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Abstract of the Dissertation
The Synthesis of Polycyclic Fused-Ring Systems via Rh(l)-Catalyzed Higher Order

Cycloaddition Reactions with Carbon Monoxide
by
Alexandra A. Athan
Doctor of Philosophy
in
Chemistry
Stony Brook University

2013

The seven-membered ring is a common motif in various bioactive natural products. Many
examples of natural product cores possessing fused-ring systems are also prevalent. Therefore, it
is useful to provide methods that allow access to these cores rapidly and efficiently. We have
previously reported the successful construction of fused-ring skeletons containing seven-
membered rings via Rh-catalyzed carbocyclization and cycloaddition reactions. As part of our
continuing study on higher order metal-catalyzed reactions, novel dienynes, enediynes and
triynes have been subjected to the Rh-catalyzed [2+2+2+1] cycloaddition reaction.

In the presence of Rh under CO, cycloheptene-diynes were converted to the
corresponding 5-7-7-5 tetracyclic products. Variable amounts of [2+2+2] byproducts were also
observed. We would like to further extend this methodology to synthesize new classes of
colchicine and allocolchicine derivatives. Novel triyne substrates have been synthesized and
subjected to our previously developed Rh(l)-catalyzed cycloaddition reactions. The 6-7-6-7
tetracyclics have been obtained in good yields in the presence of [Rh(cod)CI2]2 and DPPP in
TFE using microwave irradiation. The 6-7-7-6 carbonylated tetracyclics have also been obtained
under ambient CO pressures in toluene. The scope and the mechanism of these novel processes
will be discussed.



Dedicated to my grandparents, parents, sisters, the Resch family, and Daniel Resch.



Table of Contents

List of Schemes vii
List of Figures ix

List of Tables x
Acknowledgements xi

Chapter 1

Introduction to Carbocyclization Reactions and Higher Order Cycloaddition Reactions

I 11 oo [ o4 A o] ST P VTP PRSPPI 2

1.2 Silicon-Initiated Carbocyclization REACHIONS ........ccccccvevieiiiiieiieie e 2

1.3 Rh(I)-Catalyzed [2+2+2+1] Cycloaddition Reactions with Carbon Monoxide ...................... 16

L. RETEIBICES ... ittt b bbbt R Rt b et bbbt e et nes 19
Chapter 2

The Synthesis of Polycyclics from Linear Dienynes or Enediynes via Rh(l)-Catalyzed
[2+2+1] and [2+2+2+1] Cycloaddition Reactions

2.1 Introduction to the [2+2+1] (Pauson-Khand) Reaction ...........c.ccccovvvieeiiiieiiese e 22
2.2 RESUILS AN0 DISCUSSION ...uviivieiiieiieesiesieesieesiesiee e etesree e estesseestaeseesneesseeseesseesseenseeseesseenseaneensens 24
2.2.1 SUDSEIate SYNTNESIS .....veiveeiiiiecie et ene 24
2.2.2 Reaction Condition OPtIMIZALION ........ccceiveiieiieiiieieeeeee e 26
2.3 CONCIUSION ...ttt b etk b et e e b e s e e b et e st e st e e b e e beaneene e 35
2.4 EXPErIMENTAl SECTION .....c.eiiiiiiiiiieiee ettt 36
2.5 RETEIBINCES ...ttt bbbttt b e b et h e b e bbb e b e nre s 46
Chapter 3

The Synthesis of Cycloheptene-diynes and their Applications to Rh(l)-Catalyzed [2+2+2]
and [2+2+2+1] Cycloaddition Reactions

3.1 Introduction to the Rh(l)-Catalyzed [2+2+2+1] Cycloaddition Reaction of Cyclohexene-

(01 TSP U PP PR UPRPR 49
3.2 RESUILS ANT DISCUSSION .....euviiiieiiieiieiie ettt sttt ettt sbe b sneeneaneenens 55
3.2.1 SUDSEIate SYNTNESIS .....cuveuiiieieieisie e 55
3.2.2 Optimization of the [2+2+2+1] Cycloaddition Reaction of Cycloheptene-diynes...60
3.2.3 Mechanism of ISOMEFIZALION. ..........cceiierieeieere e 63
3.2.4 Optimization of the [2+2+2] Cycloaddition Reaction of Cycloheptene-diynes....... 66
K J0C 03 Tod 11151 o] o PSSR 69
3.4 EXPerimental SECHION .......ccoiiiii et 69
3D RETEIBINCES ...ttt bttt b et h e b et nne e b e b aneenre s 88



Chapter 4

Synthesis of Colchicinoids and Allocolchicinoids via Rh(l)-Catalyzed [2+2+2+1] and
[2+2+2] Cycloaddition Reactions

4.1 Introduction to the Synthesis of Colchicinoids and Allocolchicinoids...........ccccccovvieivenenne. 91
4.2 RESUILS aN0 DISCUSSION .....vvviieiieieiieste sttt sttt bbbt ne e 94
4.2.1 SUDSEIate SYNTNESIS ...c.viieieiiieieee e e 94
4.2.2 Optimization of the [2+2+2+1] Cycloaddition Reaction of Triynes ..............c.cco..... 97
4.2.3 Optimization of the [2+2+2] Cycloaddition Reaction of Triynes............cccceoveveneen. 99
L R O] 1 (o] [V 1] o] TR 100
4.4 EXPErIMENTAl SECHION ....viiiiiiiiccieee ettt st sr et e e nte e reenne e 101
SR R (=L (=T (= 1oL RS 111
Bibliography
(O FoT o] (=] o TSRO U TR OR R PPPP 112
(O T o) SOOI 113
(O FoT 0] (=] S TSRO T TR OR R UPRP 114
CRAPLET 4.ttt e bbbttt bbbt 115
Appendices
N O 4 T (=T TSSOSO PSPPSR 117
A2: CRAPLET 3t bbbt b et bbbt 134
N O - T | (=1 S SRS USSR 167

Vi



List of Schemes

Chapter 1
Scheme 1-1: Mechanism of the carbometalation-cyclization of alkynes ..........cccoocevevvieieennen 3
Scheme 1-2: Mechanism of the SICaC 0f BNYNES ........coveiiiie e 4
Scheme 1-1: Silylformylation of 1-4a and minor CO-SiCaC product ..........ccccevvrveeneereneeieeneenn 5
Scheme 1-4: SICaC 0f 1,6- and L, 7-BNYNES ....c.oeiveieiiecieeiie e ste st eeste e e et ae e sre e enes 6
Scheme 1-5: CO-SiCaC OF 1,6ENYNES.......cciviiiiieiieciiee ettt st re e te e re e saee e 6
Scheme 1-6: Mechanism of the SiCaC and CO-SiCaC 0f 1,6-eNYNES ........cccccvevveiieiieriesieseereens 7
Scheme 1-7: SICaB Of 1,6-0IYNES ........coiiiiiieic et saee s 8
Scheme 1-8: Mechanism of the SiCaB 0f 1,6-0IYNES .......ccccceiveiiiiiiiiee e 9
Scheme 1-9: SICAC OF BNEAIYNES.........ooiiiiiiieiecre bbb 10
Scheme 1-10:Mechanism of the SiCaC of eNediYNES........cccccviieiieiiceceee e 11
Scheme 1-11: SICAT OF TINYNES .....ooviiieiieieee et 11
Scheme 1-12: Mechanism of the SICaT Of trIYNES ........cceiieiiii e 12
Scheme 1-13: CO-SICaT Of BNEAIYNES ......c.eoiiiiiiiiieiee e 13
Scheme 1-14: Mechanism of the CO-SiCaT Of eNediyNeS ........ccccvveveiieiieie e 14
Scheme 1-15: Substrate limitations for the CO-SiCaT of enediynes ..........ccccoeveiiiinininieiennen, 15
Scheme 1-16: Mechanism for the formation of 5-6-5 tricyclic products.............ccccceeveivereiiennnn, 16
Scheme 1-17: Formation of 5-7-5 tricyclics via the Rh(l)-catalyzed [2+2+2+1] cycloaddition of
BNBAIYNIES. ...ttt ettt s ettt et et e e a e be et et e e teea b e eh e e ate et e aRe e e ReenteeReenteeteaneeareenreanrenrees 16
Scheme 1-18: Mechanism of the Rh(l)-catalyzed [2+2+2+1] cycloaddition reaction of enediynes
........................................................................................................................................................ 17
Scheme 1-19: Isomerization OF 5-7-5 1aCIONES ........cevviiieiiiiie e 18

Chapter 2
Scheme 2-1: Inter- and intramolecular PKR..........cocio i 22
Scheme 2-2: Rh(I)-catalyzed PKR MeChanism .........c.cccoiiiiiiiiiicccc e 23
Scheme 2-3: PKR OF QIEBNEYNES ..ottt 23
Scheme 2-4: Formation of 5-7-5 tricyclics via the Rh(l)-catalyzed [2+2+2+1] cycloaddition
=T o ) o SR 24
Scheme 2-5: Synthesis of SUDSEIAte 2-11a8 .........ccceiieiiiieiice e 25
Scheme 2-6: Synthesis 0f 2-25 aNd 2-26 .........cccooiiiiiiiiece e 25
Scheme 2-7: Synthesis of dienynes 2-9a, 2-9b, and 2-9C..........ccccoveviiieiieie i 26
Scheme 2-8: Mechanism for the formation of 5-7-5 tricyclics via the [2+2+2+1] cycloaddition 27
Scheme 2-9: [2+2+2+1] and [2+2+1] cycloaddition reactions of enediyne 2-11a.........c.............. 28
Scheme 2-10: PKR Of SUDSLrAte 2-9D.........cooiiiiiie e 34
Scheme 2-11: Mechanism for the formation of the PK product............ccccoovveviiiiiiiii v, 34

Chapter 3
Scheme 3-1: CO-SiCaT of cyclohexene-diyne 3-1 .......cooovoiiiiiiiiiiii e 49
Scheme 3-2: Formation of tricyClic product 3-3..........cooveiiiiiiiiee e, 50
Scheme 3-3: [2+2+2+1] Cycloaddition of cyclohexene-diynes ..........cccccovvvevieiiieiiesnec s, 50

vii



Scheme 3-4: Mechanism for the [2+2+2+1] cycloaddition of cyclohexene-diynes ..................... 52

Scheme 3-5: Isomerized carbonylated products 3-6al and 3-6a2 ...........ccccceevvevveieiiieieese e, 52
Scheme 3-6: [2+2+2+1] cycloaddition of cyclohexene-diyne 3-5a with CO ........ccccvvieiiiinnnnn 53
Scheme 3-7: Attempted isomerization of 5-7-6-5 tetracyclics 3-6al and 3-6a2 ...........c..ccccueue.. 54
Scheme 3-8: Novel substrates to undergo Rh(l)-catalyzed [2+2+2] and [2+2+2+1] cycloaddition

TEACTIONS ...vetiteitie ettt sttt ettt b bbbt bt e b e st e et e b e bbbt e Rt e Rt et e b et e bbbt b e n e n e 55
Scheme 3-9: Synthesis of diyne bromide 3-15 ... 56
Scheme 3-10: Synthesis of diyne bromide 3-17 .......cccooieiieiiiie i 56
Scheme 3-11: Synthesis of diyne bromide 3-21 .........coooiiiiiiiiiee e, 56
Scheme 3-12: Synthesis of diyne bromide 3-16 ...........cccevieiiiieiieicse e 57
Scheme 3-13: Synthesis of N-(cyclohept-2-enyl)-4-methylbenzenesulfonamide (3-27) .............. 57
Scheme 3-14: Synthesis of diethyl 2-(cyclohept-2-enyl)malonate (3-30) .......ccccccevvriieienienennenn 58
Scheme 3-15: Synthesis of cycloheptene-diyne substrates 3-10a and 3-10b ..........ccccoccvevviieens 58
Scheme 3-16: Synthesis of cycloheptene-diyne substrates 3-10c and 3-10d .........ccccccevvereiinnnnn 59
Scheme 3-17: Synthesis of cycloheptene-diyne substrate 3-10f...........ccccceiiiieiiieiciccecce e, 60
Scheme 3-18: Synthesis of cycloheptene-diyne 3-10g .......cccooeiiiiiininiieee e, 60
Scheme 3-19: Proposed mechanism of isomerization via C-H activation ..............ccccoevevviienen. 65
Scheme 3-20: Proposed mechanism of isomerization via deprotonation .............c.ccocevvrveeenennen. 66
Scheme 3-21: Desilylation and [2+2+2] cycloaddition of 3-10f ..........c.ccceeiiiiiiiiicic e, 68
Scheme 3-22: [2+2+2] Cycloaddition OF 3-100 ........cccviirieiieiieiie e 68
Scheme 3-23: [2+2+2] Cycloaddition 0f 3-10€ .......c.cciiieiiiie e 68

Chapter 4

Scheme 4-1: Microwave-promoted [2+2+2] cycloaddition of tryines to form novel tetracyclics 92
Scheme 4-2: Previous studies on the [2+2+2+1] and [2+2+2] cycloaddition of triynes............... 93
Scheme 4-3: Formation of novel 6-7-7-5 and 6-7-6-5 tetraCycliCS...........ccccveivvevieveiiciecce e, 94
Scheme 4-4: Synthesis of diethyl 2-(but-2-ynyl)-2-(prop-2-ynyl)malonate 4-11 .............ccceuee. 94
Scheme 4-5: Synthesis of 1-(prop-2-ynyloxy)but-2-yne 4-13.........ccccoveiieiiiieiiese e 95
Scheme 4-6: SyNthesis OF trIYNE 4-58 ........ccoiiiiiiiiiee e 96
Scheme 4-7: Synthesis Of triyNe 4-5D ........ccovoiiii i 96
Scheme 4-8: Rh(I)-catalyzed [2+2+2+1] cycloaddition of triyne 4-5a.........cccccecvevivreinennniennnnn 97
Scheme 4-9: Further optimization of Rh(l)-catalyzed [2+2+2+1] cycloaddition of triyne 4-5a...97
Scheme 4-10: [2+2+2+1] Cycloaddition Of 4-5a...........ccoviiiiiiiiiiiieee e, 98
Scheme 4-11: Rh(l)-catalyzed [2+2+2] cycloaddition of triyne 4-5a .........c..ccceeveveiieieciecienn, 99
Scheme 4-12: Rh(l)-catalyzed [2+2+2] cycloaddition of triyne 4-5b ........cccccovvveviviieiieiicen, 99
Scheme 4-13: Mechanism of the [2+2+2+1] and [2+2+2] cycloadditions of 4-5....................... 100

viii



List of Figures

Chapter 2
Figure 2-1: HPLC trace for 2-11a isolated after reaction ............ccocevoveieieicieicnc s 28
Figure 2-2: HPLC trace for 2-12a isolated after reaction ............ccccccevveveiieiieece s, 29
Figure 2-3: HPLC trace for 2-30 isolated after reaction .............ccocoovieeieieieicncneee e 29
Chapter 3
Figure 3-1: Natural product Caribenol A...........oooiiiiiee e 51
Chapter 4
Figure 4-1: Colchicine and AHOCOICNICING ..........ooiiiiiii e 91
Figure 4-2: ColchiCINg COIe SYNINESES ......ociiivieiiecie ettt ae e 91



Table 2-1:
Table 2-2:
Table 2-3:

Table 3-1:
Table 3-2:
Table 3-3:
Table 3-4:

Table 4-1:

List of Tables

Chapter 2
Optimization of reaction CONAITIONS .........cooveiiriieri e 30
Catalyst and temperature SCrEENING.......cccvevueiiereerieeeeseesteeie e e sre e e e re e e e eneeenes 31
Solvent and catalySt SCrEENING .......ccviiiiriiieiee e 32
Chapter 3
Optimimization of the [2+2+2+1] cycloaddition reaction of 3-10...........cc.ccccvevenennen. 61
Isolation of [2+2+2+1] and [2+2+2] Products .........cccceeeveeieiiieiieie e 62
Molecular modeling calculations for isomerized carbonylated products..................... 64
[2+2+2] Cycloaddition OF 3-10C.......cccoiiiiiiiieieieeese e 67
Chapter 4
Optimization of [2+2+2+1] cycloaddition Of 4-5C..........ccocvviiiiiiiiiiiieeee, 98



Acknowledgments

First and foremost, |1 would like to thank Professor Iwao Ojima for his guidance and
support as my research advisor. | am grateful for his willingness to teach me, share his extensive
knowledge of chemistry, and always provide advice in my research. | appreciated the helpful
discussions with  my ACC members, Professor Nancy Goroff and Professor Dale
Drueckhammer. | would also like to thank Professor Christian Rojas for not only serving as my
outside committee member, but also for igniting my interest and passion to study chemistry in
my undergraduate career and beyond.

The Ojima lab would not be able to function without Mrs. Patricia Marinaccio, and |
would like to thank Pat for the laughs, love, advice and hugs. | would also like to thank Mrs.
Roxanne Brockner for playing an integral part in helping and supporting the Ojima group. |
would also like to express my gratitude to Mrs. Yoko Ojima for warmly welcoming us into her
home for Ojima group functions.

There are many Ojima group members who have generously shared their knowledge and
skills with me over the years. | would especially like to thank my mentors, Dr. Joe Kaloko and
Dr. Stephen Chaterpaul. I am lucky to have entered the Ojima lab with Joshua Seitz and Divya
Awasthi, whose friendship and support | have appreciated over the years. | would also like to
thank the current Ojima group members for the good times in the lab and their helpful feedback:
Bill Berger, Yang Zang, Jacob Vineberg, Krupa Haranahalli, Simon Tong, Changwei Wang, and
Longfei Wei. | am grateful to have worked on projects with Chih-Wei Chien, and | wish him
luck as he defends his dissertation this month and in life after Stony Brook. | want to especially
thank Bora Park for being an excellent office and lab mate, coffee buddy, and friend. I would
also like to thank past Ojima group members for passing on their knowledge, wisdom, and jokes,
especially Dr. Edison Zuniga, Dr. Kunal Kumar, Dr. Gary Teng, Dr. Anu Kamath and Dr. Chi-
Feng Lin. It has also been a pleasure knowing Dr. Honda and working with the members of the
Honda group: Dr. Suging Zheng, Dr. Wei Li, and Dr. Akira Saito.

During my first year at Stony Brook, Professor Ojima, Professor Parker, Professor Tonge,
Professor Boon, Professor Goroff, Professor Sampson, Professor Carrico, and Professor Picart
laid a solid chemistry foundation for me during their classes. | would also like to thank Professor
Rudick for serving as an ACC member replacement during my third meeting. | would also like to
thank Professors Fowler and Lauher for serving as excellent teaching role models during the
semesters | was a TA.

I am also grateful for the help of the chemistry department office staff, especially Heidi
Ciolfi, Liz Perez, Norma Reyes, Charmine Yapchin, Barbara Schimmenti, Kimberly Toell, and
Katherine Hughes. | would also like to thank our building managers and directors of labs, Dr. Al
Silverstein, Mike Teta, and Dr. Deborah Stoner-Ma. | would also like to express my gratitude to

Xi



Dr. Jim Maracek, Dr. Bela Ruzsicska, and Tao Wang for their support with NMR and Mass
Spectroscopy. | would also like to acknowledge funding from the National Science Foundation
and Turner Fellowship.

My journey through graduate school was made much more enjoyable with the support
and friendship of people outside of the Ojima group as well. I would like to extend a special
thanks to the members of the Parker and Goroff groups, especially Allison Black, Daniel Elliott,
Hee Nam Lim, Dr. Dave Connors, and Dr. Racquel DeCicco. | would also like to thank my
fiancé, Daniel Resch. I am lucky and thankful to have someone by my side who truly
understands each milestone | overcame throughout the last 5 years.

Finally, I want to thank the people outside of Stony Brook who supported me each step of
the way. To my friends and dancers at Shine Dance Studio, Sachem High School East, and
Smithtown High School East — thank you for sharing your love of dance and your smiles. To my
faves and my Barnard friends — thank you for understanding when I couldn’t see with you as
often as we would like and thank you for being my own personal cheerleaders. To the Resch
family, Tooty, and Gramps — thank you for welcoming me into your family and for always
making sure | had delicious meals and lots of laughs and love. Mom and Dad — ILYMAD
BACL. Nana - thank you for being an inspiration in so many ways. To my sisters, Alyssa and
Taylor — thank you for being such loving and amazing sisters and for being my best friends.

xii



Chapter 1

Introduction to Carbocyclization Reactions and Higher Order Cycloaddition
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1.1 Introduction

Complex fused ring systems are commonly found in various bioactive natural and
unnatural products." The development of novel methods to efficiently synthesize complex
polycyclic moieties is an ongoing effort, and it is worthwhile to discover processes that allow
facile access to these polycyclic cores.? In the past, chemists have relied on ring-forming
methods that utilize multicomponent reactions (MCRs) such as higher order cycloaddition
reactions and cascade reactions.® These reactions are useful to furnish complex polycyclic
molecules from simple, linear starting materials. Cycloadditions are an example of a common
and convenient MCR. Furthermore, cycloaddition reactions which may normally be symmetry
forbidden do proceed in the presence of rhodium and other transition metals,* and the field of
transition metal catalyzed higher-order cycloadditions is widely studied.> A promising method
utilizing this methodology is the silicon-initiated, Rh-catalyzed intramolecular carbocyclization®
developed by the Ojima laboratory. The versatile Rh-catalyzed, silicon-initiated carbocyclization
is the basis for intramolecular carbocyclization reactions such as silylcarbocyclization (SiCaC),’

™ 8 silylcarbobicyclization (SiCaB),” and

carbonylative silylcarbocyclization (CO-SiCaC),
silylcarbotricyclization (SiCaT) reactions.’® The in-depth study of these processes later led the
Ojima group to discover the Rh(l)-catazlyzed [2+2+2+1] cycloaddition reaction.” ** These
processes allow multiple new C-C bonds to be formed in one step, which is useful when applied

to the synthesis of complex, polycyclic natural products.> An in-depth discussion of these

processes and their mechanisms is presented herein.
1.2 Silicon-Initiated Carbocyclization Reactions

During studies on the silylformylation of 1-hexyne, the Ojima group discovered a novel

carbometalation-cyclization process that yielded silylcyclopentenones.® The reaction was



catalyzed by novel Rh-Co complexes in the presence of hydrosilanes under a CO atmosphere.
Deuterium-labeling studies were carried out in order to confirm the mechanism illustrated in

Scheme 1-1.%2

0]

R__[MI(H) Reductive R!
Rl R3Si-[M](H) :[ co M](H) Ellmlnatlon | H
; *H” “SiRg S|R3 SiRs
A 1-2
Rl'——H*
(e} (0] (@]
R’ R R R Carbocyclization gt R
\ T [MJH* M) | \ "
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ReSi” g H Rssi  H SirgM
D c

He ReSH  RgSHM]  Rsi” el

R3S| H* 1-3

Scheme 1-1: Mechanism of the carbometalation-cyclization of alkynes

The alkyne 1-1 first inserts into the Si-[M] active species in a highly regioselective
manner to form p-silylethenyl-metal complex A. Carbon monoxide insertion gives B-
silylcryloyl-metal complex B. At this stage, intermediate B can either undergo a reductive
elimination to yield silylformylated product 1-2 or the B-silylacryloyl-metal species can be
trapped by another molecule of alkyne. The pathway when intermediate B is trapped by a

molecule of alkyne was observed in the presence of trialkylsilanes while the formation of 1-3



was observed in the presence of phenylsilanes. The trapping of intermediate B is followed by a
carbocyclization and subsequent [B-hydride elimination to form complex E. A highly
regioselective reduction at the less sterically hindered site and the regeneration of the silyl-[M]
active species gives the final product 1-3. Under optimized conditions (ie. triethylsilane/(t-
BUNC),RhCo-(CO), at 60 °C), the final product was obtained in 54% vyield.** Thus, the
intermolecular novel carbonylative silylcarbocyclization (CO-SiCaC) reaction of alkynes was

established.

