, 1.5 Hz), 7.27-7.37
(m, 5H), 7.75 (d, 2H, J = 8.4 Hz); *C NMR (CDCls, 100 MHz) & 13.93, 13.99, 21.54,
22.23, 23.69, 28.37, 40.05, 42.62, 44.24, 50.19, 50.82, 57.32, 60.66, 61.89, 127.04,
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127.43, 128.42, 128.68, 130.01, 130.15, 136.08, 136.21, 138.66, 138.71, 143.77, 145.31,
170.22, 170.59, 200.37; IR (neat, cm™) 2960, 2860, 2358, 1735, 1728, 1723, 1650, 1444,
1365, 1344, 1263, 1159, 1093, 1053, 1016; HRMS (ES) m/z calcd for Ca;HasNO7S (M +
H)* 604.2369, found 604.2348 (A - 2.1 ppm).
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Chapter 3

Formation of novel 5-7-5-5 fused tetracyclic skeletons through
Rh(l)-catalyzed [2+2+2+1]cycloaddition of cyclopentene-diynes

and carbon monoxide
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8§ 3.1. Introduction

As described in the previous chapter, the [2+2+2+1] cycloaddition of substituted
cyclohexene-diynes with carbon monoxide gave fused 5-7-6-5 tetracyclics in good to
excellent yields (Scheme 3-1).! During our studies into the formation 5-7-6-5 tetracyclic
products, we observed that along with the expected products, the diene-shifted
regioisomers were also obtained for all silyl-substituted substrates investigated in a
calculated 1:1 ratio (Scheme 3-1, reaction 2).

N [Rh(CO),Cll,, (5 mol%)

X CO (2 atm), DCE/TFE (10:1)
@ 60 °C, 20 h, 44 - 91%
R = Ph, Me

X = 0, NTs, C(CO,Et),,

N [Rh(CO),Cll,, (5 mol%)

X CO (2 atm), DCE/TFE (10:1)
@ 60 °C, 20 h, 64 - 92%
R = TMS, PhMe,Si

X = O, NTs, C(CO,Et),,

Scheme 3-1: Formation of 5-7-6-5 fused tetracyclics

With the goal of expanding the cyclo-alkene component of the enediyne
substrates, we wondered if silyl-substituted cyclopentene-diynes which should afford the
corresponding 5-7-5-5 fused tetracyclics would also yield regioisomers for silyl-
substituted substrates. As part of ongoing studies on higher-order cycloaddition reactions,
the formation of 5-7-5-5 tetracyclic products via Rh-catalyzed [2+2+2+1] of
cyclopentene-diynes with carbon monoxide was also investigated. Indeed, the desired 5-
7-5-5 products were obtained in high yields and as single diastereomers. Moreover,
along with the expected fused tetracyclic products, the diene shifted regioisomers were
also obtained for all silyl-substrates investigated in a calculated 4:1 ratio in favor of the

regioisomers. It should be noted that these fused tetracyclic products can be further
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elaborated for the synthesis of natural product like compounds. The results of the study

on the formation of 5-7-5-5 tetracyclics are detailed below.

§ 3.2. Results and discussion
8§ 3.2.1. Synthesis of cyclopentene-diynes

The preparation of cyclopentene-diynes involved coupling of the cyclopentenyl
components to diyne bromides (See chapter 2 for synthesis of diyne bromides). The
synthesis of N-cyclopent-2-enyl sulfonamide (3-4) was accomplished in two steps
(Scheme 3-2). Coupling of 2-cyclopenten-1-ol (3-1) with N-Boc-N-tosylamide (3-2)
under Mitsunobu conditions gave the desired product 3-3 in 85% yield. Subsequent Boc
thermolysis using microwave irradiation gave the desired product 3-4 in moderate yield.

Ts.-Boc PPhs, DIAD BoC  pmso, Mw
oH + N N - NHTs
Y CH,Cly, 85% Ts  160°C, 10 min

51%
3-1 3-2 3-3 3-4
CO,Et
@OAC , EtO,C._CO.Et  Pd(OAc),, PPh; E>_< 2
NaH, THF, reflux CO,Et
0,
3-5 2-24 70% 3-6

Scheme 3-2: Synthesis of N-cyclopent-2-enyl sulfonamide (3-4) and diethyl 2-
(cyclopent-2-enyl) malonate (3-6)

In addition to the desired product 3-4, a second product later identified as p-
toluenesulfonamide was also obtained (not shown). The formation of this second product
also indicated the formation of 1,3-cyclopentadiene which could not be isolated. Other
synthetic methods to access compound 3-4 were explored, but these methods involved
multiple steps and the overall yields were comparable or lower than that obtained with
the method depicted in Scheme 3-2. Diethyl 2-(cyclopent-2-enyl) malonate (3-6) was
obtained in good yield from the reaction of cyclopent-2-enyl acetate (3-5) with diethyl

malonate 2-24 via allylic alkylation (Scheme 3-2).
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The treatment of bromo-diyne 2-18 with diethyl 2-(cyclopent-2-enyl) malonate
(3-6) afforded the desired N-tosyl-malonate tethered cyclopentene-diyne 3-7 in 87%
yield (Scheme 3-3). The trimethylsilyl (TMS) and dimethylphenyl silyl (SiPhMey)
capped cyclopentene-diynes 3-8a and 3-8b were obtained in good yields from the
reaction of 3-7 with the corresponding chlorosilanes in the presence of LiIHMDS
(Scheme 3-3).

= COEL  NaH, THF 1o
TsN + — s [

\%\ COzEt rt. 87% — COzEt
Br
2-18 3-6 3.7 COREt
—=——SiRMe,
1) LIHMDS, -78°C, THF TSN 3-8a; R = Me 85%
2) RSiMe,Cl, -78 °C 3-8b; R=Ph 83%
CO,Et

Scheme 3-3: Synthesis of cyclopentene-diynes 3-8a and 3-8b

Similarly, the bis N-tosyl tethered substrates 3-8c and 3-8d were obtained in 83%
and 87% yields respectively from treatment of cyclopentene-diyne 3-9 with the

corresponding chlorosilanes in the presence of LIHMDS (Scheme 3-4).
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K,CO
TsN + @—NHTS 27 TSN
= CH;CN, reflux, o/n ——\

Br 86% NTs

/—— SiRMe;
1) LIHMDS, -78 °C, THF TsN
__ 3-8¢c; R=Me 83%

2) RSiMe,Cl, -78 °C NTs  3.8d;R=Ph 87%

Scheme 3-4: Synthesis of cyclopentene-diynes 3-8c and 3-8d

Cyclopentene-diyne 3-10 was obtained in 75% vyield from nucleophilic
substitution of bromo-diyne 2-14 with N-cyclopent-2-enyl sulfonamide (3-4) (Scheme 3-
5). Treatment of compound 3-10 with either trimethyl chlorosilane or dimethylphenyl
chlorosilane, in the presence of LIHMDS as base, afforded TMS and SiPhMe,-capped
substrates 3-8e and 3-8f in 92% and 99% isolated yields, respectively (Scheme 3-5).

EtO,C — K,COj EtO,C —
+ @—NHTS
EtO,C — CH3CN, reflux, o/n EtO,C —
Br 75% NTs
2-14 3-4 3-10

1) LIHMDS, - 78 °C, THF EtO,C ——SiRMe;

3-8e; R=Me 92%
2) RSiMe,Cl, -78 °C --> r.t. EtOQC><;

3-8f: R=Ph 99%

NTs

®

Scheme 3-5: Synthesis of cyclopentene-diynes 3-8e and 3-8f

Methyl-substituted substrates 3-8g and 3-8h were obtained in good yields from
NaH-mediated coupling of bromo-diynes 2-16 and 2-12 with diethyl 2-(cyclopent-2-enyl)
malonate (3-6), respectively (Scheme 3-6).
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S CO,Et T
TsN + E>_< 2 NaH, THF TsN

Br
2-16 3-6 3-8g COE
EtOZC - . COzEt NaH, THF
Br
2-12 3-6

Scheme 3-6: Synthesis of cyclopentene-diynes 3-8g and 3-8h

The reactions of bromo-diynes 2-16 and 2-12 with N-cyclopent-2-enyl
sulfonamide (3-4) in the presence of potassium carbonate in refluxing acetonitrile
afforded substrate 3-8i and 3-8j in 80% and 85% vyields, respectively (Scheme 3-7).

T K2CO3 T o
+ NHTs
CH3CN, reflux, o/n

sN
Br 80% NTs
3-8i @

_ +
Br 85%
12

2- 3-4

EtO,C K,CO4 EtO,C —
>—NHTs
EtO,C CH,CN, 90 °C, o/n Et02C><;
NTs
e

Scheme 3-7: Synthesis of cyclopentene-diynes 3-8i and 3-8j
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§ 3.2.2. Optimization of [2+2+2+1] cycloaddition reaction and substrate

scope

With cyclopentene-diyne substrates in hand, we began the optimization studies for
the formation of 5-7-5-5 tetracyclic compounds. Since previous experience showed that
the optimum conditions for one substrate could not necessarily be extended to other
substrates, two substrates were used in the optimization studies. TMS-capped substrate
3-8a was subjected to previously optimized conditions for the formation of 5-7-6-5
products ([Rh(CO),Cl],, 2 atm of CO in 1,2-dichloroethane (DCE)/2,2,2-trifluoroethanol
(TFE) (10:1) at 60 °C. Under these conditions, the fused tetracyclic product 3-11a along
with the [2+2+2] cycloadduct 3-12a were obtained in a 94:6 ratio, as determined by
HPLC (Scheme 3-8, Table 3-1, entry 1). The SiPhMe,-capped substrate 3-8d gave
products 3-11d and 3-12d in 83:17 ratio as determined by HPLC (entry 2).

/%R (@)
TsN o R R
_ [Rh(CO),Cl,, (5 mol%) '
— \ +
X  CO (2 atm), Solvt, 60 °C
j 22h TsN X TsN X
3-8a X = C(CO,Et),, R = TMS 3-11a X = C(CO,Et), 3-12a X = C(CO,Et),, R = TMS
3-8d X = NTs, R = SiPhMe, 3-11d X =NTs, R=SiPhMe, 3-12d X = NTs, R = SiPhMe,

Scheme 3-8: [2+2+2+1] cycloadditon of cyclopentene-diyne 3-8a and 3-8d with CO
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Table 3-1: Optimization of [2+2+2+1] cycloaddition of 3-8a and 3-8d with CO

Entry X R Compound Solvent Conc. Ratio
[M] (3-11:3-12)2

1 C(CO,Et), TMS 3-8a DCE/TFE (10:1) 0.050 94:6
2 NTs SiPhMe, 3-8d DCE/TFE (10:1) 0.050 83:17
3 C(CO,EL), TMS 3-8a DCE/TFE (10:1) 0.025 95:5
4 NTs SiPhMe, 3-8d DCE/TFE (10:1) 0.025 90:10
5 C(CO,EL), TMS 3-8a TFE 0.025 100:0*
6 C(CO,EL), TMS 3-8a DCE/TFE (5:1) 0.025 100:0*
7 NTs SiPhMe, 3-8d DCE/TFE (5:1) 0.025 100:0*
8 C(CO,Et), T™MS 3-8a DCE/TFE (8:1) 0.025 100:0
9 NTs SiPhMe, 3-8d DCE/TFE (8:1) 0.025 100:0

DCE = 1,2-dichloroethane, TFE = 2,2,2-trifluoroethanol;  Determined by reverse phase HPLC
analysis (MeOH:H,O, Phenomenex, Jupiter 10u Proteo 90A) for 20 h reaction. * desilylated product
3-7 was also obtained aling with the desired product.

Performing the reactions of substrates 3-8a and 3-8d under more dilute conditions
resulted in improved selectivity only for substrate 3-8d (Table 3-1,entries 3 and 4). The
reaction of 3-8a in 2,2,2-trifluoroethanol (TFE) at 0.025M afforded the carbonylated
product exclusively. However, a significant amount of desilylated product 3-7 was also
observed (entry 5). It is assumed that 3-7 was formed through protodesilylation of 3-8a
by TFE under the reaction conditions. Although desilylation was observed to a lesser
extent, similar results were also observed for substrates 3-8a and 3-8d when a 5:1 ratio of
1,2-dichloroethane (DCE)/TFE was used as solvent (entries 6 and 7). Fortunately,
increasing the amount of DCE in the reaction mixture resulted in exclusive formation of
carbonylated products 3-11a and 3-11d with no trace of the desilylated products (entries
8 and 9). Thus, the current optimum conditions with [Rh(CO),Cl], (5 mol%) under 2 atm
of CO in DCE/TFE (8:1) at 60 °C for 22 h afforded 5-7-5-5 cycloadducts 3-11a and 3-
11d exclusively in 98% and 92% isolated yields respectively (Table 3-2, entries 1 and
4). It should be noted that the carbonylated products 3-11a (See Figure 3-1) and 3-11d
as well as other silyl-substituted substrates were obtained as regioisomers (1:4) and as

single diastereomers as was observed for 5-7-6-5 tetracyclic products (See chapter 2).
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Figure 3-1: HPLC trace of isolated product 3-13a (first peak) and 3-11a (second peak)
from [2+2+2+1] cycloaddition of cyclopentene-diyne 3-8a with CO

In an experiment similar to that done for 5-7-6-5 fused tetracylic products (See
Chapter 2), the mixture of carbonylated products 3-11a and 3-13a was also analyzed
by LC-MS while monitoring at 254 nm and 305 nm respectively (Figure 3-2). It was
predicted that the ultraviolet (UV) absorption for the non-conjugated carbonylated
isomer 3-13a would be diminshed at higher wavelengths. As Figure 3-2 shows, both
products 3-13a (first peak) and 3-11a (second peak) are clearly observed at 254 nm
(Top spectrum in Figure 3-2). However, the abosorption of the first product 3-13a at
305 nm is significantly diminshed, suggesting that this peak represents the non-
conjugated carbonylated isomer 3-13a, while the second peak represents the a,p-

conjugated carbonylated isomer 3-11a.
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DADI B, Sig=254,8 Ref=400,50 (OJIMAVK-11-28-LC-1.D)
mAU 8

o
<

T T T T T
245 25 255 26 26.5 27 275
DADL1 C, Sig=305,8 Ref=400,50 (OJIMAWJK-11-28-LC-1.D)

26585

24.641
25.206
27.248

Figure 3-2: LC-MS trace of product 3-13a (first peak) and 3-11a (second
peak) at 254 nm and 305 nm respectively

Exclusive selectivity in favor of the carbonylated products was also observed for
other sily-substituted cyclopentene-diyne substrates. Thus, PhMe,Si capped substrates
3-8b and 3-8f with p-toluenesulfonamide and malonate tethers gave the regioisomeric
products 3-11b and 3-13b as well as 3-11f and 3-13f in 94% and 86% isolated yields
respectively (entries 2 and 6). The reaction of TMS-capped bis p-toluenesulfonamide
tethered substrate 3-8c also gave the carbonylated products 3-11c and 3-13c in high yield
(entry 3). It is worthy of note that computational studies showed the diene-shifted
5-7-5-5 regioisomers to be more energetically favorable as was observed in the case of 5-
7-6-5 regioisomeric products (See chapter 2).
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Table 3-2: Formation of 5-7-5-5tetracyclics 3-11a-f and 3-13a-f through [2+2+2+1]
cycloaddition of 3-8a-f with CO

Entry Substrate Product 1 Product 2 Yield (%)?
— o)
/TTMS (0]
TsN T™S T™S
(1 — E (98)
E TsN E TsN E
3-8a 3-11a E 3-13a E
,—— SiPhMe; . @]
TsN Me,PhSi Me,PhSi
— E
(2) (94)
E TsN E  TsN E
3-8b 311b ¢ 313b L
S—=——TMS o 0
TsN T™S T™S
3) — \ (84)
NTs
TsN NTs TsN
3-8¢ D 3-11c 3.43¢ 1S
— o)
,—— SiPhMe, ) @)
TsN Me,PhSi Me,PhSi
(4) NTs (92)
TsN NTs TsN s
3-8d 3-11d 3-13d
E =——TMS O 0
TMS ™S
E JR—
(5) — (94)
NTs
E NTs
3-8e© E 311e g REN
E —=——SiPhMe, 0 0
Me,PhSi Me,PhSi
®6) E — (86)
NTs
E NTs E NTs
3-8f E 3-11f £ 3-13f
E:COZEtZ

@ Averaged combined isolated yield of regioisomeric products based on at least two runs using
80 mg of substrate, 5 mol% [Rh(CO),Cl],, CO (2 atm) in DCE/TFE (8:1) at [0.05] for 22 h at
60 °C. Isomeric products can be separated by prep HPLC.

105



Alkyl substituted cyclopentene-diyne subsbrates were also investigated.
However, the reaction of 3-8j under the current optimized conditions ([Rh(CO),Cl], (5
mol%) under 2 atm of CO in DCE/TFE (8:1) at 60 °C for 22 h) for 5-7-5-5 tetracyclic
formation gave a complex mixture as determined by HPLC. Other methyl substituted
substrates either gave complex reaction mixtures or showed no selectivity for the desired
carbonylated tetracyclic products. Thus, the conditions for selective formation of the
carbonylated products for methyl substituted substrates were investigated. It turned out
that using DCE as solvent gave satisfactory results for the methyl substrates 3-8g-j
investigated, although a longer reaction time was required (Scheme 3-9, Table 3-3). As
was the case for 5-7-6-5 tetracyclics, only the expected a,B-congugated products 3-11g-j
were obtained also as single diastereomers.

The reaction of 3-8g gave the desired 5-7-5-5 tetracyclic product 3-11g in 94%
isolated yield with no trace of the [2+2+2] cycloadduct (entry 1). The bis malonate
tethered substrate 3-8h gave the carbonylated product 3-11h in good yield (85%), but the
non-carbonylated product 3-12h was also obtained in 12% yield (entry 2). The bis p-
toluenesulfonamide tethered substrate 3-8i also gave the carbonylated products 3-11i in
moderate yield. The reaction of cyclopentene-diyne 3-11j afforded the 5-7-5-5 tetracyclic
adduct 3-11j and the 5-6-5-5 product 3-12j in 81% and 9% isolated yields respectively
(entry 4).

—M (0]
X © Me
- [Rh(CO),Cll,, (5 mol%)
— +
X CO (2 atm), DCE, 60 °C
26 h X

Scheme 3-9: [2+2+2+1] cycloadditon of cyclopentene-diyne 3-8g-j with CO
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Table 3-3: Formation of 5-7-5-5tetracyclics 3-11g-j through [2+2+2+1]

cycloaddition of 3-8g-j with CO

Entry Substrate Product 1 (yield %)? Product 2 (Yield %)?
S—=—Me 0
TsN Me
— E
(1) (94) -)
E TsN E
3-8g 3-11g
E
0]
Me Me
2) (85) (12)
E E E E
E 3-11h E E 3-12h E
S—=—Me o
TsN Me
3) NTs (60) (--)
TsN
3-8i @ 341i —NTS
E ——Me (@]
il Me Me
4 — (81) 9
(4) NTs _ 9)
E NTs NTs
3-8j E 311 E 3-12j
E= COzEt

Averaged isolated yield of products based on at least two runs using 80 mg of substrate, 5
mol% [Rh(CO),Cl],, CO (2 atm) in DCE at [0.025] for 26 h at 60 °C.
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§ 3.3. Conclusion

In summary, the formation of novel 5-7-5-5 fused tetracyclics from the [2+2+2+1]
cycloaddition of cyclopentene-diynes with carbon monoxide was described. The
carbonylated products were obtained exclusively, in good to excellent yields, and as
single diastereomers for all silyl-substituted substrates investigated. High to exclusive
selectivities were observed for methyl-substituted substrates, providing the carbonylated
products in moderate to excellent yields and as single diastereomers. The reaction of
silyl-substituted substrates gave regioisomeric carbonylated products, while alkyl
substituted substrates gave single carbonylated products. This novel [2+2+2+1]
cycloaddition process could be applied to the preparation of fused tetracyclic compounds
using a variety of unsaturated carbocycles and heterocycles as the ene component.
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§ 3.4 Experimental section

8 3.4.1 General methods

All reactions were carried out under nitrogen or carbon monoxide in oven dried
glassware using standard Schlenk techniques unless otherwise noted. All reactions were
monitored by thin layer chromatography (TLC) using E. Merck 60F254 precoated silica
gel plates. Flash chromatography was performed with the indicated solvents using Fisher
silica gel (60 um particle size 170-400 Mesh). Yields refer to chromatographically and
spectroscopically pure compounds. Analytical high performance liquid chromatography
(HPLC) was performed with a Shimadzu LC 2010A system using a phenomenex Jupiter
10p proteo 90A column (4.5 x 250 mm/mm) and gradient from 70% methanol to 95:5
methanol:water over 30 min with a flow rate of ImL/min. Preparative HPLC was carried
out on a Shimadzu semi-preparative LC-6AD HPLC system using a phenomenex Jupiter
10p proteo 90A column (21.2 x 250 mm/mm) and gradient from 70% methanol to 95:5
methanol:water over 30 min with a flow rate of 20 mL/min. Melting points were
measured with a Thomas Hoover capillary melting point apparatus and are uncorrected.
Infrared spectra were recorded on Shimadzu FTIR-84005 spectrophotometer. *H NMR
spectra were recorded on a Varian Inova-500 (500 MHz), 400 (400 MHz) or a Gemini-
300 (300 MHz) at ambient temperature using an internal deuterium lock. Chemical shifts
are referenced to residual chloroform (5 = 7.26 ppm). *C NMR spectra were recorded on
a Varian Inova-500 (125 MHz) 400 (100 MHz) at ambient temperature using an internal
deuterium lock. Chemical shifts are referenced to residual chloroform (6 = 77.0 ppm).
High resolution mass spectrometry (HRMS) was carried out at the Mass Spectrometry
Facility, the University of Illinois Urbana Champaign. Caution: Carbon monoxide is a
toxic gas and thus all reactions should be carried out in a fume hood with sufficient
ventilation. Solvents were reagent grade and freshly distilled before use. Diethyl ether
and tetrahydrofuran (THF) were distilled from sodium/benzophenone under nitrogen.
Anhydrous N,N-dimethylformamide (DMF) was purchased from DrySolv® and used
without further purification. Dichloroethane (DCE) and trifluoroethanol (TFE) were

purchased from Fischer and used without purification. Carbon monoxide was purchased
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from Liquid Carbonic Specialty Gases, Oak Brook, Illinois and passed through Drierite®
before use. [Rh(CO),Cl], was prepared by the literature method.?