During optimization of reaction conditions, a novel intramolecular silylcarbocyclization
(SiCaC) of enynes was also discovered.’**® The SiCaC reaction of allyl propargyl ether or
diallylpropargylamine proceeded smoothly. It was hypothesized that the reaction should also
proceed in the absence of CO. As predicted, the product was obtained in 85% yield when allyl
propargyl ether was subjected to the reaction catalyzed by Rh(acac)(CO), in the presence of
PhMe,SiH under a nitrogen atmosphere. These results indicated that the product was formed via
trapping of the B-silylethenyl[M] intermediate with the alkene moiety followed by a hydride shift

from the metal (Scheme 1-2).%2

/_// Rh(acac)(CO),
X X .
N PhMe,SiH X SiPhMe,
— COor N2
1-4 1-5

X =0, allylamine

PhMe,Si-[M]
J
X M) x@[M](H)
\—Q\‘SiMezph \_ SiPhMe,

Scheme 1-2: Mechanism of the SiCaC of enynes
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During these studies, a cyclized carbonylated side product was also observed when allyl
propargyl ether 1-4a was subjected to the reaction in the presence of Et;SiH under higher
pressures of CO (10 atm). The major silylformylated product 1-6 was observed in up to 75%

yield along with the minor CO-SiCaC product 1-7a (Scheme 1-3).*

Vi
/ Rh(acac)(CO), o CHO
4 O CHO 4 N
o Et,SiH \ , EtsSi
= CO (10 atm) 16 EtsSi 1-7a
1-4a toluene, 65 °C (70-75%) (15-20%)

Scheme 1-3: Silylformylation of 1-4a and minor CO-SiCaC product

The Rh(l)-catalyzed intramolecular SiCaC and CO-SiCaC reactions of 1,6- and 1,7-
enynes were shown to have good functional group tolerance when various substrates were
subjected to the reaction conditions.™ Functionalized 5- and 6-membered rings could be obtained
by these processes. Excellent results were obtained for the SiCaC process when Rh and Rh-Co
clusters such as Rhs-(CO)12 and Rh,Co,(CO)12 were used. In most cases, the reaction proceeded
in less than one minute at ambient temperature with high selectivity towards the desired SiCaC
product. The reaction was also shown to proceed in the presence of various hydrosilanes with

aryl groups as well as alkoxy hydrosilanes (Scheme 1-4).



Rh4(CO)1 2 Or haCO(CO)12

x/—: R3SiH, CO or N, XX\Si&
(\‘)n—\\ (

hexane, <1 min - 12h n
22 -70°C 1-5
1-4 34-96%
n=1, 2

x = C(CO,Et),, O, NTs, C(OMe),
C(CH,O0Ac),, NBn, C(CO,Me),

Scheme 1-4: SiCaC reaction of 1,6- and 1,7-enynes

The CO-SiCaC reaction of 1,6-enynes was also optimized.” Matsuda and coworkers
have reported a similar process.** The best results were obtained (up to 91% vyield) using
Rh4(CO)1, as the catalyst in the presence of Me,PhSiH and P(OEt); as a ligand in dioxane under
20 atm of CO at 105 °C (Scheme 1-5). The reaction was further improved by optimizing it to

proceed at higher concentrations using the “freeze and CO” protocol.7b

Rh4(CO)12

S R3SiH, CO (20 atm) / ~SiMe,Ph
N X CHO
\ P(OEt)s, 1,4-dioxane
105 °C, 48 h 1-7
1-4 56-91%

x = C(CO,Et),, O, NTs, C(OMe),,
C(CHzOAC)z, NMS, C(COzMe)z

Scheme 1-5: CO-SiCaC of 1,6-enynes

The mechanism for the SiCaC and CO-SiCaC reactions of 1,6-enynes is illustrated in
Scheme 1-6." The reaction begins with the insertion of the alkyne into the Si-[Rh] active
species. This is followed by coordination of the alkene moiety and an intramolecular

carbometalation to give intermediate A. A subsequent hydrosilane-promoted reductive



elimination (hydride shift) occurs to yield the SiCaC product 1-5 in the absence of CO or at very
low CO concentration. Under high CO pressure, the carbocyclization is followed by migratory
insertion of CO into the acyl-[Rh] bond of species B followed by a reductive elimination to yield
the CO-SiCaC product 1-7. It is important to note that although a CO atmosphere is not
necessary for the formation of the SiCaC product, the presence of CO does stabilize the active

[Rh] catalyst species in this reaction.™

S|R3

\_\ (H*)[Rh]-SiR3
1-4 \

H-SiRs
R rSIRS
/~SiRs SiR,
' [Rh](H") / a/\:L

X |
N
A HS|R3 (*H)[Rh[” O
X\X\SR?) /
[Rh](H*)
B

Scheme 1-6: Mechanism of the SiCaC and CO-SiCaC of 1,6-enynes

This methodology was further expanded to accomplish the silylcarbobicyclization
(SiCaB) of 1,6-diynes.’ The Ojima group reported the first “truly catalytic” bicyclization of
alkynes incorporating CO. This method allowed convenient access to bicyclo[3.3.0]octenones
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and bicyclo[3.3.0]octa-1,5-dien-3-ones (Scheme 1-7). Bicyclo[3.3.0]octenone 1-9a was easily
isomerized to the corresponding 2-silylbicyclo[3.3.0]oct-I-en-3-one 1-10 in the presence of
RhCl3-H,0 in EtOH at 50 °C. The observed products and distribution of products was found to
be highly dependent on the substituent at the C4 position of the 1,6-diynes.” For example, when
the tether was a benzylamino moiety, the bicyclic pyrole 1-12 was the major product observed.

The formation of 1-12 is most likely driven by the aromatization energy of the pyrole.

t-BuMe,SiH . i
EtO C><:: Co (15 atm) S|M92t-BU RhC|3,3H20 SIMezt-BU
2
EtO,C EtO,C 1

EtO,C — Rh(acac)(CO), Et02C><:©: © EtOH, 50 °C EtOzC>Ci§:O “

1-8a toluene, 50 °C 1-9a quant. 1-10a

>90%
t-BuMe,SiH SiMeyt-Bu
RO = CO (50 atm)
RO
X _ RO °©
RO — Rh(acac)(CO), 1411
1-8b toluene, 120 °C
71-95% R =TBS, TIPS, Ac, H
t-BuMe,SiH _ SiMe-{-Bu
y J— CO (50 atm) SiMe,t-Bu 2
~ + 3
o = Rh(acac)(CO), /N o ol N o ©
1-8c toluene, 120 °C Ph
112 (67%) 1-9¢ (11%)

Scheme 1-7: SiCaB of 1,6-diynes

The mechanism that accounts for the formation of SiCaB products 1-9 and 1-11 is
illustrated in Scheme 1-8. The mechanism starts with insertion of one of the alkyne moieties into
the Si-[M] active species and a subsequent carbocyclization to form intermediate B. Then, CO
insertion occurs to give intermediate C followed by the second carbocyclization to give D. At

this point, the reaction can follow two different pathways. The formation of 1-9 is accomplished
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by the transformation of D to E’ via a 1,3-[M] shift followed by a reductive elimination in the
presence of another molecule of hydrosilane. Alternatively, D may be converted to E via

hydrometalation of the less hindered double bond followed by a B-hydride elimination to give 1-

11.
M] 0
_ SR, P
' = i . i ~SiR
Ro= rA__M RO RN A=
1-8 A B c
. H o
M H sir, . " SR, 2 ,SiRs
" : 3 13M-shift g "
o o R ° /N r o
D e oy RoSHM HSR, 19
\ SR, SiR,
SiR, o N
Rl><:®:0 —_— R’ (0] ﬁ» R fe)
R AN H Y M] _ 111
E *[MJ-H ] IMIH [MI-SiRs

HSIR; H,
Scheme 1-8. Mechanism of the SiCaB of 1,6-diynes

The SiCaC reaction was then extended to enediynes to test whether the alkyl-[Rh](H)
intermediate formed after the second carbocyclization could be trapped by an additional,
strategically placed alkene or alkyne moiety. The reaction occurred smoothly in the presence of

Rh(acac)(CO),, PhMeSiH, and CO (1 atm) in toluene (Scheme 1-9).”



PhMe,SiH

CO (1 atm)
Rh(acac)(CO),  EtO2C Z>SiMe,Ph
EtO,C H (1)
CO,Et toc!uene 1-14a H' CO,Et
CO.Et 50°C, 6 h CO,Et
2 55%
PhMe,SiH
CO (1 atm) ELO.C
Rh(acac)(CO), 1O, 2 SiMe,Ph
EtO,C H @)
toluene 1-14bH CO,Et
50°C, 6 h CO,Et
50%

Scheme 1-9: SiCaC of enediynes

It is important to note that this cascade carbocyclization occurred stereospecifically, and
the mechanism for the SiCaC reaction of enediynes is illustrated in Scheme 1-10. The reaction is
initiated by the formation of the Rh-silicon active species. The Rh-Si species selectively reacts
with the triple bond, and this insertion is followed by two successive carbocyclizations. The final

product is formed via a reductive elimination.”
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X X" 7 SiMe,Ph
\_\\—\ 1-14
113 X X
=/
reduptiv_e
PhMe,Sie[Rh](H) elimination

SiMe,Ph
~ X

X [Rh](H) - SiMe,Ph
L\\j T (H)RN
 carbocyclization (H)[Rg X carbocyclization
= /
A B Cc

Scheme 1-10. Mechanism of the SiCaC of enediynes

Due to the rotational freedom about the bond connecting the two cyclopentyl units, a
third carbocyclization did not occur for enediyne substrates. Theoretically, if the bond could be
locked as an alkene, then a third carbocyclization should occur and tricyclic products could be
obtained. As predicted, the silylcarbotricyclization (SiCaT) reaction of dodec-1,6,11-triynes,
tridec-1,6,12-triyne, and tetradec-1,7-13-triyne was accomplished.’® The reaction was catalyzed
by Rh or Rh-Co complexes in the presence of a variety of hydrosilanes to give 5-6-5 tricyclic
benzene derivatives (Scheme 1-11). The product selectivity for 1-16 or 1-17 could be controlled

based on reaction conditions and was also substrate dependent.

/ - R38|
X R3SiH, [Rh] cat
e +
X CO (1 atm), toluene
— X X X X
115 1-16 1-17

X =NTs, NBoc, O, C(CO,Et)3

Scheme 1-11: SiCaT of triynes
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The mechanism for the SiCaT reaction of triynes is illustrated in Scheme 2-12. After the
formation of the [Rh]-Si active species, a silicon-initiated cascade carbometalation occurs to
form intermediate A. Intermediate A can then undergo a subsequent carbocyclization to give
intermediate D which then undergoes B-hydride elimination to form the expected SiCaT product
1-16. If intermediate A undergoes Z-E isomerization to give intermediate B which then
undergoes a subsequent carbocyclization followed by a B-silyl elimination to yield tricyclic
product 1-17. The formation of nonsilylated 1-17 was observed at high reaction temperatures

and in the presence of heteroatoms tethers of 1-15.1°

RSi-[M]H* .
( < Y *HIM] < SiR3Y H,SIR3Y M]-H R5Si Y
// "\ *HIM],, /
%_} - /_\ . , /
X\/:\/X X X X b X X X
1-15 A 1-16
H Y
X X
1417

Scheme 1-12: Mechanism of the SiCaT of triynes

An extension of the silicon-initiated metal-catalyzed cascade reactions is the
carbonylative carbotricyclization (CO-SiCaT) of enediynes (Scheme 1-13).2 ** The optimization
studies showed that the desired product was formed exclusively under dilute conditions and in
the presence of substoichiometric amounts of hydrosilane.? These findings also provided insight

into the mechanism of the CO-SiCaT reaction (Scheme 1-14).2
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= PhMe,SiH o

X Rh(acac)(CO),
— / CO (1 atm)
Y, toluene
\\ 50 - 92% X Y

118
X =Y = NTs, NBoc, O, C(CO,Et)3

Scheme 1-13: CO-SiCaT of enediynes

The reaction starts by the insertion of the terminal alkyne into the Si-[Rh] bond. This is
followed by a carbocyclization which gives the Z-alkenyl intermediate A. The steric hindrance
between the Si and [Rh] promotes Z->E isomerization to intermediate C via the “Ojima-Crabtree
mechanism”.? Another carbocyclization leads to intermediate D. This is followed by CO
insertion to lead to the acyl-[Rh](H) intermediate E. A subsequent carbocyclization gives the

tricyclic intermediate F where the Si and [Rh] groups are syn, and the final product 1-19 is

formed via a B-silyl elimination, with regeneration of the catalytic species.’

The mechanism illustrated in Scheme 1-14 accounts for the formation of observed
products 1-19, 1-20, and 1-21. The mechanism was rationalized based on the extent of dilution,
substrate concentration, and catalyst concentration. It was reported that the CO-SiCaT product
formed in more dilute solutions (0.015 M vs 0.15 M). In more dilute solutions, more CO is able

to dissolve, thus aiding its insertion into the substrate.

In addition, these studies provided insight into the role of the hydrosilane. First of all, no
reaction occurred in the absence of hydrosilane. At substoichiometric equivalents of hydrosilane
(0.5 eq vs 2.0 eq), the desired product 1-19 was readily formed. In contrast, when using
stoichiometric amounts of silane, side products 1-20 and 1-21 were observed. These observations

suggest that the active Si-Rh species is formed via an intramolecular, unimolecular process
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during the B-silyl elimination step which leads to product 1-19. In contrast, the active Si-Rh

species is regenerated via an intermolecular, bimolecular process when 1-20 and 1-21 were

observed.
o RS
x/ — _ SiRe,w”L © SiR3 /
_ R3Si[Rh]H 7 [RhJH y . { [Rh]H y o [Rh]H~\/
Y XY X ®Y x Y/_/
V4 8 ¢
118 A /
o)
RS . RS [RhJH
HIRh] co /
X E Y X Y
D
/A R3SiH
R,Si[Rh]H R,Si[Rh]H
o RsSi
/
; 5%}
Y
1-19 1-21

Scheme 1-14: Mechanism of the CO-SiCaT of enediynes

Although this CO-SiCaT reaction afforded high yields and high selectivity for substrates
similar to the one shown in Scheme 1-14, certain substrates did not yield the predicted CO-
SiCaT products. For example, the predicted tricyclic products which incorporates CO is not
obtained when the terminal propargyl is replaced with a 2-butynyl in the enediyne (Scheme 1-

15).2
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Rh(acac)(CO),

+

PhMe,SiH, CO
709G EtO,C CO,Et EtO,C CD,Et
1-22a 1-22b

Scheme 1-15: Substrate limitations for the CO-SiCaT of enediynes

The mechanism which accounts for the formation of the tricyclic products 1-22a and 1-
22b is illustrated in Scheme 1-16. There are a few differences between the SiCaT reaction
mechanism in Scheme 1-16 and the CO-SiCaT mechanism in Scheme 1-14 which explain why
enediynes with internal alkynes are not transformed to the carbonylated product in the presence
of hydrosilane. For the 2-butynyl substrate 1-21a, no Z-2E isomerization occurs. In intermediate
A, the silyl and Rh groups are close enough to undergo a s-bond metathesis where hydrosilane is
liberated. In intermediate B, the terminal alkene may insert into the [M]-C bond in two different
orientations leading to intermediates C and/or C’. It was reported that intermediate C should be
able to undergo CO insertion. Since no CO insertion is observed in the presence of hydrosilane,
the reaction in Scheme 1-16 probably proceeds via intermediate C’. Product 1-22a is formed as
the hydrosilane in the system reacts with intermediate D. Aromatization via dehydrogenation
gives product 1-22b along with a dihydro-[M] species. The [M](H). species reacts with

hydrosilane, liberates molecular hydrogen, and regenerates the [M]-Si active species.?
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I
X &

X

M

1-21

RsSi[MI(H)

H, R,SiH

Scheme 1-16: Mechanism for the formation of 5-6-5 tricyclic products

1.3 Rh(I)-Catalyzed [2+2+2+1] Cycloaddition Reactions with Carbon Monoxide

During optimization of the CO-SiCaT reaction of enediynes it was found that
carbonylated tricyclic products could be obtained in the absence of hydrosilane. It was reported
that the reaction proceeds via a cycloaddition rather than a carbocyclization.> @ The
cycloaddition proceeds via a series of metallacycles, while the carbocyclization mechanism is
defined as a series of carbometalations. This was the first example of the intermolecular

[2+2+2+1] cycloaddition of enediynes (Scheme 1-17).

_ 0
— R
¥ [Rh(COD)CI], R
=\ CO (1 atm), solvent
Y 50-80 °C, 51-93% x J
V4
1-23

121 R=TMS. alkyl; X, Y = esters, ethers, O, NR

Scheme 1-17: Formation of 5-7-5 tricyclics via the Rh(l)-catalyzed [2+2+2+1] cycloaddition of
enediynes
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The mechanism for the formation of these products is illustrated in Scheme 1-18. The
cycloaddition starts with the coordination of the diyne moiety to the [Rh] catalyst ([2+2+M]).
This is followed by olefin insertion into the Rh-C bond ([2+2+2+M]). Next, CO coordinates to
[Rh], and this is followed by a migratory insertion of CO into the Rh-C bond ([2+2+2+1+M]).
The final product 1-23 is formed via a reductive elimination. The active Rh-catalyst species is

also regenerated. It is also important to note that, during optimization, the amount of the [2+2+2]

side product 1-22 was decreased to trace amounts.> '
O
——— R [RA] R
X\—\
Y X Y
7 18t cyclization Reductive [2+2+2+1] product
1-21 [2+2+M] elimination 1-23

O
R RN
R or |
z [Rh]\ _
X = X Y
Y C'
A

2" cyclization
[2+2+2+M]

CO insertion
[2+2+2+1+M]

[2+2+2] product
1-22

Scheme 1-18: Mechanism of the Rh(l)-catalyzed [2+2+2+1] cycloaddition reaction of enediynes

The functional group tolerance of this reaction was further examined by changing the ene
component to an aldehyde. The formation of 5-7-5 lactone products was observed as a mixture of

isomers. The acetylbis(cyclopentenyl) product was also observed.? Upon monitoring the

17



reaction, it was observed that 1-25 was formed early on in the reaction suggesting that it is the
kinetic isomer. The complete conversion of 1-25 to 1-26 was observed after leaving the NMR
sample of the mixture of 5-7-5 isomers in chloroform at ambient temperature for two weeks.
This confirms that 1-26 is the thermodynamically favorable isomer. The formation of 1-27
occurs from the formation of the [2+2+2] intermediate which then undergoes an electrocyclic

ring opening (Scheme 1-8).

X [Rh(COD)CI],
—\ CO (1 atm), toluene
X 50°C, 24 h
2

1-24 O

X= C(COzEt)Z

[Rh]
[2+2+2]

Scheme 1-19: Isomerization of 5-7-5 lactones

The Rh(l)-catalyzed CO-SiCaT and [2+2+2+1] cycloaddition have been applied to a wide
range of substrates. A variety of tricyclic products have been obtained by both methods. These
results suggest that these reactions could be applied to enediynes with different substitution
patterns and functional groups. For example, if the ene component exists as part of a ring, then,
theoretically, tetracyclic products could be obtained. Tetracyclic products could also be obtained
by tethering the linear unsaturated components to a ring. Furthermore, the hard-to-access
tropolone ring could be obtained by subjecting tryines to the reaction conditions. The functional
group tolerance and substrate scope of this process is discussed and reported in the following

chapters.
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Chapter 2

The Synthesis of Polycyclics from Linear Dienynes or Enediynes via Rh(l)-
Catalyzed [2+2+1] and [2+2+2+1] Cycloaddition Reactions
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2.1 Introduction to the [2+2+1] (Pauson-Khand) Reaction

The Pauson-Khand reaction (PKR) is a [2+2+1] cycloaddition reaction catalyzed by Co,
Rh, Ti, Zr, Ir, and Ru complexes.* The PKR has been applied to a variety of enyne and allenyne
substrates in the presence of a CO source in both inter- and intramolecular reactions (Scheme 2-
1). In each case, the products contain a cyclopentenone ring. The intermolecular reaction
involving an alkyne, alkene, and CO was reported in 1973. However, the regioselectivity of the
reaction was poor. 2 The intramolecular version reported later® with the bicyclic products being

useful intermediates in natural product synthesis.”

o (@]
RO CoyCOJ .
+ R — R R+ R
Il -
2-3 2-4 R

2-5
R = Me, Et, Ph, H, TMS; X = C(CO,Et),, NTs, O

Scheme 2-1: Inter- and intramolecular PKR

The mechanism for the PKR is illustrated in Scheme 2-2. The mechanism starts by
coordination of the active Rh catalyst to the enyne system followed by insertion of the metal. A
subsequent CO coordination and migratory insertion occurs to give intermediate C and a

reductive elimination yields the final product 2-6.
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Scheme 2-2: Rh(1)-catalyzed PKR mechanism °

Dieneynes have also been successfully subjected to PKR conditions. A wide range of
substrates and functional groups are tolerated in this reaction (Scheme 2-3). Higher yields were
observed when the reaction was applied to dieneynes with internal alkynes versus terminal
alkynes. The best results were obtained using [RhCI(CO)(PPh3),] as the catalyst and AgSbFs as

an additive in dichloroethane under CO (1-2 atm).®

MeO,C -
y 02C [RhCI(CO)(PPha),] (1-2.5 mol%) ~ MeO2C o
(S100] \ R MGOZC
AgSbFg (1-2.5 mol%), DCE
2.7 CO (1-2 atm) 2.8 R2

42-89%

R'=Me, TMS, H
R2 = Me, H

Scheme 2-3: PKR of dieneynes

Even though the [2+2+1] PKR has been studied extensively, the methodology has not

been further expanded to the [2+2+2+1] cycloaddition of dieneynes. Theoretically, the formation
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of tricyclic products can be accomplished via a [2+2+2+1] cycloaddition of enediynes with the
ene at the 7-position. It should also be possible to form 5-7-5 tricyclics by subjecting dieneynes
to the [2+2+2+1] cycloaddition reaction conditions (Scheme 2-4). The attempts to optimize these

processes for the formation of polycyclics are presented in this section.

R
Rh
W
" Cco
2-9
_—/ X X
/ 2-10
X - Q
[Rh]
.
2-11 . Cco
= X X
2412

X = C(CO,Et),, NTs, NBoc
R =H,Me

Scheme 2-4: Possible formation of 5-7-5 tricyclics via the Rh(l)-catalyzed [2+2+2+1]
cycloaddition reaction

2.2 Results and Discussion

2.2.1 Substrate Synthesis

In order to expand the substrate scope of our previously developed higher order
cycloaddition reactions, enediyne 2-11a was synthesized from commercially available starting
materials in good yields. First, 2-butynol (2-20) was converted to the corresponding bromide 2-
21 in the presence of PBr; and pyridine in 55% yield. The bromide 2-21 was converted to the

corresponding malonate 2-23 over 2 steps in 20% yield. Malonate 2-23 was coupled with 2,4-
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dibromobutene (2-24) in the presence of sodium hydride to give the enediyne substrate 2-11a in

71% yield (Scheme 2-5).

PBFS, N
— pyridine — CH(CO4Et)3 —
~ oH . Br COEt
2-20 ether, 0 °C-->rt 2-21 NaH, THF EtO,C CO,Et
o.n. rt-->80 °C, o.n. 292
55 %
EtO,C —
NaOEt (1.3 eq), THF — Br NaH, THF EtO,C
>—CO,Et  + sz \
ort, o.n. EtO,C Br r;,1ot.)/r1. CO,Et
20 % (2 steps) 223 2-24 ’ — CO,Et

2-11a
Scheme 2-5: Synthesis of substrate 2-11a

The syntheses of the enyne bromide components are outlined in Scheme 2-6. Coupling of
malonate 2-23 and dibromide 2-24 in the presence of NaH in THF gave 2-25 in 73% vyield.

Compound 2-26 was obtained in 56% yield in a similar coupling reaction using K,COj3 as the

base.
— NaH EtO,C —
Et0,C— top N THF.rt4h 0,C
I, Et
CO,Et S 2 \
2.23 2.24
2.25 Br
/%
/S + Br/\/\/Br Gt \
TsHN CH4CN, 90°C, 21 h
2.32 2.24 56% 0.26 Br

Scheme 2-6: Synthesis of 2-25 and 2-26
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With the enyne bromides in hand, the alkene components were installed via a substitution

reaction using either NaH or K,COj3 as the base. Dienyne 2-9a was obtained in 66% yield.

Dienyne 2-9b with a NTs tether between the alkene was prepared in 68% yield, and dienyne 2-9c

with a malonate tether between the alkenes was obtained in 86% yield.