Materials. Bromo-diynes 2-12, 2-14, 2-16 and 2-18 were prepared according to the
procedures in chapter 2 of this document.

8 3.4.2. Synthesis of cyclopentene-diynes
N-(Cyclopent-2-enyl)-4-methylbenzenesulfonamide, (3-4):
Ts.-Boc  PPhg, DIAD B¢ pmso, Mw
@OH s e, DA N @NHTS
H CH,Cl,, 85% Ts  160°C, 10 min

51%
31 3-2 3-3 3-4

Triphenylphosphine (11.7 g, 44.7 mmol), DIAD (9.51 g, 44.7 mmol) and N-
tosylamide 3-2 (10.1 g, 37.2 mmol) in CH,CI, (85 mL) were stirred for 20 min at room
temperature. Then 2-cyclopenten-1-ol (3-1) (3.13 g, 37.2 mmol) diluted in 15 mL of
CH.Cl, was added dropwise. The resulting mixture was stirred for 4 h at room
temperature. The mixture was concentrated and purified by flash chromatography on
silica gel using 8% EtOAc in hexanes as eleunt to give 3-3 (11.69 g, 85%) of the product
as a white solid; mp = 85-86 °C. *H NMR (CDCls, 300 MHz) & 1.33 (s, 9H), 2.04-2.09
(m, 1H), 2.37-2.43 (m, 5H), 2.46-2.58 (m, 1H), 5.61-5.64 (m, 2H), 5.88-5.90 (m, 1H),
7.32 (d, 2H, J =8.7 Hz), 7.80 (d, 2H, J = 8.7 Hz).

The tosylamide 3-3 (4.50 g, 13.3 mmol) was dissolved in 20 mL of DMSO and
heated in a microwave reactor at 160 °C for 10 min. Water was added and the mixture
extracted with CH,CI, (3x50 mL). The organic layers were combined and washed with
water, brine, dried over MgSQ,, filtered and concentrated. The crude product was
purified by flash chromatography on silica gel using 10% EtOAc in hexanes as eleuent to
give the product 3-4 (1.60 g, 51%) as a white solid; mp = 73-73 °C. *H NMR (CDCls,
300 MHz) 8 1.46-1.52 (m, 1H), 2.04-2.08 (m, 2H), 2.18-2.42 (m, 1H), 2.44 (s, 3H), 4.43
(bs, 1H), 4.71 (bs, 1H), 5.41-5.44 (m, 1H), 5.83-5.86 (m, 1H), 7.32 (d, 2H, J = 8.7 Hz),
7.79 (d, 2H, J = 8.7 Hz). *C NMR (CDCls, 100 MHz) & 21.50, 30.79, 31.53, 59.80,
127.08, 129.69, 130.45, 135.04, 138.12, 143.29. Spectral data are consistent with those

reported in the literature.’
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Diethyl 2-(cyclopent-2-enyl) malonate, (3-6):*

@OAC + EtOZC\/COZEt Pd(OAC)z, PPh3 E: CozEt
NaH, THF, reflux

CO,Et
70%

3-5 2-24 3-6

To a suspension of NaH (951 mg, 23.7 mmol,) in THF (60 mL) was added
diethylmalonate (2-24) (3.85 g, 23.7 mmol) and the resulting mixture stirred for 10 min.
To this was added Pd(OAc), (110 mg, 0.496 mmol) and PPhz (520 mg, 1.98 mmol),
followed by cyclopent-2-enyl acetate (3-5) (2.50 g, 19.8 mmol). The resulting solution
was heated under reflux overnight. The mixture was then partitioned between Et,O and
H,0. The organic layer was separated, and the aqueous extracted with Et,O (3 x 40 mL).
The organic extracts were combined, dried over MgSOQO,, filtered, and concentrated in
vacuo. The crude product was purified by flash chromatography on silica gel using 10%
EtOACc in hexanes as eleuent to give diethyl-2-(cyclopent-2-enyl) malonate (3-6) (3.14 g,
70%). 'H NMR (CDCls, 300 MHz) & 1.24-1.28 (m, 6H), 1.58-1.63 (m, 1H), 2.09-2.16
(m, 1H), 2.30-2.36 (m, 2H), 3.24 (d, 1H, J = 9.3 Hz), 3.33-3.38 (m, 1H), 4.16-4.23 (m,
4H), 5.65-5.68 (m, 1H), 5.80-5.83 (m, 1H); **C NMR (CDCl;, 100 MHz) & 14.07, 27.76,
31.72, 45.33, 57.06, 61.17, 131.50, 132.82, 168.70, 168.75. Spectral data are consistent
with those reported in the literature.*

1-Aza-1-(cyclopent-2-en-1-yl)-(4-methylbenzene-sulfonyl)-9-trimethylsilyl-6,6,-

dicarbethoxy-1nona-3,8-diyne, (3-8a):

— COEL  NaH, THE o
TsN + —_— S

e Co,Et Tt 87% = CO,Et
Br
2-18 3-6 3-7 CO,Et
——TMS
1) LIHMDS, - 78 °C, THF  TgN
— CO,Et
2) TMS-CI, - 78°C
85% 3-8a CO,Et
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Diethyl 2-(cyclopent-2-enyl) malonate (3-6) (1.66 g, 7.35 mmol) in 10 mL of
THF was added dropwise to a suspension of NaH (60% dispersion in mineral oil, 0.353 g,
8.82 mmol) in 40 mL of THF. The resulting mixture was stirred for 30 min at room
temperature. Bromo-diyne 2-18 (2.50 g, 7.35 mmol) diluted in 10 mL of THF was added
and the mixture was then stirred at room temperature for 18 h. The reaction mixture was
diluted with water and extracted with ether. The organic layer was washed with brine,
dried over MgSQ,, filtered and concentrated to yield dark oil. The crude product was
purified by flash chromatography on silica gel using 10% EtOAc in hexanes as eluent to
give cyclopentene-diyne 3-7 as light yellow oil (3.11 g, 87%); *H NMR (300 MHz,
CDCl3) 8 1.21-1.26 (m, 6H), 1.62-1.71 (m, 1H), 1.91-2.01 (m, 1H), 2.10 (t, 1H, J = 1.8
Hz), 2.23-2.28 (m, 2H), 2.42 (s, 3H), 2.68 (t, 2H, J = 2.4 Hz), 3.42-3.50 (m, 1H), 4.08-
4.21 (m, 8H), 5.71-5.78 (m, 2H), 7.30 (d, 2H, J = 8.4 Hz), 7.70 (d, 2H, J = 8.4 Hz); **C
NMR (CDCl3, 100 MHz) 6 14.00, 14.04, 21.50, 23.14, 25.02, 31.67, 35.95, 36.53, 48.72,
59.78, 61.30, 61.36, 73.71, 75.09, 76.31, 81.62, 127.79, 129.47, 131.09, 132.40, 135.33,
143.76, 169.71, 169.88;

To a solution of cyclopentene-diyne 3-7 (600 mg, 1.24 mmol) in 20 mL of THF
was added dropwise 1 M LiHMDS (1.85 mL) in THF at -78 °C. The resulting mixture
was stirred at -78 °C for 45 min and then trimethylchloro silane (165 mg, 1.49 mmol) in
10 mL of THF was added dropwise. The resulting mixture was then warmed slowly to -
40 °C and stirred for 4 h. The reaction mixture was diluted with ether, followed by the
addition of saturated aqueous NH,4CI solution. The layers were separated and the organic
layer was washed with brine, dried over MgSQOy, filtered and concentrated under reduced
pressure. The crude product was purified by flash chromatography on silica gel using
10% EtOACc in hexanes as eleuent to afford silyl-terminal cyclopentene-diyne 3-8a as
white solid (586 mg, 85% vyield) : mp = 70-71 °C. *H NMR (300 MHz, CDCls) & 0.01
(s,9H), 1.21-1.26 (m, 6H), 1.64-1.71 (m, 1H), 1.95-2.04 (m, 1H), 2.23-2.29 (m, 2H), 2.41
(s, 3H), 2.70 (t, 2H, J = 2.4 Hz), 3.42-3.50 (m, 1H), 4.11(t, 2H, J = 2.4 Hz), 4.11-4.21 (m,
6H), 5.71-5.78 (m, 2H), 7.29 (d, 2H, J = 8.4 Hz), 7.69 (d, 2H, J = 8.4 Hz); *C NMR
(CDCls3, 100 MHz) 6 -0.43, 14.05, 14.07, 21.50, 23.11, 25.03, 31.70, 36.50, 36.91, 48.76,
59.82, 61.31, 61.36, 75.25, 81.41, 90.93, 97.46, 127.83, 129.49, 131.15, 132.40, 135.41,
143.59, 169.76, 169.91.
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In the same manner 9-dimethylphenylsilyl derivative 3-8b was synthesized.

1-Aza-1-(cyclopent-2-en-1-yl)-(4-methylbenzene-sulfonyl)-9- dimethylphenylsilyl-
6,6,-dicarbethoxy-1nona-3,8-diyne, (3-8b):

TN 1) LIHMDS, -78 °C, THF TN
—  \/COE ) siphme,cl, -78°C =\ OO
3-7 CO,Et 3-8b CO,Et

Synthesized using LIHMDS (1.85 mL of 1 M solution in THF), cyclopentene-diyne 3-7
(0.60 g, 1.24 mmol) and dimethylphenylsilyl chloride (0.22 g, 1.24 mmol); 640 mg, 83%
yield) as yellow oil. 'H NMR (300 MHz, CDCl3) § 0.25 (s, 6H), 1.17-1.24 (m, 6H), 1.62-
1.71 (m, 1H), 1.94-2.02 (m, 1H), 2.26-2.41 (m, 2H), 2.32 (s, 3H), 2.71 (t, 2H, J = 2.1
Hz), 3.49-3.52 (m, 1H), 4.06-4.23 (m, 8H), 5.72-5.76 (m, 2H), 7.19 (d, 2H, J = 8.4 Hz),
7.34-7.39 (m, 3H), 7.45-7.48 (m, 2H), 7.68 (d, 2H, J = 8.4 Hz); **C NMR (CDCl;, 125
MHz) & 0.00, 15.23, 22.64, 24.32, 26.21, 32.87, 37.77, 38.15, 49.93, 60.99, 62.48, 62.54,
76.39, 82.71, 90.21, 100.51, 128.96,129.00, 130.65, 130.68, 132.29, 133.60, 134.67,
136.50, 137.49, 144.80, 170.91, 171.07.

1,6-Bis(4-methylbenzenesulfonyl)-1-(cyclopent-2-en-1-yl)-1,6-diaza-9-
trimethylsilylnona-3,8-diyne, (3-8c):

_ /—_
/S KoCO3 TsN
TsN + NHTs =
\;\ CH3CN, reflux, o/n —
— NTs
Br
2-18 34 3-9 U
———TMS
1) LIHMDS, -78 °C, THF TsN
2) TMSCI, -78°C, 83% NTs
3-8c
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A suspension of N-(cyclopent-2-ynyl)-4-methylbenzenesulfonamide (3-4) (1.38 g,
5.81 mmol) and potassium carbonate (K,COs, 1.58 g, 11.4 mmol) in 40 mL of CH3CN
was heated at reflux for 15 min. A solution of diyne-bromide 2-18 (1.94 g, 5.70 mmol) in
10 mL of CH3CN was added and the resulting mixture was refluxed overnight. The
mixture was cooled to room temperature, filtered over celite and concentrated under
reduced pressure. The residue was purified by flash chromatography on silica gel using
10% EtOAc in hexanes as eluent to give 3-9 as white solid (2.43 g, 86%); mp = 115-116
°C. 'H NMR (300 MHz, CDCl3) & 1.63-1.71 (m, 1H), 2.02-2.09 (m, 2H), 2.24-2.29 (m,
1H), 2.43 (s, 6H), 3.73-4.01 (m, 6H), 5.02-5.08 (m, 1H), 5.38-5.40 (m, 1H), 5.95-5.97
(m, 1H), 7.31 (d, 4H, J = 8.1 Hz), 7.69 (d, 2H, J = 8.4 Hz), 7.76 (d, 2H, J = 8.4 Hz); *C
NMR (CDCls, 100 MHz) 6 21.53, 27.41, 31.38, 32.37, 36.11, 36.39, 64.15, 73.95, 76.03,
76.15, 82.19, 127.42, 127.80, 129.02, 129.37, 129.52, 129.57, 135.19, 136.47, 137.53,
143.38, 143.97,

To a solution of cyclopentene-diyne 3-9 (550 mg, 1.11 mmol) in 20 mL of THF
was added dropwise 1 M LiHMDS (1.66 mL) in THF at -78 °C. The resulting mixture
was stirred at -78 °C for 45 min and then trimethylchloro silane (135 mg, 1.22 mmol) in
10 mL of THF was added dropwise. The resulting mixture was then warmed slowly to -
40 °C and stirred for 4 h. The reaction mixture was diluted with ether, followed by the
addition of saturated aqueous NH4CI solution. The layers were separated and the organic
layer was washed with brine, dried over MgSQy,, filtered and concentrated under reduced
pressure. The crude product was purified by flash chromatography on silica gel using
10% EtOAc in hexanes as eleuent to afford silyl-terminal cyclopentene-diyne 3-8c as
yellow oil (523 mg, 83% yield). *"H NMR (300 MHz, CDCls) & 0.02 (s, 9H), 1.70-1.75
(m, 1H), 2.01-2.08 (m, 2H), 2.34-2.40 (m, 1H), 2.42(s, 3H), 2.44 (s, 3H), 3.76-4.00 (m,
6H), 5.03-5.09 (m, 1H), 5.40-5.43 (m, 1H), 5.96-5.98 (m, 1H),7.33 (m, 4H), 7.68 (d, 2H,
J=8.4Hz), 7.77 (d, 2H, J = 8.4 Hz); *C NMR (CDCls, 125 MHz) & -0.40, 21.53, 27.44,
31.42, 32.45, 36.37, 37.05, 64.14, 76.26, 81.91, 91.21, 97.27, 127.43, 127.82, 129.05,
129.53, 129.58, 135.33, 136.46, 137.57, 143.39, 143.78.

In the same manner 9-dimethylphenylsilyl derivative 3-8d was synthesized.
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1,6-Bis(4-methylbenzenesulfonyl)-1-(cyclopent-2-en-1-yl)-1,6-diaza-9-
dimethylphenylsilyl -3,8-diyne, (3-8d):

TSN 1) LIHMDS, - 78 °C, THF TSP,
— S
—="\ _ 2)PhMe,Si-Cl, -78 °C, 87% _
NTs
3-9 3-8d

Synthesized using LIHMDS (1. 50 mL of 1 M solution in THF), cyclopentene-diyne 3-9
(0.49 g, 0.98 mmol) and dimethylphenylsilyl chloride (0.17 g, 0.98 mmol); (540 mg, 87%
yield) as yellow oil. *H NMR (300 MHz, CDCl3) § 0.25 (s, 6H), 1.68-1.75 (m, 1H), 2.01-
2.09 (m, 1H), 2.20-2.34 (m, 1H), 2.31-2.38 (m, 4H), 2.41 (s, 3H), 3.76-3.97 (m, 4H), 4.08
(s,2H), 5.04-5.07 (m, 1H), 5.40-5.43 (m, 1H), 5.92-5.97 (m, 2H),7.21 (d, 2H, J = 8.1
Hz),7.27-7.47(m, 7H), 7.67(d, 2H, J = 8.4 Hz), 7.76 (d, 2H, J = 8.4 Hz); *C NMR
(CDCls3, 100 MHz) 6 -1.16, 21.50, 27.44, 31.40, 32.42, 36.45, 37.12, 64.14, 76.17, 82.04,
89.33, 99.07, 127.41, 127.77, 127.88, 129.03, 129.52, 129.60, 133.50, 135.21, 136.17,
136.49, 137.54, 143.39, 143.83;

1-Aza-1-(cyclopent-2-en-1-yl)-6,6,-dicarbethoxy-9-trimethylsilyl-1-(4-

methylbenzene-sulfonyl)nona-3,8-diyne, (3-8e):

EtO,C — @7 K,COs EtO,C =
+ NHTs
Et02C><;\ CH3CN, reflux, o/n EtO,C —
Br
2-14 3-4

75% NTs

3-10 @

1) LIHMDS, - 78 °C, THF Et0,C_/——— TMS
2) TMSCI-78 °C, 92% EtO,C7 \=—

3-8e NTs

A suspension of N-(cyclopent-2-ynyl)-4-methylbenzenesulfonamide (3-4) (0.820
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g, 3.46 mmol) and potassium carbonate (K,COs, 0.956 g, 6.92 mmol) in 30 mL of
CH3CN was heated at reflux for 15 min. A solution of the diyne-bromide 2-14 (1.14 g,
3.46 mmol) in 10 mL of CH3CN was added and the resulting mixture was refluxed
overnight. The mixture was cooled to room temperature, filtered over celite and
concentrated under reduced pressure. The residue was purified by flash chromatography
on silica gel using 10% EtOAc in hexanes as eluent to give 3-10 as viscous yellow oil
(1.26 g, 75%). 'H NMR (300 MHz, CDCl3) & 1.21-1.27 (m, 6H), 1.75-1.77 (m, 1H),
2.01-2,09 (m, 2H), 2.20-2.27 (m, 1H), 2.43 (s, 3H), 2.83-2.85 (m, 4H), 3.85-3.94 (m,
2H), 4.10-4.24 (m, 4H), 5.01-5.06 (m, 1H), 5.43-5.46 (m, 1H), 5.97-5.99 (m, 1H), 7.32
(d, 2H, J = 8.4 Hz), 7.79 (d, 2H, J = 8.4 Hz); **C NMR (CDCl;, 100 MHz) & 13.95,
21.49, 22.54, 22.73, 27.37, 29.29, 31.36, 32.54, 56.19, 61.97, 64.10, 71.52, 77.86, 78.53,
79.84,127.41, 127.46, 129.12, 129.42, 136.31, 137.70, 143.09, 168.57.

To a solution of cyclopentene-diyne 3-10 (0.620 g, 1.28 mmol) in 20 mL of THF
was added dropwise 1 M LiHMDS (1.92 mL) in THF at -78 °C. The resulting mixture
was stirred at -78 °C for 45 min and then trimethylsilyl chloride (0.210 g, 1.92 mmol) in
10 mL of THF was added dropwise. The resulting mixture was then warmed slowly to -
40 °C and stirred for 4 h. The reaction mixture was diluted with ether, followed by the
addition of saturated aqueous NH,4CI solution. The layers were separated and the organic
layer was washed with brine, dried over MgSQy,, filtered and concentrated under reduced
pressure. The crude product was purified by flash chromatography on silica gel using
10% EtOAc in hexanes as eleuent to afford silyl-terminal cyclohexenediyne 3-8e as
yellow oil (0. 66 g, 92% yield). *"H NMR (300 MHz, CDCls)  0.12 (s, 9H), 1.21-1.29
(m, 6H), 1.73-1.81 (m, 1H), 1.99-2.06 (m, 1H), 2.22-2.54 (m, 1H), 2.37-2.40 (m, 1H),
2.43 (s, 3H), 2.82-2.84 (m, 4H), 3.79-4.00 (m, 2H), 4.04-4.21 (m, 4H), 5.00-5.04 (m,
1H), 5.42-5.46 (m, 1H), 5.96-5.99 (m, 1H), 7.33 (d, 2H, J =8.4 Hz), 7.79 (d, 2H, J = 8.4
Hz); *C NMR (CDCls, 100 MHz) & -0.07, 14.01, 21.52, 22.76, 23.93, 27.39, 31.41,
32.61, 56.49, 61.89, 64.11, 78.11, 79.74, 88.25, 100.92, 127.50, 129.15, 129.44, 136.32,
137.73, 143.12, 168.61.