EtO,C —
EtO,C \ + -">NHBoc
227
225 Br
EtO,C —
EtOZC \ + \/\ NHTs
(1eq)
2.25 Br 228
/%
TsN EtO,C
+
L\\—\ EtO,C =
Br
2-26 2-29

EtO,C
NaH EtO,C \
DMF, r.t., 16 h
66% NBoc
2-9a
EtO,C —
K,CO3 (2 eq) E10,C
\
CH4CN, 90 °C, 15 h
68% NTs
/
2-9b
/%
TsN
NaH \
THF, r.t, 18 h CO,Et
86% CO,Et
/
29c

Scheme 2-7: Synthesis of dienynes 2-9a, 2-9b, and 2-9c

2.2.2 Reaction Condition Optimization

Enediyne substrate 2-11a was subjected to the [2+2+2+1] cycloaddition under various

conditions. The mechanism for the formation of the 5-7-5 tricyclic is illustrated in Scheme 2-8.
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\_\\_\
Y X Y
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2-9 or 2-11 18t cyclization Reductive [2+2+2+1] product
[2+2+M] elimination 2-10 or 2-12
O 0
R R R Rh] R R [Rh] R
| L e
72 [Rh]’ - 1 1
X X Y X Y
Y C C
A
2" cyclization
CO insertion Reductive elimination
[2+2+2+M] [2+2+2+1+M]
¢o R R
b R
R _I[Rh]
CcO /
X Y
X Y
[2+2+2] product
B

Scheme 2-8. Proposed mechanism for the formation of 5-7-5 tricyclics via the [2+2+2+1]
cycloaddition

The cycloaddition reaction is initiated by the coordination of the enyne moiety to the [Rh]

catalyst ([2+2+M]). Next, CO coordinates to [Rh], and this is followed by a migratory insertion
of CO into the Rh-C bond ([2+2+1+M]). It is possible that a reductive elimination could

preclude the CO insertion and result in the formation of the [2+2+2] product. The carbonylated

product is formed via a reductive elimination of intermediate species C or C’.

An initial optimization attempt is shown in Scheme 2-9. The reaction was run using DCE

as the solvent at 100 °C in the presence of [Rh(cod)Cl], for 48 h. After purifying the reaction
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mixture via column chromatography, three different fractions were isolated and characterized by
'H NMR and **C NMR. The purity of each fraction was determined via HPLC. The HPLC trace
in Figure 2-1 corresponds to the starting material. The reaction proceeded with only 30%
conversion based on the recovered starting material. The [2+2+2] product was not observed. The
HPLC trace in Figure 2-2 corresponds to the [2+2+2+1] cycloaddition product. The HPLC trace

in Figure 2-3 corresponds to the Pauson-Khand adduct.

o)
EtO,C .
E10,C [Rh(cod)Cl], (5 mol%)
\ CO (1 atm)
CO,Et DCE [0.05] M EtO,C
— CO,Et 100 °C, 48 h EtO,C
o (30% conversion) 2a
2-11a °

Scheme 2-9: [2+2+2+1] and [2+2+1] cycloaddition reactions of enediyne 2-11a
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Figure 2-1: HPLC trace for 2-11a isolated after reaction
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Figure 2-2: HPLC trace for 2-12a isolated after reaction
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Figure 2-3: HPLC trace for 2-30 isolated after reaction

Subsequent attempts to optimize reaction conditions are summarized in Table 2-1. The
effect of solvent, temperature, time and concentration were probed. All reactions were performed
under 1 atm of CO and in the presence of [Rh(cod)CI], as the catalyst. In TFE at 100 °C at 0.1
M, the reaction failed to reach completion and favored formation of the [2+2+1] adduct over the
[2+2+2+1] adduct (Table 2-1, Entry 1). Varying the concentration of the reaction in DCE or a

mixture of toluene and TFE (10:1) at 100, 110, or 120 °C had no effect on the product

distribution (Table 2-1, Entries 2-6).
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Table 2-1. Optimization of reaction conditions

(0]
[Rh(cod)Cl], (5 mol%) .
CO (1 atm)
CO,Et solvent EtO,C CO,Et
CO,Et temp, time EtO,C 2-12a CO,Et
Entry Solvent Temperature ~ Concentration  Time  Conversion Product Ratio
(°C) (M) (h) (%) 2-12a:2-30
1 TFE 100 0.1 45 75 1:5
2 DCE 110 0.1 48 67 1:1
3 toluene:TFE 100 0.025 25 67 1:1
(10:1)
4 DCE 100 0.025 21 67 1:1
5 toluene:TFE 100 0.1 48 67 1:1
(10:1)
6 toluene:TFE 120 0.1 48 67 1:1
(10:1)

Ratios determined via reverse phase HPLC (Jupiter Proteo column, eluent: H,O/MeCN=1:1 with 40/45
mL/min increase of MeCN, flow rate: ImL/min

In order to expand the substrate scope, dienyne 2-9a was subjected to various conditions
of the Ojima lab’s already developed Rh-catalyzed [2+2+2+1] cycloaddition reaction.” The
results of initial reaction optimization attempts are shown in Table 2-2. At 50 °C in DCE [0.1],
in the presence of three different Rh catalysts, only starting material was observed. At 80 °C,
using the same concentration of DCE, in the presence of the [Rh(CO),Cl], catalyst, mass
spectrometry showed the presence of a carbonylated product. Despite the results of mass

spectrometry, TLC analysis showed a significant amount of the unreacted starting material.
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Table 2-2: Catalyst and temperature screening

_ 0
FtO;C o [Rh] (5 mol%)
EtO,C \ CO (1 atm), DCE [0.1]
NBoc EtO,C NBoc
EtO,C
/ 2-10a
29a
Entry Catalyst (5 mol%o) Temperature Time Result*
(°C) (hours)
1 [Rh(CO).ClI]; 50 23 No reaction
2 [Rh(cod),]OTf 50 24 No reaction
3 [RhCI(CO)(PPh3).]/AgSbFg 50 21 No reaction
4 [Rh(CO),CI], 80 24 MS showed
carbonylated

product

(DCE=dichloroethane, cod=1,5-cyclooctadiene, MS=mass spectrometry)
*Conversion was determined qualitatively by TLC

In an attempt to increase the overall conversion for the [2+2+2+1] cycloaddition of
dienynes, substrate 2-9¢ was subjected to the conditions reported by Wender et al. for similar
substrates®. In addition to the desired [2+2+2+1] product, however, the [2+2+1] adduct was
observed under various reaction conditions. The results for various attempts to bias the

[2+2+2+1] product over the [2+2+1] adduct are shown in Table 2-3.
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Table 2-3: Solvent and catalyst screening

—— o o
TsN [Rh], CO (1 atm)
\ solvent [0.1] (M) + CO,Et
CO,Et 100°C CO,Et
CO,Et TsN CO,Et N )
/ CO,Et Ts
2-9¢c 2-10c 2-31a

Entry Catalyst (5 mol%) Solvent[0.1] Time (h) Conversion Product Ratio®

(%)? 2-10c:2-31a
1 [Rh(CO).ClI], toluene 24 84 7:1
2 [Rh(CO),ClI], toluene:TFE 24 >05 2.5:1
(10:1)
3 [Rh(cod),]OTf toluene:TFE 30 >05 1:5
(10:1)
4 [Rh(CO),ClI], toluene: TFE 24 94 1:2
PPh3 (10 mol%) (10:1)
5 [Rh(cod),]OTf toluene:TFE 24 >05 0:1
PPh3 (5 mol%) (10:1)

'Ratios determined via reverse phase HPLC (Jupiter Proteo column, eluent: H,O/MeCN=1:1 with 40/45

mL/min increase of MeCN, flow rate: 1mL/min, t;=16 min, t,=17 min, t;=21 min) Conversion based on
comparing peak areas determined by HPLC

(TFE = 2,2,2-trifluorethanol, PPh; = triphenylphosphine)

When the reaction was performed using toluene as the solvent, HPLC indicated a product

ratio of 7:1 (Table 2-3, Entry 1), and the reaction conversion was 84% after 24 hours. The

reaction was then performed using a 10:1 ratio of toluene:TFE (Table 2-3, Entry 2). According

to HPLC analysis, the TFE additive did improve the overall conversion for this reaction. The

mixture was purified by column chromatography, and HPLC analysis suggested the presence of

two compounds with a 2.5:1 ratio. **C NMR analysis of the fraction containing the two products

confirmed the presence of two carbonylated products with carbonyl chemical shifts at 201 ppm

and 208 ppm. The two **C chemical shifts at 201 ppm and 208 ppm correspond with two
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different carbonyl carbons. These shifts were assigned to the [2+2+2+1] and [2+2+1]
cycloaddition products, respectively based on the literature reported values of similar products™.
The carbonylation reaction was also run using an ionic catalyst (Table 2-3, Entry 3). According
to C NMR and *H NMR, the [2+2+1] product is favored under these reaction conditions.
According to HPLC analysis, there was a trace amount of the starting material, and the ratio of

[2+2+2+1] to Pauson-Khand product was 1:5.

In an attempt to prevent the early CO insertion which leads to the Pauson-Khand product,
PPh; was added® to the reaction mixture (Table 2-3, Entries 4 and 5). According to HPLC
analysis, the addition of PPhs to the two reaction mixtures catalyzed by [Rh(CO),Cl], and
[Rh(cod),]OTH, respectively, did not bias the [2+2+2+1] product over the [2+2+1] adduct. For
the [Rh(CO),ClI], catalyst (Table 2-3, Entry 4), there was a 1:2:1 ratio of [2+2+2+1] adduct to
Pauson-Khand product to the starting material. For the [Rh(cod),]OTf catalyst (Table 2, Entry 5),
there was a trace amount of the starting material, and only the Pauson-Khand product was

observed.

Dienyne 2-9b was then subjected to the reaction conditions which gave the highest
selectivity towards the [2+2+2+1] product on a larger scale. However, only the [2+2+1] product
was observed and was isolated in 93% yield (Scheme 2-10). The reductive elimination to form
this PK product occurred more readily than coordination of the second alkene to the Rh and

subsequent cyclizations.
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CO,Et

oot EtO,C o
[Rh(CI)(CO)2l2 (5 mol %) EtO,C

TsN CO (1 atm), toluene [0.1] M i
\—\\ 100 °C, 45 h N
93% 2-31b
2-9b

Scheme 2-10: PKR of substrate 2-9b
The mechanism for the formation of the [2+2+1] product from enediynes and dienynes is
shown in Scheme 2-11.

J— [2+2+1] product [2+2+2+1] product

X [Rh] R
\_\\_\ X )
Y
Rz== / 2-30 or 2-31
15t cyclization Reductive Y
2-9 or 2-11 [2+2+M] elimination ;W
R
R R
R i ad © Z[Rh]
:” [Rh] or o
7 “[Rh] '
A R c R cr
R
\ D
X 4
CO insertion [RhLII"{I
[2+2+1+M]
CcO D Y
] R co R
R [Rh], co ’Ill
l \ 7 [éh] |
X
X Y Y
E B'

Scheme 2-11: Proposed mechanism for the formation of the PK product and [2+2+2+1] product

The PKR is initiated by the coordination of the enyne moiety to the [Rh] catalyst
([2+2+M]). Next, CO coordinates to [Rh], and this is followed by a migratory insertion of CO

into the Rh-C bond ([2+2+1+M]). Based on the results for the dienyne substrates, the migratory
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insertion happens faster than a subsequent coordination of the second alkene. For enediynes, the
coordination of the second alkyne happens at the same rate as CO insertion and [2+2+1+M] The

final product is formed via a reductive elimination of C* or C*’.

Since the [2+2+2] product was not observed for dienyne or enediynes substrates, an
alternate route towards the formation of 2-10 or 2-12 has been proposed. The [2+2+2] product
would be formed via a reductive elimination of intermediate E. Since this product was not
observed for the enediyne or dienyne substrates, it is likely that coordination of the second
alkene or alkyne occurs giving intermediate D. This is followed by a third cyclizations to give
intermediate F which undergoes a reductive elimination to give the [2+2+2+1] product. For the
case of enediynes, the two carbonylated products were observed in a 1:1 ratio which suggests
that the coordination and subsequent cyclizations are equally likely to occur. For the case of the
dienynes, the coordination of the second alkene does not occur as readily due to the decreased

nucelophilicity of an alkene versus an alkyne.

2.3 Conclusion

A study of carbonylative higher order cycloaddition reactions has been accomplished for
novel diene and enediyne substrates. In the case of enediyne substrates, low conversion was
observed, and both the [2+2+2+1] and [2+2+1] products were observed in equal ratios when
DCE, toluene, and toluene/TFE were used as the solvents. An increase in selectivity towards the
[2+2+1] product was observed when TFE was used as the solvent, but the overall conversion
was poor. It is also worthy to note that the [2+2+2] product was not observed. These results may

suggest that the product is being formed via the PK reaction pathway.
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Two different dienyne substrates have been shown to undergo the Rh(l)-catalyzed
[2+2+2+1] and [2+2+1] cycloaddition reactions. Different solvents and temperatures were
explored in order to improve the selectivity for this reaction. Neutral catalysts, cationic catalysts,
and the cases when PPhz was used as an additive gave mainly the Pauson-Khand product. When
the reaction was run under 1 atm of CO using [Rh(CO),Cl], as the catalyst in toluene, the PK
product was obtained in excellent yield. In addition, the [2+2+2] product was not observed for
either case. This further the supports the formation of the bicyclic product via the PK reaction

pathway outlined above.

2.4 Experimental Section

General Methods: All chemicals were obtained from either Sigma-Aldrich or Acros Organics
and used as received unless otherwise noted. All reactions were performed under Schlenk
conditions with oven dried glassware unless otherwise noted. Solvents were dried under nitrogen
using the PURESOLV system (Inovatative Technologies, Newport, MA). 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 and using Fisher silica
gel (particle size 170-400 Mesh). Yields refer to chromatographically and spectroscopically pure
compounds. *H and **C NMR spectra were obtained using either a 300 MHz Varian Gemni 2300
(75 MHz *3C) spectrometer or a 400 MHz Varian INOVA 400 (100 MHz *3C) spectrometer in
CDClj; as the solvent. Chemical shifts (8) are reported in ppm and standardized with a solvent as
an internal standard based on literature reported values. Melting points were measured with a
Thomas Hoover capillary melting point apparatus and are uncorrected. Low-resolution mass

spectrometry was performed on an Agilent 6890GC/5973 Mass Selective Detector.
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4,4,10,10-bis(ethoxycarbonyl)-trideca-7-ene-2,12-diyne (2-11a):

PBI’3,

%\OH pyridine — Y CH(CO,Et); ‘_XCOZEt
2-20 ether, 0 °C—->rt 2-21 NaH, THF EtO,C CO,Et
o.n. rt--> 80 °C, o.n. 292
55 %
EtO,C —
NaOEt (1.3 eq), THF — Br NaH, THF EtO,C
—CO,Et + ﬂ \
20 o/rt, g-n- EtO,C Br rt, o.n. CO,Et
o (2 steps) 2.23 2.24 1% o COLEt
2-11a

Phosphorus tribromide (36.17 g, 133.5 mmol) in ether (30 mL) was added dropwise over
10 minutes to a solution of 2-buty-1-ol (2-20, 23.3 g, 334 mmol) and pyridine (2.64 g, 33.4
mmol) in ether (40 mL) at 0 °C. The reaction was allowed to come to rt overnight. The reaction
mixture was washed with water and extracted with ether. The combined organic layers were
washed with brine and dried over MgSO,4. The mixture was purified by distillation at ambient
pressure at 120 °C to yield 1-bromobut-2-yne 2-21 (24.37 g, 55 % vyield) as a clear, colorless
liquid: *H NMR (CDCls, 300 MHz) & 1.89 (t, 3H, J = 3 Hz), 3.92 (g, 2H, J = 3 Hz). Values are

consistent with previously reported data.’

Triethyl methanetricarboxylate (10.0 g, 41.0 mmol) in THF (50 mL) was added to a
suspension of NaH (60 % in mineral oil, 1.97 g, 49.2 mmol) in THF (70 mL) at rt. The mixture
was allowed to stir for 10 min. Bromobut-2-yne 2-21, 6.5 g, 49.2 mmol) was added to the
suspension all at once, and the reaction mixture was refluxed overnight. The reaction mixture
was quenched with water (100 mL) and extracted with ether (2 x 50 mL). The combined organic

layers were washed with brine (100 mL), dried over MgSQO,, and the solvent was removed via
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rotary evaporation. The crude reaction mixture in THF (30 mL) was added to a suspension of
sodium ethoxide (3.63 g, 53.3 mmol) in THF (30 mL) at rt. The reaction mixture was allowed to
stir overnight. The reaction mixture was acidified to pH 1 with 6N HCI and extracted with ether
(2 x 100 mL). The combined organic layers were washed with brine (2 x 100 mL), dried over
MgSQO, and the solvent was removed via rotary evaporation. The crude product was distilled at
140 °C under reduced pressure to yield diethyl 2-(but-2-ynyl)malonate 2-23 (2.4 g, 28 % yield)
as a clear, colorless oil: *H NMR (CDCls, 300 MHz) § 1.29 (t, 6H, J = 7.2 Hz), 1.75 (t, 3H, J =
2.4 Hz), 2.73 (m, 2H), 3.52 (t, 1H, J = 7.8 Hz), 4.25 (q, 4H, J = 7.2 Hz). Values are consistent

with previously reported data.”

A solution of diethyl 2-(but-2-ynyl)malonate 2-23 (1.1 g, 5.18 mmol) in dry THF (12
mL) was added dropwise to a suspension of NaH (60 % in mineral oil, 0.185 g, 6.22 mmol) in
dry THF (4 mL) under N,. Dibromo-2-butene 2-24 (0.353 g, 1.65 mmol) was then added all at
once to the solution. The reaction mixture was allowed to stir overnight. The reaction mixture
was quenched with H,O and washed with ether. The organic layer was then washed with brine,
dried over MgSQO,, and filtered. Solvent was removed via rotary evaporation, and the product
was purified via flash chromatography on silica gel using 10% ethyl acetate in hexanes as the
eluent to yield the enediyne 2-11a (0.592 g, 71%) as a clear, colorless viscous oil. *H NMR
(CDCls, 300 MHz) § 1.28 (m, 12H), 1.75 (t, 6H, J = 2.7 Hz), 2.72 (m, 8H), 4.22 (g, 8H, J = 6.9
Hz), 5.39 (m, 2H); HRMS (ES) m/z calcd for CagHssOs (M + H)*: 477.2483, found 477.2489 (A

0.89 ppm).
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(E)-Diethyl 2-(4-bromobut-2-enyl)-2-(but-2-ynyl)malonate (2-25):'°

— NaH EtO,C —
Et0,C— f e A Et0,C
) r' ) t
CO,Et 739, 2 \

2-23 2-24
2-25 Br

A solution of diethyl 2-(but-2-ynyl)malonate 2-23 (25, 1.5 g, 7.07 mmol) in dry THF (10
mL) was added dropwise to a suspension of NaH (0.34 g, 8.47 mmol) in dry THF (10 mL) under
N». Dibromo-but-Z-ene 2-24 (26, 2.27 g, 10.6 mmol) in THF (10 mL) was then added all at once
to the solution under N,. The reaction mixture, which started as a white milky color, was allowed
to stir for 4 h. The reaction mixture was quenched with H,O and washed with ether. The organic
layer was then washed with brine, dried over MgSO,, and filtered. Solvent was removed via
rotary evaporation, and the product was purified via flash chromatography on silica gel using 8%
ethyl acetate in hexanes as the eluent to give the enyne bromide 2-25 (1.83 g, 73% yield) as a
pale yellow, clear oil: *"H NMR (CDCls, 300 MHz) & 1.27 (t, 6H, J = 6Hz), 1.76 (t, 3H, J = 3Hz),
2.72 (q, 2H, J = 3Hz), 2.79 (d, 2H, J = 6Hz), 3.91 (d, 2H, 6Hz), 4.23 (q, 4H, J = 6Hz), 5.65 (m,

1H), 5.82 (m, 1H). Values are consistent with previously reported data.™

4-tert-Butoxycarbonyl-9,9-bis(ethoxycarbonyl)-4-azatrideca-1,6-diene-11-yne (2-9a):

EtO,C = EtO,C —
NaH EtO,C
EtO,C \ + " NHBoc 2 \
DMF, r.t., 16 h
225 Br 227 66% NBoc
2-9a

To a suspension of sodium hydride (0.082 g, 2.04 mmol) in dry DMF (5 mL) under N,

2-25 (27, 0.267 g, 1.70 mmol) in DMF (5 mL) was added dropwise. (E)-diethyl 2-(4-bromobut-
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2-enyl)-2-(but-2-ynyl)malonate (2-25, 0.587 g, 1.70 mmol) in DMF (5 mL) was added to the
suspension all at once. The reaction mixture was stirred under N at r.t. overnight for 16 h. The
reaction mixture was a clear, orange/brown brown solution which was washed with distilled H,O
(400 mL) to remove DMF, and extracted with ether (3x100mL). The organic layer was washed
with brine, dried over MgSQ,, filtered, and solvent was removed under reduced pressure. The
crude product was purified via flash chromatography on silica gel using 10% ethyl acetate in
hexanes as the eluent to give the dieneyne 2-9a (0.472 g, 66% vyield) as a clear, viscous, pale
yellow oil: *H NMR (CDCls, 300 MHz) & 1.26 (t, 6H, J = 7.2 Hz), 1.45 (s, 9H), 1.76 (t, 3H, J =
2.7 Hz), 2.71 (g, 2H, J = 2.7 Hz), 2.79 (d, 2H, J = 2.7), 3.74 (t, 4H, J = 6.0 Hz), 4.22 (g, 4H, J =
7.2 Hz), 5.07-5.12 (m, 2H), 5.32-5.40 (m, 1H), 5.48-5.56 (m, 1H), 5.68-5.77 (m, 1H); *C NMR
(CDCl3, 100 MHz) 6 3.44, 14.07, 22.92, 28.37, 34.85, 47.74, 48.37, 57.09, 61.44, 73.33, 78.81,
79.57, 115.30, 125.0, 130.68, 133.94, 155.32, 169.98. HRMS (ES) m/z calcd for C,3H3sNOg (M

+ H)": 422.2537, found 422.2544 (A 1.7 ppm).

(E)-N-(4-Bromobut-2-enyl)-N-(but-2-ynyl)-4-methylbenzenesulfonamide (2-26):

TSN
- S
N g NANBr KOs \
TsH CH4CN, 90°C, 21 h
2-32 2-24 56% 2-26 Br

N-(but-2-ynyl)-4-methylbenzenesulfonamide (2-32, 2.00 g, 8.96 mmol) and potassium
carbonate (2.50 g, 17.91 mmol) were dissolved in acetonitrile (50 mL) with stirring at 90°C.
After stirring for 15 minutes, 1,4-dibromo-2(Z)-butene (2-24, 3.83 g, 17.91 mmol) in acetonitrile
(10 mL) was added. After 21 h, the resulting solution was filtered through celite, and solvent was

removed via rotary evaporation. The crude mixture was purified via flash chromatography on
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silica gel using 10% ethyl acetate in hexanes as the eluent to give enyne bromide 2-26 (1.80 g,
56% yield) as a light yellow, viscous oil: *H NMR (CDCls, 300 MHz) & 1.62 (t, 3H, J = 3 Hz),
2.48 (s, 3H), 3.88 (d, 2H, J = 6 Hz), 3.99 (d, 2H, J = 9 Hz), 4.06 (g, 2H, J = 3 Hz), 5.79 (M, 1H),
6.03 (m, 1H), 7.38 (d, 2H, J = 3 Hz), 7.94 (d, 2H, J = 3 Hz); MS (FIA) m/z calcd for

C1sH1sBrNO,S (M + H)*: 356.0, found 356.1.

9-(4-Methylbenzenesulfonyl)-4,4-bis(ethoxycarbonyl)-9-azatrideca-1,6-diene-11-yne (2-9c):

— /T
2 TsN
TsN EtO,C NaH \
+
L\\j EtOZC>_\: THF, rt., 18 h CO,Et
Br 86% CO,Et
2-26 2-29 74
2-9¢c

To a suspension of sodium hydride (0.105 g, 4.38 mmol) in dry THF (15 mL) under N»,
diethyl 2-allylmalonate (2-26, 0.438 g, 2.19 mmol) was added dropwise. After stirring for 20
min, the reaction mixture turned from cloudy white to clear yellow, and enyne bromide (2-29,
0.780 g, 2.19 mmol) in THF (10 mL) was added all at once. After 18 h, the reaction mixture was
washed with distilled H,O, and extracted with ether (2x200mL). The organic layer was washed
with brine (100 mL), dried over MgSQO,, filtered, and solvent was removed under reduced
pressure. The product was purified via flash chromatography on silica gel to give the dieneyne
2-9¢ (0.900 g, 86% yield) as a clear, colorless oil: *H NMR (CDCls, 300 MHz) & 1.24 (t, 6H, J =
9 Hz), 1.52 (t, 3H J = 3 Hz), 2.41 (s, 3H), 2.61 (m, 4H), 3.72 (d, 2H, J = 6 Hz), 3.96 (d, 2H, J = 3
Hz), 4.17 (q, 4H, J = 9 Hz), 5.10 (m, 2H), 5.56 (m, 3H), 7.29 (d, 2H, J = 9 Hz), 7.71 (d, 2H, J =

9 Hz); *C NMR (CDCls, 100 MHz) § 3.19, 14.08, 21.47, 35.09, 36.14, 36.79, 48.09, 57.32,
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61.30, 71.59, 81.51, 119.22, 127.85, 128.39, 129.21, 129.82, 132.15, 136.12, 143.19, 170.56;

HRMS (ES) m/z calcd for CysH33sNOgS (M + H)™: 476.2102, found 476.2106 (A 0.89 ppm).

4-(4-methylbenzenesulfonyl)-9,9-Bis(ethoxycarbonyl)-4-azatrideca-1,6-diene-11-yne (2-9b):

EtO,C — . o EO,C —
Et0,C N NHTs KoCOs (2 q) o
\ ) 2 \
- (1 eq) CH4CN, 90 °C, 15 h
2-25 2-28 68% NTs
4
2-9b

Enyne bromide 2-25 (0.900 g, 2.61 mmol) was added dropwise to a suspension of K,CO3
(0.748 g, 5.41 mmol) and N-allyl-4-methylbenzenesulfonamide 2-28 (0.551 g, 2.61 mmol) in
acetonitrile (10 mL) under N at reflux. The reaction mixture was allowed to stir overnight. The
reaction mixture was diluted with acetonitrile and filtered over celite. Solvent was removed via
rotary evaporation, and the product was purified via flash chromatography on silica gel using
10% ethyl acetate in hexanes as the eluent to yield dieneyne 2-9b (1.21 g, 56%) as a clear
colorless oil; *"H NMR (CDCls, 300 MHz) § 1.25 (6H, t, J = 7.2 Hz), 1.75 (3H, t, J = 2.7 Hz),
2.43 (3H, s), 2.64 - 2.66 (2H, m), 2.69 — 2.71 (2H, m), 3.73 — 3.77 (4H, m), 4.11 — 4.71 (4H, m),
5.11 — 5.18 (2H, m), 5.36 — 5.40 (2H, m), 7.30 (2H, d, J = 8.4), 7.70 (2H, d, J = 8.4). **C NMR
(CDClz, 100 MHz) & 14.23, 21.64, 35.22, 35.70, 36.95, 48.20, 57.45, 61.45, 73.85, 76.61,
119.38, 127.85, 128.16, 129.58, 130.44, 132.26, 136.08, 143.65, 170.65; HRMS (ES) m/z calcd

for CosH3sNOgS (M + H)™: 476.2102, found 476.2101 (A 0.16 ppm).
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[2+2+1] Cycloaddition:

2,2-diethyl 6-methyl-5-ox0-4-{[N-(prop-2-en-1-yl)4-methylbenzenesulfonamido]methyl}-

1,2,3,3a,4,5-hexahydropentalene-2,2-dicarboxylate (2-31b):

— CO,Et
o EtO,C
/ [RA(CI)(CO)2]2 (5 mol %) EtO,C ©

TsN CO (1 atm), toluene [0.1] M ﬁ\
\—\\ 100 °C, 45 h N
93% 2-31b
2-9b

Dienyne 2-9b, [Rh(CI)(C0O),], (0.0026 g, 0.0067 mmol), and toluene (1.35 mL) were
combined in a reaction flask. The flask was transferred to an autoclave and purged with CO and
released (4x). Caution: Purging with CO must be done in a well ventilated fume hood. The
autoclave was then purged to 1 atm of CO. The autoclave was immersed in an oil bath at 100 °C
for 45 h, and then cooled to room temperature. The gas was released carefully from the autoclave
in a well ventilated fume hood, and the reaction flask was taken out. The mixture was purified
via column chromatography to yield 2-31b as a clear, colorless oil (0.063 g, 93%); ‘H NMR
(CDCls, 300 MHz) § 1.25 — 1.34 (6H, m), 1.69 (3H, s), 2.43 (3H, s), 2.94 — 3.14 (3H, m), 2.56 —
3.40 (3H, m), 3.74 — 3.80 (4H, m), 4.20 — 4.31 (4H, m), 5.11 — 5.15 (1H, m), 5.19 (1H, d, J =
1.2), 5.61 (1H, m), 7.34 (2H, d, J = 8.1), 7.69 (2H, d, J = 8.1). **C NMR (CDCl;, 500 MHz)
68.59, 14.0, 21.5, 25.6, 34.1, 38.8, 47.7, 48.4, 54.1, 61.4, 61.9, 62.2, 68.0, 119.6, 127.3, 129.8,
131.7, 133.0, 136.2, 143.4, 171.1, 171.4, 177.0, 208.4; HRMS (ES) m/z calcd for CysH33NO;S

(M + H)*: 504.2051, found 504.2048 (A 0.55 ppm).
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[2+2+2+1] Cycloaddition:

. O
EtO,C — .
EtO,C [Rh(cod)Cl], (5 mol%)
\ CO (1 atm)
COAEt DCE [0.05] M EtO,C
_ COZEt 100 OC 48 h Et02C
o 30% conversi 2a
2-11a (30% conversion)

Typical procedure for [2+2+2+1] Cycloaddition of Dieneyne 2-11a: A round-bottomed flask
was charged with dienyne 2-11a (101.3 mg, 0.213 mmol), DCE (4.25 mL), [Rh(cod)Cl], (5.20
mg, 0.0106 mmol), and stir bar. The flask was transferred to an autoclave and purged with CO
and released (4x). Caution: Purging with CO must be done in a well ventilated fume hood.
The autoclave was then purged to 1 atm of CO. The autoclave was immersed in an oil bath at
100 °C for 48 h, and then cooled to room temperature. The gas was released carefully from the
autoclave in a well ventilated fume hood, and the reaction flask was taken out. The mixture was
concentrated and purified using flash column chromatography. The reaction conversion was

determined to be only 30% based on recovered starting material.

tetraethyl 4,6-dimethyl-5-0x0-9,9a-dihydro-1H-cyclopentale]azulene-2,2,8,8

(3H,5H,7H,9bH)-tetracarboxylate (2-12a):

EtO,C CO,Et

EtO,C CO,Et
2-12a
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Clear, colorless oil: *H NMR (CDCls, 500 MHz) 1.23-1.29 (m, 12H), 1.85 (s, 6H), 1.99 (t, 2H, J
=15.0 Hz), 2.66 (dd, 2H, J = 5.0 Hz), 2.84-2.87 (m, 1H), 3.13-3.14 (m, 3H), 3.76 (t, 2H, J = 10.0
Hz), 4.16-4.24 (m, 8H). **C NMR (CDCl;, 500 MHz) 14.0, 16.6, 39.6, 41.4, 46.2, 58.1, 61.8,
61.9, 131.9, 153.9, 170.9, 189.8; HRMS (ES) m/z calcd for C»;H3509 (M + H)™: 505.2432, found

505.2433 (A 0.24 ppm).

diethyl 4-(2,2-bis(ethoxycarbonyl)hex-4-ynyl)-6-methyl-5-oxo0-3,3a,4,5-tetrahydropenta-

lene-2,2(1H)-dicarboxylate (2-30):

Clear, colorless oil:'H NMR (CDCI3, 300 MHz) 1.19-1.31 (m, 12H), 1.58 (s, 1H), 1.65-1.76 (m,
4H), 1.83-1.87 (M, 2H), 2.04-2.07 (m, 1H), 2.70-2.83 (m, 3H), 2.98-3.18 (m, 3H), 3.72-3.77 (m,
2H), 4.10-4.29 (m, 8H) BC NMR (CDCls, 500 MHz) 5 3.47, 8.75, 14.0, 23.7, 25.6, 32.2, 33.9,
34.0, 39.5, 40.0, 40.3, 49.7, 52.5, 56.5, 60.8, 61.9, 62.1, 68.0, 73.0, 79.5, 131.7, 170.3, 170.4,
171.0, 171.5, 175.7, 209.3; HRMS (ES) m/z calcd for Cy7H3s09 (M + H)™: 505.2432, found

505.2429 (A 0.55 ppm).

45



2.5 References

1. (a) Shibata, T., Recent advances in the catalytic Pauson-Khand-type reaction. Adv. Synth.
Cat. 2006, 348, 2328-2336; (b) Brummond, K. M.; Kent, J. L., Recent advances in the Pauson-
Khand reaction and related [2+2+1] cycloadditions. Tetrahedron 2000, 56, 3263-3283.

2. Khand, I. U.; Knox, G. R.; Pauson, P. L.; Watts, W. E.; Foreman, M. |., Organocobalt
complexes. Part 1l. Reaction of acetylenehexacarbonyldicobalt complexes, (R*C;R?)Co,(CO)s,
with norbornene and its derivatives. J. Chem. Soc., Perkin Trans. 1 1973, 977- 981.

3. (a) Schore, N. E.; Croudace, M. C., Preparation of bicyclo[3.3.0]oct-1-en-3-one and
bicyclo[4.3.0]non-1(9)-en-8-one via intramolecular cyclization of .alpha.,.omega.-enynes. J.
Org. Chem. 1981, 46, 5436-5438; (b) Kobayashi, T.; Koga, Y.; Narasaka, K., The rhodium-
catalyzed Pauson-Khand reaction. J. Organomet. Chem. 2001, 624, 73-87; (c) Koga, Y.;
Kobayashi, T.; Narasaka, K., Rhodium-Catalyzed Intramolecular Pauson-Khand Reaction. .
Chem. Lett. 1998, 27, 249-250.

4. (@) Gybin, A. S.; Smit, V. A.; Caple, R.; Veretenov, A. L.; Shashkov, A. S.; Vorontsova,
L. G.; Kurella, M. G.; Chertkov, V. S.; Karapetyan, A. A., The sequence of a stepwise AdE
reaction and intramolecular Pauson-Khand cycloaddition as an entry into the synthesis of
polycyclic compounds. J. Am. Chem. Soc. 1992, 114 (14), 5555-5566; (b) Exon, C.; Magnus, P.,
Stereoselectivity of intramolecular dicobalt octacarbonyl alkene-alkyne cyclizations: short
synthesis of dl-coriolin. J. Am. Chem. Soc. 1983, 105 (8), 2477-2478.

5. Jeong, N.; Sung, B. K.; Choi, Y. K., Rhodium(l)-Catalyzed Asymmetric Intramolecular
Pauson-Khand-Type Reaction. J. Am. Chem. Soc. 2000, 122 (28), 6771-6772.

6. Wender, P. A. D., N. M.; Gamber, G. G., The Dienyl Pauson—Khand Reaction. Angew.
Chem. Int. Ed. 2003, 42 (16), 1853-1857.

7. (a) Bennacer, B.; Fujiwara, M.; Lee, S.-Y.; Ojima, I., Silicon-Initiated Carbonylative
Carbotricyclization and [2+2+2+1] Cycloaddition of Enediynes Catalyzed by Rhodium
Complexes. J. Am. Chem. Soc. 2005, 127, 17756-17767; (b) Kaloko, J. J.; Gary, Y. H.; Ojima,
T. 1., One-step formation of fused tetracyclic skeletons from cyclohexene-diynes and carbon
monoxide through Rh(l)-catalyzed [2+2+2+1] cycloaddition reaction. Chem. Commun. 2009,
(30), 4569-4571.

8. Ojima, I.; Vu, A. T.; Lee, S. Y.; McCullagh, J. V.; Moralee, A. C.; Fujiwara, M.; Hoang,
T. H., Rhodium-catalyzed silylcarbocyclization (SiCaC) and carbonylative silylcarbocyclization
(CO-SiCaC) reactions of enynes. J. Am. Chem. Soc. 2002, 124, 9164-9174.

9. Zhao, L.; Lu, X.; Xu, W., Palladium(ll)-Catalyzed Enyne Coupling Reaction Initiated by

Acetoxypalladation of Alkynes and Quenched by Protonolysis of the Carbon—Palladium Bond. J.
Org. Chem. 2005, 70, 4059.

46



10. Cook, G. R.; Hayashi, R., Atom Transfer Cyclization Catalyzed by InCl; via Halogen
Activation. Org. Lett. 2006, 8, 1045-1048.

47



Chapter 3

The Synthesis of Cycloheptene-diynes and their Applications to Rh(l)-
Catalyzed [2+2+2] and [2+2+2+1] Cycloaddition Reactions
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3.1 Introduction to the Rh(I)-Catalyzed [2+2+2+1] Cycloaddition Reaction of Cyclohexene-
diynes

During optimization of the CO-SiCaT reaction of enediynes, it was found that desired
tetracyclic product 3-2 was not obtained when the ene moiety was part of a ring. Only the

tricyclic product 3-3 was obtained (Scheme 3-1).

[ o)
TsN Rh(acac)(CO),
 NTs PhMe,SiH, CO
TsN NTs
31 3-2
/—:
TsN Me,PhSi
= Rh(acac)(CO), )
NTs
PhMe,SiH, CO —
TsN NTs
3-1 3-3

Scheme 3-1: CO-SiCaT of cyclohexene-diyne 3-1

The mechanism for the formation of this product is illustrated in Scheme 3-2. The
mechanism shown in Scheme 3-2 begins with the insertion of the Rh-Si active species, followed
by the first cyclization and Z2E isomerization (Intermediate A). A second cyclization leads to
intermediate B. The carbonylated product 3-2 was not observed because the pB-hydride
elimination to form tricyclic product 3-3 proceeds faster than the cyclization. The silane was
incorporated into product 3-3 with an E double bond configuration. The product with the silane

incorporated in the Z double bond (3-4) was not observed.
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WTs  Rh(acac)(CO), RaSi(_ 4 H s
_ PhMe,SiH ({_g ]
/o CO (1 atm)
TsN . — —
31 THF, r.t. 18 h TsN NTs TsN NTs
63-79% 3-3 24

(not observed)

i izati M](H

i it M N ot tminatr

RsSi L RsSi HIM] o
) second cyclization Cco
" |

TsN —

NTs TsN NTs TsN NTs

A B 3-2

Scheme 3-2: Formation of tricyclic product 3-3

It was later found that the 5-7-6-5 tetracyclic products could be obtained via a
cycloaddition reaction in the absence of hydrosilane.? The Ojima lab successfully optimized the
conditions for the [2+2+2+1] cycloaddition of a variety cyclohexene-diynes (Scheme 3-3). The
results were particularly promising because the 5-7-6-5 adduct which was formed comprises the
core of natural product, Caribenol A. Caribenol A possesses significant inhibitory activity
against Mycobacterium tuberculosis (Figure 3-1).2

X [Rh(CO),Cl],, CO (2 atm) R

= .

Y DCE/TFE (10:1), 60 °C
3-5 M v
3-6

R = Me, TMS, PhMe,Si, TBDMS, Ph
X =Y = C(CO,Et),, NTs, NBoc, O

Scheme 3-3: [2+2+2+1] Cycloaddition of cyclohexene-diynes
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3-7
Caribenol A

Figure 3-1: Natural product Caribenol A

The mechanism for the formation of these tetracyclics is shown in Scheme 3-4. The
cycloaddition starts with the coordination of the diyne moiety to the [Rh] catalyst ([2+2+M]).
This is followed by olefin insertion into the Rh-C bond ([2+2+2+M]). Next, CO coordinates to
[Rh], and this is followed by a migratory insertion of CO into the Rh-C bond ([2+2+2+1+M]).
The final product is formed via a reductive elimination. The active Rh-catalyst species is also
regenerated. It is also important to note that, during optimization, the amount of the [2+2+2] side

product was decreased to trace amounts.
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[Rh]

15t cyclization
[2+2+M]

Reductive
elimination

2" cyclization
[2+2+2+M] CO insertion

[2+2+2+1+M]

Reductive elimination
R

Cco
X Y
3-8
[2+2+2] product

Scheme 3-4: Mechanism for the [2+2+2+1] cycloaddition of cyclohexene-diynes

When the optimized reaction conditions were applied towards cyclohexene-diynes,

unexpected, isomerized carbonylated products were formed (Scheme 3-5).*

E1O,C — SiPhMe, o 0
EtO,C _ [Rh(CO),Cl], (5 mol%) Me,PhSi Me,PhSi
- +

NTs

CO (2 atm), DCE-TFE (10:1)
@ 60 °C, 20 h EtO,C NTs Et0,C NTs

92 % EtO0,C EtO0,C

3-5a 3-6a1 3-6a2

Scheme 3-5: Isomerized carbonylated products 3-6al and 3-6a2

The diene-shifted isomers 3-6al and 3-6a2 were obtained as a ca. 1:1 mixture for various

silyl-capped substrates. In order to investigate the mechanism for the observed isomerization
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various experiments were conducted. The reaction of 3-5a was carried out for a shortened
reaction time of 3 hours. HPLC analysis showed 27% conversion and a 1:1 mixture of the two
products. This result indicates that the product distribution is set early in the reaction, and the
ratio remains constant during the course of the reaction (Scheme 3-6).*

EI0,C = SiPhMe, e _
EtO,C _ [Rh(CO),Cl], (5 mol%) Me,PhSi Me,PhSi

+
NTs CO (2 atm), DCE-TFE (10:1)

60 °C, 3h EtO,C NTs EtO,C NTs
Et0,C Ef0,C

35
a 27% conversion, 1:1 ratio by HPLC

3-6a1 3-6a2

Scheme 3-6: [2+2+2+1] cycloaddition of cyclohexene-diyne 3-5a with CO

If the isomers are not formed directly from the starting material during the course of the
reaction, perhaps a [Rh]-catalyzed isomerization of the products occurs. In order to test this
possibility, each isomer (3-6al and 3-6a2) was isolated and separately subjected to the reaction
conditions. However, HPLC analysis showed no conversion of either isomer (Scheme 3-7).* It is
also important to note that isomerization of the [2+2+2] product was not observed. Based on this
observation along with the isomerization studies mentioned above, the isomerization most likely

occurs during or directly before the final reductive elimination.
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92 % Ef0,C Ef0,C
3-6a1 3-6a2

EtO,C =—TMS o 0
EtO,C7 N\ [Rh(CO),Cll; (5 mol%) ™S ™S
— +
NTs CO (2 atm), DCE-TFE (10:1)
@ 60°C,20h EtO,C NTs EtO,C NTs
3-5a

o) 0
T™S [Rh(CO),Cl], (5 mol%) T™S
CO (2 atm), DCE-TFE (10:1)
EtO,C NTs 60°C, 20 h EtO,C NTs
EtO,C EtO,C
3-6a1 3-6a2
o) o)
T™S [Rh(CO),Cl], (5 mol%) T™S
CO (2 atm), DCE-TFE (10:1)
EtO,C NTs 60°C, 20 h EtO,C NTs
EtO,C EtO,C
3-6a2 3-6a1

Scheme 3-7: Attempted isomerization of 5-7-6-5 tetracyclics 3-6al and 3-6a2

In order to expand the substrate scope, novel cycloheptene-diyne substrates were
synthesized and subjected to the reaction. The formation of 5-6-7-5 and 5-7-7-5 ring cores may
be obtained from the cycloheptene-diyne precursors in one step (Scheme 3-8). The results are

discussed herein.
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[2+2+2] Cycloaddition

X\;\ R
y Rh]
CcO
X Y
3-11
3-10

X = C(CO,Et),, NTs, NBoc, O, C(COMe),
R = H,Me, TMS, Aryl, CH,OMe, CH,0AC

Scheme 3-8: Novel substrates to undergo Rh(l)-catalyzed [2+2+2] and [2+2+2+1] cycloaddition
reactions

3.2 Results and Discussion

3.2.1 Substrate Synthesis

Diyne bromides with various tethers were synthesized from readily available starting
materials. But-2-yne-1,4-diol (3-12) was converted to the corresponding dibromide 3-13 in the
presence of PBr; and pyridine in 76% yield. The dibromide 3-13 was then coupled with 3-14 in
the presence of K,COj3 at reflux in acetonitrile to afford the corresponding diyne bromide 3-15 in
61-63% vyield (Scheme 3-9). The methyl-capped diyne bromide was synthesized in a similar

fashion (Scheme 3-10).
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PBF3 (08 eq) Br —\

_ M —= .\ NHTSs
o pyridine (0.1 eq) Br
312 ether, 0 °C-r.t., o/n 313 314
76% (2.1eq)
KoCO3 (2.1 eq) TN
CH4CN g
90 °C, o/n 315
61-63%
Scheme 3-9: Synthesis of diyne bromide 3-15
— Br K,COj3 (2.1 eq) 1N
NHTs . \%\ =
316 sz BT CH5CN Br
B - 90 °C, o/n
(2.1 eq) 76% 317

Scheme 3-10: Synthesis of diyne bromide 3-17

The diyne bromide with a methyl-capped alkyne was synthesized by reacting 2-butynyl
bromide with the triethyl methanetricarboxylate in the presence of NaH. The crude 3-19 was
treated with NaOEt, generated in situ, to yield 3-20 in 89% vyield over 2 steps. The malonate was
then coupled with 1,2-dibromo-2-butyne in the presence of NaH to yield the 3-21 in 67% yield

(Scheme 3-11).

_— CH(CO2E); (1 eq) T CO,Et EtOH (2 eq) — o
Br EtO,C CO,Et 2
3-18 NaH (1.2 eq) NaH (2 eq) EtO,C
THF, 80 °C, o/n 3-19 THF, r.t, o/n 3-20
’ ' 89% (2 steps)
= Br NaH (1.2 eq) EtO,C —
—>*C025t * " -
EtO,C Br THF, rt, o/n EtO,C :_
313 &7 "
3-20 (1.5eq) 3-21

Scheme 3-11: Synthesis of diyne bromide 3-21
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Diyne bromide 3-23 with a malonate tether bearing a terminal alkyne was also
synthesized. Dibromide 3-13 was coupled with propargyl malonate 3-22 in the presence of

sodium hydride to afford 3-23 in up to 67% yield (Scheme 3-12).

= Br NaH (1.2 eq) EtO,C
»—CO,Et + E EtO,C S
EtO,C Br THF —
r.t.o/n 3.23 bBr
3-22 3-13 53-67%

(1.5€q)

Scheme 3-12: Synthesis of diyne bromide 3-16

The cycloheptene component with N-tosyl tether was synthesized as outlined in Scheme
3-13. In the presence of lithium aluminum hydride, cyclohept-2-enone (3-24) was reduced to the
corresponding alcohol (3-25) in 65% vyield. The subsequent alcohol was subjected to a
Mitsunobu reaction with Boc-protected tosylamide, which was then deprotected to give N-

(cyclohept-2-enyl)-4-methylbenzenesulfonamide (3-27) in 79% yield.

H

N.
Ts” "Boc B T
o) OH (1 eq) RN
LAH (0.5 eq) DIAD (1.2 eq)
ether, r.t., 45 min PPh3 (1.2 eq)
65% CH,Cly, r.t., 4h
0,
3-24 3-25 1% 3-26
H. _T
NTS
DMSO
microwave
150 °C, 8 min
79% 3-27

Scheme 3-13: Synthesis of N-(cyclohept-2-enyl)-4-methylbenzenesulfonamide (3-27)
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In order to obtain the cycloheptyl moiety with a malonate tether, cycloheptene (3-28) was
brominated in the presence of NBS® to yield 3-29 in 35% yield. The cycloheptenebromide was
then coupled with diethyl malonate to yield diethyl 2-(cyclohept-2-enyl)malonate (3-30) in 86%

yield (Scheme 3-10).