In the same manner 9-dimethylphenylsilyl derivative 3-8f was synthesized.
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1-Aza-1-(cyclopent-2-en-1-yl)-6,6,-dicarbethoxy-9-dimethylphenylsilyl-1-(4-
methylbenzene-sulfonyl)nona-3,8-diyne (3-8f):

EtO,C — — o
5 2c X 1) LIHMDS, - 78 °C, THF Et0,C. /—==—"SiPhMe,
Et _
? = 2) PhMe,Si-Cl, -78°C, 9%  Et0,C” \__—
NTs —
NTs

3-10 @ 3-8f <

Synthesized using LIHMDS (1.92 mL of 1 M solution in THF), cyclopentene-diyne 3-10
(0.62 g, 1.28 mmol) and dimethylphenylsilyl chloride (0.33 g, 1.92 mmol); (0. 79 g, 99%
yield) as yellow oil. *H NMR (300 MHz, CDCls) & 0.36 (s, 6H), 1.19-1.28 (m, 6H), 1.73-
1.81 (m, 1H), 1.99-2.10 (m, 1H), 2.23-2.31 (m, 1H), 2.38-2.43 (m, 4H), 2.85-2.91 (m,
4H), 3.83-4.05 (m, 2H), 4.17-4.20 (m, 4H), 5.00-5.02 (m, 1H), 5.43-5.46 (m, 1H), 5.94-
5.99 (m, 1H), 7.29-7.40 (m, 5H), 7.62 (d, 2H, J = 8.1 Hz), 7.78 (d, 2H, J = 8.1 Hz); **C
NMR (CDCls, 125 MHz) 6 -0.85, 13.97, 21.45, 22.84, 24.03, 27.39, 31.38, 32.57, 56.46,
61.92, 64.09, 78.01, 79.81, 86.27, 102.80, 127.45, 127.80, 127.84, 129.11, 129.37,
133.58, 136.30, 136.87, 137.70, 143.11, 168.56.

6-Aza-1-(cyclopent-2-en-1-yl)-,1,1-dicarbethoxy-6-(4-methylbenzenesulfonyl)deca-

3,8-diyne, (3-89):

S— CO,Et T
TsN + E>_< 2 NaH, THF TN

T 1\ CO,Et  rt,85% — CO,Et

Br
2-16 3-6 3-8g CO,Et

Diethyl 2-(cyclopent-2-enyl) malonate (3-6) ( 268 mg, 1.19 mmol) in 10 mL of
THF was added dropwise to a suspension of NaH (60% dispersion in mineral oil, 57 mg,
1.4 mmol) in 10 mL of THF. The resulting mixture was stirred for 30min at room
temperature. Bromodiyne 2-16 (420 mg, 1.19 mmol) in 5 mL of THF was added and the
mixture was then stirred at room temperature for 18 h. The reaction mixture was diluted

with water and extracted with ether. The organic layer was washed with brine, dried over
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MgSQ,, filtered and concentrated to yield dark oil. The crude product was purified by
flash chromatography on silica gel using 10% EtOAc in hexanes as eluent to give
cyclopentene-diyne 3-8g as light yellow viscous oil (514 mg, 87%). *H NMR (300 MHz,
CDCl3) & 1.19-1.26 (m, 6H), 1.62 (t, 3H, J = 2.4 Hz), 1.65-1.69 (m, 1H), 1.93-2.01 (m,
1H), 2.21-2.28 (m, 2H), 2.41 (s, 3H), 2.67 (t, 2H, J = 2.4 Hz), 3.44-3.48 (m, 1H), 4.05-
4.20 (m, 8H), 5.70-5.79 (m, 2H), 7.29 (d, 2H, J = 8.7 Hz), 7.69 (d, 2H, J = 8.7 Hz); **C
NMR (CDCls, 125 MHz) 6 4.30, 13.98, 14.10, 21.48, 23.15, 25.04, 31.69, 36.49, 48.73,
59.81, 61.29, 61.34, 71.43, 75.44, 81.26, 81.63, 127.89, 129.29, 131.17, 132.36, 135.53,
143.47, 169.75, 169.91.

1-(Cyclopent-2-en-1-yl)-,1,16,6-tetracarbethoxydeca-3,8-diyne, (3-8h):
BOL /T, C :CO2Et NaH, THF
EtOQC — COzEt r.t., 91%

Br
2-12 3-6

Diethyl 2-(cyclopent-2-enyl) malonate (3-6) (363 mg, 1.60 mmol) in 10 mL of
THF was added dropwise to a suspension of NaH (60% dispersion in mineral oil, 77 mg,
1.9 mmol) in 10 mL of THF. The resulting mixture was stirred for 30min at room
temperature. Bromodiyne 2-12 (550 mg, 1.60 mmol) in 5 mL of THF was added and the
mixture was then stirred at room temperature for 18 h. The reaction mixture was diluted
with water and extracted with ether. The organic layer was washed with brine, dried over
MgSQ,, filtered and concentrated to yield dark oil. The crude product was purified by
flash chromatography on silica gel using 10% EtOAc in hexanes as eluent to give
cyclopentene-diyne 3-8h as light yellow oil (709 mg, 91%); *H NMR (300 MHz, CDCls)
8 1.19-1.27 (m,12H), 1.66-1.73 (m, 4H), 2.00-2.06 (m, 1H), 2.23-2.28 (m, 2H), 2.76 (t,
2H, J = 2.4 Hz), 2.86 (q, 2H, J = 2.4 Hz), 2.90 (t, 2H, J = 2.4 Hz), 3.54-3.57 (m, 1H),
4.14-4.22 (m, 8H), 5.74-5.79 (m, 2H); *C NMR (CDCls, 100 MHz) & 3.39, 13.95, 14.03,
22.74, 22.77, 23.30, 25.07, 31.65, 48.59, 56.71, 59.88, 61.14, 61.22, 61.64, 73.21, 78.37,
78.71, 131.49, 132.07, 169.02, 169.86, 170.02.
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1,6-Bis(4-methylphenylsulfonyl)-1-(cyclopent-2-en-1-yl)- 1,6-diazadeca-3,8-diyne, (3-
8i):

— / —
/T K2CO3 TsN
TsN + NHTs _
= CH3CN, reflux, o/n — \
80% NTs

Br
2-16 34 3-8i @

A suspension of N-(cyclopent-2-ynyl)-4-methylbenzenesulfonamide (3-4) (320
mg, 1.36 mmol) and potassium carbonate (K,COs3, 376 mg, 2.72 mmol) in 30 mL of
CH3CN was heated at reflux for 15 min. A solution of diyne-bromide 2-16 (481 g, 1.36
mmol) in 10 mL of CH3CN was added and the resulting mixture was refluxed overnight.
The mixture was cooled to room temperature, filtered over celite and concentrated under
reduced pressure. The residue was purified by flash column chromatography on silica gel
using 10% EtOAc in hexanes as eluent to give 3-8i as viscous yellow oil (554 mg, 80%).
'H NMR (300 MHz, CDCl3) 8 1.61-1.72 (m, 4H), 2.01-2.06 (m, 1H), 2.22-2.38 (m, 2H),
2.42 (s, 3H), 2.43 (s, 3H), 3.74-3.99 (m, 6H), 5.02-5.05 (m, 1H), 5.37-5.41 (m, 1H), 5.93-
5.97 (m, 1H), 7.27-7.32 (m, 4H), 7.66-7.75 (m, 4H); **C NMR (CDCls, 100 MHz) § 3.35,
21.52, 27.39, 31.38, 32.43, 36.37, 36.66, 64.14, 71.29, 76.42, 81.83, 81.85, 127.43,
127.89, 129.04, 129.38, 129.50, 135.41, 136.46, 137.54, 143.37, 143.66.

1-Aza-1-(cyclopent-2-en-1-yl)-6,6-dicarbethoxy-1-(4-methylbenzenesulfonyl)nona-
3,8-diyne, (3-8j);

EtO,C K,CO4 EtO,C —
@NHT
EtO,C CH5CN, 90 °C, o/n EtO,C —

85% NTs

e

A suspension of N-(cyclopent-2-ynyl)-4-methylbenzenesulfonamide (3-4) (691

mg, 2.91 mmol) and potassium carbonate (K,COs, 804 mg, 5.82 mmol) in 30 mL of
CH3CN was heated at reflux for 15 min. A solution of the diyne-bromide 2-12 (1.00 g,
2.91 mmol) in 10 mL of CH3CN was added and the resulting mixture was refluxed
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overnight. The mixture was cooled to room temperature, filtered over celite and
concentrated under reduced pressure. The residue was purified by column
chromatography on silica gel using 10% EtOAc in hexanes as eluent to give 3-8j as
yellow oil (1.24 g, 85%). *H NMR (300 MHz, CDCl3) & 1.20-1.25 (m, 6H), 1.74-1.81 (m,
4H), 2.01-2.05 (m, 1H), 2.14-2.24 (m, 1H), 2.38-2.41 (m, 1H), 2.43 (s, 3H), 2.77 (q, 2H,
J=24Hz),283(t 2H, J = 2.1 Hz), 3.79-4.04 (m, 2H), 4.10-4.22 (m, 4H), 5.01-5.03 (m,
1H), 5.43-5.45 (m, 1H), 5.96-5.98 (m, 1H), 7.32 (d, 2H, J = 8.7 Hz), 7.79 (d, 2H, J = 8.7
Hz); *C NMR (CDCls, 100 MHz) & 3.41, 13.95, 21.47, 22.74, 22.89, 27.32, 31.33, 32.57,
56.51, 61.74, 64.07, 73.07, 78.19, 78.86, 79.55, 127.45, 129.08, 129.37, 136.28, 137.69,
143.04, 168.91.

8 3.4.3. [2+2+2+1] Cycloaddition of cyclopentene-diynes with carbon

monoxide

X [Rh(CO)2CI] (5 mol%)

Y CO (2 atm), DCE/TFE (10:1)
@ 60 °C X Y

Typical procedure is described for the reaction of cyclohexene-diyne 4a: A 25 cm®
round bottomed flask charged with an 4a (100 mg, 0.19 mmol) in DCE/TFE (10:1) (3.90
cm®, [0.05 M] and [Rh(CO),Cl], (3.8 mg, 0.009 mmol ) was transferred to a 125 cm?®
stainless steel autoclave and purged with CO and released (4x) (Caution must be done
in a well ventilated fume hood) and then charged with CO to 2 atm. The autoclave was
immersed in an oil bath at 60 °C for 20 h. The autoclave was allowed to cool to room
temperature, followed by release of the gas in a well ventilated fume hood. The reaction
mixture was concentrated under reduced pressure and the resulting crude product was
purified by column chromatography on silica gel using EtOAc/hexanes (15/85) as eluent

to give fused tetracyclic products.
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Diethyl-6-methyl-2-[(4-methylphenyl)sulfonyl]-5-o0x0-2a,3,4,5,5a,6,8,9,9c-nona
ahydrobenzo[1,8]azuleno[4,5-c]pyrrole-2,2(1H)-dicarboxylate, (3-119):
0

TsN CO,Et
CO,Et

94% yield; *H NMR (CDCls, 300 MHz) & 1.22-1.31 (m, 8H), 1.66 (s, 3H), 1.71-1.87 (m,
3H), 2.33 (d, 1H, J = 14.1 Hz), 2.43 (s, 3H), 2.48-2.54 (m, 1H), 2.93 (t, 1H, J = 6.6 Hz),
3.17-3.24 (m, 1H), 3.62 (d, 1H, J = 6.6 Hz), 3.92 (d, 1H, J = 15.3 Hz), 4.03-4.12 (m, 1H),
4.17-4.35 (m, 5H), 7.36 (d, 2H, J = 7.8 Hz), 7.73 (d, 2H, J = 7.8 Hz); **C NMR (CDCl;,
100 MHz) 8 14.10, 21.54, 27.17, 29.26, 34.14, 44.36, 46.48, 48.05, 50.35, 51.67, 54.66,
57.13, 61.55, 61.71, 127.45, 129.95, 132.21, 133.49, 144.05, 171.06, 172.00, 208.60.

Diethyl-6-methyl-2-[(4-methylphenyl)sulfonyl]-5-ox0-2,23a,3,4,5,5a,6,8,9,9c-nona
ahydroazuleno[4,5,6-cd]indole-9,9(1H)-dicarboxylate, (3-11j):
(0]

EtO,C
EtO,C

NTs

Colorless oil; *H NMR (CDCls, 300 MHz) & 1.18-1.27 (m, 7H), 1.63-1.69 (m, 1H), 1.78-
1.89 (m, 5H), 2.43 (s, 3H), 2.73-3.01 (m, 3H), 3.10-3.30 (m, 2H), 4.03-4.06 (m, 1H),
4.15-4.21 (m, 4H), 4.31-4.37 (m, 1H), 7.33 (d, 2H, J = 8.4 Hz), 7.73 (d, 2H, J = 8.4 H2);
13C NMR (CDCls, 100 MHz) § 13.99, 21.52, 26.91, 31.32, 39.88, 41.51, 47.23, 52.59,
56.82, 56.91, 61.95, 62.03, 65.32, 127.46, 129.85, 130.45, 132.60, 134.91, 136.76,
143.76, 146.43, 170.56, 170.69, 199.10;
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Chapter 4

Formation of 5-7-5 fused tricyclic y-lactones via Rh(l)-

catalyzed [2+2+2+1] cycloaddition of enediynes with carbon
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8§ 4.1. Introduction

Natural products and their metabolites isolated from diverse origins have been an
extraordinary source in the development of active pharmaceuticals, agrochemicals and
other applications. Often, natural products also serve as templates to obtain more potent
and selective agents through structure-activity relationship (SAR) studies. A ubiquitous
feature of natural products and their metabolites is that they often contain fascinating
fused-ring skeletons. Carbocyclic seven-membered rings fused with y-butyrolactones are
prominent constituents in a wide variety of biologically active compounds.! Among
them, the guaianolides 4-1 and 4-2, pseudoguaianoides 4-3 and 4-4 and tremulanes 4-5
(Figure 4-1) possessing a tricyclic 5-7-5 ring system, are a widely distributed class of

sesquiterpene lactones displaying a broad range of biological activity.'® %2

OAc

Cladantholide, 4-1 Arglabin, 4-2 Hymenolin, 4-3 Tetraneurin A, 4-4 Tremulenolide A, 4-5
antifeedant activity anticancer activity ~ antifeedant activity antihepatitis C activity and antifungal activity
antiinflammatory acitivity

Figure 4-1: Natural products with 5-7-5 fused lactone skeletons

The key difference between the guaianolides 4-1 and 4-2 and pseudoguaianoides
4-3 and 4-4 lies in the stereochemical orientation of the lactone. The y-butyrolactone
moiety is generally trans in guaianolides, while the pseudoguaianolides are generally
found to contain a cis-fused a-methyl or a-methylene y-butyrolactones.

Unfortunately, the vast majority of natural products cannot be isolated in large
quantities from their natural source. Consequently, the need to develop highly efficient
synthetic methods that provide access to fused-ring skeletons with handles for further
modification is necessary. Transition metal-catalyzed carbocyclization and cycloaddition
reactions have proven to be among the most efficient methods for natural products

synthesis as well as constructing “natural product-like” and “drug-like” skeletons.
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As a part of continuing studies on higher order cycloaddition reactions, the Rh(I)-
catalyzed [2+2+2+1] cycloaddition of 1-substituted dodec-11-ene-8-oxo-1,6-diynes to
yield 5-7-5 tricyclic products with fused y-lactones was investigated. Tricyclic products
with modifiable functional groups were obtained from simple linear starting materials in

a single reaction and in good to excellent yields.

8§ 4.2. Result and discussion

8 4.2.1. Synthesis of 1-substituted dodec-11-ene-8-0x0-1,6-diynes

The synthesis of 9,9-di(carbethoxy)-4-oxo0-5-0xa-trideca-1-ene-6,11-diyne (4-9a)
began with the coupling of butynyl malonate (4-6) with propargyl bromide (4-7) in the
presence of NaH in THF, and afforded the desired bis-propargylic malonate 4-8 in 87%
yield (Scheme 4-1). The treatement of malonate 4-8 with allyl chloroformate in the
presence of LIHMDS afforded the desired enediyne derivative 4-9a in 81% isolated yield
(Scheme 4-1).

— _ NaH, THF EtO,C —
EtO,C— + ST T o X
r.t., 87% _
CO,Et Br ° EtOC \—=
4-6 4-7 4-8

LIHMDS, - 78 °C BOL /T
allylchloroformate, 81% EtO,C —
0
4-9a /_/
/

Scheme 4-1: Synthesis of 9,9-di(carbethoxy)-4-oxo0-5-oxa-trideca-1-ene-6,11-diyne
(4-9a)

Though the desired oxo- enediyne 4-9a could be obtained easily as described in
Scheme 4-1, it was necessary to develop a more general method that would permit the
preparation of substrates with diverse allyl substituents. We envisioned that such
substrates could be easily accessed by esterification from the corresponding acid
derivative. Thus, treatment of bis-propargylic malonate 4-8 with LIHMDS in THF at —
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78 °C, followed by quenching the resulting acetylide with gaseous carbon dioxide gave
acid 4-10 in 88% isolated yield (Scheme 4-2). The desired oxo-enediyne 4-9a was then
obtained in 78% yield by coupling of acid 4-10 with allyl bromide 4-11 in the presence of
NaHCOj3 in DMF (Scheme 4-2).

EtO,C — i _ o EtO,C —
2 :< 1) LIHMDS, THF, -78 C‘ 2 o + /\/Br
EtO,C — 2) CO, (g), -78 °Ctor.t. EtO,C —
88% OH
4-8 410 4-11

NaHCO;4 EtOZC>< 0
DMF, 78% Et0,C —
4-9a O
V4

Scheme 4-2: Synthesis of 9,9-di(carbethoxy)-4-oxo0-5-0xa-trideca-1-ene-6,11-diyne
(4-9a)

In a similar manner, oxo-enediynes 4-9b and 4-9c were obtained in 87% and 49%
yields respectively from the treatment of acid 4-10 with methylallyl bromide 4-12 and
crotyl chloride 4-13 respectively (Schemes 4-3 and 4-4).

EtO,C o . )V NaHCO,  EtOC o
EtO,C — Br OMF 879 Et02C —
OH ’ o)
4-10 4-12 4-9b }4

Scheme 4-3: Synthesis of 2-methyl-9,9-di(carbethoxy)-4-oxo0-5-oxa-trideca-1-ene-6,11-

diyne (4-9b)
EtOZC — o NaHCO3 EtOQC — o
+ 4 Cl
EtO,C — N DMF, 49%  EtO.C —
OH e}
410 413 4-9ciM/_/
/

(2.3:1; trans:cis)

Scheme 4-4: 10,10-di(carbethoxy)-5-0x0-6-0xa-tetradeca-2-ene-7,12-diyne (4-9c)
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The enediynes 4-9d and 4-9e, with dimethyl and phenyl substituents respectively
on the allyl component were similarly synthesized from the reaction of acid 4-10 with
prenyl bromide 4-14 and cinnamyl bromide 4-15, respectively, in excellent isolated
yields (Schemes 4-5 and 4-6).

EtO,C NaHCO EtO,C — o
EtO,C W/V "DMF, 90%  EtOC —
-gd4<_/

Scheme 4-5: Synthesis of 2-methyl-10,10-di(carbethoxy)-5-0x0-6-0xa-tetradeca-2-ene-
7,12-diyne (4-9d)

= EtO,C =
HO:C O , Pho~_Br _NaHCOs ? 0
EtO,C — DMF. 99%  EtOC —
0
4-9eJ—/
/

OH
4-10 4-15

Scheme 4-6: Synthesis of 1-phenyl-9,9-di(carbethoxy)-4-0xo-5-0xa-trideca-1-ene-6,11-
diyne (4-9¢)

Substrates 4-9f and 4-9g were obtained in 81% and 39% vyields respectively from
the N,N-diisopropylcarbodiimide (DIC) mediated esterification of acid 4-10 with racemic
but-3-en-2-ol 4-16 and 1,4-pentadien-3-ol 4-17 respectively (Schemes 4-7 and 4-8).

EtO,C oH _DIC, DMAP EtO,C 5
EtO,C /ﬁ/ CH,Cl, 81%  Et0,C7 \_—
0
4-16 a-9f
4

Scheme 4-7: Synthesis of 3-methyl-9,9-di(carbethoxy)-4-oxo-5-oxa-trideca-1-ene-6,11-
diyne (4-9f)
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EtO,C — = EtO,C —
2 o 4 }OH _DIC,DMAP B0 o
EtO,C — — CH,Cl,, 39%  EtO,C —

OH

o)
4-10 417 4-9g
/
/

Scheme 4-8: Synthesis of 3-vinyl-9,9-di(carbethoxy)-4-oxo-5-oxa-trideca-1-ene-6,11-
diyne (4-99)

N-tosyl tethered oxo-enediyne substrates were also prepared. The synthesis began
with the nucleophilic substitution of bromo-butyne 4-19 with N-propargyl-N-tosyl amine
4-18 in the presence of potassium carbonate which afforded the desired N-butynyl-N-
tosyl-N-propargyl amine 4-20 in 99% vyield (Scheme 4-9).