EtO,C.__CO,Et
@ NBS (1.1 eq) Br\© CH,(CO,Et), (2.6 eq)
benzoyl peroxide (0.01 eq) NaH (1.1 eq), THF
CCls, 80°C, 1 h rt, 17h
3-28 b ’ 3-29 86%
35% 3-30

Scheme 3-14: Synthesis of diethyl 2-(cyclohept-2-enyl)malonate (3-30)

With the diyne bromides and cycloheptenyl components in hand, the final cycloheptene-
diyne substrates were synthesized. Diyne bromide 3-17 was coupled with sulfonamide 3-27 in
the presence of potassium carbonate in acetonitrile at reflux to yield the bis-NTs-tethered
substrate 3-10a in 44% yield. The cycloheptene substrate bearing a malonate and sulfonamide

tether (3-10b) was synthesized in the same fashion (Scheme 3-15).

/%
PR S H\N/TS TsN
TsN . K,COj3 (2.1 eq) T\ -
— )
347 B CH3CN, 90 °C, 17h
44%
3-27
(1eq) 3-10a

EtO,C —
EtO,C — H-Ts EtO,C _
EtO,C — + K,COj3 (2.1 eq) NTs
3-21 o CH3CN, 90 °C, o.n.
81%
3-27

(1eq) 3-10b

Scheme 3-15: Synthesis of cycloheptene-diyne substrates 3-10a and 3-10b
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In order to functionalize cycloheptenylmalonate 3-30 with diyne bromide 3-21, the two
components were coupled in the presence of NaH, and the final product 3-10c was obtained in

74% yield. Substrate 3-10d was synthesized in a similar fashion (Scheme 3-16).

EtO,C —

o EtO,C__CO,Et FO.G o
EtO,C = NaH (1.2 eq) 2 — CO,Et
EtO,C _ * THF CO,Et
T 5 r.t., o/n
3-21 ' 74%
3-30
(1eq) 3-10c
_ EtO,C.__CO,Et 1sN
Vi NaH (1.2 eq) -
TsN + —— — CO,Et
— ,r.t, o/n
- B 56% COzEt
317
3-30
(1eq) 3-10d

Scheme 3-16: Synthesis of cycloheptene-diyne substrates 3-10c and 3-10d

The TMS-capped cycloheptene-diyne 3-10f was also synthesized. In the presence of
sodium hydride, the cycloheptenylmalonate 3-30 was coupled with a diyne bromide 3-15 to
afford the enediyne with a terminal alkyne 3-10e in 44% yield. The lithium acetylide was then
formed in the presence of LIHMDS, followed by a coupling with TMSCI to yield the desired
substrate 3-10f in 72% yield (Scheme 3-17). Cycloheptene-diyne 3-10g was synthesized in a

similar fashion (Scheme3-18).
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EtO,C.__CO,Et

L Van— 1. LIHMDS (1.5 eq),
/S NaH (1.2 eq) TsN THF, -78 °C, 30 min
TsN + —
= THF, rt., o/n CO,Et
st 2. TMSCI (1.2 eq),
9 CO,Et
Br 44% 2 -78°C-->rt, 3 h
3-15 3-30 72%
(1eq)
3-10e
/%TMS
TsN
T CO,Et
CO,Et
3-10f

Scheme 3-17: Synthesis of cycloheptene-diyne substrate 3-10f

_ EtO,C

EtO,C - EtO,C.__CO,Et o

Et02C>< NaH (1.2 eq) EtO,C = COLEL

2 — + _ 2
Br THF, r.t.,, o/n CO,Et
46%
3-23

3-30
(1eq) 3-10g

Scheme 3-18: Synthesis of cycloheptene-diyne 3-10g

3.2.2 Optimization of the [2+2+2+1] Cycloaddition Reaction of Cycloheptene-diynes

The enediyne substrates were then subjected to the [2+2+2+1] cycloaddition under

various conditions. Initial optimization attempts for these novel substrates are shown in Table 3-

1.
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Table 3-1: Optimimization of the [2+2+2+1] cycloaddition reaction of 3-10

; —— o
= [Rh(CO),Cl], (5 mol%) Q. .
Y
@ S x
3-11 39
3-10
Entry’ X Y Temp. (°C) CO (atm) Solvent Conc. (M) Conversion  Product Ratio?
(%) 3-11:3:9
1 C(CO,Et), C(CO,Et), 50 1 DCE 0.05 >95 45:55
2 C(CO.Et), C(CO4EY), 50 2 DCE 0.05 >95 49:51
3 NTs NTs 50 1 DCE 0.025 90 87:13*
4 NTs NTs 60 1 DCE 0.025 >95 82:18
5 NTs NTs 50 2 DCE 0.05 >95 87:13
6 NTs C(CO4EL), 50 1 DCE 0.05 >95 51:49
7 C(CO,Et), NTs 60 2 TFE 0.025 >95 0:100
8 C(CO,Et), NTs 60 1 DCE 0.05 >95 97:3

DCE = 1,2-dichloroethane, TFE = 2,2, 2-trifluoroethanol. 'All reactions were performed in an autoclave.
aDetermined by reverse phase HPLC analysis (MeOH:H,O, Phenomenex, Jupitor 10 Proteo 90A) for 20-24 h
reaction. "90% conversion according to HPLC

The substrates were screened in different mixtures and concentrations of DCE and TFE.
The cycloaddition reactions were also run at various temperatures. For the bis-malonate tethered
cycloheptene-diyne, running the reaction under either 1 or 2 atm in DCE, the product distribution
was essentially 1:1 (Table 3-1, Entries 1 and 2). When the cycloheptene-diyne with bis-
sulfonamide tethers was subjected to the reaction conditions it showed the best selectivity
towards the carbonylated product when run in DCE at 50 °C under 2 atm CO (Entry 5). When
the substrate with mixed tethers was run in TFE, only the [2+2+2] product was observed even

under a CO atmosphere (Entry 7). This substrate also showed excellent selectivity towards the
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carbonylated product when run in DCE at 60 °C under 1 atm of CO (Entry 8). The reaction was

then scaled up for 4 different substrates, and the results are summarized in Table 3-2.

Table 3-2: Isolation of [2+2+2+1] and [2+2+2] products

Entry Substrate (yield %)? (vield %)?

11

0
(1) w %Z@
TsN NTs TsN Ts
3-11a
0
21 ‘Q. (68) 7&@ (7)
E Ts
E i NTs
: 3-11b
32 (50) (39)
E E
3-9c

TsN
— E
41 3-10d E (51) 41)
TeN E TsN E
39d E

3-11d E

3lsolated yield of products based on one run using 80 mg of substrate
5 mol% [Rh(CO),Cl],, CO (1 atm) in DCE at [0.05] at 60 °C for 21-24h at 60 °C
25 mol% [Rh(CO),Cl],, CO (2 atm) in DCE at [0.05] at 50 °C for 24h at 60 °C

E= COzEtZ
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When four different substrates were subjected to the reaction, various product
distributions were observed. The best selectivity (9:1) was observed for substrate 3-10b (Table
3-2, Entry 2). The products were obtained in a 75% combined isolated yield The next best
selectivity (4.5:1) was observed for substrate 3-10a (Table 3-2, Entry 1) and the products were
obtained in a combined yield of 67%. When substrate 3-10c was subjected to the reaction (Table
3-2, entry 3), the products were obtained with a selectivity of 1.3:1 and in 89% combined
isolated yield. For these three cases, two carbonylated products were observed by LCMS and **C
NMR. The masses were identical according to LCMS, thus the products were determined to be
isomers. In addition, the isomers have different chemical shifts for the ketone carbon. This result
is not completely unexpected since isomerization was observed for the silyl-capped cyclohexene-
diyne substrates.” However, it is the first case isomerization has been observed for methyl-
capped substrates. When 3-10d was subjected to the cycloaddition reaction conditions, only one
isomer was obtained (Table 3-2, entry 4). The carbonylated and noncarbonylated products were
obtained in a ratio of 1.2:1 in 92% combined isolated yield.

3.2.3 Mechanism of isomerization

In order to gain insight into the mechanism of isomerization, molecular modeling
calculations (MMFF, PM3, and AM1; Wavefunction Inc. Spartan 08, Irvine, CA, 2008) were

carried out for the products (Table 3-3).
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Table 3-3: Molecular modeling calculations for isomerized carbonylated products

MMFF 55.0 MMFF 66.1
AM1 0 33 4 AM1 0 27.2
PM3 0 PM3 0 19 8
0 0
MMFF 0 14.8 MMFF 49.7
AM1 0 24.6 AM1 1.0 O
PM3 0 8.9 PM3 0 3.0
Relative energies (kJ/mol) are reported for each set of isomers

In some cases, the unexpected diene-shifted isomer was lower in energy, but in other
cases the expected product was lower in energy. This suggests that the formation of the diene-
shifted isomer is not thermodynamic, and the isomerization occurs before the final product is
formed. This data is consistent with previous attempts to isomerize cyclohexene-diynes from one
isomer to the other.* Furthermore, only one [2+2+2] product was observed in all cases. Thus, the
isomerization must occur after the formation of intermediate B. A mechanism that accounts for
the formation of the diene-shifted isomer is illustrated in Scheme 2-19. It is possible that Rh-
promoted allylic C-H activation of C or C’ could occur to facilitate a 1,5-hydride shift.°
Isomerization could then occur to form intermediate E or E’, followed by a reductive elimination

to yield the isomerized product 3-11°.
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,—R R R
X G
3-10 X Y Reductive Elimination
311
Reductive
elimination

[Rh]
R [Rh]
‘ o) o) NIV
7[R R._-[RN] R_[RN]
X — | or ‘
Y
X Y X o]
(o] c [Rh R [Rh
2" cyclization H
[2+2+2+M] CO insertion N7
[2+2+2+1+M] Reductive elimination X X Y
R E
X Y

3-9
[2+2+2] product

18t cyclization
[2+2+M]

co

Scheme 3-19: Proposed mechanism of isomerization via C-H activation

Another possible route towards the formation of 3-11” is the deprotonation of a proton by
chloride ion as shown in Scheme 2-20. Intermediate F can then isomerize to give G or H.
Isomerization of intermediate H to J can then occur, and a subsequent protonation leads to the
formation of intermediate K. Intermediate K can then undergo a final reductive elimination to
yield the isomerized carbonylated product 3-11°. In this pathway, isomerization occurs from
intermediate C, while C” does not isomerizes in this pathway. If C and C’ are formed in a 1:1

ratio, then this explains the 1:1 product distribution of the two carbonylated isomers.
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— 311"

Scheme 3-20: Proposed mechanism of isomerization via deprotonation

3.2.4 Optimization of the [2+2+2] Cycloaddition Reaction of Cycloheptene-diynes

Since excellent selectivity for the [2+2+2] product was observed when the reaction was
run in TFE, solvent mixtures of TFE with DCE were studied and the results are summarized in
Table 3-4. The product was obtained in the highest yield (89%) when a 5:1 mixture of DCE:TFE

was used (Entry 3).
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Table 3-4: [2+2+2] Cycloaddition of 3-10c

Entry Yield (%)

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

(1) 50
TFE [0.05]M, EtO,C CO,Et
CO (2 atm), 60 °C, 21 h EtO,C 325¢c  CO,Et
[Rh(CO), Cll, (5 mol%)
(2) 80
DCE:TFE(10:1) [0.05]M, ~ EO2C CO,Et
CO (2 atm), 60 °C, 23 h BtO,C  325¢" okt
[Rh(CO), Cll, (5 mol%)
(3) 89
DCE:TFE (5:1) [0.025]M,  EtOC CO,Et
CO (2 atm), 60 °C, 21 h BtO,C  325¢  Co,Et

All reactions were run on a 0.07-0.09 mmol scale.

In order to further probe the substrate scope for our cycloaddition reaction, novel silyl-
capped enediyne 3-10f was subjected to the reaction (Scheme 3-21). When the reaction was run
in pure TFE [0.05]M at 50 °C under ambient pressure of CO, only the desilylated [2+2+2]
product 3-9f was observed according mass spectroscopy and crude *H NMR. An explanation for
the formation of this product is that the terminal acetylene was deprotected in the presence of
TFE, and then the [2+2+2] cycloaddition occurred. Although these conditions did not yield any
carbonylated product, this was a promising start for subsequent [2+2+2] studies on similar

substrates.
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———TMS
TsN
J— [Rh(CO),Cl]2 (5 mol%)
- CO,Et
CO,Et TFE [0.05]M, TsN CO,Et

CO (1 atm), 50 °C CO,Et
24h 3-9f
(crude)

3-10f

Scheme 2-21: Desilylation and [2+2+2] cycloaddition of 3-10f

Cycloheptene-diyne 3-10g bearing a terminal alkyne was subjected to the Rh(l)-catalyzed
(2+2+2) reaction under conventional heating in the absence of CO using a mixture of DCE:TFE

(1:1), but the 2+2+2 product was obtained in poor yield (28%) (Scheme 3-22).

EtO,C =
EtO,C _
- CO,Et [Rh(CO),Cl], (5 mol%)
CO,Et DCE:TFE (1:1) [0.05] Et0,C COLEl
60°C, 24 h CO,E CO,Et
28% 299
3-10g

Scheme 3-22: [2+2+2] Cycloaddition of 3-10g

Higher yield was obtained when the reaction was run in the microwave in DCE at 50 °C.

The cyclized product 3-9e was obtained in 70% vyield after 30 min (Scheme 3-23).

/—_
TsNo [Rh(CO),Cl], (5 mol%)
CO,Et DCE [0.05]M
50 °C, uw, 30 min TsN CO,Et
70% CO,Et
3-10e 3-9e

Scheme 2-23: [2+2+2] Cycloaddition of 3-10e
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3.3 Conclusion

Novel cycloheptene-diyne substrates possessing terminal alkynes, internal alkynes, and
silyl caps have been synthesized. The 5-6-7-5 products were obtained via the [2+2+2]
cycloaddition of cycloheptene-diynes using microwave irradiation in the presence of
[Rh(CO).ClI],. Various 5-7-7-5 tetracyclics were also obtained using conventional heating in the
presence of the same catalyst and under a CO atmosphere. Isomers of the carbonylated products
were obtained. Molecular modeling suggested that the isomerization was not driven by
thermodynamics, and occurs at some point before the final products are formed. It is possible
that the acyl-[Rh] intermediates are undergoing a 1,5-hydride shift which then allows
isomerization to occur. Alternatively, one of the acyl-Rhodium intermediates may be

deprotonated by a chloride ion thus allowing isomerization to occur.

3.4 Experimental Section

General Methods: All chemicals were obtained from either Sigma-Aldrich or Acros Organics
and used as received unless otherwise noted. All reactions were performed under Schlenk
conditions with oven dried glassware unless otherwise noted. Solvents were dried under nitrogen
using the PURESOLV system (Inovatative Technologies, Newport, MA). 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 and using Fisher silica
gel (particle size 170-400 Mesh). Yields refer to chromatographically and spectroscopically pure
compounds. *H and **C NMR spectra were obtained using either a 300 MHz Varian Gemini
2300 (75 MHz 3C) spectrometer or a 400 MHz Varian INOVA 400 (100 MHz “*C) spectrometer
in CDCl; as the solvent. Chemical shifts (8) are reported in ppm and standardized with a solvent

as an internal standard based on literature reported values. Melting points were measured with a
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Thomas Hoover capillary melting point apparatus and are uncorrected. Infrared spectra were
recorded with a Shimadzu FTIR-84005 spectrophotometer. Low-resolution mass spectrometry

was performed on an Agilent 6890GC/5973 Mass Selective Detector.

N-(Cyclohept-2-enyl)-4-methylbenzenesulfonamide (3-27):

H
/N\
Ts Boc B T
o OH (1eq) oC~NTS
LAH (0.5 eq) DIAD (1.2 eq)
ether, r.t., 45 min PPh; (1.2 eq)
65% CH,Cly, r.t., 4h
0,
3-24 3-25 1% 3-26
H. T
N s
DMSO
microwave
150 °C, 8 min
79% 3-27

2-cycloheptenone (3-24, 3.00 g, 27.2 mmol) in ether (10 mL) was slowly added to a
suspension of lithium aluminum hydride (534 mg, 13.6 mmol) in ether (40 mL). The reaction
mixture was allowed to stir at room temperature for 45 min. The reaction mixture was quenched
with water (5 mL), and neutralized with MgSQO,. The reaction mixture was filtered over celite,
concentrated over reduced pressure, and purified via distillation. The final product 3-25 was
obtained (1.98 g, 65% yield) as a clear, colorless liquid; bp 48-50 °C at 2 torr; *H NMR (CDCls,
500 MHz) §1.34-1.37 (m, 1H), 1.56-1.68 (m, 4H), 1.84-1.87 (m, 1H), 1.90-1.84 (m, 1H), 2.02-
2.05 (m, 1H), 2.15-2.19 (m, 1H), 4.40 (d, 1H, J = 8.5 Hz), 5.70-5.75 (m, 2H). These values are

in agreement with the values reported in the literature.?

DIAD (4.5 mL, 21.24 mmol) was added dropwise to a solution of PPhs (5.6 g, 21.24

mmol) and Boc-protected sulfonamide (4.79 g, 17.7 mmol) in CH,Cl, (50 mL). The resulting
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yellow solution was stirred for 30 min. 2-cycloheptenol (3-25, 1.98 g, 17.7 mmol) in CH,ClI; (5
mL) was added. The reaction mixture was allowed to stir at room temperature for 4 hours. The
crude reaction mixture was concentrated under reduced pressure and purified via column
chromatography. The Boc-protected tosylamide 3-26 was obtained (4.6 g, 71% yield) as an off

white solid; mp 91-94 °C.

The final product 3-27 was obtained via a subsequent microwave Boc-deprotection of 3-
26 in DMSO (12 mL) as a white solid (2.6 g, 79% vyield); mp=84-85 °C; NMR (CDClIs, 300
MHz) 1.34-1.40 (m, 1H), 1.52-1.65 (m, 4H), 1.73-1.85 (m, 2H), 2.02-2.17 (m, 2H), 2.42 (s,
3H), 3.97 (broad s, 1H), 4.51 (d, 1H, J = 7.5 Hz), 5.37-5.42 (m, 1H), 5.66-5.75 (m, 1H), 7.31 (d,
2H, J = 7.8 Hz), 7.77 (d, 2H, J = 8.4 Hz). These values are in agreement with the values

reported in the literature.’

Diethyl 2-(cyclohept-2-enyl)malonate (3-30):°

Et0,C.__CO,Et
@ NBS (1.1 eq) Br\© CH,(CO,Et), (2.6 eq)
benzoyl peroxide (0.01 eq) NaH |('1t.1 1e7q?1' THF
3.98 CCly, 80°C, 1h 3-29 86%
35% 3-30

Cycloheptene (3-28, 2.43 mL, 18.72 mmol), freshly recrystallized NBS (3.7 g, 20.8
mmol), and benzoyl peroxide (0.050 g, 0.208 mmol) were dissolved in CCl4 (10 mL) at 80 °C.
The reaction was allowed to stir for 1 hour, and then brought to 0 °C. The reaction mixture was
filtered over celite, washing with CH,Cl,. The crude mixture was washed with 5% NaHCO3 (aq).
The combined organic layers were dried over MgSQ,, filtered, and concentrated under reduced
pressure. The crude mixture was purified via distillation, and pure bromide 3-29 (1.15 g, 35%

yield) was obtained as a clear, colorless liquid®; bp 44 °C at 2 torr (Lit. bp 42 °C (1.7 mmHg); *H
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NMR (CDCls, 300 MHz) § 1.45-1.55 (m, 1H), 1.78-1.90 (m, 2H), 1.95-2.14 (m, 2H), 2.15-2.27
(m, 3H), 4.92-4.97 (m, 1H), 5.81-5.96 (m, 2H). These values are in agreement with the values

reported in the literature.”

To a suspension of NaH (0.279 g, 6.91 mmol) in THF (10 mL) was added diethyl
malonate (2.48 mL, 16.34 mmol) dropwise at 0 °C. The suspension was allowed to stir for 15
minutes. 2-cycloheptenebromide (3-29, 1.1 g, 6.28 mmol) was added to the mixture all at once.
The reaction mixture was allowed to stir over night, and then quenched with water and extracted
with ether. The combined organic layers were washed with brine, dried over MgSO,, and
concentrated under reduced pressure. The excess diethyl malonate was distilled off at 45-50 °C at
2 torr. The residue was purified via column chromatography using 5% ethyl acetate in hexanes as
the eluent to yield the final product 3-30 (1.35 g, 86% vield) as a clear, colorless liquid; *H NMR
(CDCls3, 300 MHz) 51.23-1.41 (m, 8H), 1.60-1.68 (m, 3H), 1.92-1.94 (m, 1H), 2.11-2.17 (m,
2H), 3.04 (broad s, 1H), 3.43 (d, 1H, J = 8.7 Hz), 4.15-4.24 (m, 4H), 5.64 (dd, 1H, J; = 4.8 Hz,

J, = 4.5 Hz), 5.80-5.84 (m, 1H). These values are in agreement with the values reported in the

literature.’
N-(4-Bromobut-2-ynyl)-N-(prop-2-ynyl)-4-methylbenzenesulfonamide (3-15):* *°
PBr; (0.8 eq) Br =
_ oH ’ = N NHTs
wo pyridine (0.1 eq) Br
312 ether, 0 °C-r.t., o/n 313 3-14
76% (2.1eq)
K,CO3 (2.1 eq) TN
CH5CN g
90 °C, o/n 3.15

61-63%
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To a solution of but-2-yne-1,4-diol (3-12, 10.0 g, 116.2 mmol), pyridine (0.75 mL, 9.29
mmol), and ether (60 mL) at 0 °C was added PBr; (8.7 mL, 92.9 mmol). The reaction was
allowed to warm to room temperature over 21 h. The reaction mixture was quenched with water
(100 mL) and extracted with ether. The organic layer was dried over MgSQ,, filtered, and
concentrated to yield 1,4-dibromobut-2-yne (3-13, 18.6 g, 76% vyield) as a yellow liquid. *H

NMR (CDCls, 300 MHz) & 3.96 (s, 4H). The product was used without further purification.

To a suspension of K,CO3(4.18 g, 30.21 mmol) and CH3;CN (50 mL) was added N-(Prop-2-
ynyl)-4-methylbenzenesulfonamide (3-14, 3.01 g, 14.38 mmol) at reflux temperature. After the
solution was allowed to stir for 15 minutes, 1,4-dibromobut-2-yne (3-13, 6.40 g, 30.21 mmol)
was added. The reaction was stirred at reflux for 17 h and then filtered over celite and
concentrated. The reaction was purified by column chromatography using 10 % ethyl acetate in
hexanes as the eluent. The product 3-15 was obtained (3.00 g, 61% yield) as a yellow oil. *H
NMR (CDCls, 300 MHz) § 2.17 (t, J = 2.4 Hz, 1H), 2.43 (s, 3H), 3.71 (t, J = 2.4 Hz, 2H), 4.12
(d, J = 2.4 Hz, 2H), 4.23 (t, J = 1.8 Hz, 2H), 7.33 (d, J = 8.4 Hz), 2H), 7.73 (d, J = 8.4 Hz, 2H).

All data are in agreement with those reported in the literature.™ *°

N-(4-Bromobut-2-ynyl)-N-(but-2-ynyl)-4-Methylbenzenesulfonamide (3-17):%1°

— Br. KoCO3 (2.1 eq) TSN
NHTSs + \%\ =
Br CH5CN -
3-16 3413 o
21 90 °C, o/n 317
(2.1 eq) 76%

To a suspension of K,CO3(3.61 g, 26.2 mmol) and CH3CN (75 mL) was added N-(But-2-
ynyl)-4-methylbenzenesulfonamide (3-16, 2.78 g, 12.5 mmol) at reflux temperature. After the

solution was allowed to stir for 15 minutes, 1,4-dibromobut-2-yne (3-13, 5.29 g, 24.9 mmol) was
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added. The reaction was stirred at reflux for 15 h and then filtered over celite and concentrated.
The reaction was purified by column chromatography using 10 % ethyl acetate in hexanes as the
eluent. The product 3-17 was obtained (2.30 g, 52% yield) as a yellow oil. *H NMR (CDCls, 300
MHz) §1.67 (t, 3H, J = 2.4 Hz), 2.43 (s, 3H), 3.71 (t, 2H, J = 2.1 Hz), 4.06 (g, 2H, J = 2.1 Hz),
420 (t, 2H, J = 2.1 Hz), 7.32 (d, 2H, J = 8.4 Hz), 7.72 (d, 2H, J = 8.1 Hz). All data are in

agreement with those reported in the literature.! °

1,10

Diethyl 2-(4-bromobut-2-ynyl)-2-(prop-2-ynyl) malonate (3-23):

= Br NaH (1.2 eq) EtO,C
CO.Et + == EtO,C _
EtO,C Br THF —
rt. on 323 Br
3-22 3-13 53-67%

(1.5eq)

To a suspension of NaH (60% dispersion in mineral oil, 1.21 g, 30.2 mmol) in THF (50
mL) was added diethyl 2-(prop-2-ynyl) malonate (3-22, 5.00 g, 25.2 mmol) dropwise. After
stirring for 15 minutes, dibromobut-2-yne (3-13, 8.02 g, 27.8 mmol) was added all at once. The
reaction was allowed to stir at room temperature overnight. The reaction mixture was then
quenched with water and extracted with diethyl ether. The organic layer was dried over Na,SOy,,
filtered, and concentrated. The crude product was purified by column chromatography on silica
gel using 10% ethyl acetate in hexanes as the eluent. The final product 3-23 was obtained as a
white solid (3.73 g, 45% yield). *H NMR (300 MHz, CDCls) § 1.27 (t, 6 H, J = 7.2 Hz), 2.03 (t,
1H,J=24Hz),2.96 (d, 2H, J = 2.7 Hz), 3.04 (t, 2 H, J = 2.7 Hz), 3.86 (t, 2 H, J = 2.4 Hz), 4.24

(9, 4 H, J = 6.9 Hz). All data are in agreement with those reported in the literature.™ *°
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Diethyl 2-(4-Bromobut-2-ynyl)-2-(but-2-ynyl)malonate (3-21):* *°

=S Br NaH (1.2 eq) EtO,C —
—CO.Et — >< L
EtO,C Br THF, r.t., o/n EtOC —

3-13 o
67 Br
3-20 (1.5 eq) & 3-21

To a suspension of NaH (60% dispersion in mineral oil, 0.641 g, 16.0 mmol) in THF (35
mL) was added diethyl 2-(but-2-ynyl)malonate™* (3-20, 2.83 g, 13.4 mmol) dropwise. After
stirring for 15 minutes, dibromobut-2-yne (3-13, 5.94 g, 28.0 mmol) was added all at once. The
reaction was allowed to stir at room temperature overnight. The reaction mixture was then
quenched with water and extracted with diethyl ether. The organic layer was dried over Na;SOy,,
filtered, and concentrated. The crude product was purified by column chromatography on silica
gel using 16% ethyl acetate in hexanes as the eluent. The final product 3-21 was obtained as a
colorless viscous oil (3.37 g, 67% vyield). *H NMR (400 MHz, CDCls) & 1.25 (t, 6H, J = 7.2 Hz),
1.74 (t, 3H, J = 1.8 Hz), 2.89 (q, 2H, J = 1.8 Hz), 3.01 (t, 2H, J = 2.0 Hz), 3.86 (t, 2H, J = 2.5

Hz), 4.24 (q, 4H, J = 7.2 Hz). All data are in agreement with those reported in the literature.?

1-(Cyclohept-2-en-1-yl)-1,1,6,6-tetracarbethoxydeca-3,8-diyne (3-10c):

EtO,C —
EtO,C.__CO,Et EtO,C

EtO,C — . NaH (1.2 eq) = CO,Et
EtO,C _ THF CO,Et
Br r.t., o/n

3-21 74%

3-30
(1eq) 3-10c

Cycloheptenylmalonate (3-30, 0.519 g, 2.04 mmol) in THF (3 mL) was added to a
suspension of NaH (60% in mineral oil) (0.098 g, 2.45 mmol) in THF (10 mL). The solution was

allowed to stir for 15 min. The diyne bromide (3-21, 0.700 g, 2.04 mmol) in THF (3 mL) was
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added, and the reaction was allowed to stir over night. The reaction mixture was quenched with
water and extracted with ether. The combined organic layers were dried over MgSQO,, filtered,
and concentrated under reduced pressure. The crude mixture was purified via column
chromatography, and the final product 3-10c was obtained (0.780 g, 74% vyield) as a clear,
colorless, viscous oil; *H NMR (CDCls, 500 MHz) 81.21-1.29 (m, 12H), 1.64-1.73 (m, 5H),1.83-
1.86 (m, 1H), 1.99-2.03 (m, 1H), 2.09-2.16 (m, 1H), 2.20-2.26 (m, 1H), 2.78-2.80 (m, 2H), 2.86-
2.90 (m, 4H), 3.14-3.18 (m, 1H), 4.15-4.21 (m, 8H), 5.67-5.71 (m, 1H), 5.77-5.82 (m, 1H); *C
NMR (CDCl3, 500 MHz) 6 3.41, 13.98, 22.76, 23.45, 26.12, 27.74, 29.77, 31.38, 42.46, 56.69,
60.29, 61.24, 61.64, 73.33, 77.32, 78.47, 78.66, 131.71, 132.93, 169.0, 169.9. HRMS (ES) m/z

calced for CagHao0g (M + H)': 517.2796, found 517.2794 (A 0.3 ppm).

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

(3-10b):

EtO,C — Hoy s Et020><;\
Et02C —_— + KZCO3 (21 eq) NTs
Br
3-21 CH5CN, 90 °C, o.n.
81%
3-27

(1eq) 3-10b

To a suspension of sulfonamide (3-27, 0.541 g, 2.04 mmol) and K,CO3 (0.607 g, 4.40
mmol) in acetonitrile (10 mL) at reflux was added diyne bromide (3-21, 0.725 g, 2.04 mmol) in
acetonitrile (10 mL) after suspension had stirred for 15 minutes. The reaction was allowed to go
over night. The crude reaction mixture was filtered over celite, concentrated, and purified via
column chromatography. The final product 3-10b was obtained (0.869 g, 81% yield) as a clear,
slightly yellow oil; *H NMR (CDCls, 500 MHz) §1.23-1.27 (m, 6H), 1.31-1.33 (m, 1H), 1.45-
1.48 (m, 1H), 1.57 (m, 1H), 1.68-1.75 (m, 6H), 1.85-1.88 (m, 1H), 2.04 (m, 1H), 2.17-2.19 (m,
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1H), 2.42 (s, 3H), 2.79 (t, 2H, J = 2.0 Hz), 2.86 (s, 2H), 3.97-4.15 (m, 2H), 4.16-4.21 (m, 4H),
451 (s, 1H), 5.50 (d, 1H, J = 11.0 Hz), 5.72-5.76 (m, 1H), 7.30 (d, 2H J = 8.5 Hz), 7.76 (d, 2H, J
= 8.5 Hz); ©*C NMR (CDCls, 500 MHz) §3.452, 14.00, 21.51, 22.80, 22.95, 26.29, 27.54, 28.22,
33.12, 33.54, 56.60, 59.52, 61.75, 73.11, 78.80, 78.86, 79.41, 127.0,127.4, 129.4, 129.6, 132.4,
133.3, 143.0, 169.0. HRMS (ES) m/z calcd for CyH3sNOgS (M + H)*: 528.2408, found

528.2415 (A 1.3 ppm).

1-Aza-1-(cyclohept-2-en-1-yl)-4,6-methylbenzenesulfonyl-nona-3,8-diyne (3-10a):

/T
—_— H. N/TS TsN
TsN . K,COs (2.1 eq) T\ -
M S
347 Br CH3CN, 90 °C, 17h
44%
3-27
(1 eq) 3-10a

To a suspension of sulfonamide (3-27, 0.524 g, 1.98 mmol) and K,CO;3; (0.575 ¢, 4.16
mmol) in acetonitrile (10 mL) at reflux was added diyne bromide (3-17, 0.700 g, 1.98 mmol) in
acetonitrile (5 mL) after suspension had stirred for 15 minutes. The reaction was allowed to
proceed at room temperature over night. The crude reaction mixture was filtered over celite,
concentrated, and purified via column chromatography. The final product 3-10a was obtained
(0.469 g, 44% yield) as a thick, orange oil; *H NMR (CDCls, 500 MHz) § 1.24-1.31 (m, 1H),
1.43-1.47 (m, 1H), 1.59-1.61 (m, 4H), 1.65-1.69 (m, 2H), 1.81-2.03 (m, 1H), 2.16-2.17 (m, 1H),
2.41 (s, 6H), 3.91-4.00 (m, 6H), 4.52 (d, 1H, J = 12.5 Hz), 5.42 (d, 1H, J = 14.5 Hz), 5.70-5.74
(m, 1H), 7.27-7.30 (m, 4H), 7.66-7.72 (m, 4H); *C NMR (CDCls, 500 MHz) & 3.300, 21.46,
21.47, 26.20, 27.40, 28.14, 33.05, 33.24, 36.36, 36.64, 59.44, 71.24, 77.32, 81.68, 81.77, 127.2,
127.9, 129.3, 129.5, 132.6, 133.0, 135.3, 137.7, 143.3, 143.6. HRMS (ES) m/z calcd for
C2oHaaN204S, (M + NH,)*: 556.2298, found 556.2296 (A 0.4 ppm).
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6-Aza-1-(cyclohept-2-en-1-yl)-,1,1-dicarbethoxy-6-(4-methylbenzenesulfonyl)deca-3,8-diyne

(3-10d):
_ EtO,C.__CO,Et 1sN
Vi NaH (1.2 eq) -
TsN + — CO,Et
= THF, r.t., o/n 2
Br 56% CO,Et
3-17
3-30
(1 eq) 3-10d

Cycloheptenylmalonate (3-30, 0.359 g, 1.41 mmol) in THF (3 mL) was added to a
suspension of NaH (60% in mineral oil, 0.0680 g, 2.82 mmol) in THF (7 mL). The solution was
allowed to stir for 15 min. The diyne bromide (3-17, 0.449 g, 1.27 mmol) was added, and the
reaction was allowed to stir over night. The reaction mixture was quenched with water and
extracted with ether. The combined organic layers were dried over MgSOQO,, filtered, and
concentrated under reduced pressure. The crude mixture was purified via column
chromatography, and the final product 3-10d was obtained (0.628 g, 56% yield) as a clear,
yellow, viscous oil; *H NMR (CDCls, 300 MHz) 81.23 (t, 6H, J = 9.0 Hz), 1.60 (s, 3H), 1.63-
1.64 (m, 3H), 2.12-2.17 (m, 2H), 2.42 (s, 3H), 2.80 (t, 2H, J = 2.1 Hz), 3.09-3.14 (m, 1H), 4.15
(d, 2H, J = 2.1 Hz), 4.1 (d, 2H, J = 1.8 Hz), 4.20 (d, 2H, J = 2.1 Hz), 5.63-5.67 (m, 1H), 5.77-
5.85 (m, 1H), 7.30 (d, 2H, J = 7.8 Hz), 7.70 (d, 2H, J = 8.4 Hz); *C NMR (CDCls;, 400
MHz) 6 3.495, 14.19. 14.21, 21.65, 23.52, 26.21, 28.02, 29.96, 31.62, 36.65, 36.73, 42.97,
60.42, 61.56, 61.58, 71.66, 75.76, 81.61, 81.81, 128.1, 129.4, 129.5, 132.1, 132.8, 135.7, 143.6,
169.9, 170.0; HRMS (ES) m/z calcd for CxoH3;NOgS (M + H)™: 528.2415, found 528.2413 (A

0.3 ppm).
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1,1-dicarbethoxy-1-(cyclohept-2-en-1-yl)-6-methylbenzenesulfonyl-I-octa-3,8-diyne (3-10e):

— S
TN . NaH (1.2 eq) _
= THF, r.t., o/n CO,Et
Br 44% CO,Et
3-15 3.30
(1 eq)
3-10e

To a suspension of sodium hydride (60 % in mineral oil, 0.229 g, 5.72 mmol) in THF (15
mL) was added cycloheptenylmalonate (3-30, 1.32 g, 5.20 mmol) in THF (10 mL). After the
suspension had stirred for 15 minutes, diyne bromide (3-15, 1.77 g, 5.20 mmol) in THF (10 mL)
was added all at once. The reaction was allowed to stir at room temperature overnight. The
reaction mixture was quenched with water and extracted with ether. The combined organic layers
were washed with brine, dried over MgSQ,, filtered, and concentrated. The crude mixture was
purified via column chromatography using 10% ethyl acetate in hexanes as the eluent to obtain
the pure product 3-10e (1.18 g, 44% vyield) as a yellow liquid; 'H NMR (CDCls;, 300
MHz) § 1.21-1.27 (m, 6H), 1.59-1.79 (m, 5H), 1.96-2.02 (m, 1H), 2.07-2.17 (m, 3H), 2.42 (s,
3H), 2.71 (t, 2H, J = 2.4 Hz), 3.11-3.13 (m, 1H), 4.08 (t, 2H, J = 2.1 Hz), 4.14-4.22 (m, 6H),
5.61-5.66 (m, 1H), 5.77-5.83 (m, 1H), 7.31 (d, 2H, J = 8.7 Hz), 7.70 (d, 2H, J = 8.4 Hz). HRMS

(ES) m/z calcd for CogH3sNO6S (M + H)™: 514.2264, found 514.2258 (A 1.2 ppm).
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1,1-dicarbethoxy-1-(cyclohept-2-en-1-yl)-6-methylbenzenesulfonyl-9-trimethylsilyl-

nona-3,8-diyne (3-10f):

—_ 1. LIHMDS (1.5 eq), — TMS
TsN THF, -78 °C, 30 min TsN
ggZEtt 2. TMSCI (1.2 eq), o COzEt
2 -78°C-->rt,3h COE
72%
3-10e 3-10f

To a solution of cycloheptene-diyne 3-10e in THF (25 mL) at -78 °C was added LiHMDS
(1.65 mL, 1.65 mmol), and the solution stirred for 30 minutes. TMSCI (0.169 mL, 1.32 mmol)
was added, and the reaction stirred an additional 60 min at -78 °C. The reaction flask was
allowed to warm to r.t. and stir for 3 additional hours. The reaction mixture was quenched with
solid NH4CI and extracted with ether (3x50 mL). The combined organic layers were dried over
MgSQ,, filtered, and concentrated. The crude mixture was purified by column chromatography
using 10% ethyl acetate in hexanes as the eluent to obtain the product 3-10f (464.0 mg, 72%
yield) as a light yellow oil; *"H NMR (CDCls, 300 MHz) §0.017 (s, 9H), 1.12-1.26 (m, 7H), 1.59-
1.80 (m, 3H), 1.96-2.16 (m, 3H), 2.40 (s, 1H), 2.72 (t, 2H, J = 2.4 Hz), 3.09-3.13 (m, 1H), 4.03-
4.04 (m, 2H), 4.14-4.16 (m, 6H), 5.61-5.66 (m, 1H), 5.77-5.83 (m, 1H), 7.29 (d, 2H, J = 8.1 Hz),
7.68 (d, 2H, J = 8.4 Hz); *C NMR (CDCl3, 400 MHz) §0.434, 14.04, 21.47, 23.30, 26.00, 27.88,
29.77, 31.46, 36.54, 36.87, 42.83, 60.22, 61.40, 75.41, 81.51, 90.89, 97.53, 127.8, 129.5, 132.0,
132.6, 135.5, 143.5, 169.7, 169.8. HRMS (ES) m/z calcd for C3;H43sNOgSSi (M + H)™*: 586.2653,

found 586.2649 (A 0.6 ppm).
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1,1-dicarbethoxy-1-(cyclohept-2-en-1-yl)-6,6- dicarbethoxy-nona-3,8-diyne (3-109):

_ EtO,C —
E10,0° < NaH (12 eq) HOE = com
2 — + - s 2
Br THF, r.t., o/n CO,Et
46%
3-23
3-30
(1eq) 3-10g

To a suspension of NaH (60% dispersion in mineral oil, 0.242 g, 5.65 mmol) in THF (12
mL) was added diethyl 2-(cyclohept-2-enyl) malonate (3-30, 1.40 g, 5.49 mmol) dropwise. After
stirring for 15 minutes, diethyl 2-(4-bromobut-2-ynyl)-2-(prop-2-ynyl) malonate (3-23, 1.86 g,
5.65 mmol) was added all at once. The reaction was allowed to stir at room temperature
overnight. The reaction mixture was then quenched with water and extracted with diethyl ether.
The organic layer was dried over Na,SQOy, filtered, and concentrated. The crude product was
purified by column chromatography on silica gel. The final product 3-10g was obtained as a
colorless oil (1.33 g, 46% yield). *"H NMR (300 MHz, CDCls) §1.13-1.26 (m, 15 H), 1.66-1.73
(m, 2 H), 1.82-1.86 (m, 1 H), 1.98 (t, 1 H, J = 2.7 Hz), 2.00-2.20 (m, 2 H), 2.80 (d, 2 H, J = 1.5
Hz), 2.92-2.93 (m, 2 H), 2.97 (d, 2 H, J = 3.0 Hz), 3.15-3.17 (m, 1 H), 4.16-4.25 (m, 8 H), 5.67-
5.73 (m, 1 H), 5.78-5.85 (m, 1H); 3C NMR (500 MHz, CDCl3) §14.0, 22.4, 22.8, 23.5, 26.1,
27.8,29.8,31.4,42.5, 56.4, 60.3, 61.3, 71.3, 77.3, 78.8, 78.9, 131.8, 132.9, 168.7, 169.9. HRMS

(ES) m/z calcd for CogH3s0g (M + H)*: 503.2640, found 503.2638 (A 0.4 ppm).
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[2+2+2+1] Cycloaddition:

R [Rh(CO), Cll, (5 mol%)
solvent, CO X Y
22-24h

Typical procedure for [2+2+2+1] Cycloaddition: Substrate in a desired solvent and a rhodium

catalyst were combined in a reaction flask. The flask was transferred to an autoclave and purged
with CO and released (4x). Caution: Purging with CO must be done in a well ventilated
fume hood. The autoclave was then purged to the desired pressure of CO. The autoclave was
immersed in an oil bath at the desired temperature for 20-49 h, and then cooled to room
temperature. The gas was released carefully from the autoclave in a well ventilated fume hood,
and the reaction flask was taken out. The mixture was concentrated and analyzed via HPLC and

NMR. The crude reaction mixture was purified via column chromatography.

7-Methyl-4,15-bis(4-methylbenzenesulfonyl)-4,15-diazatetracyclo[7.7.1.0%,°.0' ]hepta-
deca-1,6-dien-8-one and 7-methyl-4,15-bis(4-methylbenzenesulfonyl)-4,15-diazatetracyclo

[7.7.1.0%°.0* Y]heptadeca-1(17),2(6)-dien-8-one (3-11a):

O

TsN NTs
3-11a

Clear colorless oil, (37.9 mg, 55%): *H NMR (CDCls, 400 MHz) §0.924 (t, 1H, J = 4.0 Hz), 1.14

(d, 2H, J = 7.2 Hz), 1.25 (s, 1H), 1.34-1.47 (m, 4H), 1.56-1.63 (m, 2H), 1.68 (s, 2H), 1.73-1.89
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(m, 5H), 2.03 (s, 1H), 2.18 (s, 2H), 2.42 (s, 6H), 2.48 (s, 2H), 2.79-2.81 (m, 1H), 2.87-2.88 (m,
1H), 2.97-2.99 (m, 1H), 3.16-3.23 (m, 1H), 3.33-3.34 (m, 1H), 3.42-3.47 (m, 1H), 3.61-3.73 (m,
2H), 3.80-3.89 (m, 2H), 4.04-4.14 (m, 5H), 4.58-4.59 (m, 1H), 6.94 (d, 1H, J = 8.0 Hz), 7.33 (d,
3H, J = 8.0 Hz), 7.43 (t, 2H, J = 7.6 Hz), 7.67-7.73 (m, 4H); *C NMR (CDCls, 400 MHz)
811.79, 16.53, 19.24, 21.34, 21.60, 21.63, 21.68, 21.71, 22.64, 24.58, 28.22, 28.25, 29.76, 34.20,
35.48, 38.86, 47.11, 50.87, 51.34, 51.83, 52.07, 52.14, 52.47, 55.05, 55.13, 55.43, 61.35, 64.49,
69.24, 125.6, 125.8, 126.7, 127.2, 127.2, 127.5, 127,7, 128.1, 129.8, 130.0, 130.1, 130.2, 132.1,
132.2, 133.4, 133.9, 134.1, 134.3, 134.6, 135.1, 141.0, 143.6, 143.9, 144.0, 144.5, 202.4, 205.8.

HRMS (ES) m/z calcd for CagH34N20sS, (M + NH,)*: 584.2247, found 584.2235 (A 2.1 ppm).

4,4-Diethyl  7-methyl-15-(4-methylbenzenesulfonyl)-8-oxo-15-azatetracyclo[7.7.1.0%°.0%7]
heptadeca-1,6-diene-4,4-dicarboxylate and 4,4-diethyl 7-methyl-15-(4-
methylbenzenesulfonyl)-8-oxo-15-azatetracyclo[7.7.1.0%°.0***]heptadeca-1(17),2(6)-diene-

4.,4-dicarboxylate (3-11b):

Clear colorless oil, (35.5 mg, 68%): *H NMR (CDCls, 400 MHz) §0.927 (t, 1H, J = 6.0 Hz),
1.13- 1.19 (m, 2H), 1.25 (s, 3H), 1.34-1.61 (m, 6H), 1.68 (s, 2H), 1.75-1.89 (m, 6H), 2.04 (s,
1H), 2.18 (s, 2H), 2.38-2.48 (m, 10H), 2.79-2.88 (m, 1H), 3.19-3.21 (m, 1H), 3.35-3.45 (m, 2H),
3.62-3.73 (m, 2H), 3.80-3.86 (M, 2H), 4.04-4.14 (m, 3H), 6.95 (d, 1H, J = 6.0 Hz), 7.31-7.35 (m,

4H), 7.43 (t, 2H, J = 7.6 Hz), 7.67-7.73 (M, 4H); C NMR (CDCls, 400 MHz) §12.04, 14.11,
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14.15, 14.17, 16.51, 21.54, 21.66, 22.50, 23.47, 24.05, 24.69, 24.81, 28.33, 28.38, 29.27, 30.21,
30.77, 34.39, 35.95, 36.77, 39.15, 39.21, 40.57, 41.07, 41.23, 48.21, 51.56, 51.66, 52.12, 52.36,
55.91, 57.20, 58.14, 61.87, 61.99, 62.02, 62.04, 62.05, 67.83, 69.31, 127.5, 127.8, 128.1, 128.8,
129.8, 130.0, 132.7, 134.6, 134.8, 135.3, 137.0, 139.5, 143.5, 143.8, 170.7, 171.1, 171.4, 171.7,
203.8, 206.9; HRMS (ES) m/z calcd for C3oH37NO7S (M + H)*: 556.2364, found 556.2354 (A

1.76 ppm).