— — K,COa, CH:CN /= 1)n-BuLi, - 78 °C
[ e/ =22 TsN )

90 °C, 99% \_=—  2)CO0,,-78°C,97%
4-18 4-19 4-20
[ PPhs, DIAD N 0
TsN o 4 _~_OH s
%« = THF, r.t, 6 h, 91% \%<

ol
4-21 4-22 4-9h _/
/

Scheme 4-9: Synthesis of 9-(4-methylbenzenesulfonyl)-4-oxo0-5-0xa-9-azatrideca-1-ene-
6,11-diyne (4-9h)

The attempted coupling of compound 4-20 with allylchloroformate in the presence of
LiIHMDS resulted in a 1:1 mixture of desired product 4-9h and starting material 4-20
which could not be separated by column chromatography. Furthermore, the use of a
large excess of base and varying the reaction temperature did not result in complete
conversion to the desired product 4-9h. Thus, compound 4-20 was converted to acid 4-21
via treatment of the preformed acetylide with gaseous carbon dioxide, in excellent yield.
Attempted coupling of acid 4-21 with allyl alcohol 4-22 mediated either by DCC or EDC
failed to give any of the desired product 4-9h. The N-tosyl tethered substrate 4-9h was
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finally obtained via Mitsunobu esterification of acid 4-21 with allyl alcohol 4-22 in 91%
yield (Scheme 4-9).

The methylallyl substituted substrate 4-9i was also prepared from the reaction of
acid 4-21 with methylallyl bromide 4-12 in the presence of NaHCO3 in DMF (Scheme 4-
10).

N 0 +/}\/ NaHCO, SN 0
_ Br _
= DMF, 73% =

o

OH
4-21 4-12 4-9i >/-—/

Scheme 4-10: Synthesis of 2-methyl-9-(4-methylbenzenesulfonyl)-4-oxo-5-0xa-9-
azatrideca-1-ene-6,11-diyne (4-9i)

8 4.2.2. Optimization of [2+2+2+1] cycloaddition reaction

With the enediyne substrates in hand, the Rh(l)-catalyzed [2+2+2+1]
cycloaddition of this new substrate type was investigated. We were pleased to find that
the reaction of enediyne 4-9a with 5 mol% [Rh(CO),Cl], and 1 atm of CO in DCE, at 50
°C, gave the desired tricyclic product 4-23a, in 62% isolated yield (Scheme 4-11).*

O
EtOQC —
EtOZCC //O [Rh(CO),CI] (5 mol%)
\O CO (1 atm), DCE, 50°C E1O,C ]
22 h, 62%

Scheme 4-11: Formation of 8,8-Bis(carbethoxy)-6-methyl-1,5-dioxo-3a,4,5,7,9-
pentahydro-3H-2-oxacyclopenta-[e]azulene, (4-23a)

Analysis of the crude reaction mixture by HPLC indicated a clean reaction with
two major peaks (Entry 1, Table 1). Further analysis by LC-MS showed molecular
masses consistent with the desired [2+2+2+1] product 4-23a and [2+2+2] product 4-24a
or enediyne substrate 4-9a. When the reaction was ran in toluene, at 1 atm of CO and 50

°C in similar concentration, a significant increase of the [2+2+2+1] product 4-23a was
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noted, as determined by HPLC (i.e. 88:12 vs. 70:30 ratio) (entry 1 vs 2, Table 1).
Further increase in selectivity for the carbonylated product 4-23a was observed under
more dilute conditions, with toluene as solvent (entry 3). Increasing the pressure of
carbon monoxide to 2 atm gave similar results to that at 1 atm of CO pressure (entries 3
and 6). Trifluoroethanol (TFE) has been shown to be an effective solvent in
cyclocarbonylation reactions.® Thus, performing the reaction in TFE as solvent at [0.025
M] gave similar results to that of toluene (entries 2 and 7), but the reaction in TFE was
found to be “cleaner” than in toluene. Therefore, the optimium conditions to date include
a concentration of [0.025] in TFE and 1 atm of CO pressure, at 50 °C, for 22 h.

EtO,C =S
O 0,
EtOZC><; [Rh(CO),CI1; (5 mol%)
O CO,Soivt, 50°C, 22h i o EtOZC
EtO,C
4-9a 7/ ,

EtO:C 4.23a ©

Scheme 4-12: [2+2+2+1] Cycloaddition of enediyne 4-9a with carbon monoxide

Table 4-1: Optimization of [2+2+2+1] cycloaddition of enediyne 4-9a with CO

Entry Solvent Conc. [M] Press Ratio
(atm) (4-23a:4-24a)?

1 dichloroethane 0.05 1 70:30
2 toluene 0.05 1 88:12
3 toluene 0.025 1 94:6
4 dichloroethane 0.025 1 80:20
5 toluene 0.0125 1 87:13
6 toluene 0.025 2 92:8
7 trifluoroethanol 0.025 1 93:7

@ Determined by reverse phase HPLC analysis (CH3CN:H,O, Phenomenex, Jupiter
10u Proteo 90A)
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With optimized conditions found, the enediyne substrates on hand were then
subjected to the carbonylation reaction. Substrate 4-9a, which was used in the
optimization studies, gave the corresponding tricyclic fused lactone 4-23a in 96%
isolated yield (Table 4-2, entry 1). It should be noted that no [2+2+2] product was
detected by LC/MS or HPLC analysis of the crude reaction mixture. The methylallyl-
substitued enediyne 4-9b gave the desired fused y-lactone 4-23b with a quaternary
stereocenter in 80% isolated yield (entry 2). The crotyl substituted enediyne 4-9c
(trans/cis = 2.3:1) gave two products as determined by HPLC (entry 3). LC/MS of the
crude reaction mixture showed only the mass corresponding to the carbonylated product
4-23c. 'H NMR of the crude reaction mixture also indicated two products. Therefore, it
is possible that the carbonylation reaction is stereospecific; however, at this point more
experiments need to be done to ascertain this possibility. The product mixture 4-23c was
isolated in 81% yield by column chromatography (entry 3). The separation of the
mixture by preparatory HPLC would need to be done in order for the structures to be
confirmed by NMR studies. It should be noted that two contiguous chiral centers

resulted from this single transformation.
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Table 4-2: [2+2+2+1] cycloaddition of enediynes 4-9a-g with CO

Entry Substrate Product (yield %)?
_ o)
EtO,C —
o)
(1) EtO,C = (96)
o)
EtO,C 0
49a / Et0,C 4232
_ o)
EtO,C —
0
(2) EtO,C — (80)
o)
) / EtO,C 0
4-9b EtO,C 4-23b (y
EtO,C — Q
0
(3) EtO,C — (81)
o)
4-9¢c / EtO,C 4-23c (
_ o)
EtOZC -
0
(4) EtO,C = (NR)
0
Et02C O
4-9d 4 EtO,C 4-23d g
— o)
EtO,C —
o Ph
(5) EtO,C — (NR)
o)
J_/ EtO,C 0o
4-9¢ ph—" EtO,C 4-23e J
_ o)
EtO,C =
o)
(6) EtO,C — (90)
o)
/_< EtO,C 0
4-9f / EtO,C 4-23f
(7) (40)

_|
5 2
=2
f WI
@)
O
oi

o)
/—/ TsN
/ 4-23h J

Reactions were ran using 50 mg of substrate, 5 mol% [Rh(CO),Cl],, CO (1 atm) TFE at [0.025] for 20 h at
50 °C. ?isolated yield. NR = no reaction.
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The prenyl and phenyl substituted enediynes 4-9d and 4-9e failed to react under
the current optimized conditions, probably due to the steric effects of the dimethyl and
phenyl substituents (entries 4 and 5). Performing the reactions either in toluene or TFE
at elevated temperature (80 °C) resulted in no conversion, as determined by HPLC and *H
NMR. These results clearly show the sensitivity of the reaction with respect to steric
effects at the allylic position. Tricyclic fused lactone 4-23f bearing two contiguous
tertiary chiral centers was obtained in excellent yield (90%) from the reaction of enediyne
4-9f (Table 2, entry 6).

The treatment of N-tosyl tethered enediyne 4-9h with [Rh(CO),Cl], (5 mol%),
under 1 atm of CO in TFE at 0.025 M, gave the carbonylated product 4-23h in 40%
isolated yield (Table 4-2, entry 7). A very complex mixture was obtained when the
reaction was carried out in toluene at 0.025 M. Analysis of the crude reaction mixture by
LC-MS indicated the desired product along with the [2+2+2] cycloadduct. In addition, a
compound with the molecular weight corresponding to the “dimer” of compound 4-9h
was also detected. A slight decrease in the dimeric product was noted when
dichloroethane (DCE) was used as solvent, but an increase in the [2+2+2] product was
noted. Subjecting the N- methylallyl enediyne 4-9i to the optimium conditions gave a 1:1
ratio of [2+2+2+1] 4-9i and [2+2+2] 4-24i products as determined by HPLC (Scheme 4-
13). Therefore, investigations aimed at optimizing the reaction conditions for these
substrates are ongoing.

_ o)
/T
TSN 9 [R(CO),ClL, (5 mol%)
= ‘ .
o CO(lam).TFE50°C [ IR )
; o (@]

4-9i 4-23i 4-24i

1:1 as determined by HPLC
Scheme 4-13: [2+2+2+1] cycloaddition of enediyne 4-9i with CO

The proposed mechanism for the formation of 5-7-5 fused y-lactones is outlined
in Scheme 4-14. The proposed mechanism includes (i) selective coordination of the
diyne moiety of enediyne 4-9 to the active Rh catalyst species, forming metallacycle 4-

133



25a [2+2+M)]); (ii) insertion of the olefin moiety of 4-25a into the Rh-C bond followed
by CO coordination to the metal forms the fused 5-7-5 tricyclic rhodacycle 4-25b
([2+2+2+M]), (iii) migratory insertion of CO into the Rh-C bond gives 5-8-5 rhodacycle
4-25c or 4-25d ([2+2+2+1+M]), and (iv) reductive elimination gives the [2+2+2+1]
cycloadduct 4-23 and regenerates the active Rh catalyst species. Reductive elimination
from the 5-7-5 rhodacycle 4-25b prior to CO insertion gives the [2+2+2] cycloadduct 4-
24,

[Rh] O
/T
X 0]
o (iv) Reductive o)
elimination
49 7 (i) 15t cyclization 4-23 O

[2+2+M] 2+2+2+1] product

-25a 4-25c¢ 4-25d
. d . .
(ii) 2™ cyclization (i) CO insertion
[2+2+2+M] [2+2+2+1+M]

6]0)
X O

O

4-25b O Reductive elimination
[2+2+2] product, 4-24

Scheme 4-14: Proposed mechanism for [2+2+2+1] cycloaddition of enediynes 4-9a-h
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§ 4.3. Conclusion

In continuing studies on the Rh(l)-catalyzed higher order cycloaddition of
enediynes, 8-oxo-enediyne derivatives were synthesized and found to afford the desired
5-7-5 fused tricyclic y-lactone products in good to excellent yields. The skeletons of the
products obtained are commonly found in natural products. Thus, this method could be
used in the preparation of natural products and analogs for structure activity relationship
studies. In terms of substrate scope, the substituents on both the terminal acetylene and
the allyl component can be expanded. Additionally, this method can easily be extended
to the preparation of diketone and y-lactam products, which may also serve as platforms

for natural product synthesis.
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§ 4.4. Experimental section

84.4.1. General methods

All reactions were carried out under nitrogen or carbon monoxide in oven dried
glassware using standard Schlenk techniques unless otherwise noted. All reactions were
monitored by thin layer chromatography (TLC) using E. Merck 60F254 precoated silica
gel plates. Flash chromatography was performed with the indicated solvents using Fisher
silica gel (60 um particle size 170-400 Mesh). Yields refer to chromatographically and
spectroscopically pure compounds. Analytical high performance liquid chromatography
(HPLC) was performed with a Shimadzu LC 2010A system using a phenomenex Jupiter
10u Proteo 90A column (4.5 x 250 mm/mm) and gradient from 100% acetonitrile to 95:5
acetonitrile:water over 30 min with a flow rate of 1 mL/min. Melting points were
measured with a Thomas Hoover capillary melting point apparatus and are uncorrected.
Infrared spectra were recorded on Shimadzu FTIR-84005 spectrophotometer. *H NMR
spectra were recorded on a Varian Inova-500 (500 MHz), 400 (400 MHz) or a Gemini-
300 (300 MHz) at ambient temperature using an internal deuterium lock. Chemical shifts
are referenced to residual chloroform (5 = 7.26 ppm). *C NMR spectra were recorded on
a Varian Inova-500 (125 MHz) or 400 (100 MHz) at ambient temperature using an
internal deuterium lock. Chemical shifts are referenced to residual chloroform (6 = 77.0
ppm). High resolution mass spectrometry (HRMS) was carried out at the Mass
Spectrometry Facility, the University of Illinois Urbana Champaign. Caution: Carbon
monoxide is a toxic gas and therefore all reactions should be carried out in a fume hood
with sufficient ventilation.

Materials. Solvents were reagent grade and freshly distilled before use. Diethyl ether and
tetrahydrofuran (THF) were distilled from sodium/benzophenone under nitrogen.
Toluene was freshly distilled from calcium hydride under nitrogen. Anhydrous N,N-
dimethylformamide (DMF) was purchased from DrySolv® and used without further
purification. Dichloroethane (DCE) and trifluoroethanol (TFE) were purchased from

Aldrich and used without purification. Carbon monoxide was purchased from Liquid
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Carbonic Specialty Gases, Oak Brook, Illinois and passed through Drierite® before use.
[Rh(CO),CI], was prepared by the literature method.

8 4.4.2. Synthesis of 1-methyl dodec-11-ene-8-0x0-1,6-diynes

9,9-Di(carbethoxy)-4-oxo0-5-oxa-trideca-1-ene-6,11-diyne; (4-9a):

— _ NaH, THF EtO,C —
EtO,C—( + S T o X
r.t., 87% __
CO,Et Br ° EtO,C \——=
4-6 4-7 4-8

LiHMDS, - 78 °C EtO,C — 5
allylchloroformate, 81% EtO,C —
(@]
4-9a /_/
74

Diethyl 2-(but-2-ynyl)malonate 4-6 (2.20 g, 10.4 mmol) dissolved in 10 mL of
THF was added dropwise to a suspension of NaH (60% dispersion in mineral oil, 0.502 g,

12.4 mmol) in 30 mL of THF. After stirring at room temperature for 15min, propargyl
bromide (4-7) (80% solution in toluene, 1.36 g, 11.4 mmol) diluted in 10 mL of THF was
added and the mixture was stirred at room temperature for 18 h. The reaction mixture
was quenched with water and extracted with Et,0. The organic layer was dried over
MgSQ,, filtered and concentrated to yield a yellow oil which was purified by flash
chromatography on silica gel using 5% EtOAc in hexanes as eluent to give product 4-8 as
colorless liquid (2.26 g, 87 %). *H NMR (CDCls, 300 MHz) & 1.22-1.26 (m, 6H), 1.74 (t,
3H, J = 2.7 Hz), 2.09 (t, 1H, J = 2.7 Hz), 2.90 (q, 2H, J = 2.7 Hz), 2.95 (d, 2H, J = 2.7
Hz), 4.17-4.24 (m, 4H); *C NMR (CDCl;, 100 MHz) & 3.42, 13.97, 22.49, 22.83, 56.58,
61.61, 61.82, 71.34,72.94, 78.74, 79.04, 168.91.

LiIHMDS (4.50 mL of 1 M solution in THF) was added dropwise to a (-78 °C)
cold solution of diethyl 2-(but-2-ynyl)-2-(prop-2-ynyl) malonate (4-8) (750 mg, 3.00
mmol) in 30 mL of THF. The resulting mixture was stirred at -78 °C for 30 min and then
allylchloroformate (542 mg, 4.50 mmol) diluted in 5 mL of THF was added dropwise and

the resulting mixture was stirred for 3 h at — 78 °C, and then warmed slowly to room
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temperature. The mixture was diluted with ether followed by addition of saturated
aqueous NH4CI solution. The layers were separated and the organic layer was washed
with brine, dried over MgSO., filtered and concentrated under reduced pressure. The
crude product was purified by flash chromatography on silica gel pre-treated with EtzN
using 7% EtOAc in hexanes as eluent to yield compound 4-9a as colorless oil (810 mg,
81%). 'H NMR (CDCls, 400 MHz) § 1.23-1.27 (m, 6H), 1.74 (t, 3H, J = 2.4 Hz), 2.91
(9, 2H, J = 2.4 Hz), 3.11 (s, 2H), 4.20-4.25 (m, 4H), 4.61-4.63 (m, 2H), 5.25-5.36 (m,
2H), 5.86-5.93 (m, 1H); *C NMR (CDCls, 100 MHz) & 3.43, 13.97, 22.85, 23.26, 56.39,
62.16, 66.37, 72.59, 75.25, 79.62, 83.86, 119.21, 131.17, 152.86, 168.45.

2-Methyl-9,9-di(carbethoxy)-4-0xo0-5-0xa-trideca-1-ene-6,11-diyne, (4-9b):

EtO,C — 1) LIHMDS, THF, -78°C  EtO,C = . )V
) < + B
EtO,C —  2)CO,(g),-78°Ctor.t. EtO,C — r
OH
4-10 4-12

88%
4-8

EtO,C —
NaHCO, 2 o
DMF, 87%  E1O2C =
o)
4-9b >/-—/

To a cold (-78 °C) solution of malonate 4-8 (3.15 g, 12.6 mmol) in 60 mL of THF
was added dropwise 1 M LiHMDS in THF (19 mL, 19.0 mmol). After 20 min at -78 °C,
a balloon of CO, (g) equipped with a syringe was introduced to the reaction. The reaction
was stirred at -78 °C for 2 h and then allowed to warm to room temperature before being
poured into 5% citric acid solution. The layers were separated and the aqueous phase was
acidified to pH 4 by addition of 2 M HCI solution and then extracted with EtOAc. The
combined organic layer was washed with brine, dried over MgSQO,, filtered and
concentrated under reduced pressure. The crude was purified by flash chromatography on
silica gel using 20% EtOAc in hexanes as eluent to give the desired product 4-10 as light
yellow oil (3.30 g, 88%). *"H NMR (CDCls, 300 MHz) & 1.28 (t, 6H, J = 4.8 Hz), 1.75 (t,
3H, J = 2.4 Hz), 2.90 (q, 2H, J = 2.4 Hz), 4.27 (q, 4H, J = 4.8 Hz); *C NMR (CDCls, 125
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MHz) & 3.40, 13.94, 22.94, 23.32, 56.36, 62.27, 72.45, 74.86, 79.56, 86.33, 156.73,
168.45.

A mixture of acid 4-10 (600 mg, 2.04 mmol) and sodium bicarbonate (NaHCOs3,
257 mg, 3.06 mmol) in 10 mL of DMF was stirred at room temperature for 15 min.
Then, methylallyl bromide 4-12 (413 mg, 3.06 mmol) was added and the resulting
mixture was stirred at room temperature for 18 h. The mixture was diluted with water and
extracted with Et,0. The organic layer was dried over MgSOy, filtered and concentrated
to yield a yellow oil which was purified by flash chromatography on silica gel using 10%
EtOAcC in hexanes as eluent to give the product 4-9b as colorless oil (620 mg, 87 %). *H
NMR (CDCl3, 300 MHz) & 1.23-1.29 (m, 6H), 1.75 (t, 6H, J = 2.7 Hz), 2.91 (q, 2H, J =
2.7 Hz), 3.12 (s, 2H), 4.19-4.19 (m, 4H), 4.54 (s, 2H), 4.94-4.99 (m, 2H); *C NMR
(CDCls, 125 MHz) 6 6.12, 16.65, 22.09, 25.54, 25.95, 59.09, 64.82, 71.65, 75.29, 77.94,
82.29, 86.55, 116.57, 141.62, 155.61, 171.12.

10,10-Di(carbethoxy)-5-ox0-6-oxa-tetradeca-2-ene-7,12-diyne, (4-9c):

EtO,C — o NaHCO, EtO,C — o
+ Z Cl

EtO,C — TN DMF, 49% EtO,C —
OH e

4-10 4-13 4-91/_/
/

(2.3:1; trans:cis)

A mixture of acid 4-10 (450 mg, 1.53 mmol) and sodium bicarbonate (NaHCOs3,
257 mg, 3.06 mmol) in 8 mL of DMF was stirred at room temperature for 15 min. Then,
crotyl chloride (4-13) (2.3:1 trans:cis) (166 mg, 1.84 mmol) was added and the resulting
mixture was stirred at room temperature for 18 h. The mixture was diluted with water and
extracted with Et,0. The organic layer was dried over MgSOy, filtered and concentrated
to yield a yellow oil which was purified by flash chromatography on silica gel using 10%
EtOAC in hexanes as eluent to give product 4-9c as colorless oil (261 mg, 49 %). ‘H
NMR (CDCls, 300 MHz) 6 1.28 (t, 6H, J = 7.2 Hz), 1.74 (m, 6H), 2.91 (q, 2H, J = 2.7
Hz), 3.10 (s, 2H), 4.26 (q, 4H, J = 7.2 Hz), 4.56 (d, 1.35H, J = 5.7 Hz, trans isomer),
4.70 (d, 0.65 H, J = 6.6 Hz, cis isomer), 5.54-5.60 (m, 1H), 5.74-5.78 (m, 1H); *C NMR
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(CDCls, 125 MHz) 6 3.41, 13.94, 17.71, 22.81, 23.22, 56.36, 61.32, 62.12, 66.49, 72.61,
75.36, 79.57, 83.44, 83.55, 123.24, 124.14, 130.50, 132.56, 153.02, 153.15, 168.43.

2-Methyl-10,10-di(carbethoxy)-5-0x0-6-oxa-tetradeca-2-ene-7,12-diyne, (4-9d):

EtOZC - 0 _ Br NaHCO3 EtOZC - o
Et0,C" \ = ¥ W/\/ DMF, 90%  Et0;C \ =

OH O

4-10 414 4-9d
f

A mixture of acid 4-10 (450 mg, 1.53 mmol) and sodium bicarbonate (NaHCO3,
257 mg, 3.06 mmol) in 10 mL of DMF was stirred at room temperature for 15 min.

Then, prenyl bromide (4-14) (273 mg, 1.83 mmol) was added and the resulting mixture
was stirred at room temperature for 18 h. The mixture was diluted with water and
extracted with Et,0. The organic layer was dried over MgSOy, filtered and concentrated
to yield a yellow oil which was purified by flash chromatography on silica gel using 10%
EtOAC in hexanes as eluent to give product 4-9d as colorless oil (500 mg, 90 %). *H
NMR (CDCl3, 500 MHz) & 1.27 (t, 6H, J = 7.5 Hz), 1.70-1.75 (m, 9H), 2.90 (d, 2H, J =
2.5 Hz), 3.10 (s, 2H), 4.24 (q, 4H, J = 7.0 Hz), 4.62 (d, 2H, J = 7.0 Hz), 5.31-5.35 (m,
1H); *C NMR (CDCls, 125 MHz) & 3.40, 13.94, 17.99, 22.81, 23.23, 25.72, 56.38,
62.11, 62.64, 72.64, 75.47, 79.56, 83.28, 117.66, 140.15, 153.26, 168.45.

1-Phenyl-9,9-di(carbethoxy)-4-oxo-5-oxa-trideca-1-ene-6,11-diyne, (4-9¢):

EtO,C_/ — EtO,C./~
2 0 , Pho~_Br _NaHCOs 0
OH o

4-10 415 4-9eJ_/
ph—/"

To a mixture of acid 4-10 (600 mg, 2.04 mmol) and sodium bicarbonate
(NaHCOg3, 257 mg, 3.06 mmol) in 12 mL of DMF was added cinnamyl bromide (4-15)
(413 mg, 3.06 mmol) and the resulting mixture was stirred at room temperature for 18 h.

The mixture was diluted with water and extracted with Et,O. The organic layer was dried

over MgSQy, filtered and concentrated to yield a yellow oil which was purified by flash
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chromatography on silica gel using 10% EtOAc in hexanes as eluent to give product 4-9e
as colorless oil (825 mg, 99 %). *H NMR (CDCls, 300 MHz) & 1.23-1.28 (m, 6H), 1.75
(t, 3H,J =2.4 Hz ), 2.92 (q, 2H, J = 2.4 Hz), 3.13 (s, 2H), 4.27 (g, 4H, J = 6.9 Hz), 4.80
(dd, 2H, J = 1.2, 8.7 Hz), 6.24-6.31 (m, 1H), 6.69 (d, 1H, J = 15.6 Hz), 7.27-7.41 (m,
5H); *C NMR (CDCl;, 125 MHz) & 4.12, 14.66, 23.55, 23.95, 57.07, 62.84, 67.04,
73.29, 75.98, 80.31, 84.60, 122.74, 127.37, 128.91, 129.29, 135.86, 136.67, 153.67,
169.13.

3-Methyl-9,9-di(carbethoxy)-4-oxo0-5-oxa-trideca-1-ene-6,11-diyne, (4-9f):

— EtO,C —
EtO,C o + _~_OH _DIC.OWAP 2 o
Et0,¢7 \__— /Y CH,Clp 81%  EtO,C7 \__—
OH 0
4-10 4-16 a9
4

To a solution of acid 4-10 (450 mg, 1.53 mmol) in CH,Cl, (10 mL) at 0 °C was
added diisopropylcarbodiimide (DIC, 232 mg, 1.84 mmol). After 5 min, a solution of
(+/-) but3-en-2-ol (4-16) (110 mg, 1.53 mmol) and dimethylamino pyridine (DMAP, 56
mg, 0.05 mmol) in CH,CI, (5 mL) was added to the mixture which was then stirred
overnight at room temperature. The mixture was concentrated under reduced pressure
and purified by chromatography on silica gel using 10% EtOAc in hexanes as eluent to
give the product 4-9f as colorless oil (432 mg, 81 %). *H NMR (CDCls, 300 MHz) & 1.26
(t, 6H,J=7.2 Hz), 1.35 (d, 3H, J = 6.6 Hz), 1.75 (t, 3H, J = 2.4 Hz), 2.92 (q, 2H, J =
2.4 Hz), 3.11 (s, 2H), 4.27 (m, 4H), 5.14-5.29 (m, 2H), 5.31-5.38 (m, 1H), 5.78-5.82 (m,
1H); C NMR (CDCl;, 125 MHz) & 3.40, 13.95, 19.73, 22.84, 23.26, 56.40, 62.12,
72.64,72.92, 75.59, 79.57, 83.32, 116.66, 136.71, 152.44, 168.45.

3-Vinyl-9,9-di(carbethoxy)-4-0xo-5-oxa-trideca-1-ene-6,11-diyne, (4-99):

EtO,C — = EtO,C —
2 o 4 }OH DIC, DMAP 2 o
EtO,C — — CH,Cl,, 39%  EtO,C —

OH o)
4-10 4-17 4-9g
/
/
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To a solution of acid 4-10 (480 mg, 1.63 mmol) in CH,Cl, (10 mL) at 0 °C was
added diisopropylcarbodiimide (DIC, 247 mg, 1.96 mmol). After 5 min, a solution of
penta-1,4-dien-3-ol (4-17) (206 mg, 2.46 mmol) and DMAP (100 mg, 0.82 mmol) diluted
in CH.Cl, (5 mL) was added to the mixture which was then stirred overnight at room
temperature. The mixture was concentrated under reduced pressure and purified by
chromatography on silica gel using 10% EtOAc in hexanes as eluent to give the product
4-9g as colorless oil (230 mg, 39 %). *H NMR (CDCls, 300 MHz) §1.23-1.29 (m, 6H),
1.75 (t, 3H, J = 2.7 Hz), 2.92 (q, 2H, J = 2.4 Hz), 3.12 (s, 2H), 4.26 (q, 4H, J = 7.2 Hz),
5.24-5.35 (m, 4H), 5.71-5.74 (m, 1H), 5.77-5.88 (m, 2H), 5.78-5.82 (m, 1H); *C NMR
(CDCls3, 100 MHz) 5 3.42, 13.96, 22.87, 23.27, 56.40, 62.15,72.62, 75.38, 76.68, 79.61,
83.83, 118.30, 134.18, 152.13, 168.44.

9-(4-Methylbenzenesulfonyl)-4-oxo-5-oxa-9-azatrideca-1-ene-6,11-diyne, (4-9h):

=_ /== KaCO;3 CH,CN /= 1)n-Buli,-78°C

Bl

4-18 4-19 4-20

T PPhs, DIAD <N 0O

o 4 OH
\%{ i THF, rt, 6 h, 91% \%{
o)
4-21 4-22 4-9h /_/

A suspension of N-(prop-2-ynyl)-4-methylbenzenesulfonamide’ (4-18) (3.50 g,
16.7 mmol) and potassium carbonate (K,COg3, 5.80 g, 41.8 mmol) in 50 mL of CH3CN
was refluxed at 90 °C for 15 min. A solution of 1-bromobut-2-yne (4-19) (2.70 g, 20.1

mmol) in 5 mL of CH3CN was added and the resulting mixture was refluxed overnight.

The mixture was cooled to room temperature, filtered over celite and concentrated under
reduced pressure. The residue was purified by flash chromatography on silica gel using
10% EtOAc in hexanes as eluent to give 4-20 as viscous colorless oil (4.33 g, 97%). 'H
NMR (CDCl3, 300 MHz) 6 1.65 (t, 3H, J = 2.1 Hz), 2.14 (t, 1H, J = 2.4 Hz), 2.42 (s, 3H),
4.10 (q, 2H, J=2.1 Hz), 4.14 (d, 2H, J = 2.4 Hz), 7.30 (d, 2H, J = 7.8 HZz), 7.72 (d, 2H, J
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= 7.8 Hz); ®C NMR (CDCls;, 100 MHz) & 3.34, 2149, 36.09, 36.68, 71.28, 73.64, 76.53,
81.93, 127.92, 129.35, 135.37, 143.67.

n-BuLi (2.2 M in hexanes, 3.72 mL, 8.20 mmol) was added dropwise to a cold
(- 78 °C) solution of 4-20 in 35 mL of THF. After 20 min at -78 °C, a balloon of CO; ()
equipped with a syringe was introduced to the reaction. The reaction was stirred at -78
°C for 2 h and then allowed to warm to room temperature before being added to 5% citric
acid solution. The layers were separated, and the aqueous phase was acidified to pH 4 by
addition of 2 M HCI solution and then extracted with EtOAc. The combined organic
phase was washed with brine, dried over MgSO., filtered and concentrated under reduced
pressure to give 4-(N-(but-2-ynyl)-4-methylphenylsulfonamide)but-2-ynoic acid 4-21 as
red viscous oil (2.32, 97%). *H NMR (CDCls, 300 MHz) & 1.67, (t, 3H, J = 2.4 Hz), 2.41
(s, 3H), 4.07 (q, 2H, J = 2.4 Hz), 4.31 (s, 2H), 7.32 (d, 2H, J = 8.1 Hz), 7.72 (d, 2H, J =
8.1 Hz); *C NMR (CDCls, 100 MHz) & 3.38, 21.51, 36.25, 37.49, 70.88, 76.35, 82.86,
83.16, 127.88, 129.67, 134.79, 144.27, 156.20.

Diisopropylazodicarboxylate (DIAD, 753 mg, 3.54 mmol) was added to a
solution of triphenylphosphine (938 mg, 3.54 mmol) in 10 mL of THF. After formation
of a solid (10 min), 4-(N-(but-2-ynyl)-4-methylphenylsulfonamide)but-2-ynoic acid (4-
21) (900 mg, 2.95 mmol) in 15 mL of THF was added followed by allyl alcohol (4-22)
(342 mg, 5.89 mmol) in 5 mL of THF. The resulting mixture was stirred at room
temperature overnight and then concentrated under reduced pressure. The crude was
purified by flash chromatography on silica gel using 8% EtOAc in hexanes as eluent to
give the desired product 4-9h as light yellow oil (920 mg, 91%). *H NMR (CDCls, 300
MHz) 8 1.67 (t, 3H, J = 2.4 Hz), 2.41 (s, 3H), 4.08 (q, 2H, J = 2.4 Hz), 4.29 (s, 2H), 4.59-
4.62 (m, 2H), 5.27-5.37 (m, 2H), 5.82-5.93 (m, 1H), 7.32 (d, 2H, J = 8.7 Hz), 7.73 (d,
2H, J = 8.7 Hz); *C NMR (CDCls, 100 MHz) § 3.37, 21.52, 36.19, 37.36, 66.49, 70.98,
76.86, 80.63, 82.67, 119.41, 127.89, 129.59, 130.93, 134.96, 144.03, 152.30.
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2-Methyl-9-(4-methylbenzenesulfonyl)-4-oxo-5-oxa-9-azatrideca-1-ene-6,11-diyne,

(4-9i):

/%
TsN 0 4 /J‘v NaHCO;  TsN 0
— Br S
= DMF, 73% —=—
OH o
4-21 412 4-9i >—/

A suspension of acid 4-21 (650 mg, 2.13 mmol) and sodium bicarbonate
(NaHCO3, 358 mg, 4.26 mmol) in 10 mL of DMF was stirred at room temperature for 15

min. Then, methylallyl bromide 4-12 (432 mg, 3.20 mmol) was added and the resulting
mixture was stirred at room temperature for 18 h. The mixture was diluted with water and
extracted with Et,0. The organic layer was dried over MgSOy, filtered and concentrated
to yield a yellow oil which was purified by flash chromatography on silica gel using 10%
EtOAC in hexanes as eluent to give product 4-9i as colorless oil (560 mg, 73 %). ‘H
NMR (CDCl3, 300 MHz) 61.66 (t, 3H, J = 2.4 Hz), 1.75 (d, 3H, J =1.2 Hz), 2.40 (s, 3H),
4.07 (q, 2H, J = 2.7 Hz), 4.29 (s, 2H), 4.52 (s, 2H), 4.96-4.98 (m, 2H), 7.31 (d, 2H, J =
8.7 Hz), 7.72 (d, 2H, J = 8.7 Hz); *C NMR (CDCls, 100 MHz) & 3.33, 19.36, 21.48,
36.19, 37.33, 69.07, 70.96, 76.86, 80.61, 82.65, 114.05, 127.85, 129.55, 134.95, 138.70,
144.03, 152.34.

8§ 4.4.3. [2+2+2+1] Cycloaddition of 1-methyl dodec-11-ene-8-oxo-1,6-
diynes

X (0] [Rh(CO),Cl], (5 mol%)

— /<o CO (1 atm), TFE, 50 °C
/_/ 22 h X o)
7

X = C(CO,Et), or NTs o

Typical procedure is described for the reaction of 4-9a: A 100 mL round
bottomed flask charged with 4-9a (50 mg, 0.15 mmol) in TFE (6.00 mL, [0.025 M] and
[Rh(CO),CI]; (2.9 mg, 0.007 mmol) was transferred to a 250 mL stainless steel

autoclave and purged with CO and released (4x) (Caution must be done in a well
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ventilated fume hood) and then charged with CO to 1 atm. The autoclave was
immersed in an oil bath preset at 50 °C for 22 h. The autoclave was allowed to cool to
room temperature, followed by release of the gas in a well ventilated fume hood. The
reaction mixture was concentrated under reduced pressure and the resulting crude product
was purified by flash chromatography on silica gel using 20% EtOAc in hexanes as

eluent to give fused tricyclic product 4-23a as light yellow oil (52 mg, 96%).

8,8-Bis(carbethoxy)-6-methyl-1,5-dioxo-3a,4,5,7,9-pentahydro 3H 2-oxacyclopenta-
[e]azulene, (4-23a):

EtO,C

EtO,C d

Light yellow oil (96%); *H NMR (CDCls, 300 MHz) & 1.24-1.30 (m, 6H), 2.03 (s, 3H),
2.73 (dd, 1H, J = 2.7 Hz), 2.88 (t, 1H, J = 14.7 Hz), 3.24 (s, 2H), 3.31-3.39 (m, 1H), 3.57
(dd, 1H, J = 3.6 Hz), 3.86-3.97 (m, 2H), 4.18-4.26 (m, 4H), 4.61 (t, 1H, J = 9.3 Hz); °C
NMR (CDCl3, 100 M Hz) 6 13.96, 29.67, 34.43, 39.09, 41.58, 44.11, 57.08, 62.06, 69.27,
127.15, 137.76, 147.58, 148.77, 170.53, 170.68, 195.07.

In a similar manner, the reactions of 4-9b-4-9h were performed and 4-23b-4-23h were

obtained as products.

Diethyl(6Z,9aE)-3a,6-dimethyl-1,5-dioxo-3,3a,4,5,7,9-hexahydroazuleno[4,5-c]furan-
8,8(1H)-dicarboxylate, (4-23b):

EtO,C

EtO,C 2

Colorless oil (80%); *H NMR (CDCls, 300 MHz) § 1.18 (s, 3H), 1.22-1.27 (m, 6H), 2.02
(s, 3H), 2.61 (d, 1H, J = 13.5 Hz), 2.94 (d, 1H, J = 13.5 Hz), 3.22-3.24 (m, 2H), 3.60 (d,
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1H, J = 18.9 Hz), 3.86 (d, 1H, J = 18.9 Hz), 3.94 (d, 1H, J = 9.0 Hz), 4.08 (d, 1H, J = 9.0
Hz), 4.17-4.24 (m, 4H); *C NMR (CDCls, 125 M Hz) & 13.96, 16.95, 19.86, 39.05,
39.67, 41.82, 48.12, 56.98, 62.02, 62.04, 76.38, 132.23, 137.89, 146.08, 146.88, 169.54,
170.46, 170.78, 194.98.

6-Methyl-8-[(4-methylphenyl)sulfonyl]-3a,7,8,9
tetrahydrofuro[3',4":3,4]cyclohepta[1,2-c]pyrrole-1,5(3H,4H)-dione, (4-23h):

O

TsN ()
(e}

Colorless oil (40%); *H NMR (CDCls, 400 MHz) § 1.95 (s, 3H), 2.36-2.45 (m, 4H), 2.72
(t, 1H, J = 8.4 Hz), 3.25-3.30 (m, 1H), 3.91 (t, 1H, J = 8.4 Hz), 4.11 (d, 1H, J = 16.0 H2),
4.31 (d, 1H, J = 16.0 Hz), 4.53 (dd, 1H, J = 17.6, 4.0 Hz), 4.61 (t, 1H, J = 8.4 Hz), 4.74
(dd, 1H, J = 17.6, 4.0 Hz), 7.36 (d, 2H, J = 8.0 Hz), 7.76 (d, 2H, J = 8.0 Hz); *C NMR
(CDCls, 100 M Hz) § 16.72, 21.54, 34.36, 42.63, 52.32, 53.21, 69.60, 127.26, 127.93,
129.95, 132.41, 137.61, 142.64, 143.89, 144.37, 168.73, 194.19.
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Chapter 5

Progress on the enantioselective synthesis of p-Lactams
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8 5.1. Introduction

The B-lactam skeleton is the key structural unit responsible for the antibacterial
properties of the most widely used antibiotics including the penams 5-1, cephems 5-2,

monobactams 5-3 and carbapenems 5-4 (Figure 1).!

H HH H
H R N i
R__N A -_S R.__N
TS T )il
0 N ", 0O N AN o N
o] B o o ‘SO
CO,H CO,H 8 CO.H
Penam 5-1 Cephem 5-2 Monobactam 5-3 Carbapenem 5-4

Figure 5-1: B-Lactam antibiotics

The need for development of new bioactive -lactam compounds to combat drug
resistance against the traditional antibiotics has kept interest in the p-lactam skeleton.? In
addition, B-lactams have been shown to be useful chiral starting materials for the
synthesis of natural and unnatural products.” * A variety of natural and unnatural amino
acids, peptides, peptidomimetics and other types of compounds of biological interest
have been synthesized via enantiopure [B-lactam intermediates (B-Lactam Synthon
Method)."® Notably, Ojima et. al. used B-lactams as key intermediates in the semi-
synthesis of antitumor taxoids Paclitaxel (5-7) and Docetaxel (5-8) (Scheme 5-1).% It is
worthy to note that structure activity relationship (SAR) studies showed the Ci3 amino
acid moiety of antitumor taxoids to be crucial for the strong antitumor activities displayed

by these compounds.*

1) NaHMDS, THF, - 30 °C

2)0.5% HCI
or Zn/AcOH/MeOH

R =Ph,R; =Ac, R, =TES R =Ph, Ry =Ac, R, =H Paclitaxel 5-7
R ='BuO, Ry =R, =Troc R='BuO,R;=R,=H Docetaxel 5-8

Scheme 5-1: Semi-synthesis of antitumor taxoids Paclitaxel (5-7) and Docetaxel (5-8)
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In addition to their antibiotic activities, B-lactams are also useful in the
development of mechanism based inhibitors of serine protease including B-Iactamases,5
prostate specific antigen® and as inhibitors of acyl-CoA cholesterol acyltransferase
(ACAT), an enzyme implicated in the development of artherosclerotic coronary heart

disease.’

§ 5.2. Synthetic approaches to enantiopure f-lactams

As a consequence of the versatility of B-lactams as intermediates in synthesis, a
number of synthetic methods have been developed and numerous reviews covering
different aspects of B-lactam chemistry have been published.*® ® The hydroxamate
cyclization,’ the metalloester enolate-imine condensation (Gilman-Speeter reaction),™ the
reaction of nitrones with copper acetylides (Kinugasa reaction),*! the chromium carbine-
imine reaction'? and the ketene-imine [2+2] cycloaddition (Staudinger reaction)*® are
some of the approaches used for the synthesis of the azetidin-2-one ring system. The ester
enolate-imine cyclocondensation and the ketene-imine [2+2] cycloaddition (Staudinger

reaction) are two of the most common approaches for the synthesis of p-lactams.* 3 &

The use of a chiral auxiliary in the ester enolate-imine cyclocondensation method
can provide enantiomerically enriched p-lactams.'* If the chiral auxiliary is attached to
the ester component, it is cleaved during the C-N bond forming step of the reaction.
Thus, no additional steps are needed for chiral auxiliary removal and recovery of the
chiral auxiliary is possible. The chiral ester enolate-imine cyclocondensation method was
utilized by Ojima et. al. to synthesize enantiopure B-lactams that were then coupled to
suitably protected baccatin Il for the semi-syntheses of the anticancer taxoids Paclitaxel
(5-7) and Docetaxel (5-8) (See Scheme 5-1).* The treatment of TIPS ester 5-9 appended
with (-) phenylcyclohexanol (Whitesell’s Chiral Auxiliary) with imine 5-10 in the
presence of lithium diisopropyl amide (LDA) gave the desired B-lactam products 5-13
with excellent enantiomeric excess (ee) (Scheme 5-2). The chiral induction was
proposed to occur via the chair-like transition state 5-11 in which the chiral auxiliary is

situated in the more favorable endo position.
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5-13, 98% ee 5-12

Scheme 5-2: Synthesis of B-lactams 5-13 via the chiral ester enolate-imine

cyclocondensation reaction

The Staudinger reaction remains the most versatile method for B-lactam synthesis
(Scheme 5-3). This is mainly due to the ready availability of a variety of both imines and
ketenes and operationally simple procedures.