4,4,15,15-Tetraethyl 7-methyl-8-oxotetracyclo[7.7.1.0*°.0"**"|heptadeca-1,6-diene-4,4,15,15-
tetracarboxylate and 4,4,15,15-tetraethyl 7-methyl-8-

oxotetracyclo[7.7.1.0%°.0"* "|heptadeca-1(17),2(6)-diene-4,4,15,15-tetracarboxylate (3-11c):

Light yellow oil, (41.8 mg, 50%): *H NMR (CDCls, 500 MHz) & 1.21-1.27 (m, 14 H), 1.73-1.76
(m, 2H), 1.92-2.01 (m, 2H), 2.14 (s, 1H), 2.23-2.30 (m, 1H), 2.51-2.67 (m, 1H), 2.92-2.99 (M,
1H), 3.09-3.21 (m, 1H), 3.46-3.51 (m, 1H), 4.13-4.23 (m, 8H) ; *C NMR (CDCls;, 500 MHz)
813.72, 13.86, 13.91, 13.99, 14.03, 14.08, 14.09, 14.14, 14.17, 16.14, 17.40, 26.49, 27.74, 28.38,
29.70, 30.29, 36.91, 39.28, 47.05, 48.23, 48.46, 49.84, 55.93, 59.75, 61.23, 61.35, 61.38, 61.52,
61.54, 61.59, 61.63, 61.68, 61.76, 61.83, 61.88, 61.97, 62.02, 62.05, 62.09, 62.15, 62.17, 62.25,
62.27, 62.32, 70.65, 71.40, 128.3, 130.4, 130.7, 134.3, 136.6, 138.6, 138.9, 149.0, 149.5, 170.1,
170.6, 170.8, 170.9, 171.1, 171.4, 199.5, 205.2; HRMS (ES) m/z calcd for C3pHsOg (M - H):

543.2599, found 543.2590 (A 1.70 ppm).
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4,415,15-Tetraethyl  7-methyl-8-oxotetracyclo[7.7.1.0%°.0**!"]heptadeca-1(17),2(6)-diene-

4,4,15,15-tetracarboxylate (3-11¢’):

E L]
E3Mc

Yellow oil; *H NMR (CDCls, 400 MHz) §1.23-1.27 (m, 13H), 1.33-1.46 (m, 3H), 1.60-1.65 (m,
1H), 1.88 (s, 3H), 2.05-2.06 (m, 1H), 2.25-2.31 (m, 1H) 2.58-2.63 (m, 1H), 2.80-2.85 (m, 1H),
2.90-2.96 (m, 2H), 3.06 (s, 1H), 3.13-3.17 (m, 1H), 4.15-4.22 (m, 8H); *C NMR (CDCls, 400
MHz) §14.10, 14.16, 14.28, 17.69, 25.33, 26.67, 29.97, 30.66, 39.83, 39.96, 41.08, 47.25, 51.65,
54.47, 57.30, 60.22, 61.62, 61.64, 61.92, 127.3, 129.9, 138.4, 142.2, 170.7, 171.0, 171.3, 204.2;

HRMS (ES) m/z calcd for C39H4009 (M - H): 543.2599, found 543.2590 (A 1.70 ppm).

15,15-Diethyl  7-methyl-4-(4-methylbenzenesulfonyl)-8-oxo-4-azatetracyclo[7.7.1.0%°.0'**"]

heptadeca-1,6-diene-15,15-dicarboxylate (3-11d):

TsN E
311d

Yellow oil, (34.4 mg, 51%): *H NMR (CDCls, 400 MHz) §1.22-1.30 (m, 10H), 1.78 (s, 3H),

1.87-1.94 (m, 2H), 2.04-2.09 (m, 1H), 2.14-2.20 (m, 1H), 2.44 (s, 3H), 2.75 (¢, 1H, J = 9.2 H2),
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2.85-2.89 (m, 1H), 3.07-3.12 (m, 1H), 3.72-3.77 (m, 1H), 3.88-3.92 (m, 1H), 4.08-4.08 (m, 1H),
4.17-4.23 (m, 4H), 7.36 (d, 2H, J = 8.0 Hz), 7.71 (d, 2H, J = 8.4 Hz); *C NMR (CDCls, 400
MHz) §14.21, 14.26, 17.18, 21.67, 25.10, 26.26, 29.90, 30.88, 39.37, 47.05, 51.70, 52.46, 53.54,
53.90, 60.02, 61.84, 124.0, 127.9, 129.4, 130.1, 132.8, 138.3, 139.1, 144.2, 170.5, 171.2, 202.9;

HRMS (ES) m/z calcd for C3gHs7NO;S (M + H)*: 556.2364, found 556.2358 (A 1.0 ppm).

3,3-Diethyl 10-methyl-13-(4-methylbenzenesulfonyl)-13-azatetracyclo[7.6.1.0*°.01*%]

hexadeca-1(15),10-diene-3,3-dicarboxylate (3-9d):

TsN—/ 3-9d E

Clear colorless oil, (19.1 mg, 41%): *H NMR (CDCl;, 400 MHz) §1.19-1.27 (m, 11H), 1.31-1.47
(m, 4H), 1.63 (s, 3H), 1.71-1.84 (m, 2H), 1.97-2.02 (m, 1H), 2.17-2.29 (m, 3H), 2.41 (s, 1H),
2.43 (s, 3H), 2.80-3.18 (m, 3H), 3.77-3.96 (M, 4H), 4.14-4.24 (m, 4H), 7.33 (d, 2H, J = 8.4 Hz),
7.72 (d, 2H, J = 8.4 Hz); BC NMR (CDCls, 400 MHz) 514.03, 18.05, 21.49, 27.17, 29.79, 32.22,
43.72, 45.99, 51.46, 60.19, 61.26, 122.7, 124.9, 125.2, 126.7, 127.7, 129.7, 133.1, 143.5, 170.9,
171.7; HRMS (ES) m/z calcd for CyoHasNOeS (M + H)': 528.2415, found 528.2412 (A 0.52

ppm).

3,3,13,13-Tetraethyl 10-methyltetracyclo[7.6.1.0*'%.0"***]hexadeca-1(15),10-diene-3,3,13,13-

tetracarboxylate (3-9c):
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EtO,C CO,Et

EtO,C 39c ot
Clear colorless oil, (37.1 mg, 89%): *H NMR (CDCls, 500 MHz) §1.07-1.19 (m, 1H), 1.20-1.29
(m, 14H), 1.43-1.54 (m, 1H), 1.68 (s, 3H), 1.70-1.74 (m, 1H), 1.78-1.81 (m, 2H), 2.03-2.16 (m,
2H), 2.33-2.39 (m, 2H), 2.60-2.65 (m, 1H), 2.71-2.88 (m, 2H), 2.99-3.10 (m, 3H), 4.11-4.22 (m,
8H). 'H NMR (CDCl3, 500 MHz) 614.0, 14.1, 25.2, 27.4, 31.3, 31.8, 37.8, 40.9, 41.7, 47.1, 53.7,
58.2,60.9,61.1,61.4,61.5,121.7, 130.8, 131.2, 133.5, 171.9, 172.1, 172.3; HRMS (ES) m/z

calcd for CogHa00g (M - H)*: 515.2650, found 515.2623 (A 5.3 ppm).

[2+2+2] Cycloaddition:

3,3,13,13-Tetraethyl tetracyclo[7.6.1.0%'°.0***Jhexadeca-1(15),10-diene-3,3,13,13-

tetracarboxylate (3-99):

EtO,C =
Et _
0,C — COuEt [Rh(CO),Cll (5 mol%)
COEt DCE:TFE (1:1) [0.05] EtO,C CO,Et
60°C, 24 h CO,Et CO,Et
28% 3-99
3-10g

A round-bottomed flask was charged with substrate 3-10g (83.0 mg, 0.165 mmol),
DCE:TFE (1:1) (3.4 mL), and [Rh(CO).Cl]2 (3.19 mg, 0.00820 mmol). The reaction mixture was
heated at 60 °C for 24 h. The mixture was concentrated purified via preparatory reverse phase
HPLC to yield the product 3-9g as a colorless oil (23.0 mg, 28% vyield). *H NMR (CDCls, 500
MHz) 1.21-1.33 (m, 16H), 1.74 (g, 1H, J = 13.0 Hz), 1.88 (d, 1H, J = 13.0 Hz), 1.93 — 2.00 (m,

1H), 2.06 — 2.10 (m, 1H), 2.67-2.71 (m, 1H), 2.76-2.78 (m, 1H), 3.25 (d, 1H, J = 17.0 Hz), 3.47-
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3.58 (m, 4H), 3.75 (d, 1H, J = 17.0 Hz), 4.11 (d, 1H, J = 11.5 Hz), 4.15-4.28 (m, 8H), 6.79 (s,
1H). C NMR (CDCl;, 500 MHz) §13.99, 14.09, 28.06, 30.16, 31.27, 36.03, 38.75, 38.85,
40.34, 51.76, 60.50, 61.28, 61.53, 61.64, 64.26, 123.0, 132.8, 134.6, 138.9, 139.0, 142.8, 170.8,

171.8, 172.2; HRMS (ES) m/z calcd for CgHz30g (M - H)*: 501.2494, found 501.2481 (A 2.6

ppm).

3,3-Diethyl 13-(4-methylbenzenesulfonyl)-13-azatetracyclo[7.6.1.0*'%.0"***]hexadeca-
1(15),10-diene-3,3-dicarboxylate (3-9¢):

/—:
TsNo [Rh(CO),Cl], (5 mol%)
— CO,Et
CO,Et DCE [0.05]M
50 °C, uw, 30 min TsN CO,Et
70% CO,Et
3-10e 39

A microwave reaction vial was charged with substrate 3-10e (31.4 mg, 0.0611 mmol),
DCE (1.2 mL), and [Rh(CO).Cl], (1.10 mg, 0.00290 mmol). The reaction mixture was heated at
50 °C for 30 min. The mixture was concentrated purified via column chromatography on silica
gel to yield the product 3-9e as a colorless oil (20.4 mg, 70% vyield): *H NMR (CDCls, 400
MHz) 61.22-1.28 (m, 6H), 1.81-1.85 (m, 1H), 1.96-2.00 (m, 1H), 2.04 (s, 1H), 2.17-2.23 (m,
2H), 2.40-2.43 (m, 4H), 2.84-3.03 (m, 2H), 3.83-3.99 (M, 4H), 4.16-4.22 (m, 4H), 5.09 (s, 1H),
7.32 (d, 2H, J = 8.0 Hz), 7.70 (d, 2H, J = 8.0 Hz). *C NMR (CDCl;, 400 MHz) §14.2, 21.5,
30.1, 32.0, 36.1, 37.8, 44.9, 49.6, 51.1, 51.4, 59.8, 61.3, 61.4, 122.7, 127.4, 127.8, 129.7, 130.7,
132.9, 143.6, 171.1, 171.7. HRMS (ES) m/z calcd for CagH3sNOgS (M + H)*: 514.2258, found
514.2256 (A 0.3 ppm).
3.5 References
1. Bennacer, B.; Fujiwara, M.; Lee, S.; Ojima, I., Silicon-Initiated Carbonylative

Carbotricyclization and [2+2+2+1] Cycloaddition of Enediynes Catalyzed by Rhodium
Complexes. J. Am. Chem.Soc. 2005, 127 (50), 17756-17767.

88



2. Kaloko, J. J.; Teng, Y.-H.; Ojima, I., One-step formation of fused tetracyclic skeletons
from cyclohexene-diynes and carbon monoxide through Rh(l)-catalyzed [2+2+2+1]
cycloaddition reaction. Chem. Commun. 2009, (30), 4569-4571.

3. Wei, X.; Rodriguez, 1. I.; Rodriguez, A. D.; Barnes, C. L., Caribenols A and B, sea whip
derived norditerpenes with novel tricarbocyclic skeletons. J. Org. Chem. 2007, 72, 7386-7389.

4. Kaloko, J. J. Synthesis of Novel Fused Tricyclic and Tetracyclic Skeletons Through
Rh(I)-Catalyzed [2+2+2+1] Cycloaddition of Enediyne Derivatives with Carbon Monoxide.
2010.

5. Bond, C. W.; Cresswell, A. J.; Davies, S. G.; Fletcher, A. M.; Kurosawa, W.; Lee, J. A.;
Roberts, P. M.; Russell, A. J.; Smith, A. D.; Thomson, J. E., Ammonium-Directed Oxidation of
Cyclic Allylic and Homoallylic Amines. J. Org. Chem. 2009, 74 (17), 6735-6748.

6. Li, Q.; Yu, Z.-X., Density Functional Theory Study of the Mechanism of the Rhodium(I)-
Catalyzed Conjugated Diene Assisted Allylic C—H Bond Activation and Addition to Alkenes
Using Ene-2-dienes As Substrates. Organometallics 2012, 31, 5185—-5195.

7. Qin, H.; Yamagiwa, N.; Matsunaga, S.; Shibasaki, M., Bismuth-Catalyzed Direct
Substitution of the Hydroxy Group in Alcohols with Sulfonamides, Carbamates, and
Carboxamides. Angew. Chem. Int. Ed. 2007, 46, 409 —413.

8. Heap, N.; Whitharn, G. H., Medium Ring Unsaturated Ketones : Interconversions
Between Cycloalk-2-enones and Cycloalk-3-enones and Related Phenomena. J. Chem. Soc. (B)
1966, 164-170.

9. Uozumi, Y.; Shibatomi, K., Catalytic Asymmetric Allylic Alkylation in Water with a
Recyclable Amphiphilic Resin-Supported P,N-Chelating Palladium Complex. J. Am. Chem. Soc.
2001, 123, 2919-2920.

10. Bennacer, B.; Fujiwara, M.; Ojima, I., Novel [2+2+2+1] cycloaddition of enediynes
catalyzed by rhodium complexes. Org. Lett. 2004, 6, 3589-3591.

11. Brummond, K. M.; Chen, H.; Sill, P.; You, L., A rhodium(l)-catalyzed formal allenic
Alder Ene reaction for the rapid and stereoselective assembly of cross-conjugated trienes. J. Am.
Chem. Soc. 2002, 124, 15186-15187.

12. (a) McCleverty, J. A.; Wilkinson, G., Dichlorotetracarbonyldirhodium (rhodium carbonyl
chloride). Inorg. Syn. 1996, 8, 211-214; (b) Kim, D. Y.; Kim, H. S.; Choi, Y. J.; Mang, J. Y.;
Lee, K., Transformation of allyl stannanes into allyl amines using [N-(p-toluenesulfonyl)imino]-
phenyliodinane. Synth. Commun. 2001, 31, 2463-24609.

89



Chapter 4

Synthesis of Colchicinoids and Allocolchicinoids via Rh(l)-Catalyzed
[2+2+2+1] and [2+2+2] Cycloaddition Reactions
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4.1 Introduction to the Synthesis of Colchicinoids and Allocolchicinoids

Colchicine is an alkaloid natural product isolated from the meadow saffron (Colchicum
autumnale L.). It has been used to treat acute gout and familial Mediterranean fever.* Colchicine
also binds to tubilin and acts as an antimitotic agent by inducing microtubial depolymerization.
Allocolchicine is a derivative of colchicine not found in nature that possesses a benzene ring
instead of a tropolone moiety (Figure 4-1).2 Allocolchicine derivatives have shown promising
anticancer activity, and the benzene moiety is less reactive than the tropolone moiety.”> These

anticancer properties make colchicine and its derivatives attractive synthetic targets.

MeO
MeO
MeO O
(0]

OMe
41 4-2
Colchicine Allocolchicine

Figure 4-1: Colchicine and Allocolchicine
A number of syntheses towards colchicines and its derivatives have been reported. The
unusual 6-7-7-membered ring system possessing a tropolone moiety is one of the main
challenges in the synthesis of colchicines.! Examples of colchicine core syntheses are illustrated

in Figure 4-2.

A4y

Eschenmoser et al. 1959

Banwell 1996

Boger and Brotherton 1985
Cha et al. 1998

Figure 4-2. Colchicine core syntheses
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Recently, Nicolaus et al. reported a straightforward approach towards the synthesis of
allocolchicine derivatives bearing a 6-7-6-5 tetracyclic core.? Their approach involves the
[2+2+2] Co- or Rh-catalyzed intramolecular cycloaddition reaction. The transformation was
completed using microwave irradiation with up to 90% vyield of the final tetracyclic product

(Scheme 4-1).

MeO o)
MeO o S Rh or Co
AN S
X

MeO X
OMe OMe O X
R = Me, H
R! R'=CH,OMe, CH,OTHP
X =0, NTs

Scheme 4-1: Microwave-promoted [2+2+2] cycloaddition of triynes to form novel tetracyclics

Inspired by this report, we would like to synthesize new classes of colchicine and
allocolchicine derivatives. We have previously synthesized 6-7-7-5 and 6-7-6-5 tetracyclics can
via our previously developed Rh(l)-catalyzed [2+2+2+1] and [2+2+2] cycloaddition reactions,
respectively. A novel class of triynes was developed in our laboratory, and the pioneering results

are shown in Scheme 4-2.2
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[Rh(CO)2CIJ2 (10 mol %)

CO (2 atm)
DCE [0.05]
50 °C, 30 h
85%
4-5d
[Rh(CO),Cl], (10 mol%) o)
O/\ CO (2 atm)
o~ ) 2
DCE, 50 °C, 48 h / O o) @)
75% —0 .
80 % conversion
Et0,C
Ef0,C 4-6a

[Rh(CO)2Clj2 (10 mol %) -~
CO (2 atm)

DCE, 50°C, 72 h
64% EtO,C
93% conversion

4-5¢ EtOZC 4-7c

75:25

Scheme 4-2: Previous studies on the [2+2+2+1] and [2+2+2] cycloadditions of triynes®

Triyne substrates were synthesized with different numbers of methoxy groups on the
benzene ring. For triyne 4-5d bearing no methoxy groups (Scheme 4-2, Eq.1), the two tetracyclic
products were obtained in a combined yield of 85% and an isolated ratio of 80:20. For the
dimethoxy tiryne 4-5a, the carbonylated product was obtained exclusively in 75% yield, and
80% conversion was achieved after 48 hours. For the trimethoxy substrate 4-5c, the products
were obtained in 64% isolated yield in a 75:25 isolated ratio, and 93% conversion was achieved

after 72 hours.®

Further cycloaddition reaction condition optimization as well as expansion of the

substrate scope are reported herein (Scheme 4-3).
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R‘]
X
/\R . [Rh]
2
R A co
RS R5
v Z
45
R1
X
\R . [Rh]
2 —_—
R A uw
R3 RS
v 2
4-5

R1, Rz, R3 = OMe, H
X, Y = O, C(CO,Et),, NTs
Ra, Rs = Me, H, TMS, OMe

Scheme 4-3: Formation of novel 6-7-7-5 and 6-7-6-5 tetracyclics

4.2 Results and Discussion
4.2.1 Substrate Synthesis

Two triynes were synthesized to be subjected to the Rh(l)-catalyzed [2+2+2+1] and
[2+2+2] cycloaddition reactions. The diyne portion with the malonate tether (4-11) was
synthesized via a sodium hydride-mediated coupling of propargyl malonate 4-9 and 2-butynl
bromide (4-10) in 91% yield (Scheme 4-4). The ether diyne 4-13 was synthesized via a similar

coupling of propargyl alcohol (4-12) and 2-butynyl bromide (4-10) (Scheme 4-5).

= . — NaH (1.2 eq)
> CO2Et Br T’ @Ozc COZE/t
EtO,C 4-10 rt,17h h ~
4-9 (1eq) 91% 411

Scheme 4-4: Synthesis of diethyl 2-(but-2-ynyl)-2-(prop-2-ynyl)malonate 4-11
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= — NaH (1.3 eq)
=\ + T N\
OH Br \\\/0/
412 4-10 THF, r.t., o/n

(1 eq) 59% 413

Scheme 4-5: Synthesis of 1-(prop-2-ynyloxy)but-2-yne 4-13

In order to complete the triyne synthesis, 3,4-dimethoxybenzaldehyde (4-14) was treated
with iodine and silver trifluoromethanesulfonate in DCM at room temperature for 2 h to form 2-
iodo-4,5-dimethoxybenzaldehyde (4-15) in good vyield. The iodide 4-15 was subjected to the
Sonogashira reaction with diyne 4-11 in the presence of Pd(PPhs),Cl, A copper(l) iodide, and
potassium carbonate in THF at reflux temperature to form diyne 4-16 in moderate yield. The
aldehyde 3-16 was then reduced in the presence of sodium borohydride to afford the
corresponding alcohol 4-17 in up to 74% yield. The alcohol 4-17 was coupled with 2-butynyl
bromide in the presence of LIHMDS, and the final substrate 4-5a was obtained (Scheme 4-6).

Triyne 4-10b was obtained via similar procedures (Scheme 4-7).
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Pd(PPhj),Cl, (2 mol%)
Cul (3 mol%)

o) o)
| I, (1.3 I
2 (1.3 eq) el + O COEL K,COj3 (3 eq)
AgSO:CF; (1.3eq) N =z THF, reflux
DCM, rt., 2h o) [ 24-28 h
414 80-86% 4-15 411 64-71%
(1.2 eq)
0 OH
0 NaBH, (2 eq) o
o S MeOH, r.t. ~o EtO,C CO,Et
1-4h A =

51-74%
4-16 4-17

1. LIHMDS (1.5 eq +1 eq),
HMPA (5 eq) o/\

THF, -78°C, 1 h
_0O

EtO,C CO,Et
/
/

2. —=— (15+1eq) ~
Br 0 A
-78°C,2h,thenr.t. 19 h +15 h
64% 4-5a

Scheme 4-6: Synthesis of triyne 4-5a

o Pd(PPh3),Cly (2 mol%) Q
o | 0
- + \\\/O/ Cul (3 mol%)
- K>CO3 (3 eq) \O
| THF, reflux, 16 h A O/

o
415 4-13 84% 4-18
(3.5eq)
1. LIHMDS (1.5 eq +1 eq),
HMPA (5 eq)
OH THF, -78°C, 1 h
NaBH, (2 eq) o
-~
MeOH, rt. 1.5 h - 2. = \s; (1.5+1eq)
70% o [ /
oo LA 78°C, 2 h, then r.t. 24 h + 24 h
4-19 70%

~
o) \\0/

4-5b

Scheme 4-7: Synthesis of triyne 4-5b
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4.2.2 Optimization of the [2+2+2+1] Cycloaddition of Triynes

Triyne 4-5a was then subjected to the Rh(l)-catalyzed [2+2+2+1] cycloaddition reaction.
The reaction was run under ambient pressure of CO in toluene at 60 °C. After 5 days, complete
conversion was not achieved. However, excellent selectivity towards the carbonylated product

was observed according to HPLC (Scheme 4-8).

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

(@)
A
toluene [0.1] / o
CO (ambient) -0 ' e

60 °C, 5 days

95% conversion Et%%SZC 4-6a EtO,C

CO,Et 7a
HPLC ratio= 98 : 2
Scheme 4-8: Rh(l)-catalyzed [2+2+2+1] cycloaddition of triyne 4-5a

In order to improve the conversion of this reaction, the temperature was raised from 60
°C to 70 °C. Complete conversion was achieved after 24 h, and the excellent selectivity was
retained (Scheme 4-9).

07 "X [Rh(CO),Cl], (5 mol %)
X 2Cll2
/\ CO (ambient)

0,C CO,Et
=

toluene [0.1], 70 °C
24 h
100% conversion

Et
X

EtO,C 4-7a

4-5a
HPLC ratio = 98:2

Scheme 4-9: Further optimization of Rh(l)-catalyzed [2+2+2+1] cycloaddition of triyne 4-5a

For substrates bearing 3 methoxy groups on the benzene ring, it was shown that using
K10 as an additive sped up the rate of the reaction without sacrificing the product selectivity.
The reaction time also decreased at lower temperatures compared with when no K10 was used.

(Table 4-1).
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Table 4-1: Optimization of [2+2+2+1] cycloaddition of 4-5¢c*

07 [Rh(CO),Cl], (5 mol %)
_O N coz(amzbierz?)o
~o \{tOZC COQE/t/ solvent [0.1]
0O
4-5c EtO,C 4-7c
Entry Solvent, Additive Temperature Time Conversion Product
(°C) (h) (%) Selectivity
(4:6c:4:7c)
1 toluene, none 60 120 60 68:32
2 toluene, none 80 60 100 66:34
3 toluene, Montmorillonite K10 80 24 100 69:31
4 toluene, Montmorillonite K10 60 32 100 70:30

* Studies done by Chih-Wei Chien — unpublished results.

When the reaction of 4-5a was scaled up, K10 was used as an additive to aid in complete
conversion of the larger amount of material. The carbonylated product was obtained exclusively
in 59% vyield, but incomplete conversion was observed (Scheme 4-10). The reaction time or

temperature will have to be increased to achieve complete conversion.

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

K10, CO (ambient)
toluene [0.1]
24 h, 70 °C
59%
86% conversion
(based on recovered s. mat.)