R, R
R H_ R R 5h =

—n N3
R 6
R2 -0 \R3 O R3
5.14 5.15 5.16 517

Scheme 5-3: The Staudinger cycloaddition reaction

In the classical Staudinger reaction, the ketene 5-14 is generated in situ by the
dehydrohalogenation of an acid chloride possessing a-hydrogens, in the presence of a
tertiary amine base. Nucleophilic attack by the imine 5-15 onto the ketene 5-14 generates
a zwitterionic intermediate 5-16 that undergoes conrotatory electrocyclic ring closure to
furnish the B-lactam product 5-17 (Scheme 5-3). The Staudinger cycloaddition reaction
is stereoselective for cis B-lactams due to electronic (torqueselectivity) rather than steric
effects in the transition state.? Studies by Cossio et. al. have shown that conrotatory ring
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closure is favored by 8 — 12 kcal / mol when the Ry (Scheme 5-3) substituent is electron
donating and adopts an “outward” configuration upon imine attack leading to the
formation of the cis p-lactams selectively.”® These studies also showed that when R;
(Scheme 5-3) is electron withdrawing, the “inward” configuration of this substituent is

favored by 12 — 15 kcal / mol leading to the formation of trans p-lactams.

A number of modified versions of this reaction have been developed, in which a
variety of activated compounds such as a-diazoketones instead of acid chlorides are used
as ketene precursors.> The racemic products obtained are often separated by enzymatic
kinetic resolution. The need for racemate separation presents drawbacks both in terms of
cost and yields since the overall yield of a desired enantiomer is reduced to a maximum
of fifty percent. Several asymmetric approaches to the Staudinger reaction have been
reported in the literature.® * 8 Asymmetric induction of the Staudinger reaction can be
effected with imines derived from either chiral aldehydes or chiral amines.* * However,
low levels of enantio and diastereoselectivities are generally observed with the use of
enantiopure imines derived from chiral amines and achiral aldehydes.* 2 Though a few
exceptions are known, the substrate scope has been shown to be rather limited.’® The
observed low levels of selectivities for chiral imines derived from chiral amines may be
due largely to the remote distance of the chiral moiety to the reaction center, thus leading
to non-selective transition states.® *** The asymmetric Staudinger reaction can also be
effected by chiral ketene precursors in which the chirality is derived from a chiral
auxiliary attached to the ketene precursor. Recently, catalytic asymmetric versions of the
Staudinger reaction were reported in the literature.’**® A few examples of the common
approaches used to access enantio and diastereomerically pure B-lactams are presented

below.
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§ 5.2.1. Asymmetric induction from the imine component

As stated above, asymmetric induction in the Staudinger reaction of chiral imines
with achiral ketenes is effected with imines derived from chiral aldehydes as well as from
chiral amines. In general, higher stereoselectivities are attained when imines derived from
chiral aldehydes are used. The most common approaches use chiral aldehydes derived

from sugars. The cis pB-lactams are usually obtained in high to excellent ee’s.

Using chiral imines 5-18 derived from D-glyceraldehyde acetonide, a wide
variety of 3,4-disubstituted 2-azetidinones 5-20 were prepared in moderate to good yields
(Scheme 5-4)." For instance, 2-azidoacetyl chloride reacted with N-para-methoxyphenyl
imine and gave the 3-azido-B-lactam in 55% yield (entry 1). In a similar manner, the 3-
hydroxyacetyl substituted azetidinone was obtained in 70% vyield from the reaction of
acetoxyacetyl chloride with N-para-methoxyphenyl imine (entry 6). More importantly,

the cis B-lactams 5-20 were isolated as single enantiomers for all substrates tested.!’

o)( o O>(o
o A
”\ + Rz\)J\Cl 7 o

EtsN, -20 °C to r.t.
R1/N N\

o] R4
5-18 5-19 5-20
Entry R4 R, yield%
1 PMP N3 55
2 PMP Pht 57
3 CH,CO,Me Nz 55
4 PMP OMe 54
CH,CO,Me OMe 57
6 PMP OAc 70
7 PMP OBn 69
8 PMP OPh 67
9 Bn OMe 55

Scheme 5-4: Asymmetric synthesis of B-lactams 5-20 from imine 5-18
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The use of N-Boc-a-amino imines 5-21 in the Staudinger reaction also leads to the
B-lactam products 5-23 in high diastereoselectivity.'® The treatment of imine 5-21 with
either acetoxyacetyl chloride or benzyloxyacetyl chloride and triethylamine in CH,Cl, at
— 78 °C, gave the corresponding B-lactams 5-23 as single diastereomers in good to
excellent yields (Scheme 5-5, entries 1-6). The reaction of imine 5-21 with
phthalimidoacetyl (pht) chloride also afforded the respective B-lactam as a single

diastereomer but in only 41% yield (entry 7).

Boc, >(
B N
ocC N)( 0 @)

k CH,CI
K/O * Rz\)J\ — R, \\\/’
WS Cl EtsN, -78 °C torr.t. R,
R N
PMP” 1 0] PMP
5-21 5-22 5-23
Entry R R, yield%
1 H OAc 70
2 Me OAc 50
3 H OBn 85
4 Me OBn 86
5 H OH 98
6 H OMe 74
7 H Pht 41

Scheme 5-5: Asymmetric synthesis of B-lactams 5-23 from imine 5-21

The asymmetric Staudinger reaction of imines derived from chiral amines and
achiral aldehydes usually gives the products with low diastereoselectivity, due to the
distance between the chiral moiety and the reaction center.® ? However, (S)-1-(2,6-
dichlorophenyl)ethylamine was found to be an effective chiral auxiliary in the [2+2]
cycloaddition reaction.'®® Using propionitrile as solvent at 0 °C, the p-lactam products
5-26 were obtained in good yields and selectivities in favor of the cis isomers (Scheme 5-
6). Aromatic imines with both electron-withdrawing and donating groups were equally
effective under the reaction conditions (entries 2-3). In addition, non-enolizeable

aliphatic and olefinic imines also reacted smoothly (entries 4-5).
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Me CI

0]
propionitrile
+ PhO
SRS ST g
cl PhO

)

5-24 5-25 5-2 diast.-5-26
Entry R yield (%) 5-26: diast.-5-26
1 Ph 89 85:15
2 4-MeOCgH, 76 88:12
3 4-CICgH, 83 85:15
4 PhCH=CH 60 88:12
5 t-Bu 56 91:9

Scheme 5-6: Asymmetric synthesis of B-lactams 5-26 from imine 5-24

The reaction of imine 5-27 derived from 2,3,4,6-tetra-O-acetyl-B-D-
galactoseamine with acid chloride 5-28 gave B-lactam 5-29 as a single diastereomer in
75% vyield (Scheme 5-7).%° Hydrolysis of the sugar chiral auxiliary followed by N-
benzoylation and oxidative dearylation gave (2S,3R) phenylisoserine methylester (5-30)

in good yield.
o)
OAc OAc OAC OAr h)J\NH o)
~Ph + ArO
AcO e Cl Et3N, Mt aco 8% phMOMe
Ar = PMP 75% OH
5-27 5-28 5-29 5-30 (2S,3R)

Scheme 5-7: Asymmetric synthesis of 2S,3R phenylisoserine methylester (5-30)

The product from this reaction is the enantiomer of the phenylisoserine side chain of the
antitumor agent Paclitaxel (5-7). Accordingly, the (2R,3S) phenylisoserine could be
obtained from imines derived from either D-arabinose or L-fucose.*®
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§ 5.2.2. Asymmetric induction from the ketene component

Another strategy for the synthesis of diastercomerically pure B-lactams involves
attaching a chiral auxiliary to the ketene component. This method has been shown to be
very effective for the preparation of 3-amino-p-lactams.'® Oxazolidinones derived from
either (S) or (R)-phenylglycine have been demonstrated to be excellent chiral auxiliaries
in the Staudinger reaction. For instance, the reaction of (S)-oxazolidinon-3-ylacetyl
chloride 5-31 with N-benzylimine 5-32 in the presence of triethyl amine gave the f-
lactam 5-33 in 90% yield and 97:3 diasteromeric ratio (dr) (Scheme 5-8).*°

A ’y

R
CH,Cl
N sl — =, N
K( ‘>ﬁ0| N._Ph  EtN, 90% Ph f
Ph O 97:3 dr g7 "\—Ph
5-31 5-32 5-33

Scheme 5-8: Asymmetric synthesis of f-lactam 5-33 from imine 5-31

Oxazodinone 5-31 was also used in the synthesis of B-lactams with quaternary
stereogenic centers at C4 using imines 5-34 derived from ketones (Scheme 5-9).%° While
symmetrical aliphatic imines afforded the products with almost complete
diastereoselectivity (Scheme 5-9, entries 1-3), unsymmetrical imines gave mixtures of -
lactams 5-35 epimeric at C4, with low levels of diastereoselection (entries 4-5). The
bis(trimethylsilyl) methyl group can be removed by treatment with ceric (IV) ammonium
nitrate (CAN). The N-bis(trimethylsilyl)methylimines 5-34 did not enolize to the

corresponding enamine under the reaction conditions.
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O N R1
oA R1\(R2 CHCls, EtzN o ~R,
N * NI TMS reflux N
\\< _>7CI Y o 7/TMS

Ph O T™S ™S
5-31 5-34 5-35
Entry R1 R2 yield% dr%

1 Me Me 70 99:1

2 Et Et 69 99:1

3 Pr Pr 70 98:1

4 Me Et 80 70:30

5 Me CH,CH,Ph 60 56:44

Scheme 5-9: Asymmetric synthesis of f-lactams 5-35 from imine 5-34

The treatment of N-benzyl imines 5-36 derived from aryl ketones with (S)-
oxazolidinon-3-ylacetyl chloride (5-31) gave essentially single diastereomers of the -
lactam products 5-37 in good yields (Scheme 5-10).%°

0] OYO
o//< Ar\( R CHCl3, Et;N S/N Ri
N + | = Ar
‘>7CI N -78°C -->rt. Ph N

“Bn

Ph O O 'Bn
5-31 5-36 5-37
Entry Ar R4 yield% dr%
1 Ph Me 65 99:1
2 PMP Me 65 99:1

Scheme 5-10: Asymmetric synthesis of B-lactams 5-37 from imine 5-31
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Similarly high diastereomeric ratio was obtained when the norephedrine derived
chiral ketene precursor 5-38 was reacted with o,B-unsaturated imine 5-39, giving the
desired p-lactam 5-40 in 90% dr (Scheme 5-11).%

o Ph Phi. o o
oJ< . k CH,Cl, &\Nfé ~_Fh
Cl | M

K/N» Et;N § :];(\/
W 4 3 €
P N. 95:5 dr N,

PMP o PMP
5-38 5-39 5-40

Scheme 5-11: Asymmetric synthesis of B-lactam 5-40 from imine 5-38

8 5.2.3. Asymmetric induction from a chiral tertiary amine catalyst

Compared to the reported methods for the asymmetric synthesis of B-lactams
from chiral imines and ketenes, catalytic asymmetric variants of the Staudinger reaction
are rare.”” Lectka et. al. reported a method for the catalytic asymmetric synthesis of f3-
lactams from mono-substituted ketenes (Scheme 5-12).® The method is an umpolung
version of the classical Staudinger reaction. That is, the ketene is nucleophilic while the
imine is electrophilic. Using benzoylquinine (5-42) (BQ) as catalyst, the enantiomerically
enriched 3-substituted-4-carboxyethyl products 5-45 were obtained in moderate to good
yields with 95-99% enantiomeric excess (ee) and 99:1 diasteromeric ratio (dr) (Scheme
5-12). While the range of the ketene components that could be used was fairly broad, the
reaction only worked with the highly electrophilic N-tosylimine 5-44.
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S TSN 5-44
o | R,  .CO.Et

0 L ‘
5-42 (10 mol%), PS © IS _H H” >CO,Et
R, BQJ\( 2

toluene, -78 °C to r.t

\

R Ts
5-41 5-43 5-45
MezN NMez
PS = proton sponge
Entry R yield% ee% dr
1 Ph 65 96 99:1
2 Et 57 99 99:1
3 OPh 45 99 99:1
4 OAc 61 98 >99:1
5 OBn 56 95 99:1

Scheme 5-12: BQ 5-42 catalyzed asymmetric synthesis of B-lactams 5-45

The proposed mechanism for the transformation is illustrated in Scheme 5-13.2°
According to Lectka and coworkers, the cinchona alkaloid derivative BQ (5-42) played
two distinct roles depending on the type of acyl chloride used in the reaction. For acid
chlorides with electron-donating groups (EDG), discrete ketene formation is not
necessary. Instead, acylation of the acid chloride by BQ (5-42) forming 5-46a followed
by enolate 5-46b formation occurs (path A). Cycloaddition between enolate 5-46b and
N-tosyl imine 5-44 gives the B-lactam product 5-45 and regenerates the active catalyst
BQ (5-42). For acid chloride with electron-withdrawing substituents (EWG),
dehydrohalogenation by BQ (5-42) to form the ketene 5-46 followed by B-lactam
formation predominates with PS acting as a secondary base (path B). Thus, BQ (5-42)
acts as the kinetically active base in the dehydrohalogenation; while PS plays the role of

the thermodynamic base by deprotonating BQ and regenerating the active catalyst.
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o \TS BQ Ts
®
5-45 5-46¢

Scheme 5-13: Proposed mechanism for BQ (5-42) catalyzed synthesis of B-lactams 5-45

In a subsequent finding, the use of indium (1) triflate, In(OTf)3, as a Lewis acid
co-catalyst significantly improved the yield of the reactions. While the ee’s for the
modified reaction conditions remained largely unchanged, significant erosion of dr was
observed (Scheme 5-14).2* The dramatic rise in reaction yield was attributed to the metal
co-catalyst binding to the imine, forming complex 5-47 (Scheme 5-14), thereby
activating it to subsequent attack by the weakly nucleophilic ammonium enolate complex
5_43.24b
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Ts.----In(OTf)3

| |
o° H/H&O 5-47 R,  .COEt

O .
5-42 (10 mol%), PS ® OEt
R\/U\C| - BQJ\(H N

In(OTf)3 (10 mol%)

toluene, -78 °C to r.t R O Ts
5-41 5-43 5.45

Entry R yield% ee% dr

1 Ph 95 98 60:1

2 Bn %4 98 9:1

3 OPh 93 97 22:1

4 OAc 92 98 34:1

5 OBn 08 96 11:1

Scheme 5-14: BQ and In(111)OTf co-catalyzed asymmetric synthesis of B-lactams 5-45

The Staudinger reaction of ammonium enolates derived from planar chiral
ferrocenyl catalyst 5-51 with N-tosyl imines 5-49 gave highly substituted p-lactams 5-50
in good to excellent chemical yields and excellent ee’s (Scheme 5-15).* High enantio
and diastereoselectivity was observed for the reaction of N-tosyl imines 5-49 with both
symmetrical and unsymmetrical disubstituted ketenes 5-48. Imines derived from aromatic
(entries 1,4-6), olefinic (entry 3) and aliphatic (entries 2 and 7) aldehydes gave the -
lactam products 5-50 in uniformly high yields and ee’s. The mechanism for this reaction
is proposed to proceed through ketene formation and is thus similar to that outlined in
Scheme 5-13 (path B).2
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I ~
)’L .\ TS\JN\ 5-51 (10 mol%) R1j;y‘\R3 MeN (F’; Me
R R, H” R, toluene, r.t. 5 N\Ts Mep\'\ﬂe
Me
5-48 5-49 5-50 5-51
Entry R1 R2 R3 yield% ee%
1 -(CH5)e 2-furyl 90 92
2 -(CHy)g cyclohexyl 76 94
3 Et Et 1-styryl 83 92
4 Ph i-Bu Ph 88 98
5 Ph i-Bu 2-furyl 97 98
6 Ph Et 2-furyl 97 95
7 Ph Et n-propyl 97 98

Scheme 5-15: Asymmetric synthesis of -lactams 5-50 catalyzed by 5-51

An interesting reversal in diastereoselectivity was achieved when N-
trifluoromethane sulfonyl (Tf) imines 5-53 instead of N-tosyl imines 5-49 were used with
the same catalyst 5-51 (Scheme 5-16).%° A broad range of disubstituted ketenes 5-52 and
N-triflyl imines 5-53 gave the B-lactam products 5-54 in high yields, but with moderate to

excellent selectivities.
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0 CQ
I R ~
J’L Tf\)lN\ 5-51 (10 mol%) PhjL—,‘\Rz MeN Fe Me
Ph” "Ry H toluene, r.t. S N\Tf MelB;\Me
Me
5-52 5-53 5-54 5-51
Entry R4 R, yield% ee% dr
1 Et Ph 60 63 86:14
2 Me Ph 83 81 98:2
3 i-Bu Ph 72 63 97:3
4 Me 4-F-CgHy 80 85 96:4
5 Me o-tolyl 89 99 81:19
6 Me 2-BrCgH, 79 84 80:20
7 Ph Ph 62 98 -

Scheme 5-16: Asymmetric synthesis of B-lactams 5-54 catalyzed by 5-51

The mechanism proposed by Fu and coworkers for the switch in selectivity is
outlined below (Scheme 5-17).° The tetrahedral triflimide intermediate 5-55a is
generated by attack of the nucleophilic catalyst 5-51 at the highly electrophilic imine
carbon 5-53. The formation of intermediate 5-55a was fully supported by *H NMR
studies which showed that the catalyst 5-51 reacts quantitatively with N-triflyl imine 5-
53. Intermediate 5-55a then attacks the ketene 5-52, forming ammonium enolate 5-55b.
Displacement of the catalyst 5-51 by the enolate then forms the B-lactam 5-54. A rational
for the reversal in selectivity is still under investigation. However, it could be due to the
intramolecular nature of the C-C bond formation in this case, as opposed to the

intermolecular C-C bond formation in the classical Staudinger reaction.?
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Scheme 5-17: Proposed mechanism for 5-51 catalyzed synthesis of B-lactams 5-54

§ 5.3. Enantioselective approach to -Lactams

As mentioned above, B-lactams are critical intermediates in the semi-synthesis of
antitumor taxoids. During the course of studies on the structure activity relationship
(SAR) of taxol, the Ojima lab developed a general method for the synthesis of a variety
of B-lactams, which were then coupled to the appropriately modified baccatin 111 core to
yield novel taxoids.* The synthesis of (+)-4-iso-butenyl-1-(tert-butoxycarbonyl)-3-
triisopropylsiloxy azetidin-2-one (5-64), the side-chain precursor for novel second and
third generation taxoids, is outlined below. The taxoids derived from coupling of
compound 5-64 to appropriately modified baccatins have been shown to be several orders

of magnitude more potent than Paclitaxel (5-7).%

The condensation of 3-methylbut-2-enal (5-56) with p-methoxyaniline (5-57)
gave imine 5-58. Racemic PB-lactam (+/-)-5-59 was obtained via the Staudinger [2+2]
cycloaddition of imine 5-58 and ketene, generated from the treatment of acetoxyacetyl
chloride with triethylamine in 85% yield (2 steps) after chromatographic purification.
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PS-Amano lipase catalyzed hydrolysis of racemate (+/-)-5-59 resulted in the hydrolysis
of the acetyl moiety at C-3 of the (3S,4R)- enantiomer yielding B-lactams (+)-5-60 in
43% yield and (-)-5-61 in 46% vyield respectively (Scheme 5-18).

CHO .PMP Aco, =
Na,SO,, CH,CI — AcOCH,COCI, TEA - 3
— + HzNOOMe 2 4 272 >:/7 © 2
rt,3h - 78 °C to r.t, overnight ) N

o] PMP
85% 2 steps
5-56 5-57 5-58 5-59
AcO, :< HO —
PS - Amano lipase, 10% CH3;CN ™ .
= /I;N\ N
phosphate buffer (0.2 M, pH = 7.5) I PMP S “PMP
50°C, 18 h
(+)-5-60, 43% (-)- 5-61, 46%

Scheme 5-18: Synthesis of (2S,3R)- 3-acetoxy-1-(4-methoxyphenyl)-4-

(2-methylprop-1-enyl)- azetidin-2-one (+)-(5-60)

Deacetylation of B-lactam (+)-5-60 followed by TIPS protection gave B-lactam
(+)-5-62 in quantitative yield for both steps. The enantiomeric excess (ee) was
determined at this stage and was found to be 99% ee. Oxidative cleavage of the p-
methoxyphenyl (PMP) group via treatment of p-lactam (+)-5-62 with ceric ammonium
nitrate (CAN) and subsequent acylation with tert-butylcarbonate in the presence of a
catalytic amount of DMAP gave the desired p-lactam, 4-iso-butenyl-1-(tert-
butoxycarbonyl)-3-triisopropylsiloxy azetidin-2-one (+)-(5-64) in excellent yield
(Scheme 5-19).
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AcO, :< HO, :< TIPSO, =X
1M KOH, THF TIPSCI, TEA, DMAP
N, N, N,

(0) PMP 1h, 100% o] PMP CH,Cl,, r.t., overnight o] PMP
100%
(+)-5-60 (+)-5-61, >99% ee (+)-5-62
TIP = TIPSO, [
Ce(NH,4),(NO3)e SO, s t- Boc,0, TEA, DMAP e
CH3;CN/H,0O /l/:‘\] CH,Cl,, r.t., overnight /l/jN
B
-10 °C, 2h, 85% o H 96% 0 oc
(+)-5-63 (+)-5-64

Scheme 5-19: Synthesis of 4-iso-butenyl-1-(tert-butoxycarbonyl)-3-triisopropylsiloxy
azetidin-2-one (+)-(5-64)

Though the desired B-lactam (+)-5-64 could be obtained in enantiomerically pure
form, it is obvious that the synthetic process could be improved; namely the enzymatic
step which severely reduces the overall yield of the process. Thus, we were interested in
preparing our desired B-lactam (+)-5-64 in an asymmetric fashion. The catalytic
asymmetric method reported by Lectka et. al. >*?* was a very attractive choice for two
reasons, besides the catalytic nature of the method. First, the tertiary amine catalyst is
easily accessible in one step from commercially available quinine.?®® Second, our desired
B-lactam could be obtained in a few steps from a known intermediate.”> Our proposed

synthetic scheme is outlined in Scheme 5-20.

B-Lactam 5-68 would be formed through the reported method from iminoester
5-67 (R = Ts or PMP) and acetoxyacetyl chloride 5-65 with high enantio purity.
Treatment of 5-68 with excess diisobutylaluminum hydride (DIBAL-H) is expected to
give the hydroxy B-lactam 5-69, which would be protected as the TIPS ether to give the
known compound (R = PMP) 5-70. Wittig olefination, followed by oxidative
deprotection mediated by either ceric (IV) ammonium nitrate (CAN if R = PMP) or
samarium diiodide (if R = Ts) and Boc protection of the amide nitrogen would give the
desired p-lactam, 4-iso-butenyl-1-(tert-butoxycarbonyl)-3-triisopropylsiloxy azetidin-2-

one (+)-(5-64). The results of the proposed process are discussed below.

167



R.
N 567

o D |
\)'i 5-42 (cat), PS OIBQ H)\COZEt AcO,  COEt
AcO Cl toluene, -78 °C In(OTf); (cat) /l/jl‘\l
AcO H o] ‘R

5-65 5-66 5-68

HO/' \\\:O TIPSO,I \\\:O @ @
DIBAL-H (ex — TIPS-CI, DMAP ™ Br PPh;CH(CH,),
""" 7_55_0_0"_* /I;N\ Tt J/:N\ Tttt
- o] R EtsN, CH,Cl, 0 R Base, THF, -78 °C

5-69 5-70

= — TIPSO —
TIPSO, < Ce(NHy)y(NOz)g if R=PMP 1750, { " Boc,0, DMAP <
/’;\\1\ Smlyif R="Ts /l/jNH EtsN, CH,Cl, /J/jl‘\l

o) R @) O Boc
R=PMPorTs
5-71 (+)-5-63 (+)-5-64

Scheme 5-20: Proposed catalytic asymmetric synthesis of 4-iso-butenyl-1-(tert-
butoxycarbonyl)-3-triisopropylsiloxy azetidin-2-one (+)-(5-64)

§ 5.4. Results and discussion

Our attempt at the catalytic asymmetric synthesis of (+)-5-64, started with the
preparation of PMP iminoester 5-73 via condensation of ethyl glyoxylate (5-73) with
p-methoxyanaline (5-72) (Scheme 5-21).** % Reaction of the imine 5-74 with
acetoxyacetyl chloride in the presence of catalytic amounts of benzoylquinine (5-42)
(prepared from quinine, benzoyl chloride and triethyl amine) under the reported
conditions, did not yield the expected B-lactam product 5-75. Hoping to activate imine 5-
74 to nucleophilic attack, In(OTf); was used as a co-catalyst under similar conditions.
However, no conversion was observed even after heating the reaction mixture at 50 °C
(Scheme 5-21).
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PMP-. AcO,  CO,Et

O
| CH,CI N AcOCH,COCI, 5-42 (10 mol% ’
|\/|(3()‘<;>7NH2 + KH/OEt 2Ll | OEt 2 , ( o) !
Na,SO,4 Proton sponge, toluene N
o O

o -78°C, 7 hrs PMP
5-72 5-73 5-74 5-75
PMPL A Et

N ACOCH,COCI, 542 (10 mol%) | O, Lo,
H(OEt Proton sponge, toluene, 1 /,/jl‘\l

o In(OTf); (10 mol%), -78 °C o PMP

then 50 °C (4 h)
5-74 5-75

Scheme 5-21: Attempted synthesis of B-lactam 5-75

Since the reported method discussed above (see Schemes 5-12 and 5-14) used a
tosyl iminoester, it is possible that our PMP-iminoester 5-74 does not possess the
electrophilic character required for the desired transformation. Thus, we attempted the
synthesis of the tosyl iminoester 5-44 according to a procedure reported by Weinreb
(Scheme 5-22).% However, purification of this product proved difficult. Therefore, the
crude product containing polymeric ethyl glyoxylate and the desired tosyl iminoester 5-
44 was used in the B-lactam forming reaction according to the reported procedure.

However, no desired product was obtained (Scheme 5-22).

o) Ts. AcOCH,COCI, A E
= 2 AICI5 (10 mol%) N 5-42 (10 mol%) , °0, _COF
+ S-N=c=0 ~3lPMO%) OEt -
o 6 Toluene, reflux Proton sponge N,
17 h @) toluene % Ts
-78°C,7h
5-73 5-76 5-44, crude 5-77

Scheme 5-22: Attempted synthesis of B-lactam 5-77

To avoid the purification issues associated with the Weinreb procedure, we
explored the synthesis of the tosyl iminoester 5-44 by a three-step method reported by
Lectka et. al. (Scheme 5-23).%° Accordingly, the reaction of ethyl glyxoylate (5-73) with
p-toluenesulfonyl amide (5-78) in refluxing toluene gave N-p-

toluenesulfonylhydroxyglycine ethyl ester (5-79). Chlorination of this compound
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followed by base mediated dehydrohalogenation was reported to give the desired tosyl
iminoester 5-44 (Scheme 5-23).

| Il toluene Ts )ﬁ(OEt
OEt —< >—S—NH — ~
H( ' T2 reflux, 12h N
O o}
o]
5-73 5-78 5-79
soc Cl Ts\N
2 Ts. OEt -DBase, |
CH,Cl,, 12 h ” -HCI H(OEt
© o]
5-80 5-44

Scheme 5-23: Reported synthesis of N-tosyl iminoester 5-44

However in our hands, the reaction of commercially available ethyl glyoxylate
(5-73) with p-toluenesulfonyl amide (5-78) consistently yielded the bis-tosyl substituted
ethyl ester 5-81 as the only product (Scheme 5-24). The formation of the bis-N-tosylester
5-81 indicated that the desired imine product was initially formed from the reaction of the
monomeric form of the aldehyde 5-73 with the sulfonyl amide 5-78. However, the
subsequent reaction of the desired tosyl-imine with sulfonyl amide 5-78 present in the
reaction mixture indicates that this second reaction may be faster than depolymerization
of aldehyde 5-73. Thus the aldehyde was distilled and used immediately in the reaction
for the synthesis of compound 5-79. However, prior distillation and varying the ratio of
aldehyde to sulfonyl amide (i.e. using two to three equivalents of the aldehyde) along
with slow addition of the sulfonyl amide had no effect, as only bis-tosylester 5-81 was
always isolated as the lone product. We hoped that chlorination of the bis-tosylester
product 5-81 would give the desired chloroester 5-80. But no conversion was observed

after 12 h at room temperature or after 16 h under refluxing conditions (Scheme 5-24).

o Ts<
| o NH SOCl,, CH,Cl, Cl
1l
H(OEt . < > ﬁ_NHz toluene TS\N)YOEt 12 hrs, r.t. /,/ TS\N/H(OEt
o o) reflux, 12 h H o then reflux, 16 h H
53-71% ©
5-73 5-78 5-81 5-80

Scheme 5-24: Attempted synthesis of N-tosyl iminoester 5-44
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The preparation of fresh ethyl glyoxylate 5-73 from diethyl maleate 5-82 via
ozonolysis and subsequent reaction with tosyl amide 5-78 also gave the di-substituted
ethyl ester 5-81 in 56% isolated yield (Scheme 5-25).

/—\ 1) O3, CH,Cl,, - 78 °C, 2 h (|)
EtO,C  CO,Et OEt
2) Me,S, 3 h, 20%
0]
5-82 5-73
Ts<
? OEt (l? toluene, reflux “>NH
+ S—NH; — OEt
5 o) 3 h, 56% Hl}l
Ts O
5-73 5-78 5-81

Scheme 5-25: Attempted synthesis of N-tosyl iminoester 5-44

We also sought to obtain 3-acetoxy, 4-isobutenyl 3-lactam 5-84 directly, using the
method reported by Lectka et. al. Thus N-tosyl isobutenyl imine 5-83 was prepared from
the reaction of p-toluene isocyanate (5-76) with 3-methyl-2-butenal (5-56) according to a
known procedure (Scheme 5-26).%° However, no product was obtained in the subsequent

B-lactam forming reaction.

o TS\N AcOCH,COCI, AcO, :<
OHC 5-42 (10 mol% "
\_< . —Q%—N:C:o AC; (10mol%) I ( °) p )
6 toluene, reflux Proton sponge / g “Ts
17 h toluene
-78°C,7h
5-56 5-76 5-83, crude 5-84

Scheme 5-26: Attempted catalytic asymmetric synthesis of (2S,3R)-3-acetoxy-4-(2-
methylprop-1-enyl)- 1-p-toluenesulfonyl-azetidin-2-one (5-84)

Since no success was achieved in obtaining the desired B-lactams from the
catalytic asymmetric approach, we therefore sought other methods to synthesize our
desired target. After extensive literature search, we decided to utilize a method reported

by Wagle et. al.*” In this method, the key stereogenic center is derived from D-mannitol.
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Our revised synthetic approach is outlined below (Schemes 5-27 and 5-28). The known
B-Lactam 5-86 (See scheme 5-4, entry 6) would be formed via [2+2] cycloaddition of
PMP-iminoacetal and the ketene generated from the reaction of acetoxyacetyl chloride
with triethyl amine in high enantiomeric purity (Scheme 5-27).

O AcO, =
5:# (1) p-anisidine AcO,, J\/ (1) FeCl3, CHyClp =0
oHcr\ 9 ——mM8M8M8MM > [ Tl -
° (2) AcOCH,COCI, Et3N N, (2) NalO,, Acetone/H,0 N,
2000 g emp ’ g emp
5-85 5-86 5-87
o ® AcO, \\:< TIPSO, \\:<
Br PPh3CH(CHa), — (1) 1M KOH, THF SN
‘Base, THF, -78°C ;N\ . /I/:N\
 Noyp (2 TIPS-CLEGN 5 Noup
CH,Cl,
(+)-5-60 (+)-5-62

Scheme 5-27: Proposed asymmetric synthesis of (2S,3R)-1-(4-methyoxyphenyl)-4-(2-
methylprop-1-enyl)-3-(triisopropylsilyloxy)-azetidin-2-one (+)-(5-62)

Deprotection of the acetonide and subsequent oxidative cleavage of the resulting
diol would give aldehyde 5-87.3" Wittig olefination® followed by hydrolysis and TIPS
protection of the alcohol would give the known B-lactam (+)-5-62 (Scheme 5-27).
Cerium ammonium nitrate (CAN) mediated reductive cleavage of the para-
methoxyphenyl (PMP) group followed by Boc protection of the amide nitrogen would
give the desired pB-lactam (+)-5-64 (Scheme 5-28).
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TI PSO/, \\\:< TI PSO,/ \\\:< TI PSO,’ \\\—<_
p‘ Ce(NH,)2(NO3)g ™ Boc,0, DMAP 1
N, } NH Et,N, CH,Cl, 4‘ N,

(@] PMP (0] O Boc

CH3CN/H,0

(+)-5-62 (+)-5-63 (+)-5-64

Scheme 5-28: Proposed asymmetric synthesis of 4-iso-butenyl-1-(tert-butoxycarbonyl)-

3-triisopropylsiloxy azetidin-2-one (+)-(5-64)

Our studies began with the preparation of aldehyde 5-85 which was obtained in
90% vyield after oxidative cleavage of commercially available bis-acetonide derivative 5-
88 of D-mannitol (Scheme 5-29). B-Lactam 5-86 was obtained in 83% vyield (2 steps) as
a single diastereomer after reaction of aldehyde 5-85 with p-anisidine and subsequent
[2+2] cycloaddition of the chiral imine with acetoxyacetyl chloride in the presence of

triethyl amine.*’

OH QA( o)(

O . 0
O/\;/k‘/\/ NalO,, NaHCO4 {)/ (1) p-anisidine AcO,,, K/
ATO OH CHClp,90%  OHC" N0 o) acocH,cocl, Et;N /I/:N\

-78°C, 83%
5-88 5-85 5-86

Scheme 5-29: Synthesis of (3R,4S)-1-(4-methyoxyphenyl)-3-acetoxy-4-(2,2-dimethyl-
1,3-dioxolan-4-yl)-azetidin-2-one (5-86)

The acetonide deprotection under a variety of acidic conditions was next
investigated (Scheme 5-30, Table 5-1) and surprisingly turned out to not be trivial. As
Table 5-1 shows, treatment of B-lactam 5-86 with different Bransted acids™ * (entries

1-6) or Tin(I) chloride (entry 7) either resulted in no reaction or gave undesired products.
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Scheme 5-30: Attepmpted acetonide deprotection of 5-86

Table 5-1: Conditions explored for acetonide deprotection

Entry Acid Solvent Conditions Result

1 TFA CH,CI, r.t., o/n no reaction

2 75% AcOH none r.t., o/n no reaction

3 p-TSA.2H,0 CH;OH r.t., o/n deacetylation
4 CH5;COCI  CH,Cl,, MeOH r.t., o/n no reaction

5 50% AcOH none MW, 50 °C, 1Th  complex mixture
6 p-TSA.2H,O THF MW, 50 °C, 1h  complex mixture
7 SnCl, CH,Cl, r.t., o/n no reaction

Specifically, the deprotection using trifluoroacetic acid (TFA) or 75% aqueous
acetic acid only resulted in the recovery of compound 5-86 (entries 1 and 2). The
reaction of B-lactam 5-86 with para-toluenesulfonic acid (p-TSA) in methanol (CH3;0OH)
resulted in hydrolysis of the acetyl group (entry 3). The attempt to generate hydrochloric
acid (HCI) in-situ also resulted in only the recovery of 5-86 (entry 4). Next, the reaction
was done under microwave irradiation conditions; using either 50% aqueous acetic acid
or p-TSA, at 50 °C for 1 h resulted in a complex mixture as determined by *H NMR.
Mass spectrometry analysis of these reaction mixtures indicated the desired product along
with the corresponding triol resulting from concomitant acetyl hydrolysis (entries 5 and
6).

The deacetylated product observed under p-TSA/CH3OH conditions (Table 5-1,
entry 3) prompted an investigation into possible modification of the proposed synthetic
route to B-lactam (+)-5-64. Thus, compound 5-86 was hydrolyzed under basic conditions
and subsequent TIPS protection gave compound 5-91 in high overall yield (Scheme 5-
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31). Acetonide hydrolysis with p-TSA under microwave irradiation conditions gave triol
5-92. However, attempted oxidation of triol 5-92 gave a very complex reaction mixture
(Scheme 5-31).

OX o>< o><o

0 0
AcO, Ho, ./ TIPSO,
O 1M KOH, THF o\ TIPSCI, TEA, DMAP —
)/:‘\l 1h, 98% /,/jl‘\l CH,Cl,, r.t., overnight )/:‘\‘
) ’ ' o PMP
o PMP o] PMP 86%
5-86 5-90 5-91
HO  oH
Ho, ./ HO, =0
p-TSA, THF/ H,0 (2:1) NalO, —
/)
MW, 50 °C, 1h, 84% );‘\1 Acetone/H,0 )/jr‘\l
’ o] PMP ’ o PMP
5-92 5-93

Scheme 5-31: Attempted synthesis of (3R,4R)-1-(4-methyoxyphenyl)-3-hydroxy-4
formyl-azetidin-2-one (5-93)

After extensive studies into the acetonide deprotection, we found FeCl; to be the
best reagent and gave the desired diol in 85-95% yield.** Subsequent oxidative cleavage
of the diol gave aldehyde 5-87 in high yield. Unfortunately, the Wittig olefination®
could not be effected under a variety of conditions. The explorations of other methods

aimed at obtaining B-lactam (+)-5-60 are ongoing.

o
o (1) FeCls.3H,0, CH,Cl, — 0® AcO, :<
a0, Lo (85-95%) ACOn. =0 BrPPhCH(CH), | |
I
)/:N\ 2) NalO,, Acetone/H,0 ) N, Base, THF, -78 °C );N\
g BMP (2) Na 490%/5 one/H, o PMP ase ol PMP
586 5.87 (+)-5-60

Scheme 5-32: Attepmted synthesis of 3-acetoxy-4-iso-butenyl-1-(tert-butoxycarbonyl)
azetidin-2-one (+)-(5-60)

175



§ 5.5. Conclusion

The importance of B-lactams in the semi-synthesis of novel potent antitumor
taxoids prompted us to develop an asymmetric approach to our desired B-lactams. We
applied two reported approaches; the first being a catalytic asymmetric approach while in
the second approach, the chirality was derived from a sugar auxiliary. The chiral
auxiliary approach was found to be more reliable and gave a key intermediate for our
desired B-lactams in high yields and excellent enantiopurity. The synthesis of the desired

B-lactam is still under investigation.
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§ 5.5. Experimental Section

General Methods: All reactions were carried out under nitrogen in oven dried glassware
using standard Schlenk techniques unless otherwise noted. All reactions were monitored
by thin layer chromatography (TLC) using E. Merck 60F254 precoated silica gel plates.
Flash chromatography was performed with the indicated solvents using Fisher silica gel
(particle size 170-400 Mesh). Yields refer to chromatographically and spectroscopically
pure compounds. Analytical high performance liquid chromatography (HPLC) was
performed with a Shimadzu LC 2010A system using a phenomenex Curosil-B column,
employing CH3;CN/water (2/3) as the solvent system with a flow rate of 1 mL/min.
Melting points were measured with a Thomas Hoover capillary melting point apparatus
and are uncorrected. Infrared spectra were recorded on Shimadzu FTIR-84005
spectrophotometer. *H NMR spectra were recorded on a Varian Inova-500 (500 MHz),
400 (400 MHz) or a Gemini-300 (300 MHz) at ambient temperature using an internal
deuterium lock. Chemical shifts are referenced to residual chloroform (8 = 7.26 ppm). **C
NMR spectra were recorded on a Varian Inova-400 (100 MHz) or a Gemini-300 (75
MHz) at ambient temperature using an internal deuterium lock. Chemical shifts are
referenced to residual chloroform (6 = 77.0 ppm). High resolution mass spectrometry
(HRMS) was carried out at the Mass Spectrometry Facility, the University of Illinois
Urbana Champaign. Solvents were reagent grade and freshly distilled before use. Diethyl
ether and tetrahydrofuran (THF) were distilled from sodium/benzophenone under

nitrogen.

N-(4-Methoxyphenyl)-3-methyl-2-butenaldimine, (5-58):%"

CHO Na,SO,, CH,CI =N’
>ﬁ ' HZN@OMe e R, >J
rt.,3h

5-56 5-57 5-58

3-Methylbut-2-enal (5.63 mL, 59.0 mmol) was added dropwise to a solution of
p-anisidine (6.00 g, 49.0 mmol) and anhydrous Na,SO, (27.84 g, 196 mmol) in 120 mL

CHyCl,, and the resulting reaction mixture was stirred at room temperature for 3 h. After
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filtration, the mixture was evaporated under vacuum to yield imine as yellow 5-58 as
viscous yellow oil, which was immediately used in the synthesis of g-lactam without
further purification: *H NMR (CDCls, 300 MHz) & 1.95 (s, 3 H), 2.01 (s, 3 H), 3.80 (s, 3
H), 6.20 (d, J = 9.5 Hz, 1 H), 6.89 (d, J = 7.0 Hz, 2 H), 7.11 (d, J = 7.0 Hz, 2 H), 8.38 (d,
J=9.5Hz, 1 H). '"H NMR data was consistent with that reported in the literature.?”