Scheme 4-10: [2+2+2+1] Cycloaddition of 4-5a
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4.2.3 Optimization of the [2+2+2] Cycloaddition of Triynes
The triynes were then subjected to the Rh(l)-catalyzed [2+2+2] cycloaddition under
microwave irradiation at 100 °C in TFE for 30 min. Novel 6-7-6-5 tetracyclics were obtained in

good yields (Scheme 4-11 and Scheme 4-12).

07 [Rh(cod)Cl], (2.5 mol%)
A
_0O /\

DPPP (5 mol%)
TFE [0.1], 100 °C, uw
30 min
82%

~ EtO,C CO,Et
© X Z

4-5a

o/\ [Rh(cod)Cll, (2.5 mol %) 0 Q
_0 DPPP (5 mol %) \O
~ TFE [0.1], 100 °C, uw O
0
X o/ 30 min
87% o

4-5b 4-7b

Scheme 4-12: Rh(l)-catalyzed [2+2+2] cycloaddition of triyne 4-5b

The mechanism that accounts for the formation of 6-7-6-5 and 6-7-7-6 tetracyclics is
illustrated in Scheme 4-13. The cycloaddition starts with the coordination of the diyne moiety to
the [Rh] catalyst ([2+2+M]). This is followed by insertion of the third alkyne into the Rh-C bond
([2+2+2+M]). Next, CO coordinates to [Rh], and this is followed by a migratory insertion of CO
into the Rh-C bond ([2+2+2+1+M)]). The final product is formed via a reductive elimination. The
active Rh-catalyst species is also regenerated. The [2+2+2] product is formed when a reductive

elimination occurs instead of migratory insertion of CO.
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[Rh]

18t cyclization
[2+2+M] Reductive

elimination

2" cyclization
[2+2+2+M]

CO insertion
[2+2+2+1+M] Reductive elimination

CO

4-7
[2+2+2] product

Scheme 4-13: Mechanism of the [2+2+2+1] and [2+2+2] cycloadditions of 4-5

4.3 Conclusion

Novel triyne substrates have been synthesized and subjected to our previously developed
Rh(l)-catalyzed cycloaddition reactions. The 6-7-6-5 tetracyclics have been obtained in good
yields the presence of [Rh(cod)Cl;], and DPPP in TFE using microwave irradiation. The
exclusive formation of 6-7-7-5 carbonylated tetracyclics has also been accomplished under

ambient CO pressure in toluene.
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4.4 Experimental Section

General Methods: All chemicals were obtained from either Sigma-Aldrich or Acros Organics
and used as received unless otherwise noted. All reactions were performed under Schlenk
conditions with oven dried glassware unless otherwise noted. Solvents were dried under nitrogen
using the PURESOLYV system (Inovatative Technologies, Newport, MA). 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 and using Fisher silica
gel (particle size 170-400 Mesh). Yields refer to chromatographically and spectroscopically pure
compounds. *H and **C NMR spectra were obtained using either a 300 MHz Varian Gemini
2300 (75 MHz **C) spectrometer or a 400 MHz Varian INOVA 400 (100 MHz **C) spectrometer
in CDClj; as the solvent. Chemical shifts (8) are reported in ppm and standardized with a solvent
as an internal standard based on literature reported values. Melting points were measured with a
Thomas Hoover capillary melting point apparatus and are uncorrected. Infrared spectra were
recorded with a Shimadzu FTIR-84005 spectrophotometer. Low-resolution mass spectrometry

was performed on an Agilent 6890GC/5973 Mass Selective Detector.

Diethyl 2-(but-2-ynyl)-2-(prop-2-ynyl)malonate (4-11):

= — NaH (1.2 eq)

—CO,Et S e - EtO,C_COEL
X =
EtO,C 4-10 rt, 17 h
4-9 (1eq) 91% 411

To a suspension of NaH (60% dispersion in mineral oil, 0.576 g, 14.4 mmol) in THF (20
mL) at 0 °C was added diethyl propargyl malonate (4-9, 2.38 g, 12.0 mmol) in THF (10 mL)
dropwise. After the solution stirred for 15 min, 2-butynyl bromide (4-10) was added in THF (10
mL) all at once and the solution was allowed to stir at rt for 17 h. The reaction was quenched

with water and extracted with ether (3 x 100 mL). The combined organic layer was washed with
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brine, collected, dried over MgSO, filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography on silica gel (EtOAc/Hexanes = 0% —> 17%)
and the final product diethyl 2-(but-2-ynyl)-2-(prop-2-ynyl)malonate (4-11) was obtained as a
clear, colorless liquid (2.74 g, 91% yield): 'H NMR (CDCls, 500 MHz) §1.25 (t, 6H, J = 7.0
Hz), 1.75 (t, 3H, J = 3.0 Hz), 2.00 (t, H, J = 2.5 Hz), 2.92 (d, 2H, J = 2.5 Hz), 2.97 (d, 2H, J =
3.0 Hz), 4.24 (q, 4H, J = 7.0 Hz). These results are in agreement with previously reported
values.?

1-(Prop-2-ynyloxy)but-2-yne (4-13): *

= — NaH (1.3 eq)
=\ + T/ \
OH Br \\\/0/
412 4-10 THF, r.t., o/n
(1 eq) 59% 413

To a suspension of NaH (60% dispersion in mineral oil, 1.97 g, 49.3 mmol) in THF (100
mL) at 0 °C was added propargyl alcohol (4-12, 2.11 g, 37.6 mmol) in THF (10 mL) dropwise.
After the solution stirred for 15 min, 2-butynyl bromide (4-10) was added in THF (15 mL) all at
once and the solution was allowed to stir at rt for 23 h. The reaction was quenched with water
and extracted with ether (3 x 100 mL). The combined organic layer was washed with brine,
collected, dried over MgSO, filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography on silica gel (EtOAc/Hexanes = 0% > 10%)
and the final product 1-(prop-2-ynyloxy)but-2-yne (4-13) was obtained as a clear, colorless
liquid (2.39 g, 59% vield): *H NMR (CDCls, 300 MHz) §1.87 (t, 3H, J = 2.1 Hz), 2.44 (t, 1H, J
= 2.4 Hz), 4.23 (d, 2H, J = 2.1 Hz), 4.25 (d, 2H, J = 2.4 Hz). All data are in agreement with

those reported in the literature.

102



2-lodo-4,5-dimethoxybenzaldehyde (4-15): °

7 9
I, (1.3
0 2 (1.3 eq) _0
AgSO;CF3 (1.3 eq)
o DCM, r.t., 2h ~o s
414 80-86% -15

To a solution of 3,4-dimethoxybenzaldehyde (4-14, 2.0 g, 12.1 mmol) in DCM (160 mL)
was added AgSO3CF; (4.02 g, 15.7 mmol) and crushed iodine (3.97 g, 15.7 mmol). The dark
purple solution was allowed to stir at rt for 2 h after which the solution turned dark red. The
reaction mixture was filtered over celite and the solution was washed with sat. Na,SO3. The
combined organic layer was washed with brine, dried over MgSO,, filtered, and concentrated
over reduced pressure. The crude solid was purified by triturating with cold ether to obtain 2-
iodo-4,5-dimethoxybenzaldehyde (4-15) as an off-white solid (3.03 g, 86% yield): '"H NMR
(CDCls, 500 MHz) & 3.92 (s, 3H), 3.96 (s, 3H), 7.31 (s, 1H), 7.42 (s, 1H), 9.78 (s, 1H). All data

are in agreement with those reported in the literature.’

Diethyl 2-(but-2-ynyl)-2-(3-(2-formyl-4,5-dimethoxyphenyl)prop-2-ynyl)malonate (4-16):*

Pd(PPh3),Cl, (2 mol%)

? Cul (3 mol%) ?
o]
-0 + EtO,C COEt K2CO;3 (3 eq) _
X =
™~ THF, reflux ~o EtO,C CO,Et
© : 2428 h S =2
15 4-11 64-71%

2-lodo-4,5-dimethoxybenzaldehyde (4-15, 0.200 g, 0.685 mmol) was added to a solution
of Pd(PPh3),Cl, (9.60 mg, 0.0137 nmmol), Cul (3.90 mg, 0.0206 mmol), and K,COj3 (0.284 g,
2.06 mmol) in THF (5 mL). A solution of diethyl 2-(but-2-ynyl)-2-(prop-2-ynyl)malonate (4-11,
0.216 g, 0.824 mmol) in THF (2 mL) was added and the mixture was heated at reflux for 24 h.

The crude mixture was filtered over celite, concentrated under reduced pressure, and purified by
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column chromatography on silica gel (EtOAc/Hexanes = 0% - 33%) and the final product
diethyl 2-(but-2-ynyl)-2-(3-(2-formyl-4,5-dimethoxyphenyl)prop-2-ynyl)malonate (4-16) was
obtained as a yellow oil (0.201 g, 71% yield): *H NMR (CDCls, 300 MHz) §1.29 (t, 6H, J = 7.2
Hz), 1.78 (t, 3H, J = 2.4 Hz), 2.97 (q, 2H, J = 2.4 Hz), 3.25 (s, 2H), 3.93 (s, 3H), 3.94 (s, 1H),
4.28 (q, 4H, 6.9 Hz), 6.90 (s, 1H), 7.36 (s, 1H), 10.3 (s, 1H). These results are in agreement with

previously reported values.®
2-(3-(But-2-yn-1-yloxy)prop-1-ynyl)-4,5-dimethoxybenzaldehyde (4-18):

o Pd(PPh3),Cl, (2 mol%) Q
° ] o
~ + X . Cul (3 mol%)
N \/
o K,COs (3 eq) ~o
| THE, reflux, 16 1 AN O/
4%

2-lodo-4,5-dimethoxybenzaldehyde (4-15, 0.500 g, 1.71 mmol) was added to a solution
of Pd(PPhs).Cl; (24.0 mg, 0.0342 mmol), Cul (9.80 mg, 0.0513 mmol), and K,COj3 (0.709 g,
5.13 mmol) in THF (10 mL). A solution of 1-(prop-2-ynyloxy)but-2-yne (4-13, 0.648 g, 5.99
mmol) in THF (7 mL) was added and the mixture was heated at reflux for 16 h. The crude
mixture was filtered over celite, concentrated under reduced pressure, and purified by column
chromatography on silica gel (EtOAc/Hexanes = 0% —> 33%) and the final product 4-18 was
obtained as a yellow viscous liquid (0.201 g, 71% yield): *"H NMR (CDCls, 300 MHz) §1.89 (t,
3H, J = 2.1 Hz), 3.94 (s, 3H), 3.95 (s, 3H), 4.28 (q, 2H, J = 2.1 Hz), 4.51 (s, 2H), 6.98 (s, 1H),
7.38 (s, 1H), 10.4 (s, 1H); *C NMR (CDCls, 400 MHz) & 3.81, 56.3, 56.5, 57.2, 57.7, 74.3, 82.1,
83.7, 90.5, 108.3, 114.8, 120.8, 130.6, 150.0, 153.7; MS (FIA) m/z calcd for CgH1504 (M + H)*:

273.1, found 273.2.
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Diethyl 2-(but-2-ynyl)-2-(3-(2-(hydroxymethyl)-4,5-dimethoxyphenyl)prop-2-ynyl)malonate

(4-17)3
| OH
0 NaBH, (2 eq) o
N EtO,C _CO.Et MeOH, r.t.
© ) Z 14 h ~o S
51-74%
4-16 417

NaBH, (0.110 g, 2.91 mmol) was added to a solution of diethyl 2-(but-2-ynyl)-2-(3-(2-
formyl-4,5-dimethoxyphenyl)prop-2-ynyl)malonate (4-16, 0.603 g, 1.45 mmol) in MeOH (36
mL). The reaction was allowed to stir for 2 h at rt. The mixture was then quenched with 2M HCI
(ag) and the MeOH was removed under reduced pressure. The crude mixture was extracted with
ether, and the combined organic layer was washed with water and brine, dried over MgSOQO,,
filtered, and concentrated under reduced pressure. The crude product was purified by column
chromatography on silica gel (EtOAc/Hexanes = 20% -> 40%) to yield diethyl 2-(but-2-ynyl)-2-
(3-(2-(hydroxymethyl)-4,5-dimethoxyphenyl)prop-2-ynyl)malonate (4-17) as an off-white solid
(0.447 g, 74% yield: *H NMR (CDCls, 300 MHz) 81.29 (t, 6H, J = 7.2 Hz), 1.78 (t, 3H, J = 2.7
Hz), 2.97 (d, 2H, J = 2.4 Hz), 3.20 (s, 2H), 3.86 (s, 3H), 3.89 (s, 3H), 4.28 (g, 4H, J = 6.0 Hz),
4.68 (d, 2H, J = 5.7 Hz), 6.89 (s, 1H), 6.90 (s, 1H). These results are in agreement with

previously reported values.®
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2-(3-(but-2-yn-1-yloxy)prop-1-yn-1-yl-4,5-dimethoxyphenyl)methanol (4-19):

Q OH
0 NaBH, (2 eq) _0
~ MeOH, r.t., 1.5h ~
(¢} A O/ Lo o S o/
4-18
419

NaBH,; (0.103 g, 2.72 mmol) was added to a solution of diethyl 2-(3-(but-2-yn-1-
yloxy)prop-1-ynyl)-4,5-dimethoxybenzaldehyde (4-18, 0.370 g, 2.72 mmol) in MeOH (34 mL).
The reaction was allowed to stir for 1.5 h at rt. The mixture was then quenched with 2M HCI
(ag) and the MeOH was removed under reduced pressure. The crude mixture was extracted with
ether, and the combined organic layer was washed with water and brine, dried over MgSQO,,
filtered, and concentrated under reduced pressure. The crude product was purified by column
chromatography on silica gel (EtOAc/Hexanes = 20% -> 40%) to yield 4-19 as a yellow oil
(0.260 g, 70% yield): *H NMR (CDCls, 300 MHz) §1.89 (t, 3H, J = 2.4 Hz), 3.87 (s, 1H), 3.91
(s, 1H), 4.28 (q, 2H, J = 2.4 Hz), 4.48 (s, 1H), 4.78 (d, 2H, J = 4.2 Hz), 6.94 (s, 1H), 6.96 (s,
1H); *C NMR (CDCls, 400 MHz) & 3.80, 13.4, 56.1, 56.2, 57.3, 57.5, 58.0, 63.8, 65.1, 74.5,
83.5, 87.9, 110.7, 115.0, 126.2, 129.2, 136.5, 136.6, 148.1, 149.8; MS (FIA) m/z calcd for

Ci6H1604 (M + H)*: 275.1, found 275.0.
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Diethyl 2-(but-2-ynyl)-2-[3-(2-(but-2-ynyloxy)methyl)]-4,5-dimethoxyphenyl)prop-2-
ynyl)malonate (4-5a):*

1. LIHMDS (1.5 eq +1 eq),
OH HMPA (5 eq) o\
o THF, -78°C, 1 h o

~ -
~ EtO,C CO,Et 2. ———\ (15+1eq) EtO,C CO,Et
© X =Z Br © X Z
4-17 -78°C,2h,thenrt.19h+15h
64% 4-5a

1 M LiHMDS (0.720 mL) and HMPA (0.420 mL, 2.40 mmol) were added to a solution
of diethyl 2-(but-2-ynyl)-2-(3-(2-(hydroxymethyl)-4,5-dimethoxyphenyl)prop-2-ynyl)malonate
(4-17, 0.200 g, 0.480 mmol) in THF (5 mL) at -78 °C. After stirring for 1 h, 2-butynyl bromide
(0.0960 g, 0.720 mmol) was added and the solution was stirred for an additional 2 h at -78 °C.
The solution was then brought to room temperature and allowed to stir for 19 h. The solution was
then cooled back down to -78 °C and 1 M LiHMDS (0.480 mL) was added, and the solution was
allowed to stir for 1 h. Then, 2-butynl bromide (0.0640 g, 0.480 mmol) was added and the
solution was brought to room temperature after stirring for 2 h at -78 °C. After 15 h, the reaction
was quenched with sat. NH,4Cl (aq) and extracted with ether. The combined organic layer was
washed with brine, dried over MgSQ,, filtered, and concentrated under reduced pressure. The
crude product was purified by column chromatography on silica gel using hexanes/EtOAc as the
eluent. The final product 4-5a was obtained as a colorless oil (0.143 g, 64% yield): *H NMR
(CDCls, 300 MHz) 81.29 (t, 6H, J = 7.1 Hz), 1.78 (t, 3H, J = 2.7 Hz), 1.88 (t, 3H, J = 2.4 Hz),
2.99 (d, 2H, J = 2.4 Hz), 3.21 (s, 1H), 3.85 (s, 3H), 3.89 (s, 3H), 4.19 (d, 2H, J = 2.1 Hz), 4.25
(g, 6H, J = 7.2 Hz), 4.62 (s, 2H), 6.84 (s, 1H), 6.95 (s, 1H). These results are in agreement with

the previously reported values.®
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1-[3-(But-2-yn-1-yloxy)prop-1-yn-1-yl]-4,5-dimethoxy-2-[2-(prop-1-yn-1-yloxy)ethyl]

benzene (4-5b):

OH 1. LIHMDS (1.5 eq +1 eq), 0/\
0 HMPA (5 eq) _0O
THF, -78°C, 1 h
~o N = "o X 7
A o/ 2. —=— (15+1eq) S 0/

Br

-78°C, 2 h, thenr.t.24h+24h
70%

1 M LiHMDS (1.42 mL) and HMPA (0.822 mL, 4.73 mmol) were added to a solution of
2-(3-(but-2-yn-1-yloxy)prop-1-yn-1-yl-4,5-dimethoxyphenyl)methanol  (4-19, 0.260 g, 0.948
mmol) in THF (10 mL) at -78 °C. After stirring for 1 h, 2-butynyl bromide (0.189 g, 1.42 mmol)
was added and the solution was stirred for an additional 2 h at -78 °C. The solution was then
brought to room temperature and allowed to stir for 24 h. The solution was then cooled back
down to -78 °C and 1 M LiHMDS (0.950 mL) was added, and the solution was allowed to stir
for 1 h. Then, 2-butynl bromide (0.126 g, 0.950 mmol) was added and the solution was brought
to room temperature after stirring for 2 h at -78 °C. After 24 h, the reaction was quenched with
sat. NH4Cl (ag) and extracted with ether. The combined organic layer was washed with brine,
dried over MgSQ,, filtered, and concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel (EtOAc/Hexanes = 0% -> 60%). The final
product 4-5b was obtained as a yellow oil (0.215 g, 70% yield): *H NMR (CDCls, 300 MHz)
51.89 (t, 6H, J = 1.8 Hz), 3.86 (s, 3H), 3.91 (s, 3H), 4.18 (d, 2H, J = 2.4 Hz), 4.29 (d, 2H, J = 2.4
Hz), 4.49 (s, 2H), 4.68 (s, 2H), 6.93 (s, 1H), 6.97 (s, 1H). HRMS (ES) m/z calcd for C2H204

(M + H)": 327.1591, found 327.1590 (A 0.2 ppm).

[2+2+2] Cycloaddition of triynes:
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Diethyl 2,3-dimethoxy-8,9-dimethyl-10,12-dihydro-5H-benzo[c]indeno[4,5-e]oxepine-

11,11(7H)-dicarboxylate (4-7a):

(@) Y [Rh(cod)Cl], (2.5 mol%)
AN
. /\

-~
DPPP (5 mol%)
~ Et0,C CO,Et TFE [0.1], 100 °C, uw
O 2 2 i f
X = 30 min
45a 82%

Typical procedure is described for the reaction of triyne 4-5a: A 10 mL microwave
reactor tube charged with 4-5a (60.0 mg, 0.128 mmol), [Rh(cod)Cl], (1.60 mg, 0.00320 mmol),
DPPP (26.4 mg, 0.00640 mmol), TFE (1.28 mL) and stir bar was placed in a microwave reactor
and heated to 100 °C for 30 min. The reaction mixture was concentrated under reduced pressure
and the crude product was purified by column chromatography on silica gel (EtOAc/Hexanes =
0% —> 60%) to yield the pure product 4-7a as a white solid (49.0 mg, 82% yield): NMR (CDCls,
400 MHz) §1.20 (t, 3H, J = 7.1 Hz), 1.30 (t, 3H, J = 7.1 Hz), 2.28 (s, 3H), 2.37 (s, 3H), 3.36 (d,
1H, J = 16.4 Hz), 3.59 (d, 1H, J = 16.5 Hz), 3.73 (d, 1H, J = 16.5 Hz), 3.82 (d, 1H, J = 11.9 Hz),
3.95 (s, 6H), 3.99-4.15 (m, 5H), 4.24-4.27 (m, 1H), 4.40 (d, 1H, J = 11.2 Hz), 4.83 (d, 1H, J =
11.8 Hz), 6.94 (s, 1H), 7.08 (s, 1H). **C NMR (CDCls, 400 MHz) 5 13.89, 14.02, 15.52, 16.82,
40.24, 40.57, 55.93, 56.06, 59.86, 61.63, 61.71, 62.67, 67.01, 111.2, 112.3, 128.0, 132.0, 132.5,
133.8, 134.1, 134.7, 139.7, 148.3, 171.5, 171.8. HRMS (ES) m/z calcd for Cy7H3,07 (M + H)™:

469.2221, found 469.2222 (A 0.3 ppm).

109



10,11-Dimethoxy-4,5-dimethyl-1,3,6,8-tetrahydrobenzo[e]isobenzofuro[5,4-c]oxepine (4-

7b):

Yellow oil (52.0 mg, 87% vyield); *H NMR (CDCls, 400 MHz) & 2.04 (d, 1H, J = 5.96
Hz), 2.34 (s, 3H), 2.40 (s, 3H), 3.90 (s, 3H), 3.94 (s, 3H), 4.01 (d, 1H, J = 8.00 Hz), 4.43 (d, 1H,
J = 8.52 Hz), 4.87 (d, 1H, J =8.96 Hz), 4.87 (d, 1H, J = 8.96 Hz), 4.96 (d, 1H, J = 8.96 Hz),
5.19 (d, 2H, J = 12.6 Hz), 5.58 (d, 1H, J = 8.80 Hz), 6.89 (s, 1H), 6.95 (s, 1H); *C NMR
(CDCl3, 400 MHz) 6 15.19, 16.88, 55.92, 55.97, 62.53, 67.05, 73.80, 74.17, 109.9, 112.6, 128.0,
129.4, 132.1, 132.8, 132.9, 133.1, 134.7, 139.0, 148.5, 148.6; HRMS (ES) m/z calcd for
CaoH2,04 (M + H)": 327.1591, found 327.1587 (A 1.2 ppm).

[2+2+2+1] Cycloaddition of triynes:

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

K10, CO (ambient)
toluene [0.1]
70°C
59%
86% conversion
(based on recovered s. mat.)

Typical procedure is described for the reaction of triyne 4-5a: A 5 mL two-necked
round-bottomed flask was charged with a stir bar, triyne (4-5a, 80.0 mg, 0.171 mmol), K10 (80.0
mg), and [Rh(CO),Cl], (3.30 mg, 0.00860 mmol). The flask was attached to a condenser and was

vacuumed and purged with CO (5x). Caution: Purging with CO must be done in a well
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ventilated fume hood. Toluene (1.71 mL) was added, and the solution was heated to 70 °C for
24h. The crude mixture was concentrated under reduced pressure and purified by flash column
chromatography on silca gel.
Diethyl11,12-dimethoxy-4,6-dimethyl-5-0x0-3,5,7,9-tetrahydroazuleno[5,4-

c]benzo[e]oxepine-2,2(1H)-dicarboxylate (4-6a):

Yellow solid; *H NMR (CDCls, 400 MHz) d 1.18-1.24 (m, 6H), 2.25 (s, 3H), 2.37 (s, 3H), 3.50
(s, 2H), 3.86 (s, 3H), 3.94 (s, 3H), 4.05-4.15 (m, 4H), 4.48 (s, 2H), 6.67 (s, 1H), 6.87 (s, 1H); **C
NMR (CDCls, 400 MHz) & 13.96, 18.43, 19.72, 42.27, 44.74, 56.04, 56.19, 57.74, 61.94, 65.19,
67.76, 111.7, 112.0, 125.2, 134.1, 138.3, 140.0, 140.9, 142.1, 1455, 148.7, 149.1, 170.6, 190.4.

HRMS (ES) m/z calcd for CagH3,0g (M + H)™: 497.2170, found 497.2170 (A 0.0 ppm).
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