(x)-1-(4-Methoxyphenyl)-3-acetoxyl-4-(2-methylprop-1-enyl)azetidin-2-one, (+/-)-(5-
59):"¢

,PMP AcO, —<
— AcOCH,COCI, TEA —

_780 ; N,
78 °C to r.t, overnight PMP

85% 2 steps
5-58 5-59

To the resulting imine 5-58 diluted with CH,CIl, (250 mL), was added
triethylamine (10.2 mL, 74.0 mmol) and the solution was cooled to -78 °C.
Acetoxyacetyl chloride (6.34 mL, 59.0 mmol) in 20 mL of CH,CI, was added dropwise
over 15 min and the reaction mixture was warmed to room temperature overnight. The
reaction mixture was diluted with 150 mL of CH,Cl, and 100 mL of water and the layers
separated. The organic layer was washed with water, brine, dried over anhydrous MgSQy,
filtered and concentrated in vacuo. Column chromatography of the residue on silica gel
(hexanes/ ethyl acetate = 4/1) afforded the titled compound (+/-)-5-59 (11.97 g, 85 %,
two steps) as yellow solid; mp 107-109 C. *H NMR (CDCls, 300 MHz) & 1.70 (s, 3 H),
1.72 (s, 3 H), 2.01 (s, 3 H), 3.67 (s, 3 H), 4.83 (dd, J =9.9 Hz, 4.8 Hz, 1 H), 5.02 (d, J =
9.3Hz,1H),5.67(d,J=4.8Hz,1H),6.74 (d, J =89 Hz, 2 H), 7.20 (d, J = 8.9 Hz, 2 H)
. 13C NMR (CDCl;, 75 MHz) § 18.3, 20.2, 27.0, 76.1, 114.3, 117.5, 118.4, 130.7, 141.8,
156.4, 161.3, 169.3. All data were consistent with literature precedent.?’
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(+)-cis-(3R,4S)-3-Acetoxy-1-(4-methoxyphenyl)-4-(2-methylprop-1-enyl)azetidin-2-
one, (+/-)-(5-60):*

\ ACO/ O HO G—
ACO, s < PS - Amano lipase, 10% CH3CN QR <
hosphate buffer (0.2 M, pH = 7.5 /I/:N * N,
/l;‘\l\ phosp ( p ) g S PMP

PMP
O PMP 50°C, 18 h
(+/-)-5-59 (+)-5-60, 43% ()~ 5-61, 46%

While stirring, PS-Amano lipase (6.50 g) was added to a suspension of the
racemic p-lactam (+/-)-5-59 (11.9 g, 41.0 mmol) in 750 mL of 0.2 M sodium phosphate
buffer (pH = 7.5) and 75 mL of acetonitrile, and the mixture was vigorously stirred at 50
°C. After 18 h, the *H NMR of an aliquot showed the conversion of the reaction was
54%. The mixture was filtered through a bed of celite and the filtrate was extracted with
ethyl acetate (4 x 100 mL), dried over MgSOy, filtered and concentrated. The crude
product was purified by flash column chromatography on silica gel (hexane/ethyl acetate
= 4/1 and then 1% MeOH in CH,Cl,) to give (+)-cis-I-(4-methoxyhenyl)-3-acetoxy-4-(2-
methylprop-1-enyl)-2-one ((+)- 5-60, 3.92 g, 43%) with 99% ee as colorless oil and (-)-
cis-I-(4-methoxyhenyl)-3-hydroxy-4-(2-methylprop-1-enyl)-2-one  ((-)-5-61, 5.73 g,
46%). (+)-5-60: 'H NMR (CDCls, 300 MHz) & 1.54 (d, J = 8.4 Hz, 9 H), 2.12 (s, 3 H),
3.78 (s, 3 H), 4.95 (dd, J = 6.0 Hz, 1 H), 5.12 (d, J = 1.2 Hz), 5.80 (d, J = 3.0 Hz, 1 H),
6.84 (d, J = 9.0 Hz, 2 H), 7.31 (d, J = 6.0 Hz, 2 H). All data were consistent with

literature precedent.’®

(+)-(3R,45)-1-(4-Methoxyphenyl)-3-hydroxy-4-(2-methylprop-1-enyl)azetidin-2-one,

(+)-(5-61).2"
ACO 2 \\\4< H O,’ \\\4<
™ 1M KOH, THF ™
gy 4

(0] PMP 1hr, 100% o] PMP

(+)-5-60 (+)-5-61, >99% ee
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To a cooled (0 °C) solution of (+)-5-60 (2.00 g, 6.92 mmol) in 90 mL of THF was added
dropwise 1 M aqueous solution of KOH (69 mL) via an addition funnel over 20 min. The
mixture was stirred at 0 °C for 1 h and then 40 mL of saturated NH,Cl was added. The
mixture was extracted with ethyl acetate (2 x 50 mL). The combined organic layers were
dried over MgSQ,, filtered and concentrated to give (+)- 5-61 (1.71 g, 100%) as white
solid that was used in the next step without further purification: *H NMR (CDCls, 300
MHz) & 1.85 (s, 6H), 3.75 (s, 3 H), 4.63 (d, 1H, J = 7.5 Hz), 4.86 (dd, 1H, J =5.2, 9.2
Hz), 5.04 (dd, 1H, J = 5.2, 7.0 Hz, 1 H), 5.33 (d, 1H, J = 9.2 Hz), 6.79 (d, 2H, J=9.0
Hz), 7.27 (d, 2H, J = 9.0 Hz). All data were consistent with that reported in the

literature.?’

(+)-1-p-Methoxyphenyl-3-triisopropylsiloxy-4-(2-methylpropen-2-yl)azetidin-2-one,

(+)-(5-62):%"
HO, ~< TIPSO, ~<
TIPSCI, TEA, DMAP
/I;N\ ;N\

e} PMP CH,Cl,, r.t., overnight O PMP
100%
(+)-5-61, >99% ee (+)-5-62

Chlorotriisopropylsilane (1.50 mL, 6.80 mmol) was added to a solution of (+)- 5-
61 (1.12 g, 4.53 mmol), DMAP (0.11 g, 0.09 mmol ) and Et3N (2.53 mL, 18.1 mmol) in
35 mL of CH,Cl,. The reaction mixture was stirred overnight at room temperature and
quenched with 30 mL of saturated aqueous NH4CIl. The mixture was extracted with
CHCl; (2 x 50 mL), dried over MgSOQ,, filtered and concentrated. The residue was
purified by flash column chromatography on silica gel (hexanes/ethyl acetate = 18/1) to
give 1-p-methoxyphenyl-3-triisopropylsiloxy-4-(2-methylpropen-2-yl)azetidin-2-one
((+)- 5-62, 1.83 g, 100%) as white solid; mp = 78-80 °C. *H NMR (CDCls, 300 MHz) &
0.97-1.24 (m, 21 H), 1.88 (d, J = 2.3 Hz, 3 H), 1.84 (d, J = 2.3 Hz, 3 H), 3.77 (s, 3 H),
4.82 (dd, J =9.9,5.1 Hz, 1 H), 5.04 (d, J=5.1 Hz, 1 H), 5.33 (d, J = 9.9 Hz, 1 H), 6.84
(d, J=8.7Hz, 2 H), 7.32 (d, J = 8.7 Hz, 2 H). All data are in agreement with literature

values.?’
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(+)-3-Triisopropylsilyloxy-4-(2-methylpropen-2-yl)azetidin-2-one, (+)-(5-63):2"

TIPSO, —< TIPSO, ~<
D Ce(NHy)2(NO3)s D
N\ N\

@) PMP 0) H

CH3CN/H,0

-10 °C, 2h, 85%
(+)-5-62, (+)-5-63

Cerium ammonium nitrate (CAN) in 8 mL of water was added dropwise over to a
solution of (+)-1-6 (1.69 g, 4.18 mmol) in 104 mL of acetonitrile, and 104 mL of water at
-10 °C. The reaction mixture was stirred for 2 h at the indicated temperature and then
quenched with 45 mL of saturated aqueous Na,SOsz and filtered. The filtrate was
extracted with ethyl acetate (3 x 60 mL) and the combined organic layers was washed
with brine, dried over MgSO,, filtered and concentrated under reduced pressure. The
crude product was purified by column chromatography on silica gel (hexanes/ethyl
acetate = 5/1) yielding the titled compound (+)-5-63 as white solid (1.060 g, 85 % vyield;
mp = 85-86 °C. *H NMR (CDCls, 300 MHz) § 0.97-1.21 (m, 21 H), 1.68 (d, J = 2.3 Hz,
3H),119(d,J=2.3Hz,3H),4.43(dd,J=9.5,47Hz,1H),4.98 (dd, J=4.7,2.3Hz,1
H), 531 (d, J = 9.5 Hz, 1 H). All data are in agreement with that reported in the

literature.?’

(+)-1-(tert-Butoxycarbonyl)-3-triisopropylsiloxy-4-(2-methylpropen-2-yl)azetidin-2-
one, (+)-(5-64):%"

TIPSO, 4< TIPSO, —<
“— t- Boc,O, TEA, DMAP QR
/l/:'\l\ CH,Cly, r.t., overnight /,;‘\1

(@) H 96% (@) Boc
(+)-5-63 (+)-5-64

To a solution of 3-triisopropylsiloxy-4-(2- methylprop-2-enyl) azetidin-2-one
((+)-5-63, (1.06 g, 3.55 mmol), triethylamine (1.48 mL, 10.7 mmol) , and a catalytic
amount of dimethylaminopyridine (DMAP) (0.09 g, 0.70 mmol) in 24 mL CH,Cl,, was
added di-tert-butyl dicarbonate (0.93 g, 4.26 mmol) in 10 mL of CH,Cl,. The reaction
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mixture was stirred overnight at room temperature, quenched with 30 mL saturated
aqueous NH,4CI, and extracted with CH,Cl, (2 x 40 mL). The combined organic layers
was washed with brine, dried over MgSQO,, filtered and concentrated under reduced
pressure. The crude product was purified by column chromatography on silica gel
(hexanes/ethyl acetate = 25/1) to yield 1-(tert-butoxycarbonyl)-3-triisopropylsiloxy-4-(2-
methylprop-2-enyl)-azetidin-2-one ((+)-5-64) as clear oil (1.35 g, 96% vyield): *H NMR
(CDCl3, 300 MHz) 6 1.02-1.2 (m, 21 H), 1.48 (s, 9 H), 1.77 (d, J = 1.0 Hz, 3 H), 1.79 (d,
J=1.0Hz,3H),4.75 (dd, J = 9.8, 5.6 Hz, 1 H), 4.98 (d, J =5.6 Hz, 1 H), 5.28 (dd, J =
9.8, 1.0 Hz, 1 H). All data are in agreement with literature values.?’

23b

Benzoylquinine, (5-42):

benzoyl chloride
THF, Et3N, 88%

Quinine (1.50 g, 4.62 mmol) was dissolved in 15 mL of THF and triethylamine
(3.22 mL, 23.1 mmol) and cooled to 0 °C. Benzoyl chloride (0.81 mL, 6.94 mmol) was
added by syringe over 5 min and the reaction was allowed to warm to room temperature
overnight. After evaporation under reduced pressure, the crude residue was dissolved in
20 mL CHCI; and then washed three times with 10 mL 25% (w/w) aqueous NaOH
solution. The combined aqueous fractions were back extracted with 30 mL CH,Cl,. The
organic layers were combined, dried over MgSOy,, filtered and concentrated. The crude
residue was purified on a short plug of silica with 95% EtOAc with 5% triethylamine to
yield a white solid (foam). The solid was recrystallized from boiling Et,O/hexanes to
yield benzoylquinine 5-42 as white solid (1.74 g, 88% yield): [mp = 136 — 138 ° C; [a]p?
=+ 109.5; C = 0.04 in ethanol; (lit mp = 141.5 — 143 ° C;* [a]p?® = + 119.5]; C = 1.0 in
ethanol).** *H NMR (CDCls, 300 MHz) & 1.63 (m, 1 H), 1.80 (m, 2 H), 1.95 (m, 2H),
2.35 (m, 1H), 2.73 (m, 2H), 3.13 (m, 1H), 3.27 (m, 1H), 3.53 (m, 1H), 4.01 (s, 3H), 5.04
(m, 2H), 5.86 (m, 1H), 6.74 (d, 1H, J = 6.6 Hz), 7.40 (dd, 1H, J = 9.2, 2.7 Hz), 7.44 (d, ,
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1H, J = 4.6 Hz), 7.50 (m, 2 H), 7.63 (m, 1 H), 8.04 (d, 1H, J = 9.0 Hz), 8.15 (m, 2 H),
8.74 (d, 1H, J = 4.5 Hz). Proton NMR data was consistent with the literature.*

N-(Ethoxycarbonylmethylidene)4-methoxyaniline, (5-74):%

o) PMP\N
MeOONHz + %(OEt s O
N32804
© 0]
5-72 5-73 5-74

A solution of ethyl glyoxylate (0.20 g, 1.95 mmol) in CH,Cl; (2 mL) was treated
with anhydrous sodium sulfate (0.55 g, 3.90 mmol) and p-methoxyaniline (0.12 g, 0.097
mmol) and the resulting mixture was stirred at room temperature for 3 h. Then the
mixture was filtered and concentrated in vacuo to yield the product as yellow oil. *H
NMR (CDCl3, 300 MHz) 6 1.4 (t,J =7 Hz, 3H), 3.7 (s,3H),4.3 (9, J=7 Hz, 2 H), 6.8
(d,J=9Hz,2H),7.2(d, J=9Hz, 2 H), 7.8 (s, 1 H). *H NMR data was consistent with
literature precedent.?®

N, N’-Bis-(p-toluenesulfonyl)glycine ethyl ester, (5-81):*

Cl) o Ts\NH
H(OEt + @g—NHZ toluene Ts\N)\[(OEt
o 6 reflux, 12 h H 5
53-71%
5-73 5-78 5-81

Ethyl glyoxylate (1.35 g, 13.2 mmol) and p-toluenesulfonylamide (2.26 g, 13.2
mmol) were refluxed in toluene (14 mL) for 12-16 h. A white precipitate formed as the
mixture was cooled to room temperature. The solid was filtered and recrystallized from
ethyl acetate to give the product as crystalline white solid: mp = 179 — 181 °C; (Lit 178 —
180 °C).* 1H NMR (CDCls, 300 MHz) 6 1.16 (t, 3 H), 2.41 (s, 6 H), 4.06 (g, 2 H), 5.23
(t, J=7.8,1H),553(d, J=7.8,2H),7.28(d, J=85,4H),7.72 (d, J = 85, 4 H); ©*C
NMR (CDCls;, 75 MHz) & 13.80, 29.02, 62.71, 64.45, 127.68, 130.10, 139.52, 143.83,
167.40. 'H NMR Spectral data was consistent with the literature precedent.®
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N-p-Toluenesulfonylisobutenyllimine, (5-83):

Ts<

OHC C S| _ ACK(10mol%) N
< O toluene, reflux ¥<
17 hrs
5-56 5-76 5-83

To a solution of 3-methyl-2-butenal (0.18 g, 2.1 mmol) and p-toluene isocyanate
(0.41 g, 2.1 mmol) in 4.0 mL of toluene was heated to reflux. To this mixture was
carefully added anhydrous aluminum chloride (0.008 g, 0.08 mmol) in small portions and
the resulting mixture was refluxed overnight. The mixture was cooled to room
temperature and the solvent removed under reduced pressure. The crude product 2-7 was
used without further purification. *H NMR (CDCls, 300 MHz,) & 2.10 (s, 3 H), 2.19 (s,
3H), 2.49 (s, 3H), 6.28 dd, 1H, J = 10.2, 1.2 Hz), 7.40 (d, 2H, J = 7.0 Hz), 7.90 (d, 2H, J
= 7.0 Hz), 9.05 (d, 1H, J = 10.2 Hz). This compound has been reported in the literature.*’

2,3-1sopropylidene-D-glyceraldehyde, (5-85):®

OH O

OWO NalO,, NaHCOj | @L
ﬁ_é OH CH,Cly, 98% OHC™ N0

5-88 5-85

A solution of 1,2,5,6-Diisopropylidene-D-mannitol (6.70 g, 25.5 mmol) and
saturated aqueous NaHCO;3; (2.7 mL) in dichloromethane (60 mL) was placed in a
reaction vessel (250 mL) equipped with a magnetic stirrer. NalO4 (10.9 g, 51.0 mmol)
was added, and the mixture was stirred for 1.5 h at room temperature. After decantation,
dichloromethane was removed and the residue was extracted with more dichloromethane
(30 mL). The solvent was distilled at room temperature and the residue was purified by
distillation under reduced pressure (30 mbar, 55 °C). Pure aldehyde 5-85 (6.50 g) was
obtained in 98% yield. *H NMR (CDCls, 300 MHz): & 1.40 (s, 3 H), 1.45 (s, 3 H), 4.08
(dd, IH, J = 4.85, 8.73 Hz), 4.16 (dd, 1H, J = 7.34, 8.68 Hz), 4.37 (ddd, 1H, J = 1.86,
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4.87,7.27 Hz), 9.70 (d, 1H, J = 1.86 Hz). Spectral data was consistent with the literature

precedent.*®

(3R,45)-1-(4-methoxyphenyl)-3-acetoxy-4-[(S)-2,2-dimethyl-1,3-dioxolan-4-
yl]azetidin-2-one, (5-86):’

0
o (1) P-anisidine AcO,, “\\K/
OHCWQ/O 2) AcOCH,COCI, Et;N /l/jxl
(2 ACOCHLE0CL Els o’ PmP
-78°C, 83%
5-85 5.86

2,3-isopropylidene-D-glyceraldehyde 5-85 (1.30 g, 10.0 mmol) was added
dropwise to a solution of p-anisidine (1.23 g, 10.0 mmol) and anhydrous Na,SO, (5.68 g,
40.0 mmol) in 40 mL CHCl,, and the reaction mixture was stirred at room temperature
for 3 h. The mixture was filtered, evaporated and then put under vacuum to yield imine as
yellow, viscous oil which was immediately used in the synthesis of g-lactam without
further purification: 'H NMR (CDCls, 300 MHz) & 1.44 (s, 3H), 1.49 (s, 3H), 3.82 (s,
3H), 4.08-4.03 (m, 1H), 4.31-4.26 (m, 1H), 4.76 (q, 1H, J = 6.0 Hz), 6.91 (d, 2H, J = 9.0
Hz), 7.11(d, 2H, J = 9.0 Hz).

The resulting imine 5-85 was diluted with CH,Cl, (80 mL), triethylamine (2.43 g,
24.0 mmol) was added, and the solution was cooled to -78 °C. Acetoxyacetyl chloride
(1.29 mL, 12.0 mmol) in 40 mL of CH,Cl, was added dropwise over 30 min at — 78 °C,
and the reaction mixture was warmed to room temperature over 3 h. The reaction mixture
was diluted with 100 mL of saturated NaHCO3 solution and the layers separated. The
organic layer was washed with water, brine, dried over anhydrous MgSQOy,, filtered and
concentrated in vacuo. Column chromatography of the residue on silica gel (hexanes/
ethyl acetate = 4/1) afforded the titled compound 5-86 as white solid (2.74 g, 83 % over
two steps); mp = 162-163 °C, (Lit Mp = 163 °C); [a]®p +100.9 (c = 0.5, MeOH), (lit
[a]?®p +101.3 (c = 0.5, MeOH)."” *H NMR (CDCls, 300 MHz) & 1.30 (s, 3 H), 1.50 (s, 3
H), 2.15 (s, 3 H), 3.65 (m, 1 H), 3.8 (s, 3 H), 4.05 (m, 1 H), 4.45 (m, 2 H), 6.05 (d, J =5.7
Hz, 1 H), 7.75-6.9 (dd, 4 H); *“ NMR (CDCls, 125 MHz) & 20.45, 24.89, 26.52, 55.46,
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61.53, 66.39, 73.11, 76.55, 114.0, 119.80, 157.10, 161.81, 169.31. All data was consistent

with the literature precedent.’

(3R,4R)-3-Acetoxy-4-formyl-1-(4-methoxyphenyl) azetidin-2-one, (5-87):

ok

O ACO, \\:O
ACO/"’:\ (1) FeCl3, CH,Cly, 2 h SR
(0] N\pMP (2) NalQ,4, acetone/H,0 (2:1) 04 N\PMP
5-86 5.87

To a solution of the B-Lactam (1.00 g, 2.98 mmol) in dichloromethane (45 mL)
was added anhydrous FeCls (0.968 g, 5.96 mmol) at room temperature and the resulting
mixture was stirred for 2 h. After completion of the reaction (TLC) the reaction mixture
was filtered through a bed of celite, and the filtrate was concentrated under reduced
pressure. The residue was dissolved in EtOAc, washed with water and brine, dried over
Na,SO,, filtered and concentrated under reduced pressure. The crude was purified by
flash column chromatography on silica gel using 25% EtOAc in hexanes as eluent to give
the diol (860 mg, 98%) as white foam. *H NMR (CDCls, 300 MHz) & 2.20(s, 3H), 3.65
(d, 2H, J = 5.1 Hz), 3.79 (s, 3H), 4.12 (q, 1H, J = 5.1 Hz), 4.52 (t, 1H, J = 5.4Hz), 6.04
(d, 1H, J=5.4 Hz), 6.90 (d, 2H, J = 9.0 Hz), 7.47 (d, 2H, J = 9.0 Hz).

To a solution of the diol (0.500 g, 1.69 mmol) in acetone—water (2:1, 40 mL) was
added NalO,4 (0.722 g, 3.38 mmol) and the solution was stirred at room temperature for 6
h. The mixture was diluted with water and extracted with CH,Cl,. The organic layer was
washed with brine, dried over MgSQ,, filtered and concentrated under reduced pressure.
The crude was purified by column chromatography on silica gel using 30% EtOAc in
hexanes as eluent to obtained compound 5-87 (400 mg, 90%) as white solid; mp = . *H
NMR (CDCls, 300 MHz) & 2.12 (s, 3H), 3.77 (s, 3H), 4.74 (q, 1H, J = 3.0 Hz), 5.99 (d,
1H, J = 5.1 Hz), 6.88 (d, 2H, J = 9.0 Hz), 7.25 (d, 2H, J = 9.0 Hz), 9.71 (d, 1H, J = 3.0
Hz).
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